


Introduction to Volume 6

This volume is concerned with fundamental developments in the coordination chemistry of the
elements of Groups 9–12 since 1982. The individual chapters cover the coordination chemistry of
cobalt, iridium, nickel, palladium, platinum, copper, silver and gold, zinc and cadmium, and
mercury. Unfortunately, because of factors beyond the Editors’ control, the manuscript for the
proposed chapter on rhodium was not available in time for publication.

Each author has selected material in such a way as to give the most effective review of
discoveries and new interpretations. The style of coverage mainly uses formal oxidation state
(highest to lowest) and the nature of the ligand donor atom (C, Group 5, Group 6, halides, H,
mixed donor atoms) to define progression through this chapter. Uni- up to polydentate ligands
(cyclic and acyclic) and mono- through oligo- to polynuclear species are covered with an emphasis
on compounds for which full structural characterization is available.

Throughout this volume it has been the intention not only to highlight the fundamental
developments in this field, but also to indicate the very important connections between these
fundamentals, and developments in other related fields, with cross-references to the later volumes.
For example, if one regards a metallo-protein, or a metallo-enzyme, as a highly elaborated
coordination complex, the metal site of which is comprised of one or more metals and their
ligating atoms, then the study of the chemistry of the metal centers in such species can be
regarded as bio-coordination chemistry. Furthermore, in order to gain insight into metallobiosites
for which the structure is not known, it is possible to consider simulating the immediate
coordination environment of that metallobiosite through the use of synthetic analogues derived
from small-molecule compounds. Our understanding of the bio-coordination chemistry of cobalt,
nickel, copper, and zinc has advanced considerably since 1982 and generic issues relating to this
chemistry appear in Volume 8.

Application of coordination compounds in medicine, materials chemistry, and as catalysts are
mentioned and are cross-referenced to a fuller discussion in Volume 9. Comment is made on
application of complexes in nanotechnology, and on the molecular modeling of complexes. The
material cannot be totally comprehensive because of space limitations, but is selected in such a
way to give the most effective review of discoveries and new interpretations.

Since 1982 there have been enormous developments in metal-based chemistry, particularly the
emergence of supramolecular chemistry – ‘‘chemistry beyond the molecule,’’ molecular architec-
ture, and molecular engineering. Comprehensive Supramolecular Chemistry was published in 1996,
a survey which contains much of interest to coordination chemists. Consequently in this volume
review material relating to supramolecular systems is mainly restricted to developments since
1990.

There has been a considerable expansion of the literature in the period under review. In 1982
CAS abstracted 16,095 publications in the CA inorganic section and this number rose to 21,579
abstracts in 2001 – a total of 401,312 abstracts were published in the period 1982–2001 [Source:
CAplus database on STN]. Although these numbers refer to inorganic chemistry as a whole they
nevertheless give an indication of the probable corresponding increase in papers relating specifi-
cally to coordination chemistry and clearly indicate the enormity of the task undertaken by the
authors of the chapters in this volume. As the Volume Editor I cannot thank them enough for
their dedication and diligence in preparing such detailed and stimulating reviews.

D E Fenton
Sheffield, UK
February 2003

xv



Introduction to Volume 5

This volume presents a survey of significant developments in the chemistry of Groups 7 and 8 of
the transition metals since the publication of Comprehensive Coordination Chemistry (CCC) in
1987. The material for each element is organized by oxidation state of the metal and also by the
nature of the ligands involved, with additional sections covering special features of the coordin-
ation chemistry and applications of the complexes.

Manganese, Technetium, and Rhenium
The coverage for manganese and rhenium is from 1982, whereas for technetium the earlier
literature is included, as technetium did not feature in CCC (1987). The biological role of
manganese has been a significant driving force for recent studies of its coordination chemistry
and this area is treated in some detail, as are the uses of manganese complexes for selective
oxidations. For technetium much of the literature is closely linked to the applications of 99m–Tc
complexes in diagnostic nuclear medicine and the development of first- and second-generation agents
is placed in the context of the reported coordination chemistry. The potential role of radioactive
rhenium complexes for therapy is a comparatively recent theme, and is again placed against the
backdrop of a systematic account of the fundamental coordination chemistry of the element.

Iron, Ruthenium, and Osmium
The coverage for iron commences in 1984–1985 and aims to provide a broad-based introduction
to important advances in the chemistry of this element over the past 20 years. A comprehensive
coverage of the chemistry of iron over this period would be impossible and the authors have done
an admirable job in selecting the most important papers in the primary literature and have made
extensive reference to the review literature to give as broad an overview as possible. Similar
constraints apply to the coverage of ruthenium and osmium in both high and low oxidation
states. However, the coverage in these two chapters gives an excellent overview of the primary
literature since 1982 and leads the reader naturally to the important review literature for these
elements.

It would be invidious to pick any particular area of activity in the chemistry of these elements
for particular attention, but very significant advances have been made in many aspects of the
coordination chemistry of iron, ruthenium, and osmium. Our understanding of the roles which
iron can play in biological systems and the subtle chemical control over iron metabolism has
increased enormously since 1987 and they represent beautiful aspects of applied coordination
chemistry. Much iron coordination chemistry is designed to further understand biomimetic
aspects. In low-oxidation-state ruthenium chemistry, renewed interest in photovoltaic cells is
generating a resurgence in {Ru(bpy)3} chemistry. In high-oxidation-state ruthenium and osmium
chemistry, the utilization of complexes as increasingly selective catalytic or stoichiometric oxi-
dizing agents shows no sign of abating.

Finally, we would like to thank the authors involved with these elements for their fortitude in
approaching such a potentially enormous task with good humor and a positive attitude.

E C Constable
Basel, Switzerland

April 2003

J R Dilworth
Oxford, UK
April 2003
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6.1.1 INTRODUCTION

6.1.1.1 Introductory Remarks and General Scope

Since the publication of the first edition of this volume, the field of cobalt coordination chemistry
has continued to grow apace. Historically, cobalt has been a popular metal for coordination
chemists, driven in part by the generally inert and diamagnetic nature of the trivalent
oxidation state that has permitted detailed studies in solution and in the solid state by key
physical methods.

Even after all these years subsequent to the first edition of Comprehensive Coordination Chemistry
(CCC, 1987), cobalt has maintained its appeal, as is evident in Figure 1. A survey of the chemical
literature (1900–2001) revealed that 60% of the ca. 30,000 articles on Co coordination chemistry
have appeared since the early 1980s. Clearly, this level of activity presents a daunting task for
reviewers with a brief to cover that particular period, and hence this review necessarily is selective in
capturing the present state of Co coordination chemistry and its impact. The nature of information
retrieval has also changed significantly since the early 1980s, notably through the availability of
on-line computer-based data retrieval, which permits and indeed demands a distillation of the field
without exhaustive referencing. Subsequently, partly in a bid to capture the field as widely as
possible, we have chosen to make use of secondary references along with primary references. This
has been essential, given the space available, and we trust the following presents a representative
‘‘taste’’ of the more recent coordination chemistry literature of Co.

In the period since the mid-1980s, great advances have been made in our understanding of
transition metal ions in biological systems, and Co chemistry has been an unexpected beneficiary.
At the time of the first volume, little was known about the biological chemistry of Co aside from
the cobalamin (Vitamin B12) cofactors. Since then, advances in molecular biology and protein
expression coupled with the emergence of even more sophisticated structural and spectroscopic
methods have led to the identification of at least eight distinctly different, Co-dependent (non-
corrin) proteins. In parallel, the substitution of Co for spectroscopically silent ions (e.g., zinc) in
metalloproteins has been an invaluable tool in the determination of active site structure and
mechanism. In Section 6.1.3, we discuss the multifarious aspects of biological Co chemistry; most
of these are very recent indeed.

The view taken in the analogous chapter in the first edition of this publication1 was that Co
coordination chemistry could be captured under the concepts of synthesis, structure, and reactiv-
ity. What has changed since that time is not the correctness of these generalizations, but rather the
growth of their sophistication and the rise of a further key concept—applications, particularly in
the areas of catalysis and (bio)technology. In Section 6.1.4 we hope to alert the reader to the wide
range of uses of particular Co compounds that have emerged since the early 1980s. It is
noteworthy that a number of these compounds, synthesized at the turn of the twentieth century,
were ahead of their time given that the scientific areas in which they ultimately found application,
particularly biology, were then still in their infancy.

Cobalt chemistry has become more targeted, with much published work directed towards an
application, albeit long-term, or else towards elucidation of an existing problem making use of
growing synthetic and instrumental sophistication. The era of synthesis and characterization as an
art in itself is passing for Co chemistry; it seems that chemical research itself, not just the electrons
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and nuclei that underpin its achievement, must have a ‘‘spin’’. The changing times are reflected in
focused reviews of the field. Well over 1,000 reviews and books featuring aspects of Co coordin-
ation chemistry have appeared during the past two decades.

It is appropriate to identify our approach to developing the present review in the context of
the Co chapter in CCC(1987). The first-edition chapter on Co featured a focused discussion and
tabulation of synthetic methods, and many of these basic methods are still employed in synthesis
today. Consequently, to avoid repetition, there will be diminished description here where prior
appropriate methods have been provided, and only newer developments featured. The last two
decades feature the development of many mixed-donor and sophisticated multidentate and
macrocyclic ligands, which found limited coverage in the previous edition, and these will be
discussed in more detail herein. Reaction kinetics and mechanism were also described thoroughly
in the previous edition. We shall not reiterate this material, since the core mechanisms of many
reactions involving Co compounds are now adequately defined.

Structural aspects were discussed, but not heavily, in the first edition. The complexity of new
compounds (and macromolecules) now being investigated has driven many of the technological
advances in X-ray crystallographic data collection and structure solution over the last two
decades. Small-molecule (m.w.< 1,000 g mol�1) structure determinations are now routinely
carried out, and Co complexes constitute a significant proportion of these. Indeed, the incorpor-
ation of crystal structures in most papers reporting new synthetic coordination chemistry is now a
standard feature; much more so than at the time of CCC(1987) (Figure 1). Inevitably, most of the
new compounds described herein have been the subject of crystal structure determinations, rather
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Figure 1 Publications per year featuring cobalt complexes (unshaded bars) and publications reporting at
least one crystal structure of a Co-containing complex (shaded bars).
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than being identified solely through the use of ‘‘sporting’’ physical methods. Nevertheless,
advanced instrumentation, including high-field NMR and electrospray-ionization MS, has
augmented the range of physical techniques, so that structural assignment in solution has become
more firmly based, as an important complement to solid state structural determination. The very
complexity of many new molecules required us to adopt a different approach to reporting
compared with CCC(1987), with extensive reliance here on line drawings, as distinct from tables,
to illustrate effectively the complexes described.

Apart from CCC, regular general reviews of Co chemistry have appeared in the period
1984–1998 in Coordination Chemistry Reviews.2–9 These provide distilled supplementary reading
covering a large part of the preceding two decades. Organometallic chemistry in particular is
further served by an annual survey, which has appeared in the 1980s and 1990s in Organometallic
Chemistry; several recent examples of these are cited in Table 1 along with a selection of reviews
and monographs also featuring Co chemistry.10–62

6.1.1.2 Synthesis, Reactivity, and Structure

There are relatively few key synthetic reagents for entry into Co coordination chemistry. Of these,
simple compounds are dominant: for low-valent Co chemistry, Co2(CO)8; for cobalt(II) and
cobalt(III) chemistry, the simple CoX2 (X¼ halide) salts in hydrated or anhydrous forms. More
sophisticated reagents for synthesis have been developed during the last century, but sophistica-
tion also frequently involves specificity; the ‘‘boutique’’ precursor, with limited general applica-
tion. Occasionally, a general concept can be identified as overarching a suite of synthons. For
example, an aspect of trivalent Co chemistry that has attracted attention over recent decades is
the introduction of labile leaving groups into an inherently inert system. The capacity to have
available, in designated coordination sites, ligand molecules that can be readily replaced by other
nucleophiles is a sophistication that was not previously so readily achieved. The range of
reactivities found for coordinated ligands in CoIII chemistry is vast, and the simple hydrolysis
rates from the pentaamminecobalt(III) core (Table 2) adequately defines the spectrum from
seriously inert to highly labile leaving groups.63

One of the earlier employed labile ligands was perchlorato, but the dangers in working with this
strongly oxidizing anion are well documented and its use as a ligand in compounds bearing
oxidizable (organic) ligands is frowned upon these days, if tolerated at all. Indeed, the establish-
ment of the labile, non-oxidizing trifluoromethanesulfonato (CF3SO3

�) ligand over the last two
decades has obviated the need to employ notorious perchlorato complexes as synthons.64 More
elaborate leaving groups, such as �OTeF5,

65 have subsequently appeared. Further, the develop-

Table 1 Selected reviews and monographs focusing on Co coordination chemistry.

Subject area Subsets (and selected references)

General descriptive/synthetic chemistry Cobalt–carbon-bonded compounds10–12

coordination compounds2–9,13–15

Structural aspects molecular modeling16,17

Kinetics and
mechanisms

substitution/isomerization18–22

redox reactions23

coordinated ligand reactions24

organometallic systems25

Spectroscopy
Bioinorganic

optical, NMR, EPR, IR, and Raman26–30

chemistry dioxygen31–37

DNA/proteins38

porphyrins/corrins39,40

model compounds41,42

Applications organic synthesis24,43–46

inorganic materials47,48

catalysis49–53

polymers and polymerization54–58

magnetism59

photochemistry, solar cells60–62
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ment of solvated complexes, where weakly coordinating solvent molecules such as sulfolane or
acetone occupy key substitution sites, has expanded the armory of synthons. Chemical treatment
of a normally robust ligand to generate a very short-lived intermediate, such as azide with NOþ

forming an N4O entity that rapidly decomposes to release N2 and N2O and leave a ‘‘naked’’
coordination site, provides yet another route which has been established for some decades but not
heavily exploited.63

Reaction mechanisms in Co chemistry continue to attract interest, and the level of sophistica-
tion and depth of understanding of reactions has grown. The elucidation of reaction mechanisms
in Co chemistry has benefited from the application of high pressure to provide activation
volumes, which in concert with reaction volume information allows a full volume profile analysis.66

A parallel advance has been the study of electrode reactions at high pressures.67 Study of
self-exchange reactions for a series of CoIII/II systems has provided mechanistic insight into
heterogeneous electrode redox reactions, including establishing a simple relationship with the
homogeneous self-exchange process. Nevertheless, in light of the ample treatment of this area of
Co chemistry in CCC(1987), mechanistic studies will receive a limited coverage in this chapter,
which by no means reflects the contribution of this area to our control of the element’s chemistry.
It simply reflects the fact that space within this review, unlike the scope and breadth of Co
coordination chemistry, is limited.

There are now many on-line and CD-ROM databases of important structural and thermo-
dynamic data of relevance to Co chemistry. The Cambridge Structural Database is the first port
of call when seeking complete structural information (molecular dimensions) of any carbon-
containing Co complex, and we shall not attempt to duplicate this invaluable resource through
the tabulation of structural data. Complex formation constants of relevance to this review (mostly
with divalent Co) are to be found in Martell’s Critical Stability Constants, which is updated
regularly and checked rigorously, or in focused reviews. For this reason, no tables of thermo-
dynamic data will be presented. Specific redox potentials (for example CoIII/II couples) may be
found within a range spanning more than 2 V, and although some examples will be mentioned, no
attempt will be made here to assemble a ‘‘representative’’ table of redox potential data. The reader
is referred to either compendia such as the Encyclopedia of Electrochemistry of the Elements or
to the original papers, which often themselves present focused collections of electrochemical
potentials.

6.1.2 METAL COMPLEXES

The bulk of this chapter is devoted to the descriptive coordination chemistry of Co with a
diversity of ligands, addressed separately for the key CoII and CoIII oxidation states as well as
for each of low-valent and high-valent cobalt. Throughout the chapter, ligand types are treated
separately. Given the omnipresence of mixed-ligand complexes, we have tackled this problem by
focusing on a particular class of ligand while other ligands that complete the coordination sphere
are viewed as ‘‘spectators’’.

Table 2 [Co(NH3)5X](3–n)þ aquation rate constants for anionic and neutral leaving groups (Xn�, n¼ 0–3, at
25 �C); selective lability of coordination sites in complexes of this inherently inert metal offers synthetic

opportunities.

Xn� kobs(s
�1) X kobs(s

�1)

PO4
3� 1.5� 10�9 NH3 5.8� 10�12

NO2
� 1.2� 10�8 S(CH3)2 1.6� 10�6

CH3COO� 2.7� 10�8 OH2 5.9� 10�6

CF3COO� 1.5� 10�7 OH(CH3) 5.9� 10�5

SO4
2� 8.9� 10�7 OP(OCH3)3 2.5� 10�4

Cl� 1.7� 10�6 NH2SO2NH2 �1� 10�2

Br� 6.5� 10�6 NH2COCH2F 1.3� 10�2

NO3
� 2.7� 10�5 CH3COOCH3 �2� 10�2

CH3SO3
� 2.0� 10�4 NH2SO2C6H4NO2 3.8� 10�2

FSO3
� 2.2� 10�2 OC(CH3)2 �4� 10�2

CF3SO3
� 1.5� 10�2 NH2SO2C6H4CH3 �1� 10�1

ClO4
� �1� 10�1 N4O (N3

�þ NOþ) �10�1
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6.1.2.1 Co�I, Co0, and CoI

Of the known low-valent forms of Co, Co�I is rarely met while the coordination chemistries of the
more commonly encountered zero- and monovalent Co are dominated by four-coordinate tetra-
hedral complexes. For CoI (d 8), coordination numbers from three to six are known but with the
extremities very rarely found, and four-coordinate tetrahedral (paramagnetic) and five-
coordinate trigonal bipyramidal (diamagnetic) most common. Traditionally, the low oxidation
state compounds are susceptible to oxidation in air and the tendency toward the formation of
cluster compounds is strong. Low-valent Co chemistry remains dominated by carbonyl chemistry,
although increasing numbers of examples of low-valent compounds with no carbonyl groups are
appearing, as is evident from the following sub-sections.

6.1.2.1.1 Carbon

The chemistry of the low-valent Co�C bond is extensive, and dominantly the regime of organo-
metallic chemistry, which is covered in the companion Comprehensive Organometallic Chemistry
series; hence the coverage here will be limited. There are few examples of carbon-only compounds
of cobalt, a notable exception being the buckminsterfullerene cations [Con(C60)m]þ (where n, m
range up to 5); these form by a combination of laser vaporization and molecular beam
approaches. One example is the [Co(C60)3]

þ ion, which appears to adopt a planar structure
with the Co surrounded by three C60 molecules.68 In the [CoC60]

þ ion, the metal assists gas
phase reactions to produce metallated [CoC60(CH2)n]

þ (n¼ 1–5) species.69

(i) Cyanides

Organocyanocobaltate(I) chemistry has been reviewed.70 Mononuclear and polynuclear forms are
known, and CN� continues to appear regularly as a co-ligand, as it does in other Co oxidation
states, and examples of it as co-ligand appear throughout the review.

(ii) Carbonyls

The diversity and depth of studies in this field is exceptional, and a detailed exposure cannot be
provided here. Aspects of this chemistry appear in detail in the companion series Comprehensive
Organometallic Chemistry. Here, we will concentrate on compounds that are CO-rich, and
attempt to provide an overview of their chemistry.

Small Co metal clusters Con
� (n¼ 2–8) react with CO, with sequential addition leading to

the saturated Co species [Co2(CO)7]
�, [Co3(CO)10]

�, [Co4(CO)12]
�, [Co5(CO)13]

� and [Co6(CO)15]
�.71

This points towards one of the features of low-valent Co carbonyls; a tendency to form stable clusters.
Reactivity of Con

� with O2 is higher but leads to cluster fragmentation, whereas N2 is essentially
unreactive. Entry into carbonyl chemistry of low-valent Co is frequently via the well-known dimer
Co2(CO)8. A range of reactions commencing with this compound has been developed, as follows.

(a) Simple substitution reactions. Direct substitution in Co2(CO)8 produces a range of dinuclear
compounds. Reaction with phosphines or arsines readily produces derivatives such as Co2(CO)6L2

where the core stereochemistry is retained. Substitution with some rearrangement may also occur; for
example, reaction with (t-Bu)2PH by heating in toluene yields the phosphido bridged compound (1).72

Whereas {Co2(CO)6} complexes of alkynes R–C�C–R0 formed from substitution in Co2(CO)8 have
been known for some time and are reasonably stable to attack by nucleophiles and electrophiles, when
heated with an alkene they react in a regiospecific [2þ 2þ 1] cycloaddition to form a cyclopentenone.73

(b) Cleavage reactions. These reactions involve monomer formation through cleavage of the
Co�Co bond. Reaction of Co2(CO)8 in liquid SO2 in the presence of AsF5 leads to Co�Co bond
cleavage and yields monomeric [Co(CO)4(SO2)]AsF6, providing a simple route to cationic CoI

sulfur dioxide complexes.74 Tetra-coordinated monomeric CoI is readily obtained via reductive
cleavage of the Co�Co bond in Co2(CO)8 and also in substituted derivatives such as Co2(CO)6L2

(L¼ a phosphine, phosphite or arsine), under a nitrogen atmosphere. Subsequently, pentacoord-
inated CoI can be achieved by addition of entities such as trimethyltin (Equation (1)).75 One
example is the trigonal bipyramidal arsine complex Co(Me3Sn)(CO)3(AsPh3), where the carbonyl
ligands occupy the equatorial positions.75,76
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ð1Þ

Mononuclear acyl Co carbonyl complexes ROC(O)Co(CO)4 result from reaction of Co2(CO)8

with RO�.77 These also form via the carbonylation of the alkyl precursor. The ROC(O)Co(CO)4

species undergo a range of reactions, including CO ligand substitution (by phosphines, for
example), decarbonylation to the alkyl species, isomerization, and reactions of the coordinated
acyl group involving either nucleophilic attack at the C or electrophilic attack at the O atom.

(c) Cluster formation. Clusters with at least three metals are accessible. The dimer Co2(CO)8

reacts in THF at �15 �C with B2H6�THF to form [(CO)4Co(BH2)]�THF.78 This is a useful
synthetic reagent, mainly because it is a very active reducing agent which can condense with
metal fragments to yield clusters, as illustrated by the formation of the ‘‘tailed’’ cluster
(CO)9Co3C(CH2)nOH (n¼ 4, 5), where the Co atoms form a commonly encountered equilateral
triangular arrangement.

Mixed-metal clusters are also accessible from Co2(CO)8. For example, the following reaction
(Equation (2)) leads to a purple–black Au–Fe–Co cluster with a trigonal bipyramidal array of
metals, via a long-known mixed Co–Fe red–brown colored cluster intermediate.79

Co2(CO)8 + Fe(CO)5 + Et4NI
acetone

Au(NO3)(PPh3)

Et4N[FeCo3(CO)12]

 (Ph3P)AuFeCo3(CO)12

∆

ð2Þ

Likewise, reaction of Co2(CO)8 with Ru(CO)5 yields [RuCo3(CO)12]
�, which can be reacted

with HCl to form the hydride-containing cluster HRuCo3(CO)12.
80 A trinuclear mixed-metal

cluster featuring a �3-S
2� ion, (�3-S)Co2Fe(CO)9, is formed from reaction of Co2(CO)8, Fe(CO)5,

and C2H5SH, where [Co(CO)4]
� and S2� are intermediate species.81 Clusters such as this have

reactive M�M bonds useful for further synthesis, but do not undergo total fragmentation.
The (�3-X)Co3(CO)9 core, which has three tetrahedral {Co(CO)3} units each bonded to a

central entity in a trigonal array, is a common cluster geometry, as are analogs with Co substitu-
tion. A recent example of such a structure is via the reaction of Co2(CO)8 with (C6F5)2S, which
yields (�3-S)Co3(C6F5)(CO)8.

82

These types of clusters represent some of the more modest sizes and geometries detected in
homo- and hetero-metal carbonyl clusters. From dimetallic up to pentadecametallic clusters have
been defined by crystal structures, and assembly of the metal centers in these clusters adopt a
number of well-defined arrangements.83 Redox activity in these polymetallic clusters is anticipated
and has been observed. Routes to large carbonyl polymetal clusters have been reviewed.83,84

OC

Co

OC

Bu2
P

CO

Co

CO
P
Bu2

(1)

Co

N

R

MeO

Me3P

(2)
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Water-soluble carbonyls are relatively rare. A route to such a species involves reaction at room
temperature of the sulfonated phosphine P(PhSO3)3

3� as its water-soluble Naþ salt with Co2(CO)8 in a
two-phase water/toluene mixture, whereupon the product forms in the aqueous phase in high yield.85

Complex clusters incorporating multiple-bridging groups such as O2�, CCl, and CCO2 have
been known for some time, with clear synthetic routes available.86 Typical species include
(�3-CCl)Co3(CO)9, (�3-CCO2)Co3(CO)9, and Co4(�4-O)[(�3-CCO2)Co3(CO)9]6. Substitution of
further carbonyls can lead to chiral clusters.

Main-group cobalt carbonyl clusters are well known, with neutral clusters such as
Sn{Co(CO)4}4 and anionic clusters such as [Bi{Co(CO)4}4]

� reported.87 Synthesis proceeds for
the former as follows (Equation (3)):

Co2(CO)8
Na/Hg

THF, N2

Na[Co(CO)4]  
BiCl3

BiCo3(CO)12 + NaCl

BiCo3(CO)9

THF/∆

[Co(CO)4]–
[Bi{Co(CO)4}4]–

ð3Þ

(d) Photochemical reactions. Photoreactivity is exhibited by many carbonyl complexes. Photo-
substitution reactions, where a CO ligand is commonly replaced, are assumed to proceed by
an associative mechanism. A simple example is given in the reaction below (Equation (4)).88

Co(CO)2(NO)(PPh3) + COCo(CO)3(NO) + PPh3 ð4Þ

Photooxidation of Co2(CO)8 is a complex reaction, with major products being the simple
monomers Co(O2)(CO)n (n¼ 1, 2) with the dioxygen bound side-on (�2).89 The same products
arise from reaction of Co atoms with CO and O2 at 10–12 K.

(e) Other reactions. Reduction reactions from a higher oxidation state offer an alternative route
to low-valent Co compounds. For example, cobalt(II) chloride serves as a precursor for generation
of [Co(CO)4]

� by treatment with NaBH4 or Na2S under a CO atmosphere.90 This, in turn, catalyzes
the double carbonylation of aryl halides (RX) to give RCOCOOH in the presence of Ca(OH)2.

Dendrimers incorporating Co carbonyls and other organocobalt species have been the subject of
a recent review.91 This sets the scene for a likely growth of interest in such systems in the future.

(iii) Alkyls and aryls

The field of alkyl and aryl Co complexes in low formal oxidation states has been extensively
studied, and is frequently associated with cluster chemistry.92 Alkyl and aryl ligands, with or
without additional functionality, are often co-ligands with � acceptors such as carbonyls and/or
phosphines, e.g., (MeOCOCH2)Co(CO)3(PPh3).

93 A simple example of a cluster is (RC)Co3(CO)9,
where the triangular {Co(CO)3}3 moiety is capped by the �3-alkyl fragment, which occupies the
apex of a distorted Co3C tetrahedron.

Cobalt incorporation in a ring is one less common way in which Co–alkyl bonding is observed.
One interesting example is the cobaltadihydroquinoline (2).94 This arises from reaction of
(Cp)Co(PMe3)(CO) (Cp¼ cyclopentadienyl anion) with an aryl isocyanide (CNR) and CH2ClI
in benzene, which first forms the carbenoid cation [(Cp)CoCH2CI(PMe3)(CNR)]þ, then yielding
the cobaltadihydroquinoline on addition of KOH to a methanolic solution. A crystal structure
defines a slightly distorted octahedral environment for the Co center.

(iv) Other carbon-bonded ligands

Complexation of CO2 to Co demands a somewhat different approach. C-bound �1-CO2 is
invariably a co-ligand with multidentate unsaturated N-donor ligands, particularly imines, and
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discussion of this area is deferred until Section 6.1.2.1.3(v). Close analogs which bind Co are
carbonyl sulfide (COS) and carbon disulfide (CS2).

95 The latter has been characterized in a �2-C,S
coordination mode to cobalt. These undergo reductive cleavage to produce sulfido and thiocar-
bonyl ligands.

The first transition metal isonitrilate complex reported was the tetrahedral Co�I complex
[Co(C�NPh*)4]

� where Ph*¼ 2,6-Me2C6H3,
96 characterized by a crystal structure analysis.

Oxidation yields the zerovalent dimer Co2(C�NPh*)8, which features two bridging isonitrile groups.

6.1.2.1.2 Silicon

Silicon–cobalt bonds are essentially exclusive to low-valent cobalt. The companion series Com-
prehensive Organometallic Chemistry provides a coverage. Although monomers such as Co(CO)4-
(SiEt3) are known, silyls tend to be found more often in clusters; for example, reaction of
Na[Co(CO)4] in THF at �5 �C with MeSiHCl2 yields MeSiCo3(CO)9.

97 Typically, Si–hydride
and Si–halogen bonds can be replaced by Co carbonyl units, such as in the reaction of SiH4 with
Co2(CO)8 in dry hexane in a sealed tube, which forms SiCo4(CO)14.

98 A recently characterized
simple cluster with a silicon-bonded chelate is (�-PhSiCH2CH2SiPh) Co2(CO)6, formed from
substitution in Co2(CO)8.

99

6.1.2.1.3 Nitrogen

The most commonly encountered N-donor ligands, the amines, are not usually associated with Co
in its low oxidation states. However, unsaturation coupled with chelation opens up many
opportunities for the stabilization of monovalent Co with N donors such as imines, porphyrins,
and pyrazoles.

(i) Amines

The monovalent Co chemistry of amines is sparse. No structurally characterized example of low-
valent Co complexed exclusively to amines is known. At low potentials and in non-aqueous
solutions, CoI amines have been identified electrochemically, but usually in the presence of
co-ligands that stabilize the reduced complex. At low potential, the putative monovalent
[Co(cyclam)]þ (cyclam¼ 1,4,8,11-tetraazacyclotetradecane) in NaOH solution catalyzes the reduc-
tion of both nitrate and nitrite to give mixtures of hydroxylamine and ammonia.100 Mixed
N-donor systems bearing �-acceptor imine ligands in addition to amines are well known, but
these examples are discussed separately in Section 6.1.2.1.3.

(ii) Pyridine and oligopyridines

The �-acceptor ability of these unsaturated ligands offers more extensive low-valent Co chemistry
than found with amines. Photochemical irradiation of [Co(py)6](BPh4)2 (py¼ pyridine) results in
reduction to the CoI complex with the anion as the electron donor.101 The same CoI complex has
been found to catalyze the cyclotrimerization of but-2-yne and hex-1-yne at room temperature,101

and to reduce CO2 at atmospheric pressure forming a carbonyl complex.102 The formally mono-
valent [Co(bpy)3]

þ and [Co(phen)3]
þ complexes (bpy¼ 2,20-bipyridine; phen¼ 1,10-phenanthro-

line) have been well characterized. The crystal structure of [Co(bpy)3]Cl is known103 and the
coordination geometry is almost identical to that of the divalent analog [Co(bpy)3]Cl2, suggesting
considerable electron delocalization stabilizing this rare low-valent CoN6 compound.

The [Co(terpy)2]
þ ion (terpy¼ 2,20;60,200-terpyridine) has been found to catalyze the reduction

of CO2 when the divalent precursor is immobilized on electrode surfaces. The vinyl-substituted
terpy analog was electropolymerized to give a film that reduced the overpotential for CO2

reduction in DMF and MeCN by more than 1 V.104 The activity of this surface-confined species
was superior to that of the complexes in solution.105 Similarly, in water, the [Co(terpy)2]

2þ ion
immobilized and reduced in situ within a Nafion film also catalyzes the reduction of CO2

106 and
Hþ ions.107
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(iii) Porphyrins

Most recent advances in the area of low-valent Co porphyrin chemistry involve their use as
reduction catalysts of organic substrates, and this work appears in Section 6.1.4.3.

(iv) Pyrazole and related ligands

By far the most studied pyrazole-containing ligand is the symmetrical monoanionic tripod
hydridotrispyrazolylborate, Tp (3). Substituents introduced at each of the 3-, 4- or 5-positions
(3,5-Me2Tp108, 3-iPr,4-BrTp109) have led to a number of sterically encumbered threefold sym-
metric complexes and some remarkable Co coordination chemistry has ensued. Hydride substitu-
tion at the B atom is also possible by organic groups such as p-bromophenyl, which enables
further functionalization of the ligand.110

N
N

N

N

N
N

B
H

3

4

5

N
N

N
N

B
H

Co

X

(4a)  X= CO
(4b)  X=N2
(4c)  X=H
(4d)  X=C2H4(3)

The diamagnetic (3-tBu,5-MeTp)Co(CO)2 has been prepared and structurally characterized.111

In solution it spontaneously loses CO to give the paramagnetic (3-tBu, 5-MeTp)Co(CO) (4a). In
the presence of CO, the two complexes are in equilibrium. A Mg reduction of (4a) yielded the
dimer [[(3-tBu,5-MeTp)Co](�-CO)]2�Mg(THF)4.

112 The crystal structure of this compound shows
a linear CO bonding mode. However, in the crystal structures of the di mononuclear neopentyl
analogs [(3-npTp)Co]2(�-N2) and (3-npTp)Co(CO) the CO and N2 ligands are bent away from the
pseudo-threefold axis of the complex by about 30�.112 Hydrogenation of the mononuclear
dinitrogen complex (4b) produced the hydride (4c), whereas reaction with ethylene yields the
corresponding olefin complex (4d), all of which were structurally characterized (Figure 2).113

(v) Imines

Polyimines of low-valent Co are now well represented, particularly with macrocyclic or mixed-
donor ligands. The monovalent Co complex (5) of the 14-membered macrocyclic hexamethyl
diimine (hmd), may be generated electrochemically from its divalent precursor. Furthermore,

Figure 2 Crystal structures of the monovalent hydrido (4c) (left) and ethylene (4d) (right) complexes of
i-Pr-5-MeTp (reproduced with permission of the American Chemical Society from Organometallics, 1999, 18,

300–305).
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cyclic voltammetry of [Co(hmd)]2þ in 0.1M Et4NClO4-DMSO in the presence of CO2 showed
a pronounced anodic shift in the CoII/I potential, indicating a large CO2 binding constant for the
monovalent complex.114 Subsequently it was found that (5) rapidly forms a purple 1:1 adduct (6)
with CO2 in MeCN (Ka¼1.2� 104 M�1).115 In ultrapure MeCN, (6) slowly reacts to give
[Co(hmd)]2þ, CO, and HCO3

�.

NHN

NHN
CoNHN

NHN
Co

OO
+ +

CO2

(5) (6)

The dinuclear complex [Co2(hmd)2(�-CO2H)](ClO4)3 and the monomeric carbonyl [Co(hmd)
(CO)](ClO4) were crystallized and structurally characterized. The structure of the dinuclear
complex finds both Co ions in a square pyramidal environment, with axial sites occupied by
the bridging ligand. A �-�1:�1 coordination mode (Co–C(OH)O–Co) was defined involving a
distorted trigonal planar C atom. The thermodynamics and kinetics of complex formation
between pulse radiolytically generated (5) and the species Hþ, CO2, and CO were also studied
in aqueous formate solutions.116 Subtle stereochemical influences were revealed in parallel inves-
tigations of the N-based meso and rac diastereomers of (5) and (6), the rac isomer having both
amine H atoms syn to the coordinated CO2. Although the meso and rac isomers have identical
CoII/I redox potentials, their CO2 binding constants in DMSO differ by a factor of 100 (rac being
more stable) indicating that steric effects are at work.117 The effects of solvent dielectric constant
and electrolyte were also explored. A similar, but independent, CO2 binding study was published
soon after,118 also incorporating the thermodynamics and kinetics of binding CO and Hþ to the
rac and meso isomers of the same complex. Hydrogen bonding was also found to be a factor in
stabilizing (6).119 The solution structures of the five-coordinate (6) and its six-coordinate solvated
adduct were examined with XANES and EXAFS together with the related (5), [Co(hmd)(CO)]þ,
[Co(hmd)]2þ, and [Co(hmd)(CO3)]

þ. The edge position of (6) and [Co(hmd)]2þ are the same,
whereas the edge position for six-coordinate [(MeCN)Co(hmd)(CO2)]

þ shows significant metal-
to-CO2 charge transfer consistent with a CoIII C-bound carboxylate.120 The pressure dependence
of this five- to six-coordinate equilibrium was studied,121 with high pressures favoring the
six-coordinate form.

Photoreduction of CO2 using p-terphenyl as a photosensitizer and a tertiary amine as a
sacrificial electron donor is efficiently catalyzed by [Co(hmd)]2þ using continuous and flash
photolysis, and charge separated species (CoI and terphenyl cation) were identified.122 Similarly,
photoreduction of [Co(hmd)]2þ by several bis-bipyridyl RuII photosensitizers leads to CoI-
mediated reduction of CO2.

123 The tetramethyl-tetraimine (tmt) relative [Co(tmt)(NCMe)2]
2þ

also undergoes facile one-electron reduction in MeCN to give the corresponding monovalent
species (7), which is a potent Lewis acid toward a variety of monodentate ligands (pyridine;
2,6-lutidine; 1-Me-imidazole; Br�).

Electrogenerated monovalent Co complexes of the well-known open chain N2O2 Schiff base ligands
salen (8), salphen (9), and their substituted derivatives undergo oxidative additions with alkyl halides.
Reactions of the complex with substrates within the series RBr (R¼Pr, Bu, t-Bu) proceed at different
rates. The reaction occurs by an inner-sphere alkyl-bridged electron transfer, with a CoI� � �Rþ� � �X�

transition state, which is sensitive to distortions of the complex in different configurations.124

A crystal structure of the CO2 derivative of (8), K[Co(salen)(�1-CO2)], has been reported in
which the Co�C bond is 1.99 Å, the C�O bonds are both equivalent at 1.22 Å and the O–C–O
angle is 132�.125 Carboxylation of benzylic and allylic chlorides with CO2 in THF-HMPA was
achieved with (8) electrogenerated by controlled-potential electrolysis,126 in addition to reductive
coupling of methyl pyruvate, diethyl ketomalonate and p-tolylcarbodiimide via C�C bond
formation. Methyl pyruvate is transformed into diastereomeric tartrates concomitant with oxida-
tion to the divalent Co(salen) and a free-radical mechanism is proposed involving the homolytic
cleavage of the Co�C bond. However, reaction with diphenylketene (DPK) suggests an
alternative pathway for the reductive coupling of CO2-like compounds.
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(vi) Dinitrogen

The dinitrogen coordination chemistry of Co is restricted to low oxidation states and phosphine
co-ligands appear to be a requirement. The formally monovalent hydrido complex
CoH(N2)(PPh3)3 when reacted with Et2Mg, then BuLi, gives [Co(N2)(PPh3)3]Li(Et2O)3 or
[Co(N2)(PPh3)3]Li(THF)3 depending on the solvent used.127 The complexes possess threefold
symmetry with the N2 ligand bridging Co and Li with an N�N bond length of ca. 1.18 Å. In
contrast to the hydrido precursor, the ligated N2 in [Co(N2)(PPh3)3]

� is attacked by conc. H2SO4

to afford N2H4 and NH3, providing the first examples of this conversion involving N2 coordi-
nated to Co. Also, CoH(N2)(PPh3)3 catalyzes oligomerization and cyclization reactions of alkynes
under mild conditions.128 The Mg reduction of (3-tBu, 5-MeTp)CoX (X¼Cl, I) in an N2 atmos-
phere yields (3-tBu,5-MeTp)CoI(N2) (4b) as an intermediate, which upon exposure to O2 yielded
the superoxo CoII analog.129 Heterogeneous reactions of the monovalent tripodal phosphine
complex [(dppep)Co(N2)]BPh4 (10) with gaseous C2H2, C2H4, CH2O, CH3CHO, and CO lead
to N2 displacement and either 1:1 complexes or C�H bond cleavage at cobalt. The latter case
ultimately results in either H2 elimination or hydrogen transfer from metal to the coordinated
ligand.130

Co
Ph2P

PPh2
PPh2

N

P

N

(10)

Fe
PPh2

PPh2

Co
NO
NO

+

(11)

BPh4

The symmetrical dimer [(Me3P)3CoH]2(�-N2) is formed by protonation of the dinitrogen
cobaltate precursor and its crystal structure is reported.131 The complex reversibly binds N2,
forming the monomer CoH(N2)(PMe3)3.

(vii) Nitrosyl

Nitrosyl is now well established as a ligand for low-valent cobalt. The distorted tetrahedral
[Co(NO)2(py)2]

þ has been prepared and structurally characterized.132 In contrast to bis-phosphine

N

N

N

N

Co

+

(7)

N

N

O

O

Co
N

N

O

O

Co

–

(8) (9)

–
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analogs, the bis-pyridine complex decomposes rapidly in solution unless stabilized by excess
pyridine. This was correlated with structural parameters, most notably the compressed ON–Co–
NO coordination angle. Electrochemistry of the four-coordinate [Co(P(OEt)3)2(NO)2]

þ in MeCN
at Pt or Hg electrodes reveals two consecutive reductions and a single oxidation process. The less
negative reductive wave yields a stable neutral species in the absence of oxygen.133 The novel
pseudo-tetrahedral complex (11) also bears two P donors and two NO ligands, but a ferrocenyl
group bridges the two phosphines.134 The interaction between the two metallic centers bridged by
the two Cp–PPh2 linkers was studied by 57Fe Mössbauer spectroscopy and cyclic voltammetry.

The doubly bridged nitrosyl complex [(Cp)Co]2(�-NO)2 has attracted a considerable amount of
interest with regard to its electronic ground state. Ab initio calculations carried out on this d 9�d 9

species predicted a triplet ground state 280 cm�1 lower in energy than the singlet state, and the
authors suggested that the magnetic properties of the compound be more closely examined.135 In
response, experimental reinvestigation of the magnetic susceptibility of the complex found that
the compound is actually diamagnetic in the solid state (from 5 K to 280 K) and in benzene
solution (in the range 303–327 K).136

Coordinated nitrosyl can participate in further chemistry, as illustrated in the following
example. Methylation of [(Cp)Co(NO)]� with MeI in THF at �40� gives (Cp)Co(Me)(NO)
which in the presence of PPh3 undergoes NO migratory insertion to give (Cp)Co(N(O)Me)(PPh3).
The ethyl, isopropyl, and p-methyl-benzyl analogs behave similarly.137

(viii) Nitriles and azides

These are adequate ligands for low-valent Co, but their chemistry is somewhat limited. Dicobalt
hexacarbonyl complexes of propargyl acetates and acetylenic acetals couple efficiently with
diethylaluminum cyanide to produce the corresponding complexed propargyl nitriles and cyano-
hydrins.138 Electron-poor dipolarophiles such as alkynes, alkenes, and nitriles undergo 1,3-dipolar
cycloadditions with azido Co complexes to give five-membered heterocycles such as triazoles
(from nonterminal alkynes), triazolines (from alkenes), and tetrazoles (from nitriles).139 Tetra-
cyanoethylene is an effective one-electron oxidant and also is capable of forming sigma-bonded
complexes such as (Cp)Co(CO)(TCNE).140,141

6.1.2.1.4 Phosphorus

Most work done on the coordination chemistry of phosphorus ligands bonded to Co lies within
the realm of organometallic chemistry where the P donor is in the minority of non-C-bonded
ligands. Examples such as these where the principal ligands are CO, Cp, and olefins, will not be
discussed here. Tertiary phosphines (trialkyl and triaryl) and phosphite esters dominate the
examples of phosphorus coordinated to Co, as they are excellent ligands for low-valent Co. Of
the monodentate P donors, PMe3, PEt3, P(i-Pr)3, P(ch)3, and PPh3 are the most commonly
encountered examples.

(i) Monodentate phosphines

The simple tetrahedral complex [Co(PMe3)4]PF6 reacts with formaldehyde to give the trigonal
bipyramidal derivative [Co(CO)(PMe3)4]PF6 where the CO ligand is in an equatorial position.
Curiously, the BPh4

� salt reacts to give the axially bound CO isomer in addition to the
cis-octahedral CoIII dihydrido species [CoH2(PMe3)4]

þ.142 Reaction of [Co(PMe3)4]
þ with O2 in

MeCN yields the octahedral divalent phosphine oxide complex trans-[Co(MeCN)2(OPMe3)4]
2þ

and its X-ray crystal structure was determined.143 The dioxygen complex [Co(PMe3)4(O2)]
þ (with

�O-O¼ 880 cm�1) was identified as an intermediate.
The tetrahedral halide-bridged monovalent compounds [Co(PPh3)2X]n (X¼Cl, Br) or

[Co(PPh3)X]n (X¼Cl, I), may be prepared by reduction of CoX2 with NaBH4 in the presence
of PPh3.

144 The [Co(PPh3)2Br]n analog reacts further with PPh3 to form paramagnetic tetrahedral
monomeric Co(PPh3)3Br. Although Co(PPh3)3Cl is formally a homolog of its illustrious RhI

analog Rh(PPh3)3Cl (Wilkinson’s catalyst), their structures and reactivities are in no way similar.
Unlike the square planar diamagnetic Rh complex, Co(PPh3)3Cl is tetrahedral and paramagnetic.
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Nevertheless, the Co(PPh3)nX compounds are excellent synthons for a variety of low-valent
phosphine complexes, as the Co�P bonds are quite stable, allowing the investigation of ligand
addition and substitution reactions at the remaining coordination site(s). For example, the first
CoI siloxide complex Co(PPh3)3(OSiMe3) was synthesized and characterized structurally by
reaction of Co(PPh3)3Cl with trimethylsilanolate.145 The paramagnetic tetrahedral Co(PMe3)3Br
reversibly binds ethylene in a variety of solvents (toluene, acetone, and MeOH) to give the
diamagnetic CoBr(C2H4)(PMe3)3 species.146 By contrast, reaction of Co(PMe3)3Br with diphenyl-
acetylene yields different mononuclear diamagnetic Co-alkyne species depending on the solvent;
CoBr(C2Ph2)(PMe3)3 forms in toluene, whereas in acetone the salt [Co(PMe3)3(C2Ph2)]Br is also
present. MeCN is also found to be a competitive ligand in these systems.147 Homologs of the form
[Co(PMe3)3(RC�CR1)]

þ (R¼Ph, R1¼Me, pentyl; R, R1¼Me) were also prepared from Co
(PMe3)3Br.148 The alkyne ligand acts as a four-electron donor but is weakly bound. Reaction of
HC�CPh in excess with Co(PMe3)3Br and NaBPh4 in MeOH gave the phosphonium salt
[Me3P(CH2CH(OMe)Ph)]BPh4, which was characterized in the solid state by X-ray diffraction
and in solution by 1H and 31P NMR.149 Addition of aryl halides (ArX) to Co(PPh3)3Me yield
ArAr and ArMe when Ar¼ 4-toluyl, but exclusively ArMe for 1- and 2-bromonaphthalene and
4-bromobiphenyl.150

In the four-coordinate complexes (12) (X¼Cl, Br) the phenol phosphine is coordinated as a
monodentate.151 In the presence of base, the phenolate O atom deprotonates and coordinates to
give (13). The five-membered chelate ring in this complex is resistant to protonation, and ring-
opening is not observed even in the presence of CO or C2H4.

Co
Me3P

Me3P Ph2
P

X

OH
base, PMe3

Co
Me3P

Me3P

Ph2
P

O

(12) (13)

Me3P

+ X–

At least partial substitution of other inherently strong ligands by phosphines can be achieved.
Trialkylphosphines substitute partially into arylisocyanide complexes [Co(CNR)5)]

þ, with
monosubstitution and at best disubstitution observed, influenced by the steric bulk of the
phosphine.152

(ii) Multidentate phosphines

There is a wide range of examples extant, but a selection illustrates recent chemistry sufficiently.
There are many Co complexes, both monomers and clusters, of the facially coordinating triden-
tate phosphine triphos (1,1,1-tris((diphenylphosphino)methyl)ethane) and its dimethylphosphino
(mtriphos) or diethylphosphino (etriphos) analogs. The novel mixed P-ligand complex Co(tri-
phos)(P3) reacts with AuCl(PR3) (R¼Me or Ph) and Au2Cl2(Ph2PCH2PPh2) in the presence of
TlPF6 to give the P3-bridged compound (14). The Au atom is sandwiched between the two cyclic
P3 units of each Co(triphos)(P3) moiety.153 Similarly, treatment of Co(triphos)(P3) with CuI and
AgI salts affords [M{Co(triphos)(P3)}2]

þ (M¼Cu, Ag).154 The protonated form [Co(tri-
phos)(P3H)]CF3SO3, also containing an �3-coordinated P3 unit, reacts with Pt(PPh3)2 to give
the trinuclear compound [((triphos)Co)2(P6H2)PtPPh3](CF3SO3)2.

155 In this compound, the P6

fragment bears a P�P bond between two different P3 moieties and this novel ligand is stabilized
by coordination to three metal–ligand fragments.

The dinucleating hexaphosphine eHTP binds as a bridging bis-tridentate ligand and several
dicobalt complexes have been isolated, such as (15).156 The solution conformational behavior of
(15) was examined with NMR, which identified a number of solvent- and temperature-dependent
shifts of the methylene bridge and chelate ring proton resonances.157 Chemical shift changes for
the P–CH2–P proton resonances were assigned to CO shielding from different rotational con-
formers, whereas variations in the chelate ring resonances were attributed to trigonal–bipyram-
idal/square–pyramidal coordination geometry changes. In the same study, reduction of (15) with
the naphthalenide anion produced the zerovalent Co�Co-bonded dimer Co2(CO)2(eHTP). In dry
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MeCN, the divalent analog Co2Cl4(eHTP) undergoes P oxidation (by dioxygen) at each donor
atom to produce the corresponding hexaphosphine oxide.158

A rather unusual Co–Hg–Hg–Co moiety was stabilized by the NP3 tripod tris(2-diphenylphos-
phinoethyl)amine (tdppea) in (16).159 The complex is converted to the monomer [Co(tdppea)(CO)]þ

by reaction with either CO or CO2 at room temperature and atmospheric pressure. The five-
coordinate mixed tri-/dimethylphosphite complex Co(P(O)(OMe)2)(P(OMe)3)4 has been reported
along with its Rh and Ir analogs.160 There is a range of other ligands incorporating both P and N
donors. One deceptively simple example is 2-(diphenylphosphino)pyridine (dpppy), whose chem-
istry has been reviewed.161 The dpppy ligand can chelate in both a simple fashion, as in the
tetrahedral monomer [Co(dpppy)(NO)2]

þ, and in a bridging mode, as in the dimer (17).162

N PPh2

Co Co

N PPh2
N

O

NOON

3+

(17)

Diphosphinoamines (X2P–NR–PX2) are examples of a more unusual potentially chelating dipho-
sphine. The dimer Co2(F2PN(CH3)PF2)3(CO)2 has three of these ligands bridging symmetrically
between the two tetrahedral Co centers, which also carry a terminal CO group; this molecule can
undergo reduction with LiEt3BH in THF to form a stable mixed valence (d 9�d10) radical anion.163

6.1.2.1.5 Arsenic

Low-valent arsine complexes of Co are few and these bear mostly C ligands such as CO (see
Section 6.1.2.1.1 for an example).
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6.1.2.1.6 Oxygen

Stable low-valent Co is not often found with simple O-donor ligands such as water, hydroxide,
dioxygen, and oxoanions. Carboxylate anions are also not frequently met as ligands in low-valent
Co chemistry. One interesting compound, however, is the Co cluster-substituted carboxylic acid
�3-[(CO)9Co3]CCOOH, which can perform its function as a carboxylate ligand; for example, it
reacts with Co(OAc)2 in THF to yield Co2[(CO)9Co3CCOO]4(THF)2.

164 This class of compound
catalyzes the selective hydrogenation of 2-butenal.

6.1.2.1.7 Sulfur

(i) Sulfides

Sulfide-capped triangular Co clusters are a well-known feature in organometallic systems.
A number of examples will serve to illustrate this. The simple monomeric phosphine complex
(Ph3P)2CoBr2 reacted with Na2S yields the symmetric cluster Co6S8(PPh3)6, where the six Co
atoms form a distorted octahedral core with each octahedral face bridged by a �3-S2� atom.165

Each Co is identically surrounded by four S and one P atom in a distorted square–pyramidal
environment. In a quite different approach, reaction of CoCl2, 2-aminobenzenethiol (Habt),
NaOCH3, and P(t-Bu)3 in the absence of air with following addition of Li2S yields a cluster of
this type, Co3(�3-S)(abt)3(P(t-Bu)3).

166 The paramagnetic sulfide-capped cluster Co3(CO)9(�3-S)
has been developed as a reagent for the synthesis of Co3(CO)7(�-SR)(�3-S) species via reaction
with organic compounds possessing S�S or S�H bonds.167

The heteronuclear cluster [Mo3CoS4(H2O)10]
4þ has been reported, where the Co is formally zerova-

lent.168The core structure (18) features two edge-linked cubane units with Co�S bridging the two clusters.

(ii) Thioethers

Multidentate thioethers are readily introduced into the coordination sphere of low-valent cobalt. As an
example, the tridentate thioethers 1,3,5-trithiacyclohexane and tris(methylthio)methane both replace
three facially arranged carbonyl ligands in Co3(CO)9(�-CPh), leaving the cluster otherwise intact.169

(iii) Thiolates

In organometallic systems in particular, clusters with bridging alkylthiolates are well known, as
exemplified by Co2(Cp)2(�-SCH3)2, which undergoes reactions with alkyne-cobalt complexes to
yield trinuclear clusters.170

(iv) Thiocarbamates

Dithiocarbamates in stable low-valent Co systems are rare and usually restricted to organo-
metallic systems. An example is the heteronuclear metal cluster WCo2(�3-S)(�3-SCNEt2)(CO)4

(S2CNEt2), characterized by a crystal structure, and formed by reaction of Co2(CO)8 with
W(CO)(PhCCPh)(S2CNEt2)2 and subsequent rearrangement in solution following carbonyl loss
from an intermediate.171 The three metals are arranged in a triangular array, bicapped by the

S

Mo

Co
Mo

SS
S

Mo
Mo

S

S
S

MoCo
Mo

S

(18)
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sulfido and thiocarboxamido anions. Each Co is also bonded to two terminal carbonyl groups,
the remaining ligands binding to the tungsten center.

(v) Thioureas

A rare example of thiourea coordination to low-valent Co is of a disubstituted thiourea as
bridging ligand, observed in the cluster Co3(CO)7(�3-S)(�-�2-PhNC(S)NHCH2Ph) which is
formed by reaction of Co2(CO)8 with the thiourea.172 The crystal structure of the product defines
a tetrahedral Co3S core with all carbonyls in terminal positions and the deprotonated thiourea
bridging two Co centers via the S and an amido N.

6.1.2.1.8 Halogens

Compounds containing Co and only halogen ligands are extremely rare in low oxidation states.
However, halogen is a common companion ligand in low-valent Co chemistry, particularly to
phosphorus (see Section 6.1.2.1.4), where they are often the leaving group in substitution reactions.
Of course, the effectiveness of a leaving group is determined by its stability in isolation, so it is no
surprise that halides play a similar role across all oxidation states of Co coordination chemistry.

6.1.2.1.9 Hydrogen

(i) Hydrides

Cobalt compounds with hydride as the sole ligand are not usually observed, and hydride compounds,
at least in isolable form, include other companion ligands. However, using a time-of-flight atom-probe
field ion microscope, the interaction between hydrogen and Co atoms in an external electric field led to
the Co hydrides CoH, CoH2, and CoH3,

173 although these species have no extended stability. Recent
advances in the chemistry of hydrides in general have been reported in a monograph.174

The effect of stoichiometry, substituent, and temperature were investigated in reactions between
the hydride HCo(tdppep) (19) and a number of alkynes.175 The �-acetylide complex (20) and the
�-alkenyl (21) are formed from the stoichiometric reaction with ethyl propiolate. However, when
a ten-fold excess of ethyl propiolate is used, the acetylide complex is formed quantitatively and
one equivalent of alkyne is hydrogenated to alkene. Forcing conditions and a large excess of
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O
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alkyne were required to form the analog (tdppep)Co(C�CPh). The electrochemical behavior
of these CoI �-acetylides was also reported.

Unsually short NMR T1 relaxation values were observed for the metal-bonded H-ligands
in HCo(dppe)2, [Co(H2)(dppe)]þ (dppe¼ 1,2-bis(diphenylphosphino)ethane), and CoH(CO)
(PPh3)3.

176 A theoretical analysis incorporating proton–metal dipole–dipole interactions was
able to reproduce these T1 values if an rCo-H distance of 1.5 Å was present, a value consistent
with X-ray crystallographic experiments. A detailed structural and thermodynamic study of the
complexes [H2Co(dppe)2]

þ, HCo(dppe)2, [HCo(dppe)2(MeCN)]þ, and [Co(dppe)2(MeCN)]2þ has
been reported.177 Equilibrium and electrochemical measurements enabled a thorough thermo-
dynamic description of the system. Disproportionation of divalent [HCo(dppe)2]

þ to [Co(dppe)2]
þ

and [H2Co(dppe)2]
þ was examined as well as the reaction of [Co(dppe)2]

þ with H2.
The electrochemical behavior of monovalent phosphite ester Co hydrides of the type

HCo(PR3)4 (PR3¼P(OEt)3, PPh(OEt)2, PPh2(OEt)) in CH2Cl2 and MeCN was examined.178

Cyclic voltammetry in CH2Cl2 identified a reversible single electron oxidation to [HCo(PR3)4]
þ,

followed by a second irreversible oxidation, for all the ligands employed. In MeCN, the behavior
was similar, but stability of the compounds in this solvent was diminished. Bulk electrolysis gave
a new CoII hydride, [HCo(P(OEt)3)4]BPh4.

The monovalent hydride HCo(PPh(OEt)2)4 is a versatile synthon and catalyst. Photoirradiation
of HCo(PPh(OEt)2)4 generates the coordinatively unsaturated complex HCo(PPh(OEt)2)3 which
catalyzes H transfer from secondary alcohols to carbonyl compounds.179 Intermediate coordin-
ation of the carbonyl compound to HCo(PPh(OEt)2)3 was proposed. The rate-determining step
involves hydride transfer to the carbonyl carbon at the stage of transformation of the hydrido
aldehyde/ketone complex into its alkoxo derivative. A kinetic analysis showed that aldehydes
reacted considerably faster than ketones, attributable to steric repulsion hindering approach by
the Co complex to the carbonyl group. Reaction of HCo(PPh(OEt)2)4 with p-MeC6H4N2

þ affords
the paramagnetic [HCo(PPh(OEt)2)4]

þ. When reacted with NOþ, the dinitroso complex [Co(NO)2-
(PPh(OEt)2)2]

þ is formed and protonation with HBF4�Et2O to give the dihydrogen complex
[Co(H2)(PPh(OEt)2)4]

þ occurs.180 Reaction of the monovalent HCo(tdppea) (hydrido monomer
of (16)) with CS2, SCNPh, or OCNPh affords the corresponding �2-bonded sulfide, isothio-
cyanate, or isocyanate.181

HCo(N2)(PPh3)3 has been shown to promote C�O bond cleavage selectively in allylic and
vinylic trimethylsilyl ethers, resulting in Co(OSiMe3)(PPh3)3 and free olefin at room tempera-
ture.182 The mechanism of C�O bond cleavage involves insertion of the olefinic double bond into
the Co�H bond, followed by � elimination of the Me3SiO group from the transition metal
complex. The same group reported that C�O bonds in aryl and alkyl carboxylates (R0CO2R) are
selectively cleaved by the same complex.183 The reaction products are accounted for by assuming
insertion of the ester C¼O bond into the Co�H bond, followed by abstraction of the � alkoxo
group by Co. Other derivatives prepared include Co(OCH(CF3)OEt)(PPh3)3 (from trifluoroacetic
acid) and Co(OPh)(PPh3)3 from (phenyl acetate). Borohydride is well known to form non-
classical �2-bonded complexes through a pair of bridging H atoms. The diamagnetic monovalent
Co(terpy)(H2BH2) undergoes rapid exchange between its terminal and bridging H atoms, as
shown by NMR.184

(ii) Dihydrogen

Dihydrogen is an effective and usually �2-bonded ligand, as exemplified here. The remarkably
stable �2–H2 complex [Co(tdppep)(H2)]PF6 (22) was prepared via three routes: protonation of
the hydride HCo(tdppep) by a strong acid; displacement of N2 by H2 in [(Co
(tdppep)(N2)]PF6; or H2 addition to the 16-electron fragment [Co(tdppep)]þ.185 X-ray crystal-
lography identified a trigonal–bipyramidal geometry with the H2 ligand presumably trans to
the bridgehead P donor, although the actual position of the H2 ligand was not resolved. The
complex catalytically isomerizes dimethyl maleate to dimethyl fumarate. However, an unusual
counter-ion dependence was seen for the reaction with H2 and two salts of the dinitrogen
complex (10) in the solid state.186 With BPh4

� as the counter ion, the classical dihydro
distorted octahedral complex [(tdppep)Co(H)2)]BPh4 (23) results (characterized by its X-ray
crystal structure), rather than the non-classical [(tdppep)Co(�2-H2)]PF6 (22).185 Both reactions
are reversible upon treatment with N2. In solution the complexes are indistinguishable and
consistent with a �2-bonded H2 ligand.
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6.1.2.2 CoII

Cobalt(II) is a key oxidation state, and the range of compounds extant is truly vast. Four-
coordinate tetrahedral and six-coordinate octahedral complexes, in particular, abound, with
five-coordinate trigonal bipyramidal complexes also common. However, three- to eight-
coordinate compounds have been reported, with examples at the extrema sparse, and their
formation is usually particularly dependent on ligand topology. Traditionally, the complexes of
this d7 paramagnetic ion are considered to be labile and ligand exchange facile.

6.1.2.2.1 Carbon

(i) Cyanides

Cyanide complexes have a venerable history (see CCC(1987)),1 and find utilization in many
industrial processes including as synthetic catalysts e.g., Co cyanides on inorganic supports
catalyze alkylene oxide polymerization,187 molecular magnetic materials, in electroplating, and
in mining. Their pharmacology and toxicology is well explored

(f) Mononuclear. Given the long history of cyanide complexes, it is not intended to cover
simple complexes to any marked extent. One interesting example is the characterization of the
well-known anion [Co(CN)5]

3� formed inside Zeolite Y by treatment of the Co zeolite first with
CsCl and then with methanolic NaCN.188 This encapsulated complex has been shown to rever-
sibly bind dioxygen in the zeolite lattice with high selectivity, whereas the usual reaction is
irreversible formation of a dioxygen-bridged dimer. The simple aquapentacyanocobaltate(II) ion
is an efficient catalyst for photolytic hydrogen evolution.189 In aprotic solutions, a synthetic,
spectroscopic and X-ray structural study has identified the existence of species with from one to
five cyanide ions coordinated to cobalt.190 The Li3[Co(CN)2]�3DMF species was isolated and
structurally defined, and a salt of [Co(CN)4]

2� was also isolated.
(g) Oligonuclear and polymeric. The Co–Co linked dimer [Co2(CN)10]

6�, which is readily
prepared in liquid ammonia as solvent, reacts with water to yield a number of products
identified by 59Co NMR, including [HCo(CN)5]

3�.191 Monomeric species such as
Li3[Co(CN)5]�3DMF can form and may be isolated from aprotic solvents. Cyanide features as
a bridging ligand as well as a terminal monodentate in polymetallic species. A recent example of
a mixed-metal CoII/MnII dimer arises from reaction of trans-Mn(CN)(CO)(dppm)2

(dppm¼ bis(diphenylphosphino)methane) with CoCl2 in THF, which leads to the �-cyano
complex Cl2(THF)CoII(�-NC)MnII (CO)(dppm)2, defined by a crystal structure which shows
the CoII center is pseudo-tetrahedral.192

(ii) Carbonyls

Cobalt(II) carbonyls are rarely met, except as transient redox products from stable lower-valent
precursors.
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(iii) Carbon dioxide

Carbon dioxide is activated by metal complexes, including CoII, to undergo a range of reactions:
oxidative coupling with unsaturated substrates; insertion into M�X bonds; and insertion into
M�M0 bonds. The Co(dmg)2(H2O)2 complex reacts with CO2 to form Co(dmg)2(H2O)(CO2H)
bearing a Co�C bond.193 Insertion of CO2 into the core of the substituted Tp
di(�-hydroxo)dicobalt(II) complex (24) leads to the bridged carbonato complex (25).194 Electro-
chemical reduction of CO2 is activated by CoII(cyclam) and analogs, promoting the two-electron
reduction in aqueous acid to form CO and H2O.195 Coordination of CO2 to the reduced complex as
intermediate is implicated.

CO2
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NNBH Co
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N N
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+ 2OH–

(iv) Alkyls and aryls

No attempt to cover the coordination chemistry of unsaturated cyclic anions such as
cyclopentadienyl is made here, due to their coverage in the companion series on Comprehensive
Organometallic Chemistry. The only example to be mentioned here, because it is the first example
of a high-spin CoII organometallic complex, is Co(Cp)(Tp).196

Simple alkyl and aryl �-bonded complexes are conveniently prepared by reaction of an
alkylating reagent with a halocobalt(II) precursor. All-alkyl systems are rare, but the penta-
methylcobaltate(II) anion is known.197 More typically, the coordination sphere of the metal
contains additional co-ligands, particularly with P, S, or N donors. Some examples that reflect
the style of reactions extant appear below.

Reaction of Li (2-((Me3Si)2C)pyridine) with CoCl2 in ether yields the thermally stable bis
cobalt(II) dialkyl complex, which is planar with trans-disposed C,N-chelates.198 The strained
four-membered rings are reflected in a C�Co�N angle of 69.6(2)�, while Co�C and Co�N
distances are 2.094(6) Å and 1.919(4) Å respectively. Earlier, related chemistry produced the
tetrahedral ion with only Co�C bonds, [Co(CH(SiMe3)2)4]

2�, and an ion [CoCl(CH(SiMe3)2)2]
�,

, with two Co�C bonds and a rare trigonal planar geometry.199

Examples with S- and P-donor companion ligands abound. The thioether-containing complex
Ph(ttb)CoCl (ttb¼ tris((tert-butylthio)methyl)borate) can be reacted with either Me2Mg or MeLi
in THF to yield the alkylcobalt(II) compound Ph(ttb)CoMe in high yield.200 The high-spin
divalent tetrahedral complexes Co(pnp)X (pnp¼�N(SiMe2CH2PPh2)2; X¼Cl, Br) are conveni-
ently prepared from CoX2 and Li(pnp),201 and subsequently react with alkylating reagents to
form low-spin square–planar Co(pnp)R (R¼ alkyl) compounds. Treatment of CoCl2 with
organolithium precursor compounds yields low-spin CoII dialkyls which include (26).202

N
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C SiMe3
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Bis(aryl)cobalt(II) compounds have been prepared by reaction of R0MgX (where R0 ¼C6H6�n

Cln; n¼ 2–4) with Co(PR3)2Cl2.
203 They undergo both thermally and oxidatively induced decom-

position, with the corresponding biphenyl a product. The reactions of alkyl-cobalt complexes
have been reviewed recently, and include thermolysis, photolysis, oxidation, and reduction
reactions.25 Homolysis of the Co�C bond is a feature of reactions.

6.1.2.2.2 Nitrogen

All known types of N-donor ligands are found in complexes with divalent Co, so our treatment of
this topic will be selective in an endeavor to provide an overview of this vast area. There is a
crossover in stability of divalent Co complexes going from hard amine donors (almost all being
oxygen sensitive) to the highly unsaturated polyimines, which are rather difficult to oxidize.
Divalent Co forms a variety of N-donor complexes of all electronic ground states (high and
low spin) depending on the ligand field strength and symmetry.

(i) Amines

(h) Monodentate. The simplest classical amine complex is the hexaammine. The [Co(NH3)6]
3þ/2þ

redox potential is �0.04 V (vs NHE) making the [Co(NH3)6]
2þ ion air sensitive as well as

substitution labile. Nevertheless, the divalent hexaammine complex has been thoroughly char-
acterized. The X-ray crystal structure of [Co(NH3)6]Cl2 has been reported at both 294 K and 128 K,
revealing six crystallographically identical Co�N bonds of 2.170(2) Å in the room-temperature
structure and no phase change at lower temperature.204 By contrast, differential scanning calori-
metric study of [Co(NH3)6](ClO4)2 and [Co(NH3)6](BF4)2 found that these complexes were poly-
morphic between 100 K and 300 K.205 In solution, the changes in Co�N bond length upon
reduction from CoIII to CoII have been studied with EXAFS. The bond length changes report on
the inner sphere reorganizational energy of the complex, and this allowed the calculation of outer
sphere electron transfer cross reaction rates using semi-classical theory that were in excellent
agreement with experiment.206

(i) Multidentate. The ethane-1,2-diamine (en) complex of CoII represents this category of
ligands well. Crystal structures of the air-sensitive [Co(en)3]

2þ with simple anions have been
known for some time. A hydrothermal reaction of CoBr2 with Na3SbS3 and en led to the isolation
of [Co(en)3]CoSb4S8 comprising [Co(en)3]

2þ cations and infinite [CoSb4S8]
2� layers which form a

novel open framework structure.207 Low-dimensional structures of the type [Co(en)3]Sb2S4 and
[Co(en)3]Sb4S7 have also been reported.208

Although somewhat more stable than its hexaammine relative, the air-sensitive [Co(en)3]
2þ is

still substitutionally labile and racemizes rapidly in solution. Chiral discrimination in its (racemic)
solutions has been observed in outer sphere electron transfer reactions with optically active
oxidants including [CoIII(EDTA)]�,209,210 [Cr(ox)3]

3�,211,212 CoIII oxalate, malonate, and
acetylacetonate (acac) complexes.213

(j) Macrocyclic. Like most divalent amines of Co, the bis macrocyclic [Co(tacn)2]
2þ

(tacn¼ 1,4,7-triazacyclononane) complex (27) is a high-spin, air-sensitive complex. Its crystal
structure and spectroscopy have been reported.214 When fewer than six N-donors are present,
divalent Co complexes become more stable. Electrochemical oxidation of the putative five-
coordinate complex (28) [(H2O)Co(teta)]2þ (teta¼meso-5,5,7,12,12,14-hexamethyl-1,4,8,11-
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tetraazacyclotetradecane) has been studied, and the effect of ligands trans to the aqua ligand
upon oxidation of the complex was examined.215 The trans-Co(teta) (OSO2CF3)2 complex has
been structurally characterized, providing a rare example of triflate coordinated to divalent
Co.216

In methanolic MeCN, the resulting photoreduced CoII complex of the unsubstituted (cyclam)
analog of (28) mediates electron transfer in the reduction of CO2 to CO and formate with
p-terphenyl as the photocatalyst and tertiary amines as sacrificial electron donors.217 Similarly,
photoreduction of CO2 to formate can be achieved by the same complex using phenazine as the
photosensitizer, the Co complex as electron mediator, and Et3N as an electron donor.122 The
multi-step photoreduction of O2 to H2O2 is achieved with [Co(cyclam)(OH2)2]

2þ (and various
C-methylated analogs) generated in situ by oxidative quenching of photoexcited [Ru(bpy)3]

2þ.218

The remarkable physical properties exhibited by the divalent macrobicyclic cage complex
[Co(sep)]2þ (29) are unparalleled in Co chemistry.219 The complex, characterized structurally, is
inert to ligand substitution in its optically pure form and resists racemization in stark contrast to
its [Co(en)3]

2þ parent. The encapsulating nature of the sep ligand ensures outer sphere electron
transfer in all redox reactions. For example, unlike most divalent Co amines, the aerial oxidation
of (29) does not involve a peroxo-bound intermediate.
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Larger cavity cages have been reported by reaction of [Co(tame)2]
3þ (30) (tame¼ 1,1,1-tris

(aminomethyl)ethane) with paraformaldehyde and isobutyraldehyde leading to the expanded
octamethylated cage (31), with distinctly different properties to any other hexaamine.220 Fore-
most, the CoIII/II redox potential of (31) is more than 1 V positive of the couple found in the
smaller cavity cage (29). In fact, (31) is resistant to oxidation by O2 and H2O2; a unique feature in
Co hexaamine chemistry. N-Based diastereomers were crystallized and characterized structurally.
Controlled potential electrolysis of these isomers led to the observation of two distinctly different
CoIII complexes; one yellow and the other a most unusual blue in color.
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Smaller macrobicycles and macrotricycles bearing less that six N-donors are also known. These
ligands comprise tertiary or secondary amines and are derived from insertion of one or more
straps between pairs of potentially bridgehead N-donors contained within a small ring macro-
cycle, and in this sense they may be considered analogs of the well-known azacryptands. The
inability to offer six N-donors, and the presence of tertiary amines in these ligands leads to the
preference for divalent over trivalent Co.

The small bowl-shaped tetraamine 35-adamanzane (1,5,9,13-tetraazabicyclo[7.7.3]nonadecane)
comprises the 16-membered macrocyclic tetraamine ([16]aneN4) with one pair of diagonally
opposite N atoms linked by a trimethylene bridge. The crystal structure of its CoII complex
(32) reveals a distorted tetrahedral CoN4 array, with the metal ion slightly too large to be bound
symmetrically within the confines of the small cavity (Figure 3).221 Solution behavior is more
complicated. The tetrahedral complex exhibits limited stability in aqueous solution, although its
electronic spectrum is essentially the same as its pseudotetrahedral [16]aneN4 parent, with five-
and six-coordinate CoII complexes being formed in the presence of coordinating anions (Cl�) and
solvents. Kinetic analysis showed that Cl� ions accelerate extrusion of the Co2þ ion from the
small cage.

Co

HN N

NHN

(32)

2+

(ii) Pyridine and oligopyridines

(k) Monodentate. Pyridine complexes of CoII may take several forms depending on the method
of preparation. Blue tetrahedral [Co(py)4]

2þ is well known in addition to the polymeric halide-
bridged six-coordinate {Co(py)2X2}n species in the solid state. Investigations of the solution
equilibria between these four- and six-coordinate species are well documented. The tetrahedral
[Co(py)4]

2þ ion has been shown to catalyze the aromatization of 1,4-dihydropyridine222 and also
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Figure 3 View of complex (32) with alkyl H-atoms omitted (reproduced with permission of the American
Chemical Society from Inorg. Chem., 2001, 40, 2323–2334).
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1,3-dipolar cycloadditions.223 More recently, the crystal structure of a novel square planar form
[Co(py)4]Cl(PF6) has been reported.224 The formation and low-energy collision-induced dissoci-
ation of [Co(py)6]

2þ and derivative complexes has been investigated by electrospray ionization
mass spectrometry.225

Halopyridinecobalt(II) complexes have been explored in detail, and exhibit either distorted
octahedral or tetrahedral geometries, depending on ligands involved. The preparation and char-
acterization of dihalotetrakis(3,5-dimethylpyridine)cobalt(II) complexes with chloro, bromo and
iodo ligands have been reported.226 The crystal structure of the elongated octahedral chloro
complex defines the chloride ions in a trans disposition with Co�Cl distance of 2.455(2) Å, with
Co�Br and Co�I being 2.63 Å and 2.88 Å respectively. The difluoro analog has also been
characterized separately, with an equivalent structure and Co�F distance of 2.016(3) Å.227 IR
spectroscopy shows clear differences between the coordinated chloride complex and a pyridinium
tetrachlorocobaltate(II) species. In a related study, halocobalt(II) complexes of 2-, 3- and 4-
methylpyridine have been examined,228,229 and molecular mechanics studies supplemented crystal
structural studies. A correlation between solid-state structure and thermal properties was defined.
In the dibromobis(2-bromopyridine) cobalt(II) complex,230 a slightly distorted tetrahedral geom-
etry was defined by a crystal structure analysis. A series of four- or six-coordinate 2-, 3- and
4-methylpyridine compounds of formula CoL2X2 or CoL4X2 (X¼Br, I) have been prepared and
their thermal stability examined.231 Dibromobis(2,4-dimethylpyridine)cobalt(II) and bromotetra-
kis(2,4-dimethylpyridine)cobalt(II) have been prepared and characterized by X-ray crystal
structures.232 The former exhibits tetrahedral geometry and the latter the more rarely observed
five-coordinate square pyramidal geometry. Thermal decomposition occurs with release of
pyridines from the former in one step at 335 �C, whereas three successive steps releasing one (at
130 �C), one (at 193 �C), and two (at 360 �C) pyridines are observed for the latter. Thermal
decomposition of a large series of Co(Rpy)2X2 (Rpy¼ substituted pyridine, X¼Cl, Br) has
been probed by thermogravimetric analysis,233 with pyridine loss a primary process prior to
halide loss. The temperature and pressure effects on the equilibrium between octahedral Co
(Mepy)4X2 and tetrahedral Co(Mepy)2X2 (Mepy¼ 3-methylpyridine; X¼Cl, Br) has been
probed.234 Higher pressure favors the octahedral species, whereas higher temperature favors the
tetrahedral species.

(l) Multidentate. Complexes of the bidentate bpy (33) and phen (34) ligands share many
common features. The [Co(bpy)3]

2þ and [Co(phen)3]
2þ ions typically possess high-spin (S¼ 2)

electronic ground states, but they are close to the high/low-spin crossover, in contrast to their
(exclusively) high-spin hexaamine relatives. The crystal structures of [Co(phen)3]

2þ with a number
of simple and more complex anions have been reported, including perchlorate235, antimony
tartrate,236 benzene-1,2-dioxyacetate237 and octa- and nonanedioate.237 The latter two
dicarboxylate salts inhibit the growth of Candida albicans.

N N
N N

N
NN

(33) (34) (35)

An interesting study of the [Co(bpy)3][MCr(ox)3] system (ox¼ oxalato dianion) found that
when M¼Naþ the CoII complex is high spin, but when M¼Liþ, the compound assumes a
low-spin electronic ground state due to contraction of the counter ion network surrounding the
bpy complex.238 Optical spectroscopy and magnetic susceptibility studies reveal that [Co(bpy)3]
[LiCr(ox)3] exhibits temperature-dependent spin-crossover behavior. A related system, [Co(bpy)3]
[MCr(ox)3](ClO4), where M is a divalent transition metal ion, has been investigated. The separate
cationic and anionic tris-chelate complexes within this network are necessarily homochiral.239

Encapsulation of [Co(bpy)3]
2þ within zeolite frameworks has also been shown to have a

remarkable influence on the electronic spin state of the complex.240 Distortions imparted on the
tris-chelate complex by the confines of the zeolite ‘‘supercage’’ are found to be responsible for
stabilizing the unusual low-spin electronic ground state.241,242 The [Co(bpy)3]

3þ/2þ couple has
been measured for the encapsulated complex and it has been found that the complexes remain
within the zeolite and do not exchange with the bulk solution.243 Electrochemistry of
[Co(bpy)3]

3þ/2þ immobilized within a sol–gel has also been studied.244
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The structural and magnetic properties of divalent Co complexes of the tridentate terpy (35)
are distinctly different. The high-spin/low-spin equilibrium of [Co(terpy)2]

2þ has attracted
considerable attention and a marked anion dependence has been identified. In the solid
state, [Co(terpy)2]I2 exhibits a temperature-dependent magnetic moment coupled with tem-
perature-dependent Co�N bond lengths.245 At 295 K, the intermediate magnetic moment (�eff

3.2 B.M.) and Co�Ncentral,distal bond lengths (1.942(7) Å and 2.104(5) Å) are consistent with a
high/low-spin equilibrium in the solid state. On cooling to 120 K, the bond lengths (1.912(5),
2.083(4) Å) and magnetic moment (�eff 2.2 B.M.) reflect an exclusively low-spin electronic
ground state. By contrast, [Co(terpy)2](ClO4)2 exhibits a much higher room-temperature solid
state magnetic moment (4.2 B.M.) and longer Co�Ncentral,distal bond lengths (2.03 Å and
2.14 Å).246 In the nitrate salt the Co�N bond lengths are longer again.247 Solid state optical
and EPR spectroscopy have also been used to study the temperature and anion dependence of
this spin equilibrium.248 The structurally imposed Co�Ncentral bond compression of the terpy
ligand directs the Jahn–Teller enforced tetragonal elongation along one of the Ndistal–Co–
Ndistal axes of the complex to remove the orbital degeneracy of the 2E (Oh) electronic ground
state.

In solution, [Co(terpy)2]
2þ is also in a high-spin/low-spin equilibrium. Ultrasonic absorption

measurements determined the spin equilibrium relaxation time in both water and MeOH solution
to be less than 2 ns.249 Electron-donating functional groups such as methoxyl appended to the
terpy ring result in a shift towards the high-spin form of the complex,250 as does replacement of
one pyridyl ring with a pyrazole.251

Further extension of the terpy structure generates a novel class of oligopyridines that typically
behave quite differently from the mono-, bi-, and terpyridyl analogs. Steric repulsion between the
two distal pyridyl rings disfavors planarity of oligopyridines larger than terpy, and enforces a
helical conformation. Mononuclear and dinuclear CoII complexes of quaterpyridine (36), and its
substituted derivatives,252,253 and quinquepyridine222,254 (37) have been reported where the dis-
tinctly non-planar helically disposed ligand occupies the equatorial coordination sites of the six-
or seven-coordinate ion. In solution the CoII 40,4000-di-(p-chlorophenyl)quinquepyridine complex is
typically mononuclear but can be crystallized as either a 1:1 (Figure 4) or 2:2 (helical) com-
plex.255,256 Double helical, homometallic, oligonuclear complexes of CoII predominate when at
least six donor atoms can be provided by the ligand i.e., sexipyridine (38) and higher oligomers. In
these cases, pairs of tridentate (terpy-like) chelates are forced to bind separate CoII centers. The
introduction of a second bridging bis-tridentate oligopyridine completes the six-coordinate geom-
etry of the two CoII centers. For example, (38) forms a double helical 2:2 ([Co2L2]

4þ) complex with
each ligand binding in a bridging bis-tridentate manner.257 A substituted derivative of septipyr-
idine forms a double helical 2:2 complex comprising two [Co(terpy)2]

2þ moieties with each strand
containing a single non-coordinated pyridyl ring; one central and the other terminal (Figure 4).258

The nonadentate novipyridine forms a trinuclear double helicate [Co3L2](PF6)6 as shown by mass
spectrometry and elemental analysis.259

N

N N

N

N

N N

NN
N

N

N N NN

(36) (37) (38)

The linear bis-bidentate ligand bis(pyridylpyrazolyl)borate (39) ligand reacts with Co(OAc)2 in
MeOH to yield a discrete cyclic nanostructure [Co8L12(PF6)]

3þ.260 This complex was character-
ized intact by ESMS, with the anion apparently trapped in the central cavity, a concept supported
by the crystal structure of the perchlorate analog (Figure 5). Other oligopyridine ligands
complexed with divalent Co include the tripodal tris(2-pyridylmethyl) amine (40),261 and the
novel dinucleating bis(2-pyridylmethyl)amine dimer (41).262
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Figure 4 Mononuclear quinquepyridine (40,40 00-bis(4-chlorophenyl analogue) CoII complex (left, reproduced
with permission of the Royal Society of Chemistry from J. Chem. Soc., Chem. Commun., 1992, 768–771) and
dinuclear septipyridine (40,40 00 0 0-bis(4-mercaptomethylphenyl)-40 0 0 0,40 0 0 00-bis(4-mercaptopropylphenyl) deriva-
tive) dicobalt(II) complex (right, reproduced with permission of the American Chemical Society from

Inorg. Chem., 1993, 32, 5477–5484). Space filling representations also shown.

Figure 5 Cyclic octacobalt(II) complex of (39) with encapsulated ClO4
� ion. H-atoms omitted (reproduced

with permission from the Royal Society of Chemistry from J. Chem. Soc., Chem. Commun., 1997,
1361–1362).
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(iii) Porphyrins

Cobalt complexes of these compounds and their properties have been widely studied for some
time. Substituted porphyrin complexes of divalent Co catalyze a wide variety of useful inorganic
and organic transformations. The catalytic four-electron reduction of dioxygen to water in
aqueous solution close to its thermodynamic potential is of great importance to fuel cell and
battery technology. However, the two-electron reduction of O2 to H2O2 is a more common and
much less useful side reaction. Anson, Collman, and co-workers have published a series of papers
using bridged dicobalt ‘‘face-to-face’’ porphyrins, some of which are efficient catalysts of the four-
electron reduction of O2 to H2O.263,264 Participation of both Co ions in O2 binding (in a sandwich
configuration) and in inner sphere electron transfer was implicated. Later, a superoxo-bridged
dicobalt co-facial porphyrin complex, an intermediate in the four-electron reduction, was isolated
and characterized.265

Anson and co-workers have shown that two Co ions were not necessary for four-electron O2

reduction.266 The meso-substituted complex porphyrin Co(TPyP) (42) complex bears four active
pyridyl donors which readily react with four equivalents of [Ru(NH3)5(OH2)]

2þ to produce the
tetra-ruthenated derivative. The four Ru centers are sufficiently remote that their RuIII/II poten-
tials coincide. Under steady state conditions [Co(TPyP)]{Ru(NH3)5}4]

8þ (43) adsorbed onto a
pyrolytic graphite working electrode catalyzes the reduction of dioxygen (Figure 6).
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N N
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N N
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N N

NN

(H3N)5Ru Ru(NH3)5

Ru(NH3)5
(H3N)5Ru

[Ru(NH3)5(OH2)]2+

8+

(42) (43)

Of the total current passed, 72% results in complete reduction to H2O, while the remainder
generates H2O2.

267 Catalytic activity was somewhat lower when the complex was confined to a
Nafion polyelectrolyte film coated on a graphite electrode.268 The roles of the Ru and Co centers
in catalysis were elucidated by varying the number of Ru centers and their ancillary ligands. A
tri-(pentaammine)ruthenated analog was also an efficient four-electron catalyst,269 although the
di-, mono-, and non-ruthenated analogs could only act as two-electron reductants. It was
established268 that (43) is a (homogeneous) two-electron O2 reduction catalyst in solution,
illustrating the importance of a rapid supply of electrons to the complex (adsorbed to an electrode
surface) to ensure complete reduction before dissociation of the intermediate peroxo-bound form.
This foreshadowed the fact that the four-electron reduction did not involve redox cycling of the
four peripheral Ru centers in parallel. Subsequently it was established that RuII–pyridine �-back
bonding (ultimately into the CoII�O2 reaction center) was the key factor in determining two- or
four-electron reduction at the Co center of the porphyrin. Attachment of {Os(NH3)5}

3þ groups to
the pyridyl rings (in a �2 fashion, not involving the N-donor) instead of {Ru(NH3)5}

3þ led to
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significant (30%) four-electron O2 reduction at a potential more positive than the OsIII/II couple,
thus ruling out participation of the peripheral subunits in electron transfer.268

More recently, even simpler non-covalently linked porphyrin dimers, self-assembling through
hydrophobic268 or electrostatic270 interactions have been shown to achieve the four-electron
reduction of O2 to H2O. The CoII complex of the parent porphine ligand and its tetra-methyl
derivative Co(TMP) aggregate in aqueous solutions, and in the absence of bulky meso-substitu-
ents, can form cofacial dimers in solution and on electrode surfaces reminiscent of the covalently
linked analogs.271 The porphyrin ion pair (44) comprising [Co(TMpyP)]4þ (Mpy¼ 4-methylpyr-
idinium) and [Co(TSpP)]4� (Sp¼ 4-sulfonatophenyl) similarly spontaneously dimerizes to form an
active four-electron O2 reduction catalyst.270 The inter-planar separation (�3.1 Å) is close to that
required for O2 insertion between the Co centers of the cofacial assembly.
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(44)

These studies have led to the development of other Co porphyrins with potential applications in
a variety of areas with the common theme of catalyzing the efficient reduction of O2. These
systems are explored in Section 6.1.4.

(iv) Imidazole, pyrazole, and related ligands

The fact that imidazole (Him) residues are particularly popular transition metal binding sites
within metalloproteins is a major driving force for investigations of this heterocycle. The divalent

DISK
DISK

DISK

RING

RING
RING

10 µA
2.8 µA

1 µA

26 µA 45 µA 44 µA

E, V vs. SCE

+0.4 +0.2 +0.2 +0.20 –0.2 –0.2 –0.2–0.4 +0.4 +0.40 0+0.6

(A) (B) (C)

Figure 6 Steady state rotating ring-disk voltammograms of (A) compound (42); (B) compound (43) and (C) a
Ru-bridged polymer of (43) each adsorbed to a graphite working electrode. Disk current shows reduction of O2

while ring current reveals the presence of H2O2 simultaneously reoxidised at the ring anode poised at þ1.0 V
(reproduced with permission of the American Chemical Society from Acc. Chem. Res., 1997, 30, 437–444).
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oxidation state is preferred for the hexakisimidazolecobalt ion, and a number of complexes of this
class have been characterized structurally including [Co(Him)6]

2þ,272,273 [Co(Meim)6]
2þ,274 and

[Co(vinyl-im)6]
2þ.275 The structures of simple tetrahedral complexes Co(Him)2(OAc)2 and its

propionate analog were determined, and were found to be very similar to their ZnII analogs.
The implications of these results are relevant to CoII-substituted Zn proteinases. Ternary com-
plexes such as [Co(ATP)(Him)]2� were studied by potentiometric pH titration as a simple model
for competition between ligating groups of biological relevance. The Him ligand was found to
form more stable adducts than NH3 at physiological pH, as proton competition for Him was
negligible at pH 7.4, unlike NH3.

276 Some examples of multidentate imidazole-containing ligands
that have been complexed with CoII include histamine (4-(20-aminoethyl)imidazole) and its glycyl
and sarcosyl derivatives, which, when reacted with CoII in aerated aqueous solution, form
mixtures of O2 adducts that were studied by potentiometry, NMR, and spectrophotometry.277

Monomeric, pseudo-tetrahedral complexes of the type Co(Tp0)L and dinuclear centrosymmetric
five-coordinate complexes of the form Tp0Co(L)2CoTp0 (Tp0 ¼ 3-iPr,4-BrTp; 3-tBu,5-MeTp;
L¼NCS�, NCO�, and N3

�) have been synthesized.278 The ligand-field spectral data for the
monomeric complexes indicate a strong, trigonally distorted tetrahedral ligand field. In an elegant
study, the tris-trisubstituted 3,4-Ph2,5-MeTp reacts with CoI2 to form the pseudotetrahedral (3,4-
Ph2,5-MeTp)CoI (45). Steric effects from the 4-Ph group on the 3-Ph group prevent the formation
of bis (octahedral) complexes, whereas the isomeric ligand (3,4-Ph2-5-Mepz)(3-Me-4,5-Ph2pz)2B
does form an octahedral complex (46), with (unsubstituted) Tp as the ancillary tridentate
ligand.279
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Compounds of the [Co(3-tBu,5-MeTp)X]nþ family have been found to exhibit a number of
remarkable properties in the coordination and stabilization of small molecules and ions in the
labile fourth coordination site.280 The iodo derivative (3-tBu,5-MeTp)CoI has been prepared and
its X-ray crystal structure reported.281 Reduction of (3-tBu,5-MeTp)CoX (X¼Cl, I) under N2

generates the monovalent N2 complex (4b) which upon reaction with O2 yields the novel divalent
side-on bound superoxo complex (3-tBu,5-MeTp)Co(O2) which was structurally and spectro-
scopically characterized (rO-O¼1.262(8) Å, (�O-O¼961 cm�1).129 This complex is stable in the
solid state, but decomposes in solution to give [(3-tBu,5-MeTp)Co]2(�-OH)2.

282 The dioxygen-
bridged dimer [(3-tBu,5-MeTp)Co]2(�-O2) is an intermediate and can be prepared independently
by reaction of [(3-tBu,5-MeTp)Co]2(�-N2) with oxygen282 or from reaction of the monovalent
carbonyl (4a) with oxygen.283 This later study showed that, at low temperature, the dimer is in
equilibrium with its monomer. The crystal structure of [(3-tBu,5-MeTp)Co](�-O2) was also
determined. An independent study found that reaction of the 3,5-diisoproyl dihydroxo-bridged
dimer (24) with a stoichiometric amount of H2O2 generates the unusual planar, side-on bound
peroxo-bridged dinuclear complex [(3,5-iPr2Tp)Co]2(�–�2:�2-O2) (47) on the basis of two intense
absorptions attributable to O2

2�!CoII LMCT transitions in the UV-visible spectrum and a low
energy �vvO-O vibration in the resonance Raman spectrum.284 This group had previously identified a
similar �–�2:�2 binding mode in a peroxo-bridged dicopper(II) oxyhemocyanin model complex.
Compound (47) is highly reactive and decomposes by hydroxylation of one of its isopropyl
groups (at the secondary C atom) to give a novel �-alkoxo-�-hydroxo dinuclear compound
Co2(�-OH)(�-3-OCMe2-5iPrpz)(3,5-iPr2pz)2BH)(3,5-iPr2Tp) (48) where the deprotonated hydro-
xyl group and a hydroxo ligand bridge the two Co ions.
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Somewhat similar observations were made separately in a study of the heterogeneous reaction
between solid (3-tBu,5-MeTp)CoH (4c) and O2 which led to hydroxylation of one t-butyl group
and coordination of the resulting deprotonated hydroxymethyl group.285 The complex was
crystallized as the mononuclear (((3-(OCH2)Me2C)pz)(3,5-tBu2pz)2BH)Co(3-tBu,5-MepzH)
adduct (49) which exhibited a trigonal bipyramidal CoN4O coordination geometry. In solution,
the reaction with O2 proceeds via a spectroscopically observable hydroperoxide (HOO�) which
decomposes to give (3-tBu,5-MeTp)Co(OH) and (3-tBu,5-MeTp)Co(O2).
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A number of other homo-substituted (threefold-symmetric) Tp derivatives have been com-
plexed with CoII. The 15-electron four-coordinate alkyl complex (3,5-iPr2Tp)Co(CH2CH3) was
prepared and structurally characterized. Despite bearing a ligand with � H-atoms, the complex is
resistant to �-hydride elimination.286 The same group subsequently reported an extended series of
these compounds including (3,5-iPr2Tp)CoR where R¼ �3-allyl, �1-p-methylbenzyl and �1-1-�-
naphthylmethyl.287 Independently, the paramagnetic analogs (3-tBu,5-MeTp)CoR (R¼Me, Et,
n-Bu) were prepared, and the related (3-tBuTp)Co(Me) complex was structurally characterized.113

Like the di-isopropyl analog, these alkyls are thermally stable and show no tendency to �-
eliminate. When the alkyl complexes are reacted with CO, homolytic cleavage of the Co�C
bond is found instead of migratory insertion. The crystal structure of the fluorinated Tp complex
(3-CF3,5-MeTp)Co(�2-NO3)(MeCN) reveals a distorted octahedral N4O2 coordination sphere.288

This complex catalyzes the oxidation of cyclohexane by cumene hydroperoxide to give a 1:1
mixture of cyclohexanol and cyclohexanone at a rate 50% faster than the nonfluorinated
complex.

Octahedral bis-Tp complexes bearing different substituents on the separate Tp ligands have
been prepared by sequential ligand substitution. The tetrahedral Co(3-iPr,4-BrTp)Cl reacts with
Tp or 3-iPr,4-BrTp to form the corresponding hetero-bis-Tp complex Co(3-iPr,4-BrTp)(Tp) and
the symmetrical Co(Tp)2.

109 However, reaction with the bulkier 3-PhTp leads to the coordination
of only two pyrazolyl groups in (50) featuring an agostic B�H�Co interaction, as shown by
X-ray crystallography. A similar agostic B�H�Co interaction was identified in the bis-pyazolyl-
dihydroborate analog Co(3-iPr,4-BrTp)((3-Phpz)2BH2). Substitution of both hydrides by phenyl
groups leads to Co(3-iPr,4-BrTp)((3-Phpz)2BPh2) (51) which is strictly five-coordinate. By
comparison, the Co(3-iPr,4-BrTp)((3-Ph-pz)4B) adduct is tetrahedral.
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The synthesis of heterosubstituted Tp ligands (lacking a C3 symmetry axis) has enabled a
systematic investigation of substituent effects on both structure and reactivity of their Co com-
plexes. The homo- (3-PhTp) and hetero- ((3-Phpz)2(3-tBupz)BH) trisubstituted ligands were
complexed to CoII. Four- or five-coordinate complexes ensued, depending on the steric demands
of the substituents.289 The {(3-PhTp)Co} moiety is able to coordinate two additional ligands such
as NCS�, pyrazole (Hpz) and MeOH, whereas the more sterically demanding {((3-Phpz)2

(3-tBupz)BH)Co} unit forms tetrahedral complexes. Crystal structures of the five-coordinate
(3-PhTp)Co(NCS)(Hpz) and four-coordinate ((3-Phpz)2(3-tBupz)BH)Co(NCS) were reported.
The structures of the asymmetric hexacoordinate complexes ((3,5-Me2pz)(3,5-Ph2pz)BH)Co
(�2-NO3)(THF) and ((3,5-Ph2pz)BH2)((3,5-Ph2pz)2(3,5-Me2pz)BH)Co were established by X-ray
crystallography.290 An agostic H�Co interaction in the former (2.035 Å) was identified. The
symmetrical analog ((3-Ph,5-MeTp)Co(�2-NO3)(THF) was also investigated for comparison.
The symmetrical bis-bidentate coordinated tetrahedral Co((3-Ph2pz)2BH2)2 (CoN4) and octahe-
dral mixed ligand complexes (3-PhTp)Co((3-Ph2pz)2BH2) (CoN5H) have been isolated and char-
acterized structurally.291 The presence of an adjacent phenyl substituent prevents participation of
the nitrile group as a bridging ligand, thus avoiding coordinative polymerization in the tetrahedral
CoN4 complex Co((3-Ph,4-CNpz)2BH2)2.

292

A Co K-edge X-ray absorption spectroscopic study of Co(Tp)2, Co(3,5-Me2Tp)2, and Co(3,4,5-
Me3Tp)2 was undertaken at 295 K and 77 K to investigate the ground electronic states of the
complexes. EXAFS analysis indicates that the three complexes are all structurally similar, with
Co�N bond lengths consistent with high-spin ground states, and these are unchanged upon
cooling from 295 K to 77 K. However, the complexes are gradually converted from high-spin to
low-spin state with increasing pressure, with Co(3,4,5-Me3Tp)2 showing the greatest change in
spin state of the three complexes.293 Heterodinuclear pyrazole-bridged complexes were reported
by the reaction of (mes)Ru(pz)2(Hpz), as one example, with CoCl(3-iPr,4-BrTp) to give
(mes)Ru(�-pz)2(�-Cl)Co(3-iPr,4-BrTp).294

(v) Imines and oximes

Imines, either acyclic or macrocyclic but invariably multidentate, have a rich coordination
chemistry that has been investigated at length. The �-accepting ability of imine donors results
in the stabilization of lower oxidation states relative to their saturated amine analogs, and there
exist many air-stable divalent imine complexes of Co, in contrast to amine relatives. The hexa-
methyl-diene (52) has been the most intensively studied ligand of this class, particularly when
complexed with Co. In addition, Co complexes of the dimethyl (53),295,296 tetramethyl (54),297

pentamethyl (55)298 and octamethyl (56)299 macrocyclic dienes are also known. In the presence of
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bidentate chelates such as amino acids297 or carbonate300, cis configurational isomers are formed,
whereas monodentate ligands usually lead to trans isomers.297
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In an interesting variation, aerial oxidative dehydrogenation of the trivalent octamethyl diene
complex (57) generates the divalent tetraimine complex (58).301
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The macrocyclic tetraene 2,3,9,10-Me4[14]tetraene (tmt) may be synthesized by a metal-directed
condensation between trimethylenediamine (tn) and 2,3-butanedione in the presence of Co(OAc)2,
ultimately resulting in the trans-dichloro CoIII complex [Co(tmt)Cl2]

þ (59).302
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Co(OAc)2 H2N NH2OO
+ 2 + 2

The 14-membered tetraaza-annulenes (such as tmtaa (60)) are somewhat similar to porphyrins
in that they are highly conjugated, tetradentate dibasic acids. The crystal structure of the trans-
dipyridyl adduct of (61) reveals coordination by the four macrocyclic N donors and the two
axial pyridines. The macrocycle exhibits its characteristic non-planar (saddle-shaped) conforma-
tion.303 Complex (61) undergoes three reversible one-electron oxidations (0.01, 0.55, and 1.04 V
vs. SCE) and one low potential reduction (�1.65 V).304 Oxidation of the complex by controlled-
potential electrolysis resulted in an absorbance shift of the visible band from 595 nm to 543 nm
after removal of the first electron, but removal of the second electron produced little change in
the spectrum. This two-electron oxidized species exhibited an isotropic EPR spectrum consistent
with a ligand-centered radical. Reduction to the monovalent complex resulted in a visible
maximum shift to 629 nm. Divalent pyridyl and trivalent superoxo adducts were also examined.
The potential uses for Co complexes of tetraaza-annulenes to bind and reduce O2 was recog-
nized some time ago, and a large class of substituted analogs of (61) was patented for this
purpose.267
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Divalent Co forms a trigonally symmetric seven-coordinate complex (62) with the N4O3 pyridine
N-oxide trenpyo.305 The effect of spin state on the electron-transfer properties of the six-coordinate
[Co(pdci)2]

2þ family (63) (R¼ t-Bu, i-Pr, p-tol, Bz) was studied.306 The reversible CoIII/II and CoII/I

potentials were correlated with the solvent dielectric constant and H-bonding acceptor ability.
Although no correlation was found between the N-substituent type and either the electron transfer
rate constant or half-wave potentials, some correlation did exist between the substituent type and
the magnetic moment of the central divalent complex. Much later, the use of Co complexes of this
class as propylene oligomerization catalysts in the presence of polymethylaluminoxane was
patented.307 Dinucleating cryptands derived from the 2:3 condensation of tris(2-aminoethyl)amine
(tren) and various dialdehydes (1,3-benzenedicarbaldehye, 2,5-furyldialdehyde and 2,6-pyridinedi-
carbaldehyde (64)) have been prepared and CoII complexes have been reported.308
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Salicylaldehyde condenses with primary amines (RNH2) to form bidentate monobasic ligands
of the form o-(HO)C6H4CH¼NR. In a novel example, a ferrocenylamine adduct Hsalfc (65)
results in the bis complex Co(salfc)2.

309 The serine derivative (66) as its CoII complex Co(salser)2

is an efficient catalyst for conversion of a number of secondary alcohols to their corresponding
ketone in the presence of O2 and 2-methylpropanal310 or ethyl 2-oxocyclopentanecarboxylate.311

This versatile catalyst also oxidizes hydrocarbons such as cyclohexane to cyclohexanol and
cyclohexanone (1:9).312 The tyrosine analog (67) (as its methyl ester) Co(saltyr)2 oxidizes benzylic
substrates to their ketone.313 The requirement of an aliphatic aldehyde or ketone in these
processes is such that an active CoIII-superoxo species (identified in EPR experiments) is
formed.314 Electrochemical oxidation of the 1-(30-aminopropyl)pyrrole analog Co(salappr)2 in
MeCN produces a conducting polymeric film at the electrode surface, which is catalytically active
in the electroreduction of O2 and CO2.
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Pyridoxal is a biologically important aromatic aldehyde also bearing an ortho hydroxyl group.
A variety of tridentate Schiff base ligands incorporating amino acids have been prepared from
this aldehyde (H2pdxaa) (68) and also from salicylaldehyde (H2salaa), and their Co complexes
bind O2.

316 Coordinating solvents are required to activate the Co(pdxaa) and Co(salaa) complexes
for O2 binding, unless amino acids with coordinating side groups (e.g., aa¼ histidine) are present.
Either 1:1 or 2:1 Co:O2 adducts are formed dependent on the bulk of the amino acid side groups,
which hinder dimerization and enhance reversibility. The reaction of H2pdxphe with CoII in the
presence of H2O2 generates [Co(pdxphe)2]

� which is converted to the novel asymmetric complex
where one phenyl alanine �-C atom has been hydroxylated, while the other bears a hydroperoxo
group.317 Schiff base complexes derived from sulfanilamide, homosulfanilamide, and p-amino-
ethyl-benzenesulfonamide coupled with heterocyclic and aromatic aldehydes were investigated for
their ability to inhibit three isozymes of carbonic anhydrase (CA, one bovine and two human
enzymes). Unusually, several of the free ligands were more active against the membrane-bound
bovine CA than the human isozymes, which contrasts with other known CA inhibitors. However,
metal complexes of these Schiff bases (including CoII) showed a reverse activity.318

The divalent Co(salen) complex (69a) is one of the most versatile and well-studied Co coordi-
nation compounds. It has a long and well-documented history and we shall not restate this here.
Recent applications of (69a) as both a synthetic oxygen carrier and as a catalyst for organic
transformations are described in Sections 6.1.3.1.2 and 6.1.4.1 respectively. Isotropic shifts in the
1H NMR spectrum of low-spin Co(salphn) (69b) were investigated in deuterated chloroform,
DMF, DMSO, and pyridine.319 Solvent-dependent isotropic shifts indicate that the single
unpaired electron, delocalized over the tetradentate �-electron system in CHCl3, is an intrinsic
property of the planar four-coordinate complex. The high-spin/low-spin equilibrium of the
3-carboxy derivative of Co(salen) was studied by variable-temperature magnetic susceptibility
measurements and EPR spectroscopy in a number of substituted pyridine solutions.320 In the
five-coordinate 2-methylpyridine adduct, a quartet ground state was found, whereas the
4-methylpyridine adduct is low-spin (doublet).
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Divalent cobalt complexes of the pentadentate Schiff base H2saldtn bearing a bis(trimethylene)
triamine linker and its N-methyl derivative H2salMedtn have also been intensively investigated.
A study of the structures, electrochemical behavior, and O2 reactivity of the complexes Co(saldtn)
(70a), Co(salMedtn) (70b) and aromatic-substituted analogs has been reported.321 A linear
correlation was found between the CoIII/II redox potential and logKO2 values. Electronic and
steric factors of the Co�O2 complexes with aromatic and N-substituted derivatives of (70a) were
examined with regard to their ability to catalyze phenol oxidation.322 The conversion of
20-hydroxychalcones to flavanones occurs in MeOH in the presence of O2.

323 Compound (70b)
catalyzes the oxidation of 1-hexene by O2 to give a mixture of 2-hexanone and 2-hexanol.324 The
more commonly encountered auto-oxidation, Wacker-type (peracids) and peroxylmetallocycle
mechanisms do not apply in this case.325 Rather, reaction of (70b) with H2O2 (generated in situ
by oxidation of the primary alcohol solvent, or as a reagent) results in a hydroperoxy radical
Co complex as the active species, which attacks the olefin double bond. Ultimately the alkyl
hydroperoxide decomposes to give the ketone and secondary alcohol products. By contrast with
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the en-based system, the dien-linked analog Co(saldien) adopts a trigonal bipyramidal structure,
with trans imine groups.326

An EPR study of the monomeric O2 adducts of the Schiff base complexes of Co(bzacen)(py)
(71a) and the thiobenzoyl analog Co(Sbzacen)(py) (71b) characterized the five-coordinate mono
(pyridine) precursors and the six-coordinate O2 adducts.327 Increased covalency in the Co�S
bonds was seen in the EPR parameters, indicative of �-backbonding. Substituent effects on the
aromatic rings had no effect on the EPR spectra, but these were reflected in the observed redox
potentials. Furthermore, the S-donors stabilize the Co ion in lower oxidation states, which was
consistent with destabilization of the O2 adducts.
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Co N

Ditopic macrocyclic imines may be formed by condensation of 2,6-diformyl-4-methylphenol
with tn. Heterodinuclear complexes such as (72) have been made, with both metal ions in
square pyramidal coordination geometries.328 Variable-temperature magnetic susceptibility data
(4.2–385 K) were complicated and fit to an expression derived from a Hamiltonian that included
axial and rhombic single-ion zero-field effects, spin–orbit coupling for the Co ion, and an
isotropic exchange interaction. The two metal binding sites may be tailored for different metal
ions if individual diamine linkers are used. For example, a heterobinucleating ligand comprising
salen and saldtn units has been made and the isomorphous series of compounds (73) (MII¼Mn,
Fe, Co) has been characterized.329 The thiocyanate derivatives are similar except the SCN� ligand
forms part of a one-dimensional zigzag coordination polymer (N-bound to MII, S-bound to Co).
Interestingly, magnetic susceptibility experiments reveal that the CoII ions (in the N2O2 site) in the
acetate structures are high spin, whereas in the thiocyanate structure they are low spin. The MII

ions in the six-coordinate site are all high spin. Replacement of 2,6-diformyl-4-methylphenol with
3,6-diformylpyridazine leads to a dinucleating macrocycle, with two independent, but closely
spaced, N4 donor sets and the structure of its dicobalt(II) complex (74) was reported.330 Single-
electron reduction generates a mixed valent complex exhibiting a NIR intervalence transition.
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Low-spin square pyramidal divalent complexes of the form [Co(hmd)(X)]nþ (X¼OH2 (75) and
OClO3

�) have been structurally characterized.331 The rate of outer-sphere ([Co(OH2)6]
3þ) and
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potentially inner-sphere ([Co(OH2)5Cl]2þ) oxidation of [Co(hmd)]2þ has been investigated and
variations in reactivity by more than four orders of magnitude were found.332 Other oxidants
studied included [Ru(bpy)3]

3þ333 and the novel hydroperoxopentaaquachromium(III) ion.334 Oxy-
genation of (75) gives the trivalent peroxo-bridged dimer [{(H2O)(hmd)Co}2(�-O2)]

4þ, which may
be deoxygenated in acidic solution.335 In an electrochemical study, the O2 and O2

� coordination
chemistry of the [Co(hmd)]2þ system in DMSO was investigated.336 The divalent complex forms an
adduct with O2 (Ka¼54 M�1), which is reduced at potentials more positive than the formal potential
of the O2/O2

� couple owing to the high affinity of the divalent complex for superoxide. The
reduction and oxidation kinetics of [(hmd)Co(OOH)]2þ by a variety of inner and outer sphere
electron transfer agents has been reported.337 The unusual S-bonded sulfite complex
[(H2O)Co(hmd)(SO3)]

þ has been characterized structurally and found to undergo photoisomer-
ization to its O-bound linkage isomer. A mechanism involving CoII and the SO3

2� was proposed.338
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The tmt complex (76) reacts slowly with O2 but this reaction may be catalyzed by Feaq
2þ in acidic

aqueous solution. A kinetic study revealed first-order dependence on complex, O2, and Feaq
2þ

which leads to the trivalent Co complex and H2O as products,339 bypassing hydrogen peroxide as an
intermediate. Formation of the intermediates [(tmt)CoOOFe]4þ then [(tmt)Co(OOH)]2þ was pro-
posed to account for these observations. However, adsorption of (76) on graphite electrodes makes
the complex an active catalyst for the reduction of O2 to H2O2 in a single voltammetric step.340 By
comparison, (75) exhibits two separate voltammetric steps in the reduction of O2 at more negative
potentials. In a study somewhat related to these oxygenation reactions, the catalytic auto-oxidation
of azide by (76) in the presence of dioxygen was observed.341

Air-sensitive divalent Co complexes of the tropocoronand ligand TC2� in addition to larger
ring relatives were prepared in an extensive investigation. The square–planar 14-membered
Co(TC) (low-spin) complex (77) changes to tetrahedral (high spin) for the 20-membered analog
(78).342 The dihedral angle between the two five-membered aminotroponiminate chelate rings
increases from 9� (pseudo-planar) to 85�, which was attributed to torsional strain within the
polymethylene linker chains of the macrocycle.

N

N

N

N
Co

N

N

N

N
Co

(77) (78)

In contrast with the Schiff base salen, salicylaldehyde oxime (79) (salox) complexes of Co have
received comparatively little attention, but a series of bis-bidentate divalent complexes of the form
trans-Co(salox)2(DMSO)2 have been reported.343 The heterocyclic bidentate oxime violurate
(1H,3H-pyrimidine-2,4,5,6-tetrone 5-oximate, Hvi) (80) and its N-methyl (mvi) and N,N0-dimethyl
(dmvi) derivatives form high-spin divalent [Co(vi)]þ and Co(vi)2 complexes, whereas [Co(vi)3]

� is
low spin.344 The mixed-ligand Co(dmvi)2(phen) complex is also low spin. The crystal structure of
cis-Co(pxo)2Br2 (pxo¼ 2-acetylpyridine-1-oxide oxime) is isostructural with the NiII relative.345

The dichloro complex also adopts a cis configuration. The tridentate dioximes 2,6-diformyl-4-
methylphenol dioxime and 2,6-diacetyl-4-methylphenol dioxime (Hdampo) form binuclear com-
plexes of the type (81a) and (81b) respectively.346 Cobalt oxide nanoparticles were prepared by

36 Cobalt



pyrolysis of Co(pao)2 (Hpao¼ pyruvic acid oxime, Me(HOOC)C¼NOH). Electron microscopy
showed the products were nanocrystalline with various morphologies (rod-like or quantum
dot).347
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(vi) Amides

N-Containing heterocycles bearing carbonyl functional groups adjacent to the ring heteroatom(s)
are ubiquitous in nature. As N-deprotonation accompanies coordination, they may be considered
formally as amide ligands. A number of divalent Co complexes of purines and pyrimidines showing
a variety of coordinating modes have been studied, such as 5-chlorouracil (monodentate, tetrahe-
dral [Co(ur)(OH2)3]

þ)348 and cytosine (bis-bidentate, Co(cyt)2Cl2).
349 A range of divalent 4-oxop-

teridine Co complexes with substituents at the 2-, 6- and 7-positions of the bicyclic ring system have
been prepared. Electronic and IR spectral data on the series of complexes indicate that all are
coordinated to Co via the O atom in the 4-position and the pyrazine ring N in the 5-position.350

The tren derivative (82) was used to synthesize monomeric complexes with terminal hydroxo
ligands. Trigonal bipyramidal complexes of the trianionic ligand with both divalent and trivalent
hydroxocobalt were reported; the latter is a rare example of a trigonal bipyramidal, paramagnetic
CoIII.351 A feature of their structures is the presence of intramolecular H bonds from the urea
cavity of the ligand to the coordinated hydroxo O atom, which results in an unusually long Co�O
bond (Figure 7). The tripodal tetradentate triamide (83) is structurally similar to tren, and the
ligand enforces an unusual trigonal pyramidal coordination geometry on divalent metal ions,
including Co (Figure 7).352
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(vii) Nitrosyl

The structures of the oxime complex Co(NO)(dmg)2 (84) and its diphenylglyoxime analog exhibit
strongly bent Co�NO groups, which are easily oxidized to the corresponding nitro compound.353

A mechanistic study of NO transfer from Co(NO)(dmg)2 to hemoglobin established that the reaction
involves NO association with the protein subsequent to dissociation of NO from the Co com-
plex.354 This mechanism is also consistent with the observation of nitrato complexes in reactions
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of these metal nitrosyls with O2. This process is also relevant to the oxidation of oxymyoglobin
(MbO2, FeII) to metmyoglobin (Mbþ, FeIII) by Co(NO)(dmg)2, where the free NO released from
the Co complex oxidizes the heme.355 Nitrate formation accompanying the production of Mbþ is
proposed to arise from isomerization of the initially formed peroxynitrite ion. Furthermore, the
Co(dmg)2 product is an effective trap for the O2 released from MbO2. The 8-quinolinolate (qn)
complexes Co(qn)2 and Co(NO)(qn)2 react with NO forming Co(NO3)(qn)2L (L¼ py, DMF),
releasing N2O.356
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(viii) Nitriles, azide, cyanates, and thiocyanates

These rod-shaped ligands share a sterically efficient terminal N-donor and their divalent Co
chemistry is well established. They will be discussed here only with selected examples. [Co
(NCMe)6](TFPB)2 (TFPB�¼ tetrakis(3,5-bis(trifluoromethyl)phenyl)borate)) has been synthe-
sized and characterized in the solid state along with a number of other divalent transition metal
analogs.357 As a result of the extremely poor coordinating ability of the anion and facile loss of
MeCN ligands from the cation, the salt is an excellent source of ‘‘naked’’ Co2þ ions. Thermolysis
up to 100 �C leads to the loss of one MeCN and formation of a �2-bound nitrile, whereas above
130 �C decomposition occurs with loss of MeCN and abstraction of fluoride from the anion to
form CoF2.

Reactions of nitriles may be promoted by the presence of divalent Co. The conversion of
sterically unhindered nitriles RCN (R¼Me, Et, n-Pr, n-Bu) into the corresponding amidines
RC(NH2)=NH occurs in the presence of Co(NO3)2.6H2O and the ketoxime Me2C¼NOH. The
metal free amidinium ions were crystallized as their nitrate salts.358

The well-known tetrahedral [Co(NCS)4]
2� ion has continued to attract attention from analyt-

ical chemists, physical chemists, and spectroscopists. The inelastic electron tunneling (IET)
spectrum of (Me4N)2[Co(NCS)4] was compared with IR and Raman spectra of the same com-
plex.359 The vibrational bands due to the Me4N

þ were prominent in all three spectra, but Co-
ligand stretches were absent from the IET spectra. The lowest 4A2! 4T2 electronic transition was
strong in the IET spectrum but absent from the IR spectrum. The electric dipole allowed
4A2! 4T1 electronic transition was observed in both the IET and IR spectra and no fine structure
was observed. Complex formation equilibria between CoII and SCN� were studied calorimetri-
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Figure 7 Tripodal triamide complexes of (left) (82) with hydroxocobalt(III) (divalent complex is similar)
(reproduced with permission of the American Chemical Society from Inorg. Chem., 2001, 40, 4733–4741) and
(right) (83) with CoII (reproduced with permission of the American Chemical Society from Inorg. Chem.,

1998, 37, 1527–1532).
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cally in both aqueous solution and in micellar solution of the surfactant Triton X-100. The
formation of [Co(NCS)3]

� is virtually negligible in any of the solutions examined, whereas
[Co(NCS)]þ is formed only in the aqueous phase and [Co(NCS)4]

2�is formed mainly in micelles
as ion pairs.360 The [Co(NCS)]þ ion was also identified as a major species in an independent study
involving conductivity and visible absorption spectroscopy of DMSO–water solutions of
Co(NCS)2.

361

The intense blue color of [Co(NCS)4]
2� has been exploited as a spectroscopic signal for a

number of analytical methods for determining CoII in solution. A method for the determination
of trace concentrations (1–15 mg) of CoII as its NCS� complex was reported by fixing the complex
on a coagulated material composed of anion and cation exchange resins, followed by colorimetry
(using a densitometer).362 Methods for simultaneously determining FeII and CoII have been
reported that are applicable to a disparate range of samples (e.g., blood and steel) involving
complexation of Co with NCS� and chelation of Fe with N-phenylcinnamohydroxamic acid
(HPCHA) to form their respective blue [Co(NCS)4]

2� and red [Fe(NCS)2(PCHA)2]
� complexes,

which extract quantitatively into EtOAc from dilute HCl solution.363 Spectrophotometric
detection of tamoxifen citrate,364 lignocaine,365 mefloquine,366 mebeverine,367 the surfactant
Pluronic F-68,368 trazodone.HCl and amitriptyline.HCl369 have also been reported through
their association with divalent Co-NCS� adducts.

Octahedral coordination of N-bonded thiocyanate was achieved in [Co(NCS)6]
4� accidentally

as a polyammonium salt while trying to coordinate a tetraamine.370 Thiocyanate is frequently met
as a co-ligand in Co chemistry. A recent example where both monodentate and bridging
thiocyanate occur is the trinuclear CoII complex [Co3(amt)6(SCN)6]�2H2O (amt¼ 4-amino-
3,5-dimethyl-1,2,4-triazole), where bridging between pairs of antiferromagntically coupled Co
centers involves both an SCN� and two amt ligands.371 The complex forms simply from reaction
of Co(NCS)2�6H2O in water with the amt ligand. A general method for synthesis of anionic
thiocyanate Co complexes (such as [Co(NCS)4]

2�), as well as neutral mixed-ligand species, by
oxidation of a sacrificial Co anode has appeared.372

Azide appears as both an effective monodentate and bridging ligand. As an example, the one-
dimensional 1,3-azido bridged coordination polymer is defined by the structure of [Co(py)4-
(N3)]PF6.

373 A �-1,1 bridging mode has been observed for N-bound cyanate in conjunction
with di-2-pyridyl ketone in an unusual tetranuclear dicubane-CoII complex where two vertices
are missing from the core. Ferromagnetic coupling between the Co centers was found.374

6.1.2.2.3 Phosphorus

(i) Monodentate phosphines

Examples of monodentate phosphines appear as companion ligands in other parts of the review,
and only limited additional examples will be presented here. The reactivity of Co(NO2)2 toward a
variety of monodentate phosphines such as PMe3, PEt3, PMe2Ph, PMePh2, and PPh3 has been
investigated.375 For PMe3 and PMe2Ph, five-coordinate square�pyramidal Co(NO2)2(PR3)3

complexes were isolated, but for PEt3 only the pseudo-octahedral, formally trivalent Co(NO)-
(NO2)2(PEt3)2 was obtained. The analogs Co(NO)(NO2)2(PMe3)2 and Co(NO)(NO2)2(PMe2Ph)2

were prepared indirectly from the dinitro precursor by reaction with NO gas. The resultant CoIII

species contain both O-bonded and N-bonded NO2. Reactions of R3PI2 (R¼Et, Pr, Bu, PhMe2,
Ph2Me, Ph2Pr, Ph, m-MeC6H4), with unactivated Co metal in dry ether produce [PR3I][Co-
(PR3)I3] in quantitative yield,376 and the X-ray crystal structure of [PPh3I][Co(PPh3)I3] is
reported. However, the reaction with PPhMe2 is more complicated and generates the CoIII

compound Co(PPhMe2)2I3 as an additional product. The simple tetrahedral complex
CoCl2(PPh3)2 bound to a polymer support catalyzes the oxidation of alcohols to aldehydes
(e.g., benzyl alcohol to benzaldehyde, 86% yield) and the preparation of anhydrides from reaction
of acid chlorides with carboxylic acids.377

(ii) Multidentate phosphines

Chelating phosphines are effective ligands for CoII. The [Co(mtriphos)2]
2þ cation (85) was

formed by controlled potential electrolysis of its trivalent relative and characterized by EPR
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and spectrophotometry.378 This divalent CoP6 species has a low-spin electronic ground state with
a large Jahn-Teller distortion. The CoIII/II electron self-exchange reaction is very fast
(�104 M�1 s�1), which is consistent with other low-spin/low-spin CoIII/II couples. The nephe-
lauxetic effect of the P donors is responsible for stabilizing the low-spin state in CoII.
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Cl Cl

Ph2P PPh2

(86)

The bi- and tridentate phosphines dppp (1,3-bis(diphenylphosphino)propane) and dppep (bis
(2-diphenylphosphinoethyl)phenylphosphine) have been complexed with Co and their divalent
four- and five-coordinated thiophenolate complexes Co(dppp)(SPh)2 and Co(dppep)(SPh)2

have been isolated and structurally characterized.379 Somewhat related to dppp is the bidentate
silane Ph2PCH2SiMe2CH2PPh2, which forms high-spin, pseudo-tetrahedral dihalocobalt(II)
complexes.380

The five-coordinate triphos complex (86) undergoes selective substitution of its Cl groups on
activation with KPF6 in the first substitution step and by TlPF6 in the second. This enabled the
synthesis of mixed-ligand complexes of the type [Co(triphos)(L)(L0)]2þ, e.g., the divalent hydride
[Co(triphos)H(PEt3)]

þ.381 Homo-disubstituted compounds Co(triphos)L2 are directly accessible
from Coaq

2þ as the starting material.382 Depending on the reaction conditions, a variety of
products including [(triphos)Co(S2CPEt3)]

2þ, [(triphos)Co(S2C(H)PEt3)]
2þ, and [(triphos)Co-

(�-CS2)Co(triphos)]2þ are obtained from the reaction of the [Et3P][CS2] adduct with Coaq
2þ and

triphos. Triphos may also be substituted by its diethylphosphino analog (etriphos).383 Reaction of
the template {(triphos)Co}2þ with potentially bridging ligands (L) generates dinuclear
[(triphos)Co(L)Co(triphos)]nþ species. When L is oxalate, a biscobalt(II) complex is formed,
whereas when L is the dianion derived from 2,5-dihydroxy-1,4-benzoquinone, two-electron trans-
fer within the dimetallic unit occurs and a biscobalt(III) complex results.384 Single-electron
reduction of the dinuclear [(triphos)Co(L)Co(triphos)]2þ complexes (L¼ dianion of tetrahydroxy-
benzene or tetrahydroxyanthracene) by cobaltocene gave the corresponding mixed-valence
monocation [(triphos)Co(L)Co(triphos)]þ.385 The tetrahydroxybenzene bridged system exhibits a
strong metal–metal interaction leading to delocalized class-III behavior while the extended tetra-
hydroxyanthracence bridging ligand leads to only partial electron localization. Reaction of the
pseudo-tetrahedral complex (�2-triphos)CoCl2 with O2 yields the mixed phosphine/phosphine
oxide ligands triphos-O and triphos-O2, the latter being formed in quantitative yield using
catalytic amounts of the Co precursor.386 Complexes of triphos-O and triphos-O2, proposed as
intermediates in the oxygenation reaction, were isolated and fully characterized structurally.

The coordination chemistry and catalytic applications of chelating P,O-donor ligands (phos-
phine esters, ketophosphines and phosphinocarboxylates) has been reviewed.387 A variety of
divalent complexes of keto-phosphine ligands of the form CoX2(Ph2PCH2C(O)Ph)2 (X¼Cl, Br, I)
have been investigated.388 These complexes exhibit tetrahedral–octahedral equilibria in MeOH,
but this does not involve coordination of the keto O atom, but instead by the solvent. The crystal
structure of the pseudotetrahedral complex (87) was reported with the ligand binding as a
monodentate P-donor. When reacted with TlPF6, the square planar CoII complex (88) is formed
initially and then is transformed in solution to the six-coordinate (89). Reaction of (87) with bases
(NaH, NaOMe, K[OSiMe3]) in toluene or THF at 0 �C gives deprotonated tris-P,O-chelated
octahedral cobalt(III) enolates of the form Co(Ph2PCHC(O)Ph)3 where fac (90a) and mer (90b)
isomers are observed.388 The potentially tridentate ligand benzylbis(2-ethoxyethyl)phosphine (L)
reacts with CoCl2 to give the monodentate P-coordinated tetrahedral CoCl2L2 complex, but when
reacted with CoCl2.6H2O and AgCF3SO3 the trans-(P,O)-CoL2(O3SCF3)2 complex is the result.389
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The P-N chelate (91) (dapdmp) exhibits a variety of coordination geometries in complexes with
divalent Co. Pseudotetrahedral Co(dapdmp)X2 (X¼Cl, Br, I, NCS), low-spin five-coordinate
[Co(dapdmp)2X]þ (X¼Cl, Br, I), planar [Co(dapdmp)2]

2þ and pseudo-octahedral Co(dapdmp)
(NO3)2 were all identified.390 The tetradentate P2N2 Schiff base complex (92) is formed by
reacting the free ligand with CoI2. The iodo complex is low spin and square pyramidal.391

PMe2

NMe2
PPh2

N

Ph2P

N

(91) (92)

Co

I +

Tetrahedral, high-spin halo(amidodiphosphine)cobalt(II) complexes Co(L)X where X¼Cl, Br,
I and tridentate L¼�N(SiMe2CH2PPh2)2 have been described.392 Amongst a range of reactions
with organic halides studied, they undergo a one-electron oxidation reaction with PhCH2X to
yield five-coordinate cobalt(III) complexes Co(L)X2.

201

6.1.2.2.4 Arsenic

(i) Monodentate and multidentate arsines

Arsenic is an obvious replacement for phosphorus particularly in multidentate ligands, and some
limited examples will suffice to define this fact. The rigid aromatic diarsine nas (1,8-naphthyl-
enebis(dimethylarsine)) forms a divalent tris bidentate complex [Co(nas)3]

2þ (93) upon reaction
with Coaq

2þ (Cl�, Br� and ClO4
� salts), but similar treatment of CoI2�6H2O gave the five-

coordinate [Co(nas)2I]I.
393 Mixed donor As-chelate complexes of CoII have been reported. The

ligand o-C6H4(AsMe2)(PMe2) forms only 2:1 ligand:Co complexes such as [CoL2X]þ (X¼Cl, Br,
I), which are low spin and five-coordinate in solution.390 By comparison, o-C6H4(AsR2)(CO2H)
(R¼Et, cyclohexyl and p-tolyl) reacts with Co(OAc)2 to give the neutral bis complex of the ligand
monoanion CoL2.

394 Electronic spectra and magnetic susceptibility measurements are consistent
with a pseudo-tetrahedral geometry.
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6.1.2.2.5 Oxygen

Oxygen-donor ligands represent, along with nitrogen, the most likely to be met in CoII chemistry.
The variety of ligands reported is extensive.

(i) Aqua, hydroxo, and oxo

Water and its successively deprotonated forms hydroxide and oxide are classical ligands for Co in
both its di- and trivalent oxidation states. Whereas H2O is typically found as a monodentate
ligand, hydroxide may be monodentate or else bridge two metals (�2), and oxide can be any of
monodentate, dibridging (�2) or tribridging (�3), with tetrabridging (�4) rare but known. Acidity
of any ligand is enhanced by the influence of additional coordinated metal ions. Indeed, the fully
deprotonated oxo ligand is only encountered in divalent Co chemistry as a bridging ligand;
terminal oxo complexes do not feature.

The chemistry of the aqua ions has been extensively covered in a monograph with that title.395

The hexaaquacobalt(II) ion undergoes exchange rapidly396 and often serves as an entry point into
the chemistry of both CoII and CoIII. Although commonly found as a monodentate, several
examples of water as a bridging ligand between two CoII centers have appeared. An example is
Co2(�-OH2)(�-OOCCCl3)2(OOCCCl3)2(tmen)2 (where tmen¼N,N,N0,N0-tetramethylethane-1,2-
diamine).397 This dimeric structure with a bridging aqua ligand is stabilized by intramolecular
hydrogen bonding.

Apart from water, hydroxide and oxide are well-established ligands for CoII. This includes the
latter ions adopting bridging modes. An example of a complex featuring both the (�2-OH) and
(�3-O) ligands is the cluster (94).398 The dicobalt complex (95) bears both bridging hydroxide and
acetate ligand and is stabilized by the trimethylated 1,4,7-triazacyclononane ligand.399 The sub-
stituted Tp dimer (24) reacts with one equivalent of H2O2 to give the reactive trivalent �-oxo
dimer (96), which was isolated and characterized structurally.400 The polymeric trimethylacetate
complex [Co(OH)n(OOCCMe3)2�n]m is transformed upon recrystallization from non-polar aro-
matic solvents into discrete clusters such as Co6(�3-OH)2(�-OOCCMe3)10(HOOCCMe3)4,
where each hydroxide ions bridge three Co centers.401 A cluster featuring �4-oxo groups is also
reported.

Perhaps the highest nuclearity complex containing divalent Co ever structurally characterized is
the cluster Co24(�3-OH)14(�-OH)4(�3-OMe)2(�3-Cl)2Cl4(mph)22 (Hmph¼ 2-methyl-6-hydroxypyr-
idine), which has a high-spin ground state and indications of superparamagnetic behavior.402 It
self-assembles from reaction of the sodium salt of Hmph with CoCl2 in methanol. Polyiron oxo
chemistry offers another class of readily prepared clusters in which CoII plays a cameo role as a
core metal, as in the cluster Fe16CoO10(OH)10(OBz)20, where Co occupies a center of symmetry of
the compact Fe16CoO10(OH)10 core, surrounded by the twenty coordinated benzoates.403 Large
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clusters are accessible via thermal ‘‘dimerization’’ of smaller clusters, as exhibited by heating
Co4(�3-OH)2(OOCCMe3)6(EtOH)6 in decalin, which forms an octanuclear oxo-bridged cluster
with ethanol loss.404 An unusual cluster where oxo groups play a key structural role forms when
Co(OAc)2 is heated with Me3SiNPEt3 at 180 �C and recrystallized from diethyl ether.405 The blue
crystals obtained are of [Co7(�4-O)2(OOCCH3)8(NCO)2(HNPEt3)4]�2OEt2, where the Co centers
are arranged in a {Co(Co)6} octahedron with two �4-oxo ions and four bridging acetates linking
the octahedral central Co to the six peripheral Co centers, four of which have a distorted trigonal
bipyramidal geometry while the other two adopt tetrahedral coordination.

Definitive structural characterization of Co in a solid state oxide lattice has been achieved for
a single crystal of partially CoII-exchanged zeolite A.406 Dehydration at high temperature and low
pressure for two days afforded the characteristic color change from light pink to deep blue.
Exposure to H2S gas gave a black crystal whose X-ray structure was determined. Four CoII ions
were found recessed into the large cavity of the zeolite at six-oxygen ring sites, each coordinated
to three framework oxygens (Co�O 2.24(1) Å) and to one H2S sulfur (Co�S 2.60(2) Å)

A pH-controlled interconversion from a dicobalt(II) complex where each Co carries a single
monodentate hydroxo group to a compound with a shared �-hydroxo group has been
reported; a pendant arm dinucleating polyimine macrocycle completes the coordination sphere
of the two Co ions.407 The process features interchangeable coordination geometries, as the
yellow–green �-hydroxo compound is octahedral and the purple dihydroxo compound trigonal
prismatic.

(ii) Dioxygen

Dioxygen can bind reversibly to several classes of CoII complexes including porphyrins, peptides,
Schiff bases, and macrocyclic polyamines. Diverse physical studies of dioxygen binding have been
reported. Thermodynamics and kinetics of dioxygen binding to CoII have been well studied, as
exemplified by a recent study involving macrocyclic tetraamines.408 Binding to CoII complexes of
tetraimine ‘‘lacunar’’ macrocycles is typically fast and differences in dissociation rates define
dioxygen affinity (see Section 6.1.3.1.3). Dioxygen complexes of particularly �-phenoxo and
�-alkoxo bridged dimetal complexes of compartmental ligands has appeared recently.409 Dioxy-
gen binding to CoII porphyrins has also been observed and the catalytic reduction of dioxygen to
water has been a motivating force driving their study (see Section 6.1.2.2.2).
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(iii) Neutral oxygen donors

Apart from water as the ubiquitous neutral solvent donor for cobalt(II) chemistry, other neutral
O donors are known, including alcohols, ketones, amides, and sulfoxides. The complex
[Co(DMSO)6] [CoCl4] has been characterized by an X-ray structure, which confirmed monoden-
tate O coordination around the octahedral Co center.410 Formally neutral molecules such as
amine N-oxides and nitrosoalkanes are effective ligands. A ligand such as nitrosomethane
(MeNO) can be considered to benefit from resonance forms such as H3C�Nþ�O�, where its
capacity as an O-donor ligand would be clearly enhanced. This ligand has been characterized in
[Co(MeNO)4]

2þ, whereas pyridine-N-oxide (pyo) exists in the octahedral complex [Co(pyo)6]
2þ.

The same ligand forms a range of ionic complexes with cobalt(II) halides, including the tetra-
hedral anion [Co(pyo)I3]

�.411 The triarsine oxide tetrahedral complex ion [Co(OAsR3)4]
2þ was

prepared by light-catalyzed decomposition of tetrakis(alkylisocyanide)-bis (triarsine)cobalt(II) in
dichloromethane.412

(iv) Alkoxides and aryloxides

Cobalt(II) alkoxides are known and monomeric forms are part of a wider review.413 The interest
in these compounds pertains to a potential role in catalysis. For example, a discrete cobalt(II)
alkoxide is believed to form in situ from a chloro precursor during reaction and performs the
catalytic role in the decomposition of dialkyl pyrocarbonates to dialkyl carbonates and carbon
dioxide.414 A number of mononuclear alkoxide complexes of cobalt(II) have been characterized
by crystal structures, as exemplified by [CoCl(OC(t-Bu)3)2�Li(THF)].415 The Co ion in this
structure and close relatives has a rare distorted trigonal–planar coordination geometry due to
the extreme steric crowding around the metal.

Polymeric forms have also been reported. One example, which also includes germanium
heteroatoms terminating the chain, is the oligomer (RO)Ge(RO)2Co(RO)2Co(RO)2Ge(OR), (97)
where each Co center is surrounded by four bridging tert-butoxide ions.416 These form via a
photochemically induced labile solvent complex, or else through thermally induced substitution
into carbonyl compounds.

(v) Ethers

(m) Acyclic. Ether oxygens are not considered strong donors for cobalt. Nevertheless, simple
ethers can be the sole occupant of the CoII coordination sphere, as exhibited in the crystal
structure of the [Co(THF)6]

2þ ion.417 Ethers are met as a component donor group in mixed-
donor polydentates; an example is the N,O,N-donor bis(pyrazolylethyl)ether,418 which binds
meridionally to CoII. The weak character of the ether bond is illustrated in the reaction of
benzylbis(2-ethoxyethyl)phosphine (bbp) with CoCl2.

389 Reacted alone, the tetrahedral
Co(bbp)2Cl2 forms with the ligand a P-bound monodentate; however, when Ag(O3SCF3) was
included, the octahedral trans(P),trans(O),trans(O)-Co(bbp)2(O3SCF3)2 forms where the ligand is
P,O-chelated and in addition the weak ligand triflate is also bound. However, 31P NMR suggests
the solution structure is different, with a dimer believed to form.

(n) Macrocyclic. Crown ethers also do not form strong complexes with CoII, and crown ethers
with pendant groups carrying strong donors tend to coordinate Co ion via the pendant donors
rather than involve the ether oxygens. A measure of the poor capacity of the ether oxygen as a
donor is exemplified in the structure of [Co(ONO2)(OH2)5](NO3)�H2O�(18-crown-6), the product
of an attempted crown ether complexation, where the ether oxygens are only linked by hydrogen
bonding to coordinated water molecules.419 However, syntheses leading to ether coordination
have appeared, usually in non-aqueous media. Reaction of 15-crown-5 with anhydrous CoCl2 in
acetonitrile yields the blue cation [Co(15-crown-5)(MeCN)2]

2þ, with the ether surrounding the Co
as part of a rare pentagonal bipyramidal structure with apical acetonitrile donors.420 Hydration
leads to replacement of the acetonitrile groups by water, while retaining the intact ether coordina-
tion. An ethanol analog is also known, as well as 18-crown-6 complexes. Complexes of Co(ClO4)2

with 16-crown-5 and a lariat ether derivative 15-(2,5-dioxahexyl)-15-methyl-[16-crown-5] have
been prepared and the latter structurally characterized.421 The Co ion is again heptacoordinated
with five crown ether O atoms in the equatorial plane (average Co�O 2.20(2) Å), with a pendant-
arm oxygen and a water molecule in apical sites. One novel approach involves reaction of
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Co2(CO)8 with HCl gas in the presence of 15-crown-5 and water in toluene. This led to a complex
species which included seven-coordinate pentagonal bipyramidal CoII centers (98) which included
the metal ion in the macrocyclic polyether.422

OO

O

O
O

Co

L

L

(98)

(vi) Ketones and esters

Monoketones are poor ligands. Di-2-pyridylketone ((py)2C¼O) accommodates this deficiency in
an unusual way when it reacts with Co(OAc)2 to form clusters, including [Co4(HQ)4(OAc)4]�H2O,
where the monodeprotonated hydrated gem-diol form of the ketone (HQ�) (Equation (5)) binds
as an ionic ligand.423 This cluster adopts a tetranuclear cubane shape with four deprotonated O
atoms of the diol occupying the alternating vertices to the Co ions.

(py)2C=O + H2O (py)2C(O–)(OH) + H+(py)2C(OH)2 ð5Þ

The well-established chemistry of �-diketones has been widely reported previously. These
monoanionic enolate chelates readily form complexes with cobalt. A more elaborate recent
example is a pyridine with t-Bu–CO–CH2–CO arms attached in the 2- and 6-positions, which
acts as a pentadentate tritopic chelator when reacted with Co2þ to form the octanuclear cluster
Co8O2L6.

424 Polyvinyl ketone forms coordination polymers with CoII and other divalent ions
which exhibit 1:2 metal:ketone stoichiometry, suggesting the coordination is �-diketone-like.425

Alkylation of �-diketones at the central C atom has been achieved through reaction of their CoII

or CoIII complexes with alkyl halides; for example, the adamantyl group has been introduced into
pentane-2,4-dione (Hacac) by this route.426

The �-ketoesters [RC(O�)¼CHC(O)OR]� are close analogs which also chelate effectively. A
useful general method for synthesis of CoII compounds of these molecules has been reported,
which uses the lithium, caesium, or trimethylsilyl enolate of the �-ketoester reacting with a CoII

salt in tetrahydrofuran.427

(vii) Amides

Divalent Co complexes of N-bound amides are discussed in Section 6.1.2.2.2. Examples of simple
O-bound amides consist of acetamides (H2NCOCR3), N-alkylacetamides (R0

3CNHCOCR3),
N,N-diakylacetamides ((R0

3C)2NCOCR3), dimethylformamide (Me2NCHO) and N-alkylpyrroli-
dones. As an example, acetamide forms an octahedral complex trans-[Co(acetamide)4(OH2)2]

2þ,
where the Co�O(amide) distance lies in the range 2.10–2.13 Å.428

(viii) Carbonates, carbamates, and carboxylates

Carbonate is a well-established ligand, but its coordination diversity continues to surprise.
Elaborate bridging modes have been reported for carbonate; for example, a �4-carbonato-bridged
CoII compound [Co2(2,20-bipyrimidine)(OH2)2(�-CO3)(�-OH)]þ has been characterized.429

Acetate remains the classical carboxylate ligand, with the capacity to bind in monodentate (�1),
bidentate chelate (�2), or bridging (�1:�1) modes. Whereas early chemistry featured simple �1

coordination, more frequent examples of bridging coordination are now appearing. A typical
example is the dinuclear complex with three acetate bridges, Co2L2(OOCCH3)3 (L¼ bis[(2-
dimethylaminoethyl)iminomethyl]benzene,430 (99) where the geometry around each Co is a
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trigonal bipyramid. Elaborate oligomeric complexes based on heptanuclear CoII fragments sup-
ported by carboxylates have been reported, and three heptanuclear cages characterized structu-
rally, including Co7(OH)2(OOCCMe3)4(chp)8(H2O)0.25 (chp¼ 6-chloro-2-pyridonate).431 The
alternate use of phthalate leads to a tridecanuclear cage. Complex (100) features both bridging
and terminal carboxylates, and reflects the differing reactivities of the two coordination modes,
since it undergoes carboxylate exchange reactions with other simple monocarboxylates featuring
selective terminal carboxylate substitution by bulky carboxylates.432 A tetracobalt(II) cluster
featuring only oxygen donor anionic ligands can be formed in a relatively straightforward self-
assembly reaction (Equation (6)).433
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Simple polycarboxylates are well known ligands, and but a few examples appear here. Succinate
features in an example of a three-dimensional ferrimagnetic CoII carboxylate, Co5(OH)2

(C4H4O4)4 which has a three-dimensional array of layers of edge-sharing Co octahedral pillared
by succinate ions, the Co octahedra forming 12-membered rings within the layers.434 This was
prepared, in a typical example of hydrothermal reactions for this class of compound, by reacting
CoCl2, succinic acid, KOH and water in a 2:3:8:120 ratio in a sealed vessel at 180� for 72 h.
Citrate, a member of a class of carboxylic acids found in biological fluids, has a key role in several
biochemical processes in lifeforms ranging from bacteria to humans. Previously, its interaction
with Co has not been well elucidated, but the synthesis from aqueous solution of a 1:2 Co:citrate
mixture at pH 8, and subsequent spectroscopic and structural characterization of octahedral
[Co(citrate)2]

� has now appeared.435 It may offer a source of bioavailable cobalt.
Pyromellitate, the tetracarboxylate of benzene, forms red crystals of formula [Co2(C6H2

(COO)4)4]�18H2O from aqueous silica gel, and feature infinite chain-like polyanions with
[Co(OH2)4[C6H2(COO)4)]2]n

2n� stoichiometry where Co is in an octahedral environment of four
waters and two trans-disposed carboxylates.436

An example of a cage molecule based on resorcinarene and carrying polycarboxylate pendants
is shown in (101). When the ligand was treated in dilute aqueous acid with CoCl2 and the pH
raised to �6 with carbonate ion, [Co4L2]

8� was formed and characterized by a crystal structure.437

The two resorcinarene molecules are linked by four octahedral CoII ions each bound to an
iminodiactetate unit from separate resorcinarenes, creating an oblate spherical cavity big enough
to encapsulate small molecules.
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Organic carbamates (RNHCOO�) commonly display monodentate coordination, as exempli-
fied in the structurally characterized tetrahedral Co(bmc)2Cl2,

438 (bmc¼N-(benzimidazoyl-2-yl)-
O-methylcarbamate). An unusual route to a carbamato complex involves the reaction of
Co2(CO)8 in the presence of a fourfold excess of the stable radical species tmpo, which yields
the blue Co4O(OOCNC9H18)6 cluster, presumably via a Co(CO)2(tmpo) intermediate, with the
nitroxyl radical serving as oxidant.439

(ix) Oxoanions of N, S, P, and the halogens

The oxoanions of these elements represent an extensive set of potential ligands, characterized by a
dominant, but not exclusive, tendency towards O bonding. Practically every known oxoanion has
been introduced into the Co coordination sphere during the last century.

(o) Nitrogen oxoanions. Nitrate and nitrite both bind to CoII, as monodentate or bidentate
ligands. Nitrate is found as a monodenate co-ligand in a wide range of structures, as exemplified
by octahedral trans-Co(cb-im)4(NO3)2 (cb-im¼ 40-cyanobenzyl-1-imidazole)440 It is also met in
mononuclear complexes as a bidentate chelate, as in the distorted octahedral [Co(bpa)2

(NO3)](NO3) (bpa¼ bis(2-pyridyl)amine).441 An example featuring both monodenate and
bidentate nitrate in the same complex ion is Co(ddae)(NO3)2 (ddae¼ bis(2-(3,5-dimethyl-
1-pyrazolyl)ethyl)ethylamine);442 the Co�O (monodenate) distance is 2.060(8) Å whereas the
Co�O (chelate) distances are longer at 2.172(8) Å and 2.216(8) Å, reflecting strain in the four-
membered ring.

Syntheses of many nitrato complexes are straightforward, such as by reaction of hydrated
cobalt(II) nitrate with stoichiometric amounts of ligand in alcohol, although whether nitrate is
incorporated into the coordination sphere or simply acts as a counterion is hard to predict. Perhaps
some of the more interesting compounds appearing including coordinated nitrate are the so-called
‘‘molecular ladders’’; a simple example is [Co(NO3)2(4,40-bpy)1.5]1 as MeCN or CHCl3 solvates.443

This polymeric structure comprises 4,40-bpy ligands bridging Co centers forming both the rungs and
side rails of the ladder, with chelated nitrates completing the Co coordination sphere. The solvent
molecules are enclathrated in the large square hydrophobic cavities of the structure.

Although the bulk of work with NO2
� as a ligand features CoIII, nitrite can also be O- or N-

bonded to CoII, and both modes have been observed in complexes formed by the reaction of
several PR3 compounds with Co(NO3)2, as well as in mixed nitro/nitroso complexes.375 The
product Co(NO)(NO2)(PEt3)2 reacts with dioxygen to form Co(NO3)2 (OPEt3)2, a distorted
octahedral structure with bidentate nitrate and cis phosphine oxides (102).

(p) Sulfur oxoanions. The various oxoanions of sulfur are known to bind effectively to CoII,
and a few examples will suffice to define the chemistry. Sulfate is reported to bind as either a
monodentate or bidentate chelate to divalent Co. Sulfate in a bridging role to CoII has also been
observed, as the 2-aminopyrimidine (ampy) complex (103), where two bridging sulfates and the
two CoII centers form an eight-membered ring.444 A �3-coordination mode for sulfate has been
observed in the product of the reaction of Co(CF3COO)2 with SOCl2 in dimethoxyethane (dme)
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under a nitrogen atmosphere, the cluster Co3Cl(CF3COO)3(SO4)(dme)3.
445 The Co ions occupy

corners of an equilateral triangle, each in a distorted octahedral environment which includes a
sulfate ion acting as a tripod ligand bridging to each Co center (104). Sulfite is formed as a chelate
bound through two O donors when SO2 is reacted with [{(triphos)Co}2(�-Cl)2]

2þ; likewise, CO2

and CS2 form CO3
2� and CS2O

2� chelates in metal-assisted oxidations.446
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(q) Phosphorus oxoanions. Phosphate and its protonated forms, as well as polyphosphates,
have been well characterized in complexes with divalent cobalt, being involved in monodentate,
chelate, and bridging coordination modes. It is usually met with other companion ligands; even
simple compounds such as Na2Co(H2PO4)4�2H2O finds Co in an octahedral environment com-
prising four dihydrogen phosphates and two aqua ligands.447 Anhydrous compounds featuring
only phosphate ligands such as Na4Co3(PO4)2(P2O7) have appeared, albeit as structurally com-
plex polymeric solids.448

Apart from inorganic phosphates, analogs with C�P bonds, the phophonates (RPO3
2�) and

phosphinates (R2PO2
�), are known ligands for CoII. They may be present as the sole ligand; for

example, diphenylphosphinate forms the polymeric [Co(R2PO2
�)2]1 where the metal is tetrahed-

rally bound with double phosphinate bridges.449

Recently, highly branched macromolecular polyamidoamine dendrimers have been prepared
with CoII bound where the metal ions have additional exchangeable coordination sites.450 These
macromolecules show a capacity for catalyzing the hydrolysis of phosphate esters, presumably via
intermediate bound phosphoester species.

(r) Halogen oxoanions. The suite of oxoacids HXO (hypohalous), HXO2 (halous), HXO3

(halic), and HXO4 (perhalic) in principle all form anions capable of coordination to cobalt. Of all
possibilities, perchlorate is the best known of the halogen oxoanions, although it is a weak ligand
and met more often as a counter ion. As mentioned in Section 6.1.1.2, ClO4

� complexes are
potentially hazardous due to their inherent thermal instability particularly in coexistance with
organic ligands. Nevertheless, there are many examples of it found as a ligand for CoII, for example
in tetrakis(2,6-diethylphenylisocyanide)bis(perchlorato)cobalt(II).451 Also, a CoII corrinate derived
from Vitamin B12 has been isolated and structurally characterized with a coordinated axial per-
chlorato ligand bound to the face opposite the one used for nucleotide binding in cobalamin.452

(s) Other oxoanions. Transition metal oxoanions can also act as ligands. As an example, the
trans-Co(py)4(HCrO4)2 complex of CoII with hydrogenchromate(VI) and pyridine has been
characterized by an X-ray structure.453 The complex efficiently oxidizes benzyl halides to
aldehydes.
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(x) Mixed O, N Donors

Mixed O, N donor molecules are truly extensive and structurally diverse, and only a few selected
examples will be presented. In line with other 2-substituted pyridine analogs reported in this
chapter, it is worthwhile noting the chemistry of 2-pyridone (or 2-hydroxypyridine, Hopy), which
can form O-bonded monodentate complexes such as Co(Hopy)4(NO3)2, but as the monoanion is
an effective chelate ligand, forming Co(opy)2 and Co(bpy)(opy)2 compounds.454 An unusual solid
state melt reaction with Co(OAc)2 yields the dodecanuclear cluster Co12 (OH)6(OAc)6(opy�)12.

455

Polydentate ligands resulting from the Schiff base condensation of primary amines and alde-
hydic phenols have a venerable history; the products are, when deprotonated, strong ligands for
CoII (see Section 6.1.2.2.2). While this chemistry is sufficiently well established to need little
discussion, one recent example illustrates the sometimes unexpected outcomes of supposedly
straightforward syntheses. Reaction of Co(OAc)2 with salpnH2 (the propane-1,2-diamine analog
of salen) yields a CoII trimer where the two end Co ions are tetracoordinated by the salpn ligands
but the phenolic oxygens all bridge to the central Co ion and each terminal Co is also linked to
the central Co by a bridging acetate.456 Macrocyclic polyether–polyamine ligands are an extensive
family, which have been widely exposed in the literature. One example is the mixed donor
macrocycle (105), which forms a [Co(L)(NO3)](NO3) complex with all five macrocycle donors
coordinated in addition to a chelated nitrate, giving a rare example of seven-coordinate CoII.457
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Mixed-donor ligands featuring carboxylate groups appear throughout this chapter. One exam-
ple of a polycarboxylate-derived ligand is the convergent dicarboxylate ligand formed from
Kemp’s triacid and xylenediamine, shown as a dinuclear complex in (106) with diamine and
trifluoroacetate co-ligands. The cobalt(II) complex of this with 2,9-dimethyl-1,10-phenanthroline
as co-ligand adopts a highly distorted trigonal bipyramidal geometry. However, in the presence of
alkali metal ions the structure adopts an unusual distorted trigonal pyramidal form.458 Since
binding of the alkali metal also leads to significant changes in the visible spectrum, this complex
functions as a metallochromoionophore. The participation of this ligand and other carboxylates
in dinuclear cobalt(II) binding had been demonstrated earlier,459 when seeking models of non-
heme dinuclear proteins.

6.1.2.2.6 Sulfur

(i) Sulfides

Sulfide is a well-established ligand for Co. In addition to S2�, the protonated form SH� is known
as a ligand, with a linear polymer of [Co(cyclam)(SH)]þ cations, where the SH� acts as a bridging
group, forming from reaction of Co(ClO4)2�6MeCN with SH� in the presence of the cyclam
macrocycle.460 Further, the bridged dinuclear complex [{(cyclam)Co}2(�-SH)2]

2þ forms on vary-
ing the Co:S ratio, and [{(cyclam)Co}2(�-S)2]

2þ (107) results if disulfide S2
2� is used instead of

SH�, with all products defined by X-ray crystallography. Not only bridging sulfide, but selenide
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and telluride also, are found in {(Me3P)3Co}2(�-X)2 (X¼ S, Se, Te), featuring a planar Co2X2

metallocycle (108).461 These form in a number of ways, including oxidation of Co(Me3P)3Cl with
Te, Se, or S.
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2+

(ii) Thioethers

Thioethers lack the capacity to neutralize positive charge and display weak �-donor properties.
Consequently, they do not readily displace strong donor solvents (water) or strongly bonding
anions (such as halides) from the coordination sphere. As a consequence, many thioether complex
syntheses employ aprotic or alcoholic solvents and precursor complexes with weakly bound
solvents (such as DMSO or acetone) or anions (such as CF3SO3

�). Despite the synthetic
challenges, a wide range of complexes has been reported, particularly with the cyclic poly-
thioethers, where the macrocyclic effect overcomes many of the above difficulties.

A range of polythioether macrocycles is known, along with mixed thioether–ether and
thioether–amine analogs. Macromonocyclic ligands and their Co complexes have been known
for some time, with the three most frequently encountered ligands being [9]aneS3 (109), [14]aneS4

(110) and [18]aneS6 (111). Crown thioether chemistry has been reviewed.462 The most intensively
studied cyclic thioether is (109), which forms bis-ligand complexes of both CoII and CoIII, both
six-coordinate, the former Jahn–Teller distorted low-spin.463 The CoII�S distances range from
2.240(7) Å to 2.356(6) Å. The purple CoII complex may be oxidized reversibly to CoIII (þ0.68 V)
and reduced reversibly to the green CoI (�0.29 V), stabilized by � delocalization. The S6 crown
thioether (111) forms a low-spin octahedral complex by reaction with cobalt(II) picrate in
refluxing acetone/acetonitrile for a short period, and is one of the few examples of a structurally
characterized divalent CoS6 complex.464 A CoIIS6 Jahn–Teller distorted octahedral complex with
Co�S distances in the range 2.251(1)–2.479(1) Å was found.465 The CoIII/II couple (þ0.84 V) shifts
to a slightly more positive potential (þ0.89 V) if the ring size is increased to 24 atoms with
additional methylene groups. A much more rapid CoIII/II self-exchange electron transfer in the
CoS6 systems compared with CoN6 analogs (�105-fold faster) has been assigned for the S ligands
to both extensive delocalization of metal electron density over the ligands and a small reorganiza-
tion of the coordination sphere with oxidation state change due to comparable Co�S distances in
the di- and trivalent oxidation states.
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The S6 macrobicyclic cage (112), when complexed to divalent Co, also exhibits four short and
two long Co�S bonds in a distorted octahedral environment.466 Smaller cyclic thioethers such as
(113) and [16]aneS4 (114) react with Co(BF4)2 in acetonitrile in the absence of air to form square–
pyramidal CoS4N complexes, with the solvent completing the coordination sphere.467 A wide
range of mixed-donor ligands incorporating thioethers have appeared as ligands for CoII, but
their coordination chemistry is generally not unusual. One example of a mixed S,O-macrocycle
characterized by a crystal structure is [Co([20]aneS4O2)]

2þ.468
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(iii) Thiolates

Thiolates (RS�) represent an extensive family of ligands, and include chelating forms. Thio-
lates are known to act as monodentate donors, but often act in a bridging role. There is a
clear biological interest, through participation of thiolates (cysteine residues) as donors in
many metalloproteins both as terminal S donors and bridging ligands in, for example, Fe–S
clusters.

Cobalt(II) alkylthiolates of the types [Co(SR)4]
2�, [Co2(SR)6]

2�, and [Co4(SR)10]
2� have been

reported and structurally characterized.469 Tetrahedral, dark green [Co(SR)4]
2� ions are fairly

well known and studied. The PhS� complex can be formed by reaction of Co(S2COC2H5)3 with
K(PhS) and isolated as the Ph4P

þ salt.470 Reaction of CoCl2 with sodium 2-aminobenzenethiolate
and Et4NCl in MeOH yields the tetrahedral (Et4N)2 [Co(SC6H4NH2)4], where coordination is
through the S (Co�S 2.295(2) Å) and not the N atom.471 The electronic spectrum implies an
equilibrium in solution between the tetrahedral form characterized in the solid state and an
octahedral form. A new mixed halide–thiolate cluster complex of cobalt(II) arises from reaction
of NaSPh and Et4NCl with CoCl2 in methanol.472 The [Co4(SPh)6Cl4]

2� cluster ion crystal
structure shows the four Cl ions bind to different Co centers and define a tetrahedron, whereas
the S-donors are arranged in an irregular octahedron. Each Co center exhibits distorted tetra-
hedral symmetry, while the core itself consists of a distorted Co4 tetrahedron.

More complex coordination modes can arise if other potential donors are in appropriate
positions. For example, reaction of anhydrous CoCl2 with tris(t-butoxy)silanethiol (tbstH) in
acetonitrile in the presence of Et3N as base yields Co(tbst)2(MeCN), where the tbst� chelates
through the S and one of the O atoms to form a trigonal bipyramidal structure.473 Chelated
dithiolates also form complexes with CoII; the classical chelator o-C6H4S2

2� binds in a complex
with a CoIIS2P3 donor set, with a tripodal phosphine occupying the other sites (115).474 The 2,3-
disulfanylmaleonitrile chelate binds in a square–planar CoIIS4 arrangement with stacking in the
crystal allowing for S atoms to interact axially with another Co center.475
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Thiolates often bind in concert with other strong donors. An unusual example is the dimeric
Co2(dppm)(�-SPh)2(SPh)2, which displays terminal and bridging modes for the thiolate, as well as
bridging by the diphosphine ligand in (116).476 Clusters [Co3(�-SR)6(PEt3)3]

þ involving thiols and
phosphines form readily from the reaction of an alkylthiolate with cobalt(II) acetate in the
presence of excess PEt3.

477 The three cobalts form a triangle, with six symmetrically bridging
thiolates and a terminal phosphine on each cobalt. The cluster can be oxidized or reduced in
one-electron steps.

Thiolates coupled with other donors are effective chelators. Pyridine-2-thiolate (pyt) forms
four-membered chelate rings to CoII in Co(pyt)2 compounds which are conveniently formed by
anodic oxidation at a Co electrode in an acetonitrile solution of the ligand.478 These are able to be
oxidized further to tris(pyt)cobalt(III) compounds. The ligand 2-methyl-1-[methyl-(2-pyridin-2-
ylethyl)amino]propane-2-thiolate (pyat) forms distorted tetrahedral cobalt(II) complexes Co(pyat)X-
(X¼Br, SCN), where pyat acts as an N2S-tridentate, the first examples of this type defined by
crystal structures.479 Four-coordination appears to persist in solution regardless of solvent, and
only one diastereomer is detected and predicted by molecular mechanics due to a favorable
conformation of the ligand. It is suggested the complexes are structural mimics of metalloproteins
such as peptide deformylase, which possess a His2Cys site. Cobalt(II) binding to thiolates
in biological molecules has been probed. Interaction of a 34-amino acid peptide derived from
�-fetoprotein with cobalt(II) and zinc(II) has been examined by UV–visible and CD spectroscopy,
and coordination by two thiolate (from cysteine) and two imine (from histidine) donors with
similar protein conformations is implied.480 The Co ion acts in the opposite way to the zinc in the
sense that the former catalyzes the loss of the anti-growth form of the peptide whereas with the
latter there is stabilization.
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1,1-Dithiolates (R2C¼CS2
2�) and analogs dithiocarbimates (RN¼CS2

2�), trithiocarbonates
(�S–CS2

2�), and dithiocarbonates (�O–CS2
2�) were introduced in CCC(1987) (Section 47.8.10),1

and will not be exhaustively reviewed here. The dithiolates and their selenium analogs have
continued to attract attention because of potential applications of their complexes as super-
conducting materials; the first molecular superconductor was a nickel dithiolate complex. One
extensively studied family of ligands is 1,3-dithiole-2-thione-4,5-dithiolate (dmit) and its isologs
(117).481,482 Although work has concentrated on Ni and Pd chemistry, complexes such as
[Co(dmit)2]

2� have been reported, along with mixed-ligand species such as [Co(Cp)(dmit)]�.

X

X
X

–X

–X

[X = S, Se](117)

(iv) Dithioacids and thiosemicarbazones

The dithioacid family of ligands includes dithiocarbamates (R2N–CS2
�), xanthates (RO–CS2

�),
thioxanthates (RS–CS2

�) and dithiocarboxylates (R–CS2
�), which have been described in

CCC(1987, Section 47.8.10).1 The ligands are prepared by addition of a suitable nucleophile to
the carbon center in CS2, usually in the presence of a base. It has been established for some
decades that they bind to Co almost exclusively as bidentate chelates, including S-donors acting as
bridging ligands in dinuclear systems.

Chelating thiosemicarbazone (RNH–CS–NH–N¼CR0R00, Htsc) complexes of CoII were briefly
mentioned in CCC (1987, Section 47.8.6), with tetrahedral, trigonal bipyramidal, and octahedral
forms known for compounds of empirical formula Co(Htsc)2X2 (X¼Cl�, Br, I�), the geometry
influenced by R groups present. Chelation as an S,N-bidentate is dominant, but not exclusive, with
N,N-bidentate known. Since the last edition, driven by potential medical applications as fungicides
and antimicrobials, more extensive examples of thiosemicarbazone cobalt(II) complexes have
appeared, with 1, 2, 3, or 4 donors coordinated, almost invariably including the S and usually a
N atom as donors. The ligands commonly bind in an N-deprotonated (thiolene) form, although
neutral coordination (as a thione) can occur.483 Reported complexes are typically mononuclear,
although coordination polymers have been proposed. Octahedral coordination has been proposed
in most cases, though tetrahedral and trigonal bipyramidal geometries have been suggested. For
example, octahedral Co(mftsc)2X2 and tetrahedral Co(mftsc)X2 (with mftsc¼ 5-methyl-2-furalde-
hyde thosemicarbazone) have been reported, with coordination through both the S and azo-
methine N atoms supported.484

Ligands of higher denticity have appeared. Tridentate coordination as an S,N,O-donor is
reported for the cobalt(II) complex of salicylaldehyde N(4)-cyclohexylthiosemicarbazone, with
four- or five-coordinate complexes proposed where additional sites are occupied by heterocyclic
bases.485 A mixed ligand complex Co(stsc)(amN)3 where stsc¼ salicylaldehyde thiosemicarbazone
and amN is an aromatic amine has been reported, with the stsc bound as an S,N,O-tridentate
dianion.486 Methyl 2-pyridyl ketone thiosemicarbazone forms a bis(tridentate)cobalt(II) complex
with N4S2-coordination, from spectroscopic evidence and by analogy to the crystal structure of
the copper(II) analog.487 Tridentate S2N-binding is proposed in octahedral cobalt(II) complexes
of 2-acetyl thiophene thiosemicarbazone, involving the azomethine N, cyclic thioether S and thiol
S.488 The complexes proved effective as fungicides against several species. Vanillin thiosemicar-
bazone (vtsc), as the [Co(vtsc)2(H2O)2]

2þ complex, also displays fungicidal activity.489 Tetraden-
tate (N2S2-donor) examples bound to cobalt(II) of the form benzil-bis(4-alkylthiosemicarbazone)
have been proposed, where the dianion forms apparently octahedral Co(dtc)(OH2)2.

490

Introduction of an organometallic moiety has been achieved by coupling ferrocenecarbaldehyde
with thiosemicarbazide, with the resulting thiosemicarbazone (fctsc) forming the presumably
octahedral cobalt(II) complex Co(fctsc)2Cl2,

491 which showed antibacterial activity. Acetylferro-
cene thiosemicarbazone complexes of Co were reported earlier,492 including a species of the same
form as that given above.

The cobalt(II) complexes may be readily oxidized to cobalt(III) species. For example, use of
different cobalt(II) salts in syntheses have been reported to direct the formation of either tetra-
hedral cobalt(II) species or oxidized octahedral cobalt(III) species.493 Also, �-peroxodicobalt(III)
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complexes of 2,6-diacetylpyridine-bis(N(4)-azacyclic thiosemicarbazones) form by rapid reaction
of the cobalt(II) complex in organic solvents with oxygen; the kinetics have been probed in
detail.494

Fungicidal activity of cobalt(II) and other divalent metals of tsc compounds have been
observed, and is usually greater than for the free ligand.495 Broad antimicrobial activity has
been reported for the cobalt(II) complex of acetophenone-4-(20-carboxy-50-sulfophenyl)-3-thio-
semicarbazone.496

(v) Thioureas

Thiourea (H2NC(S)NH2, tu), as typically an S-bound monodentate ligand, has been commonly
observed. The simple S-bound tetrahedral tetrakis(thiourea)cobalt(II) ion has been defined by an
X-ray crystal structure.497 The S-coordination of thiourea has also been defined in high-spin,
octahedral cobalt(II) complex Co(phen)(tu)(H2O)Cl2.

498 A similar coordination mode is observed
in aqua(thiourea)(semicarbazidediacetato)cobalt(II).499 Cobalt(II)-coordinated thiourea has also
been defined in a crystal structure of Co(tsd)(tu) (tsd¼ thiosemicarbazide diacetate).500 Digestion
of [Co2(CNCHMe2)10]

4þ in ethanol with an excess of thiourea produces octahedral monomers
trans-[Co(CNCHMe2)4(tu)2]

2þ,501 rather than the presumed initial cleavage and addition product
[Co(CNCHMe2)5(tu)]2þ, assigned to a preference for a structure with two strongly �-bonding
ligands in trans dispositions. Lability of the thiourea cobalt(II) systems has been probed in a study
of 60Co exchange in Co(SCN)2(tu)2.

502

Substituted thioureas have been extensively studied over the decades. Reaction of CoX2

(X¼Cl, Br) with substituted phenylthioureas yield a range of complexes involving halide and
thiourea as ligands, characterized by spectroscopy and thermogravimetric analysis.503 Both
[Co(Rtu)4(OH2)2]

2þ (Rtu¼ thiourea, phenylthiourea, allylthiourea) and [Co(Rtu)2(OH2)4]
2þ

(Rtu¼ diphenylthiourea) have been prepared and characterized as low-spin octahedral species.504

The octahedral bis(phenylthiourea)bis(dithiolate)cobalt(II) complex, one of a number of complexes
of phenylthiourea, chlorophenylthiourea and bis(diphenylphospinothioyl)methane prepared and
characterized,505 proved the most biologically active of those tested.

Chelated species are less common. The substituted thiourea N-ethoxycarbonyl-N-[3-(p-anisyl)
pyrazol-5-yl]thiourea (eatu) acts as a monoanionic O,S-chelate to cobalt(II), forming Co(eatu)2.

506

Whereas ethylenethiourea (etu) has been observed to act as a S-donor monodentate in Co
(etu)2X2(H2O)2 (X¼Cl, Br), it binds as an S,N-chelate in Co(etu)2(OOCCH3)2.

507 Both violet
octahedral and blue tetrahedral cobalt(II) compounds Co(pptu)2Cl2 and Cp(pptu)Cl2 respectively
were prepared with bidentate N-2-(5-picolyl)-N0-phenylthiourea (pptu) chelated.508 Refluxing Co
powder with thiourea in 4-methylpyridine provides a route to isothiocyanates, which form by
decomposition of thiourea to ammonium thiocyanate509 with one product, Co(pic)4(NCS)2,
characterized by a crystal structure.

(vi) Mixed S, N and S, O ligands

Ligands with S donors in addition to N and or O donors bound to CoII are reasonably large in
number. For example, the 4-amino-3-alkyl-1,2,4-triazole-5-thione can bind CoII as a chelate
employing the primary amine and thione substituents on the five-membered ring,510 whereas
the trifluoromethyl ligand (afmt) forms [Co(afmt)2(H2O)2](NO3)2, defined as the all-trans isomer
by a crystal structure.

The simple ligand 4-methylpyridine-2-thiolate (pyt) participates in a lantern-type heteronuclear
complex (MeCN)Co(pyt)4Pt where the four thiolate groups bind PtII in its preferred square–
planar arrangement while the four pyridine groups and the acetonitrile bind the CoII center in a
square–pyramidal geometry (118).511 The complex forms readily by reaction of [Pt(pt)4]Cl2 with
CoCl2 in basic solution, and the complex characterized was obtained following recrystallization
from acetonitrile. The complex has a close Co�Pt distance of 2.573(2) Å, enforced by the short
donor separation in the bridging ligands.

An unusual S,N-chelate is the anion R0NH–PR2�S�, which has no carbon atoms amongst the
four-membered chelate ring atoms, and forms a tetrahedral bis CoII ‘‘spirocyclic’’ complex.512

Higher denticity ligands also feature in the literature. A dipyrazoyl-dithioether ((119), bddh)
forms a simple octahedral cis-�-Co(bddh)(NCS)2 complex.513 The ketal coronand (120) forms a
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complex with CoII which leads to a change in orientation of the bipyridyl unit from anti in the
free ligand to syn in the complex.514 One example of a simple S,O chelate reported is the dianion
of 2-mercaptophenol (spo). This forms strong complexes of the type [Co(spo)2]

2�, clearly defined
in a crystal structure determination.515
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6.1.2.2.7 Halogens

(i) Halides

Halides are common coligands, partly because CoII halides feature as a common entry point into
Co chemistry. As such, examples are scattered throughout the chapter.

(t) Mononuclear. Cobalt(II) with halide ligands alone occurs in the well-known tetrahedral
[CoX4]

2�. Electrochemical oxidation of Co in a HX/acetonitrile solution containing a neutral
tertiary phosphine provides a route to crystalline [CoX4]

2� as the phosphonium salts.516 The same
complex anion has also been reported with rhenocene cations, as [Cp2Re]2[CoBr4], characterized
by a crystal structure.517 The 1,5-pentanediammonium form of [CoCl4]

2� has also appeared.518

Apart from [CoCl4]
2�, the ions [Co2Cl6]

2� and [CoCl3(MeCN)]� have been structurally charac-
terized as counterions to a CoII crown ether complex cation.420

Speciation of halocobalt(II) compounds in solution has been examined. Absorption spectra of
CoCl2 and CoBr2 in aqueous halide solutions (up to 5 M) were measured over the temperature
range 25–90 �C and used to probe speciation in solution.519 At low temperatures and halide
concentrations, octahedral aquahalo complexes dominate, with a transformation to tetrahedral
[CoX4]

2� complexes occurring as temperature and halide ion concentration rises. Thermodynamic
data for all complexation reactions were determined, and geological implications discussed.
Octahedral/tetrahedral transformations have also been probed in the molten state, with addition
of halide ion (Cl, Br) to cobalt(II) in ammonium/calcium nitrate melts leading to apparently
tetrahedral species with at least two halide ions coordinated to the Co ion.520 From spectroscopic
studies, extraction of cobalt(II) halides from aqueous solution with quaternary ammonium
chloride and bromide salts is thought to involve formation of dinuclear anionic complexes.521

The kinetics of complex formation reactions for cobalt(II) with halide ions (Cl, Br, I) have been
studied,522 and an associative interchange mechanism proposed.

The simple tetrahedral [CoX4]
2� ions can undergo substitution, with neutral species such as

Co(Lþ)Cl3 reported [Lþ¼ (1H-benzimidazol-2-ylmethyl)-(ethyl)ammonium-N-3)],523 as well as
the long-established CoL2Cl2 species with neutral ligands such as monoimines.

Mixed ligand halocompounds abound, and only a few illustrative examples of simple complexes
appear here. Octahedral dihalotetra(imine)cobalt(II) complexes of the simple monoimines
butyraldoxime and acetaldoxime with the halogens chloride or bromide were prepared and
characterized by X-ray structures, which revealed stabilization arising from intra- and in one
case inter-molecular hydrogen bonding.524 Decomposition occurs, however, in a moist atmos-
phere. Cobalt(II) chloride and bromide reacted with aminopyridines yielded complexes that were
characterized by a range of physical methods, with the propeller-shaped octahedral complex
Co(3-aminopyridine)4Cl2 characterized by a single crystal X-ray structure.525

Surface complexation to form a tetrahedral Co(L)X2 species is proposed to account for the
adsorption of cobalt(II) chloride and bromide from acetone and ethanol solution onto silica gel
modified with 3-amino-1,2,4,-triazole,526 supported by electronic and ESR spectroscopy.
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(u) Oligonuclear and polymeric. Halides are well established as bridging ions in a wide range of
coordination polymers, and feature in this role as one of several ligands in often complicated
structures. The facile formation of triangulo–trihalocobalt(II) moieties, similar to Ti, V, Fe, and
Ni homologs, and their structural characterization represents an interesting sub-class, featuring
compounds such as [Co3Cl5(tmen)3]

þ.527 One apical halide is readily replaced by hydroxide.

6.1.2.3 CoIII

Trivalent Co is one of the most thoroughly investigated ions in transition metal chemistry. The
overwhelmingly inert and mostly diamagnetic complexes encountered offer ease of handling and
facile spectroscopic characterization, which have assisted to drive the field. Six-coordinate octa-
hedral geometry is particularly dominant in this oxidation state, with nitrogen donors particularly
favored. Nevertheless, a range of other coordination numbers (from four to seven) and geometries
has been observed. Despite a century of exploration, cobalt(III) chemistry continues to reward
and surprise the investigator.

6.1.2.3.1 Carbon

(i) Cyanides

Cyanide has an extended history as a ligand for CoIII, and only some aspects will be mentioned
here. The [Co(CN)6]

3� ion is well known, and mononuclear CoIII complexes with a mixture of
cyanide and other ligands abound in the literature; some examples appear elsewhere in this
chapter. The pentacyanocobalt(II) ion reacts in solution with air to form peroxo-bridged (and,
on oxidation, superoxo-bridged) CoIII dimers [{(CN)5Co}2 (�-O2)]

5�/6�. With CoIII-cyanide com-
plexes usually C-bound, one important paper reports the isolation of the elusive isocyano complex
[Co(NH3)5(NC)]2þ, formed through a selenium-abstraction reaction involving N-bound seleno-
cyanate.528 One other interesting recent example is the [Co(dbsq)(CN)4]

2� octahedral ion, which
includes the chelated radical anion of 3,5-di(tert-butyl)-1,2-semiquinone (dbsq).529 The complex
was characterized by a crystal structure and by ESR spectroscopy, and was formed by reaction of
the CoII tetramer [Co(dbsq)2]4 with Bu4N(CN) in THF via a cyanide-induced redox reaction. The
coordinated cyanides display the usual essentially linear Co�CN bonds with average Co�C
distances of 1.89(2) Å. An interesting example of bridging cyanide occurs in the trivalent Co
cluster [Co8(tacn)8(CN)12](OTs)12 (121), which forms from boiling equimolar mixtures of [Co(tacn)
(OH2)3](OTs)3 and Co(tacn)(CN)3 in water.530 The tridentate tacn ligands cap the ‘‘external’’
coordination sites of each Co ion situated at a vertex of the cube.
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(ii) Carbonyls

High-valent Co complexes incorporating carbonyl ligands are rare, and those extant are outside
the scope of this review. The companion series Comprehensive Organometallic Chemistry covers
this area.
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(iii) Alkyls and aryls

The CoIII–alkyl bond was established some time ago with the characterization of simple com-
plexes with Co�CH3 or other Co�R groups. Incorporation of R� as an axial ligand in CoIII

porphyrins, Schiff base and bis(dimethylgloximato) compounds were early types defined, and
examples continue to appear. This is a key feature of cobalamin (B12) model complexes and a
review of this area appears in Section 6.1.3.1.1. The deceptively simple isoelectronic alkyl homo-
logs of [Co(NH3)6]

3þ and [Co(en)3]
3þ, (122)531 and (123), have appeared since the first edition of

CCC.532,533

Co
H3N

H3N NH3

NH3

CH3

NH3

2+

Co
N
H2

H2
N NH2

NH2

H2C

H2N

2+

(122) (123)

Introduction of several CH3
� ligands into the CoIII coordination sphere is facilitated with

phosphine ligands in other sites. For example, the octahedral [Co(CH3)2(PMe3)4]
þ is known, and

the Co�C bonds are sufficiently stable to be unaffected by phosphine exchange in THF with the
chelate dmpep (Me2PCH2CH2PMe2), which results in [Co(CH3)2(PMe3)2(dmpep)]þ.534

Trivalent five-coordinate methyl (124) and six-coordinate (trans) methyl pyridyl complexes
of the octaethylporphyrin dianion (OEP) have been reported.535 In (124) the square–pyrami-
dal geometry results in an axial Co�C distance of 1.973 Å and the Co is displaced 0.10 Å out
of the porphyrin plane towards the methyl group. The latter complex, with a pyridine trans
to the methyl ligand, finds the Co ion centered in the plane of the porphyrin and with a
Co�C distance of 2.018 Å; the elongation reflecting a strong mutual trans effect of the Me
and py axial ligands. This is relevant to the methyl transfer ability of these complexes as
B12 mimics (Section 6.1.3.1.1), as base coordination in the site trans to the Me ligand
accelerates Co�C homolysis in the natural systems. The ethyl analog of (124) has also
been characterized.536

N N

N

N

Co

Me

(124)

O

N N

O

H2C

Co

OH2

(125)

Introduction of a pendant coordinated alkyl chain to Co(salen) has been achieved through
condensation of salicylaldehyde with the branched ethylenediamines H2NCH((CH2)nCl)CH2NH2

(n¼ 2–5). Complexation to CoII, reduction to CoI, and subsequent intramolecular alkylation
results in the novel complex (125).537 Oxidative addition of several alkyl halides to the CoI

compound generated on reduction of divalent [Co(pabo)(Hpabo)]2þ (Hpabo¼ 2-(20-pyridylethyl)
amino-3-butanone oxime) led to the alkylcobalt(III) compounds [RCo(pabo) (Hpabo)]þ.538

A pseudo-octahedral geometry was defined by several crystal structures, with Hpabo and pabo
acting as bi- and tridentates respectively, and the alkyl group occupying the remaining site.

A series of trivalent organocobalt complexes of the form [RCo(cyclam)(OH2)]
þ have been

reported, where R¼Me, Et, Pr, CH2Cl, CH2Br, CH2OMe, and CH2Ph.539 These compounds
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are photosensitive, decomposing to CoII and carbon-centered radicals when irradiated with
visible light. These carbon-centered radicals abstract hydrogen atoms from thiols (C2H5SH,
cysteine, or glutathione), generating thiyl radicals.540 In the absence of light, the alkyl complexes
are air-stable in acidic aqueous solutions whereas the benzyl complex undergoes rapid homolysis
of the Co�C bond. Visible light photolysis of the methylcobalt(III) complex causes nicking of
supercoiled DNA; the complex is inactive in the absence of light, implying a photo-initiated radical
mechanism.541

Reaction of the 1,5-diazacyclooctane-N,N0-diacetate complex (126) with H2O2 in the presence
of KCN forms an octahedral complex (127) containing the now pentadentate ligand coordinated
through a deprotonated carbon atom in addition to the N2O2 donors. A particularly short Co�C
distance (1.941(4) Å) was found.542 The cyclic thioether 1,4-diaza-7-thiacyclodecane was prepared
recently, and, in addition to the anticipated N2S-bonded CoIII complex, a C-bonded form involv-
ing the anion 1,4-diamino-7-thiacyclodecan-8-ide was described.543

N O

O

N O

O

Co

OH2

N O

O

N O

O

Co

OH2

KCN

H2O2

II III

(126) (127)

Carboranes also offer the capacity for CoIII�C bond formation. Perhaps the best-known
example of a mixed cyclopentadienyl–metallocarborane sandwich complex is the cobalt(III)
compound (Cp)Co(1,2-C2B9H11), which serves as a precursor for other species.544

Ylide compounds of cobalt(III) have been reported, but are usually traditional organometallic
compounds. For example, the cobalt(III) ylide complex [(Cp)Co(CH2PMe3)(PMe3)Br]þ made
from a labile CoI precursor has been described.545 Reaction of o-C6H4 (OSiMe3)(NC) with
CoCl2 in methanol in the presence of air affords an octahedral CoIII complex ion (128) with a
monocarbene ligand producing a CoIIIC6 environment.546 This is similar to the analogous
oxazolidin-2-ylidene chemistry.547 The monoanionic tricarbene ligand hydrotris(3-ethyl-imidazo-
line-2-yliden-1-yl)borate (triset) forms the CoIII complex [Co(triset)2](BF4).

548 From its crystal
structure, the hexacarbene complex does not display M�C multiple bonding, which might have
been expected with an electron-rich stabilized carbene and a high-valent metal.
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6.1.2.3.2 Silicon and tin

There appear to be no well-characterized CoIII�Si bonded compounds. Interactions with silicates,
particularly on surfaces, are through oxygen atoms. The use of the complex [Co(en)2(LL)]Cl3
(where LL¼ (MeO)3SiCH2CH2CH2NHCH2CH2NH2) permits bonding of the substitution-inert
CoN6 species to a silica surface.549

There are few well-established examples of CoIII�Sn bonds. Stannanes R3SnH react with OEP
complexes (124) or the divalent Co(OEP) to form Co(OEP)SnR3.

550 This is also accessible from
R3SnCl and [CoI(OEP)]�. The structure shows a square-pyramidal Co displaced 0.777 Å out of
the porphyrin plane and towards the Sn, which is 2.510(2) Å distant from the CoIII center.

6.1.2.3.3 Nitrogen

(i) Amines

The trivalent Co coordination chemistry of amines is simply immense. Amines, both mono- and
multidentate, are typically thermally and air stable, often commercially available, easily deriva-
tized, and are well matched to the electronic needs of trivalent Co. Space does not permit a
discussion of all categories of amines that have been investigated since CCC(1987) nor their
limitless permutations when bound to mostly six-coordinate Co. Much of the synthetic and
mechanistic work that underpins Co amine chemistry has long been known and will not be
restated here. The emphasis here will be on novelty rather than breadth. That is, recent innovative
aspects of the structure, reactivity, and applications of selected, but representative, collections of
these simple but ever-present compounds will be our focus.

(v) Monodentate. The hexaamminecobalt(III) ion is the simplest closed-shell octahedral coor-
dination compound of the first transition series. With only 84 electrons and effectively no
conformational isomers, the [Co(NH3)6]

3þ ion has been an ideal subject for computational
chemists. Quantum mechanical calculations have dealt with vibrational551–553 and electron trans-
fer554–559 properties of this ion. Ligand field560 and molecular mechanics561–563 calculations have
also been reported.

The [Co(NH3)6]
3þ ion is inert to substitution reactions, like most CoIII compounds, and it

possesses a high positive charge and 18 strong hydrogen bond donors. These features result in the
complex ion having a strong tendency for ion pairing, and a number of investigations of the
association between the complex and inorganic anions have been reported.564–571 Liquid crystal-
line phases containing the [Co(NH3)6]

3þ ion have also been studied.572,573 Second sphere coord-
ination of [Co(NH3)6]

3þ through NH���O bonding to ionophores such as crown ethers are also
well known.574,575 The affinity of [Co(NH3)6]

3þ for DNA and RNA has been the subject of a
considerable amount of attention but discussion of this topic is deferred until Section 6.1.3.1.4.

However, there are a number of other miscellaneous biological roles played by this complex.
The [Co(NH3)6]

3þ ion has been shown to inhibit the hammerhead ribozyme by displacing a Mn2þ

ion from the active site.576 However, [Co(NH3)6]
3þ does not inhibit ribonuclease H (RNase),577

topoisomerase I,578 or hairpin ribozyme,579 which require activation by Mg2þ ions. The conclu-
sions from these studies were that an outer sphere complex formation between the enzyme and
Mgaq

2þ is occuring rather than specific coordination of the divalent ion to the protein. These
results are in contrast to DNase I inhibition by the same hexaammine complex. Inhibition of
glucose-induced insulin secretion from pancreatic cells by [Co(NH3)6]

3þ has been found.580

Intracellular injection of [Co(NH3)6]
3þ into a neurone has been found to cause characteristic

changes to the structure of its mitochondria, and this offers a simple technique to label neuronal
profiles for examination of their ultrastructures.581

The solid state chemistry of various [Co(NH3)6]
3þ salts has been investigated. Phase transi-

tions582 and conformational changes583 have been studied by variable temperature crystallogra-
phy. The thermal decomposition of a number of [Co(NH3)6]

3þ salts has been reported.584–587

Outer-sphere electron transfer reactions involving the [Co(NH3)6]
3þ/2þ couple have been thor-

oughly studied. A corrected [Co(NH3)6]
3þ/2þ self-exchange electron transfer rate (8� 10�6 M�1 s�1

for the triflate salt) has also been reported,588 which is considerably faster than an earlier report.
A variety of [Co(NH3)6]

3þ/2þ electron transfer cross reactions with simple coordination
compounds,589 organic radicals,590,591 metalloproteins,592 and positronium particles (electron/
positron pairs)593 as redox partners have been reported.
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The simplest member of the hexakis-alkyamines, [Co(MeNH2)6]
3þ, possesses a prominent UV

ligand-to-metal charge transfer transition.594 The hexaamine and a number of [Co(MeNH2)5X]2þ

(X¼ halide) analogs exhibit photoactivity, with ligand substitution, i.e., release of MeNH2,
occurring upon either excitation into the N!Co or X!Co LMCT bands. Incorporation of
these complexes into thin films of the copolymer of glycidyl methacrylate and ethyl acrylate gave
a photosensitive material that underwent base-initiated crosslinking upon exposure to 254 nm
radiation.594,595 This property may be utilized for pattern delineation at the 1–2 mm level. Higher
hexakis-alkylamines of Co are yet to be synthesized.

(w) Multidentate. The [Co(en)3]
3þ ion is one of the most commonly encountered coordination

compounds in undergraduate teaching laboratories as both a precursor 596,597 and as a product.598

The chirality of the [Co(en)3]
3þ complex ion is central to many studies of its chemistry, and it has

been the subject of many fundamental investigations that have dealt with the influence of a chiral
molecule on its environment and its spectroscopy. There are numerous X-ray crystal structures of
both racemic599–609 and resolved610–614 [Co(en)3]

3þ salts of both simple and complex anions.
A novel isotopic crystallographic study615 found that deuteration of ([Co(en)3](C2O4)I)2�3H2O led to
crystallization of ([Co(d4-en)3]I2�D2O)2(C2O4) as a racemate in a centrosymmetric space group
whereas the nondeuterated analog crystallized in an acentric space group. The isotope effect on
the strength of intermolecular H bonding was held responsible for this unusual phase transformation.

It is usually found that the conformation of the three chelate rings in [Co(en)3]
3þ is such that

each C–C vector lies approximately parallel (lel ) with respect to the molecular C3 axis. This
has been examined with a number of experimental and theoretical methods including NMR
and IR,616 vibrational circular dichroism617 spectroscopy as well as molecular mechanics
calculations.618

Ion-pairing constants of [Co(en)3]
3þ with simple inorganic anions have been reported571,619 and

the rotational correlation times of ion-paired complexes with lanthanoid complex anions have
been studied.620 More specifically, and fundamental to the resolution of racemic [Co(en)3]

3þ

mixtures, are diastereoselective ion pairing investigations with chiral anions such as tartrate.
This has continued to be a major focus of investigation with a variety of theoretical,621 chromato-
graphic622–625 and spectroscopic techniques including circular dichroism626 and NMR.627

The adsorption628 and ion exchange629–631 reactions of chiral [Co(en)3]
3þ with clays have been

studied. When the [Co(en)3]
3þ ion exchanges with lamellar clays such as fluorhectorites, it

increases the interplanar separation of the lamellae and influences the selectivity for intercalation
of small molecules and atoms (H2, D2, Ne, and O2) within the clay over larger ones such as
isobutane and neopentane.631

The [Co(en)3]
3þ ion has been shown to be a useful template for the synthesis of unusual cobalt,

aluminum, gallium, and magnesium phosphates exhibiting framework,632–637 layered638–641 and
chain642 structures, as well as for the hydrothermal synthesis of novel zeolites643,644 and other
framework structures such as molybdenum phosphates.645

A number of electrochemical studies of the [Co(en)3]
3þ/2þ couple have been reported, investi-

gating the effects of pressure646,647 and solvation648,649 on the redox potential and electron
transfer rate. The self-exchange [Co(en)3]

3þ/2þ electron transfer rate has been determined, and
its pressure dependence investigated.650 Outer sphere electron transfer cross reactions of the
[Co(en)3]

3þ ion with a variety of cationic,651 neutral,652 and anionic653,654 coordination com-
pounds in addition to reduced viologens,590,655 flavins, and polymer-immobilized reductants656,657

have been studied, with the rates of electron transfer usually conforming to predictions from
Marcus theory. Ion pairing with potential redox partners may lead to ion pair charge transfer
(IPCT) transitions. Excitation into the IPCT transition leads to photoinduced electron transfer
between the paired ions. Examples of this include [Co(en)3]

3þ paired with tetraphenylborate658

and a number of cyanometallate anions.659 As a result of its high isotopic abundance, the
technique of 59Co NMR has been used as a sensitive probe for the chemical environment of the
metal ion. Studies of [Co(en)3]

3þ within micelles660 and surfactants661 are known.
There are many variations on the simple tris(bidentate) structure of [Co(en)3]

3þ, such as
expansion of the chelate ring size to six and seven (propane-1,3- and butane-1,4-diamine) or the
introduction of alkyl groups and fused rings for chirality and rigidity (propane-1,2-diamine and
meso and rac-cyclohexane-1,2-diamine). These analogs, although yielding interesting chemistry,
will not be explored here.

Tridentate amines come in a variety of forms. Diethylenetriamine (dien) (129) and its
bis-trimethylene homolog ditn (130) may adopt either facial or meridional coordination modes.
Furthermore, the fac-[Co(dien)2]

3þ complex may exist as either the centrosymmetric meso or
dissymmetric rac isomer where the secondary amines are trans or cis respectively.662 However,
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there are some triamines that coordinate exclusively in a facial configuration due to stereo-
chemical requirements of the ligand. Some examples include the symmetrical tripods tame663

(131), cis,cis-cyclohexane-1,3,5-triamine (tach)664 (132a) (including its 2,4,6-trihydroxy analog,
taci665 (132b)) and triazatrishomobenzene (133).666
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The less symmetrical and more rigid propane-1,2,3-triamine (trap) (134) has also been com-
plexed with CoIII.667 Even more isomers arise with linear tetraamines such as triethylenetetra-
amine (trien)668 (135) or its branched homolog rac-butane-1,2,3,4-tetraamine669 (136) when
bound to CoIII, and this number proliferates when the amine is asymmetric. The tripodal tris(2-
aminoethyl)amine (tren) (137) may bind as tri- or tetradentate to Co in various oxidation
states;670,671 the latter binding mode resulting in a single stereoisomer. There are simply too
many combinations of these amines and their co-ligands to do justice to their chemistry in this
review. A review of trivalent Co amine chemistry is available, which covers this area in greater
detail than space permits herein.672

(x) Macrocyclic. There are many potential rewards for synthetic efforts devoted to the closure
of open chain multidentate amines to afford their macrocyclic analogs. Enhanced complex stability
(particularly upon conversion to the divalent state) and greater stereochemical control are the two
most obvious benefits. Additionally, the ring may provide a scaffold onto which extra functional
groups may be attached to give so-called pendent arm macrocycles. General reviews concerned with
complexation and structural aspects of N-functionalized polyazamacrocycles (of various sizes, in
complexes with a range of metal ions) have appeared.673,674

The smallest macrocyclic amine is the facially coordinating tridentate 1,4,7-triazacyclononane
(tacn or [9]aneN3) (138a). The [Co(tacn)2]

3þ ion exhibits physical properties typical of other
hexaamines, and the complex has been thoroughly characterized.463,675 Like other macrocyclic
amines, the outer sphere electron transfer reactions involving the [Co(tacn)2]

3þ/2þ couple with
proteins676 and simple coordination compounds677 as well as its electrochemistry678 have been
well studied.

RN

RN

RN

(138g) R=CH2-2-pyridyl(138a) R=H
(138b) R=Me
(138c) R=i-Pr
(138d) R=i-Bu
(138e) R=CH2CH2NH2
(138f)  R=CH2CH2CH2NH2

(138h) R=CH2COO–

(138i)  R=(R)CH(CH3)COO– 

(138j)  R=(S)CH(CH3)OH
(138k) R=2-CH2(Me-imidazole)
(138l)  R=CH2-pyrazole
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In contrast to its secondary amine parent, the N-trimethylated derivative (138b) (tmtacn) has a
distinct preference for 1:1679 or 2:2399 metal:ligand stoichiometries as a consequence of steric
effects of its methyl groups. Face-sharing octahedral, bridged dinuclear complexes of the type
[{(tmtacn)Co}2(�-X)3]

nþ (where X¼OH�, Cl�, Br�, AcO�) are known where the metals can be in
either their di- or trivalent states (or mixed valence).399,680 The sterically encumbered tris-iso-
propyl (138c) and isobutyl (138d) analogs of tacn have been reported and complexed with Co.681

Mononuclear complex formation is favored in these cases.
A vast array of hexadentate, threefold symmetric tris-N-substituted derivatives of tacn have

been reported incorporating a variety of pendent groups such as those seen in (138e),682

(138f),683 (138g),684 (138h),685,686 (138i),652 (138j),687,688 (138k)689 and (138l),690 each of which
has been complexed with CoIII and characterized. Wieghardt and co-workers have identified
many interesting trisubstituted tacn derivatives featuring phenolate or thiophenolate ligating
groups that, when complexed with CoIII, are capable of stabilizing ligand-centered radicals.
Examples include homo- and heterotrisubstituted tacn ligands such as tris(3,5-di-tert-butyl-2-
hydroxybenzyl), tris(3-tert-butyl-5-methoxy-2-hydroxybenzyl), diacetate-(3,5-di-tert-butyl-2-
hydroxybenzyl), diacetate-(2-mercaptobenzyl), diacetate-(3,5-di-tert-butyl-2-mercaptobenzyl),
dimethyl-(3-tert-butyl-5-methoxy-2-hydroxybenzyl), and di-isopropyl-(3,5-di-tert-butyl-2-hydro-
xybenzyl) where CoIII-phenoxyl or CoIII-phenylthiyl radicals are formed upon oxidation of the
complex.691–693 Pendent arms bearing donors capable of bridging two metal centers (alkoxides,
phenolates, and thiophenolates) have been reported and the degree of magnetic coupling
mediated by the bridging ligand has been studied.694,695 Mono-N-substituted derivatives
of tacn in complexes with CoIII include 2-aminoethyl696 and the versatile ethylene-bridged
bis-macrocycle 1,2-bis(1,4,7-triaza-1-cyclononyl)ethane (dtne),697 which is capable of both
mononuclear and dinculear complex formation.

The CoIII coordination chemistry of the 12-membered macrocyclic tetraamine 1,4,7,11-tetra-
azacyclododecane (139) (cyclen or [12]aneN4) has been extensively studied. A feature of this
macrocycle, like tacn, is that its small ring size restricts its mode of coordination. All known
CoIII cyclen complexes exhibit cis-N4X2 coordination geometries, where the macrocycle folds to
leave a pair of cis coordination sites available for other ligands, although N-based isomers are
known. There has been a particular focus on the reactivity of the [Co(cyclen)(OH2)(OH)]2þ ion
(140) towards polyphosphate and phosphate ester hydrolysis, and its relevance to biomimetic
chemistry (see Section 6.1.3.1.3). Attachment of active substituents to the cyclen N donors may be
achieved with standard alkylation procedures. A number of Co complexes of tetra-N-substituted
cyclen derivatives bearing both coordinating (2-carbamoylethyl698) and non-coordinating
(2-cyanoethyl699) pendent arms have been reported. The incorporation of C substituents on the
ring instills chirality in the ligand and its complexes. Examples of this approach include a
homochiral C-tetraethyl cyclen Co complex which forms diastereomeric pairs of complexes with
bidentate coordinated amino acids such as methionine700 and methyltyrosine.701
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HN
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HN
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The 14-membered macrocycle 1,4,8,11-tetraazacyclotetradecane (cyclam or [14]aneN4), unlike
cyclen, is capable of encircling most transition metal ions and in the case of CoIII the trans
configuration is much preferred by comparison with the folded cis isomer. Electrochemical
reduction of cis-[Co(cyclam)(OH)2]

þ in 3M NaOH leads to rapid isomerization to the trans
form, and the relative stabilities of the trans and cis isomers of the di- and trivalent complexes
were determined from a thermodynamic cycle.702 This preference for trans orientation of the non-
macrocyclic donors has enabled the isolation and investigation of many Co complexes without the
complications of isomerization. Some novel examples include trans-[Co(cyclam)(O2

��)(OH2)]
2þ
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(141), which exists in equilibrium with its peroxo-bridged dinuclear analog (142).703 The mono-
nuclear hydroperoxo analog was found to accelerate the rate of I� oxidation (to I3

�) by three
orders of magnitude relative to H2O2.

704
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NHHN

NHHN
Co

O
O 2+
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NHHN
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4+OH2
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NHHN
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Due to their ease of synthesis (from the cation-templated condensation reaction of ethylene-
diamine and acetone), C-methylated analogs of cyclam such as meso and rac 5,5,7,12,1214-hex-
amethylcyclam (teta (143a) and tetb (143b) respectively) have been extensively studied, where the
stereogenic C-atoms in the 7- and 14-positions of the ring lead to distinctly different coordination
chemistries. The racemic ligand (143b) has been resolved and its resulting chiral CoIII complexes
have been investigated.705 A number of crystallographic706,707 and spectroscopic100,708 studies of
these ligands in complexes with CoIII have been reported. The steric effects of the C-methyl
groups influence the reactivity and stereochemistry of their resulting Co complexes significantly
relative to the unsubstituted cyclam parent. The unusual hydroperoxocobalt complex [Co(teta)
(MeCN)(OOH)](ClO4)2 has been isolated and structurally characterized.709 The O�O stretch in
the IR spectrum appears at 815 cm�1 and photolysis of an acidic aqueous solution of the complex
results in homolytic splitting of the Co�O bond, yielding the diaqua complex as a product. The
reaction of aminomethylmalonate with cis-[Co(tetb)Cl2]

þ in DMSO in the presence of Et3N yielded
a novel 2-iminocarboxylato complex via oxidative decarboxylation of the malonate ligand.
The reaction is specific for CoIII complexes containing C–Me-substituted cyclic tetraamines.710

A remarkable variety of methylated analogs are known and their CoIII complexes have all been
synthesized and characterized. Examples include 5,7-dimethylcyclam (meso isomer) (144),711,712

5,12-dimethylcyclam (meso (145) and rac isomers),713,714 5,5,7-trimethylcyclam (146),711 5,7,12,14-
tetramethylcyclam (147),715 1,5,8,12-tetramethylcyclam (148)716 and 3,10-C-meso-3,5,7,7,10,12,14,
14-octamethylcyclam (149).717
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Ligating pendent arms have been attached to the cyclam ring to give penta- and hexadentate
coordinated cyclams coordinated to Co. N-functionalization of the macrocycle is synthetically
more straightforward, although the resulting (tertiary) amine donors are less effective ligands due
to the increased steric effects of the pendent group. An example of this that has been complexed
to CoIII is the hexadentate 5,12-dimethyl-7,14-diphenyl-4,11-diacetatocyclam.718

Actually, C-substituted cyclams are more common in the coordination chemistry of Co, with
ligating pendent groups typically attached to the trimethylene ring C atoms. The synthetic
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strategies are many and varied. An unusual example concerns conversion of trans-[Co(teta)Cl2]
þ

to its 5-hydroxymethyl analog by aerial oxidation of the precursor in refluxing MeOH containing
Et3N.719 5-Aminomethyl-2,5,10,12-tetramethylcyclam was prepared by nucleophilic addition of
MeNO2 to the imine precursor, followed by reduction of the pendent nitromethyl group.720 The
chlorocobalt(III) complex of this pentaamine ligand was characterized structurally and rapid base
hydrolysis of the chloro ligand was reported.

The trans721 (150) and cis722,723 (151) isomers of the hexadentate ligand 6,13-diamino-6,13-
dimethylcyclam (also known as diammac) have been complexed with CoIII and characterized
structurally, spectroscopically, and electrochemically. The ligands are synthesized by a metal-
directed condensation reaction between [Cu(en)2]

2þ, EtNO2, and formaldehyde, followed by
reduction of the nitro groups. Each isomer may coordinate in but one hexadentate configura-
tion, thus the isomers [Co(trans-diammac)]3þ (152) and [Co(cis-diammac)]3þ (153) provide a
unique example of trans/cis isomerism at a metal center predetermined by ligand stereochem-
istry. In [Co(trans-diammac)]3þ, the Co�N bond lengths are amongst the shortest reported for a
CoIII hexaamine, and this leads to unusually high-energy electronic maxima and a particularly
negative CoIII/II redox potential.721 By contrast, the structural,723 spectroscopic, and electroche-
mical722 properties of [Co(cis-diammac)]3þ are typical of other hexaamines such as [Co(en)3]

3þ.
A rapid CoIII/II self-exchange electron transfer rate was determined721 for [Co(trans-
diammac)]3þ and, coupled with its particularly negative CoIII/II redox potential, it was found
to efficiently catalyze the reduction of Hþ when adsorbed in its divalent form to a Hg working
electrode.724
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Other coordination modes of trans-diammac have been identified where one (154) or both (155)
primary amines are free from the metal.721,725 An extension of this concept involves attachment of
active functional groups such as crown ethers selectively at one primary amine to generate ditopic
ligands capable of electrochemically sensing alkali metal ions through their inductive effect on the
CoIII/II redox potential. One example is provided by (156); further, the 15-crown-5 and 18-crown-6
analogs were also prepared.726
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Some diammac analogs complexed with CoIII include 6,13-diamino-6,13-diethylcyclam (trans
and cis isomers),727 and the isomeric meso-5,7,12,14-tetramethyl-6,13-diaminocyclam (157) (trans
isomer). The 6-amino-6-methyl analog (ammac) may only occupy five coordination sites and its
greater degree of flexibility leads to trans (158)728,729 and cis (159)730 coordination modes when
bound to CoIII. The ability to isolate non-interconverting isomeric forms of these pentaamine
CoIII complexes has enabled the investigation of steric and electronic effects on the rates of
reactions at the sixth coordination site such as base hydrolysis of coordinated Cl�728,730,731 and
nitrito to nitro linkage isomerism.732 The introduction of ferrocyanide as a ligand (N bound to Co)
into the sixth coordination site of these Co complexes results in a novel class of dinuclear mixed
valent compounds (160) exhibiting a prominent FeII!CoIII metal-to-metal charge transfer
transition in the visible region of the spectrum.733,734 A number of other examples of mono-
C-substituted cyclam ligands coordinated to CoIII include 5-(40-imidazolyl)cyclam,735 and
6-amino-6-(40-aminobenzyl)cyclam.736–738
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Sargeson and co-workers pioneered the metal template syntheses of a class of ligands that
effectively encapsulate the metal ion within a macrobicyclic N6 array or secondary amines. Most
of this work focused on [Co(en)3]

3þ as a template onto which two ‘‘caps’’ were attached using
Mannich reactions involving formaldehyde and a potentially tribasic nucleophile such as NH3 or
MeNO2, leading to the sepulchrate (sep) (161)739 and substituted sarcophagine (sar) (162a)740

CoIII cage complexes, respectively (Equation (7)). The initial reports of this chemistry focused on
(161) and its CoII analog. Remarkable physical properties of this system were reported,219

including an unusually inert divalent complex. The [Co(sep)]3þ/2þ self-exchange rate constant
was found to be several orders of magnitude greater than that of the [Co(en)3]

3þ/2þ parent.
Moreover, the cage redox couple is reversible.

The C-capped [Co(sar)]3þ (162a) (and its various homo- and hetero-disubstituted derivatives)
exhibit very similar structural741 and physical properties, although the sar class of ligands has the
advantage of being isolable as the metal-free base,742 in contrast to sep which is unstable in the
absence of Co. A number of electrochemical investigations of [Co(sep)]3þ and [Co(sar)]3þ (and its
substituted analogs) have appeared.743,744 The facile and reversible one-electron redox chemistry
of these complexes has led to their employment as electron relays in the photoinduced oxidation
of coordination compounds such as [Ru(bpy)3]

2þ 745–747 and organic photosensitizers such as
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anthracene.748,749 Outer sphere electron transfer between divalent Co cages and metalloproteins
such as plastocyanin750 and cytochrome c751 has been demonstrated. The amino substituents of
[Co(NH2)2sar]3þ have been used to attach a variety of functional groups through either reductive
alkylation752,753 or amide coupling.754

Other ‘‘capping’’ reagents and templates have been employed to create Co cages with different
substituents, donor atoms, and chelate ring sizes. The acyclic hexaamine complex [Co(sen)]3þ (163)
offers one set of facially coordinated primary amines when bound to CoIII and this template has
been used to synthesize a number of similar cages bearing an inert methyl group at one cap. By
analogy with the chemistry employed in the synthesis of [Co(sep)]3þ, the group 15 hydrides NH3,

219

PH3,
755 and AsH3

756 with CH2O have been used as capping reagents for [Co(sen)]3þ to form their
respective cages (164a–c). Synthesis of the P- and As-capped cages required anhydrous conditions
(and paraformaldehyde), and the P-oxide analog of (164b) was also isolated from the synthesis of its
phosphine cage precursor.755 The longer As�C bonds in (164c) induce a conformational change
(lel3 to ob3) in the ethylenediamine chelate rings of the cage relative to their precursor confor-
mers.756 The CoIII complex of the hexadentate ligand N,N0,N0000-tris(20-aminoethyl)-1,4,7-triazacy-
clononane (165) also offers three facially coordinated primary amines, and this complex reacts with
formaldehyde and either NH3 or MeNO2 to give the corresponding tricyclic cages (166a–c).682
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The use of formaldehyde with carbon acids including higher aldehydes, ketones, and esters has
seen the expansion of this chemistry to incorporate many other substituents into the cap of the
cage. N-benzylation of 4-methylpyridine enhances the acidity of the methyl group sufficiently to
enable its employment as a carbon acid. The pyridyl-capped cage (162h) results.757 Condensation
of the diketone dibenzoylmethane with [Co(sen)]3þ and formaldehyde leads to a diphenyl-sub-
stituted diimine cage, which may be reduced to the corresponding amine (167), with stereogenicity
induced at the reduced imine C atoms.758 Methyl aryl ketones (ArCOCH3) are also sufficiently
acidic to enable their use as capping reagents for [Co(sen)]3þ in combination with paraformalde-
hyde, which leads to the corresponding aroyl-substituted cage (Ar¼ phenyl, naphthyl, phenan-
thryl, anthracenyl, anthroquinonyl).759 These compounds have been proposed as candidates for
DNA intercalation760 and also as photosensitizers.
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Variations on the basic bicyclo-eicosane (20-membered) [Co(sar)]3þ cage structure were a later
development. Instead of capping the [Co(en)3]

3þ or [Co(sen)]3þ templates, ‘‘strapping’’ reactions
involving the threefold cross linking of [Co(tame)2]

3þ (30) with combinations of aldehydes have
been achieved, albeit in poorer yields. The first example of this approach involved the synthesis of
the pentamethyl expanded bicyclo-tricosane (23-membered) triimine cage (168) with formalde-
hyde and propionaldehyde as the strapping reagents, followed by imine reduction to the hexamine
(169). The hexamine exhibits contrasting physical properties with its smaller-cavity [Co(sar)]3þ

relatives (162) such as an anodically shifted CoIII/II redox potential, elongated Co�N bond
lengths and red-shifted electronic maxima.761 Substitution of priopionaldehyde with
isobutyraldehyde in this synthesis leads to further stabilization of divalent Co. The ensuing
octamethylated hexamine analog of (169) (with gem-dimethyl groups on each strap), is as stable
in the divalent oxidation state as compound (31), and the trivalent complex is only accessible
through using controlled potential electrolysis.220
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(ii) Pyridine and oligopyridines

(y) Monodentate. No trivalent Co complexes bearing six pyridine ligands are known. The trans-
[Co(py)4(OH2)2]

3þ and [Co(py)4(OH)2]
þ complexes are known, but they are highly reactive in acidic

chloride solution to ligand substitution and ultimately to reduction to the divalent state.762

(z) Multidentate. There are many parallels between the coordination chemistries of the biden-
tate ligands 2,20-bipyridine (bpy) and 1,10-phenanthroline (phen). Both ligands form five-mem-
bered chelate rings comprising a pair of pyridyl N-donors, and they stabilize the trivalent forms of
their Co complexes relative to the unknown [Co(py)6]

3þ analog. This can be attributed to the
chelate effect but also to the elimination of H ���H repulsion in the pyridyl complex through the
formation of covalent C�C bonds in their place. Both [Co(bpy)3]

3þ and [Co(phen)3]
3þ are

well-characterized, stable low-spin complexes. The crystal structures of both [Co(phen)3](ClO4)3

and [Co(bpy)3](ClO4)3 have been reported.763 The [Co(bpy)3]
3þ ion has been crystallized with a

number of paramagnetic complex anions and the magnetic and spectroscopic properties of these
systems have been studied.764,765 Furthermore, it is found that the inert chiral CoIII complex
induces the crystallization of chiral, anionic three-dimensional coordination polymers of oxalate-
bridged metal complexes of the form [MII

2(ox)3]n
2n� or [MIMIII(ox)3]n

2n�.764

Outer sphere electron transfer reactions involving these complexes have been extensively
investigated. The high CoIII/II redox potentials of the bpy and phen complexes make them ideal
one-electron oxidants. The pressure-dependence of their redox potentials have been examined,
with substantial (ca. 200 mV) negative shifts being found at high pressure (10 kbar).766 Outer
sphere reactions of [Co(bpy)3]

3þ and [Co(phen)3]
3þ with simple coordination compounds have

revealed a number of interesting features. Reaction with Craq
2þ led to a variety of products

including [Cr2(bpy)(OH)2(OH2)6]
4þ, Coaq

2þ, [Co(bpy)(OH2)4]
3þ, in addition to uncomplexed

(intact) bpy and reduced bpy.767 The kinetics of oxidation of a series of [Ru(NH3)5X]2þ complexes
(X¼ substituted pyridine) by [Co(bpy)3]

3þ have been studied,768 with the electron transfer rates
being correlated with Hammett sigma parameters of the pyridyl substituents. Oxidation of the
[Cr(bpy)3]

2þ and [Cr(phen)3]
2þ ions by their CoIII analogs were found to be significantly non-

adiabatic,651 a result confirmed in other outer sphere reactions involving these oxidants where a
large driving force is operant.769 A number of other studies of electron transfer with CoII 589,770

and ferrocene771 have appeared. Outer sphere electron transfer reactions between proteins and
polypyridylcobalt complexes are discussed in Section 6.1.3.1.5.

Chiral recognition of �-[Co(phen)3]
3þ has been observed in a modified �-cyclodextrin.772

Chiral discrimination has also been seen in photoinduced energy transfer from luminescent chiral
lanthanoid complexes773 to [Co(phen)3]

3þ and between photoexcited [Ru(bpy)3]
2þ and

[Co(phen)3]
3þ co-adsorbed on smectite clays.774 The [Co(bpy)3]

3þ ion has been incorporated
into clays to generate ordered assemblies and also functional catalysts. When adsorbed onto
hectorite, [Co(bpy)3]

3þ catalyzes the reduction of nitrobenzene to aniline.775 The ability of
[Co(phen)3]

3þ to bind to DNA has been intensively studied, and discussion of this feature is
deferred until Section 6.1.3.1.4.

The structures of Co complexes of the tridentate terpy invariably exhibit a compression of the
Co�Ncentral coordinate bonds relative to the Co�Ndistal bond lengths, as a consequence of
restraints imposed by the meridionally disposed pair of five-membered chelate rings. This is
clearly seen in the [Co(terpy)2]Cl3 crystal structure776 where the Co�Ncentral,distal bond lengths
are 1.86 Å and 1.93 Å respectively. Like their amine analogs, there are countless examples of more
complicated mixed-donor pyridyl-based ligands complexed with Co and these examples cannot be
covered in a review of this breadth. Some miscellaneous examples of mixed-donor polypyridyl-
amine complexes of CoIII include di(2-pyridyl)methanamine (170),777 and N,N,N0,N0-tetrakis
(2-pyridylmethyl)ethylenediamine (171).778
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(iii) Porphyrins, corrinoids, and polypyrroles

Trivalent complexes of porphyrins (like their divalent analogs) have found many uses in sensor
technology and catalysis. Meso-tetraphenylporphyrin (H2TPP) (172), the most common of all
synthetic porphyrins, has been used extensively in this regard. The {CoIII(TPP)} moiety has been
incorporated into a chemically modified, heat-treated glassy carbon electrode to produce an
amperometric sensor for hydrazine operating at 0.5 V vs. Ag/AgCl, incorporated into a flow
injection analysis system.779 A substituted analog Co(TmapP) (Tmap¼ 4-trimethylammonium-
phenyl) also exhibited catalytic electro-oxidation of hydrazine in solution.780
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It has been shown that CoIII porphyrins are effective oxygenation catalysts. Alkyl- and aryl-
substituted Co complexes of the dianions of H2TPP and H2OEP (173) undergo dioxygen insertion
reactions to form alkyl(aryl) peroxy intermediates, which have been isolated and characterized.781

The alkylperoxy complexes ultimately break down to release the corresponding alcohol. Peroxi-
dation of fatty acids and esters (linoleic acid, methyl linoleate, and linolenic acid) has been
achieved with Co(TPP)Cl as a precursor, which initiates an auto-oxidative radical-chain reaction
in oxygen-saturated MeCN solution. Another transformation catalyzed by a Co porphyrin is the
oxidation of CH2¼CHCH¼CHCO2Et to MeCH2COCH¼CHCO2Et catalyzed by
Co(T (2,6-Cl2Ph)P).782

A detailed chemical and electrochemical investigation of the oxidation and coupled chemical
reactions of alkyl substituted trivalent Co(TPP)R (R¼Bu, Et, Me, Ph) found that one- or two-
electron oxidation of the CoIII �-bonded complexes led to R group migration to give the N-aryl or
N-alkyl CoII porphyrins.783 The rates of migration (from Co to N) in the series varied by six
orders of magnitude. Determination of the Co�C bond dissociation enthalpies and entropies
revealed that the CoIV�C bond in the singly oxidized species is significantly weaker than the
CoIII�C bond of the precursor. A high-valent CoIV¼O intermediate was postulated as the active
species in the catalytic hydroxylation of alkanes by an electron-deficient CoIII porphyrin in the
presence of m-chloroperbenzoic acid with high regioselectivity.784 Co(TPP)(NO2)(py) is capable of
oxo-transfer catalysis, involving a pentacoordinate Co(TPP)(NO2) intermediate which can stoi-
chiometrically oxidize allyl bromide.785 Both radical and nonradical oxo-transfer steps are
involved in the mechanism, suggesting a peroxynitro intermediate in the reaction of reduced
Co(TPP)(NO) with dioxygen. Kinetics of the reaction of the porphyrin complex Co(TTP)Cl with
a range of substituted imidazoles (R-im) has shown that Co(TTP)(R-im)Cl is formed rapidly, then
undergoes slower interconversion by rate-determining chloride ionization to the cationic complex
[Co(TTP)(R-im)]Cl, a process sensitive to hydrogen-bonding interactions.786

The ring-contracted analogs of the porphyrin family (corroles) and their hexahydro derivatives
(corrins) have attracted a considerable amount of attention because of their biological relevance
(the Co–corrin moiety is found in co-enzyme B12, see Section 6.1.3.1.1) and also due to their
potential use in optoelectronics and catalysis. By analogy with their porphyrin relatives, substi-
tuents on the corrole ring may be found at the beta (pyrrole) or meso (methine) positions. An
important distinction between these ligands is that the smaller ring corrole is a tribasic acid, in
contrast to its dibasic porphyrin analogs. The 5,10,15-triphenylcorrole (H3TPC) (174) may be
synthesized in one pot by reaction of benzaldehyde with an excess of pyrrole (the same reagents
used in the synthesis of H2TPP).787 The crystal structure of Co(TPC)(PPh3) was also reported.
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In the tris-pentafluorophenyl analog (TFPC), in contrast to other Co corroles, aromatic amines
can substitute PPh3 to form six-coordinate trivalent bis(amine) complexes.788 Bis-chlorosulfon-
ation of TFPC occurs regioselectively to give the 2,17-(pyrrole)-bis-chlorosulfonated derivative
fully characterized as its triphenylphosphinecobalt(III) complex.789 The amphiphilic bis-sulfonic
acid was also obtained.

Electrochemical oxidation of the CoIII complex of the octamethylcorrole trianion (OMC)
identified two reversible, ligand-centered responses, and two metal-centered reductions, depending
on solvent.790 Similarly, the octaethyl analog [PhCo(OEC)]� (175) undergoes sequential facile
ligand-centered oxidations and the crystal structures of the one and two-electron oxidised com-
plexes PhCo(OEC) and [PhCo(OEC)]ClO4 have been determined.791 A number of meso-phenyl
substituted derivatives of OMC were reported and spectroscopic measurements indicated the
maintenance of ligand planarity despite the insertion of the bulky aromatic groups.792 The
structures of a number of alkylcobalamin complexes have been investigated by molecular
mechanics calculations, and it was concluded that the structure of the ground state is influenced
by the same factors that control the strength of the Co�C bond in these compounds.793 A density
functional theory analysis of these complexes has been reported and the results from this study
are consistent with experimentally observed structural and magnetic data for the ground state
electronic configurations of these compounds.794 Dimeric corrole complexes of Co have been
investigated bearing bridges such as anthracene.795 This and other ‘‘face-to-face’’ Co–corrole
dimers are capable of catalyzing the four-electron reduction of O2 to water.796

Co–corrins are also efficient catalysts of a number of (bio)organic transformations including the
oxidation of quinols,797 raising the possibility of their use as catalytic generators of oxygen-based
radicals for targets such as DNA. The nitrosyl phthalocyanine complex Co(Pc)(NO) (176) reacts
with pyridine in air at high pressure to give the nitro complex Co(Pc)(py)(NO2) which is an
oxidant for the stoichiometric and catalytic oxidation PPh3 to Ph3PO (in an inert atmosphere)
regenerating the nitrosyl complex.798
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(iv) Imidazole, pyrazole, and related ligands

These heterocyclic unsaturated ligands share similar coordination chemistry with trivalent Co.
The isomers imidazole (Him) and pyrazole (Hpz) are monodentate ligands in their neutral state.
Upon deprotonation, they gain the ability to act as bridging ligands. Oxidation of [Co(Him)6]

2þ

with H2O2 generates the trivalent octahedral complex.799 The first three pKa values of the
[Co(Him)6]

3þ ion were determined to be 8.65, 9.88, and 10.63. The pKa values of coordinated
imidazole itself (or as part of a histidyl residue) have been determined for [Co(NH3)5(Him)]3þ,800

[Co(en)2(Him)(OH2)]
3þ 801 and in the peptide histidylglycylglycine complex Co(hisglygly)

(NH3)2.
802 In these cases, the imidazole pKa is in excess of 10. The CoIII complex of the peptide

N-(2-(4-imidazolyl)ethyl)pyridine-2-carboxamide (PyepH), a molecule resembling part of the
metal-chelating portion of the antitumor drug bleomycin, has been prepared.803 Electrochemical
reduction of the compound in DMF or MeOH gives rise to an unstable CoII species. The
photoactive Co complex showed high capacity for DNA cleavage under UV illumination.804

The imidazole group was found to be capable of bridging two Co centers in both trinuclear
and tetranuclear analogs of this system.805 The imidazole-bridged binuclear and trinuclear
ammine complexes [{(H3N)5Co}2(im)]5þ and cis-[(H3N)4Co{(im)Co(NH3)5}2]

7þ have been synthe-
sized, and the crystal structure of the latter complex reported.806

Studies of the reactivity of imidazole coordinated to CoIII have identified some interesting
chemistry. The imidazole ligand in cis-[Co(en)2Cl(Him)]2þ may be nitrated (at the 4-position)
under mild conditions with a HNO3�H2SO4 nitrating mixture, whereas the pyridine analog
cannot be nitrated without complex decomposition.807 Nucleophilic displacement of the nitro
group of the coordinated ligand by Cl� was also found. Treatment of [Co(NH3)5(Him)]3þ with
Br2(aq) in acetate or phosphate buffer between pH 4 and 6 results in exclusive formation of the
oxidized [Co(NH3)5(2,4,5-oxo-im)]2þ complex (2,4,5-oxo-im¼ conjugate base of imidazolidine-
2,4,5-trione, or parabanic acid). A mechanism involving a tetrabrominated imidazole intermediate
was proposed.808 Chlorination results in the same product. An unusual linkage isomerization of
[Co(NH3)5(4-Meim)]3þ (from adjacent to remote methyl group isomer) was observed and a
mechanism involving a largely dissociative transition state was proposed.809

There are relatively few reports of trivalent Tp complexes by comparison with mono- and
divalent systems. One interesting example involved transmetallation (from Sn to Co) in the
reaction of TpSnCl3 with [Co(CO)4]

� to give a mixture of products from which [Co(Tp)2][trans-
[(CO)4Co(Cl2Sn)2Co(CO)3] was isolated and characterized by X-ray crystallography.810

(v) Imines

Cobalt(III)-directed reactions, where the metal either directs the stereochemistry or activates the
coordinated precursor, have played an important role in the development of imine coordination
chemistry. Mixed donor imines coordinated to CoIII have been produced by metal-templated
reactions. Anation of [Co(NH3)5(OH2)]

3þ by 5-bromo-2-oxopentanoate at pH 5 gives two major
products, the 2-oxo-2-cyclopropylethanoato complex and the 5-hydroxy-2-oxopentanoato com-
plex, both which were converted to tetraammine-iminocarboxylato chelates by attack of an
adjacent deprotonated ammine ligand.811 The tridentate monoimine analog of dien (dienim) is
formed directly by condensation of acetaldehyde with ethylenediamine in the presence of CoCl2
and H2O2, and isolated as the mer-[Co(dienim)(en)Cl]ZnCl4 complex.812 A series of �-amino acid
complexes [Co(en)2(H2NCH(R)CO2)]

2þ (R¼CH2OH, CH2SMe, CMe2SMe, CH(Me)OH) react
with SOCl2 in DMF, undergoing �-elimination to give the related imine complex or else reacting
further to give chelated isothiazole-3-carboxylato complexes.813 Intramolecular condensation
between N-bound aminoacetaldehyde and the terminal primary amine of coordinated trien
(135) leads to the imine, [Co(tetraenim)Cl]2þ; the (hydrated) carbinolamine intermediate was
also identified. The carbinolamine results from condensation of the aldehyde with the most acidic
coordinated amine trans to Cl� and this species is unable to dehydrate until after ligand
rearrangement that permits formation of a planar imine N-donor.814 Methylene imines coordin-
ated to Co ((177)815 and (178)756) have been isolated from reactions of hexaaminecobalt(III)
precursors with formaldehyde in anhydrous solvent. These imines are highly reactive towards
nucleophiles and are rapidly hydrolysed in neutral aqueous solution, but are stable in strong acid.
The trigonally symmetric potentially heptadentate triacid trensal forms charge neutral complexes
with most trivalent metal ions, including CoIII (179), although the apical tertiary amine does not
coordinate in this case.816
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Complexes of imine ligands formed from salicylaldehyde have been widely investigated. Oxy-
genation of Co(salen) (69a) in alcoholic (ROH) solution involves a rate-determining proton
transfer from ROH to the coordinated O2 ligand, ultimately affording the corresponding alkoxy-
cobalt(III) complex (180), which may be hydrolyzed to the hydroxocobalt(III) derivative in
water.817 The rate of oxidation of Co(salen) in MeOH solution is increased rapidly in the presence
of Bu3SnCl, leading to [Co(salen)Cl][BuSn(OMe)Cl2] where the trivalent Co moiety may be
considered a ligand for the Sn complex.818 The coordinatively saturated Co(saldtn)(OH) complex
(181) catalyzes the selective aldol condensation between dibenzoylmethanes and formaldehyde in
methanol to give 1,1,3,3-tetrabenzoylpropanes, which undergo a retro-Claisen reaction to give
1,3-dibenzoylpropanes in CH2Cl2.

819 The complex of the substrate anion is the reactive species.
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Spectroelectrochemistry of the trivalent peroxo-bridged dimer {(DMSO)(salen)Co}2(�-O2) in
DMSO has been investigated.820 Two-electron, controlled-potential oxidation liberates O2 leaving
the solvated complex [Co(salen)(DMSO)2]

þ, while reduction produces the divalent compound. By
analogy with the dioxygen/peroxide chemistry of these systems, treatment of Co(salphn) (69b)
with elemental S in THF or pyridine gives the tetrasulfide complexes {(L(salphn)Co}2(S4)
(L¼THF, py), whereas in the presence of Naþ in THF the trivalent �-persulfido complex (182)
[(salphn)Co(�-S2)Co(salphn)Na(THF)2]BPh4 results. A S�S distance 1.962(9) Å was determined
from its crystal structure.821 Removal of the Naþ ion (not shown here), which bonds with the O
donors and the bridging persulfide, leads to decomposition of the complex.822

Complexes based on (183) ([Co(acacen)(NH3)2]
þ with a peptide spacer attached to one of the

methyl groups) have been patented as potential agents that bind to surface histidine residues on
proteins.823,824 The potential uses for this are as bactericides, antimicrobial or antiviral agents, as
reducing agents, or for protein labeling. Inhibition of proteins such as carbonic anhydrase,
thermolysin,825 �-thrombin826 and a zinc finger-containing transcription factor827 was demon-
strated by this class of compound. The activity of these compounds was found to be dependent on
the amino acid residues in the linker. The structure and spectroscopy of the 3-chloro derivative of
the parent complex trans-[Co(acacen)(NH3)2]

þ were reported separately.828

The kinetics of electron transfer (both heterogeneous and homogeneous) involving trivalent Co
complexes of hmd590,829 and tmt830,831 have been well studied. [Co(hmd)(OH2)2]

3þ undergoes
photoreduction in an aqueous acidic solution using [Ru(bpy)3]

2þ as photosensitizer and phenol as
the sacrificial electron donor.832 Ligand substitution reactions of trans-[Co(hmd)X2]

nþ at the
labile (X) sites have been thoroughly investigated. Examples of leaving groups (X) include
halide833–835 and aqua.836

The UV irradiation of a mixture of [Co(NH3)5(OAc)](ClO4)2 with the divalent precursor (184)
in 0.1 M HClO4 yields the methyl complex rac-[MeCo(hmd)(OH2)]

2þ (185). The complex was
crystallized and its structure has been determined.837 The alkyl homologs [RCo(hmd)(OH2)]

2þ
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(R¼Et, Pr), prepared independently, undergo unimolecular homolysis (effectively the reverse
process) and the activation enthalpy for these processes were determined.838
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Methylation of [Co(tmt)]2þ with MeI leads to the potent methyl carbanion donor trans-
[Co(tmt)Me2]

þ (186). Reaction of this complex with variety of methyl–lead(IV) compounds in
MeCN is rapid, leading to the same monomethylcobalt(III) product, but resulting in different
methylated Pb derivatives depending on the reaction stoichiometry and Pb compound.839 The
same complex rapidly transfers Me groups to Zn2þ and Cd2þ in MeCN,840 or Pb2þ and Sn2þ in
water.302,841 The kinetics of Co�C bond formation in the reactions with primary alkyl and
substituted primary alkyl radicals has been found to be influenced more by the structure of the
macrocycle than by the nature of the radicals.842
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The alkyl complexes RCo(tmtaa) (187) (R¼Me, Et, or Ph), were synthesized and studied by
cyclic voltammetry.843 Two anodic waves, assigned to single-electron, ligand-centered, oxidative
processes were observed that were only moderately influenced by the R group. Two cathodic
waves were found. Growth of thin films by electropolymerization on a Pt electrode was achieved
during which the Co�C bond remained intact. An interesting example of an axially bound alkyl
group is provided by the norbornyl complex (188), prepared by reacting Co(tmtaa) with norbor-
nene in the presence of dioxygen. The crystal structure of this novel pendent arm macrocyclic
complex was reported.844,845 In contrast to the saddle-shaped tmtaa complexes, the 6,13-dimethyl
analog adopts a planar conformation when bound to CoII, stabilizing the CoI oxidation state by
250 mV and destabilizing the trivalent state by 160 mV relative to the tmtaa complex.846

O

NN

NN
Co

(188)

N

N

N

N
Co

R

(189)

Cobalt complexes of the fused 7-membered ring unsaturated analogs of the dibenzo-[14]
tetraazaannulenes, the tropocoronands (H2TC), have also been reported. The crystal structure
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of five-coordinate ClCo(TC) has been determined ((189) where R¼Cl).847 The alkyl derivatives
RCo(TC) (R¼Et, Pr) were prepared, but were diamagnetic in contrast to the chloro precursor.
The alkyl complexes homolyze in solution either on exposure to light or at elevated temperatures
in the dark, to afford the corresponding divalent tropocoronand complex and an alkyl radical.848

Five-coordinate thiolate and nitrosyl derivatives have also been prepared.849

(vi) Oximes

Although oxime complexes of Co share many of the physical properties of their imine relatives,
the presense of an ionizable OH group attached to the coordinated N¼C group leads to these
ligands binding in their anionic forms. For this reason, the trivalent oxidation state is preferred in
the Co coordination chemistry of oximes.

The hexadentate so-called clathrochelates are formally derived from Co(dmg)3 with borate
‘‘caps’’ at either end; the archetypal example being the trivalent (190). Like the hexaamine analog
[Co(sep)]3þ cage, the encapsulated metal ion is insulated from its surrounding solvent. Further-
more, the low charge of the complex decreases outer sphere (solvent, ion pairing) contributions to
electron transfer and a number of structural and electron transfer investigations have been
reported for these systems.850–852 Increasing the bulk of the oxime substituents (diphenglyoxime,
cyclohexanonedioxime) decreases further the outer sphere contributions to electron transfer
leading to an enhancement of the CoIII/II self-exchange rate.853 Further, Co complexes bearing
a variety of different caps including ferrocenylborate,854 butylborate,855 phenylborate,856 and
trichlorostannate(IV)857 have been reported.

A variety of 4-substituted-1,2-benzoquinone-2-oximes (Me, Cl, Br) (analogs of the green
pigment ferroverdin) form tris bidentate CoIII complexes, that are mixtures of fac and mer
isomers.858 Another ferroverdin analog, 1-phenyl-2-(hydroximino)-1,3-butanedionate, forms a
tris-bidentate CoIII complex which has been synthesized and characterized structurally.859

A trigonally symmetric (fac) isomer was observed. The hexadentate tripodal trioxime
MeC(CH2NHCMe2C(Me)¼NOH)3 (H3tox) was synthesized from the triamine tame (131) and
2-chloro-2-methyl-3-nitrosobutane.860 The complex with CoIII was crystallized in both its tri-
positive (fully protonated) and singly deprotonated dipositive forms. Attempts to cap
[Co(H3tox)]3þ with aqueous borate and phenyl boronate were unsuccessful, resulting instead in
partial ligand hydrolysis. Oxamide oxime forms a trigonally symmetric tris-bidentate CoIII com-
plex [Co (H2oxao)3]I3 and its structure was determined by single crystal X-ray diffraction.861 The
bis-bidentate (N,O) complexes trans-Co(HQ)Q(L)2 (H2Q¼ 2-oximinopropionic or 2-oximino-3-
phenylpropionic acids; L¼monodentate aromatic N-donor) were reported.862 Extension of this
ligand by addition of a glycyl residue produces the tridentate ligand N-(2-oximinopropionyl)
glycinate and its bis CoIII complex (mer isomer) was also characterized.863

One of the most commonly encountered oxime ligand systems involves the cooperative coordin-
ation of two bidentate dmg anions. When coordinated in a trans configuration internal hydrogen
bonding between cis-disposed protonated and deprotonated oxime groups (N–O–H ���O–N)
leads to a 14-membered pseudo-macrocyclic CoN4 array, as seen in the structures of trans-
[Co(dmg)2X2]

þ ((191) X¼H2O
864 and py865). There has been a substantial effort devoted to the

biomimetic chemistry of cobalamins (B12) using polyoxime ligands, and a discussion of this area is
to be found in Section 6.1.3.1.1.

Alkyl Co oxime complexes have been used as chain transfer catalysts in free radical polymer-
izations.866,867 Regioselective hydronitrosation of styrene (with NO in DMF) to PhCMe¼NOH
is catalyzed by Co(dmg)2(py)Cl in 83% yield.868,869 Catalytic amounts of the trivalent
Co(dmg2tn)I2 (192) (X¼ I) generate alkyl radicals from their corresponding bromides under
mild reaction conditions, allowing the selective preparation of either saturated or unsaturated
radical cyclization products.870

(vii) Amides

Amides offer both O and N-donors for Co coordination. N-bound amides are accessible through
hydrolysis of their corresponding coordinated nitrile or by linkage isomerization of the O-bound
form. The preparation of an extensive series of pentaamminecobalt(III) complexes of (monoden-
tate-coordinated) amides of the form RCONH2 (R¼H, Me, CF3, CH2Cl, CH2F, CH¼CH2, Ph,
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p-C6H4F, o-C6H4NO2) has appeared.871 N-Bound amides are quite acidic (pKa < 4) and are able to
be isolated in both their neutral (enol) [(H3N)5CoNH¼C(OH)R]3þ and monoanionic (amidate)
[(H3N)5CoNHCOR]2þ forms. For example, the N-bound amidate form of the phenylurea com-
plex (193) is stable, whereas the protonated form (194) spontaneously undergoes linkage isomer-
ization to the O-bound isomer (195). This reaction is in competition with ligand hydrolysis via
[Co(NH3)5(NCO)]2þ to give [Co(NH3)6]

3þ.872 Interestingly, (195) does not undergo hydrolysis but
instead ligand substitution (aquation) occurs to give [Co (NH3)5(OH2)]

3þ and unbound urea.
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Addition of [Co(en)2(gly)]2þ to a solution of SOCl2 in DMF followed by hydrolysis resulted in
oxidation and formylation of the glycinato ligand. The N-formyloxamato complex and elemental
S were identified as products.873 Multidentate amides met as peptides, for example, invariably
bind through at least one deprotonated peptide N atom. A number of mixed ligand CoIII

complexes of the dipeptide gly–gly have been prepared. The peptide coordinates in a meridional
configuration, and the crystal structure of mer-Co(gly–gly)(en)(NCS) was reported.874 The
corresponding nitro complex undergoes a condensation reaction at the N terminus with CH2O
to give an unusual 1,3-oxazine, which is coordinated through carboxylato O, peptide N, and
imine N atoms.875 The dipeptides (H2dipep¼L-met-gly, gly-L-met, L-met-L-ala and L-ala-L-met)
have been complexed with Co. A number of compounds of the form [Co(dipep)2]

�,
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[Co(dipep)(en)]þ and cis-[Co(dipep)(NH3)2]
þ were prepared and characterized by NMR and CD

spectroscopy.876 The dipeptides coordinate through the terminal and peptide N atoms, the
carboxylate and the S atom of the side chain. The complexes Co(dipep)(NO2)3 (H2dipep¼ gly-
gly, gly-L-ala, gly-L-val, gly-L-nva, gly-L-leu, �-ala-gly) were prepared and interproton NMR
coupling over five bonds of the peptide was identified.877 The crystal structure and CD absorption
spectum of the tripeptide complex Co(NH3)2(L-ala-gly-gly) has been reported. The sole methyl
side chain on the tetradentate ligand (at the N terminal end) is in an equatorial position.878 Proline
residues attached to either end of dien result in the pentadentate ligand H2prodien, which was
characterized structurally, as well as with CD spectroscopy, as its complex [Co(prodien)(OH2)]

þ.879

The 15N NMR spectra of a number of dipeptide, tripeptide, and tetrapeptide complexes of CoIII

were measured. Coordination of oligopeptides resulted in large upfield shifts for both amine and
deprotonated amide nitrogens, and specific trans effects were also identified.880

The novel tetrabasic ligand 1,3-bis(5-methylpyrazole-3-carboxamido)propane forms a trinuc-
lear CoIII–CoII–CoIII complex (196). The tetradentate diamide-pyrazolyl chelates encircle the
terminal trivalent metal ions while the central divalent Co is in a distorted tetrahedral environ-
ment provided by the four bridging pyrazolyl rings.881
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The CoIII complexes of the macrocycle 5,7-dioxocyclam and a pendent pyridylethyl derivative
(197) have been structurally characterized.882 The ligands bind in their enol tautomeric forms in
the complexes when isolated from acidic solution, as shown by X-ray crystallography and IR
spectroscopy. The tripodal triamides (198) and (199) have been synthesized and their Co com-
plexes exhibit a pronounced cathodic shift of their CoIII/II redox couples relative to the hexaamine
analog [Co(sen)]3þ (163).883 The crystal structure of (198) was reported. Amide analogs of the
macrobicyclic [Co(sar)]3þ cages (200), using ester groups as capping fragments, have been synthe-
sized.884,885 Alternatively, homologous cages derived from tris(cyclohexane-1,2-diamine)cobalt(III)
undergo oxidative dehydrogenation to give diamide complexes where one of the cyclohexyl rings
has undergone aromatization.886
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Examples of paramagnetic (S¼ 1) trivalent Co complexes are unusual, but multidentate amide
ligands provide a significant proportion of known examples. The square planar tetraamide amide
complex (201) bears a ligand formally derived from a pair of biuret molecules bridged by a 1,2-
diphenylethyl moiety.887 The crystal structure reveals that the Co�N bonds are on average
shorter than those found in diamagnetic (octahedral) CoIII amide complexes. Similarly, (202) is
square planar, as shown by an X-ray crystal structure.888 A spin triplet ground state was also
identified in the solid state. An octahedral diamagnetic complex is formed upon addition of two
equivalents of pyridine to an aqueous solution, but no adduct forms in aprotic solvents.
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The dianionic tetradentate ligand 1,2-bis(pyridine-2-carboxamido)-benzenate (bpc) is non-
innocent. The anion (203) can be oxidized to Co(bpcox)(CN)2 which has a S¼ 1/2 ground state,
and the crystal structure of the complex has been determined.889 The open chain tetradentate
octaethylbilindione (204) (H3OEB) bears a tetrapyrrole unit found in biliverdin, an intermediate
in heme catabolism and a commonly found pigment. Carbonyl groups at opposite ends of the
open chain porphyrin relative forbid the adoption of planar conformations by this ligand in
contrast to porphyrins themselves.890 Instead, the tetrapyrrole ligand adopts a helical conforma-
tion; the monomeric Co(OEB) complex has been characterized by X-ray crystallography and
spectroscopic techniques. The compound exhibits a rich electrochemistry, with four electrochem-
ically reversible redox states [Co(OEB)]n (n¼�2, �1, 0, and þ1).891 The monopositive complex
has also been characterized structurally, and spectroscopic evidence indicates that it is a divalent
complex of the 2-electron oxidized ligand, i.e., [CoII(OEBox)]

þ. A ligand-centered radical has
been observed upon reaction of this compound with pyridine to give the [CoIII(OEB��)(py)2]

�

species.892

Epoxidation of norbornene with t-BuOOH or PhI as terminal oxidant catalyzed by the CoIII

complex of (205) was explored.893 Co catalysis is associated with the CoIII- to CoII-driven
formation of t-BuOO radicals. By contrast, there is no evidence for radical intermediates in Co
catalysis with PhIO and an oxo-cobalt(IV) species was postulated instead in this case. The chiral
square planar complex of 2,4-bis((R)-2-methylbutyramido)-2,4-dimethylpentan-3-one and other
close relatives were prepared and characterized by NMR and X-ray crystallography.894 Asym-
metric epoxidation of styrenes with these complexes and PhIO were achieved in varying yields
with modest enantiomeric excess. The pyridyl-substituted pentadentate ligand, N,N0-bis(2-
(20-pyridyl)ethyl)-2,6-pyridinedicarboxamide (H2py3p), when complexed with CoIII, catalyzes the
selective oxygenation of phenols to the corresponding p- or o-quinones.895 Crystal structures of
the [Co(py3p)X]nþ (X¼H2O, n¼ 1; X¼OH�, t-BuOO�, n¼ 0) complexes have been reported.896

The t-butylperoxo complex oxidizes alkanes such as cyclohexane via homolytic scission of the
O�O bond. The t-BuO� radicals liberated abstract an H atom from cyclohexane and the cyclo-
hexyl radical reacts with O2 to give a mixture of cyclohexanol and cyclohexanone. The bis(pyr-
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azolylethyl) analog H2pypz2p has also been synthesized and its analogous pentadentate coordi-
nated CoIII complexes have been reported.897 By contrast, the pentadentate coordinated complex
[Co(pypz2p)(OH2)]

þ is converted quantitatively to the bis-bidentate [Co(pypz2p)2]
� in solution.

The influence of the strong field amide N-donors is the driving force for this transformation.

(viii) Nitrosyl

Bound nitrosyl can display either a linear or bent geometry. The 15NO NMR shifts for five-
coordinate CoIII complexes with Schiff base or dithiocarbamato basal ligands and bent apical
nitrosyl ligands have been reported.898,899 As in C-nitroso groups, bent 15NO ligand resonances
are strongly deshielded (by 500–800 ppm) relative to comparable linear nitrosyls, and both 59Co
and 15NO shielding was found to decrease with the Co�N�O angle.

Nitrosyl complexes of Co porphyrins have attracted considerable attention. As an example,
Co(TPP)(NO), and some methoxy and nitroaromatic homologs, were prepared and the Co�NO
bonding interaction was probed using cyclic voltammetry and reflectance IR spectroelectrochem-
istry. These experiments revealed ���N�O vibrations for the one- and two-electron oxidized com-
plex; the latter being consistent with an effectively �-bonded nitrosyl.900 An extended series of
Co(TPP)(NO) analogs bearing an even greater variety of aromatic substituents was reported by
reaction of the precursor Co porphyrin with NO or with NOBF4, then reduction with cobalto-
cene. The complexes are diamagnetic, display ���N�O bands around 1,690 cm�1 and possess a bent
nitrosyl ligand (Co�N�O �120�).901 Spectroelectrochemical IR experiments showed that the
complexes undergo a reversible one-electron oxidation of their porphyrin ring and a one-electron
reduction of the Co center.902 An accurate crystal structure of Co(OEP)(NO) was determined in
order to probe apparent structural distortions found in the Fe analog.903 The Co�N vector was
within 2� of perpendicular to the porphyrin plane, whereas the Fe�N vector was tilted by more
than 6�. Equatorial M�N(porphyrin) bond length asymmetry was seen in both structures, which
was correlated with the axial M�N(O) tilt angle. Subsequent theoretical studies confirmed this
structural correlation.904

Coordination of NO to the divalent tetrasulfonated phthalocyanine complex [Co(TSPc)]4�

results in a complex formally represented as [(NO�)CoIII(TSPc)]4� (kf¼ 142 M�1 s�1, Ka¼ 3.0� 105

M�1). When adsorbed to a glassy carbon electrode, [Co(TSPc)]4� catalyzes the oxidation and
reduction of NO with catalytic currents detectable even at nanomolar concentrations. Electrochem-
istry of the same complex in surfactant films has also been studied.905 Bent nitrosyl complexes of the
paramagnetic trivalent tropocoronand complex Co(NO)(TC) ((189), R¼NO) have also been
reported.849

(ix) Nitriles, azides, isocyanides, cyanates, and thiocyanates

Nitrile coordination chemistry of Co has attracted attention as the influence of the trivalent metal
ion greatly enhances the reactivity of the C�N bond toward nucleophilic attack, especially
hydrolysis. Amine complexes of CoIII have been popular scaffolds upon which to perform these
reactions. Following syntheses of the pentaamminecobalt(III) complexes of 2- and 4-nitrobenzo-
nitrile, base hydrolysis of the coordinated nitrile to the corresponding carboxamides was investi-
gated. Rate constants for nitrile hydrolysis for these and a number of other substituted aromatic
nitrile analogs were correlated with the Hammett substituent parameters.906 The N-bonded nitrile
complexes [Co(tetren)(NCR)]3þ (R¼Me, Ph, p-MeOC6H4; tetren¼ linear tetraethylenepenta-
amine) were prepared and the kinetics of base hydrolysis were studied. The reactions involved
displacement of the nitrile to give the hydroxopentaamine as opposed to nucleophilic attack at the
nitrile carbon, i.e., the corresponding carboxamido complex is not formed.907

The ammonioacetonitrile complex (206) reacts with NH3 to produce the amidine-bonded
aminoacetamidine (207) complex, whereas in aqueous base it hydrolyzes to the amido-N-bonded
glycinamide complex (208).908 Acid-catalyzed linkage isomerization to first the O-bound form
(209) precedes formation ultimately of the amino-bonded isomer (210) as the stable product upon
deprotonation of the free amine above pH 6.

The 1,3-dipolar cycloadditions of N3
� with coordinated nitriles (211) may result in formation

of 5-substituted tetrazole complexes (212). Some examples include [Co(NH3)5(N4R)]2þ-
(R¼ p-methylphenyl, p-chlorophenyl, p-nitrophenyl (N1 bound), m-formylphenyl (N2 bound)).
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The kinetics of the reaction is first order in both nitrile complex and azide.909 NaN3 reacts with
[Co(tetren)(NCMe)]3þ at pH 5.7 to give the 5-methyltetrazolato complex [Co(tetren)(N4CMe)]2þ.
The reaction is biphasic, involving the initial rapid formation of the N1-bonded tetrazole followed
by the slow linkage isomerization to the N2-bonded complex.907
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The ambidentate isomers 3-cyanopyridine and 4-cyanopyridine have been complexed to the
pentaamminecobalt(III) moiety and their corresponding linkage isomers [(H3N)5Co(NCpy)]3þ

and [(H3N)5Co(pyCN)]3þ have been prepared.910 Their electron transfer cross reactions with
[Fe(CN)5(OH2)]

3� were investigated and were found to proceed in two stages. In the first stage,
pyCN-bridged FeII�CoIII dinuclear complexes are formed as intermediates, but their fate depends
on the linkage isomer present that undergoes rapid inner-sphere electron transfer. The binuclear
(H3N)5CoIII(NCpy)FeII(CN)5 complex undergoes inner-sphere electron transfer followed by
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complex dissociation, whereas the (H3N)5CoIII(pyCN)FeII(CN)5 isomer simply dissociates to its
reactants without electron transfer taking place. For the latter systems, outer-sphere electron
transfer is more competitive. The CrII reduction of the nitrile-bonded pentaamminecobalt(III)
complexes of 3- and 4-cyanobenzoic acid has also been studied.911 The reaction between CrII and
[(H3N)5Co(NCCH2I)]

3þ gave the unusual dinuclear complex [(H3N)5Co(NCCH2)Cr(OH2)5]
5þ as

the only product.912 The HgII analog was also prepared.
The potentially bridging 2-cyano-acetylacetonato anion has been complexed with Co in its

N-bound form to give [Co(NH3)5(NCC(C(O)Me)2)]
2þ. The bridged dicobalt(III) complex

[(H3N)5Co(�-NCC(C(O)Me)2)Co(tn)2]
5þ was also prepared.913 Inner-sphere electron transfer

between [Co(NH3)5(NCC(C(O)Me)2)]
2þ and CrII was verified by blocking the acac coordination

site with a non-reducing metal ion, which inhibited reaction with divalent Cr. The cyanoborane
complexes [Co(NH3)5(NCBH2R)]3þ (R¼Et3N, py, PPh3) were prepared from the triflatopen-
taammine precursor in acetone; further, the syntheses of some alkane nitrile analogs were
described as well as the kinetics of their base-catalyzed hydration reactions.914

Coordinated azide complexes have been widely reported. The azido complex [Co(NH3)5(N3)]
2þ

has been well explored. Amongst its applications, it is an efficient photoinitiator of polymeriza-
tion of 2-hydroxyethyl methacrylate (HEMA).915 The interaction of Me3SiN3 with
mer-CoMe3(PMe3)3 gives the octahedral CoMe2(N3)(PMe3)3 complex. This azido complex and
its trigonal bipyramidal carbonyl derivative Co(N3)(CO)2(PMe3)2 were characterized structurally.916

The complex [Co(NH3)5(OSO2CF3)]
2þ undergoes triflate substitution by cyanate and conden-

sation with acetone to form the unusual bis-bidentate imine complex (213)917 in a reaction
reminiscent of the classic Curtis condensation of acetone with ethylenediamine. Apart from the
novelty of the synthesis, the reported crystal structure was only the second of a CoN6 complex
bearing a cyanate ligand.

Co

H3N

H3N NH3

OSO2CF3

NH3

NH3

NCO–
Co

H3N

H3N NH3

NCO

NH3

NH3

Co

HN

HN NH3

NCO

NH2

NH2

(213)

2+
2+

2+

4 Me2CO

The coordination chemistry of the ambidentate SCN� and its linkage isomerism when bound to
CoIII has been reviewed.19 With CoIII, the N-bound isomer is thermodynamically stable and
commonly observed, and the Co–NCS unit (typical Co�N 1.90 Å) is usually linear, although
some deviations from strict linearity are sometimes found in practice. A more unusual monomeric
complex is mer-Co(NCS)3(PMe3)3, formed via reaction of Co(NCS)2(PMe3)2 with NO, where a
disproportionation leads to the CoN3P3 species as well as [Co(NO)2(PMe3)2] [Co(SCN)4].

918

6.1.2.3.4 Phosphorus

Phosphorus ligands bound to cobalt are met more broadly in the parallel Comprehensive
Organometallic Chemistry series, but some representative examples not also including Co�C
bonded species are presented here.

(i) Mono- and bidentate phosphines

The bicyclic phosphite ester P(OCH2)3CMe and the bidentate bis-diphosphite ((MeO)2PCH2CH2-

P(OMe)2) form trivalent CoP6 complexes of the form (214) and (215). A photophysical study
observed emission from the 3T1g electronic state in both complexes.919 Photolysis of (215) in
aqueous solution at 300 K results in photoaquation. An NMR investigation reported the long-
itudinal relaxation times (T1) of 59Co and 31P nuclei across a series of CoP6

3þ complexes (where P
was P(OMe)3 or a mono or bicyclic phosphite ester).920 The magnitude of T1 decreased as the
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symmetry of the ligands was lowered and the 59Co–31P coupling constants decreased as the
exocyclic group in the monocyclic phosphite ligand was enlarged.
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The reaction of trans-[Co(acac)2(PPh3)2]PF6 with PR3 (R¼Me or Et) in MeOH yields
trans-[Co(acac)2(PR3)2]PF6. These trans complexes are stable in dry solvents, but are rapidly
hydrolyzed in wet MeOH to give trans-[Co(acac)2(PR3)(H2O)]þ and isomerize to cis-
[Co(acac)2(PR3)2]

þ in the presence of a catalytic amount of activated charcoal.921 The cis isomers
did not undergo aquation under similar conditions. X-ray crystal structure analyses showed that
the Co�P bonds in the trans isomers were longer by approximately 0.07 Å than those of the
corresponding cis isomers. The Co�O bonds trans to the phosphine ligands were also longer than
those of the mutually trans Co�O bonds, owing to the strong trans influence of phosphine
ligands. In a comprehensive systematic study a larger number of monodentate phosphine bis
(acac)cobalt(III) complexes were prepared. The observed ratios of the cis and trans isomers of
[Co(acac)2(P(RnPh3�n)2]

þ depend upon the bulkiness (R¼Me or Et) and basicity of the phos-
phine.922 The trans isomers exhibit a strong absorption band in the expected d–d transition region,
which was assigned to a charge transfer transition between the CoIII ion and a phosphine ligand,
whereas the cis isomers exhibit the first d–d band split into two components by the lower symmetry
ligand field. Other systems studied included trans-[Co(acac)2(H2O)(P(RnPh3-n)]

þ, trans-
[Co(acac)2(amine)(PMe2Ph)]þ, and trans-(P,P)-Co(acac)(CN)2(P(RnPh3-n ))2. The crystal structures of
a number of these complexes were subsequently reported.923

Five-coordinate complexes of the form Co(PR3)2X3 (X¼Cl, Br; PR3¼PMe3, PEt3, PMe2Ph,
PEt2Ph, PEtPh2) were prepared by oxidation of their divalent Co(PR3)2X2 precursors at low tempera-
ture.924 The intensely colored, paramagnetic (�eff¼ 2.9–3.3 B.M) CoIII complexes were formulated as
trigonal-bipyramidal species on the basis of vibrational and UV-visible spectroscopic data. Coordinate
bond lengths for Co(PEt3)2X3 and Co(PEt2Ph)2X3 were obtained by Co and Br K-edge EXAFS
spectroscopy and average values of Co�P 2.30, Co�Cl 2.20, and Co�Br 2.36 Å were obtained.

The bidentate phosphine dppe (1,2-bis(diphenylphosphino)ethane) and the aminophosphine
eddp (2-aminoethyl-diphenylphosphine) form mixed ligand (N, P, O) complexes such as Co(acac)
(edpp)2 and Co(acac)(en)(dppe). A preference for trans N–Co–P and P–Co–P configurations over
N–Co–N was found for the bis(edpp) complexes.925

(ii) Multidentate phosphines

The tripodal phosphine mtriphos (1,1,1-tris(dimethylphosphinomethyl)ethane) forms a stable
trivalent complex (216) that has been characterized by X-ray diffraction.119 The Co�P bond
distances (2.291(9)–2.357(7) Å) are longer than those normally found in CoIII–phosphine com-
plexes. A number of trivalent CoP4X2 and CoP3X3 (X¼Cl� and Br� but not I�) complexes
have been prepared incorporating chelating phosphines such as the bidentate o-C6H4(PPh2)2,
the tridentate PhP(CH2CH2PPh2)2, and the tripodal P(CH2CH2PPh2)3 and linear
Ph2PCH2CH2PPhCH2CH2P(Ph)CH2CH2PPh2 tetraphosphines.926 Mixed donor P,N,O-ligands
such as o-C6H4(CH¼NCH2CH2PPh2)(OH) have been prepared by standard Schiff base con-
densation reactions.927 On deprotonation these ligands coordinate as tridentates to give trivalent
bis complexes of the form [CoL2]

þ. The distortions in the free ligand predispose it for coordin-
ation in a fac geometry to Co with cis-PPh2 groups, as shown by X-ray crystallography. Another
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example is the linear P2N2 tetradentate which forms cis-�- (217) and cis-�-[CoIII(L)(aa)]nþ

(aa¼ oxalate or acetylacetonate) complexes.928

NH2

Co

NH2

PhP O

OPhP

(217)

2+

6.1.2.3.5 Arsenic

(i) Monoarsines and multidentate arsines

The Co coordination chemistry of As donors is less developed than that of phosphorus, although
there are obvious parallels between the two. Treatment of Me3AsI2 with Co metal powder gives
both trivalent ([CoI3(AsMe3)2]) and divalent ([AsMe3I][CoI3(AsMe3)]) complexes as products.929

CoAs6 complexes bearing chelating tertiary arsines are well known. Preparation of the homo-
leptic CoAs6 and CoAs3P3 complexes [Co(o-C6H4(AsMe2)2)3]

3þ and [Co(o-C6H4 (PMe2)
(AsMe2))3]

3þ have been described,930 and the X-ray structure of [Co(o-C6H4 (AsMe2)2)3](BF4)3

reveals a Co ion coordinated (Co�As 2.365(2)–2.395(2) Å) within an approximately D3 symme-
trical ligand field. The CoIII complexes of a variety of the bi-(o-C6H4(AsMe2)2) tri-(MeAs
(o-C6H4AsMe2)2, MeC(CH2AsMe2)3) and tetradentate ((As(CH2CH2CH2AsMe2)3) arsines have
appeared and their 59Co NMR spectra studied.931 The characteristic chemical shift range for CoAs6

complexes was identified as about�350 ppm toþ200 ppm relative to [Co(CN)6]
3�. Solvent effects were

identified in the CoAs6 chromophores, but these were diminished in CoAs3I3 and CoAs4I2 complexes.
The CD spectra of a series of cis-[CoX2(o-C6H4(AsMe2)2)2]

þ complexes (X�¼Cl, OH, NO3,
NO2) were reported,932 and the absolute configurations of the resolved enantiomers were inferred.
In a related study the chiral and diastereomeric octahedral �-cis-� and �-cis-� Co complexes of
the linear tetraarsine Me2As(CH2)3As(Ph)(CH2)2As(Ph)(CH2)3AsMe2 gave complex CD spectral
patterns for their d–d electronic transitions, and the conclusions of this study were that CD of
complexes of such soft donor atoms are not useful for establishing absolute configuration.933

A number of bidentate chelate complexes of the saturated diarsines dmae (1,2-bis(dimethyl-
arsino)ethane) and dmap (1,3-bis(dimethylarsino)propane) have been reported including trans-
[CoX2(dmap(e))2]

þ (X�¼Cl, Br, I), cis-[CoX2(dmap)2]
þ (X�¼Cl, Br), [Co(CO3)(dmap(e))2]

þ,
and [Co(acac)3–n(dmap)n]

nþ (n¼ 0, 1, 2).934 Isomerization of cis-[CoCl2(dmap)2]
þ to the trans

isomer in MeOH is one hundred times faster than that reported for cis-[CoCl2(o-C6H4

(AsMe2)2)2]
þ at the same temperature. The crystal structure of trans-[CoCl2(dmap)2]ClO4 was

subsequently reported.935

Trivalent Co complexes of the mixed donor amino arsine emda (2-aminoethyl)dimethylarsine)
have been synthesized.936 Examples include trans(X,X), cis(As,As)-[CoX2(edma)2]

þ (X�¼Cl, Br,
and I), trans(As,As)- and trans(As,N)-[Co(acac)(edma)2]

2þ, trans(As,N)-[Co(CO3)(edma)2]
þ,

[Co(acac)2(edma)]þ, and fac-[Co(edma)3]
3þ. The fac-[Co(edma)3]

3þ complex was resolved and the
absolute configuration of the (þ)490 CD isomer was assigned as � on the basis of the CD spectrum.
Racemization of this complex was first order in both complex and hydroxide ions. The crystal
structure of [Co(acac)2(emda)]ClO4 has been reported.937

Uncomplexed chirotopic tertiary As atoms are known to undergo slow inversion and so chiral
polyarsines may be resolved into their enantiomeric and diastereomeric forms. The mixed donor
tetradentate ligand (R*,S*)-1-[(2-dimethylarsinophenyl)methylarsino]-2-[(2-aminophenyl)methyl-
phosphino]benzene was prepared stereoselectively and the crystal structure of its dichlorocobalt
(III) complex was reported.938,939 The same group reported the syntheses of the chiral tetraarsine
1-(chloromethyl)-1,1-bis(((2-dimethylarsinophenyl)methylarsino)methyl)ethane and the hexa-
arsine 1,1,1-tris(((2-dimethylarsinophenyl)methylarsino)methyl) ethane;940 the latter providing
the first example of a chiral hexaarsine.940 The three diastereomers of the tetraarsine bind to
CoIII stereoselectively.
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6.1.2.3.6 Oxygen

(i) Aqua, hydroxo, and oxo

H2O, HO� and O2� are all accessible and well-studied ligands for cobalt(III). The hexaaqua-
cobalt(III) ion is only stable in concentrated acids of non-reducing anions, being a powerful oxidant
which oxidizes water. It has been characterized in the solid state as an octahedral ion with Co�O
1.873(5) Å.941 Due to its instability, it is not a very useful entry point into synthetic cobalt(III)
chemistry. Invariably, coordinated water is consequently found in mixed-ligand cobalt(III) com-
plexes. The pKa of water is reduced substantially on coordination, and the highly polarized aqua
ligand is deprotonated around neutral pH to form hydroxo complexes. For trivalent (inert) cobalt,
which does not tend to undergo subsequent oligomerization reactions, this is usually a reversible
process. Further deprotonation to an isolated oxo ligand is rare, with this ligand found in metal-
bridging environments where the presence of several metal ion centers promotes its formation. Of
historical significance is the report of the crystal structure of Werner’s hexol cation
[Co{Co(OH)2(NH3)4}3]

6þ, where the core CoIII is surrounded by six bridging hydroxides linked
to three distal CoIII centers, obtained serendipitously when attempting to grow crystals of
carbonatopentamminecobalt(III) nitrate from water.942 Another compound from the Werner
collection characterized structurally recently is the (�-amido) (�-hydroxo)(�-
superoxo)hexaamminedicobalt(III) complex.943 Hydroxo-bridged complexes reported prior to
1988 have been reviewed in detail,944 and will not be covered here.

Although there is a tendency to associate coordinated water with Werner-type complexes,
where it is extensively established, organometallic aqua ions are known.945 The simple
[(Cp*)Co(OH2)3]

2þ has been established, and is prepared via Equation (8). The lower pKa is
5.9, similar to values in aminecobalt(III) compounds, and reversible deprotonation and dimeriza-
tion has been identified as part of the reactions of the aqua ion.946

C2Cl6

(–C2Cl4)

H2O

HCl

OH–

[CpCoIICl]2  [CpCoIIICl2]2  2 [CpCoIII(OH2)3]2+ [{CpCo}2(µ-OH) 3]+

ð8Þ

Multiple bridging involving the oxo and hydroxo anions is well established with CoIII.
A number of bridging modes can be considered as possible, and examples of most will be exempli-
fied below. Although well established in iron chemistry, the mono-bridged oxygen analog is not
well established in Co chemistry. Dihydroxy-bridged systems, however, are well known; an
example is (en)2Co(�-OH)2Co(edda), which also features different ligand sets around each octa-
hedral Co center.947 The trihydroxy-bridged systems are less commonly reported, but examples
exist; a simple one is the structurally characterized [{(tacn)Co}2(�-OH)3]

3þ.948 Two examples of
�3-oxo in a cobalt(III) complex are in the partial cubane [Co3L3(�-OH)3(�3-O)]Cl
(L¼ ethylenediamine-N-acetate)949 and in the cubane Co4(�3-O)(�-OAc)4(py)4.

950 Another com-
pound with �3–oxo bonding arises from reaction involving salicylaldoxime, leading to a species
with a triangular {Co3(�3-O)(�2-OPh)} core.951 A �3-O coordination mode is found in
[Co4O4(OAc)2(bpy)4]

2þ,952 where each Co is in a distorted octahedral environment. The red
dicobalt (218), green–black partial cubane tricobalt (219) and brown cubane tetracobalt (220)
structures have all been characterized by X-ray crystallography, and their synthesis is straightfor-
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ward. The first two form via reaction in 3:1 MeOH:H2O and the latter through ‘‘dimerization’’ in
DMSO, as in Equations (9–11).

Co(OAc)2 + bpy (1:1 ratio)
H 2O 2

50°C
[Co2(OH) 2(OAc) 3(bpy) 2]+ ð9Þ

Co(OAc)2 + bpy (3:2 ratio)
H 2O 2

50°C
[Co3(O)(OH)3(OAc)2(bpy) 3]+ ð10Þ

[Co2(OH)2(OAc)3(bpy)2]+  + 2Li 2O 2 [Co4(O)4(OAc)2(bpy) 4]+
DMSO

70°C
ð11Þ

Further, a �4-O is reported in the structurally more complex cluster Co8O4(OBz)12-
(MeCN)3(H2O), where the CoIII

4O4 cubane bridges through each of four �3-O groups in the
core to a CoII five-coordinate site, making the oxo groups �4-O by this attachment (Figure 8).953

Heteronuclear bridged systems featuring hydroxo and or oxo ligands are also known. An
example of this category is the hydroxo-bridged heterotrinuclear complex ion
[Cu{(HO)2Co(en)2}2]

2þ, where the CuII is surrounded by four bridging hydroxides linking in
pairs from two octahedral CoIII centers.954 Another related example, where in this case the central
metal is in an octahedral environment, is the series [MII{(HO)2Co(en)2}3]

5þ (M¼Ni, Zn, Mg),
prepared by reaction of [Co(en)2(OH2)2]

3þ with MCl2 in water at pH �8.955 Yet another, where
the concept is extended to the central metal ion being an eight-coordinated ion, is the series
[MIII[(HO)2CoIII(NH3)4]4]

7þ (M¼Ce, Y, La, Pr, Gd).956

Oxo ligands find their fullest expression in polyoxometallates, dominantly of high-valent Mo
and W. Polyoxometallates have been extensively reviewed.957–959 An example of a polyoxometal-
late cluster incorporating cobalt(III) is [CoW12O40]

5�. This has the CoIII in an unusual tetrahedral
geometry, as in the CoII analog from which it can be oxidized reversibly.960 The trivalent complex
is a strong oxidizing agent.

(ii) Dioxygen, superoxide, and peroxide

The interaction of dioxygen with Co centers has its roots in the very beginning of Co chemistry.
Biorelevance is a theme that retains a sturdy interest in these systems to the present time (see
Section 6.1.3.1.3). Dioxygen can bind reversibly to Co complexes where they retain their
integrity as monomers. Further, binding which generates a dimer can be reversible, as observed
with [Co(terpy)(bpy)X]2þ in polar non-aqueous solvents where X is a labile group such as
trifluoromethanesulfonate or 4-chloro-3-nitrobenzenesulfonate.961 Peroxide (O2

2�) as a bridging

Figure 8 Stereoview of the [Co8O4(OBz)12(MeCN)3(OH2)] cluster, with phenyl rings and H-atoms omitted
(reproduced with permission of the American Chemical Society from Inorg. Chem., 1995, 34, 4160–4166).
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ligand between two cobalt(III) centers is an enduring theme in Co chemistry, as is superoxide
(O2

�). The commonly brown �-peroxo complexes are usually easily oxidized to the typically green
�-superoxo complexes, as defined in the first edition.

Dioxygen and its ions can bind in mononuclear and dinuclear structures in a number of
ways,962 as illustrated in Scheme 1. The typical reaction of dioxygen with Co compounds involves
a number of these binding forms, outlined in Scheme 2. Mononuclear CoIII�peroxo complexes are
relatively rare, but yellow trigonal bipyramidal complexes [Co(O2)L2]

þ (L¼ chelating phosphines
dppe or dppp) have been characterized structurally where the O2

2� is bonded to the Co in the
side-on �2 form (Co�O 1.858(7)–1.881(4) Å), with O�O stretching frequencies (�870 cm�1)
consistent with CoIII–peroxo speciation.963
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Dioxygen anions (peroxide and superoxide) in a bridging mode are more common. As represen-
tative examples, a selection of structurally characterized dicobalt dioxygen complexes is collected
in Table 3. It is notable that the type of companion ligands influences the bridged dioxygen
moiety. For example, the presence of a polyamine with unusually short Co�N distances has an
effect on the superoxide O�O distance, which is shorter than in the simple decaammine analog.964

Raman spectroscopy provides one method for monitoring behavior in solution for both superoxo
and peroxo compounds, with the position of the strong Raman-active O2 vibration reflecting
bond strength. Multiple bridging also influences both Raman and structural parameters. A rare

Table 3 Some structurally characterized dicobalt dioxygen complexes.

Dioxygen unit Other bridging groups Other ligands References

cis-�-peroxo Ph2PO2, phenoxo polyimine/amine 966
cis-bis(�-superoxo) hydroxo polyamine 967
cis-�-peroxo acetato, alkoxo polyimine/amine 968
trans-�-peroxo bpy, terpy 961
trans-�-superoxo polyamine 964
cis-�-peroxo hydroxo imidazole/thioether 969
cis-�-peroxo thiolate polyamine 970
trans-�-peroxo polyamine/imine 971
trans-�-superoxo polyamine/imine 971
cis-�-peroxo thiosulfato polyamine 972
trans-�-peroxo aminosugar 973
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example of a �3(�
1,�2)-peroxo bridge between CoIII and PbII has been reported in a macrocyclic

polyimine compartment ligand where phenoxo groups link metals in each compartment.965

Examples are tending to be more sophisticated and complex in form. For example, a dinuclear
complex featuring a bridging phosphinate and phenolate in addition to peroxide (221) has been
reported,966 as a model for phosphodiester systems. Apart from dicobalt(III) systems, a mixed-
valence CoII,III di-�-superoxo complex (222) has been prepared.967 Transition between the three redox
states CoII,II, CoII,III, and CoIII,III is electrochemically reversible.

N N

ON N
Co Co

O O
O O
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Ph OMe

N N
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NMe
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NMe
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A detailed study of the reaction of the CoII complex of 1,4,7,10,13-pentaazapentadecane
([15]aneN5) with dioxygen to form CoIII complexes has been reported.974 Formation equilibrium
constants for the superoxo (2.2� 107 M�1) and peroxo (1.2� 1020 M�2) were calculated, as well as
ligating properties of superoxide and peroxide towards [Co[15]aneN5(OH2)]

3þ (1012 M�1 and
2� 1037 M�2 respectively), defining the strength of the dioxygen anion complexes. The formation
constant with superoxide is similar to a value of 108 M�1 deduced for the transient superoxo
complex of CoII(EDTA).975 The mechanism of the superoxo monomer [Co(CN)5(O2)]

3� decom-
position in aqueous solution has been examined,976 and involves partial decomposition to a
pentacyanocobaltate intermediate which binds an undissociated dioxygen-bound monomer to
form the dimer [{(NC)5Co}2(�-O2)]

6�. This in turn hydrolyzes to form [Co(CN)5(OH)]3� and
[Co(CN)5(OOH)]3�.

(iii) Neutral oxygen donor ligands

In the same way that H2O is an excellent monodentate ligand for CoIII, simple alcohols ROH
are known to bind effectively to cobalt(III) as monodentate ligands. They can be conveniently
introduced into the coordination sphere where other sites are occupied by amines through
simply dissolution of the trifluoromethanesulfonatocobalt(III) precursor in the pure alcohol,977

or less readily by reaction of the halocobalt(III) complexes with silver ion in the alcohol, and
are reasonably inert to substitution. Introduction of polyalcohols is possible through the same
paths; for example, the complex [Co(tacn)(inisotol)]2þ has been reported, albeit with the
hexahydroxycyclohexane (inisotol) monodeprotonated and hence a superior ligand to the neutral
alcohol.978

(iv) Alkyl peroxides

A number of alkylperoxy CoIII complexes including mainly polyimine ligands have been pre-
pared, exemplified by (223).979 Hydroxylation of saturated hydrocarbons, preferentially at the
more nucleophilic C�H bonds, yields alcohols, ketones, and t-butylperoxo products, whereas
olefins form epoxides if they carry no allylic H atoms.
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�-Diketonate cobalt(III) complexes with alkyl peroxo adducts have been prepared recently and
characterized structurally, and their value in hydrocarbon oxidation and olefin epoxidation
examined.980 Compounds Co(acac)2(L)(OOt-Bu) with L¼ py, 4-Mepy and 1-Meim, as well as
the analog of the first with dibenzoylmethane as the diketone, were prepared. A distorted
octahedral geometry with the monodentates cis is consistently observed, and the Co�O bond
distance for the peroxo ligand lies between 1.860(3) Å and 1.879(2) Å.

(v) Ketones and esters

The monoketone bis(2,20,N,N0-bipyridyl)ketone forms a [CoIIIL2]
þ complex on reaction with

[Co(NH3)4(CO3)]
þ in water.981 As reported for a quite different CoII complex, the ketone is

hydrated to form the gem diol which binds as a monodeprotonated O-donor along with the two
pyridine groups in a tridentate chelate, with very little distortion from octahedral observed in the
complex. This appears to represent a facile route for this type of inherently poor donor to achieve
coordination. Chelated �-diketonate anions are long-studied examples of O-donor chelates, and
continue to be examined. A simple example is the cis-[Co(acac)2(NH3)2]

þ (acac¼ 2,4-pentane-
dionate), structurally characterized and utilized to produce molecular mechanics force field
parameters for �-diketones bound to CoIII.982

Amino acid esters act as chelates to CoIII; for example, the �-alanine isopropyl ester is known
as both a chelate and as an N-bonded monodentate,983 and the mechanism of hydrolysis of the
ester, which is activated by coordination, to yield chelated �-alanine has been closely examined.

(vi) Carbonates, carbamates, and carboxylates

Carbonate is a well-known ligand for CoIII, and can adopt monodentate, chelate, and bridging
roles. Recent structurally characterized examples, obtained from prolonged aerial oxidation of a
solution of cobalt(II) nitrate and ammonium carbonate in aqueous ammonia, are chelated
carbonate in [Co(NH3)4(�

2-CO3)]
þ and bridging carbonate in [(NH3)3Co(�-OH)2

(�-CO3)Co(NH3)3]
2þ.984 The four-membered chelate ring is strained, with the internal O�Co�O

angle typically near 70�. The protonated form, hydrogen carbonate (HCO3
�), is usually met as a

monodentate; however, chelation has now been reported in the crystal structure of the bicyclic
tetraamine complex of (32), [Co(adz)(HCO3)]

2þ, where protonation appears to occur at the non-
coordinated O atom.985

Carbamates (R2NCOOR0) may be O or N bonded. Base-promoted isomerization of carbamates
from the O- to the deprotonated N-bound form in pentaamminecobalt(III) complexes have been
defined.986

Carboxylates (RCOO�) in simple form or as components of more elaborate polydentate
ligands, are commonly met as strong ligands in cobalt(III) chemistry. Monocarboxylate anions
can adopt roles as monodentate, bidentate, or bridging anions. Complexes are usually relatively
inert to substitution, with hydrolysis of acetato slower than halo ligands. Acetato complexes can
be prepared simply by substitution reactions, replacing coordinated solvents and labile anionic
groups such as trifluoromethanesulfonate. Acetate in its three possible coordination modes
appears in the one dinuclear complex (py)(�1-OAc)2Co(�-OH2)(�-O,O-OAc)2Co(�2-OAc)(py)
(224).987 A range of other examples where carboxylates form one of a suite of ligands or one of
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the donor groups in polydentate ligands is met elsewhere in this chapter. Simple [Co
(NH3)5(OOCR)]2þ ions with long-chain alkyl R groups have been examined for use as catalysts
in dishwashing and laundry detergents.
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The classical chelating diacid, oxalic acid, has been studied for many years. It has the potential
to bind through any combination ranging from one to four oxygen atoms, including bonding to
up to four separate metal ions. The latter arrangement is achieved in the cluster (225).988 More
recently, a simple dinuclear �4-oxalato complex where the ligand chelates a cobalt(III) on each
side has been reported (226).989

An interesting example of the detailed rearrangement chemistry possible on CoIII is the study of
pentaamminecobalt(III) complexes of malonamic and phthalamic acids, which can bond through
the carboxylate group or else the deprotonated amide nitrogen.990 The former complexes are
readily prepared directly from the amidic acids, whereas the latter form from base hydrolysis of
precursors such as (for malonamato-N) cyanoacetate-N. The N-bound compounds undergo in
water the usual amide-N to amide-O rearrangement but, concurrently, an amide-N to carboxy-
late-bonded rearrangement.

(vii) Oxoanions of N, S, P, and the halogens

(aa) Nitrogen oxoanions. The best-known nitrogen oxoanions are nitrate (NO3
�) and nitrite

(NO2
�). The ambidentate nature of the latter as a monodentate ligand is well known, with O-bound

(nitrito) and N-bound (nitro) isomerism on cobalt(III) well studied, but still producing new
insights.732 Complexes incorporating nitrite are readily formed; for example, reaction of hydrated
Co(ClO4)2 with ethylenediamine and NaNO2 in aqueous solution in air affords the yellow, crystal-
lographically defined trans-[Co(en)2(NO2)2](ClO4).

991 Of course, the anion with nitrite as the sole
ligand, [Co(NO2)6]

3�, is well known, and the nitro ligands are readily displaced by, for example,
amines and cyanide, as well as rapidly forming a range of mixed aquanitro complexes is aqueous
solution, as defined from solution NMR studies.992 The nitrate and nitrite anions can also act as
bidentates and in bidentate bridging modes. Chelated nitrate is exemplified in the complex of the
tripodal ligand N-(2-aminoethyl)-N,N-bis(3-aminopropyl)amine (abap), [Co(abap)(O2NO)]-
(ClO4)2,

993 where the O�Co�O angle is reduced to 66.1� while the other angles around the plane
that includes the nitrate and Co are expanded to as much as 99.9� to compensate. The nitrate ion
has been characterized in a bridging mode along with two hydroxide ions (227), formed via a
tris(alcohol) intermediate.978 For nitrite, the �2-N,O bridging mode is found in the dimer (228).994
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(bb) Sulfur oxoanions. The sulfur oxoanions all can form complexes with cobalt(III) via simple
substitution reactions in solution, and are usually O-bound in form. However, S coordination is
found in the thiosulfate ion (S2O3

2�), which can act as a O,S-chelate in simple complexes such as
[Co(en)2(S2O3)]

þ,995 and adopt a bridging mode as in the dinuclear complex (229).970 Coordinated
S-bound thiosulfato in [Co(NH3)5(S2O3)]

þ can be cleanly oxidized by peroxomonosulfate to
produce the coordinated S2O5

2� ion.996
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2+

Sulfito (SO3
2�) complexes may also be S- and O-bound; a solution NMR study of sulfite

reacting with several simple aquaaminecobalt(III) complexes has identified both monodentate
O- and S-bound linkage isomers.997 The SO3

2� ion has been characterized in both monoden-
tate998 and bridging modes.999 The S-bonded coordination of monodentate sulfite was established
in a crystal structure of [Co(hmd)(OH2)(SO3)]

þ.338 The photochemistry is complex, and involves
photoisomerization to O-bound sulfite as well as photoredox formation of CoII, with second-
ary photolysis yielding CoI. The reverse O to S linkage isomerization is usually observed spon-
taneously in solution, as exemplified by the reaction of [Co([16]aneN5)(OSO2)]

þ

([16]aneN5¼ 1,4,7,10,13-pentaazacyclohexadecane);1000 the O-sulfito complex is also rapidly
cleaved to the aqua compound in acidic solution. The trinuclear complex Ni{Co(en)2(SO3)2}2

(and other MII analogs) has the sulfite ions S-bound to CoIII and O bound to the central Ni
atom.1001 Thermolysis in air of several of the mixed-metal compounds above 750 �C yielded spinel
oxides. Reaction of CoCl2 with Na2S2O4 in aqueous ammonia in air yields similar type of
complex, the mixed oxidation state trinuclear complex [CoII[(O3S)3CoIII(NH3)3]2]

4�, where the
central CoII lies in an octahedral CoO6 environment provided by six O atoms of bridging sulfito
groups.999 The reactions of sulfur(IV) in solution (as SO3

2�/HSO3
�) with aquaaminecobalt(III)

complexes has been reviewed.1002

The sulfate ion, well known as a monodentate and simple bidentate ligand, has been observed
also as a bridging ligand, as exemplified in [(en)2Co(OS(O2)O)2Co(en)2]

2þ.1003 The cis-bis(�-
sulfato) bridge undergoes hydrolysis to cis-[Co(en)2(OSO3)(OH2)]

þ in acidic solution, hydrolyzing
further with loss of coordinated sulfate in aqueous base to the dihydroxo complex.

The use of O-bound CF3SO3
� as a labile leaving group was established with the reported

syntheses of complexes with one, two, and three triflato groups, namely [Co(NH3)5(OSO2CF3)]
2þ,

cis-[Co(en)2(OSO2CF3)2]
þ, and fac-Co(dien)(OSO2CF3)3.

1004 These are readily formed by reaction
of the corresponding chloro complexes with the anhydrous triflic acid eliminating HCl, and this
permits introduction of a wide range of neutral and ionic ligands into the coordination sphere in
substitution reactions.64

(cc) Phosphorus oxoanions. Monophosphate (PO4
3�), diphosphate (P2O7

4�) and triphosphate
(P3O10

5�) and their various protonated forms have been coordinated to cobalt(III) in a range of
complexes. The cis-[CoL(OH)(OH2)]

2þ (L¼ tetraamine) ions are rapidly anated by phosphate to
form CoL(PO4), with a chelating phosphate.1005 Coordinated polyphosphates are stable to
hydrolysis except where a cis-coordinated hydroxy group exists, but hydrolytic cleavage can be
catalyzed by addition of two molar equivalents of another hydroxyaquacobalt(III) complex,
which form bridging intermediates with a coordinated nucleophile available for attack. Those
with 3-aminopropyl(amine), 6-(4-amino-2-azabutyl)-6-methyl-1,4-diazacycloheptane and trien
(135) ‘‘spectator’’ tetraamine ligands bound in the other sites have proved particularly effective.1006,1007

Mono-, di-, and polyesters of phosphates have also been bound as ligands. Acidity of the
remaining phosphate acid sites rises as ester groups are introduced, facilitating the ligation of the
esters. Interest in the esters of phosphate is high because of their biological relevance (after all,
DNA can be considered from a basic chemical viewpoint as simply an oligomeric phosphate
diester). Further examples of this chemistry are provided in Section 6.1.3.1.3.
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Trimethylphosphate, despite being neutral, is known to form the simple complex
[Co(NH3)5(OP(OMe)3)]

3þ; this reacts with nucleophiles Xn�¼ S2O3
2�, I� and SCN� in that order

of reactivity to produce [Co(NH3)5(O2P(OMe)2)]
3þ and MeX up to 150-fold faster than in the

absence of coordination.1008 Both hydroxide and water are ineffective in this reaction, with simple
ligand hydrolysis occurring more rapidly than any reaction.

(dd) Halogen oxoanions. The halogen oxoanions are O-donor ligands for CoIII. Perchlorato
complexes are the type most likely to be met, since the weak, labile perchlorato ligand serves as a
good leaving group for further chemistry. For example, perchloratocobalt(III) porphyrins bind
acetylene reversibly in anhydrous dichloromethane.1009 Despite this, the hazards of these ther-
mally unstable perchlorato complexes have been well documented and their use is not recom-
mended.

(ee) Other oxoanions. There have been other oxoanions, including metal-centered anions,
reported as ligands for CoIII. An example is the coordination of molybdate ion in
[Co(NH3)5(OMoO3)]

þ via reaction of the aquacobalt complex and molybdate.1010 The rapid
hydrolysis kinetics supports Mo�O and not Co�O bond cleavage, unfortunately limiting syn-
thetic usefulness of this compound.

(viii) Mixed O, N ligands

The variety and extent of research devoted to ligands carrying both O- and N-donors is simply
immense. The type of cobalt(III) systems extant include amino acids, amino alcohols, amino
ethers, amino phosphates, amino phenolates, as well as amide and imine analogs of these. These
are met as simple chelates or more elaborate polydentates. Here, we highlight a strictly limited
selection of examples to illustrate the type of systems reported; no attempt at exhaustive review
has been made.

(ff) Aminoacids. Simple aminoacid complexes have been studied for decades, with strong
interest in their stereochemical and chiroptical properties. An example of a well-characterized
complex featuring only aminoacids in the coordination sphere is the mer-Co(gly)2(�-ala), which
has been characterized with glycinato and �-alaninato ligands chelated and in a trans(O5)
arrangement, as one of several isomers isolated.1011 Column chromatography using ionic resins
usually features as the best mode of separation of geometric isomers of this type.

The best known of the synthetic polyaminoacids is the tetraanion EDTA, and a wide range of
analogs of the N2O4 donor set have subsequently appeared.1012 An example is the propionate
analog EDTP. The additional methylene in each carboxylate arm and ensuing twist-boat six-
membered chelate rings with CoIII 1013 lower the ligand field strength of the chelate as reflected
in visible absorption maxima, which shift from bands at 18,630 and 26,040 cm�1 for EDTA
to 18,000 cm�1 and 24,800 cm�1 for EDTP. The tetradentate analog EDDA ((�O2CCH2)
NHCH2CH2NHCH2CO2

�) has been structurally characterized as uns-cis-mer-Co(EDDA)(pic)
(230).1014 Intramolecular reaction of a CoIII EDDA complex leading to a macrocyclic aminoacid
involves a precursor complex of tetradentate EDDA and a bidentate diamine bearing two
3-chloropropyl groups. This undergoes efficient intramolecular alkylation in basic solution to
form the 1,4-bis(carboxymethyl)-1,4,8,11-tetraazacyclotetradecane complex.1015 The smallest
member of the carboxymethylated en family is the N2O-donor monoacetate EDMA
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((�O2CCH2)NHCH2CH2NH2), which forms a bis complex mer-[Co(EDMA)2]
þ.1016 This under-

goes isomerization in aqueous base to a mixture of other forms.
The N,N0-substituted ligand (231) forms an unusual square-based pyramidal CoIII complex with

SO3
2� in the axial site, presumably stabilized by the strong trans influence of the SO3

2� ligand.998

The enzyme inhibitor �-aminomalonic acid (�O2CCH(NH2)CO2
�, ama), when reacted with

[Co(2,3,2-tet)Cl2]
þ (2,3,2-tet¼N,N0-bis(20-aminoethyl)propane-1,3-diamine) under various condi-

tions, undergoes halide substitution to produce both the simple [Co(2,3,2-tet)(N,O-ama)]þ (232)
and other species which underwent metal-directed condensations involving the acidic carbon and
a nitrogen of the polyamine, such as (233).1017

O
NHNH

NH NH2
Co

NH2

O

O

O

O
ON

H

NH N
Co

NH2

NH2

O
O

(232) (233)

+ +

(gg) Aminophosphates. Phosphate and phosphite groups can be attached to amines conveniently
through reaction with haloalkylphosphates or analogs. One example features a pendant triazamacrocycle,
which acts as a hexadentate ligand to form octahedral complexes (234) with both CoIII and CoII.1018
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(hh) Aminophenolates. An N-pendant phenolate ligand based on tacn (235) readily forms a 1:1
complex with CoIII.1019 Further, this reacts with Fe2þ

aq or Fe3þ
aq to form mixed trinuclear

complexes (CoL)2Fe where the Fe is sandwiched between two sets of three phenolate oxygens
which bridge between the cobalt(III) and iron(II)/(III) centers. Macrocyclic ligands featuring
amine and phenolate donor groups, particularly with side-by-side compartments where phenolate
ions act as bridging donors to two metal ions, abound.

(ii) Amidoalcoholates. The methylated diamidedialcoholate (236) forms another example of the
rare square planar cobalt(III) geometry,1020 with steric congestion presumably blocking facile
entry to the axial sites.

6.1.2.3.7 Sulfur and selenium

(i) Sulfides and selenides

Sulfide is a strong ligand, but compounds containing S2� as the only ligand are rare. One example
is the compound M9Co2S7, formed in a melt with M2(CO3) (M¼K, Rb, Cs) and S, where both
CoIII and CoII centers are present in trigonal planar CoS3 units.1021 More typically, sulfide is a
companion ligand in mixed-ligand systems. These are often clusters, as exemplified by the mixed
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oxidation state (formally 4CoIII, 2CoII) diamagnetic cluster Co6S8(PEt3)6 (237).1022 This type of
cluster spontaneously self-assembles from reaction of metal salt, chalcogen, and ancillary ligand.
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A CoIII compound containing only selenium as a ligand, [Co3(Se4)6]
3�, has also been reported,

prepared by reaction of CoCl2�6H2O with Li2Se6 in DMF at 100 �C.1023 This trimer includes Se4
2�

as a linear chelating fragment, bound in bidentate and bridging arrangements; the average of
CoIII�Se distances reported was 2.37 Å.

Apart from S2�, the disulfide ion S2
2� is an effective ligand. Reaction of the hexakis(acet-

onitrile) adducts of CoX2 (X¼BPh4
� or ClO4

�) with S2
2� or S4

2�, with a tetraaza macrocycle
also present, yields the dimer [{([15]aneN4)Co}2(�-S2)2]

2þ (238) where the two CoIII centers are
bridged by two disulfido groups, forming a six-membered Co2S4 ring.1024

(ii) Thioethers and selenoethers

The acyclic and macromonocyclic polythioethers were well illustrated in CCC (1987
Section 47.8.3.2).1 Only a few recent examples will be given of this chemistry here.

(jj) Acyclic. The simple dimethylsulfide complex ion [Co(NH3)5(SMe2)]
3þ was prepared from

reaction of Me2S with the trifluoromethanesulfonato precursor complex in sulfolane at 80 �C.1025

It is hydrolyzed slowly in aqueous acid, but undergoes rapid base-promoted hydrolysis, with
Co�S cleavage.

Linear thioethers of the type MeS(CH2)nS(CH2)mS(CH2)nSMe (n¼m¼ 2; n¼ 2, m¼ 3) form
octahedral dihalo tetrathioether complexes by air oxidation of a solutions of CoX2 (X¼Cl, Br, I)
and the ligand in nitromethane.1026 In addition, [Co(MeSCH2CH2SMe)2X2]

þ and a CoIIIS6

compound comprising one each of the tetradentate and bidentate ligands were prepared.
Apart from well-established thioether chelates, coordination of selenium analogs has also now

appeared. The chelate 2,5-diselenahexane reacts with CoX2 (X¼Cl, Br, or I) in an aprotic solvent
in the presence of dry air and NaBPh4 to form the air-stable CoIII complex [Co(CH3SeCH2CH2

SeCH3)2X2]BPh4, as a mixture of cis and trans isomers.1027

(kk) Macrocyclic. The macromonocyclic polyethers and their CoIII complexes have been
known for some time, with ttcn ([9]aneS3) (109) and [14]aneS4 (110) classic examples. The
mixed-ligand complex [Co(tacn)(ttcn)]Br3 offers the opportunity to compare the thioether and
aza macrocycles within the one compound.1028 Average Co�S and Co�N distances were 2.247 Å
and 1.961 Å respectively, and the complex displayed reversible CoIII/II and CoII/I couples near 0.0 V
and �1.15 V vs NHE respectively. Larger macrocycles with more thioether donors have been
reported; a recent example is the octahedral CoIIIS6 system with 1,4,7,11,14,17-hexathiacycloei-
cosane ([20]aneS6) coordinated.1029 More recently, the synthetically demanding organic chemistry
leading to macrobicyclic polythioethers has been developed. The hexathia macrobicyclic tricosane
cage complex of CoIII has subsequently been reported (239).466 Metal-directed condensations of
CH2O and MeNO2 (or NH3) with their corresponding acyclic hexadentate CoIII complexes lead
to their corresponding mixed-donor cage complexes, for example (240)1030 and (241).1031 The
asymmetric CoN4S2 cage is also known.1032 The electrochemical and magnetic properties of these
mixed-donor complexes are quite distinct from their CoIIIN6 relatives (161) and (162). For
example, the divalent CoN3S3 cage complex is low spin in contrast to its high-spin hexamine
relatives. The octadentate ligand tetrakis((2-aminoethyl)thiamethyl)methane, with four identical
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aminothioether arms, can similarly be capped to form an N3S3 cage with an exocyclic N,S
chelate.1033 The tri- and divalent Co cage complexes have been characterized.

Co

S

S

S

S

S

S

(239)

3+

(240) (241)

Co

S

NH

S

N

HN

S

HN

3+

Co

NH

NH

S

HN

HN

HN

NO2 3+

(iii) Thiolates

Thiolates are strong ligands and a rich coordination chemistry with cobalt(III) exists. Normally,
thiols are employed directly in synthesis, and this is the usual entry into their coordination
chemistry. However, alternative approaches do appear from time to time, and recently the
cobalt-mediated direct thiolation of an aromatic ring in bidentate phenyl(2-pyridyl)diazene
using dithiocarbamate ion to produce a coordinated tridentate thiolate has been reported.1034

A reactive five-coordinate thiolate cobalt(III) complex (242) was prepared to model the active
site of nitrile hydratase, a cobalt(III) or iron(III) metalloenzyme promoting the conversion of
nitriles to amides.1035 The synthesized complex is facile in its uptake and release of azide and
thiocyanate, indicating that ligand displacement in the presence of an appropriate non-leaving
group environment is not too slow for catalytic paths in non-redox active Co metalloenzymes.
Other model compounds for nitrile hydratase feature new octahedral CoIII complexes with
carboxamido nitrogen (Co�N 1.91 Å) and thiolate sulfur (Co�S 2.23 Å) donors.1036 Hydrogen
peroxide, or even air and activated charcoal, readily converts the sulfides to sulfinato groups.

CoCo
Co S

PEt3
S

Et3P
S

PEt3SS

S

(243)(242)

NHCo
S

N

N
S

Chelation of iso-maleonitriledithiolate (imdt) has been structurally characterized in the octa-
hedral cobalt(III) complex trans-[Co(imdt)2(P(n-Bu)3)2]

�, formed via reaction of cobalt(II) ion
with K2(imdt) in the presence of the phosphine.1037 Simple chelating thiolates such as
�SCH2CH2S

� not only form mononuclear compounds, but participate in bridging in clusters
such as [Co3(SCH2CH2S)3(PEt3)3]

3þ (243).1038

When electrochemical oxidation of Co metal is carried out in an acetonitrile solution of
phosphinothiol ligands, tris(phosphinothiolate)cobalt(III) compounds are formed.1039 The octa-
hedral P,S-chelated Co(2-(Ph2P)-6-(Me3Si)C6H3S)3 compound has been characterized structurally.

Thiolates are candidates for oxygenation reaction leading to sulfenates (RSO�) and sulfinates
(RSO2

�). Oxygenation by H2O2-urea of the cobalt(III) complex of the N2S2 ligand bis(carbox-
amido-N)dithiolato with tert-butyl isocyanide in the axial sites produced the first (carboxamido-N)
bis(sulfenato-S)cobalt(III) complex, in a reaction asserted to model oxygenation of nitrile hydra-
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tase thiolate ligands.1040 Oxidation of thiolates to sulfinates has been achieved in the cobalt(III)
complex of N,N0-(3-mercapto-3-methyl-butyryl)-o-phenylenediamine with axial t-butyl isocyanide
groups, yielding an octahedral product defined by a crystal structure.1041 The two oxidized
thiolates (now SO2 groups) lie trans to two deprotonated carboxamido N atoms; there is some
structural resemblance to Co nitrile hydratases, where thiolate oxidation has been proposed for
enzyme activity. Oxidation of thiolates to sulfinates by H2O2 has also been described for the
mononuclear octahedral CoN3S3 complex of the trianion of N,N0,N-tris(2-thiobenzyl)-
1,1,1-tris(aminomethyl)ethane, whereas a related thiolate-bridged dinuclear dicobalt(III) complex
is resistant to oxidation.1042 The cis,cis,cis-[Co(pyet)2]

þ complex (pyet¼ 2-((2-pyridylmethyl)amino)-
ethanethiol) is converted to sulfenato and sulfinato complexes by molecular oxygen alone in
the presence of activated charcoal.1043

Tri-tert-butoxidesilanethiolate forms complexes with both CoII and CoIII. Reaction of the thiol
with a CoII ammine in water yields a dimer which undergoes oxidation in an ammonia-saturated
atmosphere to form octahedral [Co(SSi(O-t-Bu)3)2(NH3)4]

þ, the first silanethiolate characterized
structurally.1044

(iv) Thiocarbamates

Thiocarbamate (tc, RHNCSO�) is a monodentate ambidentate ligand, and both oxygen- and
sulfur-bonded forms are known for the simple pentaamminecobalt(III) complexes. These undergo
redox reactions with chromium(II) ion in water via attack at the remote O or S atom of the S- and
O-bound isomers respectively, with a structural trans effect suggested to direct the facile electron
transfer in the former.1045 A cobalt-promoted synthesis utilizing the residual nucleophilicity of the
coordinated hydroxide in [Co(NH3)5(OH)]2þ in reaction with MeNCS in (MeO)3PO solvent leads
to the O-bonded monothiocarbamate, which isomerizes by an intramolecular mechanism to the
S-bound isomer in water.1046

The dithioacid ligands dithiocarbamates (R2N–CS2
�), xanthates (RO–CS2

�), thioxanthates
(RS–CS2

�), and dithiocarboxylates (R–CS2
�), appeared in CCC (1987, Section 47.8.10). Dithio-

carbamato (dtc�) ligands are usually bidentate chelates, although monodentate coordination is
known. Their chemistry, and that of the related xanthates and thioxanthates, has been extensively
examined in the past, and recent chemistry has been more limited. A long-established, facile route
to distorted octahedral Co(dtc)3 is via reaction of NaþR2NCS2

� with CoCl2 in the presence of
oxygen. The four-membered planar chelate ring is characterized by a small bite angle, typically
below 80�.1047

Cobalt(III) complexes of formula cis- and trans-[Co(dtc)L4]
2þ and [Co(dtc)2L2]

þ where
dtc¼ dimethyl-, diethyl- or piperidino-dithiocarbamate were prepared with phosphites P(OMe)3,
P(OEt)3 and 4-ethyl-2,6,7-trioxa-1-phophabicyclo[2.2.2]octane as ligands L.1048 Whereas Co�P
bonding is found, as defined in the crystal structures of each of the two forms of complexes
isolated, a linkage isomer in which the phosphite is O bound was detected for the bis(dithio-
carbamate) compounds.

The dinuclear dialkyldithiocarbamate precursor [Co2(dtc)5]
þ reacted with diamine mustards

N,N- and N,N0-bis(2-chloroethyl)ethylenediamine (bce, dce) and their non-chlorinated analogs
yield [Co(dtc)2(diamine)]þ.1049 The bce and dce compounds were prepared and tested as potential
hypoxia-selective cytotoxins, but did not prove of value as potential bioreductive anticancer
drugs, partly due to their redox instability.

Examples in organometallic systems are known. Reaction of thiuram disulfides, (R2NCS2)2,
with Co(Cp)(CO)2 produces dithiocarbamato pseudo-octahedral cobalt(III) complexes
Co(Cp)(dtc)2 with one chelated and one monodentate dtc, also accessible via Co(Cp)I(dtc).1050

Fluxional behavior, including monodentate–chelate exchange, was observed for some complexes
in temperature-dependent NMR studies. The Co(Cp)I(dtc) complex was defined in a crystal
structure.

A mixed cobalt(III)–copper(I) one-dimensional polymer featuring Cu3Br3 units linking to
tris(dithiocarbamato)cobalt(III) complexes through two of three interligand chelate sites forms
readily from reaction of Co(S2CNR2)3 with CuBr.1051 With CuI, a novel and more complex
infinite double-stranded polymer featuring CuI2Cu and Cu6I6 linkers results. Dithiocarbamate
pendant to a polyether macrocycle (244) is an unusual example of a simple chelating ligand. This
reacts as the sodium salt with aqueous CoSO4 to form a tris(dtc)cobalt complex.1052 This complex
has the potential to bind appropriate metal ions in the three pendant polyether cavities.
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(v) Thiosemicarbazones

Thiosemicarbazone (RNH–CS–NH–N¼CR0R00, tsc) complexes of cobalt(III) have been exten-
sively studied since the early 1980s and continue to attract attention, gaining particularly from an
interest in their biological activity and potential cytotoxicity. A truly extensive range of tsc
compounds has now been reported, although structural definition of their complexes widely relied
on basic analytical and spectroscopic techniques up to the late 1980s, when X-ray crystal
structural studies of tsc compounds became more common. A review of thiosemicarbazone and
S-alkyldithiocarbazate complexes has appeared.1053

The ligands are synthetically quite accessible through a number of routes (Scheme 3). CoII com-
plexes are formed in an inert atmosphere, with oxidation through to CoIII readily achieved in
air. The ligands are poorly soluble in water, but their complexes are more soluble, enhancing their
value in pharmacological applications. Various complexes have exhibited antitubercular, anti-
leprotic, antiviral, antimalarial, and antitumor activity,1053 with complexes of tridentate ligands
usually exhibiting higher activity.

Scheme 3

Primarily, studies with structural characterization are discussed below. Typically, tsc ligands
displaying N,S-bidentate, or else tridentate coordination for ligands carrying additional function-
ality, have been described. The mer-bis(tridentate) distorted octahedral geometry occurs as the
dominant form of cobalt(III) complexation reported, as evident from the selected examples
following. Pyridine-2-carbaldehyde thiosemicarbazone (pcts�) acts as a tridentate ligand, binding
through one S and two N atoms in [Co(pcts)2](NCS), as defined by a crystal structure.1054 Redox
activity and reaction with cell thiols is believed to be involved in the cytotoxicity of metal
complexes of this ligand against some melanoma and erythroleukemia cells. Methyl pyruvate
and �-ketoglutaric acid thiosemicarbazides form bis(tsc)cobalt(III) complexes, the crystal struc-
ture of the latter determined wherein the ligand acts as a tridentate in a distorted octahedral
geometry.1055 The octahedral cobalt(III) ion [Co(datsc)2]

þ, where tridentate ligand coordination
occurs as defined by a crystal structure, is formed following reaction of dimethyl-2-acetylpyridine-
N-oxide thiosemicarbazone (datscH) with CoCl2.

1056 The potentially tridentate ligand
2-pyridineformamide N(4)-methylthiosemicarbazone (pntscH) forms following Na reduction of
2-cyanopyridine in dry methanol in the presence of the semicarbazide. The [Co(pntsc)2](ClO4) has
the thiolato S and both the pyridine and imine N atoms bound.1057 The neutral octahedral mer-
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Co(kbtsc)(Hkbtsc) has the 2-ketobutyric acid thiosemicarbazone (H2kbtsc) bound as both a mono-
and di-anion, with small differences between the two forms found in the crystal structure.1058

A range of S,N,O-donor ligands bound to Co have appeared. Pyridoxal (3-hydroxy-5-(hydroxy-
methyl)-2-methylpyridine-4-carbaldehyde) thiosemicarbazone (hhtsc) also forms an octahedral
mer-[Co(hhtsc)2]

þ ion, where the tridentate binding of the ligand has N-donors trans and S and
O donors cis.1059 However, for the phenylpyruvic acid thiosemicarbazone (H2pptsc) dianion
bound as an S,N,O-tridentate in the octahedral mer-[Co(pptsc)2]

�, the S donors are cis-disposed
and the N- and O-donor pairs each trans.1060 Tridentate S,N,O-chelation of octahedral cobalt(III)
by pyruvic acid thiosemicarbazone dianion (patsc) in mer-[Co(patsc)2]

�, of 5-formyluracil thio-
semicarbazone (ftsc) in [Co(ftsc)2]2(SO4), and of glyoxylic acid thiosemicarbazone (gatsc) in
[Co(OH2)6][Co(gatsc)2]�3H2O are also defined by crystal structures.1061–1063 The patsc compound
displays an electrochemically reversible CoIII/II couple. The [Co(ftsc)2]

þ compound exhibited low
activity against human leukemic cell lines.

Both the 2-furfural thiosemicarbazone and semicarbazone Co complexes proved potent in their
cytotoxicity against a wide range of cancer cell lines, with suppression associated with DNA
nicking and fragmentation rather than base alkylation, intercalation, or crosslinking.1064 Potent
antineoplasticity or cytotoxicity is displayed by a range of heterocyclic thiosemicarbazones and
thioureas and their Co complexes.1065 Cytotoxicity was also established both in vitro and in tissue
cultures for [Co(qtsc)2]X (qtsc¼S,N,N-tridentate quinoxaline-2-carboxaldehyde thiosemicarba-
zone; X¼Cl, Br).1066 The cobalt(III) complex of 3-acetylisoquinoline thiosemicarbazide displays
less antifungal activity than the 2-acetylpyridine analog.1067

(vi) Thioureas and selenoureas

Thiourea (tu) dominantly forms S-bonded complexes with octahedral cobalt(III), with the trans-
bis(thiourea)cobalt(III) moiety common along with multidentate N- and O-donors in other sites.
These are readily prepared; for example, reaction of trans-[Co(dmg)2(OH2)2]

þ with thiourea at pH
3–4 in hot aqueous solution yields the bis(thiourea) complex on slow cooling.1068 Alternatively, in
a one-pot reaction, heating an alkaline mixture of cobalt(II) and dimethylglyoxime in air to
�80 �C, lowering the pH to 1–2, then treating with thiourea produces the same complex. Further,
the selenourea analog forms identically. The trans arrangement of the two-coordinated thiourea
molecules has been confirmed by a crystal structural characterization of the dimethylglyoxime
cobalt(III) complex cation [Co(dmg)2(tu)2]

þ,1069 and of the methylglyoxime analog
[Co(mg)2(tu)2]

þ. The ability of the former compound to stimulate the biosynthetic capacities of
micromycetes is also noted. Further, the trans-bis(thiourea)bis(�-furylglyoximato)cobalt(III)
nitrate has been characterized by a crystal structure analysis, with thiourea S-bonded.1070

Thiourea is a co-ligand along with 1,2-cyclohexanedione dioxime (cdd) in [Co(cdd)2(tu)2]2(SiF6),
for which a crystal structure defines the octahedral geometry with the thioureas in a trans
disposition.1071 A detailed study of the kinetics of substitution by thiourea and other neutral
ligands in trans-[Co(salen)(OH2)2]

þ indicates very rapid substitution by the first ligand followed
by a slower second substitution.1072

Thiourea has the potential to bind through either the S or the amine N atoms, and the existence
of linkage isomers may be anticipated. The ambidentate ligands thiourea, NO2

� and SO3
2�, in

interactions with cis- and trans-[Co(en)2(OH2)2]
3þ ion, display N,S-, O,N- and O,S- linkage

isomerization processes, followed by 59Co NMR studies.1073 Equivalent reactions have been
reported for the bis(2,20-dipyridyl) and bis(1,10-phenanthroline) analogs.1074 With mer-
Co(dien)Cl3 in aqueous solution, mer-[Co(dien)(tu)3]

3þ forms with both S- and N-bound thiourea
(tu) isomers detected, amongst other analogs.1075

(vii) Mixed donor sulfur and selenium ligands

There are growing and diverse numbers of examples of polydentate ligands which feature
S-donors in concert with N, O, or P-donors. One simple, but interesting, example is 2-pyridine-
thiolate (pt). This ligand can bind as a monodentate, a chelate and in bridging modes as a versatile
electron-rich ligand, and its coordination chemistry has been reviewed.1076,1077 The restricted
‘‘bite’’ of the N,S four-membered ring chelate has obvious structural effects. The mer-Co(pt)3

complex has been reported, with intraligand S�Co�S angles below 73� and trans S�Co�S angles
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around 166�.1078 The complex is able to be formed in several ways; via transmetallation from a
ZnII cluster of the ligand with CoII in methanol, by base-promoted ligand substitution in tris
(acetylacetonate)cobalt(III), or by reaction of the ligand salt with Co(ClO4)2 in acetone in air.
Typically, across a range of structures for this ligand and close analogs, Co�S and Co�N
distances are �2.28 Å and �1.92 Å respectively, with the S�Co�N angle near 73�. Mixed ligand
complexes of pt with diamines form by reaction of both diamine and 2,20-dipyridyldisulfide with
Co(ClO4)2 in ethanol.1079 One of the products, [Co(en)2(pt)]2þ, spontaneously resolves upon
recrystallization, i.e., as a conglomerate. The ligand, when chelated in [Co(en)2(pt)]2þ, also under-
goes a series of stepwise oxidation reactions from thiolato to sulfenato, sulfinato, and sulfonato
ligands, with some S,O-isomerization reactions also possible.1080 This is outlined in Scheme 4.
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Scheme 4

Chelation of pt to CoIII has been observed in the complex [Co(mpyct)2(PBu3)2]
þ, which has a

CoN2S2P2 donor set, with the two phosphines in apical sites around an elongated ocatahedron.1081

The selenium analog of pt, 2-pyridineselenolate (ps), is known and a series of [Co(ps)3-n(en)n]
nþ

complexes have been prepared and characterized.1082 Oxidation by peracetic acid produced
seleninato (�SeO2) and selenonato (�SeO3) complexes, which were shown by structural studies
to undergo change from Se to O coordination, relaxing in the process from a four- to a five-
membered chelate ring system.

The N,S-chelate 2-aminoethanethiolate (aet�) forms stable cobalt(III) complexes, including
clusters where the S can take on a bridging role. Reaction of [Co(NH3)5Cl]2þ with Ni(aet)2 in
water for several hours affords the black tetranuclear compound Co4(aet)8, which features aet� in
simple chelate and bridging roles (245).1083 The simple monomeric complex [Co(aet)2(en)]þ has
been reported;1084 when heated in water at 50 �C, the trimer Co{Co(aet)3}2 is one product, with
the central Co surrounded by six bridging S atoms.
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Novel CoIII surfactants containing aminothioether ligands have been described.1085 These
involve [Co(en)2(NH2CH2CH2SR)]3þ monomers (R¼ 6-, 8- or 12-carbon alkyl chain) and
[(en)2Co(NH2CH2CH2S-(CH2)n-SCH2CH2NH2)Co(en)2]

6þ dimers (n¼ 8, 12). The aminothiol che-
late in [Co(en)2(SCH2CH2NH2)]

2þ is oxidized first to a coordinated sulfenate complex and then, more
slowly, to a coordinated sulfinate using oxo diperoxo complexes MO(O2)2 and MO(OH)(O2)2-
(M¼W, Mo).1086 Oxygen atom transfer from peroxide to the coordinated S acceptor is involved.
The sulfinate–carboxylate chelate in the cobalt(III) complex trans(t-N,S)-[Co(tren)-
(S(O)2CH(CH3)COO)]þ photolyzed with visible light undergoes irradiation-induced desulfurization
and yields an organic peroxide complex which was characterized by a crystal structure.1087

The di-N-carboxamido dithiolato N2S2 ligand (246) forms an unusual square–planar CoIII complex
which mimics the active site of cobalt-containing nitrile hydratases.1088 Hexacoordination of CoIII is only
achieved with addition of strong ligands like cyanide and isocyanides in axial sites, which occurs along
with an expansion of the Co–donor distances in the equatorial plane, as defined by EXAFS studies.

Reaction of the thiol group in HSCH2CH2NH2 with a haloalkane carrying an additional
functional group can produce a range of new tridentate ligands. An example is the 5-methyl-
imidazolyl terminated (ati), which readily forms a fac-Co(ati)2 complex (247) by oxidation of a
CoII–ligand mixture, with all equivalent donor types in trans arrangements.1089 This type of
chemistry is convenient and straightforward, with the sodium salt of the thiol in dry alcohol
very reactive when presented with, particularly, iodo- or bromoalkanes. Reaction of a dithiol
usually leads to dithioethers, and elaboration of the chemistry is reasonably straightforward.

Macrocycles featuring multiple N,S donors have been reported. The saturated macrocycle
[18]aneN2S4 readily forms a CoII complex upon reaction with Co(NO3)2�6H2O in ethanol, and
this is oxidized in air to the CoIII complex,1090 which has all six donors bound in an octahedral
form but showing a small tetrahedral distortion of the four S-donors out of the best S4 plane.
Metal-directed CH2O/EtNO2 cyclization of a diaminodithioether, followed by Zn/HCl reduction
leads to an amino-appended N2S2 macrocycle which has been complexed as a pentadentate to
CoIII (248).1091,1092 A somewhat similar ligand, but carrying two carboxylate pendants, binds
octahedral CoIII with a N2S2O2 chromophore (249), the two O-pendants in trans dispositions.1093
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A suite of S2P2-donor ligands H3CS(CH2)2PPh(CH2)nPPh(CH2)2SCH3 (n¼ 2 or 3) has been coord-
inated to CoIII to give distorted octahedral [Co(SPPS)Cl2]

þ compounds, with a range of geometric
isomers identified.1094 Both Co�S and Co�Cl bond elongation is observed when these are located
trans to a phosphine. Chelated acetyacetonato ligands were also introduced in place of chloro ligands,
forming a mixture of cis-� and cis-� isomers. A related example, but with the donor locations
inverted, is the Me2P(CH2)2S(CH2)3S(CH2)2PMe2 (mtdmp) ligand, which reacts with trans-
[Co(py)4Cl2]Cl to afford, after addition of NaPF6, the green trans(Cl,Cl)-[Co(mtdmp)Cl2](PF6).

1095

6.1.2.3.8 Halogens

(i) Halides

Halides are ubiquitous co-ligands for cobalt(III), and are met throughout this review. Anation of
(solvent)cobalt(III) complexes by halide has been examined from time to time. An example is
substitution of coordinated acetonitrile in [Co(L)(MeCN)2]

3þ (L¼ tetraaza-macrocycle) by Cl�

and Br�.1096 A mechanism involving interchange from within tight ion pairs was proposed. Halo-
bridged polymeric complexes are well known with both classical and organometallic complexes.
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An example of an unusual cobalt(III) complex is the [{(Cp*)Co}2(�-X)3]
þ ion (X¼Cl, Br, I),946

with three bridging halide ions present.

6.1.2.3.9 Hydrogen

(i) Hydrides

Limited examples of cobalt(III) hydrides are extant, and they tend to be quite reactive species.
Equilibration of [Co(bpy)3]

þ with acid produces the trivalent hydrido complex [HCo(bpy)2(OH2)]
2þ

and free (protonated) bpy.1097 A mechanism was proposed in which bpy radical generation (bpyH) via
outer-sphere reduction of the protonated bipyridinium monocation by the monovalent Co complex is
rate determining. The hydrido complex results from reaction of the CoII complex with the radical
bpyH. Reaction of divalent (75) (meso and rac isomers) with pulse radiolytically generated H�
generates the trivalent hydride [HCo(hmd)]2þ;118 a kinetic and thermodynamic analysis is reported.
Mixtures of the porphyrin complex Co(TMeOPP) and alkyl radicals such as �C(Me)2CN and �C(Me)
(CH (Me)2)CN react with alkenes and alkynes to form alkyl and vinyl complexes and with
alkyl halides and epoxides to form alkyl and �-hydroxyalkyl complexes. The intermediate trivalent
hydride HCo(TMeOPP) is implicated, which adds to unsaturated substrates or, in its deprotonated
from, reacts as a nucleophile [Co(TMeOPP)]� with alkyl halides and epoxides.1098 Sequential one-
electron electrochemical reduction of the hexaamine [Co(tacn)2]

3þ leads to an unstable monovalent
complex, which undergoes protonation at a mercury electrode to afford the hydride. The trivalent
hydride is believed to decompose via disproportionation to H2 and a CoII species.1099

6.1.2.4 CoIV and CoV

The chemistry of high-valent Co is not extensive. Whereas there are now several examples of
CoIV, the higher oxidation state CoV has not been well established. Since CoIV has a d 5 ground
state, electron paramagnetic resonance spectroscopy offers an effective way of identification.1100

Early studies proposed CoIV complexes formed with some dithiocarbamato, Schiff base, and
dimethylglyoximato complexes.1101 [Co(dtc)3]

þ ions form from oxidation of the well-known CoIII

precursors, and magnetic moments (�2.5 B.M) support the d 5 CoIV assignment. Delocalization of
electron density onto the ligands is an issue in nominally CoIV compounds, with the extreme
alternative representation being a CoIII�ligand radical species. Consequently, the development of
a wide range of stable well-characterized CoIV compounds remains unattained, because the metal
is likely to oxidize its bound ligand(s) or to oxidize solvents in which the complex is formed.
A brief coverage of some more recent examples follows.

6.1.2.4.1 Carbon

The simple methylidyne compound [HC�Co]þ has been formulated as a CoIV species.1102 The
norbornyl anion (nor), as the lithium salt, reacts with CoCl2 to produce the brown, paramagnetic
tetrahedral Co(nor)4. This can undergo both reduction (to [Co(nor)4]

�) and oxidation (with
AgBF4) to what appears to be [Co(nor)4]

þ, a diamagnetic tetrahedral compound. This remains
one of the very few established examples of CoV.

The alkyl complex [Co(4-CNpy)(dmg)2(R)]þ has been reported.1103 The cyclopentadienyl comp-
lex [(Cp)(PPh3)Co(C4Ph4)]

þ has been detected in frozen haloalkane solvent,1104 but has no long-term
stability.

6.1.2.4.2 Nitrogen

N donor ligands for tetravalent Co must be carefully designed in order to prevent disproportionation
(ligand dehydrogenation/Co reduction). A key feature is that no H atoms must be present on the C
atoms adjacent to the coordinated N-donor. A range of multidentate amide ligands capable of
stabilizing high oxidation states of Co have been reported. The CoIV complex (250) (X¼ 4-t-Bu-
pyridine) of the dioxo-salphn analog was prepared by CeIV oxidation of the trivalent analog. The
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presence of four ionizable donor atoms enables the ligand to stabilize this high formal oxidation state
and the compound was characterized structurally.1105 The frozen solution EPR spectrum (10 K) of the
complex exhibits an eight-line pattern from hyperfine coupling (16 G) of the single unpaired electron
to the Co nucleus (I¼ 7/2), centered at g¼ 2.011. The emergence of three visible maxima in the
spectrum of this complex not seen in the precursor was also indicative of metal-centered oxidation.
Two sequential reversible electrochemical oxidations of the CoIII complex were observed 0.39 V and
0.84 V more positive than the Fc/Fcþ reference. The square–planar tetravalent complex (251) has been
reported along with its 4,5-dihalobenzo analogs.1106 EPR data in toluene at 5.9 K are consistent with a
single unpaired electron residing on the metal center. The complex slowly oxidizes H2O, yielding the
trivalent complex. Replacement of the gem dimethyl groups of (251) with spiro-cyclohexyl moieties
and attachment of methoxyl aromatic substituents results in an effective one-electron oxidant in
cyclohexane solutions. A number of charge transfer salts of this tetravalent complex with single
electron reductants such as ferrocene, N,N0-tetramethyl-p-phenylenediamine and Mg(TPP) were
isolated.1107 Reaction with PhSH gave PhSSPh and with Bu3SnH gave the tributyltin dimer, while
the reduced trivalent monoanionic complex precipitates quantitatively following reaction.
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6.1.2.4.3 Oxygen

A high-valent oxocobalt porphyrin complex has been suggested as the reactive hydroxylating
intermediate for alkane hydroxylation involving an electron-deficient CoIII porphyrin and
�-chloroperbenzoic acid.784 The bis(tridentate) coordinated Co complex (252) undergoes electro-
chemical oxidation to a CoIV species.1108 EPR spectroscopy identified a single unpaired electron
with a characteristic eight-line hyperfine coupling pattern due to the 59Co nucleus (I¼ 7/2).

6.1.3 BIOLOGICAL CHEMISTRY OF COBALT

At the time of the first volume of CCC(1987), the biological chemistry of cobalt was almost
exclusively concerned with the cobalamins. The field has expanded and developed markedly since
then. New cobalt-containing proteins have been characterized and applications of traditional
cobalt coordination compounds in biology developed. These developments are illustrated below
in some detail, as the field was not reviewed in the first edition.

6.1.3.1 Metalloproteins and Cofactors

6.1.3.1.1 Cobalamins (B12)

Cobalamin chemistry is the best-established area of cobalt biological chemistry. The 15-membered
tetraazamacrocyclic corrin ring (incorporating four pyrrole residues) is the binding site for
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Co within all compounds of the so-called cobalamin (or B12) family. The biological functions of
cobalamin cofactors are defined by their axial substituents; either a methyl or an adenosyl group.
Both cofactors participate in biosynthesis; the former in methyl transfer reactions while the latter
is a free radical initiator, abstracting H atoms from substrates. Decades after their initial
characterization, the fascination with the biological chemistry of cobalamins remains.1109

In mammals and in the majority of bacteria, cobalamin regulates DNA synthesis indirectly
through its effect on a step in folate metabolism, catalyzing the synthesis of methionine from
homocysteine and 5-methyltetrahydrofolate via two methyl transfer reactions. This cytoplasmic
reaction is catalyzed by methionine synthase (5-methyltetrahydrofolate-homocysteine methyl-
transferase), which requires methyl cobalamin (MeCbl) (253), one of the two known coenzyme
forms of the complex, as its cofactor. 50-Deoxyadenosyl cobalamin (AdoCbl) (254), the other
coenzyme form of cobalamin, occurs within mitochondria. This compound is a cofactor for the
enzyme methylmalonyl-CoA mutase, which is responsible for the conversion of L-methylmalonyl
CoA to succinyl CoA. This reaction is involved in the metabolism of odd chain fatty acids via
propionic acid, as well as amino acids isoleucine, methionine, threonine, and valine.
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As Co-containing organometallic compounds, cobalamins are unique in nature, and they have
a genetic history of more than four billion years. Their biosynthesis, absorption, transport, and
metabolism have been well documented in organisms of both marine and terrestrial origin.1110–1112
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Mammalian intestinal absorption requires the presence of two receptors and two transporters,
which is itself a unique feature. Specific transporters such as intrinsic factor, transcobalamin, and
haptocorrin have been characterized,1113 as well as a number of receptors for passage across cell
membranes. A number of biochemical studies on cell uptake1114 and receptors1115,1116 of cobala-
mins have been reported. Genetic disorders that impair the synthesis, transport, or transmembrane
passage of cobalamins and their consequences have been reviewed.1117,1118

The mechanistic and structural chemistry of B12 may be separated into (i) investigations of
cobalamin cofactors both apart from and in complex with their enzymes, and (ii) biomimetic
model complexes, both structural and functional.

(i) B12 cofactors

Naturally, the biosynthesis of cobalamins themselves require delivery of Co ions at a particular
point in the reaction scheme. Cobaltochelatase catalyzes the ATP-dependent insertion of CoII into
the corrin ring during the biosynthesis of coenzyme B12 in Pseudomonas denitrificans. Cobalto-
chelatase is a heterodimeric enzyme (140 KDA and 450 KDA subunits each inactive in isolation),
and the two components have been isolated and purified to homogeneity.1119 The reaction
product is divalent cobyrinic acid, demonstrating that hydrogenobyrinic acid and its diamide
(255) are precursors of AdoCbl.
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The structures of cobalamins both in isolation and as cofactors in complex with an enzyme
have been probed with a variety of techniques including X-ray crystallography1120–1124 and
EXAFS,1125,1126 in addition to spectroscopic methods such as NMR1127 and EPR1128 and also
via molecular mechanics calculations.793 As one example, an NMR study of some cobalamins and
their cobinamide analogs (lacking the axially coordinated dimethylbenzamidazole) has been
reported.1129 Hydrogen bonding interactions involving the aqua ligand in aquacobalamin pre-
viously identified crystallographically persist in solution. In the cobinamides, removal of the axial
benzimidazole produces characteristic changes in the amide nitrogen and proton chemical shifts
of the proximal side chains.

Reduction of aquacobalamin with Zn/AcOH gives the five-coordinate hydrido complex, which
reacts with ethylene to give EtCbl.1130 The same compound may be prepared by using the
ethylating agent [Et3O]BF4 in aqueous solution.1131 The interactions of MeCbl with the complex
anions [Pt(CN)4]

2�, [PtCl4]
2�, and [Pt(SCN)4]

2� have been investigated by UV–visible and 1H
NMR spectroscopy.1132 At least three Pt binding sites on MeCbl were identified, one of which is
located on the methyl ligand side of the macrocycle, and is implicated in methyl transfer in the
presence of a PtIV complex. The reaction of MeCbl with I2 in MeOH forms a stable charge
transfer complex. In water this species reacts resulting in cleavage of the Co�C bond.1133 The
mechanism involves electron transfer from MeCbl to I2 to generate a MeCblþ. radical, which
undergoes a chloride-induced heterolytic cleavage to yield the Cbl radical and CH3Cl. The EtCbl
analog was also studied. The solution structure of the glutathionyl analog GsCbl, which has been
found to be a substrate for MeCbl formation in the presence of S-adenosylmethionine and a thiol
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reductant, was investigated by multinuclear NMR,1127 establishing S-coordination by the ligand.
Interactions between cobalamins and NO have been investigated with absorption and EPR
spectroscopy.1134,1135 Marked spectral changes are seen upon reaction of divalent cobalamin
with NO, which are consistent with NO-effected oxidation to the trivalent state.1134 This trivalent
Co–NO complex is stable, but transfers its NO ligand to hemoglobin concomitant with reduction
to the divalent state. Homolytic cleavage of the trivalent Co–C(Me or Ado) also resulted in the
reduction of the Co. Nitrosylcobalamin had diminished ability to serve as a cofactor for methio-
nine synthase, and observation that aquacobalamin could quench NO-mediated inhibition of cell
proliferation suggests that interactions between NO and cobalamins may have important
biological consequences.

A mechanistic study of dealkylations of a variety of adenosylcobalamins was conducted in
acidic solution resulting in competitive homolytic and acid-induced hydrolytic Co�C bond
scission pathways.1136 Two hydrolytic mechanisms were identified; one involving initial depurina-
tion followed by elimination from the organometallic intermediate, while the second involved
ring-opening protonation at the ribofuranosyl oxygen. These reactions were sensitive to substi-
tuents on the adenosyl ligand. The limiting homolytic Co�C bond dissociation rate was found to
be insensitive to alkyl ligand substituents.

Sonolytically generated �OH radicals lead to Co�C bond cleavage in MeCbl in oxygenated
aqueous solution.1137 Under anaerobic conditions, H� scavenging by O2 is circumvented and
reduction to divalent MeCbl occurs instead, which after protonation releases methane. A bio-
conjugate of cobalamin and the alkylating agent chlorambucil behaves similarly, which suggests
that sonorelease of an active alkylating agent from a bioconjugate may be a viable and less toxic
alternative method for the selective release of anticancer drugs.1138 The rate of Co�C bond
dissociation in micellar solutions of BzCbl have been studied as a function of detergent concen-
tration and pH.1139

5-Methyltetrahydromethanopterin:co-enzyme M methyltransferase (MtrA) is a membrane-
associated corrinoid-dependent enzyme that uses a methyl transfer reaction to drive an energy-
conserving Naþ ion pump. The purified enzyme exhibits a rhombic EPR signal indicative of a
base-on divalent cobalamin, and was inactive in this form. One-electron reduction with TiIII

citrate generates the active monovalent species, and reaction with 5-methyltetrahydromethanop-
terin leads to methyl group transfer to the Co complex. The reaction is reversible upon reincuba-
tion with tetrahydromethanopterin.1140 The structural properties of the soluble deletion mutant of
MtrA (lacking the C-terminal hydrophobic tail) have also been studied.1141 However, the
expressed apoprotein was devoid of its Co prosthetic group and incorrectly folded. Unfolding
with guanidinium chloride and successful refolding proceeded with TiIII citrate, suggesting that
the monovalent cobalamin is the species that binds to the apoprotein. EPR spectroscopy of the
divalent reconstituted protein revealed that the Co is bound in its base-off form and that a His
residue is coordinated.

Although the system is catalytically inactive, adeninylethylcobalamin (AdoEtCbl) undergoes
Co�C bond cleavage to the enzyme-bound hydroxocobalamin upon interaction with the apo-
protein of diol dehydratase.1142 These results imply that the C�Co bond of AdeEtCbl is activated
by the enzyme and undergoes heterolysis in contrast to homolysis of the C�Co bond of AdoCb1
in the normal catalytic process. Diol dehydratase undergoes suicide inactivation by the physiolo-
gical substrate glycerol, which causes irreversible cleavage of the Co�C bond in the cofactor,
which remains tightly bound to the enzyme. Recombinant proteins co-purified to homogeneity
exist as an A2B2 tetramer; a reactivating factor for the glycerol-inactivated holoenzyme that
exchanges the enzyme-bound, adenine-lacking cobalamin for free adenosylcobalamin.1143

Methionine synthase forms a ternary complex with homocysteine and 5-methyltetrahydrofolate
prior to catalyzing a methyl group transfer from the MeCbl cofactor to homocysteine, generating
the monovalent cofactor and methionine. The trivalent MeCbl cofactor is restored by methyl
transfer from 5-methyltetrahydrofolate to produce tetrahydrofolate prior to release of both
products. In cobalamin-dependent methionine synthase, the cofactor may be converted to its
EPR-active (but biologically inactive) divalent form. In acid frozen solutions the axial dimethyl-
benzimidazole substituent is protonated and hence not coordinated.1128 Reduction of the inactive
divalent cofactor to its monovalent form during turnover may be achieved by flavodoxin (from E.
coli) but not with the corresponding ferrodoxin.1144 EPR spectroscopy revealed that binding of
flavodoxin to divalent cobalamin methionine synthase results in a change in the coordination
number of the Co from five to four with loss of the coordinated His residue. Methionine synthase
exists in two different conformations that interconvert in the divalent cobalamin oxidation state.
In the primary turnover conformation, the enzyme reacts with homocysteine and methyltetra-
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hydrofolate but is unreactive toward adenosylmethionine and flavodoxin. In the reactivation
conformation, the enzyme is active toward adenosylmethionine and flavodoxin but unreactive
toward methyltetrahydrofolate, and a model has been proposed where these conformational
changes control access to the cobalamin cofactor and regulate cobalamin reactivity in methionine
synthase.1145 An additional cobalamin-dependent enzyme that has been characterized is the
Fe–S protein CO dehydrogenase.1146

Oxidative addition of gaseous or liquid halogenated organic pollutants may be achieved with
cobalamins immobilized on solid state supports in the presence of reductants, and this application
has been patented.1147 In DMF solution containing tetrabutylammonium bromide and acetic
acid, Vitamin B12 itself mediated the reduction of CH2Cl2 in the presence of styrene to give
cyclopropylbenzene in quantitative yields with high efficiency.1148 A pathway involving formation
and electroreductive cleavage of a chloromethylene–CoIII intermediate to liberate a chloromethy-
lene radical, which then attacks styrene, was suggested. The reaction is highly sensitive to solvent
and the presence of water as a proton donor leads to 1-chloro-3-phenylpropane as a byproduct.

(ii) B12 model complexes

There are many biomimetic model Co complexes of the cobalamins.1149 The primary criterion for
an effective B12 model has been that the complex may be reduced to the monovalent state and
undergo facile oxidative addition to generate a stable alkylcobalt(III) complex. The two main
classes of B12 model complexes that have been investigated are Co oximes and Schiff base
complexes. The former class shares the planar CoN4 array of their biological analogs whereas
the majority of effective Schiff base B12 model complexes comprise equatorial cis-N2O2 donor
sets.

The stabilization of axially coordinated alkyl groups by trivalent Co complexes of the tetra-
dentate Schiff base salen, and analogs, is a feature that has prompted many studies relevant to B12

biomimetic chemistry. The mixed aldehyde/ketone Schiff base complex trans-EtCo(salacacen)-
(OH2) (256) exhibits a number of structural features (elongated Co�OH2 bond, non-planar
CoN2O2 moiety) that are desirable in a B12 model complex.1150 A variety of salen complexes
bearing secondary alkyls or a bulky diamine in the equatorial position were synthesized and
characterized. The complexes RCo(salen)(4-picoline) (R¼ n-Pr, i-Bu) are six-coordinate and their
coordination geometry is similar to that seen in 50-deoxyadenosylcobalamin.1151 By contrast, the
bulkier EtCo(Me4salen) (derived from 2,3-dimethylbutane-2,3-diamine) offers a rare example of a
five-coordinate square–pyramidal geometry for this class of compound coupled with a highly
reactive Co�C bond. The template syntheses of [RCo(bzacen)(L)]þ (bzacen¼ benzoylacetone
condensed with ethylenediamine, R¼Me, Et, L¼ py2, en) has been described.1152 The presence
of an alkenyl substituent on the ethylenediamine bridge of Co(salen) leads to an interesting
pendent alkyl complex. The overall reaction mechanism involves oxidation of the divalent pre-
cursor to give the alkoxycobalt(III) analog followed by attack on the double bond by the metal
and ultimately addition to the carbocation by the alcohol.1153

N

N

O

O
CoCH3CH2 OH2

(256)

Tridentate Schiff base analogs (bearing a single aromatic residue and a diamine) are capable of
stabilizing alkyl ligands. The primary amine of N-methylethylenediamine (Me-en) condenses with
o-hydroxyacetophenone in the presence of CoII to produce the complex Co(MesalMeen)(Me-en),
which after reduction to the monovalent state may undergo oxidative addition with MeI to give
[MeCo(salMeen)(Me-en)]þ.1154 The dimethylamino analogs Co(MesalMe2en)(N3)(o-(MeCO)-
C6H4O) and Co(MesalMe2en)(SCN)(o-(MeCO)C6H4O) have also been reported.1155
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Like their macrocyclic imine counterparts, Co oximes complexes are capable of stabilizing alkyl
groups in their axial coordination sites. Alkyl complexes containing bis-dioxime bidentate and
mixed imine–oxime tetradentate ligands of Co have been extensively studied as B12 model
complexes. The crystal structures of the organocobalt bis-glyoximato (Hglo¼HO�N¼
CHCH¼N�OH) complexes, trans-RCo(glo)2(py) (R¼Me, Et, i-Pr) have been reported.1156

The coordinate bond lengths in the trans (py)–Co–R group both increase with increasing alkyla-
tion of R due to both steric bulk (Co�C) and �-donating strength of the alkyl group (trans
influence on Co�N). In comparison, the structures of the dimethylglyoxime analogs
RCo(dmg)2(py) (257) are less sensitive to alkyl group variations. Dealkylation may be achieved
through protonation, and reactions of an extensive homologous series of RCo(dmg)2(py) com-
plexes (R¼Me, CH2Cl, CHCl2, Et, CHMe2, Bu, (CH2)2CH¼CH2, CH2CHMeCH¼CH2) with
trifluoroacetic acid (Htfa) were studied by NMR. The reactions are stepwise; the first acid
equivalent results in reversible protonation of the complex, the second proton releases the
pyridine ligand while irreversible alkyl protonation occurs in excess acid.1157 The cis-
Co(dmg)2(tfa)2 product was structurally characterized. The synthesis and characterization of the
diphenylglyoximate series trans-RCo(dpg)2(L) were reported (dpg¼ diphenylglyoxime, R¼Cl,
Me, Et, CH2Cl or i-Bu; L¼ py, 3,5-lutidine, 	-picoline, P(OMe)3).

1158 The crystal structure of
MeCo(dpg)2(py) found that the Co�C bond length was little affected by the methyl-to-phenyl
substitution. Mixed oxime complexes such as (N3)Co(dmg)(dpg)(py) have only recently been
described.1159
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The trans dihalo (Cl� and Br�) CoIII complexes of the linear tetradentate dmg2tn react with
alkylating agents and NaBH4 and ultimately pyridine to give the so called ‘‘Costa-type’’ B12

model complexes [RCo(dmg2tn)(py)]þ (258) in good yields (R¼Et, CHMe2, CH2CMe3, CH2CF3,
CH2CO2Me, CH2Ph, CH2SiMe3).

1160 The X-ray crystal structures of the R¼CH2CMe3 analog
shows that the dmg2tn ligand is more distorted from planarity than bis(dmg) cobaloxime relatives,
and the Co�N bonds are longer. The carbonyl complex Co(dmg2tn)(CO) may also be used as
precursor to the homologs [RCo(dmg2tn)L]þ (R¼CH2OMe, CH2SMe CH2Cl, CH2NO2,
CH2CN, L¼monodentate ancillary ligand).1161 Axial Co�N bond lengthening was observed
with increasing electron-donating ability of the R group. Introduction of alkyl substituents onto
the trimethylene linker has been studied.1162 Dimethylation of the central CH2 group results in a
complex with greater rates of py ligand dissociation. This is correlated with the crystallographi-
cally determined structure, which shows that the planar py ligand leans away from the more
sterically demanding CH2CMe2CH2 moiety compared with the dmg2tn complex. The tetramethy-
lene-bridged analogs [RCo(dmg2bn)(OH2)]

þ were prepared in an effort to increase ligand-effected
distortions that ultimately lead to a weakening of the Co�C bond, as seen in coenzyme B12

through folding of the equatorial corrin ring. Although the crystal structure of
[EtCo(dmg2bn)(OH2)]

þ exhibits somewhat elongated Co�C and C�O bonds and an extended
Co�C�C bond angle (119.3(5)�) the N4 array is effectively planar,1163 in contrast to the CuII

relative. The structure of the [EtCo(dmg2bn)(Him)]þ analog has also been reported, although two
different ligand conformations were identified within the asymmetric unit.1164 It has been noted
that imidazole, once deprotonated, may form �-imidazolato dimers and such species have been
identified by NMR and crystallography.1165 Near-IR FT-Raman spectroscopy was used to
investigate the influence of electronic and steric effects on the Co�Me stretching frequency. It
was found that for the series MeCo(dmg2tn)L, the Co�C frequency decreased (from 505 cm�1 to
455 cm�1) with increasing electron-donating character of L.1166 The ethylmethyl glyoxime analog
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[(Bz)Co(emg2tn)(OH2)]
þ has been shown to perform an unusual Co-to-C migration of the axial

alkyl group upon photolysis, with the benzyl group attacking one of the oxime C atoms.1167

1,5,6-Trimethylbenzimidazole (Me3Bzm) is an appropriate analog for the axial 5,6-dimethyl-
benzimidazole ligand in cobalamins. The complexes [RCo(dmg2tn)(Me3Bzm)]þ (R¼Me, Et and
CF3CH2) have been characterized structurally and the rates of substitution of the axial benzimi-
dazole ligand were determined.1168 The comparable crystal structures of [MeCo(dmg2tn)L]þ

(L¼ 1-Meim, 1,2-Me2im) show the steric influence of the 2-Me group, which extends the axial
Co�N bond length from 2.042(2) Å to 2.100(4) Å, while the Co�C bond length is unaffected.1169

Novel 3-membered metallocycles (Co�C�N) have been formed by attack of a halomethyl axial
ligand on the oxime ligand.1170,1171 An example of this is illustrated in Figure 9.

The tridentate 2-(2-pyridylethyl)amino-3-butanone oxime (Hpeab) is also an effective ligand
for the formation of B12 model complexes with CoIII.538 Compounds of the general formula
[RCo(peab)(Hpeab)]þ (R¼Me, Et, CH2CF3, n-Bu and CH2Cl) have been synthesized. Crystal
structures show that Hpeab binds as a bidentate, while the peab anion coordinates as a tridentate,
including the pyridyl group in the coordination sphere. The axial geometry in [MeCo(peab)(Hpeab)]þ

is closer to that found in methylcobalamin than has been reported for other B12 models.
An electrochemical study of the diaqua bis(dioxime), tetradentate dmg2tn and macrocyclic

dmg2(BF2)2 (259) Co complexes has been reported.1172 Both tetradentate ligands stabilize the
divalent oxidation state relative to the bis(dmg) analog, with the trimethylene link in dmg2tn
being more effective in this role. The acyclic and macrocyclic diphenylborinic acid adducts
dmg2(BPh2) and dmg2(BPh)2 have also been reported.1173 Cyclic voltammetry and spectroelectro-
chemistry of the (256) series (R¼ i-Pr, neopentyl, i-Bu, Et, Bz, Me, HO(CH2)2, CH3COOCH2 and
CF3CH2) was explored.1174 A marked influence of axial group bulk on the reactivity of the lower
oxidation was found, and this was attributed to their ability to form stable bisalkyl complexes. The
series [LCo(dmg2tn)Cl]þ (L¼ py, 4-CNpy-, 4-Brpy-, 4-MeOpy, 4-Me2Npy) and [Co(dmg2tn)(py)2]

þ

were also synthesized. As L becomes more basic, the first CoIII/II potential is shifted cathodically,
although ligand substitution reactions following reduction complicate the voltammetry.1175

The Co complexes of the o-phenylenediamine-linked dioxime Hdmg2Ph bearing a variety of
monodentate ligands (halides and pseudo halides) in the axial coordination sites have been
synthesized.1176 B12 model complexes [RCo(dmg2Ph)(L)]þ (R¼Me, Et, Me2CH, Bz, ch; L¼ py,
H-im, or PPh3) were prepared by the oxidative addition reactions of the alkyl halide to the in situ-
generated monovalent dibromo complex.

Replacement of the axial pyridine by phosphine has been achieved with the synthesis of the
complexes [MeCo(dmg2tn)L]þ (L¼P(OMe)2Ph, P(OEt)Ph2, PEtPh2, P(OMe)3, P(p-Me2NC6H4)3,
P(CH¼CH2)Ph2, P(CHMe2)Ph2, PCyPh2, P(CH2CH2CN)Ph2, PPh3), which were characterized
by 1H NMR spectroscopy and crystallography for the trimethyl phosphite and triphenyl phos-
phine derivatives. The phosphine/phosphite ligand dissociation rates are twice as fast as bis(dmg)
analogs, and vary by four orders of magnitude across the series.

In contrast with the role of cofactor B12 in methionine synthase (methyl group transfer to a
thiol), functional B12 model complexes have provided a formidable challenge. Several oxime
alkyl-cobalt (structural) B12 models when reacted with arene- and alkanethiolates lead only to

Figure 9 Pendent alkyl complex resulting from intramolecular attack of the chloromethyl axial ligand in
[((ClCH2)Co(dmg2tn)(Me3Bzm)] on the coordinated tetradentate dioxime (reproduced with permission of the

American Chemical Society from Inorg. Chem., 1997, 36, 3854–3860).
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thiolate coordination trans to the alkyl group.1177 An example is trans-[(EtS)Co(dmg)2(Me)]�

which exhibits a particularly long Co�S bond consistent with the strong trans influence of alkyl
ligands.

6.1.3.1.2 Non-corrin proteins

(i) Native cobalt-dependent proteins

Aside from B12 cofactors, there are at this time eight known Co-dependent proteins, in addition to
so-called chaperone proteins that are involved in Co transport and uptake.1178 Methionine amino-
peptidase (MetAP) represents the first Co-containing (non-corrin) protein to be characterized by
X-ray crystallography. The enzyme is present in prokaryotes and eukaryotes and its function is to
hydrolyze N-terminal methionine residues from polypeptides. Since the enzyme is isolated as the
apoprotein, the identity of the native metal ion has not been established absolutely. However,
MetAP from Salmonella typhimurium is active upon addition of Co2þ, but not divalent Mg, Mn, or
Zn. The crystal structure of MetAP from E. coli revealed a pair of CoII ions bridged by two
carboxylate residues (Glu235 and Asp108). Each metal is in a square–pyramidal coordination
environment (260) which includes a weak Co�Co bonding interaction.1179 The vacant trans sixth
coordination sites may be for substrate binding, or for coordination of a hydroxo ligand that itself is
the active nucleophile. More recently, the crystal structure of MetAP from the thermophile Pyro-
coccus furiosus has been reported and a pair of Co ions were again revealed at the active site.1180

MetAP from other organisms as well as different metalloproteases (leucine (Zn2) and proline (Mn2)
aminopeptidase) also employ a pair of transition metals at their active sites.
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Proline dipeptidase cleaves dipepetides where proline is adjacent to the N-terminal residue. The
enzyme is a homodimer, with one Co ion tightly bound in each subunit. However, it has been
shown that an additional CoII ion must be added (per subunit) for activity. This second ion is
relatively weakly bound and may be substituted by MnII with somewhat attenuated activity.
Curiously, the active site ligands identified in metallohydrolases such as MetAP are conserved in
this enzyme despite a generally low sequence similarity.

Nitrile hydratase from various organisms has been well studied and even employed in industrial
processes requiring the large-scale hydrolysis of nitriles to amides. The active site structure is
believed to comprise two peptide N-donors and three cysteine thiolates bound to CoIII on the
basis of a high sequence similarity with a structurally characterized FeIII nitrile hydratase. The
role of the CoIII ion is thought to be that of a Lewis acid that activates a hydroxo ligand for
attack on the nearby nitrile. A number of biomimetic systems have recently been studied in an
effort to better understand the properties of this enzyme.1040,1041,1181–1183

Glucose isomerase catalyzes the conversion of D-glucose to D-fructose and has also been used
extensively on an industrial scale.1184 Some, but not all, enzymes of this family require Co
specifically, while others can function with other divalent ions. Environmental and health issues
limit the concentrations of Co in culture media during D-fructose production and other metal ions
are being sought as substitutes. Although the active site structure remains unknown, EXAFS,
optical and EPR spectroscopy has suggest a low-spin divalent Co ion, bound by N and O-donors
only (no S-donors).
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Other less well-characterized Co-containing proteins include methylmalonyl–CoA carboxy-
transferase (or transcarboxylase); this is a complex multi-subunit enzyme comprising three dif-
ferent types of subunit, two of which contain Co.1185 A catalytically important high-spin divalent
Co ion has been identified, but only the Co-free (biotin-containing) subunit has been structurally
characterized. The Co–porphyrin containing aldehyde decarbonylase acts on fatty aldehyde
substrates and is an important energy source in many organisms.1186 The rearrangement of
L-lysine to L-�-lysine is catalyzed by lysine 2,3-aminomutase in the presence of pyridoxal
phosphate, an Fe–S cluster and either divalent Co or Zn.1187 Although there are similarities
with B12 chemistry (activation by S-adenosylmethionine leading to an adenosyl-bound cofactor)
no cobalamins are present nor do they activate the enzyme. Furthermore, the Co ions are not
bound within the Fe–S cluster as shown by EPR spectroscopy. Bromoperoxidase specifically
requires Co for activity (oxidative C�Br bond formation), but the ion is weakly bound and as yet
the essential role of the metal in this enzyme is not well understood.1188

(ii) Cobalt-modified proteins

Apart from its natural occurrence, Co may find its way into other proteins either adventitiously
or deliberately. A study was undertaken where the blood, serum, and plasma of workers
occupationally exposed to Co were analyzed for the element.1189 When separated by gel electro-
phoresis under denaturing conditions, the Co fractions in all blood, serum, and plasma samples
showed a similar protein pattern. A variety of proteins of differing size were found to bind Co in
fractions collected at pH 5, whereas only hemoglobin was found in the pH 7 fractions. The
conclusions were that in vivo Co is bound to plasma proteins, perhaps albumin and hemoglobin.

(ll) Active site structure and spectroscopy. Due to its well-understood coordination chemistry,
characteristic spectral properties, lability and compatible ionic radius and charge, divalent Co is a
useful active site substituent for spectroscopically silent metal ions such as ZnII and CuI, and Co
substitution has been used as a structural probe of protein active sites. The paramagnetic NMR
shifts induced by divalent Co substituted for the native diamagnetic metal ion at the active site
is a useful tool in the interpretation of NMR spectra of the protein. The binding of L- and
D-phenylalanine and carboxylate inhibitors to CoII-substituted carboxypeptidase A in the
presence of pseudohalogens N3

�, NCO�, and NCS� was studied by 1H NMR.1190 The proton
signals of the bound histidine residues were sensitive to the interactions between the inhibitors and
the metal. Enzyme–inhibitor complexes with characteristic NMR features were identified. L–Phe
formed a 1:1 complex, whereas D–Phe bound stepwise, first to a non-metal site and then to the Co
ion forming a 2:1 complex. The carboxylates CH3COO� and PhCH2COO� also formed 2:1
adducts stepwise with the enzyme, but 2-phenylpropionate gave a 2:1 complex without any
detectable 1:1 intermediate. The pseudohalides N3

�, NCO�, and NCS� generated complexes
directly with the CoII:L–Phe adduct but indirectly with the D–Phe and carboxylate inhibitor,
2:1 complexes displacing the inhibitor from the metal. Inhibitor binding constants have also been
determined from 13C NMR T1 and T2 measurements on the 13C-enriched amino acid inhibi-
tors,1191 and EPR spectroscopy has been employed as well to gain insight to the active site
structure.1192 Substitution of CuI by CoII in blue copper proteins has also been achieved for the
purpose of NMR investigations. Assignment of the 1H NMR spectrum of Pseudomonas aerugi-
nosa Co-substituted azurin has been made with contact-shifted signals from amino acid residues
as distant as 10 Å from the metal being achieved.1193 Resonances due to the five amino acid
residues known to reside at the metal binding site of oxidized (CuII) azurin (His46, His117,
Cys112, Met121 and Gly45) were identified. However, there are metal-dependent differences;
most notable being that Met121 appears to be only weakly interacting with the metal ion in the
Co protein whereas Gly45 is apparently strongly bound to Co in contrast to the native Cu
protein. Overall, a distorted tetrahedral N2OS geometry for the Co ion was assigned. Metal
ion-induced conformational changes in Serratia protease (one Zn ion per native protein, replaced
by Co) were investigated by small-angle X-ray scattering. The protein is an elongated ellipsoid of
approximately 110� 40� 40 Å with a large cleft in its central region. Comparisons of the native
(Zn) enzyme with the apoenzyme show small but significant differences in their radii of gyration,
maximum particle dimensions, and intraparticle pair-distance distributions.1194

The ZnII ion of angiotensin-converting enzyme (ACE) has been replaced by CoII to give an
active, chromophoric enzyme and inhibitor binding has been identified spectroscopically. Visible
and MCD spectroscopy were used to characterize the catalytic metal binding site in the
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Co-substituted enzyme and in a number of enzyme-inhibitor complexes.1195 The visible absorp-
tion spectrum of Co ACE exhibits a single weak broad maximum (525 nm) in contrast to the
spectra of enzyme-inhibitor complexes, which display red-shifted and more intense maxima (525–
637 nm). The presence of S�Co charge-transfer bands in the spectra of the tetrahedral Co
ACE-inhibitor complex confirm direct ligation of the thiol group. The optical spectrum of
Co-substituted Aeromonas aminopeptidase is perturbed by the presence of equimolar concentrations
of D-amino acid hydroxamates and acyl hydroxamate inhibitors. D-Valine and D-leucine hydro-
xamate each produces a splitting of the characteristic 527 nm maximum of the Co enzyme to give
three new maxima between 570 nm and 480 nm, whereas hydroxamates of L-valine and L-leucine
produce little change in the spectrum.1196 Conversion of yeast CuI-thionein to the CoII derivative
has been achieved. The optical spectrum of the Co protein is virtually identical to those of Co-
substituted metallothioneins originating from vertebrates. Characteristic charge transfer bands
and d–d transitions led to the proposal of a tetrahedral Co-thiolate coordination with three
bridging cysteine S-donors.1197 Superoxide dismutase has a crucial role in defense against cyto-
toxic O2

��. It contains both ZnII and CuII binding sites and these have been replaced by CoII in all
three combinations, i.e., CoII�CoII; E–CoII, and CoII–E where E represents a vacancy at either the
Cu or Zn binding site.1198 The cobalt-protein derivatives have been characterized by optical
absorption, CD, and fluorescence spectroscopy. The CoII–CoII protein exhibits an optical spectrum
corresponding to the sum of the spectra of the other two derivatives, although the CD spectra were
not additive, suggesting that the presence of CoII in one site strongly affects the geometry of the
neighboring site. Fluorescence spectra illustrated that CoII ions exert a different quenching effect on
tyrosine emission, depending on whether they are located in the ZnII or in the CuII site.

(mm) Activity and inhibition. There are many Zn-dependent enzymes that retain their catalytic
activity or that are equally sensitive to inhibition upon substitution by divalent Co. Although the
chelating ligand N,N-diethyldithiocarbamate anion is an inhibitor of (Zn-dependent) bovine car-
bonic anhydrase (CA), no removal of Zn could be detected even at a very high concentrations of
anion. At identical pH values a larger inhibitory effect was found for the Co-substituted enzyme, but
CoII was removed from the protein by the ligand at pH less than 7. However, Co ion remained
bound at pH 10, and a five-coordinate CoII ion was observed spectroscopically.1199 The kinetics of
complex formation between CoII-substituted CA and OCN�, SCN�, and CN� has also been
studied.1200 Formation of a 1:1 complex occurs exceedingly quickly and the explanation for this
observation was that the anion enters a vacant coordination site on the metal, effecting a change in
coordination number of the Co ion from 4 to 5. Reversible amide inhibition of Co-substituted CA
by iodoacetamide, urethane, and oxamate has been reported,1201 and visible spectroscopy indicated
coordination of the inhibitors to the metal with a deprotonated N-bound amide being the final
product with O-bound linkage isomer intermediates being found in some cases.

Streptomyces griseus aminopeptidase specificity was studied using amino acid 4-nitroanilide
substrates. The zinc enzyme hydrolyzes leucine 4-nitroanilide at a ten-fold faster rate than the Co
enzyme, the Co enzyme hydrolyzes alanine 4-nitroanilide at a more than 20-fold faster rate than
the zinc enzyme.1202 Activity of the bacterial enzyme N-succinyl-L-diaminopimelic acid desucci-
nylase was completely abolished following dialysis of the enzyme against metal chelators, but
restored on addition of CoII or ZnII. The binding constants for both metals were similar and the
Co enzyme was about twice as active as the Zn homolog.1203 The enzyme is highly specific for its
natural substrate, and given its essential role in bacterial growth it is an ideal target for the
development of inhibitors with antibacterial potential. Divalent Co inhibits the Ca2þ–Mg2þ–
ATPase activity of sealed muscle sarcoplasmic reticulum vesicles, of solubilized membranes, and
of the purified enzyme. Inhibition by CoII is likely due to free Coaq

2þ binding to the enzyme,
which is reversible on addition of Ca2þ in millimolar concentrations, indicating that the Ca
binding site is the one targeted by Co.1204 The kinetic and spectral properties of native (Zn)
and Co-substituted D-lactate dehydrogenase (a flavin-dependent enzyme) have been compared.1205

Optical and MCD spectra are consistent with high-spin tetrahedral Co and the metal appears to
be involved in substrate binding and reduction. The Zn-containing protein farnesyltransferase
catalyzes the addition of a farnesyl isoprenoid to a conserved cysteine in peptide or protein
substrates. Substitution of Zn by Co has no effect on catalytic activity, but reveals through
optical spectroscopy a thiolate ligand at the active site as part of a pentacoordinate or distorted
tetrahedral coordination sphere.1206 Furthermore, the thiolate charge transfer band intensity is
enhanced upon substrate binding, which was indicative of the formation of a second Co–thiolate
bond corresponding to the thiolate group of the peptide substrate. Acetylpolyamine amidohy-
drolase exhibits activity in both its native (Zn) form and upon Co substitutions, although the pH
optima are different.1207
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Co-for-Zn substitution in alcohol dehydrogenase from Saccharomyces cerevisiae revealed a
100-fold increase in activity and a higher resistance of the modified protein to the inhibitory
action of other divalent transition metals,1208 making the Co-modified enzyme suitable for
biotechnological applications.

The introduction of redox activity through a CoII center in place of redox-inactive ZnII can be
revealing. Carboxypeptidase B (another Zn enzyme) and its Co-substituted derivative were
oxidized by the active-site-selective m-chloroperbenzoic acid.1209 In the Co-substituted oxidized
(CoIII) enzyme there was a decrease in both the peptidase and the esterase activities, whereas in
the zinc enzyme only the peptidase activity decreased. Oxidation of the native enzyme resulted in
modification of a methionine residue instead. These studies indicate that the two metal ions
impose different structural and functional properties on the active site, leading to differing
reactivities of specific amino acid residues. Replacement of zinc(II) in the methyltransferase
enzyme MT2-A by cobalt(II) yields an enzyme with enhanced activity, where spectroscopy also
indicates coordination by two thiolates and two histidines, supported by EXAFS analysis of the
zinc coordination sphere.1210

Divalent Co substitution in copper amine oxidase revealed 19% of the native specific activity
(for MeNH2) and 75% of the native reactivity toward phenylhydrazine. The major cause of this
was a 68-fold increase in Km for O2. These investigations support the idea that electrons flow
directly to bound O2 without the need for a prior metal reduction and that the Cu does not redox
cycle but simply provides electrostatic stabilization during reduction of O2 to O2

��.1211

6.1.3.1.3 Biomimetic chemistry

(i) Dioxgen binding

Although the natural O2 storage and transport proteins hemoglobin and myoglobin bear no Co
ions, there have nonetheless been many Co-containing functional models of these proteins
reported in the literature. The key to a successful O2 carrier is reversibility. That is, the metal
must not undergo spontaneous auto-oxidation to generate superoxide or peroxide species, nor
must the coordinated O2 ligand be attacked by protons or reductants that may assist this process.

Some 6,13-disubstituted macrocyclic Co(tmtaa) (60) complexes were prepared by Busch and
co-workers and their O2 binding affinities were determined.1212 The complexes slowly undergo
oxidation, but the ligand remains intact. This group has made many contributions to the field of
O2 binding through a class of macrobicyclic ligands often referred to as the cyclidenes (or lacunar
macrocycles). Examples of 14-, 15-, and 16-membered macrocycles bound to divalent Co have
been reported. For example, the planar [14]cyclidene complex has a small cavity which is only
capable of partially protecting a bound O2 from attack by solvent. This is in contrast to the deep
saddle-shaped cavities of the 15- and 16-membered homologs. Some Co complexes of the
[16]cyclidene family ((261) is an example) bind O2 reversibly at low temperature with an enhanced
affinity and lower rate of auto-oxidation compared to the [14]cyclidene analogs, both features
attributed to the more exposed O2 ligand in the smaller macrocycle. Dioxygen affinity decreases
monotonically with the length of the polymethylene bridging group from octamethylene to
tetramethylene and no binding occurs with a trimethylene bridge.1213 The X-ray crystal structure
of the Co–dioxygen adduct of (261) [Co(MeMeC6-[16]cyclidene)(Me-Im)(O2)](PF6)2 (Figure 10)
reveals that the conformation of the ligand in the six-coordinate complex is crucial in protecting
the O2 ligand. Subsequently, the kinetics of O2 binding to the vacant coordination site of the
divalent complex were found to proceed with a very low activation barrier at rates comparable
with the biological oxygen carriers myoglobin and hemoglobin.1214 An interesting discovery was
that ionizable Me groups on the cyclidene ligand enhance the rate of auto-oxidation of the
divalent O2 adduct, which prompted the synthesis of unsubstituted cyclidenes and their Co
complexes.1215 A lower O2 binding constant was observed to the unsubstituted cyclidene complex,
although the rates of dioxygen binding were as fast as those of the Me-substituted analogs, which
pointed to differences in the complex dissociation rates as being responsible for the disparate O2

affinities. Molecular dynamics calculations have been used to examine solution conformations of
these complexes.1216

The ability of the ubiquitous Co(salen) complex and its tetradentate Schiff base analog com-
plexes to bind O2 reversibly has been central to most investigations of its coordination chemistry.
A density functional computational investigation has been carried out on the O2 carriers
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(O2)Co(salen)(py) (262) and (O2)Co(acacen)(py) (263).1217 The calculated geometries and O2

binding energies were consistent with experiment. The inclusion of effects due to the basis set
superposition error and zero point correction attenuate the calculated binding energy. Magnetic
susceptibility measurements showed that 22% of divalent Co(salen) exists as the high-spin
(S¼ 3/2) Co(salen)(py)2 complex in pyridine solution at 295 K and that lower temperatures
favor the high-spin species.1218 In DMF-d7 temperature-dependent NMR experiments, the for-
mation of antiferromagnetically coupled dimers at low temperature was indicated. The pressure
dependence of the high-spin-low–spin spin equilibrium was studied at room temperature for the
six-coordinate 3-carboxy derivatives of Co(salen)L2, where L is a coordinating solvent. The high-
spin-low–spin crossover was observed with near-edge XANES spectroscopy.1219 The pressures
required to induce a spin transition were less than 1.1 GPa for L¼ pyridine, 4-tert-butylpyridine
and H2O (which are known to also undergo thermal spin crossover) and 6.5–9.0 GPa for
L¼ 3-methylpyridine, which is normally high-spin at all temperatures.
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The single-electron reduction and oxidation of Co(salen) is solvent dependent as a result of the
available coordination sites perpendicular to the CoN2O2 plane.1220 Furthermore, substituents on
the phenyl rings modulate the observed redox potentials and subsequently the O2 binding
constants. Hammett correlations are obtained.1221 Potentiometric titrations were performed to
determine the O2 binding constants and species distribution as a function of pH for a variety of
Schiff base Co complexes.1222

The Co(salen) complex may be prepared in situ inside zeolite Y (but not zeolite 5A) by reaction
of the free ligand with the CoII-exchanged zeolite (a ‘‘ship in a bottle’’ approach).1223 When
reacted with pyridine, 1:1 O2 adducts are formed that are too large to exit the interior of the
material and although the O2 complex formation constants are smaller, auto-oxidation is atte-
nuated significantly within the zeolite cavity. Similar experiments were performed to compare the
reactivity of Co(salen) within cubic (zeolite Y) and hexagonally symmetric (EMT) cavities.1224 An
analogous approach has been reported using porous organic matrices to encapsulate Co(salen)
and its O2 adduct.1225 Further, an oxygen-sensitive membrane incorporating Co(salen) has been
prepared via sol–gel methods with poly(N-vinylpyrrolidone) as the mediation agent.1226
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Figure 10 Three views of the Co-O2 adduct of (261), with a disordered N-methylimidazole as the sixth ligand
(reproduced with permission of the American Chemical Society from Inorg. Chem., 1994, 33, 910–923).
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Well-dispersed silica and polymer/Co(salen) segments at a molecular level were obtained. Non-
destructive immobilization of Co(salen) complexes within silica aero- and xerogels was also
achieved with the sol–gel method using silylether-appended salen.1227

The mononuclear O2 adduct L(salchn)Co(O2) (L¼ various substituted pyridines) bearing a
fused cyclohexyl ring has been investigated by EPR spectroscopy.1228 The effect of the basicity
of the solvent trans to the dioxygen ligand on the g and A values was studied and discussed in
terms of the degree of Co�O2 back bonding. 1-Hydroxy-2-naphthaldehyde may be considered as
a benzo-salicylaldehyde and Co complexes of its corresponding npthn analogs have been prepared
with 2–6 methylene groups connecting the two N donors.1229 Reversible O2 binding occurs with
the ethylenediamine analog Co(npthn) complexes in DMF, although the reaction is considerably
more exothermic than for Co(salen).

(ii) Polyphosphate and phosphate ester hydrolysis

The biomimetic catalysis of polyphosphate hydrolysis by CoIII amines has received a great deal of
attention. A number of tetraaminecobalt(III) complexes are known to be effective in this role.
A stereochemical requirement is a cis-octahedral tetraamine complex where a pair of adjacent
reactive coordination sites are present; one for a highly polarized hydroxo ligand (the nucleophile)
and the other for the polyphosphate (the substrate). ATP,1230–1232 cAMP (adenosine 30,50-cyclic
monophosphate),1233, triphosphate,1234,1235 and pyrophosphate hydrolysis have been shown to be
catalyzed by the macrocyclic complex [Co(cyclen)(OH2)(OH)]2þ (140). Monodentate coordination
of a terminal phosphate group to produce a species of the type [CoIII(cyclen)(OPO3PO2R)(OH)]nþ

(264) is followed by rapid intramolecular phosphate hydrolysis involving the cis-coordinated
hydroxo ligand resulting in the [Co(cyclen)(OPO3)(OH)]� ion as a product.
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Phosphate monoester, diester,1236 and triester1237 hydrolysis is also catalyzed by this versatile ion,
and it is known that the amine spectator ligands also influence the observed rates significantly.1238

Measurable rate increases of up to 107-fold have been reported with CoIII polyamine catalysts.1239

The large difference in reactivity of monodentate hydroxyethylphosphate where a cis-hydroxy
group is also bound, compared with the chelated ester occupying both sites, points to the role of
the coordinated nucleophile in hydrolysis of the phosphoester.1240 With additional aquahydroxy-
cobalt(III) tetraamines present, however, ester hydrolysis is significantly accelerated, pointing to a
dinuclear intermediate forming. Indeed, a product of this hydrolysis has been characterized as
[(trpn)Co(OP(O2)O)Co(trpn)]3þ, supporting this view (trpn¼ tris(3-aminopropyl)amine).

Understanding the cooperative hydrolysis of phosphoesters by two metal ions, the presumed
mechanism in endonucleases, is a current focus of attention, prompting study of dinuclear
systems. Diester coordination can involve both terminal O atoms as donors, as exemplified
in the bridged dinuclear complexes (265).1241 Ester cleavage is promoted in basic solution
via nucleophilic attack by a deprotonated bridging hydroxide. The Co���Co separation (2.9 Å)
in the dimer is much shorter than in dinuclear phosphodiesterases.1242 The diester is hydrolyzed
by a mechanism involving double Lewis acid activation and attack from a neighboring bridging
oxo ligand, with an exceptional 1012-fold rate acceleration reported. The hydrolysis of methyl
aryl phosphate diesters bound to CoIII in the dinuclear ion [{(tame)Co}2 (�-OH)2(�-
O2P(OAr)(OMe))]3þ is base catalyzed, and sensitive to the basicity of the aryloxy leaving group
and to variation of the ‘‘spectator’’ amine ligand.1243 Further rate enhancements have been
observed in carefully designed dinuclear CoIII cyclen complexes capable of binding monoester1244
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or diester1245 substrates within a pocket between the pairs of reactive cis aqua/hydroxo ligands on
each metal (266). A triply bridged dinuclear complex with a bridging phenylphosphonate ester has
also been examined as a model of phosphodiester cleavage.966
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DNA (phosphodiester) hydrolysis has also been examined with [Co(cyclen)(OH2)(OH)]2þ as the
active species.1239,1246 Significant rate enhancement of linear1247 and supercoiled1248 double-
stranded polydeoxyribonucleotide hydrolysis is observed by immobilizing the Co complex on a
polystyrene support. Wider exploration of reactions with DNA follow.

6.1.3.1.4 DNA binding, intercalation, and scission

The humble [Co(NH3)6]
3þ ion is an extremely effective hydrogen bond donor, and its high charge

density ensures a strong association with oligonucleotide duplexes both large and small. These ion
pairing interactions can influence the helical structure of DNA and its relatives considerably.1249

The oligonucleotide–[Co(NH3)6]
3þ interaction has been studied with a wide variety of physical

techniques including crystallography,1250–1255 electron microscopy,1256,1257 atomic force micro-
scopy,1258 circular dichroism,1259,1260 vibrational spectroscopy,1261,1262 NMR,1263–1265 and light
scattering.1266,1267 Condensation of DNA1268,1269 is affected by the presence of this ion. It has
been found that [Co(NH3)6]

3þ effects the conversion of B- (right-handed) to Z-DNA (left-handed)
or B- to A-DNA (conformationally distinct right-handed helices) depending on the DNA
sequences, and a number of spectroscopic and theoretical1270 studies have investigated this
phenomenon. Marked changes in the helical structure of the oligonucleotide such as bending and
photosensitized cleavage of the helix have been observed.1271,1272

The interaction of chiral [Co(en)3]
3þ with DNA and small oligonucleotides has been extensively

studied. A 1H NMR investigation revealed distinctly different chemical environments of the
nucleotide protons of a dodecanucleotide in the presence of the different enantiomers, and
concluded that �-[Co(en)3]

3þ binds with the dodecamer in the major groove, near the center of
the duplex and binds more strongly than the corresponding � isomer.1273 This interaction has
been investigated with molecular dynamics simulations, and this study identified key H-bonding
interactions responsible for the diastereoselectivity.1274 A 59Co and CD spectroscopic study1275 of
the interaction between the �- and �-[Co(en)3]

3þ with DNA identified a similar sequence
selectivity (guanine) to that seen for [Co(NH3)6]

3þ, and both enantiomers were found to induce
a B-to-A DNA conversion in G-rich regions while leaving other sections of the duplex in the B
conformation.1276 However, �-[Co(en)3]

3þ binds more strongly to right-handed, guanine-rich
DNA than �-[Co(en)3]

3þ. The reverse is true for left-handed DNA. The two enantiomers bind
in an indistinguishable manner to AT-rich DNA. These findings were subsequently supported by
2D NMR experiments.1277 The B–Z DNA transformation in poly (dG-dC)(dG-dC) DNA, known
to be assisted by [Co(NH3)6]

3þ, has also been achieved with [Co(en)3]
3þ.1260 DNA has been shown

to co-precipitate rapidly with [Co(en)3]
3þ at trace concentrations whereas charge neutral and

anionic complexes are left in solution.1278

The [Co(phen)3]
3þ complex is photoactive and a powerful oxidant in its excited state. The ion has

no H-bonding groups and hence is considerably more hydrophobic1279 than hexaamine relatives.
These properties have proven particularly useful. Aryl and alkyl substituted [Co(phen)3]

3þ com-
plexes have received a great deal of attention due to their ability to intercalate within the helical
structure of DNA through a combination of electrostatic and hydrophobic forces. The chirality of
the tris-chelate complex is crucial in determining the degree of association between the complex and
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DNA. A key paper by Barton and Raphael1280 reported that (right-handed) B-DNA associates
strongly with �-[Co(4,7-Ph2-phen)3]

3þ but not with its � enantiomer. Upon irradiation DNA
nicking was achieved, which was attributed to photooxidation by the CoIII complex when closely
bound to the helix activating strand scission. The area of DNA intercalation by [Co(phen)3]

3þ and
other similar complexes has received a great deal of attention subsequently.1281 The DNA double
helix has been shown to be an efficient conduit for intermolecular electron transfer between
photoexcited [Ru(phen)3]

2þ and [Co(phen)3]
3þ, where both complexes are intercalated within the

double helix.1282 This concept was extended to the same intermolecular electron transfer reaction on
the surface of starburst dendrimers.1283 Electrochemical methods have been employed to quantify
the association constants between the Co complex and various oligonucleotides,1284–1286 and to
gauge the effect of DNA binding on the rate of diffusion of the Co complex.1287 The concept of
association between the DNA double helix and the complementary [Co(phen)3]

3þ unit has been
extended to DNA-modified electrodes with potential biotechnological applications.1288–1293

Adsorptive transfer stripping voltammetry at a hanging mercury drop electrode has been used to
detect conformational changes of DNA due to binding of DNA intercalators.1294

The molecules bleomycin A2 and B2, (267a) and (267b), comprise a potent chemotherapeutic
agent for the treatment of cancer. The anti-cancer activity lies in the drug’s ability to achieve DNA
strand scission in tumor cells through the production of peroxyl species. A single bleomycin
molecule is capable of cleaving both strands of DNA in the presence of its required cofactors
Feaq

2þ and O2 without dissociating from the helix. There are a number of N donors (in bold) that
participate in binding the Fe cofactor and produce hydroperoxide as a ligand that initiates strand
cleavage. Substitution of Co for Fe enables interactions between the drug and DNA fragments to be
investigated by NMR spectroscopy. Conformational properties of the HO2-CoIII-bleomycin A2

(267a) (Form I) and CoIII-bleomycin (Form II) complexes bound to DNA oligomers were examined
by NMR.1295 Form I binds in slow exchange to the oligomers d(GGAAGCTTCC)2 and
d(AAACGTTT)2, whereas Form II binds with DNA in fast exchange on the NMR time scale.
The association constant of Form II with d(GGAAGCTTCC)2 (pH 7.4, 25 �C) is 1.7� 105 M�1.
A later 2D NMR study of the complex formed between Co-bleomycin and other oligonucleotides gave
a well-defined picture, which found that the bithiazole tail of bleomycin is partially intercalated
between T19 and A20 of the duplex and that the metal binding domain is poised for abstraction of
the T19 H40 in the minor groove.1296 The interaction between the CoIII complex of a bleomycin
functional model (AMPHIS-NET) and the oligonucleotide d(CGCAATTGCG)2 were examined by
2D NMR methods and molecular dynamics calculations.1297 The 1:1 cobalt(III) complex of
AMPHIS-NET binds in the minor groove of the oligonucleotide at the central AATT site. Cross
peaks also indicate that the metal binding moiety of the CoIII–AMPHIS-NET complex interacts
with the oligonucleotide two base pairs beyond the central AATT site in the minor groove.
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6.1.3.1.5 Biological electron transfer

Association of [Co(NH3)6]
3þ with acidic amino acid residues on the surface of proteins has been

exploited in the ‘‘promotion’’ of electron transfer reactions of redox active proteins at electrode
surfaces.1298,1299 The [Co(phen)3]

3þ and [Co(bpy)3]
3þ ions are particularly attractive high-poten-

tial, single-electron, outer-sphere oxidants lacking any potential hydrogen bonding sites. The
oxidation of blue copper proteins with [Co(phen)3]

3þ and [Co(bpy)3]
3þ has been studied in a

series of papers from Sykes and co-workers,1300–1305 and other groups.1306–1309 Reactions of the
CoIII complexes with ferrocytochromes,1310–1318 Fe–S clusters,1319 molybdoenzymes,1320 and
galactose oxidase1321 have also been reported. Enantioselective oxidation of ferrocytochrome c
by optically pure [Co(bpy)3]

3þ was interpreted as evidence for the closeness of approach of the
CoIII complex to a hydrophobic, and inherently chiral, pocket of the protein.1322 Like the bpy and
phen homologs, the [Co(terpy)2]

3þ ion has been used as a single-electron oxidant of a number of
biological targets.1305,1323 With the [Co(phen)3]

3þ/2þ couple, the [Co(terpy)2]
3þ/2þ system has been

used as a high potential mediator in redox potentiometry of biological redox centers.1324

6.1.3.1.6 Medicinal chemistry

Co porphyrins have been found to play interesting and varied roles in medicine. Co proto-
porphyrin and meso-substituted porphyrins administered subcutaneously to normal adult rats
led to decreases in food intake and sustained decreases in body weight, while direct injection of
the compound into the brain produced similar changes in food intake and body weight, but
requiring about 1–2% of the parenteral dose.1325 Similar effects were observed with genetically
obese rats, chickens, and dogs. These studies demonstrate that porphyrins can act on the central
nervous system to regulate appetite and to produce long-sustained diminutions in body weight
and content of fat in animals; pharmaceutical compositions for these porphyrins for the treatment
of obesity have been patented.1326

The high CN� affinity of trivalent [Co(TSpP)]4� has led to its investigation as a potential
cyanide antidote either alone or in various combinations with the cyanide antagonists NaNO2 and
Na2S2O3.

1327 The study found that administration of [Co(TSpP)]4� alone protects against the
lethal effects of cyanide, and that the complex adds to the protection provided by Na2S2O3 and/or
NaNO2. Co protoporphyrin administered in conjunction with organ transplantation has been
found to enhance organ survival. Inhibition of cytotoxicity in vitro and prolongation of graft
survival in therapy of heart allograft recipients has been demonstrated.1328 It is known that CoCl2
is a potent inducer of heme oxygenase in vivo in animals, so the possibility of the biosynthesis of
Co protoporphyrin was examined in human hepatoma cells by incubating them with CoCl2 and
protoporphyrin and 
-aminolevulinate, the precursor of protoporphyrin.1329 Both types of treat-
ment led to a potent induction of heme oxygenase mRNa, with Co protoporphyrin formation
demonstrated in cells incubated with the metal and 
-aminolevulinate, which demonstrated that
incorporation of Co into the porphyrin is necessary for induction, and indicated that the role of
CoCl2 (as its porphyrin complex) was to activate the heme oxygenase gene via a heme-responsive
transcription factor.

The therapeutic potential of sarcophagine cage complexes in general has been reviewed.760 For
Co cages, in particular (162), the irreversible nature of coordination means that the metal is a
spectator in systems examined to date. Most of the uses for this class of Co complex in biology
relate to the nature of the substituents introduced at the cap. Long alkyl substituents result in
complexes that exhibit surfactant-like properties and these have been found to exhibit antipara-
sitic activity.1330–1332 The anthracenyl-substituted (cationic) Co cage (unlike anthracene itself)
associates strongly with DNA and irradiation of the intercalated complex at 254 nm leads to
single-strand cleavage of DNA.1333

6.1.4 INDUSTRIAL AND ANALYTICAL APPLICATIONS OF COBALT COMPLEXES

6.1.4.1 Organic Transformations

The use of transition metal compounds in organic synthesis, where they may be involved in
stoichiometric reactions or catalytic reactions, has grown consistently, as recent reports illustrate.1334–1337
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Catalysts for promoting organic transformations are as diverse as are the reactions they catalyze,
and there are a growing number of examples featuring Co extant in the literature. Nevertheless,
Co features less commonly than some other metal ions, but may find application in a range of
characteristic organic reactions such as alkylation, conjugate addition, oligomerization, acylation,
rearrangement, and functional group synthesis. It remains true to say that applications of Co
compounds in catalysis are limited relative to other metals such as palladium and ruthenium, and
this presents an area for future development of the chemistry of the element. This section does not
aim to be exhaustive in its coverage, but to give examples of applications and recent developments
in the field; some examples have appeared already for selected complexes throughout the review.

Both heterogenous and homogenous catalysts featuring Co have been reported. The macro-
molecular heterogenous catalysts are outside the scope of this report, which concentrates on
molecular systems. However, it is noted that surfaces can promote reactions in concert with
molecular systems. For example, surface reactions between Co2(CO)8 and an inorganic oxide
involves disproportionation and tight ion pair formation, leading to catalytically active Mg[Co-
(CO)4]2.

1338 Further, surfaces may be templated with organic molecules capable of binding metal
ions strongly, providing modified surfaces for catalytic activity,1339 or else complex ions may be
intercalated in layered inorganic solids such as double hydroxides.1340 Intercalation of phthalo-
cyanines and porphyrins of cobalt(II), as well as polyoxometallates including cobalt(II), has been
established in these anionic clays. Photocatalysis by transition metal complexes has been widely
studied also.1341 Amongst systems identified, cobalt(III) complexes of oxalate and dithiooxalate
feature in their use for hydrogen generation from thiols, which also leads to disulfides.

6.1.4.1.1 Oxidations

Cobalt(III)–alkylperoxo complexes find use in the oxidation of hydrocarbons.1342,1343 Since they
release ROO� and RO� radicals upon mild heating in solution, they are effective oxidants under
mild conditions, and produce catalytic systems in the presence of excess ROOH. Aliphatic C�H
bond oxidation by CoIIOOR (R¼CoII, alkyl, H) complexes including a hydrotris(pyrazolyl)
borate ligand have also been reported, with homolysis of the peroxo O�O bond believed to be
important in oxygenation of the C�H bond.1344

Regioselective hydroperoxygenation of �,�,	,
-unsaturated carbonyl compounds with O2 and
triethylsilane was achieved with a CoII porphyrin complex, to give the corresponding 	-hydro-
peroxy-�,�-unsaturated carbonyl derivative in good yield.1345 The same group extended this
range of reactions to include other conjugated olefins such as styrene and acrylic esters.1346

4-Aryl-substituted derivatives of Co(TPP) catalyze the oxidation1347 or epoxidation1348 of organic
substrates such as alkenes, allylic or benzylic substrates, alcohols, and hydrocarbons at ambient
conditions in the presence of O2 and 2-methylpropanal.

The 4-methoxy derivative of the Schiff base complex Co(salphn) (69b) catalyzes the mild
epoxidation of olefins in one atmosphere of O2 in the presence of a cyclic ketone reductant.1349

The catalytic dioxygenolysis of 3-methylindole to 2-(N-formylamino)acetophenone has been
investigated within a series of electronically and sterically designed Co(salen) (69a) complexes.
The cathodic shifts in the CoIII/II redox potential and steric bulk each slow the reaction.1350

Substituted anilines undergo oxidation by t-butyl hydroperoxide in the presence of Co(salen)
analogs to give the corresponding nitrobenzene.1351 A Co(salen)(OO-t-Bu) intermediate was
implicated in the mechanism. The catalysis of phenol oxidation reactions was investigated using
Co(salen) analogs, particularly coniferyl and sinapyl alcohols as substrates. This oxidation of
monomeric and dimeric lignin model compounds was also studied with a view to its relevance to
practical pulp bleaching conditions.1352

Complexes of the Co(salen) family are capable of mediating the electrocatalytic reduction of O2

to H2O2.
1353 The reduction potential is pH dependent, irreversible, and diffusion controlled. The

biphenyl-derived dimer of Co(salphn) (joined at the 4-positions of the two o-phenylenediamine
rings) adsorbs onto a graphite electrode and also catalyzes the reduction of O2 which is believed
to involve axial coordination of O2.

1354 An electrochemical investigation of the cyclohexane fused
analog Co(salchn) identified a reversible CoIII/II response in deoxygenated non-aqueous solution
in addition to O2 reduction waves on aeration. An XPS analysis of an anodically formed film of
the complex on a platinum electrode identified the Co complex in its trivalent oxidation state. In
aerated solution, catalytic oxidation of alkenes such as cyclohexene and 4-methyl-1-cyclohexene
was observed.1355
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Cobalt(II) bis(1,3-diketone) complexes find use for the conversion of olefins into alcohols,
ketones, and paraffins, by contacting the olefins with an oxygen-containing gas in the presence
of the Co catalysts.1356 Cobalt catalysts supported on or incorporated into other materials are
also recognized as effective heterogeneous catalysts. Co(salen) can be incorporated into the
intercrystalline cavities in zeolites, and catalyzes the oxidation of cyclohexene with aqueous
peroxide to form cyclohexane-1,2-diol, 2-cyclohexenol and 2-cyclohexenone.1357 Crosslinked
polystyrene is an efficient support for thiosemicarbazone cobalt (II) complexes.1358 This functionalized
polymer, when 10% crosslinked, shows potential as a catalyst for the epoxidation of cyclohexene
and styrene. It is also able to catalyze the decomposition of peroxide. Polymer-immobilized
EDTA was prepared by redox initiation with sodium EDTA and ceric ion of copolymerization
of methacrylic acid and acrylonitrile. The Co complex proved useful for the peroxidation of
benzaldehyde, in a selective and high-yielding reaction.1359 Immobilization of a CoIII complex on
chemically modified silica has recently been described, and efficiently oxidized alkylaromatics
with air and without requiring a solvent.1360 Immobilized catalysts present the opportunity for
more environmentally friendly industrial processes to be developed.

6.1.4.1.2 Carbonylation and formylation

Hydroformylation promoted by metal compounds is sufficiently extensive to attract annual
reviews of work in the field.52,1361,1362 However, Co catalysts form a smaller subset. Of the
more established Co catalysts, Co2(CO)8 continues to be well studied. The equilibrium reaction
pertinent to hydroformylation (Equation (12)), has been recently reviewed.1363

Co2(CO)8 + H2  2 HCo(CO)4 ð12Þ

The attainment of regio- and enantioselectivity are continuing challenges, which form the basis
of investigations of new catalytic systems. For example, novel mixed-metal catalysts such as
(CO)2Co(�-CO)(�-HC�CBu)Rh(CO)2 promote the stereospecific synthesis of Z-only BuC
(CHO)=CHSiMe2Ph from 1-hexyne and HSiMe2Ph.1364

A recent example where Co2(CO)8 serves as a precatalyst is in the preparation of linear and
branched aldehydes via propylene hydroformylation in supercritical CO2 (93–186 bar; 66–108 �C).
Cyclohexane carbaldehyde is produced from cyclohexene using Co2(CO)8 and an acid RCOOH,
or else is successful with another established Co catalyst, Co(OOCR)2, assumed to form in situ in
the former case. Oligomerization of aldehydes such as n-butanal is achieved with Co2(CO)6L2 as
catalyst (L¼CO, PR3).

1364

High yielding and chemoselective hydrocarbonylation of benzyl chloride and bromide and
substituted analogs in a mixed organic/aqueous NaOH two-phase system occurs in the presence
of Co2(CO)8 as catalyst and polyethylene glycol as phase transfer agent.1365 Proposed intermedi-
ates in the catalysis are species such as �1- and �3-benzylacetylcobalt carbonyls. Polynuclear
Co4(CO)11(SMe2) promotes the hydroformylation of alkenes to aldehydes.1366 Carbonyla-
tion of organic halides to form esters with Co(PPh3)mXn compounds as catalyst has been
examined,1367 with yields of up to 80% established in a two-phase benzene aqueous NaOH
system with tetrabutylammonium bromide as phase transfer agent. Anhydrous CoCl2 with
[PhEt2N][BH3] is a useful reagent for hydroboration and carbonylation of alkenes to dialkyl-
ketones, after oxidation with H2O2/NaOH.1368 The oxidative carbonylation of aromatic primary
amines employs Co(salen) as a catalyst, and produces ureas in high yields, including cyclic
ureas.1369

6.1.4.1.3 Cycloadditions and asymmetric synthesis

Asymmetric, enantioselective, and regiospecific synthesis is of particular importance for sophisti-
cated syntheses of relevance to the pharmaceutical industry and other industries demanding
‘‘boutique’’ chemicals. The field is attracting continuing effort, and the type of reaction where
Co catalysts appear are diverse and activity strong, so it is only possible to give a flavor of the
field here. An example is in the Diels–Alder reaction (Equation (13)), which occurs in high yield
and with 97% enantiomeric excess where the CoI2/Zn catalyst incorporating the aminopho-
sphine–phosphinite ligand (268) is employed.1370
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The potential of chiral Co(salen) analogs in asymmetric N, S, and P oxidations has been
realized and the preparations of a number of these compounds have been patented.1371 Chiral
Schiff base complexes derived from 2,20-diamino-1,10-binaphthalene or 1,2-diaminocyclohexane
and various salicylaldehydes have been synthesized and complexed with cobalt (269).1372 The
crystal structure of Co(phsaldpen) (derived from 2-hydroxybenzophenone and rac-1,2-
diphenylethylenediamine) has been determined where the two Ph groups on the chelate ring
occupy axial positions and hinder access to the apical coordination sites.1373 The CoIII/II

couple is ca. 300 mV anodically shifted relative to Co(salen). The meso isomer was also
prepared. Chiral tridentate Schiff base complexes have also been exploited as catalysts for
stereoselective cycloaddition reactions.1374 Cyclopropanecarboxylates were obtained with
excellent enantioselectivity (>95% ee) from reaction of styrene derivatives and t-butyl
�-diazoacetate, using the advanced chiral CoII–salen complex (270).1375 Chiral trivalent Co
(salen)(OAc) analogs immobilized on the mesoporous siliceous material (MCM-41) achieve
hydrolytic kinetic resolution of racemic epoxides (epichlorohydrin, 1,2-epoxyhexane, epoxy-
styrene and epoxycyclohexane) to their diols.1376

N

O

N

O
Co

(269)

N N

RR
O O

Co

(270)

O

N N

O

Ph Ph

Co

I

(271)

Catalysts of the Co(salen) family incorporating chiral centers on the ligand backbone are useful
in asymmetric synthesis and the field has been reviewed.1377,1378 In two examples, the hydroxy-
lation reaction (Equation (14)) involving (269) proceeds with 38% ee,1379 whereas the cyclo-
propanation reaction with (271) (Equation (15)) proceeds with 75% ee and with 95:5
trans:cis.1380 A Co(V) salen carbenoid intermediate has been suggested in these reactions.

Ph Ph

OHO2 (1 atmos)

iPrOH *

38% ee, 30% yield
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Optically active �-ketoiminato cobalt(III) compounds based on chiral substituted ethylenedi-
amine find use as efficient catalysts for the enatioselective hetero Diels–Alder reaction of both
aryl and alkyl aldehydes with 1-methoxy-(3-(t-butyldimethylsilyl)oxy)-1,3-butadiene.1381 Cobalt(II)
compounds of the same class of ligands promote enantioselective borohydride reduction of
ketones, imines, and �,�-unsaturated carboxylates.1382

6.1.4.1.4 Other catalytic reactions

A selected assortment of other organic transformations not discussed above is given here.
Catalysis of the condensation reaction between p-nitrobenzaldehyde and p-aminotoluene by
thiourea complexes of cobalt(II) and zinc(II) has been observed, and activation by substrate
coordination to the complex in the activated state is implied.1383 Reductive nitrosation of olefins,
�,�-unsaturated and �,�,	-unsaturated carbonyl compounds have been reported with Me3CONO
and Et3SiH in the presence of CoII porphyrin catalysts to give the respective acetophenoximes, �-
hydroxyimino and 	-hydroxyimino-�,�–unsaturated carbonyl compounds in good yields. The
potential role of cyclodextrins functionalized with polyamines as enzymes models and chiral
receptors has been reviewed.1384 Their application as artificial hydrolases is exemplified by the
900-fold enhancement of hydrolysis of p-nitrophenyl acetate by a cyclodextrin carrying an
appended cyclen macrocycle bound to a cobalt(III) ion, which also carries two cis-coordinated
water molecules.1385 These two adjacent sites provide the opportunity for both substrate binding
and provision of a coordinated nucleophile for attack of the ester group. The potential of metal
complexes, including those of cobalt, as synthetic nucleases has been reviewed.1386

Isomerizations are another category of reaction where Co complexes act as catalysts. Mixed S,P
donor complexes Co(SCN)2(PR3)2 catalyze the isomerization of 1-butene to 2-butene in the
presence of NaBH4, with CoH(SCN)(PR3)2 proposed as the active species.1366 A cyclopentadienyl
complex (272) is active in the isomerization of quadricyclene to norbornadiene.

Co

R

R

R

R

R
R'

R'

R'R'

S

S

(272)

Rearrangement of trivalent (5-hexenyl)Co(salen) proceeds via a radical chain process leading to
the isomeric cyclopentylmethyl complex.1387 The efficiency with which this rearrangement occurs
is dependent on the presence of trace impurities or O2. The selective reaction of alcohols (ROH)
with arylglyoxals (ArCOCHO) to give �-aryl-�-hydroxyacetic esters ArCH(OH)CO2R is
catalyzed by compounds of this family.1388

6.1.4.2 Polymerization

Polymerization employing Co complexes as catalysts or else polymers incorporating functionality
that includes Co ions represent aspects of polymerization reactions of interest here.
Cobalt-mediated free-radical polymerization of acrylic monomers has been reviewed.55 CoII

porphyrins act as traps for dialkylcyanomethyl radicals.1098 Alkyl complexes of Co(TMesP)
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(Mes¼mesitylene) have been shown to initiate and control living free radical polymerization of
poly methyl acrylates and block copolymers of methyl and butyl acrylate.58,1389,1390 Oxygen
transfer polymerization, using the reversible oxygen carrier Co(TPP)(py), which serves as both
oxygen supplier and a fully recoverable initiator, has been reported.1391 Vinyl monomers are
converted under mild conditions to polymeric peroxides. Similarly, Co(TPP) in the presence of O2

has been found to catalyze the room-temperature free radical polymerization of styrene and
methyl methacrylate.1392 The same group reported the oxidative polymerization of indene with
Co(TPyP), leading to the formation of poly(indene peroxide) with narrow polydispersity.1393 Dual
behavior of Co(TPyP) as a dioxygen carrier as well as an initiator was implicated in this study.

Dichloro(2,6-bis(imino)pyridine)cobalt(II) has been characterized by X-ray diffraction.1394

Upon treatment with methylaluminoxane, a highly active ethylene polymerization catalyst for
production of highly linear polyethylene is produced that yields polymer of MW up to 600,000.
Poly(salicylaldehyde acrylate) crosslinked with divinylbenzene has been derivatized with thio-
semicarbazone, semicarbazone oxime, and ethylenediamine, and their formation of coordination
polymers with cobalt(II) probed.1395 Novel metal halide-complexed polymer films, including that
of cobalt(II), were prepared with poly(arylene ether phosphine oxide).1396 Metal complexation to
the polymer was defined by IR and 31P NMR studies. Imprinted polymers have been prepared
which use a cobalt(III) imine complex as the template in a surface grafting technique, and their
use for reversible dioxygen binding explored.1397 Polymer materials with immobilized metal
complexes of defined structures such as these have potential for application in catalysis, gas
storage, and sensor technology.

6.1.4.3 Electrocatalysis and Analytical Sensors

Electrocatalysis employing Co complexes as catalysts may have the complex in solution, adsorbed
onto the electrode surface, or covalently bound to the electrode surface. This is exemplified with
some selected examples. Cobalt(I) coordinatively unsaturated complexes of 2,20-dipyridine pro-
mote the electrochemical oxidation of organic halides, the apparent rate constant showing a first
order dependence on substrate concentration.1398,1399 Catalytic reduction of dioxygen has been
observed on a glassy carbon electrode to which a cobalt(III) macrocycle tetraamine complex has
been adsorbed.1400,1401

Recent studies on Co porphyrin chemistry have focused on their use as catalysts of reactions
involving coupled electron and atom transfer, where the substrate is typically coordinated in a
coordination site axial with respect to the CoN4 plane. Coupled with glucose oxidase, (GO),
[Co(TMpyP)]4þ adsorbed into a Nafion film was used to monitor O2 depletion (through glucose
oxidation during GO turnover), and the voltammetric current from the porphyrin was used to
determine glucose concentrations.1402 Independently, Kadish and co-workers have investigated
the reactions of monovalent [CoI(TMpyP)]3þ with O2 to give a superoxo–CoII complex that is
stable in DMF solution. In oxygenated DMF solution, electrogenerated monovalent
[Co(TMpyP)]3þ catalyzes the epoxidation of cyclohexene.1403 Although monovalent [Co(TPP)]�

was inactive, the single-electron reduced complex generated chemically, electrochemically, and
using pulse radiolysis and assigned as a �-radical, catalytically reduces CO2 to CO and HCO2

�.121

Fluorination of the porphyrin results in an anodic shift of the potential at which catalysis occurs.
The consequences of polychlorination of porphyrins on redox properties of complexes has been

investigated.1404 The highly chlorinated porphyrin �-octachloro-meso-tetrakis(3,5-dichloro-2,6-
dimethoxyphenyl)porphyrin exhibits a substantial anodic shift for reduction of over 0.5 V and a
smaller shift for oxidation versus the unchlorinated precursor. Contrastingly, small potential
shifts for the octabromo-substituted 5,10,15,20-tetraphenylporphyrinate arise from the dominance
of macrocycle ‘‘ruffling’’ over electronic effects. In the polychloro complex, distortion does not
compensate fully for electron-withdrawing effects of the Cl substituents.

Flow-injection spectrophotometric analysis of cobalt(II) has been developed employing pyri-
doxal 4-phenylthiosemicarbazone as chelating agent in strongly acidic medium, forming an
intense yellow-colored 1:2 complex (�max¼ 430 nm, "max¼ 1.35� 104 M�1 cm�1), with very few
interferences at the low pH used, and detection down to 0.4 mg mL�1.1405 Direct, simple spectro-
photometric analysis of Co down to similar levels has also been reported using 20-hydroxyaceto-
-hydroxyacetophenone thiosemicarbazone,1406 amongst a number of analogous studies.
A sophisticated flow-injection method that allows for the simultaneous detection of Co and Ni via
complexation with 2-hydroxybenzaldehyde thiosemicarbazone has been described.1407 This relies
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on different formation rates of the two complexes. This technique has also been applied to
determination of Co and Fe simultaneously.1408

A cobalt(II)–ethanolamine complex sorbed onto Dowex-50Wx2 resin serves as a heterogenous
catalyst for luminol chemiluminescence, and was developed as a flow-through sensor for hydro-
gen peroxide and glucose.1409 Electoactive Co complexes may play a key role in the analytical
detection of compounds electrochemically. For example, nitrate in vegetables has been detected
accurately in the mg/kg range by forming a complex with thiocyanate and nitric oxide, generated
chemically from nitrate ion, and employing polarographic analysis.1410

6.1.4.4 Environmental

There is a range of environmental activities employing or dealing with cobalt; this is a growing
area, and only a very few selected examples follow to identify the breadth of the field. In their
monovalent oxidation state, Co porphyrin complexes are effective dechlorination catalysts of
chlorinated hydrocarbons. Electropolymerization of a pyrrole-substituted meso-tetraphenylpor-
phyrin (TPP) complex of Co onto a carbon support produces a catalyst that can reductively
dechlorinate benzyl chloride1411 and other organic halides.1412 Similarly, Co(TPP) adsorbed onto
a graphite foil electrode has been used as a sensor for the catalytic dechlorination of organic
pollutants when reduced to its monovalent state. The aim of this work was to screen toxic
organohalogen pollutants in environmental monitoring situations.1413 Catalytic electrochemical
reduction of trans-1,2-dibromocylohexanes is also achieved with Co porphyrins at potentials more
than 1 V positive than in the absence of catalyst.1414 Nitrotoluene reduction is catalyzed by Co
hematoporphyrin as a preliminary step to enhance biodegradability of these waste products.1415

The treatment of waste water containing sulfide ions by catalytic aerial oxidation in the
presence of a CoII tetrasulfophthalocyanine catalyst removed over 95% of sulfide over a period
of several hours.1416 Removal by precipitation of cobalt(II) from waste water in the presence of
other complexing agents was achieved by the addition of N,N-diethyl-N0-benzoylthiourea. The use
of substituted thioureas can be applied to removal of other heavy metals also.1417 The very low
toxicity of several halo(2,3-dimethylpyrazolone-5-thione)cobalt(II) complexes allowed their use in
the development of granulated slow-release fertilizers using collagen hydrolyzate as the organic
filler, to deliver Co as a micronutrient.1418

6.1.4.5 Technology

Cobalt complexes find application commercially, or else have been developed for commercial use,
in a surprising range of tasks. Even the simplest of complexes may be employed. It has been
found that [Co(NH3)6]

3þ salts with oxidizing anions (nitrate, nitrite, and perchlorate) may be used
as gas generants for the rapid inflation of automobile airbags.1419 These compounds are proposed
as alternatives to highly toxic sodium azide, which is the most widely used gas generant in this
application. Upon detonation, in the presence of co-oxidizers, [Co(NH3)6] (NO3)3 liberates gas-
eous N2, O2, and water vapor which inflate the airbag. The same complex cation may be induced
to release ammonia on heating at an appropriate stage of electrographic image formation,
enhancing image contrast and density markedly.1420 In testimony to its versatility, [Co(NH3)6]

3þ

also finds application in a peroxide-free bleaching mixture in concert with polyoxyethylene lauryl
ether and sodium carbonate.1421 More elaborate complexes have been patented to enhance the
bleaching effect of peroxide, as distinct from replacing it, including Co complexes with tripodal
ligands and polyamide–polyamine dendrimers. At the other extreme, fabric dyes of dark green Co
complexes with glyoxal anil arylhydrazones have appeared.1422 Potential uses of Co coordination
complexes are diverse. A quite different application, making use of cobalt’s redox chemistry, uses
(pyridine)bis(dialkylglyoximato)cobalt(III) chloride complexes along with acetylene black as cath-
odes in an effective rechargeable conducting polymer battery where poly(p-phenylene sulfide)
anodes and LiClO4-propylene carbonate electrolyte also feature.1423 The complex Co (TMeOPP)
(MeOP¼ 4-methoxylphenyl) has been incorporated into the cathode of an Al–O battery (where
Al is the anode) with the goal being the use of this technology as a power source in spacecraft.1424

Somewhat unanticipated applications can arise. For example, a process for the production of
ultrapure hydrogen peroxide for the electronics industry has been patented recently,1425 which
uses the macrobicyclic hexamine complex (29) supported on an inert material for dioxygen
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reduction. Cobalt(III) EDTA has been patented as a component in polymers to produce flame-
retardant plastics,1426 and simple hexa(alkylamine)cobalt (III) complexes have been examined as
new photoinitiators for deep-UV resist materials, via efficient photoredox decomposition which
releases free amine to initiate crosslinking.594 Some other, and by no means exhaustive, examples
of developing technological applications are presented below.

Inorganic crystal engineering employing self-assembly processes promises to lead to the future
development of planned solids which may have application as molecular-scale devices such as
molecular wires. A recent example is [CoII

2(4,40-bpy)3(NO3)4]1 in solids where the pseudo-
octahedral metal provides an appropriate junction in ‘‘molecular ladder’’ structures.1427 Other
mixed organic–inorganic composite materials have been developed relying on the differing stereo-
chemistries around two metal centers; for example Co(bpy)Mo3O10 has chains of edge-sharing
Mo-based polyhedra where octahedral CoN2O4 units link these to form a two-dimensional
covalent network.1428

Molecular magnets are a rapidly expanding field, where some Co compounds are finding a
role.1429 A series of CoII

2(OH)3X compounds, where X is an exchangeable organic radical anion
produce new metal–radical magnets which feature stacks of CoII hydroxide layers interlayered
with organic radicals. The imino-nitroxide radical (273) is an example that produces a successful
system.

COO–

N.

N

O

(273)

Other molecular magnets have been based on polycyano metal complexes. For example, the
Prussian Blue analog CoII

3[FeIII(CN)6]2�nH2O, which is prepared by substitution of hexacyano-
ferrate(III) into the Co2þ

aq coordination sphere, is a species with a significant photomagnetic
effect.1430 A stable CoIII–NC–FeII pair arises via internal electron transfer. Solids with intermedi-
ate stoichiometries can be formed, such as Rb1.8Co4[Fe(CN)6]3.3�13H2O. Further, polynuclear
species such as [CrIII(CN)3[(CN)CoIIL]3]

3þ where L is a pentaamine ligand, have been prepared
and magnetic properties examined. Yet another family of magnetic materials are clusters based
on polyoxometallates.1431 Mixed-metal clusters such as [CoII

4(H2O)2(PW9O34)2]
10� and

[WCoII
3(H2O)(CoIIW9O34]2]

12� have been examined, with ferro- and anti-ferromagnetism found
in selected examples.

Diagnostic processes in medicine and pharmaceutical applications featuring metal complexes
are expanding rapidly.1432,1433 Of radionuclides of possible value, 55Co complexes have potential
for use in positron emission tomography since they undergo �þ decay with a suitable half-life and
energy. To date, however, it has been studied very little. Likewise, cobalt-based drugs are not a
high-profile area of development currently, although there are some advances. Cobalt(III) com-
plexes of macrocyclic polyimines have been patented for use as anti-inflammatory agents, due to
their superoxide coordination chemistry which is, in effect, antioxidant behavior.1434

New solid state materials are a major research target. Most, such as Co nanocrystals, Co nitride
films, and zirconia-supported cobalt, do not involve formal coordination compounds, and are
outside the scope of this review. One interesting application of a Co compound, however, has
appeared recently. Carbon nanoflasks, a new form of fullerene-type carbon, use Co(CO)3NO as
the source of carbon in their synthesis.1435 Upon decomposition, the Co(CO)3NO yields fcc Co
particles, of from several nanometers to hundreds of nm in size. The cobalt-filled carbon flasks
have tube-neck widths of from 50 nm to over 100 nm, whereas the body of the flask ranges from
100 nm to 500 nm, but can reach over 1 mm. Following acid treatment of the sample to remove
cobalt, opened and empty carbon flasks are readily obtained. Sol–gel glasses, based on metal
oxides/hydroxides that dissolve in ROH partially forming alkoxides1436 do not feature Co as a
metal, partly at least because the CoIII aqua ion is a powerful oxidant which oxidizes water, and
partly because appropriate oligomerization does not apply. However, a major blue pigment as a
colorant is the cubic spinel CoAl2O4, where the cobalt(II) lies in a CoO4 tetrahedron. In another
example, a transparent glass with Mg–Al spinel nanocrystallites doped with tetrahedrally
coordinated Co2þ operates as a new saturable absorber Q switch for Er:glass lasers.1437 A novel
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route to Co3O4 thin films on glass substrates has been established by firing at 500 �C the
tributylammonium salt of [Co(EDTA)]� adhered to the glass.1438 Pillared clays are an area of
growing interest, and Co compounds find application in this field; for example, montmorillonites
expanded with small amounts of [CoIII

3(H2NCH2CH2O)6](ClO4)3 and an aluminum compound
(final Si:Co ratio from 38 to 128) and calcinated by firing at 500 �C in air proved to be
significantly enhanced in thermal stability.1439

6.1.5 CONCLUSION

At the beginning of the twenty-first century, it is still true to say that Co remains a firm favorite
for traditional Werner-type coordination chemistry, with perhaps less emphasis on organometallic
chemistry than is the case with other transition metals. However, Co coordination compounds are
appearing in greater diversity than before and ever more examples of polynuclear systems are
appearing. Although the basic synthetic routes established for decades have remained as entry
points into Co chemistry, the application of these routes with a wider range of potential ligands
and the development of more ‘‘boutique’’ reagents has expanded the possible and encompassed
some of the (at least previously considered) impossible. Statements such as ‘‘no examples of this
type exist’’ and ‘‘it is very unlikely that these can be prepared’’ simply spur research; it seems that
often examples do not exist or are thought unlikely simply because effort has not been spent
sufficiently, rather than there being an inherent chemical barrier. After all, that simple polyamine
coordination complexes including cobalt(III)–carbon bonds could be easily prepared was not
anticipated several decades ago, yet examples continue to expand. Given the growth in chemistry
since the early 1980s generally, it is dangerous to predict the paths Co chemistry will travel in the
next few decades. However, it takes no great foresight to suggest, broadly, that biologically
relevant and advanced materials chemistry of Co will grow more significant in this time. Retro-
spection and prognostication aside, Co remains today an enticing and rewarding center for
coordination chemistry.
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6.2.1 INTRODUCTION

The coordination chemistry of iridium has continued to flourish since 1985/86. All common donor
atoms can be found bound to at least one oxidation state of iridium. The most common oxidation
states exhibited by iridium complexes are I and III, although examples of all oxidation states from
�I to VI have been synthesized and characterized. Low-oxidation-state iridium species usually
contain CO ligands or P donor atoms, whereas high-oxidation-number-containing coordination
compounds are predominantly hexahalide ones.

Complexes of IrIII have over half the referenced entries in this chapter. The IrIII metal center
has a d6 electronic configuration, and most of the IrIII compounds have a coordination number of
six with a geometry based on the octahedron. All the compounds have low-spin (t2g)

6 configura-
tion, and a majority are colorless or pale yellow. Donor atoms to IrIII are many and various, with
nitrogen being the most frequent. The second most common oxidation state is IrI with a d 8

electronic configuration, usually found in a square-planar arrangement. Most donor atoms bind
to IrI and oxidative addition reactions feature regularly. Ir(�I), Ir0, IrII, IrIV, IrV and IrVI

coordination compounds are more unusual.
The most common use of iridium coordination compounds remains in the catalysis field,

although interest is developing in the luminescent properties of iridium compounds. The wide
range of accessible oxidation states available to iridium (�I) to (VI) is reflected in the diverse
nature of its coordination compounds.

6.2.2 IRIDIUM(VI)

Laser-ablated iridium atoms react with O2 to give the linear dioxide OIrO and the side-bound
dioxygen adduct (O2)IrO2 as primary reaction products.1 IR spectra and DFT calculations in
solid argon show that the (O2)IrO2 species is best formulated as a peroxide with iridium in the þ6
oxidation state, providing the first example of an IrVI oxo complex. There are other references to
IrVI, in the main as part of perovskite structures under high oxygen pressures.2,3

6.2.3 IRIDIUM(V)

Iridium(V) complexes, although not common, take a variety of forms, including polynuclear and
multidentate structures as well as five-, six- and seven-coordinate species, some of which are stable
and have been characterized by X-ray crystallography.
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6.2.3.1 Boron Ligands

A series of IrV boryl polyhydrides, cp*IrH2XBR2 (X=H and BR2=Bpin (1) (pin=O2C2Me4),
Bcat (2) (cat=O2C6H4), BO2C6H2-3,4-Me2 (3); Bcy (4), X=Bpin and BR2=Bpin (5)) have been
prepared and isolated by Hartwig and Kawamura according to Reaction Scheme 1.4 The X-ray
crystal characterization of (1) is reported. (1) to (5) react regiospecifically with alkanes to produce
free functionalized products.

IrH H

H H

HBpin

C5H12BuLi

Ir H

H H

Li

XBR2, X = halogen
C6H6
or C5H12

IrH H

H BR2

HBpin

BR2=Bpin
IrBpin H

H Bpin

BR2 = Bpin (1), Bcat (2), 
BO2C6H2-3,5-Me2 (3), Bcy2 (4)
pin = O2C2Me4
cat = O2C6H4

(5)

Scheme 1

The crystal and molecular structure of (PPh3)2(CO)(H)Ir(�3-B3H7) have been reported.5 The
structure is interpreted as a capped octahedral, 7-orbital, 18-electron d4, IrV complex in which the
metal–borane bonding occurs predominantly via three two-electron, two-center Ir�B bonds.

6.2.3.2 Silyl and Stannyl Ligands

The neutral IrV complex, cp*Ir(H)2(SiEt3)2, has been studied by neutron diffraction and its
structural characteristics compared to those of the isomorphous Rh analogue.6 The significant
differences are longer metal–ligand distances and larger bond angles for the Ir species.

The dihydrobis(trialkylstannyl)–iridium(V) complex [cp*Ir(H)2(SnMe3)2] was prepared by reac-
tion of Me3SnH and [(cp*Ir)2Cl4] or [cp*Ir(C2H4)2].

7 The hydrido-carbonyl equivalent,
[cp*Ir(H)(CO)(SnMe3)], was prepared by the reaction of Me3SnH and [cp*Ir(CO)2].

The pentahydride, IrH5(PPh3)2, reacts with chelating silanes with loss of H2 to form the seven-
coordinate, distorted pentagonal-bipyramidal, silyl polyhydride complexes IrH3(disil)(PPh3)2(disil
= dmsb (6), tids (7)) with monodentate silanes to give Ir(H4(SiR3)(PPh3)2 (R=Et (8), Ph (9)),
and with triphenyltin hydride to give IrH3(SnPh3)2(PPh3)2 (10), all examples of IrV.8 A crystal
structure has been obtained for (6).

Ir

H

PPh3

PPh3

Si H

Si
X

H
R R

R R

(6) X = C6H4, R = Me
(9) X = O, R = iPr

Ir

PPh3

PPh3

SiR3
H H

H H

(7) R = C2H5
(10) R = C6H5

Ir

PPh3

H

PPh3
Ph3Sn H

Ph3Sn H

(8)

6.2.3.3 Nitrogen, Phosphorus, Arsine, and Stibine Ligands

Oxidation of (PPh4)2[Ir(NH3)Cl5] with PhI(OAc)2 in CH2Cl2 affords the IrV amido complex
(PPh4)[Ir(NH2)Cl5].

29
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From the precursor complex, cp*Ir(Me)3(otf) (11), a series of trisubstituted phosphine, arsine,
and stibine (L) IrV complexes have been prepared, of the type [cp*(L)IrMe3](otf ) (L=PMe3 (12),
PEt3 (13), PPh3 (14), AsEt3 (15), AsPh3, SbPh3 (16).9 Metathesis of the triflate anion of (16) for
the tetraphenylborate anion afforded [cp*(SbPh3)IrMe3][BPh4], which was characterized by sin-
gle-crystal X-ray diffraction analysis. (12) was identified as a potential model for the proposed
intermediate in the methane carbon–hydrogen bond activation pathway by cp*(PMe3)Ir(Me)(otf).
Reaction of (11) with excess dppm afforded cis-[(�2-dppm)2IrMe2][OTf], characterized by single-
crystal X-ray diffraction.

6.2.3.4 Oxygen Ligands

Quantitative yields of the green IrV complex Ir(O)(mes)3 (17) were obtained by the interaction of
trimesityliridium(III) and trimethylamine oxide, or by the interaction of dioxygen with Ir(mes)3
and Ir(mes)4.

10 The molecular structure of (17) was determined by X-ray crystallography and is
distorted tetrahedral, with Ir¼O and Ir�C bond lengths of 1.725(9) Å and 1.989–2.034(12) Å,
respectively.

The acetyloacetonato (acac) ligand acts as a stabilizing ligand for the IrV complex Ir(acac)H3-
(SiEt3)(Pcy3) (18).11 In solution the hydride ligands are equivalent, and analysis of variable
temperature 1H NMR spectra gives values of �H† and �S† of 12.33 (�0.76) kcal mol�1 and
1.45 (�1.84) cal K�1 mol�1, respectively. IrV can be stabilized by the O-donor, tris(diphenyloxo-
phosphoranyl)methanide, as (19).12

O
Ir

O

Pcy3

H
SiEt3

H

H

(18)

IrH

H

O
OO

SiEt3

P
C

P
Ph

Ph

Ph Ph

P Ph

Ph

SiEt3

(19)

6.2.3.5 Halide Ligands

The deep red complex Cs[IrF5Cl] was isolated from a mixture of complexes [IrFnCl6�n]
�,

prepared by treatment of [IrCl6]
2� with BrF3 in liquid HF.13 The IR and Raman spectra of

[IrF5Cl]
� may be assigned according to point group C4v. The interaction of IrF6 and ZnS or B2S2

at elevated temperatures yields the IrV complex, [SF4]
þ[IrF6]

�.14

6.2.3.6 Hydrogen Ligands

The polyhydrido phosphine IrV complex, IrH5(Pcy3)2 (20), was prepared by Reaction Scheme 2 in
good yield (75–85%).15 Treatment of [Ir(�-OMe)(cod)]2 with Pcy3 in methanol gives (20) and mer-
IrH3(CO)(Pcy3)2.

622

IrCl3.3H2O + 2Pcy3
HCl/EtOH

[IrHCl2(Pcy3)2]

NaOMe/THFH2

IrH5(Pcy3)2

(20)

Scheme 2
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The tetrahydride IrV complex, Tp*IrH4 (21), Tp*=HB(3,5-Me2pz)3, has been prepared in very
high yield from the hydrogenation of Tp*Ir(C2H4)2 (22) under forcing conditions (C6H12, 90

�C,
2 atm, 3 days).16 A later preparation of (21) was by the photolysis of [Ir(�2-coe)H2(Tp*)]
in MeOH.17 (21) is proposed to have face-capped octahedral structures (C3v), with each
of the three Ir�H bonds trans to an Ir�N bond and the fourth hydride capping the IrH3 face.
However, density functional geometry optimizations and couple cluster calculations on Tp*IrH4

demonstrate that a Cs edge-bridged, octahedral, tetrahydride structure and a C1 �
2-dihydrogen,

dihydride structure are local minima, and the C3v structure is a local maximum (second-order
saddle point).18 NMR and IR experimental data support the assignment of the Cs and C1

structures to (21). Heating (22) in neat HSiEt3 at 80 �C gives the very stable compound
Tp*IrH3(SiEt3) (23). A crystal structure of (23) shows C3v symmetry in which the SiEt3 group
caps the IrH3 face.19

N N

NN

NN

Ir

H H

H
H

MeMe

BH Me Me

Me Me

(21)

Ir
H

Ir

H H
B

H cp*

HH

cp* H

(24)

Ir

H
H

cp*

H
R

(27)

The reaction of LiBH4 with [(cp*Ir)2(�-H)3]PF6 (24) gave the borohydride-bound dimer
[(cp*Ir)2H3BH4] (25).20 Hydrolysis of (25) yielded the IrIV dimer [cp*IrH3]2. (24) reacts with
LiEt3BH to give the mononuclear salt (cp*IrH3)[Li(THF)x], which hydrolyzes to the IrV complex,
cp*IrH4 (26). Deprotonation of (26) with Me3CLi in the presence of pmdeta (pmdeta
=Me2N(CH2CH2NMe)2Me) gives cp*IrH3[Li(pmdeta)], which reacts with Me3SiO3SCF3,
Me3SnCl, and Ph3SnBr to yield the novel IrV polyhydrides cp*IrH3R (27) (R= SiMe3, SnMe3, Sn
Ph3). The X-ray structure of (27), R= SnPh3, shows it to have the expected four-legged piano
stool geometry. Reaction of (24) with PMe3 gives the monohydride-bridged IrIII dimer,
[(cp*Ir(PMe3)H)2(�-H)]PF6 and LiEt3BH.21 Protonation of the dimer with HBF4 gives the IrV

complex, [cp*Ir(PMe3)H3]BF4 (28).
A large number of complexes of the type [cp*Ir(L)H3]BF4, where L= various phosphine and

phosphite ligands, have been prepared from the neutral iridium dihydrides, cp*Ir(L)H2 with
HBF4�Et2O.22 The 1H NMR spectra of the cations in the hydride region at low temperature
display AB2X spin systems (X= 31P), which are simplified to AB2 spin systems in the 1H{31P}
spectra. A neutron diffraction study and crystal structure determination has also been undertaken
for (28). Treatment of [cpIrH2(P(CHMe2)3)] with HBF4.OEt2 gives the Ir

V species [cpIrH3(P(CH-
Me2)3]BF4.

23

6.2.3.7 Mixed-donor-atom Ligands

6.2.3.7.1 C/Si

The IrIII complex, cp*Ir(PMe3)(Me)(otf), reacts with H2Si(mes)2 by oxidative addition of a C�H
bond of a mesityl group to the IrIII center to give the IrV species (29).24 (29) isomerizes to an
iridium silylene complex, [cp*Ir(PMe3):Si(mes)2(H)](otf), over 9 hours. cp*Ir(PMe3)(Me)(otf) also
undergoes oxidative addition with HSiPh3 to give cp*Ir(PMe3)(Ph)SiPh2(otf). Replacing the
triflate group with the less strongly coordinating anion (NaBAr or LiB(C6F5)4(Et2O)2.5) gave
(30), which has been characterized by X-ray crystallography.
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6.2.4 IRIDIUM(IV)

Iridium(IV) complexes are less common when compared to IrIII or IrI. There are examples of N,
P, As, Sb, O, S, Se, Te, and halide ligands, often prepared by oxidation from an IrIII salt. ‘‘Recent
developments’’ (in 1991) in the chemistry of the platinum metals in high oxidation states were
addressed by Levason, including complexes of IrIV and IrV.25

6.2.4.1 Boron Ligands

The complex catalytic polarographic hydrogen wave of the IrIV–cystine complex (31) has been
investigated in 1.2M HCl.26,27

O

S

S

H2
N

Ir

Cl

Cl

H2N

O

CO2

(31)

6.2.4.2 Nitrogen, Phosphorus, Arsine, Stibine, Sulfur, Selenium, and Tellurium Ligands

The IrIV complexes trans-[IrL2Cl4] (L= py, PEt3, PEt2Ph, PEtPh2, AsEt3, AsMe2Ph, SMe2,
SMe2), and cis-[Ir(L-L)Cl4] (L-L=MeSCH2CH2SMe, MeSeCH2CH2SeMe, bpy, or phen) have
been prepared by oxidation of the IrIII analogues by Cl2 or HNO3.

28,29 Similarly, the dark green
IrIV complexes trans-[IrL2Br4] (L= py, PEt3, PMe2Ph, AsEt3, AsMe2Ph, SMe2) have been
obtained by the oxidation of the IrIII salts by Br2 or HNO3. The complexes trans-[IrL2Cl4]
(L=PPh3, AsPh3, SbPh3) have been obtained directly from the reaction of IrCl3�nH2Oþ 2L,
followed by the chlorination of the intermediate, [(IrL2Cl3)n]. The synthesis of dark green cis-Ir(L-L)
Br4, where L-L= bpy or phen and cis-IrL2X4 (L= py or SbMe3, X=Cl or Br), is also described.
The IrIV complexes are characterized by elemental analysis, IR and UV-vis spectroscopy, and
cyclic voltammetry. The crystal structures of trans-[Ir(AsEt3)2Br4] and the dark purple, air-
sensitive complex cis-Ir(phen)Cl4 have been determined. The UV-vis spectra are interpreted as
LMCT transitions, that is, X�! IrIV transfers. Electrochemical studies show a reversible IrIV/III

couple, with the reduction occurring at more positive values for the cis than for the trans complexes.
The IrIV complex (NH4)[Ir(NH3)Cl5] has been prepared by the oxidation of the IrIII analogue

with Cl2 at 330 �C, and its structure determined from powder diffraction studies.30

The binuclear complex [Ir(PBA)Cl2(MeOH)2]2Cl2 (32) (PBA=N,N0-p-phenylenebis(anisalidene-
imine)) has been prepared and characterized.31

Ir
N

Cl
Cl OH

Cl

N

Ir

HO Cl
Cl Cl

NN

Me

Me

MeO

MeO OMe

OMe

(32)

Cl2
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The 17-electron, dihydrido complexes of IrIV, Ir(H)2(Cl)2(P
iPr3)2, (33), and Ir(H)2(Cl)2(Pcy3)2,

(34), have been prepared by the reaction of (NH4)2IrCl6 with PR3 in refluxing ethanol containing
conc. HCl.32–34 Both crystal structures reveal a slightly distorted octahedral geometry, with the
three pairs of ligands in the trans configuration. Solid (35) is stable, but in CDCl3 displays
dihydride/dihydrogen dynamic equilibrium, as shown in Reaction Scheme 3.

2[IrH2Cl2(PiPr3)2] 2[IrHCl2(PiPr3)2].H2

(33) (35)

Scheme 3

Photolysis of (35) at 404 nm gives geometrical isomers, as determined by UV-vis and NMR
spectroscopy. If (35) is irradiated in the presence of H2, then [IrH3Cl2(P

iPr3)2] is formed via an
oxidative addition reaction.35 The 1H NMR shows the hydride chemical shifts at extremely high
field (�=�49.0 (t) ppm and �47.9 (t) ppm for (33) and (34), respectively). Magnetic moment
values of (33) and (34) were in agreement with a spin-paired d5 electron configuration; however,
they showed a significant reduction of their �eff after crystallization.36 The IR spectra, X-ray
powder diffraction patterns in the solid state, and NMR and EPR spectra in solution are
reported. The rhombic EPR signals, at 110K and in the solid state, of (33) and (34) are detailed.37

The complexes IrLCl4, where L= (36), (37), (38), (39), and IrL2Cl4, where L= (40) or (41),
show electrochemical reductions at more anodic potentials than their keto- or aminosulfide
analogues.38,39 Similar Se complexes of the type IrLCl4 (L=MeSeC3H6SeMe, PhSeC3H6SePh,
MeSeC2H4SeMe, PhSeC2H4SePh) are attained by oxidation of the IrIII anion with Cl2 in CCl4.

40

N S

(CH2)11
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S
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O
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R
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R = Et, CH2Ph
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R

(40) (41)

R = (CH2)7Me, iPr

N

S
(H2C)7 Me

Et Et

(39)

The IrIV complexes [Ir(RR0dtc)3]
þ, (42), and [Ir(Et2dsc)3]

þ, (43), (HRR0dtc=morpholino-,
pyrrolidinocarbodithioic acid, HS2CNEt2, HS2CN(iPr)2; Hdsc=HSe2CNEt2) were prepared elec-
trolytically from their IrIII analogues.41 Voltammetric studies revealed a reversible IrIV/III process
(42) is indefinitely stable, whereas (43) slowly dimerizes and undergoes an internal redox reaction
to give [Ir2(Et2dsc)5]

þ and oxidized ligand.
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The paramagnetic complexes [IrCl4(SeCl4)2] and [IrCl4(TeCl4)2] have been prepared and show
effective magnetic moments characteristic of the IrIV oxidation state.42 IR and 35Cl NQR (Nuclear
Quadruple Resonance) data indicate heteronuclear structures for the complexes with chloride bridges.

6.2.4.3 Oxygen Ligands

Complexes of IrIV with iminodiacetic acid (HN(CH2COOH)2), nitrilotriacetic acid
(N(CH2COOH)3), and trans-1,2-cyclohexanediaminetetraacetic acid (L) have been studied by
spectroscopic methods.43

The electronic adsorption spectra for the complexes [Ir(OH)6]
n�, where n= 0–2, have been

resolved and peak maxima locations, molar extinction coefficients, oscillator strengths, and band
half-widths calculated.44 Bands have been assigned in the main part to be one-electron MLCT
transitions. Spectrophotometrically determined rate constants for the OH reduction of the IrVI

and IrV complexes at 25 �C in 3M NaOH are (2.59� 0.09)� 10�3 s�1 and (1.53� 0.05)� 10�4 s�1

respectively. The activation energy for the reduction, IrV! IrIV, is 17.5 kcalmol�1. Cyclic
voltammetry and potentiostatic coulometry of [Ir(OH)6]

2� in 3M NaOH on a Pt electrode show
that during the electro-oxidation compounds of IrV and IrVI are formed.45

The decay of zinc tetrakis(N-methylpyridinium-4-yl)porphyrin �-radical cations in the presence
of poly(styrenesulfonate) and IrIV oxides or [Ir(OH)6]

2� has been studied at high pH.46 The
hexahydroxide species was found to be very reactive.

The aqueous solution chemistry of Ir in its higher oxidation states III, IV, and V has been
explored by Sykes et al.47,48 Chemical and electrochemical oxidation of [Ir(H2O)6]

3þ gives a
brown-green IrV product, which undergoes chemical and electrochemical reduction to a blue
and a purple IrIV complex. 17O NMR studies are consistent with double- and single-bridged
dimeric structures, with likely formulas [(H2O)4Ir(�-OH)2Ir(H2O)4]

6þ for the blue complex and
[(H2O)5Ir(�-O)Ir(H2O)5]

6þ for the purple one.
The reaction of [Ir(H2O)6]

4þ with Cl� ions has been studied at various temperatures, giving
stability constants and the thermodynamic parameters �Ho, �Go, and �So for the substitution
reactions.49

The aquation of [IrCl6]
2� to [Ir(H2O)Cl5]

� and Ir(H2O)2Cl4 has been found to activate the
complex toward the oxidation of insulin in acidic solutions, with measured rate constant of
25, 900 and 8,400Lmol�1 s�1, respectively.50 The oxidation reaction proceeds via an outer-sphere
mechanism.

The IrIV anion, [Ir(H2O)Br5]
�, oxidises ascorbic acid at 20.0 �C.51 This reaction is first order

with respect to ascorbic acid concentration and first order with respect to the IrIV anion.
Comparison of hexabromo-, hexachloro, aquopentachloro-, and di-aquotetracholoiridium(IV)
reactions with ascorbic acid shows that replacing a halide ion with a water molecule increases
the standard reduction potential of the IrIV complex and increases the rate of reaction.

(cod)bis(3,6-di-tert-butylcatecholateo)iridium(IV), (44), has been prepared by the reaction
between [Ir(cod)Cl]2 and the cobaltocenium salt of 3,6-di-tert-butyl-1,2-semiquinone in DCM.52

Single-crystal X-ray studies show the catecholate C�O lengths to be slightly shorter at the trans
position to the olefin groups. Cyclic voltammetry results show two reversible couples; an oxida-
tion at �0.092V and a reduction at �0.636V vs. Fcþ/Fc.

(44)

Ir

O
O

O
OBut

tBu

But

tBu

X-ray techniques have shown the compound Ba5AlIr2O11 to have the two Ir centers in an
octahedral coordination bound to AlO4 tetrahedra, giving [Ir2AlO11]

10� units.53

Iridium 155



6.2.5 IRIDIUM(III)

A significant number of IrIII complexes arise from the oxidative addition reactions of IrI species.
Such reactions may proceed via routine addition, whereas some proceed by ligand expulsion in
conjunction with oxidative addition. Complexes containing IrIII have a low-spin d6 electronic
configuration, and are usually to be found with an octahedral-based ligand set.

6.2.5.1 Mercury Ligands

Reaction between IrHCl2(PPh3)2 and Hg(o-tolyl)2 yields the red complex (45), in which the Ir�Hg
bond has been confirmed by 31P�199Hg coupling in 31P NMR spectroscopy. Addition of CO and I2
gives [Ir(o-tolyl){Hg(o-tolyl)}Cl(CO)(PPh3)2] and [Ir(o-tolyl)Cl(HgI)(PPh3)2], respectively.

54

Ir

PPh3

Cl

PPh3

Hg

(45)

6.2.5.2 Boron Ligands

The bis(boryl) complex mer-cis-[Ir(PMe3)3Cl(Bcat)2], (46), cat= 1,2-O2C6H4, is formed according
to Reaction Scheme 4.55 The mer-cis geometry of (46) is confirmed by X-ray crystallography and
NMR spectroscopy. Reaction of [IrCl(PEt3)3] with (Bcat)2 yields [IrCl(PEt3)2(Bcat)2]. X-ray
crystallography reveals that the Ir center has a Y-shaped geometry, with a narrow B�Ir�B
angle of 76.6(6)� and trans PEt3 groups.56

Ir

PMe3

PMe3

Cl

Me3P Bcat

Bcat
[Ir(PMe3)3Cl(coe)] + catB-Bcat

(46)

Scheme 4

6.2.5.3 Carbon Ligands

Reaction of [Ir(CO)2I2]
� with C6H13I yields the structurally characterized species Ph4As-

[Ir (CO)2I3(C6H13)], which shows fac,cis geometry for the anion.57 The oxidative addition reaction
is first order in both reactants. The structurally determined species [Ir(CO)5Cl][Sb2F11]2, formed
from reaction of mer-Ir(CO)3(SO3F)3] with SbF5/HSO3F, has a cation of C4v symmetry with long
Ir�C bonds (2.02(2) Å) and short C�O bonds (1.08(2) Å).58 The vibrational spectrum is assigned
with the help of density functional calculations.59 Reaction of IrF6 in SbF5/CO yields
[Ir(CO)6][Sb2F11]3, in which the IrIII center is strictly octahedral.58

Reaction of [Ir(CH3)(CH¼CHNEt3)(C�C(p-C6H4CH3)(CO)(PPh3)2]ClO4 with aqueous HCl
gives [Ir(C(CH3)¼CH(p-C6H4CH3)(CH¼CHNEt3)(Cl)(CO)(PPh3)2]ClO4 and [Ir(CH¼CHNEt3)-
(Cl)2(CO)(PPh3)2]ClO4 plus cis-CH3CH¼CH(p-C6H4CH3), via an intramolecular coupling reaction.60

The ionic iridium(III) carbene complex (47) is prepared from the reaction of [IrHCl(O3SCF3)-
(CO)(PPh3)2] with [RC�NMe](O3SCF3).

61 Addition of Na(barf) (barf=B(3,5-C6H3 (CF3)2)4)
to [Ircp*(PMe3)(CH3)(OSO2CF3)] in CH2Cl2 yields the structurally determined species
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[Ircp*(PMe3)(CH3)(ClCH2Cl)](barf), (48), which confirms the linkage of CH2Cl2 to Ir through
one Cl atom (Ir�Cl= 2.462(3) Å).62 Complex (48) can thermally activate CH4 and terminal
alkanes at 10 �C, and can induce C�H activation reactions in functionalized substrates. The
X-ray structural determinations of [Ircp*(CO)2I]BF4 and [Ircp*(PMe3)2Cl]PF6 are reported.63,64

[IrCl2(CO)- (PMe2Ph)3]ClO4 reacts with KOH to give [IrCl2(CO2H)(PMe2Ph)3], which is more
basic than [IrCl2(CO2H)(CO)(PMe2Ph)2].

65

Ir

OSO2CF3

Ph3P
Ph3P

CO
Cl

RC
NHMe

+

(47)

R = Ph, 4-MeC6H4, 4-EtC6H4, Me

Reaction of [Ir(acac)(PMe3)2] with 3-vinyl-1-cyclopropene yields complex (49), rearranging on
heating to give (50) initially and finally (51), which has been identified by X-ray crystallography.66

Reaction betweenmer-[(Me3P)3Ir(H)2Cl] and 2-ethynylpyridine inH2O, ormer-[(Me3P)3Ir(H)(Ph)(Cl)]
and 2-ethynylpyridine and Tl(PF6) in CH2Cl2, leads to formation of (52), which has been structurally
characterized.67 The coordinatively unsaturated complexes Ir(H)2X(PBu2

tPh)2 (X=Cl, Br, I, N3,
N¼C¼NSiMe3, NHC(O)CH3, OC(O)CF3, OSO2CF3, OC(O)CH3, SPh, OPh, F) bind CO.500 The
initial product eliminates HX, where X=OC(O)CH3, SPh, OPh, and F. The reaction of Ir(H)2(F)-
(PBu2

tPh)2 with CO in a glass vessel yields crystalline [Ir(H)2(CO)2(PBu2
tPh)2][SiF5].

500

Ir

PMe3

O
O

Me

Me

Me3P Ph

Ph

(49)

Ir

PMe3

Me3P

O

O

Me

Me

PhPh

Ir

PMe3

Me3P

O

O

Me

Me

Ph

Ph

(50) ( 51)

N

Ir
PP

P

py +

py

(52)

6.2.5.4 Silicon Ligands

The crystallographically characterized complex mer-Ir(PMe3)3(Cl)2(SiMeCl2), (53), which con-
tains a short Ir�Si bond, is prepared by Reaction Scheme 5.68 Reaction with Me3SiCl yields
the Ir�H complex (54).

(coe)Ir(PMe3)3Cl
MeSiCl3

Ir

Cl

SiMeCl2

Me3P Cl

Me3P PMe3

Me3SiCl

+ coe

(53)

(54)

+ Me2Si=CH2 + C8H14Ir

H

Cl

Cl PMe3

Me3P PMe3

Scheme 5
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The facial complexes (PMe3)3Ir(CH3)(H)(SiR3), (55), (R=EtO, Ph, Et) result from the oxida-
tive addition of the corresponding silane to MeIr(PMe3)4.

69 On heating (55) in which R=OEt
and Ph, reductive elimination of methane forms iridasilacycles, as shown in reaction Scheme 6.
The structure of compound (55) in which R=Ph is confirmed by single-crystal diffraction studies.

fac-Ir(PMe3)3(CH3)(H)(SiPh3)
100 οC

Ir

H

Me3P

Me3P

SiPh2Me3P

(55)

Scheme 6

The methyl analogue fac-(PMe3)3Ir(o-C6H4SiMe2)(H) can also be prepared from the reaction of
Ir(PMe3)4Cl with LiSiMe2Ph at room temperature in THF.507 Reaction of IrCl(13CO) (PEt3)2 with
GeH4 gives (56) as the major product and (57) as the minor product, as confirmed by 13C NMR
spectroscopy.70 If SiH3Y (Y=H, Cl, Br, I) is used in place of GeH4, then (57) is the only product
formed. Reaction with SiH2F2 gives the product in which the hydride is cis to the SiHF2 group.

PEt3

Ir

PEt3

OC Cl

H GeH3

(56)

PEt3

Ir

PEt3

H CO

Cl GeH3 or SiH2Y

(57)

Oxidative addition of SiXRR0
2 (X=H, D; R=H, D, Cl, Ph; R0 =Ph, tBu) to Ir(H)(PMe3)4 yields

[Ir(H)(X)(PMe3)3(SiRR0
2)]. The complexes with X=H, R=H, R0 =Ph; X=H, R=Cl, R0 = tBu

and X=H, R=R0 =Ph have been characterized by single-crystal X-ray diffraction techniques.71

Ir(H)2(SiEt3)(cod)L, (58), (L=PPh3, AsPh3) complexes are prepared from [Ir(OMe)(cod)]2, HSiEt3,
and L.72The products are active catalyst precursors for the dehydrogenative silylation of alkenes. The
complex (58), L=AsPh3, has been characterized by X-ray diffraction.73

Reaction Scheme 7 shows the synthesis of [Ir(PEt3)2(H)(Cl)(Si(iPr)2OH)], (59), and
[Ir(PEt3)2(H)(Cl)(Si(iPr)2OL)]2, (60), which have been characterized by single-crystal diffraction
studies.74 (59) has a trigonal-bipyramidal structure with trans PEt3 groups. In (60) the Ir2Si2-
Cl2O2Li2 core is almost planar, with three-coordinate Li. The dinuclear compound is stable with
respect to 12-crown �4. but reacts with H2O to regenerate (59).

Et3P

IrC2H4 Cl

Et3P

Ir

PEt3

PEt3

(Pri)2Si

Cl
+ (iPr)2SiHOH H

HO

(59)

2BuLi

Ir

Et3P

Et3P Si
(iPr)2

Cl

H r

PEt3

PEt3

(iPr)2
Si

Cl

H
Li

O

(60)

O

Li

I

Scheme 7
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The complex [IrH5{P(CHMe2)3}2] reacts with neohexene to form IrH{P(CHMe2)3}2, which
undergoes an oxidative addition reaction with halo(methyl)silanes.75 Reaction with MeSiCl3
yields the structurally characterized species [Ir(SiCl2Me)Cl(H){P(CHMe2)3}2] The mixed-metal
binuclear complex (61) reacts with Et3SiH according to reaction Scheme 8.76 Kinetic isotope
studies revealed an electron-donating effect of �-deuterium on oxidative addition reactions.

Ir
C
X2

CO

CO
X2
C

Ta + Et3SiHcp2

(61) X = H or D

Ir
C
X2 CO

H

X2
C

Tacp2

SiEt3

CO

Scheme 8

6.2.5.5 Germanium Ligands

Treatment of [Ir(coe)2Cl]2 with Ge{N(SiMe3)2}2 leads to (62).77 If the reaction proceeds in the
presence of CO, then (63) results. Both product species have been characterized by X-ray crystal-
lography.

Me3SiN

Me2Si
Ir

Ge
N(SiMe3)2

Ir H

Ge[N(SiMe3)2]2Cl

Cl

H Ge

SiMe3
N

SiMe2
(Me3Si)N

(62) (63)

Ir
OC

OC

Ge[N(SiMe3)2]2

H

SiMe2

SiMe3
N

Ge

Cl

(SiMe3)2N

Reaction of Na3IrCl6 with Me4NGeCl3 in aqueous HF yields (Me4N)3[Ir(GeF3)5Cl].
78 Reaction

of IrBr3 with GeBr2 in 6M HBr gives [Ir(GeBr3)nBr6�n]
3� (n= 1, 2, 3), with the species

[Ir(GeBr3)2Br4]
3� labile to substitution.79

6.2.5.6 Tin Ligands

The photocatalytic activity of [Ir(SnCl3)5H]3� in the dehydrogenation of methanol to give
dimethoxymethane and dihydrogen is described.80,81 Trans-[IrClH(SnCl3)4]

3� and trans-
[IrCl2(SnCl3)4]

3� catalyze the dehydrogenation of 2-propanol via the dissociation of one SnCl3
�

ligand.82 The synthesis of substitutionally inert [IrBr(SnBr3)5]
3� is described.79,83 Oxidative add-

ition of two molar equivalents of HSnR3 (R=Ph, nBu) to Ir(XR0)(tfb)(Pcy3), XR0 =OMe, OEt,
OiPr, OPh, SnPr; tfb= tetrafluorobenzobarrelene, gives [IrH2(SnR3)(tfb)(Pcy3)], (64), and
R0XSnR3.

84 The structure of (64), where R=Ph, has been determined by X-ray crystallography
and has been shown to catalyze the addition of HSnP3 to phenylacetylene.

6.2.5.7 Nitrogen Ligands

6.2.5.7.1 Ammine

The synthesis of chloride-free [Ir(NH3)6](NO3)3 from an acidic solution of IrCl3 is detailed.85

A high-yield preparation of [Ir(NH3)6]Cl3 from IrCl3and NH3 is reported.86 This publication
also describes procedures for the synthesis of mer-[Ir(NH3)3Cl3], cis-[Ir(NH3)4Cl2]Cl�1/2H2O,
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trans-[Ir(NH3)4Cl2]Cl�H2O, [Ir(NH3)5Cl]Cl2, trans-[Ir(NH3)4(OOCCH3)Cl]CF3SO3, [Ir(NH3)5-
(OOCCH3)](ClO4)2, and [Ir(NH3)5(OH2)](ClO4)3, and their characterization by electronic and
IR spectroscopy. The rate constants and activation energies for the exchange of a water ligand
in 1M HClO4 were measured as in Table 1.87

The equilibrium reaction between cis-[Ir(NH3)4(OH2)2]
3þ and cis,cis-[(H2O)(NH3)4Ir-

(�-OH)Ir(NH3)4(OH2)]
5þ and [(NH3)4Ir(�-OH)2Ir(NH3)4]

4þ has been studied using spectrophoto-
metry and IE-HPLC. Complementary studies on the en complexes are also presented.88 The
photocalorimetric (366 nm) enthalpies of aquation at 25 �C are 17.4 kcal mol�1 and 2.3 kcal mol�1

for [Ir(NH3)5X]2þ (X=Cl�, I�), respectively.89 The reaction of [Ir(NH3)5(OH2)](ClO4)3 in
aqueous HClO4 solution at 130–200 �C results in the release of Ir metal.90 In alkaline solutions
(0.1–0.01M NaOH), [Ir(NH3)5(OH2)]Cl3, [Ir(NH3)5X]X2, and trans-[Ir(NH3)4X2]ClO4 (X=Cl, I)
are reduced to Ir0 by NH3 at 170 �C.91

Complexes (65) and (66) result from the reaction of IrCl3 with inah and PPh3 (inah= isonicotinic
acid hydrazide).92 Reaction of Tröger’s base (tb) (67) with IrCl3 yields dark violet tb�2IrCl3 (68).93
(68) was not catalytically active towards the hydrosilylation of alkynes.

inah Ir

H PPh3

CO

PPh3Ph3P
inah

Ir
H

Ph3P inah

PPh3

inah

(65) (66)

inah =

NH2

NH2

C O

N

N

N

H3C

CH3

N

N

H3C

CH3

IrCl3

IrCl3

(67) (68)

The binuclear species (69) and (70) are prepared from the reaction of [Ir(PEt3)2(C2H4)2Cl]
with liquid NH3, followed by treatment with NaBPh4 or pyridine, respectively. Both structures
are determined by X-ray crystallography and show Ir�Ir distances of 3.33 Å and 3.34 Å,
respectively.94

Ir

H
Et3P

Et3P

H2
N

N
H2H3N

Ir

H

NH3

PEt3

PEt3

(BPh4)2

(69) (70)

Ir

Cl
Et3P

Et3P

H2
N

N
H2H

Ir

Cl

H
PEt3

PEt3

Table 1 Rate constants and activation energies for H2O exchange.

Complex K(s�1) Ea(kcal mol�1)

trans-[Ir(NH3)4(OH2)2]
3þ k(90 �C)= 1.73(7) x10�6 693(17)

trans-[Ir(NH3)4(OH)(OH2)]
2þ k(90 �C)= 7.6(7) x10�3 403(8)

trans-[Ir(NH3)4(OH2)Cl]
2þ k(60 �C)= 6.20(8) x10�5 475(55)
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6.2.5.7.2 Nitrosyl

Reaction of [Ir(Me)2cp*(L)], L=PPh3, PMePh2, PMe2Ph, PMe3, with NOBF4 in CH2Cl2 affords
[Ir(Me)2cp*(NO)]BF4 and [Ir(Me)cp*(NO)L](BF4)2, (71).95 EPR spectroscopy shows that the
reaction proceeds through the IrIV intermediate. Electrochemical or chemical reduction of (71)
yields the EPR-active species [Ir(Me)cp*(NO)L](BF4), in which the unpaired electron is partially
delocalized on the Ir nucleus.

[Ir(NO)Cl2(PPh3)2] reacts with NaSH to yield the square-pyramidal IrIII complex
[Ir(NO)(SH)2(PPh3)2], with a bent nitrosyl ligand747, and reaction with NaSPri affords the
binuclear IrIII species (72). Complex (72) contains two square-pyramidal IrIII centers, each with
a bent nitrosyl ligand. Reaction of (72) with benzoyl chloride gives the mixed-valent IrI�IrIII

species [Ir(NO)(PPh3)(�-SPr
i)3IrCl2(PPh3)], characterized by X-ray diffraction.747 [Ir(NO)(S-

mes)2(PPh3)] converts to the structurally determined binuclear IrIII complex [{IrCl(�-5-C6H2-
Me2CH2)(PPh3)}2(�-mesSSmes)] on treatment with benzoyl chloride.747 Trans-Ir(mes)2(PMe3)2
reacts with NO to form the structurally characterized complex Ir(mes)2(NO) (PMe3)2, with a
bent IrNO moiety.456

Ir

Pri
S

Ir

PriS
PPh3

PriS

Pri
S

Ph3P

NO N O

(72)

The nitrile species [Ir(NO)(MeCN)3(PPh3)2](PF6)2 and [Ir(CO)(MeCN)(PPh3)2]PF6 combine
with paa, mpaa, and dppn, L (73), to give [Ir(NO)L(PPh3)2]

2þ and [Ir(CO)L(PPh3)2]
þ, respect-

ively, in which L is bound in a bidentate fashion.96 The IR stretching frequencies vNO and vCO are
1,800 cm�1 and 1,900 cm�1, respectively.

N NN N

RR

'R R'

dppn, R = CH, R' = H

paa, R = R' = H

mpaa, R = H, R' = Me
(73)

Reaction of [Ir(NO)(paa)(PPh3)2](PF6)2 with MeCN and EtOH yields the structurally determined
species (74).97,98 The tridentate N3 ligand is considered to be formed by the intramolecular insertion
of NO into a methinic C�H bond of the paa ligand. The OH group is strongly hydrogen bonded
intramolecularly with the uncoordinated pyridyl N atom. Treatment of the linearly bonded NO
species [Ir(NO)(dppn)(PPh3)2](PF6)2 (dppn= 3,6-bis(20-pyridyl)pyridazine) with X� (X=Cl, I)
affords the bent-NO-containing species [Ir(NO)X(dppn)(PPh3)](PF6), which reacts with
[PtCl(Me)(DMSO)2] or [PtI(Me)(cod)] to give heterodinuclear (75), bridged by NO and dppn.99

Nitrosoarene complexes of type (76) were investigated using XPS and IR spectroscopy.100 The
binding mode of the NO group could be identified using these techniques.
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6.2.5.7.3 Nitrile

The complexes [IrXH(PiPr3)(NCCH3)3]BF4 (X=Cl, H) are prepared from [IrCl(coe)2]2 and
[Ir(OMe)(cod)]2, and readily dissociate one CH3CN ligand trans to H.101 Ethene inserts reversibly
into the Ir�H bond, yielding [IrCl(Et)(PiPr3)(NCCH3)3]BF4 and [Ir(Et)2(P

iPr3)(NCCH3)3]BF4.
Similar reactions occur with propene. The complexes [Ir(H)(�C�CPh)(NCPh)(CO)(PPh3)2]ClO4

and [Ir(�CH¼CH�CH¼CH](CO)(NCMe)(PPh3)2]ClO4 were studied by X-ray absorption
techniques. Ir LIIIedge X-ray absorption spectroscopy confirmed the low-spin state of the IrIII center.
The bond distances, Ir�C and Ir�N, determined from EXAFS, are reciprocally proportional to
the IR frequencies vC�O and vC�N.

102

6.2.5.7.4 Nitride

The Ir(III,IV,IV) complex [Ir3N(SO4)6(OH2)3]
4� undergoes ligand substitution of the three H2O

ligands with azide, Cl�, Br�, and NCS�. The three H2O ligands, one on each metal, are all
equivalent towards substitution.103 The rate constant for the reaction with azide is 17.3� 10�4

M�1s�1.
The monomeric terminal imido complexes cp* IrNR (R= tBu, SiMe2

tBu, 2,6-Me2C6H3,
2,6-iPr2C6H3) were prepared from [cp*IrCl2]2 and four equivalents of LiNHR in THF.104 All
four product species were structurally characterized by X-ray diffraction and exhibit short Ir�N
distances (1.712(7)�1.759(3) Å) and nearly linear Ir�N�C (Si) angles. Some reactions of
cp*IrNtBu are highlighted in Reaction Scheme 9. Complexes (77) and (78) have been studied
by single-crystal X-ray diffraction.

Ir

N
tBu

N

R R

RR

Ir

Ir

N tBu

Ir
N

tBu

2tBuNC

CO2

O

O

OPh3P

Ir
N

tBu

OOC

Ir
N

tBu

CNtBu

BuNtC

(77)

(78)

2RC CR
R=CO2Me

xsCO

xsCO
PPh3

Scheme 9

6.2.5.7.5 Urea

The structure of [Ircp*(PPh3)N(Me)C(O)NC(O)Me], (79), has a piano-stool-type configuration.105

The two N�C bond lengths in the iridacycle are 1.348(5) Å and 1.413(5)* Å, the difference arising
from the different substituents on the N atoms.

6.2.5.7.6 Nitrite

The rate-limiting step in Reaction Scheme 10 was determined to be conversion of trans-
[Ir(NO2)4Cl2]

3� to [Ir(NO2)6]
3�. The kinetics were studied gravimetrically between 80 �C and

126 �C.355 Addition of Cu2þ ions to the solution had a positive effect on the formation
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of [Ir(NO2)6]
3�, whereas Ni2þ, Fe3þ, and Al3þ all had negative effects.107 Fac-[Ir(NO2)3(OH2)3]

and [Ir(NO2)3Cl3] have been characterized by UV-vis, IR, and 15N NMR spectroscopy.108 The
complex [Ir(NO2)6]

3� may be precipitated by {C5H5N(CH2)15CH3}Cl but not by AgNO3, whereas
[Ir(CN)6]

3� is precipitated by both species.109

[IrCl6]3– + 6NO2
– [Ir(NO2)6]3– + 6Cl–

Scheme 10

6.2.5.7.7 Cyanide

Heating the double salts [Ir(OH2)(NH3)5][Cr(CN)5X] (X=CN, NO) under N2 results in expulsion
of H2O and formation of [(NH3)5IrNCCr(CN)4X]. Thermogravimetric measurements yield activa-
tion energies of 5576.5� 21kcal mol�1 and 536.8� 21kcal mol�1 for X=CN and NO, respectively,
and indicate an SN1 dissociative mechanism.110 Analogous studies on [Ir(NH3)5 (OH2)]2[M(CN)4]3
(M=Ni, Pd, Pt) give activation energies of 452.3, 496, and 387.2 kcal mol�1 for Ni, Pd, and Pt,
respectively.111

The mixed-metal complexes M3[(M
0IrIII(CN)6]2�13H2O (M=Cd2þ, Pd2þ, M0 =Cr3þ;

M=Co2þ, M0 =Co3þ) are characterized by X-ray crystallography, IR spectroscopy, and thermal
gravimetric analyses. The 3þ metal centers are octahedral and linked to M2þ metals by cyanide
bridges.112

6.2.5.7.8 Pyridine

The complexes [Ircp*(Cl)2L] (L= py, 2-,3-,4-methyl pyridine, 3,4-ethylpyridine) have been pre-
pared and characterized by IR spectroscopy.113 The synthesis of trans-[Ir(4-X-py)4Cl2]NO3,
X=H, Me, is described and the structure of trans-[Ir(py)4Cl2]�Ag(NO3)2 is reported.114 Two
distinct crystalline dimorphs of fac-[Ir(py)3Cl3] have been identified by their IR spectra and
powder diffraction patterns.115 In solution, one converts irreversibly to the other. Reaction of
trans-[Ir(py)4Cl2]Cl with K2C2O4 in aqueous ethanol yields the structurally characterized complex
mer-[Ir(py)3Cl(C2O4)], which converts to mer-[Ir(py)3Cl3] on recrystallization from boiling conc.
HCl.116

6.2.5.7.9 Phthalimide

The complexes fac-[IrL3X(OH2)], HL= phthalimide, X= bpy, phen, have been prepared and
characterized by IR andUV-vis spectroscopy, electronic conductance and magnetic measurements.117

6.2.5.7.10 Imidazole

The complex [imH][IrCl4(im)2], imH= imidazole, is prepared by the reaction of either H2IrCl6 or
IrCl3 with imidazole and HCl.118 X-ray diffraction confirmed the trans geometry around the Ir
center and showed that the im ligands are nearly perpendicular to one another (84 �). The
complex is stable in aqueous solution pH= 7.4, as confirmed by 1H NMR studies.

Ir
N

Ph3P
N* O

Me

O
Me

(79)
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The synthesis of (80) from [Ircp*Cl2]2 and 2,20-biimidazole has been detailed.119 The X-ray
structure of (80) shows the expected three-legged piano-stool arrangement round the Ir center.

Ir

NHN

HN N Cl

(80)

Cl

6.2.5.7.11 Pyrazole

The syntheses of [cp*Ir(Cl)2(pz)Rh(tfb)], [cp*Rh(Cl)2(pz)Ir(tfb)], and [cp*IrCl(pz)2Rh(tfb)] have
been reported; these complexes contain IrIII/RhI, RhIII/IrI, and IrIII/RhI, respectively.120

The acetone ligand in [IrH2(Me2CO)(Hpz)(PPh3)2]BF4, (81), can be replaced by CO, P(OMe)3,
CH3CN, or Hpz.121 The reaction of [IrH2(Hpz)2(PPh3)2]BF4 with KOH yields
[IrH2(pz)(Hpz)(PPh3)2], from which the pz ligand can be replaced by Cl� or CH3COO�. Treat-
ment of (81) with KOH affords [{IrH2(�-pz)(PPh3)2}2], which gives [IrH2(Hpz)(PPh3)2]BF4 on
addition of HBF4 in diethyl ether. All species are characterized by 1H and 31P{1H}, NMR, and IR
spectroscopy.

The IrIII cationic pyrazole derivative [Ir(PPh3)2(CO)(dmpzH-N)(H)2]BF4 has been characterized
by X-ray crystallography, and shows a roughly octahedral IrIII center with trans P ligands and cis
H ligands.532

6.2.5.7.12 Chelate–ethylenediamine

The crystal structures of mer-[Ir(en)(enH)Cl3]Cl�H2O and mer-[Ir(en)(en*)Cl3] show that the
coordination geometry of Ir is almost identical in the two complexes, with the only difference
being in the conformation of the unidentate en* and enHþ groups.122 Density functional theory
and ab initio calculations have been performed on the two complexes and the calculated con-
firmations agree well with the X-ray diffraction values.123 The enHþ ligand is stabilized via
intramolecular N�H���Cl hydrogen bonds.

The complexes [Ir(en)]3þ and [Ir((�))chxn)3]
3þ, chxn= trans-1,2-diaminocyclohexane, can be

used as structure-directing agents in the synthesis of aluminophosphates.124 The compound
[Ir(chxn)3][Al2P3O12] contained the two isomers �(lel2ob)-[Ir(S,S-chxn)2(R,R-chxn)]

3þ and its
mirror image �(lel2ob)-[Ir(R,R-chxn)2(S,S-chxn)]

3þ, whereas [Ir(en)3][Al3P4O16] is composed of
�,�-[Ir(en)3]

3þ only. Crystallization of a racemic mixture of [Ir(en)3]
3þ from water gave an excess

of the (þ) enantiomer.125

The reaction of [Ircp*Cl2]2 with dab, dab= 1,4-bis(2,6-dimethylphenyl)-1,4-diaza-1,3-butadiene,
in MeOH yields [Ircp*Cl(dab)](PF6), (82), on addition of Bu4NPF6.

126 Reduction of (82) with
NaBH3CN affords [Ircp*(dab)], (83). X-ray diffraction studies on (82) and (83) reveal that (83) is
better considered as an ene-1,2-diamido IrIII species.
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Treatment of [IrH2(Me2CO)2(PPh3)2]X, X=PF6, SbF6, with L, L= paa or mpaa yields the mono-
nuclear species [IrH2L(PPh3)2]X, (84).

127 The X-ray structure of (84), L=mpaa, X= SbF6, reveals the
PPh3 ligands in a trans position and cis hydrido ligands. Further reaction of (84) with [IrH2(Me2-
CO)2(PPh3)2]X affords the binuclear species [{IrH2(PPh3)2}2(�-N-N)]X2, (85), and reaction with
CuCl2�2H2O, [PdCl2(PhCN)2], or [PtMe2(DMSO)2] gives the heterobimetallic complexes. All species are
characterized by elemental analysis, conductivity measurements, IR and 1H and 31P NMR spectroscopy.

The tris chelate compounds [Ir(ArNNNAr)3], Ar= p-C6H4X, X=H, Me, Cl, were prepared
from (NH4)2IrCl6 and excess 1,3-diaryltriazene and Et3N.128 The intensely colored compound
formed from the reaction of IrIII with dbpmp, dbpmp= 3,5-dibromopyridinylazo-5-methoxyphenol,
and salicylic acid, lmax= 588 nm ("= 1.96� 105 L mol�1 cm�1), has been used for Ir detection in
compounds and metal ores.129 The kinetic and mechanistic studies of H2O substitution at
[Ircp*(A-B)(OH2)]

2þ/1þ (A-B=D/L-proline anion, picolinic acid anion, [(�)-(1R,2R)-1,2-dia-
minocyclohexane][(þ)-(1R,2R)-1,2-diphenylethylenediamine], phen, bpy) support an Id mechan-
ism with a second-order rate constant dependent on A-B and incoming ligand L, L= py, dimethyl
sulfide thiourea Br�, I�, N3

�, NO2
�, SCN�.130 The structure of the perchlorate salt of the

complex, where A-B= 1,2-diaminocyclohexane, is reported.
The crystal structure of chloro-pentamethylcyclopentadienyl-S-leucyl-S-leucyl methyl ester-

iridium(III), (86), indicates that the Ir�N(NH2-linkage) is longer (2.129 Å) than that to the
deprotonated peptide N atom (2.090 Å).131

6.2.5.7.13 a-diimine

Reaction of [Ircp*Cl2]2 with chiral imine ligands and NaSbF6 gives diastereomeric mixtures of
[cp*IrCl(imine)](SbF6), imine ligands L1�L6 (87).

132 The X-ray structures of the complexes of L1,
L2, and L3 are reported and contain the metal center in a pseudo-octahedral environment.
Addition of AgSbF6 yields the solvated complexes on precipitation of AgCl; these are active
Diels–Alder catalysts. A similar reaction between [Ircp*Cl2]2 and NN*H or ON*H (88) affords
the chiral complexes [Ircp*(NN*)Cl] and [Ircp*(ON*)Cl], respectively.133 The structures of the
RM,SC diastereomers is given. In solution, the compounds epimerize in a first-order reaction.

N

N R'

RMe

N

N

RMe

N

N

Me

Me Me

R = Ph, R' = H (L1)
R = NPh, R' = H (L2)
R = NPh, R' = (L4)
R = cy, R' = H (L5) L6L3

(87)

H
N N

H

H3C
Ph

N
CH3

Ph
H

NN* ON*

O

(88)

Derivatives of bpy and phen are the most common �-diimine ligands for IrIII. A review by
Sauvage, Barigelletti et al. in 2000 concentrates on the synthesis and luminescent properties of
such compounds, including bidentate and tetradentate ligands with both N and C donor sites.134

The emissive states are either charge transfer or ligand centered, depending on the ligand set.
[IrN6]

3þ complexes are found to be strong photooxidants, while the tris-cyclometalated [IrN3C3]
complexes are strong photoreductants.

The synthesis and characterization of cis-[Ir(diimine)(hdpa)Cl2]Cl, diimine= bpy, phen,
hdpa= 2,20-dipyridylamine, is reported.135 Emission studies suggest that it is the Ir(diimine)
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chromophore which is responsible for the phosphorescent behavior. The microwave-assisted
synthesis and characterization (spectroscopic and electrochemical) of [Ir(diimine)3]

3þ and
[Ir(diimine)2Cl2]

þ, diimine= bpy, 4,40-Me2-bpy, 4,40-Ph2-bpy, phen, 4,7-Ph2-phen, 2,20-biquino-
line, is described.136

Complexes (89) and (90) emit around 520 nm, with (90) having the greater emission intensity.137

Emission is quenched by Cl�, Br�, and I� ions, but not by NO3
�, SO4

2�, H2PO4
�, PF6

�, or BF4
�

ions.
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N

N

H3C Ir

N

N

N

N CH3

N

N

N

H3C Ir

N

N

N

N
CH3

4+ 4+

(89) (90)

The synthesis of [Ircp*Cl(bpy-cd)]Cl, where bpy-cd is a �-cyclo-dextrin attached at the 6
position to a bpy ligand, is detailed.138 The complexes [Ircp*(diimine)X]þ, X=Cl, H, diimine
= bpy, phen, are active catalysts for the light-driven water-gas-shift reaction.139 The hydride
complexes luminesce at 77K and room temperature, whereas the chloride complexes do not.140

The three-legged piano-stool arrangement of the ligands in [Ircp*(bpy)Cl]þ and [Ircp*(4,40-
COOH-bpy)Cl]þ is confirmed by X-ray crystallography.141,142 Further mechanistic studies on
the catalytic cycle shown in reaction Scheme 11 indicate that Cl� is substituted by CO and the
rate-determining step involves loss of CO2 and Hþ to leave the IrI species, which readily binds Hþ

to yield the IrIII–hydride species.143
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Photoactivation of the hydride complex in the presence of HCl results in the release of H2 and
generation of the starting material. Extension of this work includes the electrochemical study of
the IrIII/I reduction process in [Ircp*LCl]þ, L= bpy and phen derivatives, in anhydrous CH3CN.
When pyrrole-substituted bpy or phen ligands are used, then films may be grown on glassy
carbon electrodes via oxidative polymerization reactions. The polymer films are electrocatalyti-
cally active in the hydrogen-generation process.144

[IrL2Cl2]
þ complexes, L= 4,40-Me2-bpy, bipyrimidine, biquinoline, 2-phenylazopyridine, have

been studied by fast-atom bombardment mass spectroscopy in thioglycerol, glycerol, and tetra-
glyme matrices.145 One or two chloride ligands are substituted by thioglycerol ligands in a
thioglycerol matrix.

The functionalized polypyridine ligands (91) have been used to form a series of IrIII

complexes of general formula [Ir(ppy)2(91)]
þ, (92), where ppy=monoanion of 2-phenylpyr-

idine, (170).146 The crystal structures of (92), where (91)= d and i, are reported.146,147 The
complexes have an irreversible oxidation process primarily based on Ir�C �-bonds, and a
reversible reduction process primarily based on the polypyridine ligand. The redox and
absorption properties are insensitive to X, whereas the luminescence properties may be fine-
tuned by varying X.146 Direct binding of the substituent X onto the pyridine ring, as in (91e),
results in absorption maxima shifts as well as luminescence shifts.148 Binuclear complexes
[(ppy)2Ir(�-(L-OC(O)C6H4C(O)O-L)Ir(ppy)2](PF6)2, [(ppy)2Ir(�-L-OC(O)-L(ppy)2](PF6)2 and
[(ppy)2Ir(�-L-OC(O)-L)Re(CO)3Br]BF6, where L= (91k), have also been synthesized and
characterized.149 The redox behavior of the binuclear compounds indicates that the metal-
based orbitals interact only weakly, but the two chelating halves of the bridging ligands exhibit
electronic interactions. Photo-induced energy transfer across the ester linkage occurs with low
efficiency.149

N
N

X

(91a-k)

a = X = p-C6H4OH (hpbpy)145

b = X = p-C6H4Cl (clpbpy)145

c = X = p-C6H4Me (tpbpy)145

d = X = p-C6H4COOH (cpbpy)145

e = X = COOH147

f = X = p-C6H4OC5H10COOH147

g = X = p-C6H4OC12H25
146

h = X = p-C6H4OC18H37
146

i = X = p-C6H4OCOC6H4OCOC6H4OC6H13
146

j = X = p-C6H4OCOC6H4OCOC6H4OC12H25
146

k = X = p-C6H4OCOC6H4
148

Determination of stability constants towards outer-sphere association reactions for cis-
[Ir(phen)2Cl2]X, X=Cl�, Oac�, HCOO�, gives the following decreasing order: Cl�>Oac�>
HCOO�.150

The maximum zero-field splitting in the ligand-centered luminescence of [Ir(5,6-Me2-phen)2-
Cl2]

þ in glycerol is 3� 0.5 cm�1, compared to <1 cm�1 for [Ir(phen)3]
3þ.151

The solution structure of [Ir(bpy)H2(PRPh2)2]X, R=Me, Ph, X=PF6, BF4, CF3SO4, BPh4, as
determined from NMR studies, is compared to solid-state structure.152 The main difference
between the two structures is the location of the counter ion X. In solution, X is positioned on
the side of the bpy ligand remote from the Ir, whereas in the solid state X is found close to one of
the pyridine rings and one hydride ligand. Theoretical calculations at the QM/MM (B3PW91/
UFF) level support the experimental results.

The complex [(cp*)IrCl(2,20-bpy-4,40-COO(CH2)3-pyrrole)]ClO4 has a typical three-legged
piano-stool structure, with short Ir–cp* distances due to the strong �-acceptor properties of the
bpy ligands.540

6.2.5.7.14 Binuclear complexes

The binuclear Ir complex (93) is produced from the direct coupling reaction of the Ir-bound
5-chloro-phen ligand as shown in reaction Scheme 12.153 The nonplanar structure of the bridging
ligand results in the electronic isolation of the two Ir centers. Hence both metal centers and
ligands are oxidized and reduced, respectively, in two-electron processes.

Amido-bridged binuclear complexes of IrIII and IrII are prepared by Reaction Scheme 13.154

The molecular structures of (94) (R=Me) and (95) are reported. Dark red (95) has a single Ir�Ir
bond (2.584(1) Å) and is diamagnetic.
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Scheme 13

The reaction of fac-[IrH2(NCCH3)3(P
iPr3)]BF4 with Kpz gives [Ir2(�-H)(�-pz)2-

H3(NCCH3)(P
iPr3)2], (96), which has been characterized by single-crystal X-ray diffraction.155

The complex is rigid on the NMR timescale. The CH3CN ligand is easily replaced by C2H4, CO,
Hpz. Reaction of (96) with CHCl3 gives CH2Cl2 and [Ir2(�-H)(�-pz)2H2Cl(NCCH3)(P

iPr3)2]. The
bridged Ir2 bis[imidazol-4-yl]alkene compounds (97) are obtained from the reaction of [cp*IrCl2]2
with the CH2-bridged bis-imidazoles.156

6.2.5.7.15 N3 ligands

Reaction of dien, dien= diethylene-triamine, with IrCl3�1.5H2O yielded [Ir(dien)2]Cl3.
157 Separ-

ation of the mer-isomer was effected by chromatography on SP-Sephadex, with an X-ray structure

168 Iridium



determination confirming the geometric form of the isolated species. Protonation of
[Ir(HBpz*3)(CO)2], pz*= 3,5-dimethylpyrazol-1-yl, by HBF4�OEt2 affords [Ir(�3-HBpz*3)-
(H)(CO)2]BF4, (98).

158 NaOMe and nBuLi attack a carbonyl carbon of (98), giving the methoxy-
carbonyl and acyl hydrides, respectively. Photolysis of a benzene solution of [IrH2(HBpz*3)(coe)]
in the presence of P(OMe)3 gives [Ir(HBpz*3)(H)(C6H5)(P(OMe)3)].

159 When the reaction is
carried out in diethyl ether or tert-butyl acrylate, then [Ir(HBpz*3)H2(P(OMe)3)] and
[Ir(HBpz*3)H2(CH2¼CHCOOtBu)] result, respectively. Mechanistic studies suggest that the pri-
mary photoproduct is [Ir(HBpz*3)H2].

Combined Mössbauer and vibrational spectroscopic studies of [Ir(tpy)2](ClO4)3], tpy= 2,
6-bis(2-pyridyl)pyridine, in the solid state reveal the presence of three structural units: (i) mono-
nuclear bis-tpy; (ii) oligomeric species with two bidentate and two bridging monodentate tpy
ligands bound through terminal pyridine rings; and (iii) the same as (ii), except that the
monodentate tpy ligands are bound through the centralN-pyridine atoms.160 The X-ray structure of
[Ir(tpy)2](PF6)3 is reported.161 The family of complexes [Ir(tpy)2](PF6)3, [Ir(tBu- tpy)2](PF6)3,
[Ir(ttpy)2](PF6)3, and [Ir(ttpy)(Metpy)](PF6)3,

tButpy= 40-(3,5-di-tert-butylpheyl)tpy, ttpy= 40-
tolyltpy, Metpy= 40-methyltpy, have long-lived excited states, 1.2, 6.8, 9.5, 5.8 ms, respec-
tively, at 293K in deareated acetonitrile.160 The complexes all show a ligand-based reduction.
Linkage of a tetraaryl–porphyrin group containing H2, PH2, Au, PAu or Zn, PZn at the
40-position of tpy gives rise to multicomponent arrays PH2�Ir, PZn�Ir�PAu, where Ir is the
[Ir(tpy)2]

3þ moiety.162 The triad PZn�Ir�PAu yields on irradiation the charged, separated,
excited state PZnþ�Ir��PAu, which has a lifetime of 450 ns. The complexes [Ir(tpy-R)(40-C6H4-
NCS-p-tpy)](PF6)3, R=H, C6H5, C6H4-CH3-p, C6H4-Cl-p, have been synthesized.163 All com-
plexes exhibit intense, long-lived, yellow emission in CH3CN at 298K, and green emission in
low-temperature alcohol glass. The complex R=H has been used as a luminescent label for
proteins.

6.2.5.7.16 N4 ligands

Reaction of IrCl3�3H2O with (99) in aqueous EtOH affords cis-[IrCl(H)(99)]PF6.
164 The cis

arrangement of Ir-bound (99) is confirmed by X-ray crystallography. The analogous reaction
with (100) yields trans-[IrCl(Et)(100)]PF6 as determined by X-ray crystallography.165
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Treatment of Na2[IrCl6] with H2bpb (101) and H2bpc (102) gives Na[Ir(bpb)Cl2] and
Na[Ir(bpc)Cl2], respectively.166 Both complexes undergo reversible, one-electron, ligand-based
oxidations at þ0.21V and þ0.31V vs. ferrocenium/ferrocene, respectively, in CH3CN.
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The macrocyclic ligands (103) react with IrCl3 in anhydrous EtOH to produce [Ir(103)Cl2]Cl,
characterized by IR, UV-vis, and NMR spectroscopy.167 Both cis- and trans-[Ir(cyclam)Cl2]Cl
result from the reaction of IrCl3 or Ir(thtp)3Cl3, thtp= tetrahydrothiophene, with cyclam,
cyclam= 1,4,8,11-tetrahydrodecane.168 X-ray powder diagrams assign the cis- and trans-isomers
as (R,R,R,R/S,S,S,S) and (R,R,S,S) configurations, respectively. The synthesis of the 14–16
membered, tetraazamacrocylic-bound Ir complexes (104) is described. IR, UV/vis, 1H NMR
spectroscopic studies are detailed for all complexes.169
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(104)

Successive oxidation of [Ir(pc)(py)]2 with I2 yields the mixed-valent species [{Ir(py)(pc)}2]I
initially and then trans-[Ir(py)I(pc)].170 The latter compound has been characterized by X-ray
crystallography. The spectrum of the mixed-valent material is reported. Reaction of [Ir(pc)]2 with
NO in py yields nitrosyl intermediates, which immediately oxidize in air to give [Ir(py)-
(NO2)pc].

171 The structurally characterized species pnp-trans-[Ir(NO2)2(pc)], pnp= bis(triphenyl-
bis(triphenylphosphine)iminium, is formed by air oxidation of [Irpc]2 in CH2Cl2 and pnp(NO2),
and contains N-bound NO2 ligands.

171 In alkaline solution [Ir(pc)]2 is oxidized by air to give deep
blue [Ir(OH)2(pc)]

�, which may be acidified by HX (X=F, Cl, Br, I) yielding black-green
H[IrX2pc].

172 Further oxidation by Cl2, Br2, dibenzoyl peroxide results in oxidation of the pc
ligand, affording [IrX2pc]. [IrX2pc]

� exhibits three one-electron reduction processes. [Irpc]2 reacts
in methanol with excess [nBu4N]OH to give [nBu4N]trans-[Ir(OH)(OMe)pc], which has been
characterized by X-ray crystallography.173

6.2.5.8 Phosphorus Ligands

6.2.5.8.1 Monodentate ligands

The X-ray structures of cis-[IrH(EH)(PMe3)4]
þ, E=O, S, confirm the cis-geometry of the Ir

center.174 In the complex where E=O, the O�H group points towards the hydride ligand,
whereas when E= S the S�H group points away from the hydride ligand. The structure cis-
[IrH(OH)(PMe3)4]

þ has also been determined by a neutron diffraction study at 20K.175 The X-ray
structure of trans,mer-[IrCl2(PMe3)3(PMe2Ph)]ClO4 has been determined.176 Low-temperature
31P{1H} NMR studies show that at �75 �C in d6-acetone there is restricted rotation about the
Ir�PMe2Ph bond, and two rotamers can be identified. At 45 �C the rotamers are in fast exchange.
The single-crystal diffraction study of [IrCl2(CO)(PEt3)2(SOCl)] identifies trans-PEt3 groups, cis-
Cl ligands, and a Cl�S�O angle of 106.5(4) �.177

The structure of cis-[Ir(H)Cl(PEt3)4][B(cat)2], B(cat)2= bis(benzene-1,2-diolato)borate, exhibits
one long Ir�P bond trans to the hydride ligand and a short Ir�P bond opposite chloride,
in agreement with the relative trans influence of these ligands.178 The crystal structures of the
series of complexes mer-[Ir(PMe2Ph)3ClnH3�n] reveal that the Ir�P (but not Ir�Cl) distances
decrease by ca. 0.04 Å per unit increase in hydride content.179–182 Replacement of PMe2Ph
ligands by PiPr3 results in similar trends, although the bulkier PiPr3 ligand gives longer Ir�P
bonds.183,184

The reactions of (105) are summarized in reaction Scheme 14. In all cases the products were
identified by 1H and 31P NMR spectroscopy.556
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Reaction of mer-IrCl3P3 (P=PBuPh2, PMePh2, PEt2Ph) with RuCl2P
0
3 (P0 =PPh3,

P(C6H4CH3-p)) yields PP0ClRu(�-Cl)3IrPP
0Cl.185 31P NMR spectroscopy shows that the

PMe2Ph ligands in mer-[IrCl2(OH2)(PMe2Ph)3](ClO4) rapidly exchange and that the H2O ligand
trans to PMe2Ph dissociates.186 Treatment of [IrL2(MeCN)P3]

þ, (106), L=H, Me, P=PMe2Ph,
with HBF4�OEt2 in MeCN gives cis,mer-[IrL(MeCN)2P3]

2þ.187 If the reaction of (106) with
HBF4�OEt2 is carried out in the absence of MeCN, then the product species cis,mer-
[IrH(MeCN)2P3]

2þþ [IrH4P3]
þ and mer-[IrMe(OEt2)(MeCN)P3]

2þ (107) result for L=H and
Me, respectively. The latter product (107) in the presence of H2O yields mer-[IrMe(H2O)-
(MeCN)P3](BF4)2, which has been characterized by X-ray crystallography.

The H2O ligand in trans,mer-[IrCl2(OH2)(PMe2Ph)3]ClO4 (108) is readily substituted by NH3 and
PH3.

188 The resulting PH3-containing species may be deprotonated to give the structurally character-
ized product trans,mer-[IrCl2(PH2)(PMe2Ph)3]. Replacement of H2O byH2S in (108) gives the structur-
ally determined species trans,mer-[IrCl2(SH)(PMe2Ph)3]. Reaction of [Ir(CO)Cl(R)(X)(PPh3)2] with
C2H2 and PPh3 yields cis,trans-[Ir(R)(-CH¼CHþ PPh3)2(CO)(PPh3)2]

2þ, R=H, CH3, X=Cl, I,
which gives cis,trans-[IrCl(-CH¼CHþ PPh3)2(CO)(PPh3)2]

2þ on treatment with HCl.189 The latter
product has been characterized by X-ray diffraction.

The species [Ir(H)Cl(PMe3)4]
þ would be expected to adopt the trans geometry on electronic and

steric grounds; however, it is the cis conformation which is found experimentally.190 Quantum-
mechanical calculations suggest that there is little energy difference between the two structures,
but the cis-form is favored by the higher entropy of this lower-symmetry arrangement. Oxidative
addition to [Ir(CO)3(PEt3)2]BF4 and [Ir(CO)2(PH3)(PEt3)2]BF4 yields a variety of octahedral IrIII

complexes, which are characterized by 1H, 13C, 19F, and 31P NMR spectroscopy.575 Addition of
Hþ to the metal center of the ortho-cyclometalated complexes [Ir[P(OC6H3Me-o)(OC6H4Me-o)2]-
(cod)L], L=P(OC6H4Me-o)3, PMePh2, PMe2Ph, PMe3, is stereoselective and occurs trans to L,
which isomerizes on heating to the thermodynamically stable isomer of [IrH(OC6H3Me-o)-
(OC6H4Me-o)2(cod)L]

þ in which the hydride is trans to the cyclometalated phosphite ligand.191

A further isomer, where the proton attacks the ortho-metalated C atom, is detected by UV-vis,
1H, and 31P NMR spectroscopy.

The complexes [IrCl(PPh3)2S], [IrCl(diphos)S], and [IrCl(diphos)PPh3] (diphos=Ph2-
PCH2CH2PPh2, S= solvent) react with H2 at 30 �C, 1 atm of H2 in EtOH/C6H6, to form stable
dihydrido IrIII complexes.192 Computation of thermodynamic parameters reveals that the
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enthalpy of formation of the dihydrido complexes is more exothermic for the IrI complexes than
for the analogous RhI complexes.

The complexes IrCl(CO)P2 (P=PMePh2, PMe2Ph, PMe3) oxidatively add RBr,
R=CH2CO2Et, CH3CHCO2Et, CH3CHCOCH3, EtCHNO2, to give IrBrClR(CO)P2.

193 CH2I2
and CH2ClI give IrClI(CH2Y)(CO)P2, Y= I, Cl, respectively. In all cases the final compounds
contain trans tertiary phosphine ligands.

Trans-[Ir(CO)X(PEt3)2], X=Br, Cl, reacts with ZH3 (Z=P, As, Sb) in toluene to give
[Ir(CO)XH(PEt3)2(ZH2)] (109).

194 The X-ray structure of (109), with X=Cl, Z=As, is detailed.
Treatment of (109), X=Br, Z=P, with HCl yields [Ir(CO)BrH(PEt3)2(PH3)]

þ and then
[Ir(CO)BrClH(PEt3)2], and with H2Se gives [Ir(CO)BrH(PEt3)2(SeH)].

Reaction of [Ir(cod)Cl]2 with PPh3 and AgBF4 gives [Ir(�4-1,5-cod)(PPh3)2]BF4 which gives
[IrH2Q2(PPh3)2]BF4 on treatment with H2 and Q (Q=Me2CO, H2O).195

Treatment of Ir(PPh3)2(CO)Cl with tdppmcy yields the trinuclear complex
[Ir(CO)Cl]3(tdppmcy)2, (110).196 [Ir(CO)Cl]3(tdppmcy)2 reacts with Hþ, H2, and H� to give
[Ir(CO)ClH]3(tdppmcy)2]

3þ, [Ir(CO)(Cl)H2]3(tdppmcy)2, and [Ir(CO)H3]3(tdppmcy)2, respectively.
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Reaction of the secondary phosphite 5,5-dimethyl-1,3-dioxa-2-phosphorinane OCH2CMe2CH2O-
P(O)H, R2POH, with [IrCl(coe)2]2 affords the product species [IrCl2(R2POHOPR2)(R2POH)2], (111),
[IrH(R2POHOPR2)2(R2POH)], and [IrCl(R2POHOPR2)2(R2POH)].197 Heating the phosphite with
Ir(acac)(coe)2 in toluene produces [Ir(acac)(R2POHOPR2)2]. The synthesis of mixed phosphite/phos-
phine or arsine hydride complexes IrHCl2[PPh(OEt)2]L2 and IrHCl2P(OEt)3L2 (L=PPh3, AsPh3) has
been described.198 The hydride ligand may be substituted by the hydrazine ligands RNHNH2, R=H,
Me, Ph, C6H4NO2-4, giving [IrCl2(RNHNH2){PPh(OEt)2}L2]

þ and [IrCl2(RNHNH2){P(OEt)3}L2]
þ,

respectively. The multinuclear complexes (112) and (113) have been synthesized from the anion
[Ircp*Cl{PO(OMe)2}2]

� and spectroscopically characterized.199,200

Mcp* Cl Ir cp*

PO

MeO

OMe

O P

MeO
OMe

+

(112)

M = Rh, Ir

Mcp* Cl M' Cl

PO

MeO OMe

O P

MeO OMe

O P

Ir

PO

cp*

MeO OMe
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6.2.5.8.2 Bidentate ligands

The complex [Ir(�-OCH3)(�
4-1,5-cod)]2 reacts with bis(diphenyl-phosphino)methane, dppm, to

give [IrH(�1,�3-C8H12}dppm], the structure of which has been confirmed by single-crystal X-ray
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studies.201 A reaction mechanism has been proposed as a result of deuteration experiments. The
family of complexes Li[Ir(P-P)I4], Li(114), P-P= dppe or cis-1,2-bis(diphenylphosphino) propane,
has been synthesized.202 The salt Ph4As(114), P- P= dppe, has been characterized by X-ray
crystallography.

Oxidative addition of H2 and Ph3SiH to IrBr(CO)(chiraphos), where chiraphos= 2S,3S-bis
(diphenylphosphino)butane, leads to stable kinetic (115a,115b), followed by thermodynamic
(116a,116b) diastereomers as shown in reaction Scheme 15.203 The crystal structure of cis-
[IrH2(chiraphos)2]BF4 has been reported.204
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Scheme 15

Oxidative addition of silanes to IrX(CO)(dppe), X=Br, CN, proceeds stereoselectively under
kinetic control with hydride binding trans to CO and Si trans to P(dppe).205 When X=Br the
kinetic product isomerizes to the thermodynamically stable species, with H trans to Br and Si
trans to P(dppe). NMR studies of H2 addition to IrBr(CO)(dppe) have proved sensitive to para-
enriched H2.

206 The complex [Ir(CH3)(CO)(CF3SO3)2(dppe)], when dissolved in CH2Cl2 under
1 atmosphere of H2, yields CH4 and IrH(CO)(CF3SO3)2(dppe) (117).

207 The complex (118) proves
to be an effective hydrogenation catalyst for ethane and 1-hexane. The cationic complexes (118)
and (119) have been shown to polymerize isobutylene, norborene, styrene, and �-pinene.208

Reaction of (119) with H2 yields [IrH2(CO)2dppe]
þ.209 Labeling and NMR studies show that

the reaction involves conversion of coordinated CF3 to CO. The synthesis of monomeric carboxyl-
ato(diphosphine)iridium(III) complexes has been described (diphosphine= diop (120), binap
(121), and bdpp (122)).210 Some of theses complexes catalyze the asymmetric hydrogenation of
prochiral imines to amines.
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The diphosphine ligand (R)-(S)-PPFPPh2 (123) binds to IrI to form the dinuclear species cis
and trans-[Ir2(�-Cl)2((R)-(S)-PPFPPh2)2] which oxidatively adds H2O to give [(R)-(S)-PPFPPh2)2-
Ir2Cl2(H)2(�-OH)2].

211 The X-ray structure of the syn-trans isomer has been determined.

6.2.5.8.3 Tridentate ligands

Oxidation of 3,5-di-tert-butyl catechol to 3,5-di-tert-butyl-o-benzoquinone by O2 is catalyzed by
the IrIII catecholate complex (124).212 The authors suggest that formation of the dioxygen adduct,
as in reaction Scheme 16, is an important step in the process.
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The structure of [IrH2X(cyttp)], X=Cl, I, cytpp=PhP(CH2CH2CH2PR2)2, R= cyclohexyl,
confirms an octahedral arrangement around Ir with the cytpp ligand taking up a mer-configur-
ation around the metal.213 Diastereoisomers were characterized by NMR spectroscopy.214 [IrCl-
(CO)(Htriphos)] undergoes oxidative addition reactions with H2, HCl, and Cl2 to give
[IrH2(CO)(Htriphos)]þ, [IrHCl(CO)(Htriphos)]þ, and [IrCl3(Htriphos)], respectively.608

6.2.5.8.4 Arsine and antimony ligands

Reaction of [IrCl(C2H4)2]2 and AsiPr3 yields trans-[IrCl(C2H4)(AsiPr3)2], which on UV irradiation
in MeCN gives [IrHCl(CH:CH2)(MeCN)(AsiPr3)2], the molecular structure of which has been
determined by X-ray crystallography.215 The reaction of [IrCl(coe)2]2 with SbiPr3 in the presence
of H2 affords cis,mer-[IrH2Cl(Sb

iPr3)3], which gives [IrH2Cl(CO)(SbiPr3)2] on treatment with
CO.216 Five co-ordinate [IrCl(C2H4)2(SbR3)2] (125) results from the reaction of [IrCl(C2H4)2]2
with SbR3 (R= iPr, Me, Ph), and the X-ray structure of (125), where R= iPr, confirms a distorted
trigonal-bipyramidal geometry around Ir, with one stibine ligand and the two ethene ligands in
the equatorial plane. The synthesis and characterization of [Ir(tetras)X2]X, tetras=As(o-C6H4-
AsMe2)3, X=Cl, Br, I, and fac-[Ir{MeC(CH2AsMe2)3}Cl3] have been detailed and the crystal
structure of [Ir(tetras)(CO)Cl](BF4)2 reported.217 All complexes undergo an irreversible IrIII/IrI

oxidation. The synthesis of trans-[IrCl(¼CR2)(Sb
iPr3)(P

iPr3)], R=C6H5, p-C6H4Me, is
reported.218

6.2.5.9 Oxygen Ligands

6.2.5.9.1 Monodentate ligands

The single-crystal X-ray structure of trans,mer-[IrCl2(OH2)(PMe2Ph)3](ClO4) exhibits a long Ir�O
bond (2.189 Å) and a short Ir�P bond (2.249 Å) trans to it.219 At room temperature the
phosphine ligands are equivalent (31P NMR) via the five co-ordinate square-pyramidal inter-
mediate [IrCl2(PMe2Ph)3]

þ. Water exchange on [Ir(OH2)6]
3þ proceeds by an associative

interchange mechanism, as determined by 17O NMR studies, whereas it goes by an interchange
mechanism on the deprotonated species [Ir(OH2)5(OH)]2þ.220 Analogous studies on
[Ircp*(OH2)3]

2þ showed that H2O exchange was 1014 times faster than for [Ir(OH2)6]
3þ and

proceeds by a dissociative mechanism.221 The structure of [Ir(OH2)6]F3�3H2O has been studied
by X-ray crystallography and NMR spectroscopy.222 The aqua complexes [Ircp*(PMe3)-
RF(OH2)]X (RF=CF(CF3)2, X=BF4, B(ArF)4; RF=CF2CF3, CF2CF2CF3, X=CF3SO3) and
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[Ircp*(PPh3)(CF2CF2CF3)(OH2)]BF4 have been synthesized and their molecular structures deter-
mined by single-crystal X-ray diffraction studies.223 The complexes form hydrogen bonds from the
H2O ligands to the counterions or to additional outer-sphere water molecules. The dinuclear aqua
ions [(H2O)4Cr(�-OH)2Ir(OH2)4]

4þ and [(H2O)4Rh(�-OH)2Ir(OH2)4]
4þ have been synthesized

from oxygen-free alkaline media.224

The syntheses of �,�-[(en)2Ir(�-OH)2Ir(en)2](ClO4)4, (126), and �,�-[(H2O)(en)2Ir(�-OH)Ir-
(en)2(OH)](S2O6)1.5(ClO4)4�2.75H2O, (127), have been reported.225 The crystal structure of (127)
shows that the terminal OH and H2O ligands interact by a very short, symmetric H bond
(2.429(9) Å). The thermodynamics and kinetics of the equilibrium reaction between (126) and
(127) were studied spectrophotometrically at different pH values.

The binuclear complex [H(binap)Ir(�-OMe)2(�-Cl)IrH(binap)]Cl catalyzes the hydrogenation
transfer from methanol to alkynes via the five co-ordinate intermediate [IrHCl(OMe)(binap)].226

The phosphate diesters (O2P(OR)2), ethyl-4-nitrophenyl phosphate and bis(4-nitrophenyl)phos-
phate in cis-[(en)2Ir(OH)(O2P(OR)2]

þ, react intramolecularly with the cis-OH group at pH 8 to
liberate nitrophenolate.227

Phenols react with [Ir(cod)(PMe3)3]Cl to yield mer-[(Me3P)3Ir(OAr)(H)(Cl)] (128).228 The struc-
ture for (128), where Ar= 2,4-dimethylphenyl, is given. Carboxylic acids react with [Ir(cod)(P-
Me3)3]Cl to afford mer-[(Me3P)3Ir(OC(O)R)(H)Cl], (129), with the structures of (129) reported
where R=Ph (130), C6H4OH-2. (130) reacts with Tl[PF6] to form mer-[(Me3P)3Ir(�

2-
O2CC6H5)(H)][PF6], which has been crystallographically characterized.229

Addition of CO to Ir(SO3F)3 dissolved in HSO3F gives crystals of mer-[Ir(CO)3(SO3F)3].
230 IR

spectroscopy and X-ray structural determination confirm the mer configuration. In solution
(HSO3F) there is evidence (IR and NMR) of a mixture of mer- and fac-isomers.

The X-ray structure of [Ir(CO)(CH3)(SO4)(P(p-tolyl)3)2], (131), shows that the phosphine
ligands are trans to one another and the SO4

2� is chelated to the IrIII center.231 Carbonylation
of (131) yields [Ir(CO)3(P(p-tolyl)3)2]

þ, which has also been characterized by single-crystal diffrac-
tion studies, and [Ir(CO)3(C(O)Me)(P(p-tolyl)3)2].

The complex [Ircp*(PMe3)(CH3)(otf)], otf=OSO2CF3, reacts with aliphatic C�H bonds (RH)
and silane Si�H bonds (SiR3H) to yield [Ircp*(PMe3)(R)(otf)] and [Ircp*(PMe3)(R){SiR2(otf)}],
respectively.232 Treatment of trans-[Ir(CO)(PPh3)2Cl] (i) with HBF4 gives
[Ir(CO)(PPh3)2Cl(H)(BF4)]; (ii) with Me3OBF4 yields [Ir(CO)(PPh3)2Cl(Me)(BF4)]; and (iii) with
Ag(otf) affords [Ir(CO)(PPh3)2(otf)].

233 Further treatment of [Ir(CO)(PPh3)2(otf)] with H(otf)
results in the formation of trans,cis-[Ir(PPh3)2(otf)2(CO)(H)]. The rate constant for solvolysis of
[Ir(NH3)5(otf)](otf)2 to [Ir(NH3)5S](otf)3, where S=H2O, MeOH, DMSO, DMF, CH3CN, py, is
relatively independent of solvent.234 No simple relationship between rate constant and solvent
properties was found. Base hydrolysis and aquation reactions of [Ir(NH3)5(otf)]

2þ have also been
investigated.235 The reaction between [cp*(PMe3)Ir(otf)2] and [(PPh3)2Pt(HC�CPh)] or
[(PPh3)2Pt(C2H4)] yields [cp*(PMe3)Ir(�-H)(�-�2,�1-PhC�C)Pt(PPh3)2](otf )2 and [cp*(PMe3)-
Ir(�-H)(�-�2,�1-H2C¼CH)Pt(PPh3)2](otf)2, respectively, with the latter product characterized by
X-ray diffraction studies.236

6.2.5.9.2 Bidentate ligands

The series of complexes [Ir(acacX)n(acac)3�n], where acacX=CH3COCXCOCH3 and X=F, Cl,
Br, I, n= 1, 2, 3, has been prepared.237–239 The molecular structures of Ir(acac)3, Ir(acacCl)3,
Ir(acacBr)3, and Ir(acacI)3 have been determined. In the presence of Pcy3, [Ir(acac)(coe)(Pcy3)]
(132) reacts with H2, RC¼CH, R=Ph, cy, Me3Si, or HSiR30, where R30 =Et3, Ph3, HPh2, to give
[Ir(acac)H2(Pcy3)2], [Ir(acac)H(C2R)(Pcy3)2], and [Ir(acac)H(SiR3)(Pcy3)], respectively.

240 In the
absence of Pcy3, the addition of three equivalents of PhC�CH yields [Ir{�3-
CH¼C(Ph)CH[C(O)CH3]2}(C2Ph)(CPh¼CH2)(Pcy3)], (133), which has been structurally char-
acterized. The structure of (134), R=Et, has been confirmed by X-ray crystallography.

Trans oxidative addition of CH3I to [Ir(acac)(cod)] affords the structurally determined complex
[Ir(acac)(cod)(CH3)

I].241 The reaction of [(Npet)2Ir]Cl, Npet= {o-(diphenylphosphino)benzylide-
ne}ethylamino, with tetrachloro-o-quinone yields the structurally characterized product (135).242

The synthesis and characterization of the water-soluble complex (136) have been described.243

The preparation and characterization of five co-ordinate [(triphos)Ir(cat)]Z, H2cat= 9,10-phen-
anthrenecatechol, 1,2-naphthalenecatecol, 3,5-di-tert-butylcatechol, 4-methylcatechol, 4-carboxy-
catechol Et ester, tetrachlorocatechol, Z=BPh4, PF6, have been reported.244 All compounds
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undergo electron-transfer reactions, and paramagnetic states have been studied by EPR spectros-
copy. Most of the compounds react with O2 to give [(triphos)Ir(OO)(sq)]Z, Hsq= semiquinone
derivative. The O2 adducts are also redox active.

The synthesis and characterization of tris-chelate IrIII complexes of 2-(acetylamino)benzoic
acid, 2-(benzoylamino)benzoic acid, 2-[(2-aminophenylamino)carbonyl]benzoic acid, maleanilic
acid, malea-1-naphthalanilic acid, and 2-[(phenylamino)carbonyl]benzoic acid have been
described.245

6.2.5.9.3 Tridentate ligands

The complex [(�2-triso)Ir(C2H4)2], (137), (triso=C(Ph2PO)3
�), undergoes oxidative addition with

Ph3SiH to form the �3-triso complex [Ir(triso)(C2H4)H(SiPPh3)], (138), according to Reaction
Scheme 17.246,247 Both compounds catalyze the hydrosilylation of ethene.248
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Scheme 17

6.2.5.9.4 Trinuclear complexes

The structure of the trinuclear complex [Ir3(�3-O)(�-CH3COO)6(OH2)3](NO3)2 has been deter-
mined.249 The average Ir�Ir distance is measured at 3.34 Å. Addition of HCl gave [Ir3(�3-O)-
(�-CH3COO)6(OH2)Cl2]. The trinuclear species are paramagnetic, with a magnetic moment
equivalent to one unpaired electron per Ir3 unit. The species [Ir3(�3-O)(�-CH3COO)6(OH2)3]

2þ

can be electrochemically reduced to the IrIII/IrIII/IrIII form.250 The related complex [Ir3(�3-O)-
(�-CH3COO)6(py)3]

þ, (139), has two reversible one-electron oxidation waves at þ0.68V and þ1.86V
vs. Ag/AgCl in acetonitrile/0.1M [Bu4N][PF6].

251 The compound (139) has a featureless visible
spectrum, whereas the mono-oxidized species (139)þ has bands at 688, 1,093, and 1,400 nm which
have been assigned to transitions involving orbitals based on the �3-O bridging ligand.

6.2.5.10 Sulfur and Selenium Ligands

6.2.5.10.1 Monodentate ligands

Treatment of [Ir(coe)2(O¼CMe2)2]PF6 in acetone with DMSO followed by water yields
the structurally characterized species (140), in which both O- and S-bonded DMSO ligands are
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present.636 Reaction of IrCl3 with ligand L, (141), in ethanol yields IrLCl3(OH2), in which (141)
binds to the metal center through the terminal S donor atom.252
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SF4 reacts with trans-Ir(CO)(X)(PEt3)2, X=Cl, Br, in CD2Cl2 at 180K to afford thermally
stable [Ir(CO)FX(PEt3)2(SF3)].

253 The SF3 ligand shows reversible fluxional behavior (200–300K),
as studied by 19F and 31P {1H} NMR spectroscopy.

The isothiazide ligand, (142), and its 3- and 5-methyl derivatives form the tris complexes
IrCl3(isothiazole)3 in which isothiazole and the 5-methyl derivative bind through the S atom,
whereas 3-methylisothiazole binds through the N atom.254

The crystal structure of [IrCl4(SCl2)2](SCl3) shows that the SCl2
� ligands adopt a cis position

around the metal.255 Oxidation of trans-Na7[Ir(SO3)4Cl2]�5H2O by Ce(SO4)2 or KMnO4 results in
formation of S2O6

2� and SO4
2�.256 Reaction of IrH3(PPh3)3 with HBF4 in the presence of

pyridinethione, SpyH, affords [IrH2(�
1-SpyH)(PPh3)3]BF4 (143).257 A further SpyH can replace

one PPh3 ligand, giving [IrH2(�
1-SpyH)2(PPh3)2]BF4. The structures of both Ir�SpyH com-

pounds and [IrH(CO)(�1-SpyH)2(PPh3)2]BF4 are reported and all show NH���HIr proton–hydride
interactions, as shown in (143). The related complexes [IrH(�1-SpyH)(�2-Spy)(PPh3)2]BF4,
[Ir(H)2(�

1-SpyH)2(Pcy3)2]BF4, and [IrH(�1-SpyH)2(�
2-Spy)(Pcy3)]BF4 also exhibit the proton–

hydride interaction.258–260 NMR studies indicate that such interactions are maintained in solution.
Reaction of [Ircp*Cl2]2 with (MeS)2CH2 and AgBF4 gives [Ircp*Cl(�2-(MeS)2CH2)]BF4,

whereas treatment with (PhS)2CH2 leads to [Ircp*Cl2(�
1-(PhS)2CH2], characterized by X-ray

crystallography.261

6.2.5.10.2 Bidentate ligands

Treatment of [Ircp*Cl2]2 with dppmE2 and TlBF4 (dppmE2=Ph2P(E)CH2P(E)Ph2, E= S, Se)
gives [Ircp*Cl(dppmE2)](BF4) (144).

262,263 Further reaction with NaH leads to the deprotonation
of dppmE2 and formation of [Ircp*{�3-(EPPh2)2CH}]þ. P(OMe)3 can displace the chloride ligand
in (144) to produce [Ircp*(P(OMe)3)(dppmE2)]

2þ, which gives [Ircp*(PO(OMe)2)(dppmE2)]
þ on

treatment with NaI. The structure of (145)BF4 has been determined. The analogous chemistry of
the (EPPh2)2NH ligands is described, with the crystal structure of [Ircp*Cl{�2-(SePPh2)2N}]
detailed.264 The �2-(SePPh2)2N ligand binds in a bidentate Se, Se0 manner.
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      O, S
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The synthesis and characterization of [Ir(S2P(Me2-C6H3-2,4)2)3] and [Ir(S2CNMeR)3],
R= cyclohexyl, are reported.265,266 Further tris dithiocarbamate (146) IrIII complexes have been
prepared and characterized by UV-vis spectroscopy.267 The complex [Ircp*(1,2-C6H4S2-S,S

0)] has
been prepared and characterized by X-ray structural analysis.268

Iridium 177



6.2.5.10.3 Binuclear complexes

The complex [Ir(�-tBuS)(CO)L]2 reacts with dihalomethane to yield [IrX(�-tBuS)(CO)L]2(�-CH2),
X= I, L=CO, P(OMe)3, PPh3, PPh2Me, PMe3; X=Br, L=PPh3.

269 The crystal structure of the
product in which X= I and L=P(OMe)3 has been determined and shows an Ir�Ir separation of
3.1980(4) Å. Reaction of [Ircp*Cl2]2 with two molar equivalents of thiosalicylic acid
(HSC6H4COOH, H2tsal) and excess base gives [cp*Ir(tsal)]2 (147).270
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6.2.5.10.4 Tridentate ligands

Reaction of [Ircp*Cl2]2 with AgBF4 and (SPPh2)3CH in CH2Cl2 or Me2CO to which Et3N is
added yields [Ircp*(�3-(SPPh2)3C]BF4, which has been structurally characterized.271 The IrIII

complexes [Ircp*L3](PF6)2 (L3=MeC(CH2ER)3, E= Se, R=Me; E=Te, R=Me, Ph) have
been prepared and characterized by IR and multinuclear NMR spectroscopy.647

6.2.5.10.5 Halide ligands

A review of preparative methods for the synthesis of Ir–fluoro complexes is available.272 Addition
of I2 to [Ir((R)-(S)-PPFP(Xyl)2)cod]BF4 in THF yields [IrI((R)-(S)-PPFP(Xyl)2)(�

3,�2-C8H11)]BF4,
which has been characterized using X-ray crystallography.273 When the same reaction is carried
out in CH2Cl2, then the structurally characterized product [Ir((R)-(S)-PPFP(Xyl)2)

I(H)(C8H11I)]
þ

is isolated. Abstraction of iodide from Ir(CF3)(Cl)
I(CO)(PPh3)2 by AgSbF6 in CH3CN yields

[Ir(CF3)Cl(MeCN)(CO)(PPh3)2](SbF6) (148).274 The CH3CN group can be displaced with CN-
p-tolyl or H� to give [Ir(CF3)Cl(CN-p-tolyl)(CO)(PPh3)2]

þ and [Ir(CF3)HCl(CO)(PPh3)2], in which
the CF3 and H ligands are mutually trans. Addition of excess NaBH4 to (148) affords trans-
[Ir(CF3)H2(CO)(PPh3)2]. The X-ray structure of cis-[Ir(CO)2I4]

�(C11H12N)þ has been reported.275

The complex mer-[IrCl3(PEt2Ph)3] readily substitutes the Cl� ligand trans to PEt2Ph with CN�,
to give the structurally characterized species trans,mer-[IrCl2(CN)(PEt2Ph)3].

276 Extended irradi-
ation by white light gives the cis,mer-[IrCl2(CN)(PEt2Ph)3] isomer, which has also been analyzed
by X-ray diffraction.

The reaction of [IrBr2cp*]2 with [Re(�-Br)(CO)3(C4H8O)] yields the structurally characterized
complex [cp*Ir(�-Br)3Re(CO)3].

277 In solution the complex is in dynamic equilibrium with
[cp*Ir(�-Br)3Ircp*][(CO)3Re(�-Br)3Re(CO)3]. The preparation of [cp*Ir(�-Cl3)Ru(PPh3)2Cl] has
been published.278

IrCl3 reacts with excess active magnesium (Mg*) or Et2Mg to form the inorganic Grignard
reagents [Ir(MgCl)3] and [IrMgCl�MgCl2], respectively.279 Hydrolysis or alcoholysis of THF
solutions of the inorganic Grignard delivers finely divided X-ray amorphous Ir.

6.2.5.11 Hydrogen Ligands

The complex Ir(H)2Br(CO)(dppe), formed via the oxidative addition of H2 to [IrBr(CO)(dppe)],
has the hydrogen ligands in a cis configuration trans to Br� and one of the P-donor atoms, as
determined by X-ray crystallography.280 [Ir(PMe3)4]PF6 undergoes oxidative addition of H2O to
yield stable cis-[IrH(OH)(PMe3)4]PF6 (149).

281 Exchange reactions of (149) with D2O and MeOH
afford cis-[Ir(H)(OD)(PMe3)4PF6 and cis-[IrH(OMe)(PMe3)4]PF6 (150), respectively.

282 (149) and
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(150) have been crystallographically characterized, with (149) showing a much smaller Ir�O�H
angle (91(�7) �) compared to Ir�O�CH3 (119.4(�0.9) �) in (150). The complexes [IrH(H2)bqL2]

þ,
L=PPh3, Pcy3 and [IrH2(H2)2(Pcy3)2]

þ, have been synthesized and characterized by 1H NMR
spectroscopy.283

The structurally characterized iminol complex [IrH2L
0(PPh3)2]SbF6�2H2O, (151), contains an

O�H���H�Ir proton–hydride bond calculated at 1.58 Å.284 A series of related complexes replacing
the amide Me group by nBu, p-tolyl, Ph, p-FC6H4, 3,4-F2C6H3 show a similar H���H interaction
in common with complexes (152).285 (152) exhibits an intramolecular N�H���H�Ir hydrogen
bond (1.80 Å), as evidenced by 1H NMR studies.286 Replacement of one hydride ligand by a
fluoride results in the complex [Ir(H)2F(PPh3)2(pyNHR)], which shows N�H���F�Ir hydrogen
bonding.
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Treatment of [IrH5(PPh3)]2 with 2-hydroxy-pyridine in benzene yields the structurally deter-
mined complex (153), which reacts with HY (Y=Cl, Br, I) to give (154).287

NMR studies indicate that the rotamer of (154), in which the trans H and Y ligands are
transposed, is also formed. Replacement of 2-hydroxypyrdine with 2-aminophenyl pyridine
(pyNHPh) gives the complexes [Ir(PPh3)2(H)2Y(pyNHPh)], Y=F, Cl, Br, I, which show ana-
logous hydrogen-bonding interactions to (154). The N�H���H�Ir hydrogen bonds are stronger
than N�H���Cl�Ir bonds.

Synthesis of the complex [Ir(PPh3)2(H)(OH2)(bqNH2)]
þ has been detailed.288 The H2O ligand

may be readily substituted by F�, which has an intramolecular NH���F�Ir hydrogen bond.
Treatment with HBF4–Et2O yields [Ir(PPh3)2(H)(FH)(bqNH2)]

þ, which exhibits Ir�F�H���NH2

intramolecular bonding.
The synthesis and structural determination of (155), R= iPr, have been reported. The structure

shows hydrogen bonding between the hydrogen of the NHR group and the lone pair of electrons
on the water oxygen.289 Replacing the H2O ligand in (155), R=H, by fluoride gives the structur-
ally determined complex [IrH(F)(PPh3)2(bq-NH2)], with an H���F distance of 1.813 Å. A DFT
study of the intramolecular hydrogen-bonded compounds has been detailed.290 Reaction of (155),
R=H, with H2 yields [Ir(H)2(bq-NH3)(PPh3)2]BF4, as characterized by 1H NMR spectroscopy.291

Replacing the NHR pendant arm in (155) by tBu and iPr results in complexes (156) and (157),
respectively, which have been studied by X-ray crystallography.292 Note that for the tBu derivative
an agostic interaction is observed, which is absent in the iPr compound. Calculations (B3PW91/
UFF) suggest that weak ligand–ligand interactions, such as parallel aromatic stacking between
P�Ph and bq ligands, is important. Similar proton–hydride interactions are discussed for sul-
phur-bound ligands.258–260
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The reaction of IrCl3�3H2O with Pcy3 and PPh3 gives [IrHCl2(Pcy3)2] and [IrHCl2(PPh3)3],
respectively.293 Further reaction of [IrHCl2(PPh3)3] with NaOEt in THF under H2 yields
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fac-[IrH3(PPh3)3]. The carbonylation reaction of trans-Ir(PR3)2(CO)(NHAr), R=Ph, Ar=Ph,
o-tolyl, p-tolyl, p-C6H4Cl, 2,6-C6H3Me2, 3,5-C6H3Me2; R=Me, Et, Ar=Ph, yields the hydride
complex (158).517,520

The cis and trans isomers of H2IrCOL (L=C6H3(CH2P(
iPr2))2) are prepared from

HIr(PPh3)3(CO), according to reaction Scheme 18.294 Under H2 pressure the cis form isomerizes
into the trans species. Electrophiles such as [Ph3C]BF4, PhC(O)Cl, CS2, and MeI directly attack
the hydride ligands of the trans isomer. Addition of H2 to [Ir(CO)ClP2] to afford [Ir(CO)Cl(H)2P2]
is 45 times faster for the P=PPh2(C6H4SO3K-m)/H2O system than for the P=PPh3/toluene
system.295

HIr(PPh3)3(CO) + Br
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Scheme 18

Thermolysis of trans-[Ir(H)(OCH3)(C6H5)(PMe3)3] yields trans-[Ir(H)2)(C6H5)(PMe3)3] and for-
maldehyde.296 Extensive mechanistic studies show that the �-hydride elimination process does not
follow the usual pathway. Me3NO selectively abstracts the proton from
[IrH(CO)(PPh3)2L(A)]0,1þ,2þ, A=C2Ph, Cl, CH3CN; L=CH3CN, Cl, ClO4, to give the trans
elimination product [Ir(CO)(PPh3)2A]0,1þ.297 The rate-determining step is found to be formation
of (PPh3)2L(A)(CO)Ir�H�ONþMe3, where L=A=Cl. The rate varies with A and L.

Flash photolysis reactions of [Ir(H)2Cl(L)(PPh3)2], L=CO, PPh3, in deareated benzene, pro-
ceed by ligand, L, dissociation to give [Ir(H)2Cl(PPh3)2], followed by rapid H2 elimination to yield
IrCl(PPh3)2, which reacts with CO or PPh3 to form [IrCl(CO)(PPh3)2] and [IrCl(PPh3)3], respect-
ively, with rate constants of 25� 108 M�1 s�1 and 13� 107 M�1 s�1.298

Heating (at 100 �C), or photolysis by visible light, of the 1:1 mixture of [IrH3(PPh3)3]:C60 in
toluene gives a product whose UV-vis spectrum is characteristic of �2-coordinated C60.

299

Density functional theory (B3LYP) has been used to investigate the mechanism of the cis-trans
isomerization in Ir(H)2(CO)(C6H3{CH2P(H2)}2).

300 The preferred mechanism involves two con-
secutive trigonal twists in which the complex passes through a distorted octahedral intermediate,
as shown in reaction Scheme 19.

Intramolecular hydrogen exchange in IrX(H)2(�
2-H2)(PR3)2, X=Cl, Br, I; R=H, Me, has been

studied using density functional calculations (B3LYP).301 The two lowest-energy processes are
rotation of the H2 ligand and oxidative addition of the �2-H2 to form an intermediate IrV

tetrahydride, which undergoes rapid reductive elimination to interchange the dihydrides and the
dihydrogen.
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Reaction of [IrH5(PEt3)2] with ‘‘RhClL2’’, L=PEt3 or L2= diphos, gives [L2Rh(�-H)(�-Cl)-
IrH2(PEt3)2].

302 The X-ray structure of the complex in which L=PEt3 confirms a square-planar
geometry around Rh and octahedral coordination to Ir. The Rh�Ir distance is 2.898(1) Å, and
the asymmetrically bridging Cl� ligand is closer to Rh. The X-ray structures of bimetallic
complexes (159), where M=Mo and W, show that the Mo�Ir distance of 2.641(1) Å is signifi-
cantly shorter than the W�Ir distance at 2.706(1) Å.303
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Ph2MeP
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H

H
Ph2MeP

H

(159)

The preparation and NMR characterization of [(triphos)(H3�x)Ir(�-H)xHgR](CF3SO3), R= n-
C12-H25, PhCH2, 2,4,6-Me3C6H2, Ph, 4-ClC6H4, 2,4,6-Cl3C6H2, in CD2Cl2 at �80 �C have been
described.304 The structures of complexes cis-[IrH(H2)Cl2(P

iPr3)2], (160), and [Ir(H)2Cl-
(PtBu2Ph)2], (161), have been studied by neutron diffraction.305 (161) contains a planar H2IrCl
fragment in a Y shape, with an H�Ir�H angle of 73 �. ECP ab initio calculations show that the cis
form of (160) is more stable than the trans configuration, with the Ir�H2 interaction stronger in
the cis form. The structure of [IrCl2(NH3)H(PCy3)2] has been reported.306

6.2.5.12 Mixed-donor-atom Ligands

6.2.5.12.1 C/N

Thermolysis of (162), R= p-ClC6H4, p-FC6H4, results in loss of CO2 and the formation of the
kinetically stable side-bonded nitrile (163).307 The crystal structure of (163) in which R= p-Cl-
C6H4 has been determined. The insertion product from the reaction of [Ir(PEt3)2(C2H4)Cl] with
aniline and norbornylene is [Ir(PEt3)2(NHPhC7H10)(H)Cl], (164), which has been characterized
by NMR spectroscopy and single-crystal X-ray diffraction.308 Decomposition of (164) proceeds
via two competing pathways to give either norbornylene and a reactive Ir intermediate, or
exo-2-(phenylamino)norbornane.
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The synthesis and X-ray structural determination of a stable IrIII hydride/alkylidene complex,
(165), has been reported, in which the tridentate N3 ligand is TpMe2.309 The complex undergoes
reversible hydride migration onto the electrophilic carbene atom, as shown in reaction Scheme 20.
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The X-ray structures of two ortho-metalated compounds, (166), have been discussed.310 Weak
interactions between the hydride ligand and C�H protons of the PPh3 groups are recorded.
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(a) R1 = MeO, R2 = H, Ar, p-MeOC6H4
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Scheme 20

Oxidative addition of [Fe{�5-C5H4(2-C5H4N)}{�5-C5H4PPh2)] to [Ir(cod)Cl]2 results in the
structurally characterized species [Ir(H){Fe(�5-C5H3(2-C5H4N))(�5-C5H4PPh2)}(cod)]PF6, which
contains the PNC-bound derivative of ferrocene.311 The syntheses and structures of (167), (168),
and (169) are described.312
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The most frequently reported mixed C/N-donor ligands are the 2-phenylpyridine anion, ppy
(170), orthometalated 2,20-bipyridine, C3N0bpy (171), and derivatives, for example (172).
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Complexes of the type[Ir(L)2(S)2](otf) have been prepared by reaction of [Ir(L)2Cl]2 with Ag(otf)
in solvent S, L= ppy or ptpy, S=H2O pr CH3CN.313 The complexes were characterized by 1H and
13C NMR spectroscopy, UV-vis absorption and emission spectroscopy, and cyclic voltammetry.

The species [Ir(bpy)2(C3N
0bpy)]2þ (173) protonates at pH< 3, giving [Ir(bpy)2(C3N

0Hbpy)]3þ,
(174).314 In strong acid (pH< 1.7), the one-electron reduction product of (174) reacts directly
with Hþ to give H2. At higher pH, reduction of (173) is followed by disproportionation and
then reaction with Hþ or H2O to yield H2. In all cases the reduction site is N,N0-bound bpy.
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Rate-constant data are reported. Pulse radiolysis of (173) or (174) in water plus 2-propanol
produces the monoreduced species. Addition of small amounts of poly(styrenesulfonate), PSS,
to the solution enhances decay of the monoreduced from of (173) and (174) and catalyzes the
formation of H2.

315 If colloidal Pt is added to the system, then the decay rate of (173)� is further
enhanced. The order of the reaction with respect to [Pt] changes from one at low [(173)] to nearly
two upon increasing the concentration of (173), which suggests that adsorption of (173) onto Pt is
important.316 Similar physical measurements have been reported for the system containing (173)
or (174), tetramethoxybenzene or dimethoxybenzene (DMB), and PSS.317 Immobilization of (173)
and [Ru(bpy)3]

2þ in a rigid porous SiO2 matrix results in H2 evolution when the matrix/aqueous
DMB system is irradiated by an N2 laser or Hg lamp.318

The complex [Ir(ppy)2(dpt-NH2)]PF6 (175), dpt-NH2= 4-amino-3,5-bis(2-pyridyl)-4H-1,2,-4-triazole,
(176), has been synthesized and characterized.319 A reversible, one-electron oxidation of (175)
is assigned to removal of an electron from an Ir d�-based orbital. (175) luminesces at room
temperature and 77K. The complex (175), when immobilized in a polymeric matrix, acts as an
oxygen sensor.320
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N N
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dpt-NH2

(176)

Further optical oxygen sensors which have been developed are those of [Ir(LH)(L)](PF6)2 and
[Ir(L)2]PF6, LH= 2,6-bis(70-methyl-40-phenyl-20-quinolyl)pyridine, immobilized in a polymeric
matrix321, and [Ir(ppy)3]

3þ immobilized in fluoropolymer film.322

Reactions of IrCl3�H2O with 2-(p-tolyl)pyridine(ptpy) and 3-methyl-2-phenylpyridine(mppy)
gave [Ir(ptpy)2Cl]2 and [Ir(mppy)2Cl]2, respectively.

323 Treatment with bpy afforded [Ir (ptpy)2-
bpy]Cl and [Ir(mppy)2bpy]Cl. All complexes were characterized by UV-vis, emission spectros-
copy, and cyclic voltammetry.

The electrochemical and spectroscopic properties of [Ir(ppy)2Cl]2, [Ir(bq)2Cl]2, [Ir(ppy)2-
(NN)]Cl, and [Ir(bq)2(NN)]Cl, NN= bpy or phen, have been reported.324 The binuclear species
have metal-centered oxidations, and the monomers NN-based reductions. The mixed-ligand
monomers exhibit dual emissions from MLCT states associated with both ortho-metalated
(higher-energy) and NN ligands.325,326 Reaction of Hppy with Ir(acac)3 gives fac-[Ir(ppy)3].

327

Similar reactions of phenyl-ring-substituted Hppy, namely 4R-Hppy, where R=Me, Pr, tBu, F,
MeO, yields fac-[Ir(R-ppy)3]. The structure of [Ir(Me-ppy)2Cl]2 has been detailed.328 Electrochem-
ical studies on [Ir(ppy)2(tap)]

þ and [Ir(ppy)2(hat)]
þ, tap= (177), hat= (178), show two reversible

reductions on the tap or hat ligand and an irreversible oxidation.329
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[Ir(ppy)2hat]
þ exhibits dual emission at 77K. The bimetallic complex [(ppy)2Ir(�-hat)-

Ru(bpy)2]
3þ has three reversible reduction waves; the first two involve the bridging hat ligand,

and the third process is attributed to a bpy-based process.330 The complex also has an irreversible
oxidation. Low-energy (�19,000 cm�1) bands are assigned as RuII! hat �* transitions.

Reaction of [Ir(CO)(CH3CN)(PPh3)2]PF6 with bqH (172) gives the structurally characterized
product trans-[Ir(H)(CO)(bq)(PPh3)2]PF6, in which the CO ligand is trans to the orthometalated
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C(3) cation of the ppy ligand.331 The comparable species [Ir(H)(OH2)(bq)(PPh3)2]SbF6, has a
similar structure.332

The syntheses and characterization of [Ir(ppy)2NN]þ and [Ir(thpy)2NN]þ, NN= bpy, en,
Hthpy= 2-(2-thienyl)pyridine, (179), in which the thpy ligand is C/N bound, are detailed.333

The lowest-energy excited states of [Ir(ppy)2NN]þ and [Ir(thpy)2NN]þmay be assigned to either a
3(���*) state on the C/N ligand or a 3MLCT Ir! bpy transition, depending on the environment of
the complex. In the solid phase, a crystalline [Rh(ppy)2bpy]PF6 lattice, the

3(���*) transition is at
lowest energy, but the 3MLCT state is lowest in solution.334 The ortho-metalated complex [Ir(ppy)2-
(4mptr)]PF6, 4mptr= 4-methyl-3-(pyridin-2-yl)-1,2,4-triazole, (180), has been synthesized and
characterized by X-ray crystallography, NMR spectroscopy, electrochemical measurements, UV-
vis absorption and emission spectroscopy.335 The cis ppy ligands have trans Ir�N bonds, and the
4mptr ligand coordinates through the pyridine nitrogen and N2 of the triazole ring. The complex
has an irreversible oxidation (Ir based) and a reversible reduction (ppy based), and emits at room
temperature (broad band at 582 nm) and at 77K (highly structured band at 471 nm).

The complex fac-[Ir(Fppy)3], Fppy= 2-(4,5-difluorophenyl) pyridine, has been used as a
phosphorescent dye in polymer-based, organic, light-emitting diodes.336 The maximum external
quantum efficiency reached is �1.8%. Endothermic energy transfer from CBP (4,40-N,N0-
dicarbazole-biphenyl) to [Ir(F0ppy)2(pic)], [Ir(ppy)2(acac)], or [Ir(F0ppy)2(acac)], F0ppy= 2-(4,6-
difluorophenyl) pyridine, leads to blue electroluminescence with an external quantum efficiency of
5.7%.337,338 Replacing CBP for 3-phenyl-4-(10-naphthyl)-5-phenyl-1,2,4-triazole results in a 19%
external quantum efficiency for [Ir(ppy)2(acac)].

339 The X-ray structures of fac-[Ir(F00ppy)3], where
F00ppy= 3-C6H4(CF3)-py-CF3-5, 4-C6H4F-py-CF3-5, 2-C6H4F-py-CF3-5 and 3-CH3OC6H4-
py-CF3-5, are reported.340 The complexes exhibit fully reversible reduction and oxidation
waves. Most complexes show good electroluminescence efficiencies, with the peak emission
maximum dependent on substituent. The electrochemiluminescence efficiencies of [Ir(ppy)3]
in CH3CN, CH3CN/H2O (1:1), and aqueous 0.1M KH2PO4 with tri-n-propylamine are 0.33, 0.0044,
0.00092, respectively, using [Ru(bpy)3]

2þ with an efficiency of 1.0 as the standard.341

The syntheses, photophysical and electrochemical properties of [Ir(ppy)2(phen-NS-5)]PF6,
(181), [Ir(ppy)2(phen-NHCOCH2I-5)]PF6, (182), and [Ir(ppy)2(phen-NH2-5)]PF6 are reported.342

Complexes (181) and (182) have been used to label amine- and sulfhydryl-modified oligonucleotides
and human serum albumin to give luminescent bioconjugates.

Reaction of [M(ppy)2Cl]2 with [M0(cod)Cl]2 affords the binuclear species [(ppy)2M(�-Cl)2-
M0(cod)], M=M0 =Rh, Ir, M=Rh, M0 = Ir. Treatment of [Ir(ppy)2Cl]2 with [(PR3)PtCl2]2,
R=Bu, Et, produces [(ppy)2Ir(�-Cl)2Pt(PR3)Cl].

343

6.2.5.12.2 C/P

Bis-chelating C/P donor ligands on IrIII are formed from the electrophilic addition of dichloro-
carbene ligands to triphenylphosphine ligands.344 The X-ray crystal structures of (183) and (184)
confirm the metallacycle ligand arrangement. Reaction of [IrCl(coe)2]2 with PPh3 gives
[IrCl(PPh3)3], which yields (185) after heating in cyclohexane.345
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6.2.5.12.3 C/O

[Ir(coe)(PMe3)3Cl] undergoes oxidative addition with �-propiolacetone to yield the structurally
characterized complex mer-[(CH2CH2CO2)Ir(PMe3)3Cl], (186).346 The structure of the stable
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16-electron �-acyl ester endolate IrIII complex (187) has been reported.347 Complex (187) adds CO
and CH3CN reversibly.
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6.2.5.12.4 Si/N

The luminescence lifetimes of �RRR, �SSS, �RRS, and �SSR diastereomers (188), R=Ph,
show that the symmetric forms are longer lived by a factor of two than the less symmetric species
and are solvent dependent.348 The X-ray structure of R=Me confirms the fac arrangement of the
Si/N ligands.349
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6.2.5.12.5 Si/P

Reaction of [Ir(cod)Cl]2 with an excess of PPh2CH2CH2SiMe2H (Si/P) in THF affords
Ir(PPh2CH2CH2SiMe2)2Cl, whereas when two molar equivalents of the (Si/P) ligand are used,
then the compound [Ir(PPh2CH2CH2SiMe2)(cod)(H)(Cl)] is isolated.350 Both IrIII complexes have
been characterized by X-ray diffraction, and show shorter equatorial bonds in the five co-ordinate
species compared to the six coordinate complex.351 When [Ir(CO)(PMe3)4]Cl is heated in
toluene with PPh2CH2CH2Si(mes)H2 the cis-[Ir(PPh2CH2CH2SiH(mes))(Cl)(H)(PMe3)2] complex
results, and may be photolyzed to the structurally determined trans form in which the Cl ligand is
trans to Si donor atoms.352 The Cl ligand may be replaced in the cis form by metathesis with
MeLi or EtMgBr. Heating [Ir(PPh2CH2CH2SiH(mes))(R)(H)(PMe3)2] (R=Me, Et) leads to the
reductive elimination of RH. Thermolysis of [Ir(PPh2CH2CH2SiMe2)(Et)(H)(PMe3)2], Ir(Si/P)2(PMe3)-
(Et)(H), affords a 1:1 mixture of [Ir(Si/P)(PMe3)2(C2H4)] and [Ir(Si/P)(PMe3)2(H)2].

353

Photolysis of complex (189), R=mesityl, causes geometric isomerization to (190), with the
structure (190) established by single-crystal diffraction studies.354 Reaction of Ph2P(CH2)2Si(Me)2-
Si(Me)2(CH2)2PPh2 with trans-[Ir(PPh3)2(CO)Cl] yields complex (191) via an oxidative addition
reaction to the Si–Si linkage.355

P
Ph2

Ir
Si

Cl

H

PMe3

PMe3

R H

(189) (190)

P
Ph2

Ir
Si

Cl

PMe3

PMe3

H

R H

Ir

CO

Cl

Ph2
P

Ph2
P

Si
Me2

Si
Me2

(191)

Iridium 185



6.2.5.12.6 N/P

Reaction of [IrCl(cod)]2 and o-Ph2PC6H4NHR, R=CH2Ph, Et, yields the P-bound species
[IrCl(cod)(o-Ph2PC6H4NHR)].356 Treatment with AgClO4 affords the N/P-chelated complex
[Ir(cod)(o-Ph2PC6H4NHR)]ClO4. Reaction of [IrCl(coe)2]2 with o-Ph2PC6H4NHR gives [IrHCl-
(o-Ph2PC6H4NR)(o-Ph2PC6H4NHR)], which forms [IrHCl(o-Ph2PC6H4NHR)2]Cl, (192), on add-
ition of HCl. The structure of (192), where R=CH2Ph, shows that the H and Cl groups are in the
axial positions and the chelate ligands have a mutual cis geometry.356

The structure of [IrCl2(edmp)2]PF6, (193), edmp= (2-aminoethyl)dimethyl phosphine, confirms
that the coordination geometry around the Ir center is approximately octahedral.357 If the edmp
ligand is replaced by edpp, edpp= (2-aminoethyl)diphenylphosphine, then the isomeric form (194)
may be isolated and structurally characterized. The X-ray crystal structure of fac-
[Ir(edmp)3]Cl3�5H2O has also been reported.358
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+

Treatment of [IrCl(CO)2(p-toluidene)] with azine phosphines of type Z, E-PPh2CH2C(
tBu)

¼N-N¼C(Q)R, Q=H, Me, R= an organic group, activates aryl, heterocyclic, alkenyl, or
aliphatic C�H bonds to give cyclometalated IrIII hydrides.359

6.2.5.12.7 N/O

The complex cp*Ir[OC(Ph)¼NNCOPh], (195), was obtained from the reactions of cp*IrNtBu or
[cp*Ir(�-OH)3Ircp*]OH with (PhCONH)2.

360 X-ray structural analysis suggests that the product
species should be considered as an electronically unsaturated IrIII, 16-electron complex with
normal oxide and amido bonds. The synthesis of the chiral half-sandwich complexes (196) and
(197) has been detailed.361
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Cl O

H2N NHR

Cl

(196)

Ir
Cl N

H2N O

(197)

R1

R2

R1 = R2 = H
R1 = H, R2 = CH2CO2Me
R1 = H, R2 = CH2CO2Et

Ir
cp*

N
N

O
O

Ph
Ph

(195)

R = H, CH2CO2Et

The biologically important 2-hydroxyiminocarboxylic acid ligands chelate to IrIII centers to
give (198), where R=CH3, Do=P(OMe)3, PMe3, PEt3, PPr3, PPh3, py; R=CH2Ph, Do=PEt3,
PPh3, py. The structure of (198), where R=CH3, P=PMe3, has been determined by X-ray
crystallography.362 Further related complexes, from the same laboratory and characterized by
single-crystal diffraction studies, are (199), (200), and (201).363

Reaction of H3IrCl6 and 1,2-naphthoquinone-1-oxime (1-nqoH) (202) and py yields the struc-
turally characterized species [pyH][Ir(1-nqo)(py)Cl3].

364 In the absence of py, [Ir(1-nqo)3] results.
The spectral properties of the complexes [Ir(N/O)2Cl2]Cl, where N/O ligands are as (203), have
been reported.365 Tris chelates of (204), [Ir(204)3]Cl3, bound through O and N*, have been
characterized by IR and UV-vis absorption studies.366,367
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The synthesis and characterization of [cp*Ir(aa)(PPh3)]BF4, Haa=L-analine, L-proline (pro),
have been described.368 The crystal structure of [cp*Ir(pro)Cl] (205) has been detailed. Reaction
of (205) with HC�CCMe3 in the presence of NEt3 gives the structurally characterized species
[cp*Ir(pro)(C�CCMe3)], which has the R configuration at the Ir center.369 In chloroform the
complex epimerizes to the S form by an intramolecular mechanism.370 The structures of the
py-containing complexes (206) and (207) have been reported.371,372
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The guanylurea complexes [Ir(Gu)2Cl2]Cl and [Ir(Gu)3]Cl3, Gu=H2NC(:NH)NHC(:O)NH2, have
been prepared and characterized by IR and UV-vis absorption spectroscopy.373 The X-ray structure of
[Ir(cp*)(DMA)Cl]PF6, DMA= 1,3dimethylalloxazino, (208) confirms that the O* andN* atoms are the
chelate donors for binding to IrIII. The complexes can be electrochemically reversibly reduced, and
spectroelectrochemical studies (IR, UV-vis, EPR) confirm that the redox site is centered on the DMA
ligand.374The complex cation [cp*Ir(bigOH)]þ, big= bis(1-methylimidazol-2-yl)glyoxal, bigOH= (209),
has been structurally characterized as its PF6 salt.

375 The donor atoms of bigOH are denoted by an *.
The binuclear complex [cp*Ir(�-H)(�-SiPr)2Ircp*](otf), (210), has been studied by X-ray crystal-

lography.376 (210) reacts with nitrosobenzene to give the paramagnetic, structurally determined
species (cp*Ir(�-PhNO)(�-SiPr)2Ircp*]

þ, in which the nitrosobenzene acts as a �-�1:�1-N,O ligand.
Reaction of 3-hydroxy-2-methyl-4(1H)-pyridine with [cp*IrCl2]2 gave the trinuclear complex
(211), which has been characterized by X-ray crystallography.377

6.2.5.12.8 N/S

The complex IrL3, HL= 8-quinolinethiol (212), has been prepared from an aqueous solution of
(NH4)3[IrCl6] and NaL. An X-ray diffraction study confirms the mer configuration about the Ir
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center.378 The 4-methyl derivative has an analogous structure.379 The redox chemistry of Ir
complexes bound to (212) and its 2-, 4-, 5-, 6-, and 7-methyl derivatives shows a reversible one-
electron reduction and a one-electron oxidation involving the ligand.380

N
HS

(212)
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N*HN

S*H2N

(213)

N
N

N

Me

S*

N*

Ph

(214)

Reaction of [IrCl(cod)]2 with LiNHC6H4-o-SMe gives [Ir(Me)(SC6H4NH)(cod)] by oxidative
addition of the S�Me bond.381 The octahedral complex [Ir(HL)2X2]X, X=Cl, Br, HL=
2-furfuralthiosemicarbazone, (213) has been prepared and characterized by UV-vis, IR spectros-
copy, and magnetic measurements.382

K3IrCl6 reacts with cystine (H2L) to give [Ir(HL-O,S)(HL-N,S)Cl(OH2)] and [Ir(HL-N,S)Cl-
(OH2)(OH)], which have been characterized by XPS, IR spectroscopy, and TGA.383

The complex IrL3, HL= 3-methyl-4-benzylideneimino-5-mercapto-1,2,4-triazole (214), which
binds through the indicated S and N in a bidentate manner, has been prepared and characterized
by physicochemical techniques.384

The synthesis and characterization of [Ir(N/S)3]Cl3, N/S= thiosemicarbazones of methyl
n-hexyl ketone and methyl n-pentyl ketone (215), have been described.385 The complex [IrL-
(Cl)(OH2)] (216), H2L=N,N0-hexylenebis(monothioacetylacetonimine), has been prepared and
characterized by UV-vis, IR, and 1H NMR spectroscopy.386
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S Me

N MeNMe
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Me

(216)

The synthesis of the CuI/IrIII Cu4Ir4 S/N-bridged polynuclear complex
[Cu{Ir(aet)3}2{Ir2(aet)4(cysta)}]

6þ, Haet=H2NCH2CH2SH, cysta= cystamine, has been dis-
cussed.387 Treatment of an aqueous solution of fac(S)-[Ir(aet)3] with HNO3 gave the structurally
characterized complex [Ir2(aet)4(cysta)](NO3)2, (217).

388

Reaction of fac(S)-[Ir(aet)3] with VCl3 gave [V{Ir(aet)3}2]
3þ according to Reaction Scheme 21.389

The structure of (218)(ClO4)3 confirms the linear-type structure. Cyclic voltammetric studies of
(218) show irreversible oxidation and reduction processes.
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6.2.5.12.9 P/O

Reaction of (1R)-endo-(þ)-3-diphenylphosphinocamphor, (219), with IrCl3�3H2O gives mer,trans-
[IrCl3(219)2]BF4.

390 In the complex ligand, (219) binds once in a unidentate manner through the
P donor atom and again in a bidentate fashion through P and O. Treatment of [IrCl(coe)2]2 with
iPr2PCH2CH2OMe affords the structurally determined hydridoiridium(III) complex (220), which
reacts with H2 and HCl to give [IrH(Cl)(X){�(P)-iPr2PCH2CH2OMe}{�2(P,O)-iPr2PCH2-
CH2OMe}], X=H and Cl, respectively.391

Ir

(Pri)2P

P(iPr)2

O

H

Cl

MeO

(220)

PPh2

O

(219)

Reaction of (220) with HC�CCO2Me yields [IrCl(C�CCO2Me)(CH¼CHCO2-
Me){�(P)-iPr2PCH2CH2OMe}{�2(P,O)-iPr2PCH2CH2OMe}]. The phosphine ether ligand
cy2PCH2CH2OCH3 coordinates to IrIII in a bidentate manner through both P/O bonds (PO)
and C/P (OCH3) orthometalated linkages (CP) in [IrClH(PO)(CP)], (221).391 Reaction of (221)
with H2 yields [IrCl(H)2(PO)P], where P= �1-(P) coordination of cy2PCH2CH2OCH3.

392 NMR
studies show that the two ether O donors and the two cis H ligands are involved in fast exchange
processes. Treatment of (221) with HCl and CO yields [IrH(Cl)2(PO)P] and [IrH (CO)Cl(CP)(P)],
respectively.393 The structure of mer-[Ir(Cl)3(PO)(P)], in which the P donor atoms are in a cis
configuration, is detailed.

Reaction of [cp*IrCl2]2 with 2,6-dimethoxyphenyl(diphenylphosphine), mdmpp, gives (222),
and with tris(2,6-dimethoxyphenyl)phosphine, tdmpp, gives (223).394 Addition of tcne to a
CH2Cl2 solution of (222) yields the structurally characterized complex (224), in which tcne has
inserted into a C�H aromatic bond.395 The complex (223) reacts with one molar equivalent of
tcne to give (225), and with two molar equivalents to give (226); both have been analyzed by
X-ray crystallography.396
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6.2.5.12.10 P/S

Treatment of trans-[IrCl(CO)(PPh3)2] with two equivalents of Ph2P–CH2CH2–SR (R=Me, Et),
P-SR, in CH2Cl2/MeOH affords [Ir(CO)(P-SR)2]

þ, whereas reaction at 70 �C gives [IrH(CO2-

Me)(P-SR)2]
þ.397 A single-crystal X-ray diffraction study of [IrH(CO2Me)(P-SEt)2]BPh4 reveals

an octahedral geometry around Ir, with trans P atoms and cis S atoms. Reaction of [Ir(CO)-
(P-SEt)2]

þ with HY (Y=Cl, BF4) yields trans-[IrH(CO)(P-SEt)2]
2þ and cis-[IrH(CO)(P-S Et)2]

2þ,
respectively. The crystal structure of (227) has been reported.398

Ph2
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Ir
S

H

Cl

Ph3P
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(227)

6.2.5.12.11 P/Br

Replacement of one phosphine ligand in [IrCl3(�
2-L)(�1-L)], (228), L=PPh2C6F4Br-o, by PR3,

PR3=PMePh2, P(p-MeC6H4)3, P(OMe)3, P(OPh)3, gave [IrCl3(�
2-L)(PR3)].

399 Electrochemical
reduction of (228) at �1.5V results in the formation of [IrBr2(�

2-L)L2], [IrCl2(�
2-L)L2] (229),

and [IrClBr(�2-L)L2], where L2=PPh2(C6F4).

6.2.5.12.12 O/S

The synthesis of fac-L3, L=PT= 2, mercaptopyridine-1-oxide (230), 3Me-PT, and 4Me-PT, and
their characterization by UV-vis, IR, 1H NMR spectroscopy, has been reported.400 The ligand
HS-CH2-CH(OH)-CH2-OH, HL, binds to IrIII in a bidentate manner, coordinating through the S
atom and the primary alcohol O atom to form IrL3.

401
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6.2.5.12.13 Multidentate ligands

Theoretical studies of catalytic alkane-dehydrogenation reactions by [(PCP0)IrH2], PCP0 = �3-
C6H3(CH2PH2)2-1,3 and [cpIr(PH3)(H)]þ, suggest that they proceed through similar steps in
both cases; namely: (i) alkane oxidation, (ii) dihydride reductive elimination, (iii) �-H transfer
from alkyl ligand to metal, (iv) elimination of olefin.402 The calculated barriers to steps (i), (ii),
and (iv) are more balanced for the PCP0 system than for cp(PH3).

The cyclometalated dichlorocarbonyliridium(III) complex [IrCl2(CO){PPh2CH2C(
tBu)¼N-N¼CH-

(C6F4)}], (231), has been characterized by 1H, 31P, 13C, 19F NMR spectroscopy, and a single-
crystal diffraction study.403
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The crystal structure of (232) is reported. Ir complexes bound to the multidentate ligand as in
(232) have proved successful in the enantioselective reduction of �,�-unsaturated ketones to
allylic alcohols.404

The terdentate cyclometalated complexes [Ir(L)(L�)]2þ and [Ir(L�)2]
þ, L= 2,6-bis(70-methyl-40-

phenyl-20-quinoyl)pyridine (233), L�=monoanion of L (234), luminesce at 77K in MeOH/EtOH
(lmax= 592 nm, 	 = 20 ms) and at room temperature in deoxygenated acetonitrile (lmax= 620 nm,
	 = 325 ns).405 Both compounds undergo four reversible, ligand-centered, one-electron reduction
processes.

The electrochemical behavior of an aqueous/ethanol solution of [Ir(sat)2]Cl,
satH= salicylaldehyde thiosemicarbazone (235), has been studied on mercury. A two-electron,
ligand-based reduction at �1.09V vs. SCE (independent of pH) is observed at fast scan
rates.406

Bis(8-quinolyl)methyl silane NSiHN, (236), reacts with [Ir(coe)2Cl]2 to give [Ir(NSiN)-
(coe)(H)Cl], which reacts with PPh3 to give [Ir(NSiN)(PPh3)(H)Cl], and with half a molar
equivalent of LiB(C6F5)4 to afford [(NsiN)(H)(coe)Ir(�-Cl)Ir(coe)(H)(NsiN)]B(C6F5)4.

407 The
crystal structures of the three Ir(NSiN) complexes are reported.
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Reaction of IrCl3�3H2O with hydrazones (237), R=Ph, o-ClC6H4, p-NO2C6H4, PhCH2,
PhOCH2, gave complexes of formula [Ir(237)Cl2]Cl and [Ir{(237)-H2}Cl(OH2)].

408

The crystal structure of fac-exo-(R)-[IrH2{C6H4C*H(Me)N(CH2CH2PPh2)2}] confirms a dis-
torted octahedral geometry at Ir, with the PNP donor atoms bound facially, the two hydride
ligands cis to one another, and an ortho-C atom of the phenyl substituent occupying the final
coordination site.604 Reaction of dpba and daba with IrCl3 gives octahedral IrCl3(dpba) and
IrCl3(daba), respectively.

664

[{R2PCH2SiMe2)2N}Ir(coe)], R=Ph, CHMe2,
iPr, undergoes oxidative addition reactions with

MeI to give five-coordinate [{(R2PCH2SiMe2)2N}Ir(Me)I], which reacts with H2 to produce
(238).409,410 The X-ray structure of (238), R= iPr, shows that the addition of H2 has occurred
across the Ir�N bond. The structure of the closely related complex [Ir(H)2I{NH-
(SiMe2CH2PPh2)2}] has also been reported.411 Reaction of [Ir(R)X{N(SiMe2CH2PPh2)2}] (239),
R=Me, Ph, X= I; R=CH2Ph, X=Br, with LiR0, R0 =CH3, CH2CMe3, CH2SiMe3, Ph, CH2Ph,
generates [Ir(R)R0{N(SiMe2CH2PPh2)2}], (240).412 The crystal structure of (240) with
R=R0 =CH2Ph shows a distorted trigonal-bipyramidal structure, as does (239) with R=CH2-
CMe3 and X=Cl.413
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Treatment of (239), R=Me, with KOtBu in toluene results in formation of the coordinatively
unsaturated complex [Ir¼CH2{N(SiMe2CH2PPh2)2}], (241). A summary of the reactions of
(241) is given in Reaction Scheme 22. Possible mechanisms have been probed using NMR
spectroscopy.414

The dark purple complex [Ir(CH3)(PPh2){N(SiMe2CH2PPh2)}], (242), has been synthesized by
treatment of (239) with LiPPh2.

415 A toluene solution of (242) exposed to 1 atm of H2 produced
(243) and (244); prolonged exposure to H2 resulted in formation of (244) only. (243) thermally
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decomposes to fac-[Ir(�2-CH2PPh2)H{N(SiMe2CH2PPh2)2}], (245), which has been structurally
characterized by X-ray analysis.416 Further heating of (245) produces [Ir(PMePh2){N(SiMe2-
CH2PPh2)2}].
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Reaction of the azine diphosphine Z,Z-Ph2PCH2C(
tBu)¼N-N¼C(tBu)CH2PPh2 with [IrCl-

(CO)2(p-toluidene)] gives the coordinatively saturated hydride (246).417 Complex (246) dissolves in
MeOH or EtOH, isomerizing to give (247). Isolation of (247) and dissolution in benzene or
CH2Cl2 results in reversion to (246). (247) reacts with alkenes, alkynes, and H2. Reaction of
[Ir(cod)Cl]2 and np3 (np3=N(CH2CH2PPh2)3) in the presence of NaBPh4 yields the structurally
characterized cation (248).418
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6.2.5.13 Biological Complexes

The hexanuclear IrIII complex [L{IrCl2cp*}6], in which L is based on the amino glycoside
neomycin B (249), has been characterized by IR, 13C, and 31P NMR spectroscopy, and by FAB
MS.419 The in vivo antitumor and antitrypanosomal effects of [IrY4Cl2]

þ complexes,
Y= primaquine, mepacrine, amodiaquine, lepidine, plasmoquine, pentaquine, and isopentaquine,
have been reported.420 Similar studies of 27 complexes of general formula [IrY3], where
Y= dithiocarbamate or xanthate derivatives, found that the most active compounds
have Y= pyrolidine dithiocarbamate.421
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Dialysis experiments and DNA thermal denaturation studies of bisimidazoletetrachloroirida-
te(III), (250), suggest poor binding of (250) to DNA, with no formation of interstrand crosslinks.422

The DNA binding of [cp*Ir(dppz)(Aa)]nþ, dppz= dipyrido[3,2-a:20,30-c]phenazine, Aa= S-coor-
dinated amino acid or peptide, has been investigated by UV-vis spectroscopy, 2D-NOESY, and
gel electrophoresis. The complexes intercalate into DNA adjacent to T2 from the major groove.
The X-ray structural data for [cp*IrCl(dppz)](CF3SO3)4 and [{cp*Ir(9-EtG)(Phen)](CF3SO3)2,
where GH= guanine, are reported.423

Treatment of [cp*Ir(OH2)3](CF3SO3)2 with adenine (AH) and 9-ethyladenine (9-EtA) results in
formation of the structurally determined species [{cp*Ir(A)}4](CF3SO3)4 and [{cp*Ir(9-EtAH-
1)}3](CF3SO3)3, where A and 9-EtAH-1 are bridging, bidentate ligands.424 Analogous trimers
were also formed from [cp*Ir(OH2)3]

2þ and 50-AMP2� (50-AMPH2= adenosine-5-monophos-
phate) or 50-ATP4� (adenosine-50-triphosphate), whereas tetramers [{cp*Ir(B)(OH2)}4]

4þ resulted
when B= guanine or hypoxanthine (HXH). The structure of the tetramer B=G is detailed.

K3IrCl6 reacts with amino acids to give K[Ir(HL)2Cl4], HL=�-alanine (Hal), L-methionine,
K[Ir(Hal)(al)Cl3], cis-K[Ir(gl)2Cl2] (Hgl= glycine), and [Ir(Hgl)3(gl)Cl2]. IR and UV-vis spectros-
copy indicate binding through O- and N-donor atoms to the Ir center.425 Reaction between IrCl3
and Schiff bases yields complexes [Ir(SB)3], [Ir(SB0)Cl(OH2)2], [Ir(SB00)Cl2]n, and [Ir(SB000)-
Cl(OH2)]n, where SBH= Schiff base derived from anthranilic acid and benzaldehyde, acetophen-
one, vanillin, cinnamaldehyde, or m-hydroxyacetophenone; SB0H2= Schiff base derived from
anthranilic acid and salicylaldehyde or o-hydroxyacetophenone; SB00H= Schiff base derived
from p-aminobenzoic acid and benzaldehyde, acetophenone, vanillin cinnamaldehyde, or
m-hydroxyacetophenone; and SB000H2= Schiff base derived from p-aminobenzoic acid and salicylal-
dehyde or o-hydroxyacetophenone.426 The complexes with Schiff bases derived from anthranilic
acid showed antifungal activity, but only weak antiviral activity.

Reaction of [(PPh3)2Ir(Cl)(N2)(H)(FBF3)] with 9-methylguanine (9-MeG) affords
[(PPh3)2Ir(Cl)(H)(9-MeG)], and crystallization from methanol gives the structurally characterized
species [(PPh2)3Ir(Cl)2(H)(9-MeG)]BF4, (251).

427 Treatment of [(PPh3)2Ir(Cl)(N2)(H)(OSO2C4F9)]
with 9-MeG yields [(PPh3)2Ir(Cl)(N2)(H)(9-MeG)]C4F9SO3 and [(PPh3)2Ir(Cl)(OH2)(H)-
(9-MeG)]C4F9SO3.

The X-ray structure of [cp*Ir(CNR)Cl2], CNR= 1,3,4,6-tetra-O-acetyl-2-deoxy-2-isocyano-�,
�-D-glucose, has been determined.428 The synthesis of chiral complexes of IrIII with �-amino acid
anions, L-L0, of general formula [cp*Ir(Cl)(L-L0)] (252), and their NMR spectroscopic character-
ization, have been detailed. The X-ray structures of (252), L-L0 =L-proline and [cp*Ir(Cl)(L-His-
OH)]Cl, His= histidine, are described.429 C-allylglycinate binds in a terdentate manner in (253),
which has been characterized by X-ray diffraction studies.430 C-vinylglycinate forms complex (254).
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Reaction of [cp*IrCl2]2 with L0,L0 =N-(2,3,4,6-tetra-O-acetyl-�-D-glucopyranosyl)-thiocarba-
mate and �-D-glucopyranosylthiourea (255), L2, yields [cp*IrCl2L

0] (256) and [cp*Ir(Cl)2L
2],

respectively.431 Treatment of [cp*IrCl2]2 with 2-hydroxyiminocarboxylates affords complex
(257), where, X= I, Cl; R1=Me, CH2Ph, Ph; R

2=H, Me.432 The synthesis and characterization
of (258) and (259) have been reported, including the X-ray diffraction study of (259).433 Reactions of
[cp*IrCl2]2 with N,N-dimethyl-2-hydroxyiminopropionic acid and N-(2-hydroxyiminopropionyl)-
amino acids gave complexes (260) and (261), respectively. The crystal structures for complexes
(261), R=CH2CO2H and C(H)(CH2Ph)(COOH), are given.434
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R = H, CH3
R' = CH2CO2H,
       C(H)(CH2C6H5)(COOH)

The series of complexes [cp*IrCl2L], where L=H2NRCO2Me, R=CH2, C(H)(CH3),
C(H)(CH2CH¼CH2), CH2CH2, have been prepared and characterized. The complexes undergo
ester-exchange reactions with CD3OD.435 The ligands (262) and (263) form complexes
[cp*IrCl(262)] and [cp*IrCl(263)] by reaction with [cp*IrCl2]2. The structure of [cp*IrCl(263)]
establishes the bidentate binding of (263) to Ir via the N and hydroxyl O atoms.436 The com-
plexes [Ir(H)2(aa)(PPh3)2], aa=L-alaninate, L-valinate, L-prolinate, L-phenylalaninate, have
been synthesized and characterized. Reaction with HC�CPh gives trans,mer-
[IrH(C�CPh)2(PPh3)3].

437

Iridium 195



O
N

OHO

Ph
O
N

OHO

Ph

(262) (263)

cp*
Ir

O
N

O

O

S

HN

O

O
tBu

(265)

N
N

HO

HO

CH2OH

HO

OH

OH

CH2OH

Ir
cp*

Ir
cp*

Cl
Cl

Cl

Cl

(266)

O

N

O

CH3

X
N

O
O

H3C

Ir
Cl

cp*

Ir
Cl

cp*

X = p-C6H4

(267)

[(ppy)2Ir(�-Cl)]2 reacts with sodium salts of L0, where L0 = glycinate, L-alaninate, L-valinate,
D-Leucinate, L-prolinate, and L-phenylalaninate, to give [(ppy)2IrL

0], (264). The crystal structure
of (264), L0 =L-prolinate, is described.438 The X-ray diffraction analysis of (265) shows a five-
membered and a seven-membered chelate ring.439 The synthesis and characterization of
[cp*IrCl(L)], where L= 2-amino-2-deoxy-D-gluconic acid, have been detailed.440 Reaction
of [cp*IrCl2]2 with the pyrazine derivative desoxyfructosazin, pfz, gives the water-soluble
complex [cp*(Cl)2Ir(pfz)Ir(Cl)2cp*], (266).441 The dinuclear complex (267) has been prepared
and characterized.442

6.2.5.14 Catalytic Complexes

A review of the photocatalyzed reduction of CO2 and water-gas-shift reaction by IrIII complexes
containing bpy or phen has been published by Ziessel.443 Lohrenz and Jacobsen have written a
review article on C�H activation by cationic IrIII complexes.444 An extensive review by Sutin,
Creutz, and Fujita on photo-induced generation of H2 and reduction of CO2 using polypyridine
complexes of CoIII, RhIII, IrIII, RuII, and ReI is available.445

The complex [Ir(OH2)2Cl(OAc)AA]þ, AA=�-amino acid, has been identified as the active
catalytic species in the oxidative decarboxylation and deamination of �-amino acids by lead
tetraacetate.446 [Ir(ClO4)(CO)(PPh3)2], (268), dehydrogenates HOCH2CH¼CHPh under nitrogen
to give [Ir(H)2(ClO4)(CO)(PPh3)2], which then reacts with a further HOCH2CH¼CHPh to give
PhCH¼CHMe, (268), and H2O. Under an atmosphere of hydrogen, (268) catalyzes the isomer-
ization of HOCH2CH¼CHPh to PhCH2CH2CHO, followed by hydrogenation to
Ph(CH2)3OH.447 The complexes [cpIrCl(4,40-X2-bpy)]Cl, X=COOH, COOiPr, Br, NO2, NMe2,
[cp*Ir(bpy)D]þ, D=H, Cl, and [cp*Ir(phen)D]þ are successful water-gas-shift catalysts.448–450

The reaction is accelerated when X= an electron-withdrawing group, and is inhibited by electron-
donating groups.

The oxidation of 1-hexane by O2 catalyzed by [Ir(CH3CN)5-xClx(NO2)]
z-x, x= 0, 1, 2, has

been studied in CH3CN under pressurized O2 at 1.5 atm and 100 �C.451 When x= 0 the
product of the reaction is 1,2-epoxy-hexane, whereas when x= 1 then 2,3-epoxy-hexane
results. In the presence of the olefin activator [Pd(PhCN)2Cl2], the species in which x= 2
oxidizes 1-hexane to 2-hexane. IrCl3 catalyzes the oxidation of maltose and lactose by
N-bromoacetamide in HClO4, and the oxidation of mallibiose and cellobiose by N-bromosuc-
cinimide in HClO4.

452,453 Addition of [Hg(Oac)2], which acts as a Br� scavenger, to the
solution accelerates the reaction. Theoretical studies of C�C and C�H bond activation by
[cp*Ir(PMe3)CH3]

þ on cyclopropane have been investigated with density functional calcula-
tions (B3LYP).454

The binuclear complexes [IrL(H)I2]2, L= diphosphine, e.g., diop (120), binap (121), bdpp (122),
are effective catalysts in the asymmetric hydrogenation of prochiral amines.455
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6.2.6 IRIDIUM(II)

There are few IrII-containing complexes detailed in the literature. The monomeric compounds are
all reported to be either EPR active, or to have a magnetic moment in agreement with their
paramagnetic d7 electronic configuration. More common are binuclear compounds with IrII–IrII

single metal bonds, which are diamagnetic. The metal–metal bond may be unsupported or
bridged by a variety of donor-atom ligands. Most binuclear species are strongly absorbing in
the visible region of the spectrum.

6.2.6.1 Carbon Ligands

The synthesis and structure of trans-Ir(mes)2(SEt2)2 (269) are reported.456 Paramagnetic (269)
reacts with phosphines and amines to give trans-Ir(mes)2X2, where X=PMe3, PMe2Ph, PEt2Ph,
py, and 4-tert-butylpyridine, and with CO to give the IrI compound Ir(mes)(CO)2(SEt2).

6.2.6.2 Tin Ligands

The binuclear complex (270) contains two IrII centers, with an Ir–Ir distance of 2.878 Å.457

Ir

Ph2P PPh2

Ir

PPh2Ph2P

OC
Cl3Sn

SnCl3
COS

(270)

6.2.6.3 Nitrogen Ligands

The first crystallographically characterized, inorganic, IrII binuclear complex was reported in 1987
by Cotton and Poli.458 Dark green [Ir2(form)4], (271), has D4 symmetry and a very short metal–
metal distance (2.524(3) Å). In the same year Cotton and Poli published details of a related
complex, (272), with a metal–metal bond distance of 2.517(1) Å.459 The IrII complex Ir2(cod)-
(�-form)2(O2CCF3)2(H2O), when treated with excess Et3OBF4 at room temperature in MeCN,
gives the dication [Ir2(cod)(�-form)2(MeCN)3](BF4)2 but, when heated to reflux, gives the thermal
substitution product [Ir2(�-form)2(MeCN)6](BF4)2.

460

Ir

N N

N N

Ir

N N

N N
N N

= form = CH(N-p-C6H4Me)2

(271)

Ir

Ir

N N
N

N
py

py

pypy

(272)

+

Oro et al. have synthesized binuclear IrII compounds from [Ir2{�-1,8-(NH)2C10H6}(CO)2(PPh3)2]
by reaction with I2, MeI or CH2I2.

461 The X-ray structure of the binuclear cation [Ir2(�-1,8-
(NH)2C10H6)(CH3CN)2(CO)2(P

iPr3)2]
2þ shows a short intermetallic distance.462 Oxidation of

[{Ir(�-aza)(CO)2}2] (aza= 7-azaindolate), (273), by silver acetate yields the diamagnetic, binuclear
IrII-containing complex (274) or the solvated equivalent [{Ir(�-aza)(CO)2(S)}2]

2þ, (275)
(S= acetone or acetonitrile) when oxidized by AgBF4.

463 Other binuclear IrII compounds are
synthesized from [{Ir(�-aza)(CO)2}2] by reaction with halogens (Cl2, Br2, I2) and chlorinated
hydrocarbon solvents.

A dark red, amido-bridged complex is prepared from Na/Hg reduction of [cp*Ir{(�2-NH)2-
C10H6-1,8}(�

2-Br)Ircp*]Br yielding (276), a diamagnetic complex with an IrII�IrII metal bond
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(2.584(1) Å.464 A purple-black, mixed-valence IrII–IrI binuclear compound, [{Ir(cod)(�-L)}2]BF4

(L= pz, 4-Mepz), is synthesized from the reaction of [Ir(cod)(�-L)]2 with NOBF4.
465 The binuclear

cationic radical exhibits an EPR spectrum showing hyperfine coupling to two equivalent Ir. Cyclic
voltammetry studies have shown a reversible, one-electron oxidation.466
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N

The energetics of the oxidative addition of I2 to the IrI complexes [Ir(�-L)(CO)2]2 (L= StBu,
3,5-Me2pz, 7-aza) have been studied using the results of reaction-solution calorimetric measure-
ments, X-ray structure determination, and EHMO calculations.467 One equivalent of I2 gives the
IrII complexes [Ir(�-L)I(CO)2]2, (277). The enthalpies of reaction were found to be �528.3� 20.6,
�638.4� 16, and �864.8� 41.6 kcal mol�1 for L= StBu, 3,5-Me2pz, 7-aza, respectively, and are
consistent with a decrease of the strain associated with the formation of 3-, 4-, and 5-membered
rings. The Ir�Ir bond distances are 2.638(1) Å and 2.637(1) Å for (277), L= StBu and 3,5 Me2pz,
respectively.

Reaction of the IrI complex [Ir(CO)2(�-pz)2]2, (278), with CH2I2 in THF gave a 7:2:1 mixture of
complexes (279), (280), and (281).468 Treatment of (278) with (ICH2)2 gave (280) exclusively, and
with I(CH2)3I gave (282).
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The binuclear complex [{Ir(�-pz)(NCBut)2}2], (283), oxidizes readily with [cp2Fe]
þ to give the

IrII�IrII-bonded dication (284), which adds I� yielding the neutral complex (285).469 Reaction of
(283) with I2 gives (285) directly, which reacts with further I2 to yield the IrIII complex (286).

Dma (dimethyl acetylenedicarboxylate, MeO2CC:CCCO2Me), acts as a bridging ligand in the
IrII complex [Ir2(�-pz)(�-SBu

t)(�-dma)(CO)2{P(OMe)3}2], (287).
470 X-ray diffraction studies show

the crystals of (287) to be monolithic, space group P21/n. Oxidative addition of iodine to (287)
gives (288). Complexes (287) and (288) have been characterized by X-ray crystallography. (287)
has an Ir�Ir bond (2.614(2) Å), whereas there is no Ir�Ir interaction in (288) (3.626(2) Å). The
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bridging framework remains unaltered between the two species. The related complexes of type
[Ir2(�-pz)(�-SBu

t)(CO)2{P(OMe)3}2
I(R)], where R=�CH3 or �CH2I, have been prepared.471

Ir

Ir

N

N
SBut

P(OMe)3OCO
MeO

O
MeO

OC P(OMe)3

(287)

Ir

Ir

N

N
SBut

P(OMe)3OCO
MeO

O
MeO

OC P(OMe)3

(288)

I

I

Monomeric IrII-containing complexes have been isolated for sterically demanding porphyrin-
type ligands (por). Wayland et al.472 generated IrII tetrakis(2,4,6-trisalkylphenyl)porphyrin by
photolysis of the Ir–Me derivative in C6D6 according to Reaction Scheme 23.

(por)Ir-Me
hν, λ > 350 nm

(por)Ir(II) + Me″

Scheme 23

The IrII dimer [Ir(oep)]2 (oep= octaethylporphyrin) has been prepared in low yield by photo-
lysis of (oep)IrCH3 in C6D6.

473 This preparation has been improved by Chan et al.474, as shown in
Reaction Scheme 24, where TEMPO= 2,2,6,6-tetramethyl-1-piperidinyloxy, free radical. The
dimer undergoes several organometallic reactions, including oxidative addition of alkyl C�H
bonds and alkene insertions.475

2Ir(oep)H + 2TEMPO Ir2(oep)2 + 2TEMPOH

Scheme 24

Successive oxidation of bis[Ir(py)(pc)]2 (pc= phthalocyaninato(2-)) with iodine yields the
mixed-valence IrIII–IrII compound [Ir(py)(pc)]2I initially, and then the IrIII monomer
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[Ir(py)I(pc)]�py.476 [Ir(pc)] reacts in MeOH with excess Bu4NOH to yield Bu4N[Ir(pc)-
(OMe)(OH)], which is characterized by X-ray diffraction.477

6.2.6.4 Phosphorus Ligands

One-electron oxidation of trans-Ir(R)(CO)(PPh3)2 (R=CH3, CH2CN, C6H5) in 1,2-dichloroethane
containing PPh3 produces stable [Ir(R)(CO)(PPh3)3],

478 according to Reaction Scheme 25.

Ir(R)(CO)(PPh3)2 + PPh3 Ir(R)(CO)(PPh3)3 [Ir(R)(CO)(PPh3)3]+
-e-

+e-

Scheme 25

The radical IrII complex [Ir(CO)Cl(PPh3)3]BF4 is formed by the thermal and photoreaction of
[Ir(NO)(CO)Cl(PPh3)2]BF4 with PPh3 and the dissociation of NO.479 The structure of Ir2(Tc-
bim)2(CO)2(CH3CN)2[P(OEt)3]2, with an unsupported metal–metal bond, is reported.480 The
dimer is prepared via electro-oxidation of the monomeric IrI salt from an electrolyte-free aceto-
nitrile solution. The phosphido-bridged di-iridium complex [(CO)(PEt3)ClIr(�-Pcy2)2IrCl-
(PEt3)(CO)] is characterized by single-crystal X-ray crystallography and contains a single IrII�IrII

bond (2.762(1) Å).481

Reactions of the IrI complexes (289) and (290) with H2 and subsequent reaction of the dihydride
products with dimethyl acetylenedicarboxylate, MeO2CC:CCO2Me (dma), give the IrII complexes
(291), (292), (293), and (294), as shown in Reaction Scheme 26.482 The X-ray crystal-structure determi-
nation of (294) confirms the double insertion of the alkyne into each of the Ir�H bonds of (293).

6.2.6.5 Oxygen Ligands

The one-step reaction of H2[IrCl6] with MeCO2Li under O2 in a mixed solvent of acetic acid and
acetic anhydride yields the IrII binuclear complex [Ir2(�-O2CMe)2Cl2(CO)2].

483 Crystal-structure
determinations of [Ir2(�-O2CMe)2Cl2(CO)2L2], (295), where L=MeCN, DMSO, and py, are
reported. The one-electron oxidation product for (295), L= py, is EPR active at 77K; the odd
electron occupies the �Ir–Ir* orbital.

Ir Ir
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Me
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Cl
Cl

OC

LL
OC

O O

Me

(295)

6.2.6.6 Sulfur Ligands

Reduction of [cp*IrCl(�-SR)2Ircp*Cl] (R=Pri, cy) with excess Na/Hg affords the dark red,
binuclear IrII complexes [cp*Ir(�-SR)2Ircp*].

484 X-ray diffraction studies of R= cy confirm the
two SR� bridging units supporting the IrII�IrII single bond. The bitetrahedral structure of
[(PPh3)2Ir(�-S)2Ir(PPh3)2], (296), is confirmed by single-crystal X-ray diffraction.485 (296) reacts
with H2 to give the binuclear IrIII species [Ir(PPh3)2(H)]2(�-S)2, which reacts further with H2 to
give [Ir(PPh3)2(H)](�-S)(�-SH)(�-H).

The dark red IrII binuclear complex [Ir(CO)(P(p-tolyl)3)(mnt)]2, formed via one-electron oxida-
tion of [Ir(CO)(P(p-tolyl)3(mnt)]� by ferrocenium, contains chelating mnt ligands bridging the
Ir�Ir bond.639 The X-ray crystal structure shows square-pyramidal geometry at each Ir, and an
Ir�Ir bond length of 2.706(2) Å.

200 Iridium



6.2.6.7 Halide Ligands

The electronic spectra of [Ir2(tmb)4L2]
2þ binuclear compounds (L=Cl, Br, I) have intense

d�! d�* transitions between 37,000 cm�1 and 30,000 cm�1.486 IrII–IrII stretching vibrations are
observed between 140 cm�1 and 116 cm�1, from which Ir2 force constants are evaluated.

Reaction of equimolar amounts of Ir(OMe)2(cod)2 and I2 in CH2Cl2 affords the dark red,
dimeric species [(cod)IIr(�-I)2Ir

I(cod)] (297), which has been characterized by single- crystal X-ray
diffraction.487

6.2.6.8 Hydrogen Ligands

Electrochemical oxidation of IrH(CO)(PPh3)3 in CH2Cl2 yields the IrII-containing cation
[IrH(CO)(PPh3)3]

þ, which is characterized by IR and EPR spectroscopy.488 EPR data suggest
the cation has a square-pyramidal geometry, in agreement with DFT calculations. Further one-
electron oxidation gives the stable IrI species [Ir(CO)(PPh3)3]

þ according to reaction Scheme 27.
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[IrH(CO)(PPh3)3]+ - e- [IrH(CO)(PPh3)3]2+ [IrH(CO)(PPh3)3]+ + H+

Scheme 27

The binuclear IrII dihydride complex [(C5Me5)Ir(�-H)]2, (298), has been structurally character-
ized.489 (298) can abstract a proton from acidic organic compounds to give (299), can catalytically
cleave C�C bonds in 1,2-diols, and can act as a catalyst for Michael addition reactions.490

Oxidative addition of dihydrogen to the sulphido-bridged complex (300) affords the IrII/IrII

dihydride species (301), which rearranges to give (302).491
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6.2.6.9 Mixed-donor-atom Ligands

6.2.6.9.1 C/P

The orange-red, divalent Ir complex [Ir(C5H4PPh2)2CO]2
2þ was synthesized following the chem-

ical oxidation of [Ir(C5H4PPh2)CO]2 by either [Fe(cp)2]BF4 or AgPF6.
492 The IrII complex was

characterized by IR (
CO) and NMR spectroscopy.

6.2.6.9.2 N/P

The IrII complex [Ir(PNtBu)2]
2þ, PNtBu=O-Ph2PC6H4-CH¼NtBu, formed via one-electron

oxidation of [Ir(PNtBu)2]
þ, exhibits a rhombic EPR signal.751

6.2.6.9.3 N/S

Photochemical oxidative addition of (303) with I2 MeI or CH2I2 gives dinuclear IrII complexes
(304).493 The crystal structure of (304), R= I, R0 =CH2I, is reported.

N Ir
CO

CO
S
S

Ir
CO

CO
N

N Ir
CO

CO
S
S

Ir
CO

CO
N

R1

R

(303) (304)

202 Iridium



6.2.6.10 Biological Complexes

The in vivo antitumor and trypanocidal effects of dimeric [IrII2(CH3COO)4(L)n]
0 (L= classical

organic antimalarial drugs, n= 1, 2) are reported.494 The dimeric complexes are characterized by
IR spectroscopy. Further studies of monomeric IrII complexes, IrIIL2, where L= alkyl or aryl
dithiocarbamates and xanthates, reveal no clear relation between antitumor and antitrypanoso-
mal actvities.495 Structure-activity data for the IrII complexes is presented.

6.2.6.11 Catalytic Complexes

An IrII intermediate in the carbonylation of ethanol, stabilized by the isoquinoline cation, has
been isolated and characterized.496 IrCl3�3H2O is the catalyst precursor and HI the promoter. The
intermediate analyzes as (C9H8N)[Ir(CO)2I3(COC2H5)]. The magnetic moment is measured at
1.33 B.M., which is indicative of IrII.

6.2.7 IRIDIUM(I)

The geometry of most IrI complexes is based on the square-planar arrangement of ligands that
arises from the d8 electronic configuration. Vaska’s compound, [Ir(CO)Cl(PPh3)2], and derivatives
thereof, and [Ir(cod)Cl)]2 plus analogues prove to be the most useful IrI starting materials. Five-
coordinate, trigonal-pyramidal structures also feature among IrI coordination compounds. Most
IrI compounds are yellow or colorless, and all are diamagnetic. Common tools for characteriza-
tion are NMR and IR spectroscopy.

6.2.7.1 Carbon Ligands

6.2.7.1.1 Isocyanide

[Ir2(�-CNR)2(CNR)2(Me2PCH2PMe2)2] (R= 2,6-Me2C6H3) reacts with CO2 to form [Ir2(CN-
(CO2)R)2(CNR)2(Me2PCH2PMe2)2], which decomposes in CH2Cl2 to give [Ir2(�-CO)(�-H)-
(C(O)NHR)2(CNR)2(Me2PCH2PMe2)2]Cl, (305), which is structurally characterized.497 Labeling
studies with 13CO2 show that the �-CO ligand in (305) is derived from CO2. The binuclear
complexes [Ir2(�-CNR)(CNR)4(PMe2CH2PMe2)2](PF6)2, (306), (R= 2,6-Me2-C6H3,

tBu) have
been synthesized.498 The X-ray structure of R= 2,6-Me2-C6H3 reveals an A-frame structure and
an Ir�Ir bond (2.7850(7) Å) bridged by a CNR ligand. Reaction with H2 yields [Ir2(�-
H)2(CNR)4(PMe2CH2PMe2)2](PF6)2. Kinetic measurements reveal the reaction as first order in
[(306)] and zero order in [H2].

The electronic absorption spectrum of orange [Ir(CNBut)4]
þ shows a dz2! pz transition

around 420 nm, whereas blue [Ir2(tmb)4]
2þ (tmb= 2,5-diisocyano-2,5-dimethylhexane) absorbs

strongly at 625 nm due to a d�*! p� transition.499

6.2.7.1.2 Carbonyl

The X-ray crystal structure determination of trans-[Ir(CO)2(P
tBu2Ph)2][SiF5] indicates an approximate

square-planar geometry for the Ir cation.500 The deviation of the C�Ir�C angle (162.7 �) from 180 � is
indicative of the strong backbonding from the IrI into the CO �* orbitals. The complexes IrH(CO)2-
(PtBu2Ph) and IrH(CO)(PtBu2Ph)2 are characterized by multinuclear NMR and IR spectroscopy.

6.2.7.1.3 Alkyls and aryls

Benzene addition to Ir(PiPr3)2Cl is an exothermic reaction (22 kcal mol�1), while addition to
Ir(PiPr3)2(CO)Cl is endothermic (�5 kcal mol�1).501 The reaction enthalpies of substitution reac-
tions to complexes containing the Ir(PiPr3)2Cl fragment are supplied. Reaction of Ir(PiPr3)2Cl
with 2-pyridyl esters gives a �2 (C,O)-bound ketene, (307), where R2=R1= aryl or R2= aryl,
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R0 = alkyl.502 (307) (R1=R2=Ph) reacts with alkynes to form a ketene–alkyne complex, (308),
which ultimately yields the five-coordinate IrIII species (309).503

(307) (308) (309)

Ir

PiPr3

Cl

PiPr3

O

C

C

R1R2

IrC
C

O

Cl
R1

R2PR3

Ph
Ir

PR3

ClO

Ph

R2

R1
PR3

Reaction of hexafluorobenzene with MeIr(PEt3)3 results in C�F and P�C bond cleavage and
P�F bond formation, according to reaction Scheme 28.504 An X-ray crystallographic study of
(310) reveals a distorted square-planar arrangement of Ir.

MeIr(PEt3)3 +
F

F F

F

F

F

Ir
P

Et3P PEt3
F

F F

F

F

Et EtF

+ CH4 + CH2=CH2

(310)

Scheme 28

A theoretical evaluation of C�X (X=F, Cl, Br, I) bond activation in CX4 by an IrI complex is
detailed by Su and Chu.505 Reaction of C2(CO2Me)2 with trans-MeIr(CO)(PPh3)2 affords a kinetic
isomer (311), identified by NMR and IR spectroscopy, which converts to the thermodynamic
isomer (312), characterized by 31P and 1H NMR, IR spectroscopy, and X-ray crystallography.506

Ir

PPh3

PPh3

Me

CO

(311)

Ir

PPh3

Me
PPh3

CO

(312)

6.2.7.2 Silicon Ligands

The IrI silyl complex Ir(PMe3)2(CO)2(SiMe2Ph), (313), is formed by reaction Scheme 29 and is
characterized by X-ray crystallography.507 This result shows that metalation of silyl ligands can
be a facile, reversible process.

85 οC, C6D6

      -PMe3

CO
Ir

Me2
SiMe3P

Me3P
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Ir

PhMe2Si

Me3P

Me3P
CO

CO

(313)

Scheme 29
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6.2.7.3 Nitrogen Ligands

6.2.7.3.1 Pyridine

The bis pyridine complex [Ir(cod)py2][PF6], (314), is prepared by the reaction of [IrCl(cod)]2 with
pyridine in the presence of NH4PF6.

508 Best yields were achieved from a water/acetone (1:1)
solvent system. Reaction of (314) with equimolar amounts of P(C6H11)3 affords the substituted,
air-stable species [Ir(cod){P(C6H11)3}py][PF6].

The reaction of [IrCl(cod)]2 with Kþ form� (form=CH(N-p-C6H4Me)2) in PhMe yields
[Ir(form)(cod)]2,

509 which on addition of two equivalents of AgOCOCF3 produces (cod)Ir(�-
form)2Ir(OCOCF3)2(H2O), (315), containing an IrI! IrIII dative bond.510 The H2O ligand in
(315) can be replaced by other donor ligands, and the crystal structure of (cod)Ir(�-form)2-
Ir(OCOCF3)2py (316) is reported. Cyclic voltammetric studies of (315) and (316) reveal that
one-electron reduction of the IrIII center is rapidly followed by loss of H2O and py, respec-
tively.

The synthesis, structure, and electrochemistry of IrI dinuclear complexes [Ir(�-L)(cod)]2 (L= 2-
aminopyridinato (ap) and 2-anilinopyridinato (anp)) are reported, in which the square-planar IrI

centers are 3.0998 Å and 3.0681 Å apart, respectively.511 Both complexes may be reversibly
oxidized to the mixed-valent species. The frozen EPR spectrum of the mono-oxidized anp species
shows a rhombic signal with no resolved hyperfine splitting.

Preliminary data on the preparation of monomeric and dimeric IrI species [IrCl(cod)(Haza)],
(Haza= 7-azaindolate(1H-pyrrole[2,3-b]pyridine), (317)), [IrCl(CO)2(Haza)], and [{Ir(�-aza)(cod)}2]
are given.512 The high-scale synthesis of pure [{Ir(�-aza)(cod)}2] is reported later;513 it reacts with CO
to afford the highly oxygen-sensitive binuclear complex [{Ir(�-aza)(CO)2}2], in which the head-to-tail
arrangement of the bridging aza ligands is non-interconvertible.

6.2.7.3.2 Nitriles

Reaction of [Ir(CO)(PPh3)2(ClO4)] with the unsaturated nitriles L (PhCN¼CHCN, cis and trans
CH3CH¼CHCN, and CH2¼CHCH2CN) produces [Ir(L)(CO)(PPh3)2]ClO4, (318), where L is
co-ordinated through the N atom.514,515 (318) reacts through with H2 to give the IrIII complex cis-
[Ir(H)2L(CO)(PPh3)2]ClO4, (319). Both (318) and (319) show catalytic activity for the hydrogen-
ation of L to PhCH2CH2CN or CH3CH2CH2CN at 100 �C under 3 atm of H2. In the absence of
H2, CH2¼CHCH2CN isomerizes to CH3CH¼CHCN.

H
NN

(317) (319)

H

Ir

NCR

H

PPh3

Ph3P

OC

6.2.7.3.3 Nitride

The heterobimetallic, nitrido-bridged compounds (R3SiO)3V�N�Ir(CO)(PPh3)2, (320), (R=Me,
Et) were synthesized by condensation reactions between V(NSiR3)(OSiR3)3 and IrF(CO) (PPh3)2 and
should be considered as adducts of [(R3SiO)3V�N:]� and [Ir(CO)(PPh3)2]

þ.516 Oxidative addition of
MeI, O2, H2 to (320) gives the IrIII compound, which retains the V�N�Ir moiety. However, the
nitrido linkage may be cleaved at Ir by silyating reagents ClSiMe3, ClSiEt3, or HSiEt3.

6.2.7.3.4 Nitrosyl

A series of square-planar IrI complexes, [Ir(NO)(Sar)2(PPh3)], (321), (ar=C6H2Me3-2,4,6 (mes),
C6H3Me2-2,6, and C6H2

iPr3-2,4,6) are prepared according to reaction Scheme 30, and all contain
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a linear nitrosyl ligand (
NO= 1,802–1,825 cm�1).747 The X-ray diffraction study of (321) with
ar=mes is reported.

NO

Ir

Cl PPh3

ClPh3P
Ir

Ph3P Sar

SarONLiSar

r.t

(321)

Scheme 30

6.2.7.3.5 Amides

The reaction of Vaska’s compound with the lithium salts of aryl amides yields trans-Ir(PPh3)2
(CO)(NHar), (322), (ar=C6H5, p-C6H4Me, o-C6H4Me, 3,5-C6H3Me2, 2,6-C6H3Me2, p-C6H4Cl,
p-C6H4NO2).

517 Single-crystal X-ray diffraction studies of (322), ar= p-C6H4NO2
518 and

ar= 3,5-C6H3Me2,
517 are reported and show a virtually planar Ir center, with the plane of the

amido phenyl ring perpendicular to the square plane around IrI. All of the complexes except
(322) with ar= p-C6H4NO2 undergo rapid reactions with CO. The related complex (323) forms
from a similar reaction of Vaska’s compound with Li indolyl.519 The X-ray crystal structure of
(323) (R=Me) is reported. (323) is unreactive towards CO and protic acids, but reacts with
triflic acid at the 3-position of the ring to give an indolenine cation. Reaction of trans-
Ir(PR3)2(CO)Cl (R=Me, Et) and LiNHPh in THF gives trans-Ir(PR3)2(CO)(NHPh), (324).520

Benzene solutions of trans-Ir(PEt3)2(CO)(NHBut) readily convert to the dimer species (325)
when heated.
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OC
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(326)

PEt3

PEt3

O NHtBu

(323)

N
Ir

OC

Ph3P

PPh3

R
R

(325) reacts with CO to give the carbamoyl complex (326), and with PhC�CH to give the
bisalkynyl complex trans-Ir(PEt3)2(CO)H(C¼CPh)2.

The bridged amido complex [Ir{�-NH(p-tolyl)}]2(CO)4 is prepared according to Reaction
Scheme 31.521 The X-ray crystal structure reveals each IrI center to be in a roughly square-planar
geometry, with an angle between the two Ir planes of 124.6 �. The structure contains a single Ir�Ir
bond of 2.933 Å. The bridging amido ligands undergo deprotonation by tBuLi in a stepwise
manner, as shown in reaction Scheme 32.522

2Ir(CO)2Cl(NH2-p-tolyl) + 2NaOR Ir2(µ-NH-p-tolyl)2(CO)4 + NaCl + ROH (R = Me, Et, Ph)  

Scheme 31

(327) reacts with (PPh3)AuCl to generate the tetranuclear complex (328).

6.2.7.3.6 a-diimines

[Ir(cod)Cl]2 reacts with �-diimines LL (derived from glyoxal and biacetyl) to yield cationic
[Ir(cod)LL]þ.523 If the reaction is carried out in the presence of SnCl2, then the pentacoordinate
Ir(SnCl3)(cod)LL species results. The compounds are active catalysts in the homogeneous hydro-
gen transfer from isopropanol to cyclohexanone or to acetophenone followed by hydrogenation
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to phenylethanol.524 �,�-unsaturated ketones are reduced to saturated ketones and alcohols.
Reaction pathways are discussed.

Ir2{µ-NH(p-tolyl)}2(CO)4

tBuLi/THF tBuH

LiIr2[µ -NH(p-tolyl)][µ -N(p-tolyl)](CO)4(THF)2

tBuHtBuLi/THF

Li2Ir2[µ -N(p-tolyl)]2(CO)4(THF)3

(327)

Scheme 32

(328)
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Au(PPh3)

OC
Ir

OC

N N

NN

Ir

CO

CO

(329)

N

N N

N

2-

bim =

(334)

6.2.7.3.7 Pyrazole and derivatives

The pyrazole ligand may be found bridging a variety of binuclear Ir compounds and mixed-
metal Ir species. Reaction of [Ir(�-pz)(cod)]2 (pz= pyrazole) with CO yields the yellow, stable,
binuclear complex [Ir(�-pz)(CO)2]2, (329), with an Ir�Ir distance of 3.506 Å.525 Substitution of
Me groups in the 3- and 5-positions of pz gives an analogous complex [Ir(�-dmpz)(CO)2]2
(dmpz= 3,5-dimethyl pyrazole), having an Ir�Ir distance of 3.245 Å. The structure of the
mixed-metal compound [Me2Ga(�-pz)2Ir(cod)] is also detailed. The structure of [Ir(�-dmpz)-
(CO)(Ph2POC6H4CH3)]2 contains two square-planar IrI centers with an Ir�Ir distance of
3.307 Å.526

Electrochemical studies of [Ir(�-pz)(cod)]2 in CH2Cl2 reveal two one-electron oxidations. The
position of the second oxidation depends on the nature of the supporting anion. Addition of
CH3CN to the solution causes the second oxidation process to shift to the same potential as the
first wave, due to the strong complexation of two CH3CN ligands.527 Comparative studies on
[Ir(�-L)(cod)]2 (L= pz, 3-methylpyrazole (mpz), and dmpz) in THF shows that the first oxidation
potential shifts to more negative potentials with increasing substitution.528All three compounds
exhibit an irreversible reduction. Electrogenerated chemiluminescence is observed by pulsing the
working electrode between the anodic and cathodic peak potentials.

The electronic absorption and emission spectra and emission lifetimes of [Ir(�-L)(CO)2]2
(L= pz, mpz and dmpz) have been determined.529 The intense low-energy absorption band
around 400 nm is assigned to a dz2! pz electronic transition. The three complexes all emit around
740 nm at 300K and 670 nm at 77K. The dimer excited states are stabilized relative to monomer
levels by strong metal–metal bonding.

The IrI–IrIII mixed-valent, pyrazole-bridged species [Ir2(�-pz)2(CH3)(CO)2(P
iPr3)2]ClO4, (330),

is formed according to reaction Scheme 33.530 The X-ray diffraction data indicated that (330)
contains a square-planar IrI center and a nearly regular square-pyramidal IrIII center, connected
via a weak metal–metal bond of 2.8694 Å. The two very different 
CO stretching vibrations
confirm the different Ir oxidation states.
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Scheme 33

The IR- and 1H NMR-characterized, hetero-binuclear, pyrazole-bridged complex [(C5Me5)-
Rh(�-Cl)2(�-pz)Ir(tfb)] (tfb= tetrafluorobenzo[5.6]bicyclo[2.2.2]octa-2,5,7-triene)] contains the
unusual combination of oxidation states RhIII–IrI.531 The reaction of Ir(PPh3)2 (CO)(dmpz) with
Au(tht)X (tht= tetrahydrothiophene, X=Cl, Br) affords the IrI–AuI derivative Ir(PPh3)2(CO)(�-
dmpz)AuX, whereas reaction with Au(tht)Cl3 gives an unstable, yellow, bimetallic intermediate
IrAu(PPh3)2(CO)(dmpz)Cl3, which readily decomposes to (Audmpz)n and Ir(PPh3)2(CO)Cl3.

532

The heterodinuclear complex [(�6-p-cymene)(pz)Ru(�-pz)2Ir(CO)2] was prepared by reacting
[(�6-p-cymene)Ru(pz)(Hpz)] with [Ir(acac)(CO)2]

� (p-cymene= p-isopropylmethylbenzene,
acac= acetylacetate).533 The X-ray structure of the protonated BF4

� salt confirms two bridging
pz ligands with no intermetallic interaction, and a further protonated Hpz ligand bound to the
RuII center.

The donor–acceptor complexes [Ir(�-dmpz)(CO)(PPh2{O(CH2)2R})]2 exhibit photo-induced elec-
tron-transfer rate constants of 1012 s�1 and charge recombination rates slower than 2� 1010 s�1 when
R= pyridine and 4-phenylpyridine.534 Further studies on these complexes revealed that recombina-
tion reactions were temperature dependent and slower for the deuterated acceptors.535

The binuclear complexes of formula [M2(�-tz)2(L2)2], (331), (tz= triazolate, M=Rh, Ir,
L2= diolefin, (CO)2, or (CO)(PPh3)) have been prepared.536 Reaction with [Rh(�-Cl)2 (L2)2] yields
the tetranuclear compounds [Rh2Ir2(�

3-tz)2Cl2(L2)4], (332), and the trinuclear mixed-metal com-
plex [Rh2Ir(�

3-tz)(�-Cl)ClL2(CO)4], (333), (L= cod) according to Reaction Scheme 34.
The anionic ligand 2,20-bi-imidazolate (2-) (bim) (334) has been reported to bridge IrI and RhIII

centers to form binuclear and tetranuclear complexes, [(�-C5Me5)pyRh(bim)Ir(tfb)](ClO4) and
[{(�-C5Me5)(PR3)Rh(bim)Ir(tfb)}2](ClO4)2 (R=Ph, OEt).537 Oligomerization reactions of the
planar anion [Ir(CO)2Tcbim]� (H2Tcbim= 4,40,5,50-tetracyano-2,20-biimidazole), studied as
a function of concentration, revealed that at 10�3 M dimerization resulted, with a concomitant
growth of a strong ("= 18,500M�1cm�1) absorption band at 475 nm.538 At higher concentrations
(10�2 M), further oligomerization was observed. The chemistry of Tcbim and its complexes with
IrI was reviewed in 1987 by Rasmussen.539

6.2.7.3.8 Bis-chelating Ligands

The structurally characterized complex [cp*Ir(4,40-(COOH)2-bpy], cp*= pentamethyl cyclopenta-
dienyl, bpy= 2,20-bipyridine, has a five-coordinate IrI center.540 The bpy mean plane makes an
angle of ca. 75 � with the cp* mean plane. The �-acceptor properties of the bpy ligand lead to
unusually short Ir–cp* distances. The black compound [IrCl(CO)(bpy)] is formed when a mixture
of [IrCl(C8H14)2]2, (335), and bpy in CH2Cl2 is exposed to an atmosphere of CO, and it exhibits
a single 
CO stretching frequency of 1,996 cm�1.541 If (335) is reacted with an excess of bpy, then
the hydride complex IrH(bpy)2�CH2Cl2 is formed, with a 
Ir–H stretch at 2,114 cm�1. The donor–
acceptor properties of several derivatized bpy and 1,10-phenanthroline (phen) ligands (N˙N)
were characterized in [Ir(N˙N)(CO)2](PF6) by analyzing the symmetric 
CO stretching vibra-
tion.542 The 2,20-dipyridylamine ligand (Hdipy), and its deprotonated form (dipy), coordinate to
Ir(CO)2 and Ir(diolefin) fragments.543

The cationic [Ir(cod)(bnda)](BF4) complex (bnda= 2,20-diamno-1,10-binaphthyl), (336), catalyzes
the enantioselective hydrogenation of (Z)-�-acetamidocinnamic acid to acetamidodihydrocinnamic
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acid at room temperature under 35 atm of H2.
544 The bnda complex is prepared by the reaction of

[IrCl(cod)]2 with AgBF4, followed by treatment with bnda.

R = cyclohexyl, NMe2  , OH

NH2

NH2

bnda =

N N  =
N

N
N

R

1  R = p-Cl
2  R = m-Me

(336)

(337)

(338)

[IrCl(cod)]2 reacts with �-diimines derived from glyoxal (R�N¼CH�CH¼N�R) (LL),
R= (337), in acetone containing PPh3 and AgBF4 to yield the pentacoordinate complexes of
general formula [Ir(cod)(LL)(PPh3)](BF4).

545 Exposure to CO results in displacement of cod by
two CO ligands. [Ir(CO)(LL)(PPh3)2]ClO4 results from the reaction of trans-[Ir(OClO3)-
(CO)(PPh3)2] with LL.

The structure and properties of azopyridine chelates (N˙N) (338) of iridium, [Ir(cod)(N˙N)X]
(X=Cl, Br, I), are detailed.546 The dark blue compounds [Ir(cod)(N˙N1)Cl] and [Ir(cod)(N˙N2)I]
are characterized by X-ray crystallography and show a square-pyramidal geometry. The intense
color has been assigned to an electronic transition primarily localized on the Ir–(N˙N) fragment.
The complexes do not undergo oxidative addition reactions, in contrast to their bpy analogues.

N

N N
M

L

L NN

N

M
L

L

N

N N
M

L

L
Rh

CO

CO

Rh

CO

OC Cl

Cl

+ 2[Rh2(µ-Cl)2(CO)4]

N

N N
M

L

L NN

N

M
L

L

Rh

CO

OC Cl

Rh

CO

Cl CO

+ [Rh2(µ-Cl)2(CO)4] + [Rh2(µ-Cl)2(CO)4]

(332)

(333)(331)

Scheme 34

Iridium 209



6.2.7.3.9 Polydentate N-donor ligands

The tridentate N-donor ligand (339) forms square-planar IrI chloro complexes through coordin-
ation to the three N-donor atoms.547 Attempts to exchange directly the chloride ligand for
hydride and methyl ligands were unsuccessful. However, routes were developed to the reactive
methoxide and triflate complexes, which proved to be excellent starting materials for the synthesis
of IrI and IrIII methyl compounds. The structure, bonding, and thermodynamics of the methoxy
species were analyzed by DFT methods. The X-ray crystal structure of the IrI methoxy species
shows square-planar geometry at the metal center.

R

N

R''

R

N'R

N R

R''

R

(339)

The tetradentate ligands (340) and (341) form 1:1 metal:ligand complexes with [IrCl(cod)]2.
548

The complexes were tested in the asymmetric hydrogenation of prochiral olefins, providing
enantioselectivities up to 36%. The multitopic ligands L, (342) and (343), bind to IrI to form
[IrL] species which have been characterized by elemental analysis, mass spectrometry, IR and
NMR spectroscopy.549 The complexes show enantioselectivities of up to 30% for the hydrogen-
ation of prochiral olefins under mild reaction conditions.

NH HN
OO

N NR R

NH HN

N NR R

R = H, Benzyl

(340) (341)

NH HN
OO

N NR R

NH HN

N NR R

R = H, Benzyl

(342) (343)

The theoretical study of complexes [IrLCl], [cpIrCl]1�, and [IrCl2(PH3)2]
1�, where L is a

tridentate chelating ligand, has resulted in the establishment of criteria for selecting tridentate
chelating ligands for the stabilization of hydridoalkyl complexes [(Me)Ir(L)(H)Cl].550

The bis-IrI complex (344) of the selena sapphyrin ligand has been synthesized and characterized
by X-ray diffraction studies.551 The pairs of bound N atoms in (344) are bent towards the IrI

centers, and the respective pyrrole rings are twisted from the macrocyclic plane. The coordination
geometry around the Ir is close to square-planar, and the Ir�Ir distance is 4.233 Å. The Se center
is not involved in bonding to the Ir centers.

The triazenide-bridged Ir/Rh complexes, general formula [RhLm(�-RNNNR)2IrLn], (345),
Lm= cod, (CO)2, (CO)(PPh3), (CO){P(OMe)3}, Ln= (CO)2, (CO)(PPh3), (CO){P(OMe)3},
R=C6Me4Me-p, are electrochemically and chemically oxidized by one electron to form para-
magnetic monocations.552 The X-ray structure of (345), Lm= cod, Ln= (CO)2, confirms the
square-planar geometry of the Ir center. EPR studies of the monocations show coupling to
both 103Rh and 191,193Ir whose magnitude depends on the ancillary ligands at the two metals.
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6.2.7.4 Phosphorus Ligands

6.2.7.4.1 Monodentate Ligands

Reactions of Vaska-type compounds [Ir(CO)X(PR3)2], where X= halide and R= alkyl, aryl,
commonly yield IrIII-containing complexes and are considered in the appropriate IrIII section.
The structure and chemistry of analogues of Vaska’s compound will be addressed here. Trans-
[IrCl(CO){P(C6H4-p-Me)3}2], characterized by X-ray crystallography, is structurally similar to
Vaska’s compound.553 The structures of trans-[IrCl(CO){P(C6H11)3}2] and [Ir(cod)-
(py){P(C6H11)3}](PF6) show approximate square-planar geometry at Ir, with distortions due to
the size of the P(C6H11)3 ligand.554,555

The initial product of reaction of [Ir(CO)X(PEt3)2], X=Cl or Br, at 180K with PH3 is
identified by 1H and 31P NMR spectroscopy as (346), which converts to (105) at 230K.556

The molecular conformation of trans-[(tBu)2PPh]2Ir(CO)Cl has been investigated by 31P{1H}
NMR spectroscopy and reveals four diastereoisomers: twomajor conformations in which the phenyl
groups are mutually anti and orientated on the same side or opposite sides of the coordination
plane, and two minor isomers in which the two phenyl groups are syn to the CO ligand.557

The electron density at the Ir nucleus of the series trans-(Ph3P)2Ir(CO)(X), trans, cis-
(Ph3P)2(H)2Ir(CO)(X) (X=Cl or pz-N, pz-N-H= 3,5-dimethyl-, 3,5-dimethyl-4-nitro-, 3,5-bis(tri-
fluoromethyl)pyrazole) and trans-(Ph3P)2(CO)Ir[�-3,5-dimethyl-pyrazole-N,N0)]AuX0 (X0 =Cl,
Br), studied by 193Ir and 197Au Mössbauer spectroscopy, is affected by the substituents on the
heterocycle and the density of ligand X, but not by the presence of conformers.558 Electronic
effects are transmitted from Au to Ir.

The study of rapid, intermolecular ligand exchange between square-planar complexes trans-
Ir(CO)L2X (X=Cl or Me, L=PPh3, P(p-tolyl)3, or PMePh2) by variable-temperature 31P NMR
spectroscopy indicates that the reaction proceeds through dissociation of phosphine from the
metal center and a subsequent associative substitution with other complexes.559,560 Ligand
exchange between square-planar Ir and Pt complexes is slow.

A series of Ir(CO)Cl(PR3)2(�
2-3,3-diphenylcyclopropane) complexes (PR3=PMe3, PMe2Ph,

PMePh2, PEt3) is prepared according to reaction Scheme 35.561

Ir
Cl

CO

R3P PR3 Ph

Ph
Ir

Cl

CO

+
CH2Cl2

(347)

R3P

R3P Ph

Ph

Scheme 35

The X-ray structure of (347), PR3=PMe3, confirms the trigonal-bipyramidal structure, with
the olefin and phosphine ligands lying in the equatorial plane. The equilibrium between free and
bound olefin depends on the size of the tertiary phosphine. Further reaction of (347) with
IrCl(CO)(PMe3)2 results in formation of a bimetallic iridacyclobutene complex by a second-
order process.
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Trans-IrCl(CO)(PPh3)2 reacts with tppts (tppts=m-sulfonatophenyl sodium diphenyl phos-
phine; tppms is the potassium analogue) to give the water-soluble complex trans-IrCl-
(CO)(tppts)2 in good yield (71%).562 The hydroxo analogue trans-Ir(CO)(OH)(tppms)2,
(348), has excellent solubility in water. Reaction of (348) with H2 yields fac-
Ir(CO)(H)3(tppms)2 in H2O, but 1:1 fac/mer mix when the reaction is carried out in
DMSO.563 The tppms complexes of Ir have very similar spectroscopic characteristics to the
PPh3 analogue, and similar reactions in toluene. However, weak acid/base equilibria are
evident for aqueous solutions of tppms, which are not observed in nonaqueous solvents.
Hydrogen adds to trans-Ir(CO)ClL2 (L= tppms, tppts) in H2O and has a similar kinetic
deuterium isotope effect to its PPh3 analogue in toluene, indicating a common mechanism.
Increasing the pH of the aqueous solution decreases the rate of H2 addition, which is ascribed
to protonation/hydrogen bonding to the Ir center.564 Further studies of the complexes reveal
that [Ir(CO)(tppms)3]

þ is stable in H2O but forms [Ir(CO)(DMSO)(tppms)2]
þ in DMSO.

[Ir(CO)2(tppms)3]
þ reacts with CO in DMSO to give [Ir(CO)3(tppms)2]

þ, but there is no
reaction in H2O. Reaction of trans-Ir(CO)ClL2 with excess L in H2O produces [Ir(CO)L3]Cl;
however, there is no reaction in DMSO.565

Vaska’s analogue trans-[Ir(CO)Cl(Ph2Ppy)2], (349), (Ph2Ppy= 2-diphenylphosphinopyridine)
has two monodentate, P-bound Ph2Ppy ligands. (349) undergoes a variety of reactions according
to Reaction Scheme 36.566 The X-ray crystal structures of (350) and (351) are given. Complex
(349) acts as a precatalyst in the hydroformylation of styrene at 80 �C and under 80 atm of
CO/H2.
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The steric and electronic effects of phosphine ligands on the binding of small molecules to IrI

were probed by studying reactions of O2, SO2, and CH3I with trans-Ir(CO)(Cl)(PR3)2, where
PR3=P(iPr)3 and P(tBu)2Me, compared to PR3=PPh3, P(p-tolyl)3, and Pcy3. Increasing phos-
phine size inhibits O2 reaction, but not SO2 reaction.567

Treatment of cis,cis-1,3,5-tris[(diphenylphosphanyl)methyl]-cyclohexane (tdppmcy), (352), with
Ir(PPh3)2(CO)Cl in toluene gives the trinuclear complex [Ir(CO)Cl]3 (tdppmcy)2, (353), in which
tdppmcy ligands act as bridging ligands to each of the Ir centers.568 Addition of Hþ, H2, and H�

to (353) yields {[Ir(CO)ClH]3(tdppmcy)2}
3þ, [Ir(CO)ClH2]3(tdppmcy)2, and [Ir(CO)H3]3

(tdppmcy)2, respectively.

Ph2PH2C

CH2PPh2
Ph2PH2C

(353)

Ir
P

O OMe

OMe
ar ar

= cod

ar = OMe

MeO

MeO

(354)

The structure of trans-[IrCl(COp)(iPr3P)] confirms a Vaska-type geometry of Ir.569 The struc-
ture of [Ir{P(C6H5)2CH3}4](BF4) has been reappraised and found to belong to the space group
Rc, and not to C2/c as previously reported.570,571 The bond lengths and angles do not differ
significantly from the earlier report. The structure of [Ir(PPh3)2(cod)](PF6) reveals a square-planar
geometry at Ir, but different Ir�P bond lengths at 2.367(2) Å and 2.326(3) Å.572

Treatment of [Ir(coe)2Cl]2 with PEt3 in THF at room temperature yields [Ir(PEt3)3Cl].
573

Heating the solution to 80 �C gives IrH2Cl(PEt3)3].
[Ir(MeCN)(CO){P(CH2Ph)3}2]ClO4 reacts with CO to give [Ir(CO)x{P(CH2Ph)3}y]ClO4 (x= 1,

2, 3, y= 3, 2) and withX (X�=NCS�, �C:CPh) to give [IrX(CO){P(CH2Ph)3}2]; both have been
characterized by IR spectroscopy.574 The trigonal-bipyramidal species [Ir(CO)3 (PEt3)2]BF4 reacts
with PH3 to form [Ir(CO)2(PH3)(PEt3)2]BF4.

575 Both Ir species undergo oxidative addition reac-
tions with HX (X=Cl, Br, I) and SiH3Br.

A series of complexes [IrCl(cod)L] and [Ir(cod)L2]
þ (L=P(C6H4OMe-o)3, PMe2(C6H4OMe-o),

PMe2(C6H4OMe-o), PPh2(C6H4OMe-o), PPh2(C6H4NMe2-o), PMe(C6H4OMe-o)2, PPh2(C6H4-
OCHMe2-o) have been synthesized and characterized by 1H and 31P NMR spectroscopy.576 The
O-containing ligands bind in a monodentate fashion, whereas the N-containing ligand chelates to
the Ir center.

Reaction of [Ir(cod)Cl]2 with two molar equivalents of P(C7H7)3 yields the highly symmetric
complex IrCl[P(C7H7)3], in which the phosphorus ligand acts as a tetradentate ligand.577 The
X-ray crystal structure of the Rh analogue reveals Rh at the center of a trigonal bipyramid, with
Cl and P in the axial positions and three double bonds forming the equatorial plane. However,
reaction of [Ir(cod)Cl]2 with an excess of tmpp (tmpp= tris(2,4,6-trimethoxyphenyl)phosphine) in
the presence of KBF4 yields the air-unstable, mono-demethylated complex (354).578 If the reaction
is carried out in CH3CN under a CO atmosphere, then trans-[Ir(CO)2(tmpp)2](BF4) results, which
has been characterized by X-ray crystallography and shows the expected square-planar geometry
at Ir.

A further reaction of [Ir(cod)Cl]2 with 3,4-dimethylphosphaferrocene, (355), yields the
trigonal-bipyramidal complex [Ir(355)3(cod)]BF4, (356).

579 (356) reacts with H2 under pressure
to give [Ir(355)4H2]

þ. Reaction of [Ir(cod)Cl]2 with o-diphenylphosphinobenzoic acid ethyl
ester (dpes), (357), yields [IrCl(cod)(dpes)], where dpes is acting as a monodentate P-donor-
atom ligand.580 When dpes is reacted with [Ir(cod)2]BF4, then the structurally determined
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species [Ir(cod)dpes(H)](BF4) results, in which the dpes is a tris-chelating ligand with P*, C*, and
O* donor atoms.
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Fe

(355)

P Ir
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Fe

Fe

Fe

P*Ph2

C
*

O

O*

dpes

(357)

The crystal structure of [IrCl(tcep)3] (tcep= tris(cyanoethyl)phosphine) as an MeCN solvate
shows a distorted square-planar coordination geometry.581 The structure of [Ir(cod)(py)(P(2,-6-
(OMe)2-C6H3)3)]PF6 shows approximately square-pyramidal geometry at the Ir atom, with one of
the methoxy groups of the phosphine ligand weakly bound in the apical position (Ir–O,
2.724 Å).582 The related complex [Ir(cod)(py)(P(4-OMe-C6H4)3)]PF6 reveals a square-planar coor-
dination of Ir.583 Increasing the steric bulk of the phosphine ligands gives rise to distorted
geometries around the Ir center. The binuclear IrI complex [Ir2(CO)2(dmpm)2-(�-CO3)] is char-
acterized by single-crystal X-ray diffraction and shows a weakly interacting Ir���Ir bi-square-
planar geometry.748

The synthesis of bimetallic, group 6 metal(0)–iridium(I) complexes bridged by dppm
(dppm=Ph2PCH2PPh2), of general formula [(OC)3M

0(�-dppm)2M(CO)X] (M0 =Cr, Mo, W,
M=Rh, Ir, X=Cl, Br, I, CO), by two independent routes is detailed by Shaw et al.584 The
complexes are characterized by 1H-{31P} and 31P{1H} NMR and IR spectroscopy.

The IrI–AuI complex (358) yields (359) and (360) following treatment with two or three
equivalents of MeCN, respectively.585 Red (359) has a nearly planar Ir(CNCH3)2P2

unit connected to a linear AuP2 unit and an Ir–Au distance of 2.944(1) Å, as determined by
X-ray crystallography. Yellow (360) has a similar structure, with a MeCN ligand added to Ir on the
Ir–Au axis and an Ir–Au distance of 2.817(1) Å. (359) absorbs strongly at 492 nm, and has
a fluorescence maximum at 540 nm and a phosphorescence band at 668 nm. In contrast, (360)
has a strong visible absorption and a broad emission at 580 nm. Detailed assignment of the
luminescent states of [AuIr(CO)Cl(�-dppm)2][PF6] has been made following analysis of emission,
photoemission, and phosphorescence spectroscopic data.586
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The dark green Ir/Pt acetylide complex [(RC�C)Pt(�-dppm)2(�-C�CR)IrCl], (361), was
synthesized from [IrCl(coe)2]2 and trans-[Pt(C�CR)2(dppm)2] (R=Ph, p-tolyl).587 Reaction of
(361) with H2 and CO yields [(RC�C)2Pt(�-dppm)2(�-H)IrH(Cl)] and [(RC�C)Pt (�-dppm)2
(�-C�CPh)Ir(CO)Cl)], respectively. Treatment with large cations gives the red cationic species
[(RC�C)Pt(�-dppm)2(�-C�CPh)Ir(CO)]þ, which reacts with H2 affording [(RC�C)Pt-
(�-dppm)2(�-C�CPh)(�-H)IrH(CO)]þ. The Pt/Ir heterotrinuclear complexes (362) and (363)
are prepared according to reaction Scheme 37, where P^P^P= bis((diphenylphosphine) methyl)-
phenylphosphine and L= (2,6-Me2)C6H4NC.588 The X-ray structure shows a linear Pt–Pt–Ir
geometry in (362) and an asymmetric A-frame in (363).
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The X-ray crystal structure of [IrCl(PF3)2]2 confirms a binuclear species with bridging chloride
ligands. The solid-state structure has intramolecular Ir�Ir distances of 2.942 Å, intermolecular
Ir�Ir interactions of 3.271 Å, and infinite zigzag chains of Ir atoms. Other related complexes
containing PF2(NMe2), PF(O2C6H4), and OC(NMePF2)2 were synthesized, but only
[{IrCl[OC(NMePF2)2]}2] shows evidence for extended metal–metal interactions.589

Oxidative addition to [Ir3(�-PPh2)3(CO)3(dppm)] and [Ir3(�-PPh2)3(CO)4(
tBuNC)3] gives [Ir3(�-

PPh2)3(CO)3(dppm)XY] (X= I, Y= I, OH; X=H, Y=Cl) and [Ir3(�-PPh2)3(CO)4(
tBuNC)3(R)]X

(RX=MeI, BzBr, HCl, I2, HgCl2), respectively.
590 In both cases reaction occurs at one Ir center. The

structures of [Ir3(�-PPh2)3(CO)4(
tBuNC)3(CH3)]I and [Ir3(�-PPh2)3(CO)3(dppm) I(OH)] are reported.

6.2.7.4.2 Polydentate ligands

The 1,2-bis(dicyclohexylphosphino)ethane (dcpe) bidentate ligand forms the mononuclear,
square-planar IrI complexes [Ir(cod)(dcpe)]BPh4, [Ir(dcpe)2]BPh4, and [IrCl(CO)(dcpe)], which
have been characterized by IR, 1H, and 31P{1H} NMR spectroscopy.591 Products of reaction
with CO are discussed.

The structure of [Ir(cod)(dppf)]PF6 shows approximately square-planar geometry at Ir, and the
cp rings of the dppf ligand are close to parallel and staggered.592 The systems [Ir(cod)(LL)]ClO4,
where LL= dppf, 1-diphenylphosphino-2-(N,N-dimethylamino)methyl ferrocene and 1,6-diferrocene-
2,5-diazahexane, catalytically trimerize PC�CH to 1,3,5-triphenylbenzene.593 The electrochemis-
try of [Ir(dppf)2]BPh4 shows two one-electron reductions at �1.560V and �1.755V vs. ferrocenium/
ferrocene.753

The complexes [Ir(binap)(cod)]BF4, binap= (364), and [Ir(H8-binap)(cod)]BF4, H8-binap= (365),
are selective catalysts in the enantioselective hydrogenation of prochiral 1,2-benzocycloalkanes to
their corresponding alcohols.594 The structure of [(binap)Ir(�-Cl)2Ir (binap)], (366), contains two
slightly distorted square-planar Ir centers (Ir���Ir distance 3.322(2) Å), with a 126� angle between
the coordination planes.595 The complex is a catalyst precursor for the asymmetric hydroamina-
tion of norborene with aniline. Complex (366) and [Ir2(�-Cl)2{(R)-(S)-ppf-PPh2}2], (R)-(S)-ppf-
PPh2= (S)-1-(diphenylphosphino)-2-[(R)-1-(diphenylphophino)ethyl]ferrocene, react with Li(C6H5NH2)
to ultimately yield the binuclear, aminato-bridged complexes (367) and (368), which have been
characterized by X-ray crystallography.596 However, neither of the complexes shows catalytic activity
in the hydroamination of olefins.

The potential tripodal ligand (369), R=H or Me, coordinates to IrI centers only via two P atoms
in a trans geometry, leaving the third P center dangling but in fast exchange with the metal-bound
phosphines.597 The complex [Ir(CO)(mes)dppe], (370), dppe= 1,2-bis(diphenylphosphino) ethane,
displays a slight tetrahedral distortion from square planarity.598 If (370) is heated in a benzene
solution under C2H4, then the five-coordinate species [Ir(�2-C2H4) (CH2C6H3(CH3)2)(CO)(dppe)] is
formed. (370) undergoes stereospecific oxidative reactions with SiH2Ph2 and H2.
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The photochemical carbonylation of benzene by IrH(CO)2(dppe) is shown to proceed via the
square-planar intermediate Ir(H)(CO)(dppe).599 Equimolar quantities of [Ir(CO)3(PPh3)2]ClO4

and MeN(P(OMe)2)2 yield the crystallographically characterized [Ir(CO)(MeN(P(OMe)2)2)-
(PPh3)2]ClO4, in which the Ir center has a distorted trigonal-bipyramidal geometry with a CP4

donor-atom set.600 The axial sites are occupied by one PPh3 ligand and by one end of the
MeNP(OMe)2)2 ligand. Related complexes [Ir(MeN(P(OMe)2)2(PPh3)2]ClO4 and [Ir(MeN-
(P(OMe)2)2)2(PPh3)]ClO4 are characterized by NMR spectroscopy.

Ph2H2C
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CH2Ph2

R

CH2Ph2

R

(369)

Reaction of trans-[IrCl(N2)(PPh3)2] with (371), R=CF3, SiMe3, Ph, at low temperature results inN2

evolution and �1-binding of the diphosphines to Ir, which transforms to the metallacycle (372) at room
temperature.601 The chiral ligand biphos, (373), reacts with [Ir(cod)Cl]2 and AgBF4 to form racemic
[Ir(biphos)(cod)]BF4, which proves to be catalytically inactive in the hydrogenation of �-acetoamido-
cinnamic acid.602 If the reaction between a single crystal of enantiomerically pure biphos ligand and
[Ir(cod)Cl]2 is carried out at �78 �C, then enantiomerically pure [Ir(biphos)(cod)]BF4 results.
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P P

Ph Ph
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Other chiral diphosphine ligands (374), (375), (376), and (377) bind to iridium with little
diastereoselectivity.603 The complexes are characterized by 1H and 31P{1H} NMR spectroscopy.
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All the [Ir(diphosphine)2]Cl complexes undergo a quasi-irreversible, two-electron reduction pro-
cess followed by a chemical reaction.

PPh2

PPh2

(374)

PPh2

PPh2

(375) (376)

PPh2

PPh2

(377)

C6H5

PPh2

PPh2

The optically pure ligands C6H5C*H(Me)N(CH2CH2PPh2)2 (R)-(þ)- and (S)-(-)-pnp, in the
presence of [Ir(cod)(OMe)]2 and propan-2-ol, selectively reduce �,�-unsaturated ketones to optic-
ally pure allylic alcohols.604

The aqueous biphase hydrogenation of dimethyl itaconate is accomplished with an Ir-(R)-(R)-3-
benzyl(p-sulfonate)-2,4-bis(diphenylphosphino)pentane complex.605

Luminescent Ir complexes of diphosphine and diphosphinite calix[4]arene show emission max-
ima at 619 nm and 597 nm, respectively, at 77K.606 The emission lifetimes are perturbed by
addition of Liþ, Naþ, and UO2

2þ.
The reaction of P4X3 (X= S, Se) with [IrCl(cod)]2 in the presence of triphos (triphos= 1,1,

1-tris((diphenylphosphino)methyl)ethane) yields the compounds [(triphos)Ir(P3X3)]�C6H6 accord-
ing to Reaction Scheme 38.607 The crystal structure of X= S shows that the compounds contain
the (triphos)Ir moiety replacing a basal P atom of the cage.

The X-ray structure of [IrCl(CO)(triphos)] confirms the trigonal-bipyramidal geometry of the Ir
center, with the three phosphorus atoms occupying one axial and two equatorial positions and the
Cl ligand in the remaining axial position.608

The tridentate ligand CF3triphos (CF3triphos=CH3C{CH2P(m-CF3-C6H4)2}3) reacts with
[Ir(Cl(cod)]2 to form [Ir(cod)(CF3triphos)]Cl, (378), and with [Ir(CO)Cl(PPh3)2] to afford [IrCl-
(CO)(CF3triphos)].

609 The CF3triphos complexes are more stable than the triphos analogues. The
complex [IrCl3(CF3triphos)] is synthesized according to reaction Scheme 39.
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[IrCl3(CF3triphos)]

(378)

Scheme 39

6.2.7.5 Arsine and Stibene Ligands

Reaction of [IrCl(C2H4)2]2 with AsiPr3 yields trans-[IrCl(C2H4)(AsiPr3)2], (379), which gives trans-
[Ir(Cl)(CO)(AsiPr3)2] and trans-[IrCl(N2)(AsiPr3)2] on reaction with CO and Ph2CN2, respect-
ively.610 The mixed As/P compound [IrCl(C2H4)(P

iPr3)(AsiPr3)] is also reported.
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The red, trimetallic Au2Ir species (380) is formed according to reaction Scheme 40.611 The
structures of (380) and (381) have been determined by X-ray crystallography. (380) shows
significant Au–Ir interactions.
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Scheme 40

Reaction of [IrCl(C2H4)2]2 with SbR3 (R= iPr, Me, Ph) yields the five-coordinate complexes
[IrCl(C2H4)2(SbR3)2] (382).

612 The complex (382) R= iPr has been characterized by X-ray crystallo-
graphy and reveals one stibene and two olefinic ligands in the equatorial plane. NaC5H5 replaces the Cl
ligand by C5H5, and ethenemay be substituted by different alkynes. Reaction of [IrCl(coe)2]2 with Sb

iPr3
gives trans-[IrCl(coe)(SbiPr3)2], which rearranges in hexane to anti,exo-[IrHCl(�3-C8H13)(Sb

iPr3)2].
613

6.2.7.6 Oxygen Ligands

6.2.7.6.1 Monodentate Ligands

Reaction of trans-MeOIr(CO)(PPh3)2 with tcne (tetracyanoehylene) gives the structurally deter-
mined trigonal-bipyramidal complex MeOIr(CO)(PPh3)2(tcne), in which the tcne and CO ligands
occupy axial sites.614 The tcne ligand is �2-bound, with the olefinic bond parallel to the equatorial
coordination plane. The structures of square-planar trans-Ir(CO)(OH)(Pcy3)2, trans-
Ir(CO)(OCH2C6H5)(P(p-tolyl)3)2, and trans-Ir(CO)(O-p-C6H4CH3)(P(p-tolyl)3)2 are reported.615

The square-planar complex (383) shows a monotropic smectic A-phase, and the X-ray diffrac-
tion study of the yellow form shows that the whole molecule adopts an extended rod-like shape
with an all-trans conformation of the decycloxy chain.616
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The complex cis-IrCl(CO)2(OPhVpy), OPhVpy= trans-4-alkoxy-40-stilbazole), is mesomorphic
and shows nematic and smectic phases below 140 �C.617,618

The electrochemical investigation on an Hg electrode of the interaction between [Ir(Me2-
phen)(cod)] and O2 gives evidence of formation of an unstable adduct.619

Reaction of trans-[Ir(CO)X(PPh3)2], X= halogen, is 108�109 times faster with singlet oxygen
than with triplet oxygen and yields the same product species (384) in both cases.620

The rate constants for the 1O2 reaction do not vary significantly with different ligands (X=F,
Cl, Br). The reaction of trans-[Ir(CO)(CH3CN)(PPh3)2]

þ with 1O2 is slightly slower than for the
halide analogues.621 The peroxo compounds do not react with alkenes.

The reaction of [Ir(�-OR)(cod)]2 (385), R=Me, Et, Ph, with Pcy3 yields [Ir(OR)(cod)(Pcy3)], which
undergoes alkoxy exchange with phenol and HC�CPh.622 The latter species has been characterized
by X-ray diffraction. Reaction of (385) with the chelating triphosphine ligand ttp
{C6H5P[CH2CH2CH2P(C6H5)2]2} or cyttp{C6H5P[CH2CH2CH2P(C6H11)2]2} yields the monomeric
species [Ir(OR)ttp] and [Ir(OR)(cyttp)], respectively.623 Sulfur dioxide insertion reactions lead to the

218 Iridium



metal sulfonates, for example [Ir(SO2OC6H5)(ttp)�SO2]. Alkoxyiridium complexes trans-ROIr-
(CO)(PPh3)2, (386), R=Me, Ph, tBu, iPr, react with R0X, R0 =Me, CH3C(O), C6H5C(O),
C6H5CH2C(O), HC(O), X=Cl, I, H, to give esters, ROR0, but not ethers.624 Mechanistic
studies on �-hydrogen elimination from (386) showed this process to be reversible, and it is followed
by an associative displacement of the co-ordinated ketone or aldehyde by PPh3to yield
[Ir(CO)(PPh3)3H].625

The rhodamine B-bound complex of IrI (387) shows only minor alterations in the absorp-
tion spectrum of bound rhodamine B as opposed to free dye; however, its fluorescence is
strongly quenched.626 Fluorescence is intense when the rhodamine dye is attached to an IrIII

center. The authors conclude that the excited-state quenching mechanism is via electron
transfer.
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The yellow, air-stable, binuclear species [Ir(OMe)(cod)]2 is a useful precursor in Ir alkoxy
chemistry and may be prepared according to reaction Scheme 41.627

[IrCl(cod)]2 + 2KOH + 2MeOH [Ir(OMe)(cod)]2 +2KCl + 2H2O  

Scheme 41

The mixed-metal �-oxo compounds [cp2M¼O-M0(PPh3)2(CO)]þ (M=Mo, W; M0 =Rh, Ir)
have been prepared by solvent displacement from [M0(CO)(PPh3)2(CH3CN)]þ by cp2M¼O, and
the resulting complex is best described as having a dative interaction of the oxo-ligand with the
unsaturated M0 center.628 1H NMR studies show that the cp2M¼O units rapidly exchange with
solvent and with excess cp2M¼O.

6.2.7.6.2 Bidentate ligands

Diffuse reflectance spectra of racemic mixtures of Ir(CO)2L (L=R- and S-trifluoroacetylcamphorate)
in the solid state reveal absorbance in the 440–610nm region, which is attributed to Ir�Ir inter-
actions.629 The crystal structure of the related compound, where L= trifluoroacetylcarvonate, has an
Ir�Ir distance of 3.290(1) Å.630 The bis(ethene) complex [Ir(acac)(C2H4)] undergoes a monosubstitu-
tion reaction with PR3 (PR3=PiPr3, PPh3,

iPr2PCH2CH2OMe, iPr2PCH2CO2Me) to yield
[Ir-(acac)(C2H4)(PR3)], (388).631 The X-ray structure of (388) with PR3=PiPr3 is reported. UV
irradiation of (388), where PR3=

iPr2PCH2CO2Me, in the presence of excess PiPr3, gives a
hydrido(vinyl)iridium-(III) complex. Reaction of [Ir(acac)(C2H4)(P

iPr3)] with CH2¼CHR (R=CN,
OC(O)Me, C(O)Me) affords [Ir(acac)(CH2¼CHR)(PiPr3)], which undergoes C�H activation on
photolysis.

The five-coordinate complexes Ir(CO)(PPh3)2L, where HL= �-diketone, N-benzoyl-N-phenyl-
hydroxylamine, salicylaldehyde, 8-hydroxyquinoline, 2-hydroxybenzophenone, 2-hydroxy-
8-methoxybenzophenone, were prepared from [Ir(CO)(PPh3)2Cl].

632 The resulting compounds
all underwent oxidative addition reactions with Br2. Reaction of [(cod)2IrCl]2 with N-substituted
3-hydroxy-2-methyl-4-pyridine gives the bichelated complex (389).633

The dimeric IrI complexes [(dfepe)Ir(�-X)]2, (390), (dfepe= (C2F5)2PCH2CH2P(C2F5)2,
X=O2CCF3, OTf) have been synthesized, and for (390) with X=O2CCF3 have been
characterized by X-ray crystallography.634 The structure revealed a hinged dimeric geometry,
with a large interplanar angle of 82.7 � defined by the two four-coordinated metal centers and
an Ir�Ir distance of 4.307 Å. Both dimer species are reactive towards H2 and alkane C�H
bonds.
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6.2.7.7 Sulfur Ligands

6.2.7.7.1 Monodentate Ligands

The square-planar IrI thiolate complex (391) has been prepared by the reaction of [Ir(NO)Cl2(PPh3)2]
with NaSmes (mes=C6H2Me3-2,4,6).

635 reaction of (391) with propylene sulfide affords the
IrIII complex (392), as shown in Reaction Scheme 42. The X-ray structure of (392) confirms the
square-pyramidal geometry of the Ir center and the bent nature of the Ir�N¼O linkage.

Ir
Smes PPh3

Smes N

S

N
Smes PPh3

Smes S
Me

O
MeO

(391) (392)

Scheme 42

The synthesis and structure of square-planar [IrCl(DMSO)3] is reported.636 All the DMSO
ligands are S-bonded to the Ir center with a short Ir�S bond (2.1957(9) Å), trans to Ir�Cl.
Addition of H2O to [IrCl(DMSO)3] yields complex (393), as characterized by X-ray crystal-
lography.
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The equilibrium constants for SO2 binding to trans-Ir(CO)L2X (L=PPh3, P(p-tolyl)3, Pcy3;
X=Cl, Br, Me) show that SO2 is binding as a Lewis acid and is enhanced by electron-
donating groups on Ir.637 Increasing the steric bulk of the phosphine reduces the equilibrium
constant for SO2 binding. Reaction of SO2 with [Ir(CO)(OR)L2] (R=H, Me, tBu, L=PPh3,
P(p-tolyl)3) results in insertion of the SO2 into the iridium–methoxy bond to form an oxygen
co-ordinated OS(O)OMe ligand. The X-ray structure of [Ir(CO)(OS(O)OMe)(SO2)(PPh3)2]
reveals Ir in a square-pyramidal environment, with the SO2 ligand in the apical site and
trans PPh3 ligands.

The syntheses of several Ir complexes containing phosphine sulfide ligands of the type
[Ir(cod)L2]n

nþ and [Ir(CO)2L2]n
nþ (L=Me3PS, Et3PS, Ph3PS; L2=MeP(S)(S)PMe2, Et2P(S)

(S)PEt2, Ph2P(S)(S)PPh2) and their characterization by elemental analysis, IR and 31P NMRspec-
troscopy, and conductance studies have been reported.638

6.2.7.7.2 Bidentate ligands

Acetonitrile solutions of IrLL0(mnt)n� (mnt=maleonitriledithiolate, n= 1, L=L0 =CO, P(OPh)3;
n= 1, L=CO, L0 =PPh3; n= 2, L=CO, L0 =CN) and methyl viologen (MV2þ) exhibit outer-
sphere electron-transfer behavior ranging from optical [Ir(CO)2(mnt)]� to thermal
[Ir(CO)(CN)(mnt)]2�.639 The structure of MV2þ [Ir(CO)2(mnt)]2 is reported and shows a cation–
anion separation in the range 3.2–3.6 Å, with a square-planar IrI anion. The structure of (394)
reports an essentially planar arrangement of the IrS2CNMe2 chelate system, as is the coordination
plane defined by Ir, S atoms, and the two midpoints of the olefinic bonds.640
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The synthesis and characterization (NMR, IR, UV-vis spectroscopy) of a series of complexes
IrLL0(Et2dtc) (395) (L=L0 =CO, PPh3, P(OPh)3; L=CO, L0 =PPh3, LþL0 = cod, dppe, dpfpe;
dtc=N,N0-diethyldithiocarbamate) have been detailed.641 The single-crystal structure of (395),
L=CO, L0 =PPh3, has been determined. All of the complexes emit in the solid state at 77K, with
complexes (395), L=CO, L0 =PPh3, LþL0 = dppe, and L=L0 =P(OPh)3 emitting in CH2Cl2 at
293K. Benzene solutions of (395), L=CO, L0 =PPh3, and LþL0 = dppe react with O2 yielding
IrLL0(Et2dtc)(O2), which will lose O2 on irradiation.

6.2.7.7.3 Tridentate ligands

The half-sandwich complex [Ir([9]aneS3)(cod)]
þ, [9]aneS3= 1,4,7-trithiacyclononane, synthesized

from [Ir(cod)Cl]2 and [9]aneS3, reveals a five-coordinate Ir center with [9]aneS3 bound facially via
all three S-donor atoms.642 Further single-crystal studies of [Ir([9]aneS3)(L2)]PF6, L=C2H4,
C8H12, C4H6, also show distorted five-coordinate geometries.643

6.2.7.7.4 Binuclear complexes

Reaction of [Ir(cod)Cl]2, (396), with HSR–NEt3 (R=C6F5) yields the dinuclear complex
[Ir(�-SR)(cod)]2, and further reaction with CO gives the structurally determined complex (397),
[Ir(�-SR)(CO)2]2.

644 Both Ir centers in (397) are square planar, with the dihedral angle between
the two IrS2 planes being 114.05 � and an Ir�Ir distance of 3.066(1) Å. However, reaction of (396)
with HSR gives (397) and the mixed-valence complex (398), [(cod)Cl(SR)Ir(�-SR)2I(cod)],
which contains an octahedral IrIII center bridged by two SR� linkages to a square-planar IrI

center. In (398) the dihedral angle is 151.99 � and the Ir�Ir distance 3.660 Å. Extension of
the work yields the trimetallic compound [Ir3(�-SR)3(�-CO)(CO4)(PPh3)2]

645, which contains
an asymmetric Ir3S3 ring with one Ir�Ir bond (2.665(1) Å) doubly bridged by CO and SR�.
The molecular structures of [Ir(SR)(CO)(PPh3)2] and [Ir(SR)(�2-O2)(CO)(PPh3)2] are also
reported.

6.2.7.7.5 Bimetallic complexes

The red, mixed-metal compound [(cod)Ir(�-SPPh2)2Pt(S2CN
iPr2)], prepared by the reaction of

[Ir(cod)Cl]2 with (NH2
iPr2)[Pt(S2CN

iPr2)(Ph2PS)2], has been characterized by X-ray crystallogra-
phy.646 The structure reveals that both bridging ligands bind to the Ir center through the S atoms,
with a Pt–Ir separation of 4.2728(8) Å.
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6.2.7.8 Selenium and Tellurium Ligands

Reaction of [Ir(cod)Cl]2 with two molar equivalents of L3(L3=MeC(CH2ER)3, E= Se, R=Me;
E=Te, R=Me, Ph) and two molar equivalents of NH4PF6 in CH2Cl2 affords the species
[Ir(cod)(L3)][PF6], (399), which have been characterized by analysis, IR and multinuclear NMR
spectroscopy.647 The crystal structures of (399), E= Se, R=Me and E=Te, R=Ph, reveal distorted
square-pyramidal geometries and greater �-donation by the E=Te ligand. Single-crystal X-ray
diffraction studies of cis-[(PPh3)2Ir{Te(2,4,6-

tBu3-C6H2)}(CO)], formed from the reaction of
[(PPh3)2Ir(CO)Cl] and (2,4,6-tBu3-C6H2)TeLi(THF)3, confirm the cis-geometry of the PPh3
ligands.648
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6.2.7.9 Halide Ligands

Reaction of [IrCl(CO)L2] (L=PMe3, PEt3, PPh3) with Me3SiX (X=Br, I) affords IrX(CO)L2 and
Me3SiCl.

649 The phase-transfer-catalyzed, hydrogen-transfer reduction of 2-propanol has been
realized using KF on alumina, [Ir(cod)Cl]2, and 18-crown-6 as phase-transfer agent.650

A theoretical and structural analysis of [Ir2(�-Cl)2L4], where L4= (PF3)4, (PH3)4, (cod)2,
((C2F5)2PC2H4P(C2F5)2)2, debates the factors which determine the degree of bonding between
the coordination planes of the two metal centers.651 One driving force would appear to be the
attractive metal/metal interactions resulting from donor–acceptor interactions between the dz

2 and
pz orbitals of the two metal atoms.

6.2.7.10 Hydrogen Ligands

A detailed review of the stereochemistry of H2 oxidative addition and dihydride-transfer reactions
involving IrI complexes of the type IrX(CO)Pz has been published by Deutsch and Eisenberg in
1988.652 The addition reaction of H2 to [Ir(bpm)(CO)2](BPh4) (bpm= bis(pyrazol-1-yl)methane)
has been studied using parahydrogen NMR, and reveals a series of products containing metal-
hydride linkages.653 Reaction of 2-phenyl-1-methylenecyclopropane with IrH(CO)(PPh3)3 at room
temperature yields Ir(�1:�2-CH2CH(Ph)CH¼CH2)(CO)(PPh3)2, which has been characterized by
X-ray crystallography.654 When the same reaction is carried out at 50 �C, then the product species
are 2-phenyl- and 1-phenyl-1,2-butadiene and Ir(�1:�2-C6H4CH(Me) CH¼CH2)(CO)(PPh3)2,
whose structure has been confirmed by X-ray crystallography.

6.2.7.11 Mixed-donor-atom Ligands

6.2.7.11.1 C/N

[Ir(cod)Cl]2 reacts with lithium N-benzyl-2-imidazolate (LiBzim) to yield [Ir2(�-Bzim)2(cod)2] and
then with CO to give the structurally characterized species (400), in which one Ir co ordinates to
two N atoms of the imidazole ring and the other Ir to two C atoms.655

Reaction of [Ir(cod)Cl]2 with (6-methyl-2-pyridyl)methyl lithium yields the binuclear species
[(cod)Ir(�-CH2-py-6-Me-C, N)]2, (401).

656 The Ir centers in (401) are 3.5889(3) Å apart, indicating
little metal–metal interaction. Treatment of (401) with PPh2Et yields [(cod)Ir(PPh2Et)2(CH2-
py-6Me)], which contains the monodentate, carbon-bound pyridylmethyl ligand.
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Reaction of [Ir(cod)Cl]2 with LiL (L=CH2PPh2¼N-C6H4-CH3-4, CH(PPh2¼N-C6H4-R-4)2,
R=CH3, NO2, affords [Ir(L)(cod)], in which ligand L is co-ordinated as a �-N, �-C chelate.657,658

The structure of [Ir(CH(PPh2¼N-C6H4-CH3-4)2)(cod)] is reported as containing a four-mem-
bered Ir�N�P�C metallacycle and one pendant iminophosphorane moiety. Further reaction
with an excess of CO results in replacement of cod by (CO)2. When [IrL(cod)] or [IrL(CO)2],
where L=CH(PPh2¼N-C6H4-R-4)2, is treated with HCl, then product (402) results.

6.2.7.11.2 C/P

The monomeric IrI C/P-donor-atom compounds [Ir(troppPh)2]
þ, troppPh= dibenzotropyl-idenyl

phosphine, are synthesized via reaction Scheme 43.755 The X-ray structural study of (404) shows a
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similar geometry to its one-electron reduced analogue, (405). Complex (404) reacts with NaBH4 to
give [IrH(troppPh)2], which can be further protonated with acid to give the IrIII dihydride
[IrH2(tropp

Ph)2]
þ, (407).756 (407) may also be produced via the oxidative addition reaction of

(404) with H2. The X-ray structure (407) (PF6) is reported.

2(troppPh) + [Ir(cod)Cl)]2    Ir(troppPh)2Cl
lemon yellow Ir(I)
         (403)

KPF6  [Ir(troppPh)2](PF6)
   orange-red Ir(I)
            (404)

Na, THF

      [Ir(troppPh)2]
   deep green Ir(0)
            (405)

Na, THF
(Na(THF)8)+[Ir(troppPh)2]-

   burgundy-red Ir(-I)
            (406)

Scheme 43

6.2.7.11.3 Si/P

The reddish-orange complex (408) is formed by the reductive elimination of methane according to
Reaction Scheme 44.659 X-ray crystal structure analysis revealed that (408) adopts a slightly
distorted, five-coordinate, trigonal-bipyramidal geometry, with the silyl ligand occupying an
axial site. Further work on the related complexes LnIr(R)(H) (Ln= {�2-(mes)-
HSi(CH2)2PPh2}(PMe3)2) led to the formation of the IrI intermediate LnIr, which reacted with
MeOH to generate Ir(H)2{�

2-(mes)(OMe)Si(CH2)2PPh2}(PMe3)2.
660 Thermolysis of HMePhSi-

SiMe3 in the presence of Ir(PPh2CH2CH2SiMe2)(PMe3)3 yields HMe2SiSiMe2Ph.
661
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PMe3, toluene

60°C, 8h 
  -CH4

(408)

Scheme 44

6.2.7.11.4 N/P

The binuclear complex [{Ir(cod)Cl}2(�-dpnapy)], formed from a 1:1 reaction of [{Ir(cod)Cl}2] and
dpnapy, (409), contains the mixed-donor bridging ligand dpnapy, which binds to the two Ir
centers through the P and terminal N* sites with no interaction between the two Ir centers.662

Monochelated complexes such as trans-[Ir(CO)(dpnapy)2Cl], cis-[Ir(CO)2(dpnapy)Cl], and
[Ir(cod)Cl(dpnapy)] all involve coordination through the P atom. Pfaltz et al. report the synthesis
and structure of square-planar IrI complexes containing P/N bidentate ligands (410).663 The
cationic complexes (410) catalyze the enantioselective hydrogenation of imines, with the highest
selectivity achieved in weakly coordinating solvents such as CH2Cl2.

The mixed-donor tridentate ligands bis[2-diphenylphosphino)ethyl] benzylamine (dpba) and
bis[2-(diphenylarsino)ethyl] benzylamine (daba) form square-planar complexes with IrCl and
IrPPh3 moieties.664

The coordinatively flexible P/N-donor ligand PNn (411) reacts with [IrCl(cod)]2 in the presence
of AgPF6 to yield [Ir(cod)(PNn)](PF6), (412).665 The X-ray structure of (412) PNn= 1, R=H,
complex confirms the cis geometry of the ligand attached via N and P donor atoms to a square-
pyramidal IrI cod fragment with a long ethereal oxygen�Ir bond in an apical position. The IrI
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species undergoes intramolecular C�H bond activation at the benzylic position to give the
structurally characterized IrIII hydrido alkyl species (413). The structure of the related IrI com-
plex, PNn= 1, Me, has no obvious interaction between the Ir and the O atom.666

O
N

PPh2

H R

PNn ligand

(411)

IrH N
PO

PF6

(413)

Treatment of [Ir(cod)Cl]2 with the iminophospheranophosphine ligands, L, Ph2P*QP(Ph2):NR
(Q=CH2, CH2CH2, 1,2-C6H4, R= p-C6F4CN, C6H2F(NO2)2, C6H3(NO2)2) yields [Ir(cod)L]

þ, in
which L binds through the N atom and the P* atom of the ligand.667 Reaction of [Ir(cod)(THF)2]-
ClO4 with L=Ph2PC6H4NHC(O)Ph or Ph2PC6H4C(O)NHPh yields [Ir(cod)L]ClO4, where L is
acting as a P, N bidentate ligand.668 Treatment of [Ir(cod)Cl]2 with Ph2PC6H4NHR (R=CH2Ph)
yields [IrCl(cod)(Ph2PC6H4NHR)], (414); here the amine moiety is uncoordinated.669 If AgClO4 is
added to (414), then the bis P/N-chelated species [Ir(cod)(Ph2PC6H4NHR)] is generated, which
when heated gives (415).

Ir

H

NH

P
Ph Ph

(415) (416)

Ir

EPh2n(H2C)

N
Ph2P

N: :P

Me

ButO

OMeOBut

Ph

HH

P*-N-1

(417)

Oxidation of one phosphorus in Ph2PCH2PPh2 and on Ph2PC2H4AsPh2 with Me3SiN3 gives
the mixed-donor ligands Me3SiN¼PPh2CH2PPh2 andMe3SiN¼PPh2C2H4AsPh2, respectively.

670

These ligands react with [Ir(cod)Cl2]2 to form the metallacycles (416), where E=P, n= 1 and
E=As, n= 2.

The chiral ligand P*-N-1 (417) reacts with [Ir(cod)Cl] in the presence of NaBPh4 to yield [Ir(P*-
N-1)(cod)]BPh4, which contains a stereogenic phosphorus in addition to five contiguous stereo-
isomers in the ligand backbone.671 The binuclear complex [I(CO)2Ir(�-Ph2Ppy)2CdI2], (418),
(Ph2Ppy= 2-diphenylphosphinopyridine), characterized by X-ray crystallography, reveals an
Ir–Cd distance of 2.784(1) Å.672 The Ir center binds to the P-donor atoms and is in a distorted
octahedral geometry. A solid sample of (418) excited with UV light emits at 739 nm, with a
lifetime of 6.48 ms at room temperature.
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6.2.7.11.5 N/O

A review of dinuclear complexes of IrI bridged via 2-pyridone ligands (N/O donor atoms), by
Rawson and Winpenny, has been published in 1995.673

The 1,4-diaminoanthraquinolate ligand (1,4-da), (419), forms the binuclear complexes [Ir2(�-
1,4-da)L2] (L2= cod, (CO)2, (CO)(PPh3)), which undergo oxidative addition reactions with MeI
and I2.

674 The crystal structure of [NEt3H][Ir(cod)(HL)], HL= (420), exhibits square-planar Ir
bound to the N� and O� of (420). The solid-state structure shows intermolecular, hydrogen-
bonded dimers through the NH proton and the carbonyl oxygen (O*) atom.675 Additional
hydrogen bonding also exists amongst cation protons, solvent protons, and the ligand.
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Reaction of [Ir(cod)Cl]2 with NaL (L= 2-oxypyridinate (hp) or 6-methyl-2-oxypyridinate (mhp)
yields [Ir(cod)(�-L)]2 (421).676 The structure of (421), L= hp (422), reveals an Ir�Ir distance of
3.2412(1) Å. [Ir(cod)(hp)]2 undergoes a one-electron, quasi-reversible oxidation at þ0.332V vs.
Ag/AgCl. Reaction with Cl2 gives the structurally characterized IrIII complex [Ir(cod)(Cl)2(hp)].
[Ir(cod)(mhp)]2 is isostructural.677 Assignment of the 1H NMR spectra is given.

The binuclear complex (423) is formed via reaction Scheme 45. Electrochemical oxidation of
[NR4](423) (R=Pr, Bu) yields the metal-centered, partially oxidized, conductive material
[NR4]0.5, (423).

678 An EXAFS study indicates that the coordination sphere of the Ir is preserved
upon oxidation. The color of the dinuclear complexes [Ir2L(CO)4]

� (L= dcbi, 4,5-dicarboxyimid-
azole, dcbmi, 4,5-dicarboxyl-2-methylimidazole) depends on the cation (NMe4

þ, NHEt3
þ, NEt4

þ,
NBu4

þ) and is caused by intermolecular stacking interactions of the Ir metal.679
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Scheme 45

The structure of [Ir2dcbmi(CO)4]
� (424) is reported.680 The binuclear compounds were all

oxidized around þ0.1V vs. SCE, with the oxidation potential dependent on the solvent.681 Oxida-
tion of [NBu4][Ir2(dcbmi)(CO)4] results in growth of a conducting film on the surface. The
partially oxidized material [NBu4]0.5[Ir2(dcbmi)(CO)4] has been characterized by X-ray photoelec-
tron spectroscopy.
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6.2.7.11.6 N/S

The mono- and bidentate complexes (425) and (426), respectively, form from the reaction of
[Ir(cod)Cl]2 with mercaptopyrimidine.682 (426) reacts with CO, yielding the dicarbonyl analogue
through displacement of cod. One CO ligand may be replaced by PPh3, but further addition of
PPh3 results in a five-coordinate species.

6.2.7.11.7 P/O

Reaction Scheme 46 yields mixed P/O-donor ligand IrI complexes, which have been characterized
by 1H NMR spectroscopy.683 Reaction of [Ir(cod)Cl]2 with Ph2PNHP(O)Ph2 yields the mono-
dentate, P-bound complex [Ir(cod)(Cl)(Ph2PNHP(O)Ph2)] (427), which gives the bidentate, P/O-
bound species [Ir(cod)(Ph2PNP(O)Ph2)], (428) according to reaction Scheme 47.684 Complex (428)
undergoes a cis addition reaction with MeI to give [IrI(Me)(cod) (Ph2PNP(O)Ph2-P,O)], the
structure of which has been characterized by X-ray crystallography.
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6.2.7.11.8 O/S

The X-ray structure of (429) confirms the square-planar environment of the Ir center and the
planar nature of the S/O ligand.685 The related complex (430) shows similar Ir�O (2.030(7) Å)
and Ir�S (2.279(3) Å) distances to (439); however, the olefinic bonds are much longer in (430)
than in (429): 1.52 Å and 1.38 Å, respectively.686
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6.2.7.11.9 Multidentate ligands

Reaction of [Ir(cod)Cl]2 with tridentate diphosphine ligands, PNP, (431), (432), (433), and (434)
yields the complexes [Ir(PNP)(cod)]þ, which prove to be active catalysts for the hydrogenation of
imines.687
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(433) R = CH3

(432) R = H
(434) R = CH3

The IrIII species (435) isomerizes reversibly in polar solvents (EtOH, MeOH) to give the IrI

cation (436), which reacts rapidly with alkenes, alkynes, CO, and dihydrogen. The product species
have all been characterized by 1H{31P} and 1H NMR spectroscopy.688,689 Treatment of (435) with
NEt3 gave the neutral IrI species (437), which reacts with H2 to give a cis-IrIII species, and with
olefins and acetylenes to give five-coordinated IrI adducts.690 All species are studied using 1H,
13C, and 31P NMR spectroscopy.
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Reaction of [Ir(coe)(N(SiMe3CH2PPh2)2] with excess 1,3-butadiene yields the structurally
characterized, five-coordinate complex [Ir(C4H6)[N(SiMe2CH2PPh2)2], which contains the P2N
ligand coordinated in a quasi-facial manner, and the 1,3-butadiene bound in a s-cis-�4-�
mode.691

The thermal and photochemical reactions of IrIII complexes (438) and (439), respectively, yield
the same product species (440), R2=Ph2, Me2, HPh.692 Kinetic studies indicate that the reaction
involves the direct reductive transfer of the methyl to the phosphide via a three-centered transition
state. The crystal structures of (438) and (439) (R2=Ph2) are reported.
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The complexes [Ir(cod)dap][IrCl2(cod)], [IrCl(CO)(dap)], and [Ir(cod)(dap)]ClO4, containing the
tridentate ligand dap (dap= 2,6-diallylpyridine), have been characterized by IR and 1H NMR
spectroscopy.693

6.2.7.11.10 Biological complexes

The chloro bridges in [Ir(cod)Cl]2 are cleaved by �-amino acid esters to yield [(cod)Ir(Cl)(L)]
(L=GlyOEt, L-AlaOMe, L-ValOMe).694

Prochiral aryl and dialkyl ketones are enantioselectively reduced to the corresponding alcohols
using whole-cell bioconversions, or an IrI amino sulfide catalyst prepared in situ.695 Comparative
studies show that the biocatalytic approach is the more suitable for enantioselective reduction of
chloro-substituted ketones, whereas reduction of �,�-unsaturated compounds is better achieved
using the IrI catalyst. An important step in the total synthesis of brevetoxin B involves hydro-
genation of an ester using [Ir(cod)(py){P(cy)3}]PF6.

696

Several transition-metal complexes were evaluated for their in vitro antifilarial activity, with
(441) proving the most active towards infective larvae of Molinema dessetae.697 The study of the
antimetastatic properties of RhI and IrI derivatives of [Mchel(L-L)]þ/0, chel= pyridinalimine,
acac; L-L= 1,5-hexadiene, cod, norbornadiene, reveals that the RhI complexes were more
active than the IrI species.698 The same group reports a higher anti-inflammatory activity on
carrageenin paw edema in rats for [Ir(cod)Cl]2 than for [Rh(cod)Cl]2.
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The in vitro trypanocidal and antitumor activities of [Ir(cot)L], cot= cyclotetraene, derivatives of
dithiocarbamates and xanthates, have been investigated.700 The Ir complexes were characterized by IR
spectroscopy, and MO calculations (Hückel) were performed on the ligands. Similar studies were
performed on [Ir(nbr)L], nbr= norbornadiene, L= derivatives of alquil and aryl xanthates;701 and also
on [Ir2(cod)2L]X2, where L= 2-hydroxystilbamidine, X=Cl, NO3, ClO4, BPh4, and [Ir(cod)L20]X,
where L0 = benznidazole, Ro-2516, nifurtimox, niridazole. The complex [Ir2(cod)2(2-hydroxystilbami-
dine)](BPh4)2 showed the highest activity, as studied by optical microscopy of rats’ kidneys.702

The key intermediate for the antibacterial agent levofloxcin, (S)-(�)-7,8-difluoro-2,3-dihydro-
3-methyl-4H-1,4-benzoxazin, was prepared by the asymmetric hydrogenation of (442) by
the catalyst system made in situ from [Ir(cod)Cl]2, biphosphine and bismuth(III) iodide.703 The
product was isolated in 96% yield, with an enantiomeric purity of 90% for the biphosphine
(2S,4S)-BPPM,(2S,4S)-N-(t-butoxy-carbonyl)-4-(diphenylphosphino)-2-[(diphenylphosphino)methyl]-
pyrrolidine.

Ir(CO)2(aniline-dithiocarbamate) shows a moderate activity against Ehrlich ascites at 50mgkg�1.704

The synthesis of air-unstable [Ir2(�-L)(cod)2], where H2L=RiSSH2(1,2-O-isopropylidene-2,5-dithio-
�-D-ribofuranose, XySSH2(1,2-O-isopropylidene-3,5-dithio-�-D-xylofuranose), is described.705
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6.2.7.12 Catalytic Complexes

Table 2 details IrI complexes which are active catalysts in the given reactions. For more detailed
descriptions of catalytic systems, see relevant section in series.

Table 2 Iridium(I)-based catalyst systems.

Catalyst system Catalyzed reaction References

[Ir(cod)(S-binap)]BF4 / Ir(cod)
(S-H8-binap)]BF4þP(Ph)
(C6H4Nme2-2)2

Enantioselective hydrogenation of
acyclic aromatic ketones PhCOR
(R= alkyl, cycloalkyl) to alcohols

706

Ir(ClO4)(CO)(PPh3)2 (i) Hydrogenation of aliphatic ketones
to alcohols

707

(ii) Hydrogenation of aldehydes to alcohols 708
(iii) Hydrogenation of unsaturated aldehydes 709
(iv) Hydrogenation of unsaturated esters 710
(v) Hydrogenation of 1,4-dicyanobutene 711
(vi) Isomerization of allylic alcohols to
ketones or aldehydes

712

(vii) Carbonylation of benzyl alcohols to
phenylacetic acids

713

IrCl(PPh3)3 or IrCl(CO)(PPh3)2 or
[Ir(CO)(PPh3)3]ClO4

Hydrogenation of unsaturated aldehydes to
alcohols

714

[Ir(cod)(PhCN)(PPh3)]ClO4 (i) Double bond migration of allylic alcohols
to generate enols

715

(ii) Hydrogenation of nitriles to amines 716
[Ir(cod)(RS(CH2)nSR)]BF4 where
n= 2–4, R= iPr, Me

Hydrogenation of 1-hexene and itaconic acid 717

[Ir(cod)(tht)(PR3)]ClO4, R=Me, p-MePh,
p-ClPh, OMe, OPh, [Ir(cod)(tht)2]ClO4,
[Ir(cod)(�-L)]2(ClO4)2, L= tht, SMe2

Hydrogenation of 1-heptene to mixture of
heptane and heptene isomers

718

[Ir(cod)(PPh3)2]ClO4 Oligomerization of phenylacetylene to
1,3-diphenylbut-1-yn-3-ene

719

[Ir(cod)(PPh3)(PhCN)]ClO4 Oligomerization of phenylacetylene to
1,3,5-triphenylbenzene

[Ir(cod)(PPh3)2]PF6 Oligomerization of phenylacetylene to
(Z ) 1,4-diphenylbut-1-yn-3-ene

[Ir(cod)(PPh2R)2]X, R=Me,
X=BF4, PF6, and R=Ph, X=BF4

Deuterium exchange into aromatic substrates 720

[Ir(cod)Cl]2þ (4R, 5R-mod-diop)
þ nBu4NI

Asymmetric hydrogenation of N-
(�-methylbenzylidene)benzylamine,
2,3,3-trimethylindolenine

721

[Ir(cod)Cl]2þ bcpmþ (a) nBu4NI or NiI3
(b) phthalimideþ other imides or amides

Asymmetric hydrogenation of imines 722

(i) Asymmetric hydrogenation of cyclic
ketimines

723

(ii) Asymmetric hydrogenation
of 1-aryl-3,4-dihydro-6,
7-dimethoxyisoquinoline

724

[Ir(cod)Cl]2þ (R)-binapþ
3,4,5,6-tetrafluorophathalimide

Asymmetric hydrogenation of
1-benzyloxymethyl-3,4-dihydro-6,
7-dimethoxyisoquinodine

725

[IrCl(CO)3]n Cycloisomerization of enynes 726
IrCl{HN(CH2CH2PPh2)2} Hydrogenation of cyclohexene 727
IrCl{HN(CH2CH2AsPh2)2} 728
(a) [Ir(cod)I(NNR*)] Asymmetric hydrogen transfer from

propan-2-ol to prochiral ketones
729

(b) Ir(cod)(chiraphos)]þ or
[Ir(cod)(prophos)]þ

730

[Ir(cot)2Cl]2þNNN Hydrogen transfer to PhCOMe 731
[Ir(cod)L2

P]PF6 Migration of double bond in allyl silanes 732
(a) [Ir(cod)Cl]2þNN Hydrogenation of alkyl aryl ketones 733
(b) [Ir(cod)Cl]2þ 734
(c) [Ir(cod)(NN*)Cl]2þ (NS) 735
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6.2.8 IRIDIUM(0)

There are few reported coordination compounds of Ir0. Monomeric Ir0 species are paramagnetic
(d 9 electronic configuration), and binuclear compounds are diamagnetic with a metal–metal bond.

6.2.8.1 Nitrogen Ligands

The dark brown Ir0 complex [Ir(NO)(�-SBut)(PPh3)]2, (443), is prepared according to Reaction
Scheme 48.747 (443) contains two tetrahedral Ir0 centers with a linear nitrosyl ligand (
NO= 1,646 cm�1

and 1,676 cm�1), and is diamagnetic.

Ir

N
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Cl PPh3

Ph3P Cl
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N

O
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O

SS
But tBu

70οC

NaSBut
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Scheme 48

6.2.8.2 Phosphorus Ligands

6.2.8.2.1 Monomeric complexes

The dark brown complex [Ir(dppf)2] (444), dppf= 1,10-bis(diphenylphosphineoferrocene), is gen-
erated by either the one-electron reduction of [Ir(dppf)2]

þ (445) or by the comproportionation
reaction of (445) and (446), as shown in Reaction Scheme 49.753 The geometrical environment of
the Ir center in (444) is between the highly distorted, square-planar [Ir(dppf)2]

þ and the slightly
irregular tetrahedral geometry of [Ir(dppf)2]

1�. Complex (444) exhibits an EPR signal in toluene at
120K in keeping with its d 9 electronic configuration.754

Table 2 continued

Catalyst system Catalyzed reaction References

[Ir(cod)(PPh3(PhCN)]BF4 Hydrogenation of double bond of vinyl epoxides 736
[Ir(cod)Cl]2þ (R)-dipof Hydrosilylation of ketones 737
[Ir(dppe)(CO)Br] and
[Ir(PPh2Me)2(CO)Cl]

Dimerization and cyclotrimerization of acetylenes 738

[Ir(cod)(Pcy3)(py)]PF6þ
catecholborane

Hydroboration of olefins 739

[Ir(CO)Cl(PPh3)2] Hydrosilylation of 1-alkynes 740
IrH(CO)2(dppe) or IrBr(CO)(dppe)
or IrCl(CO)(PPh3)2

Photochemical carbonylation of benzene 741

[Ir(dmp-S)(cod)]þ Water-gas-shift reaction 742
[Ir(cod)Cl]2þ bdpopþ KOH,
Et3N or NaOMe

Asymmetric transfer hydrogenation
of ketones

743

[Ir(CO)Cl(PPh3)2] Decarbonylation of formate esters 744
[Ir(cod)Cl]2þ binapþ benzylamine Hydrogenation of imines 745
[Ir(cod)(Ph3P¼S)2]ClO4 Hydrogenation of olefins 746

[Ir(dppf)2]+
e-

[Ir(dppf)2]0
e-

[Ir(dppf)2]-

(445) (446)(444)

Scheme 49
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6.2.8.2.2 Dimeric complexes

The dimer [Ir(CO)2(dmpm)]2, (447), (dmpm= bis(dimethylphosphino)methane) is prepared via
the reaction of [Ir(cod)Cl]2 and dmpm in toluene at 0 �C.748 (447) reacts with Me3NO and then
further with CO2 to produce a binuclear IrI complex (Reaction Scheme 50).

3[Ir(CO)2(dmpm)2

              (447)

3Me3NO

3CO
3[Ir2(CO)(dmpm)2] + 3CO

–2CO2 +2CO2

2[Ir(CO)2(dmpm)]2 + [Ir(CO)(dmpm)]2(-CO3)

Scheme 50

The IrII�Ir0 mixed-valence complex Ir2{MeN[P(OEtF3)2]2}3Cl2, (448), (OEtF3=OCH2CF3) is
prepared by treatment of [Ir Cl(cod)]2 with three equivalents of MeN(P(OEtF3)2.

749 X-ray
diffraction analysis of (448) reveals the Ir0 center coordinated to two bridging P atoms and
one bidentate P2 ligand, and the IrII center bound to the other end of the two bridging ligands
and two terminal chloride ligands. The iridium metal centers are connected via a single metal–
metal bond.

6.2.8.3 Mixed-donor-atom Ligands

6.2.8.3.1 C/P

The mixed-donor-atom Ir0-containing species [Ir(troppPh)2], (405), is prepared according to
Reaction Scheme 43.755 The single-crystal X-ray structure of (405) reveals the two P centers of
each troppPh ligand are coordinated in trans positions, and the Ir center deviates significantly
from square-planar geometry. The deep green, paramagnetic d9 complex has a magnetic moment
of 1.7 B.M. (405) reacts with H2O to give the IrI hydride and hydroxide species (449) and (450),
respectively, as shown in reaction Scheme 51.756

2[Ir(troppPh)2] + H2O
        (405)

[Ir(troppPh)2H] + [Ir(troppPh)2OH]
        (449)                (450)

Scheme 51

The high-resolution EPR spectra of the 17-electron complex (446) have been studied in
combination with pulse ENDOR and ESEEM techniques.750

6.2.8.3.2 N/P

The mixed-donor bidentate ligand O-Ph2PC6H4-CH¼NR (R=Et, iPr, tBu) (PNalkyl) binds to
IrI giving [(PNalkyl)2Ir]

þ, which undergoes reversible electron transfer to the Ir0 species at around
�1.50V vs. SCE.751 The Ir0 complex shows an axial EPR signal at 100K (gk= 2.032, g?= 1.999),
with no appreciable coupling to 193Ir.

6.2.9 IRIDIUM (-I)

Coordination compounds of d10, diamagnetic, Ir(-I) are very rare and are almost always synthe-
sized via reduction of the parent IrI d8 complex. The synthesis, characterization, and chemical
properties of highly reduced metal carbonyl anions, including Ir, have been reviewed by Ellis in
1990.752
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6.2.9.1 Phosphorus Ligands

Chemical or electrochemical reduction of [Ir(dppf)2]
þ, (445), in THF yields the Ir0 complex (444)

and the dark red Ir(-I) d10 species [Ir(dppf)2]
1�, (446), according to Reaction Scheme 49.753 The

crystal structure of [Na(THF)5][Ir(dppf)2]�THF shows that the Ir(-I) center is bound to two
chelated dppf molecules in a slightly distorted tetrahedral environment. Reduction of IrI to Ir0

to Ir(-I) causes a stepwise decrease of the Ir�P bond lengths of 0.04 Å and 0.05 Å, respectively, with
a concomitant increase of the bite angle of diphosphine from 94.3 � in (445) to 102.3 � in (446).754

6.2.9.2 Mixed-donor-atom Ligands

6.2.9.2.1 C/P

X-ray structural studies of the diamagnetic anion (406) confirm that the Ir(-I) center is in
a distorted coordination geometry intermediate between square planar and tetrahedral, with the
P donor atoms in a cis position. The metal–ligand bond distances do not show significant changes
among (404), (405), and (406). The IrI/0 and Ir0/(-I) redox couples are measured at easily
accessible potentials and are solvent dependent.

6.2.10 ABBREVIATIONS

acac= acetylacetonate
AH= adenine
Hal=�-alanine
50-AMPH2= adenosine-5-monophosphate
[9]aneS3= 1,4,7-trithiacyclononane
ap= 2-aminopyridinato (ap) and
anp= 2-anilinopyridinato
50-ATP4�= adenosine-50-triphosphate
aza= azindolate
big= bis(1-methylimidazol-2-yl)glyoxal
bim= 2,20-bi-imidazolate (2-)
Bn= benzyl
bnda= 2,20-diamno-1,10binaphthyl
bpm= bis(pyrazol-1-yl)methane
bpy= 2,20-bipyridine
bq= 7,8-benzoquinolinate
bqNH2= 2-amino-7,8-benzoquinolinate
cat= 1,2-O2C6H4

CBP= 4,40-N,N0-dicarbazole-biphenyl
chel= pyridinalimine
cysta= cystamine
cod= 1,5-cyclooctadiene
coe= cyclooctene
cot= cyclotetraene
cp= cyclopentadienyl
cp*= pentamethylcyclopentadienyl
cy=C6H11

p-cymene= p-isopropylmethylbenzene
cyttp=C6H5P[CH2CH2CH2P(C6H11)2]2
1,4-da= 1,4-diaminoanthraquinolate ligand
dap= 2,6-diallylpyridine
daba= bis[2-(diphenylarsino)ethyl] benzylamine
dcbi= 4,5-dicarboxyimidazole
dcbmi= 4,5-dicarboxyl-2-methylimidazole
dcpe= 1,2-bis(dicyclohexylphosphino)ethane
dfepe= (C2F5)2PCH2CH2P(C2F5)2
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diphos= dppe
Hdipy= 2,20-dipyridylamine ligand
dma= dimethyl acetylenedicarboxylate, MeO2CC:CCO2Me
DMA= 1,3-dimethylalloxazino
DMB= dimethoxybenzene
dmpm= bis(dimethylphosphino)methane
dmpz= 3,5-dimethyl pyrazole
dpba= bis[2-diphenylphosphino)ethyl] benzylamine
dpes= o-diphenylphosphinobenzoic acid ethyl ester
dpfpe= 1,2-bis(di(pentafluorophenyl)phosphino)ethane
dppe= 1,2-bis(diphenylphosphino)ethane
dppf= 1,10-bis(diphenylphosphinoferrocene)
dppn= 3,6-bis(20-pyridyl)pyridazine
dppz= dipyrido[3,2-a:20,30-c]phenazine
dpt-NH2= 4-amino-3,5-bis(2-pyridyl)-4H-1,2,4-triazole
dtc=N,N0-diethyldithiocarbamate
edmp= (2-aminoethyl)dimethyl phosphine
edpp= (2-aminoethyl)diphenylphosphine
9-EtA= 9-ethyladenine
form=N,N0-di-p-tolylformamide, CH(N-p-C6H4Me)2
Fppy= 2-(4,5-difluorophenyl)pyridine
Fppy= 2-(4,6-difluorophenyl)pyridine
GH= guanine
Hgl= glycine
His= histidine
Gu=H2NC(:NH)NHC(:O)NH2

Haza= 7-azaindolate (1H-pyrrole[2,3-b]pyridine
hp= 2-oxypyridinate
HXH= hypoxanthine
LiBzim= lithium N-benzyl-2-imidazolate
mdmpp= 2,6-dimethoxyphenyl(diphenylphosphine)
mes=C6H2Me3-2,4,6
mnt=maleonitriledithiolate
mph= 6-methyl-2-oxypyridinate
mppy= 3-methyl-2-phenylpyridine
4mptr= 4-methyl-3-(pyridin-2-yl)-1,2,4-triazole
mpz= 3-methylpyrazole
MV2þ=methyl viologen
nbr= norbornadiene
np3=N(CH2CH2PPh2)3
NSiN=Bis(8-quinolyl)methyl silane
1-nqoH= 1,2-naphthoquinone-1-oxime
Oac= acetate
oep= octaethylporphyrin
OEtF3=OCH2CF3

otf=OSO2CF3

pc= phthalocyaninato(2-)
phen= 1,10 phenanthroline
(R)-(S)-PPFPP= (S)-1-(diphenylphosphino)-2-[(R)-1-(diphenylphosphino)ethyl]ferrocene
P^P^P= bis ((diphenylphosphine)methyl)phenylphosphine
PSS= poly(styrenesulfonate)
ptpy= 2-(p-tolyl)pyridine
py= pyridine
pz= pyrazole
pz-N-H= 3,5-dimethyl-, 3,5-dimethyl-4-nitro-, 3,5-bis(trifluoromethyl)pyrazole
satH= salicylaldehyde thiosemicarbazone
H2Tcbim= 4,40,5,50-tetracyano-2,20-biimidazole
tcep= tris(cyanoethyl)phosphine
tcne= tetracyanoethylene
tdmpp= tris(2,6-dimethoxyphenyl)phosphine
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tdppmcy= cis,cis-1,3,5-tris[(diphenylphosphanyl)methyl]-cyclohexane
tetras=As(o-C6H4AsMe2)3
tfb= tetrafluorobenzobarrelene
Hthpy= 2-(2-thienyl)pyridine
tht= tetrahydrothiophene
tmb= 2,5-diisocyano-2,5-dimethylhexane
tmpp= tris(2,4,6-trimethoxyphenyl)phosphine
TpMe2= hydrotris(3,5-dimethyl-1-pyrazolyl)borate
tppts=m-sulfonatophenyl sodium diphenyl phosphine
tppms=m-sulfonatophenyl potassium diphenyl phosphine
triphos= 1,1,1-tris((diphenylphosphino)methyl)ethane
troppPh= dibenzotropylidenyl phosphine
ttp=C6H5P[CH2CH2CH2P(C6H5)2]2
tz= triazolate
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694. Krämer, R.; Polborn, K.; Wanjek, H.; Zahn, I.; Beck, W. Chem. Ber. 1990, 767–778.
695. Hage, A.; Petra, D. G. I.; Field, J.; Schipper, D.; Wijinberg, J. B. P. A.; Kamer, P. C. J.; Reek, J. N. H.;

Van Leeuwen, P. W. N. M.; Wever, R.; Schoemaker, H. E. Tetrahedron Asym. 2001, 12, 1025–1034.
696. Nicolaou, K. C.; Theodorakis, E. A.; Rutjes, F. P. J. T.; Sato, M.; Tiebes, J.; Xiao, X.-Y.; Hwang, C.-K.; Duggan,

M. E.; Yang, Z. Couladouros E. A.; Sato, F.; Shin, J.; He, H.-M.; Bleckman, T. J. Am. Chem. Soc. 1995, 117,
10239–10251.

697. Loiseau, P. M.; Jaffe, J. J.; Craciunescu, D. G. Int. J. Parasitol. 1998, 28, 1279–1282.
698. Sava, G.; Zorzet, S.; Perissin, L.; Mestroni, G.; Zassinovich, G.; Bontempi, A. Inorg. Chim. Acta 1987, 137, 69–71.
699. Sava, G.; Piccini, P.; Mestroni, G.; Zassinovich, G.; Bontempi, A. in vivo 1987, 1, 27–30.
700. Craciunescu, D. G.; Molina, C.; Alonso, M. P.; Iglesias, E. P.; Lopez, A. D.; Doadrio-Villarejo, J. C.;

Gaston de Iriarte, E.; Ghirvu, C. I.; Ercoi, N. An. R. Acad. Farm. 1990, 56, 181–200.
701. Craciunescu, D. G.; Molina, C.; Alonso, M. P.; Iglesias, E. P.; Doadrio-Villarejo, J. C.; Gutierrez-Rios, M. T.;

Gaston de Iriarte, E.; Ghirvu, C. I.; Ercoi, N. An. R. Acad. Farm. 1990, 56, 469–486.
702. Craciunescu, D. G.; Iglesias, E. P.; Alonso, M. P.; Doardrio-Villarejo, J. C.; Rios, M. T. G.; De Frutos, M. I.;

Molina, C.; Lorenzo-Molina, C.; Fombona, G. C. et al. An. R. Acad. Farm. 1993, 59, 73–97.
703. Satoh, K.; Inenaga, M.; Kanai, K. Tetrahedron Asym. 1998, 9, 2657–2662.
704. Craciunescu, D. G.; Scarcia, V.; Furlani, A.; Papaioannou, A.; Parrondo-Iglesias, E. Met. Ions Biol. Med., Proc. Int.

Symp., 1st 1990, 462–464.
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3127–3147.

# 2003, Elsevier Ltd. All Rights Reserved
No part of this publication may be reproduced, stored in any retrieval system or
transmitted in any form or by any means electronic, electrostatic, magnetic tape,
mechanical, photocopying, recording or otherwise, without permission in writing
from the publishers

Comprehensive Coordination Chemistry II
ISBN (set): 0-08-0437486

Volume 6, (ISBN 0-08-0443281); pp 147–246

246 Iridium



6.3
Nickel

F. MEYER

Georg-August-Universität Göttingen, Germany

and

H. KOZLOWSKI

Wroclaw University, Poland

6.3.1 INTRODUCTION 249
6.3.2 RELEVANCE IN BIOINORGANIC CHEMISTRY AND MATERIALS CHEMISTRY 249
6.3.2.1 Nickel in Biology 249
6.3.2.2 Nickel in Materials Chemistry 251

6.3.3 COMPLEXES OF NICKEL(III) AND NICKEL(IV) 252
6.3.3.1 Introduction 252
6.3.3.2 Cyano Complexes 252
6.3.3.3 Complexes with N-donor Ligands 252
6.3.3.3.1 Complexes with nonmacrocyclic N-donor ligands 252
6.3.3.3.2 Complexes with macrocyclic N-donor ligands 254

6.3.3.4 Complexes with Ligands Containing Phosphorus, Arsenic, and Antimony 259
6.3.3.5 Complexes with O-donor Ligands 260
6.3.3.6 Complexes with Ligands Containing S- and Se- donors 261
6.3.3.7 Halide Complexes 265
6.3.3.8 Complexes with Bioligands 266
6.3.3.8.1 Complexes with peptides, amino acids, and related ligands 266
6.3.3.8.2 Complexes with oximes and related ligands 267
6.3.3.8.3 Complexes with porphyrins and related ligands 268

6.3.3.9 Complexes with Mixed Donor Set Ligands 271
6.3.3.9.1 Complexes with mixed {N,O} ligands 271
6.3.3.9.2 Complexes with mixed {N,S} ligands 271
6.3.3.9.3 Complexes with miscellaneous ligands 273

6.3.4 COMPLEXES OF NICKEL(II) 275
6.3.4.1 Advances in Structural Trends and Spectroscopy of Nickel Complexes 275
6.3.4.1.1 General structural features 275
6.3.4.1.2 Electronic absorption spectroscopy 277
6.3.4.1.3 NMR spectroscopy 277
6.3.4.1.4 EPR spectroscopy 278
6.3.4.1.5 XAS at the nickel K-edge 279
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6.3.1 INTRODUCTION

The basic properties of nickel and the coordination chemistry of nickel reported until 1983 have
been comprehensively described in Comprehensive Coordination Chemistry (CCC, 1987). Hence,
work published prior to 1983 will not be mentioned here, and the reader should generally refer
to the respective chapters of CCC—only at some points specific reference to CCC is given. Also,
the basic geometric preferences and the electronic and spectromagnetic properties of nickel in its
various oxidation states will not be recapitulated, since an excellent overview is included in the
first edition and only selected recent advances are added in this second edition.
Coordination chemistry in general—and the coordination chemistry of nickel in particular—

has flourished since the early 1980s, stimulated by, inter alia, the discovery of an increasing
number of fascinating nickel centers in metalloprotein active sites, the use of nickel in
catalysis, and the booming interest in materials with specific physical properties related to
magnetism, nonlinear optics, superconductivity, etc. As a consequence, an enormous amount
of work dealing with nickel coordination compounds has appeared in the literature, and a
comprehensive review is a mission impossible. We have tried to mention most of the important
areas, but some unbalanced coverage is inevitable and we apologize in advance for all those
studies that—albeit certainly important—we have overseen or omitted. Except for some
isocyanide complexes, compounds in which Ni—C bonds play a dominant role are not
included in this compilation.
For many years, the coordination chemistry of nickel has been included in annual reviews.1–10

6.3.2 RELEVANCE IN BIOINORGANIC CHEMISTRY
AND MATERIALS CHEMISTRY

6.3.2.1 Nickel in Biology

In 1975, Zerner discovered that urease is a nickel enzyme, and the role of Ni in biology has been
rapidly expanding since then.11–18 The list of nickel-dependent enzymes includes urease, E. coli
glyoxalase I (E. coli Glx I), [NiFe]-hydrogenase, methyl-CoM reductase (MCR), CO dehydro-
genase (CODH), and acetyl CoA synthase (ACS), all of which have been crystallographically
characterized. In addition, a Ni-containing superoxide dismutase (NiSOD) has been reported,19

and some enzymes such as peptide deformylase are active with Ni while not known to naturally
occur as a Ni enzyme.20–22 Ni proteins are characterized by their diversity with respect to
structure and function: urease and E. coli Glx I are nonredox enzymes that catalyze the hydrolysis
of urea or the second reaction step in �-keto aldehyde detoxification (i.e., the isomerization of the
glutathione adduct of the �-keto aldehyde), whereas [NiFe]-hydrogenase, MCR, CODH, ACS,
and NiSOD are involved in various redox chemistries.
The dinuclear active site of urease (1) has been studied in great detail23–29 and has inspired

manifold model studies—hence a separate section, Section 6.3.4.12.7, is dedicated to the coordin-
ation chemistry related to urease. E. coli Glx I is the first example of a Ni-dependent isomerase and
contains a single NiII ion coordinated by two histidines, two axial carboxylates of glutamic acid, and
two water molecules (2).30–32 It is not active with Zn bound, which is believed to result from the
inability of the Zn-substituted enzyme to bind a second aqua ligand and to adopt a six-coordinate
structure.
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Nickel is found in thiolate/sulfide environment in the [NiFe]-hydrogenases and in CODH/ACS.33

In addition, either a mononuclear Ni-thiolate site or a dinuclear cysteine-S bridged structure are
assumed plausible for the new class of Ni-containing superoxide dismutases, NiSOD (3).34 [NiFe]-
hydrogenase catalyzes the two-electron redox chemistry of dihydrogen. Several crystal structures
of [NiFe]-hydrogenases have demonstrated that the active site of the enzyme consists of a
heterodinuclear Ni—Fe unit bound to thiolate sulfurs of cysteine residues with a Ni—Fe distance
below 3 Å (4).35–39 This heterodinuclear active site has been the target of extensive model studies,
which are summarized in Section 6.3.4.12.5.
CODHs catalyze the reversible dehydrogenation of CO and H2O to CO2 and has many

functions important to the global carbon cycle.33,40 Inter alia, phototropic anaerobes have the
ability to use CO as their carbon and energy source, which is based on the oxidation of CO to
CO2 catalyzed by CODHs. Some CODH enzymes also participate in the synthesis or disas-
sembly of acetyl CoA. These so-called CODH/ACS enzymes thus have a dual role and contain
two metal-containing active sites connected by a hydrohopic channel: the metallocluster found
in the CODH subunit reduces CO2 to CO, and that in the ACS subunit uses the formed CO
and a methyl group to assemble acetyl CoA. Both sites contain nickel. Two structures of
CODH enzymes appeared in 2001 and revealed that—contrary to previous assumptions—the
Ni is completely integrated in the Fe/S cluster (5a, b).41,42 This has been proposed to allow
the Ni ion to formally remain in the EPR silent NiII oxidation state even in the CO-reduced
state, despite the fact that the Ni is the likely site of CO binding. Indeed, one of the two
structures shows a fifth ligand bound to Ni (5b), but the overall structures of the clusters
differ significantly, possibly indicating considerable rearrangement between different oxidation
states.
The crystal structure of a CODH/ACS enzyme was reported only in 2002.43,44 It reveals a trio

of Fe, Ni, and Cu at the active site (6). The Cu is linked to the Ni atom through two cysteine-S,
the Ni being square planar with two terminal amide ligands. Planarity and amide coordination
bear some resemblance to the Ni porphinoid in MCR. A two-metal ion mechanism is likely for
acetyl CoA synthesis, in which a Ni-bound methyl group attacks an adjacent Cu—CO fragment
with formation of a Cu-acyl intermediate. A methylnickel species in CODH/ACS has been
identified by resonance Raman spectroscopy.45

250 Nickel



Ni

S
S

S

Fe

Fe

Fe

S S

Fe

SCys

SCys

SCys

SCys

SCys

NHis

Ni

S S

S

Fe

Fe

Fe

S SCys

Fe

X
SCys

SCys

SCys

SCys

NHis

(5a) (5b)

Fe

S S

S

Fe

Fe

Fe

S

SCys

Cu

SCys

SCys

SCys

CysS

CysS

(6)

Ni
NHis

NHis

L
N

Ni
N

NN

(7)

COOH

HN

O

COOH

O

COOH

H

HHOOC

H2NOC

H

HOOC

MCR catalyzes the final chemical step in methane formation by strictly anaerobic methanogens
(methanoarchaea).46 The reaction involves a formal two-electron reduction of a methylthioether,
methyl-coenzyme M (H3C-S-CoM), by N-7-mercaptoheptanoylthreonine phosphate (HTP-SH,
coenzyme B, CoB-SH) to yield methane and the mixed disulfide CoM—S—S—CoB. The key
component is an unusual Ni tetrahydrocorphinoid cofactor (F430, (7)),

47,48 and the assumed
mechanism involves an intermediate Ni—CH3 species. The redox chemistry of F430 has been the
subject of numerous EPR studies (both on the enzyme and on model systems) as well as quantum
chemical studies, where NiI, NiII, and NiIII states have been characterized and proposed as
intermediates in the catalytic cycle.49–51 Model systems for MCR are mentioned in the respective
chapters dealing with Ni–porphyrin and Ni–tetraazamacroclic complexes as well as in Section
6.3.4.11.7.

6.3.2.2 Nickel in Materials Chemistry

Nickel plays a prominent role in several areas of materials chemistry. However, in this review
only in cases where Ni coordination chemistry is central to the physical properties will this
relevance be mentioned specifically, and compounds are usually ordered according to their
respective donor set. Some topical interplay between Ni coordination chemistry and materials
science exists in the use of Ni-containing alkoxides for the synthesis of ceramic materials by
MOCVD and sol–gel processes,52 the preparation and nanoscopic dendrimers incorporating
Ni,53,54 the construction of 3D hybrid inorganic–organic porous materials with Ni coordination
units,55,56 and the fabrication of supported Ni catalysts and Ni nanostructures through
nanotechnology.57,58 The relevance of Ni complexes with dithiolene-type ligands in the areas
of, inter alia, conducting and magnetic materials is mentioned in Section 6.3.4.7.10. Paramag-
netic high-spin NiII has found particular attention in the field of molecular magnetism,
culminating in the recent discovery of the first single molecule magnets based on NiII cen-
ters.59–61 Magnetic properties of some prominent classes of polynuclear NiII compounds are
presented in Section 6.3.4.13.
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6.3.3 COMPLEXES OF NICKEL(III) AND NICKEL(IV)

6.3.3.1 Introduction

There is increasing interest in high-valent Ni, both because of the relevance of NiIII in some
bioinorganic sites and because of the high reactivity of the high-valent species. An account of the
chemistry of NiIII and NiIV has been published,62 and the redox chemistry of nickel has been
reviewed.63 In particular, the general steric and electronic requirements and the methods of study
of NiIII and NiIV complexes have previously been summarized—hence these aspects will not be
covered here. Also, the mechanisms and kinetics of electron transfer reactions of NiIII and NiIV

complexes have been reviewed.64

Ligands used to fulfill the requirements for stabilizing NiIII and NiIV states are particularly
deprotonated amides and oximes as well as certain macrocyclic N-donor ligands. Since many
studies of NiII complexes include reports on the electrochemical NiII/NiIII redox potentials, the
reader should also refer to the respective NiII sections when looking for individual ligand sets.
Section 6.3.3 does not give an exhaustive compilation, but instead focuses on selected examples
where the high-valent Ni states have been the central aspect of the work. Since dinuclear (and
oligonuclear) complexes that incorporate NiIII (or even NiIV) are usually prepared from the
respective NiII compounds, these systems are not covered here (with few exceptions), and the
reader should refer to the respective section of the NiII part for some further information.

6.3.3.2 Cyano Complexes

The NiIII complex trans-[Ni(CN)4(H2O)2]
� can be generated in aqueous solution by the oxidation of

[Ni(CN)4]
2�, either by bulk electrolysis or chemically.65 Chlorine oxidation of aqueous solutions of

[Ni(CN)4]
2� has been the subject of a detailed kinetic study.66 Three parallel paths were found,

determined by the species present in Cl2/H2O solutions (Cl2, Cl2O, HOCl). The fastest reaction is
oxidation by Cl2O (1.3� 107M�1 s�1 at 25 �C, �= 0.10M), the formation of which is catalyzed by
acetic acid. The reaction is proposed to proceed via Clþ transfer, affording a transient NiIV species.

trans-[Ni(CN)4(H2O)2]
� is moderately stable at low concentrations in acidic solutions, but

decays rapidly in base. The base decomposition is slower in the presence of excess cyanide.67 The
interaction of axially bound water with NiIII has been investigated using electron spin echo
envelope modulation with different pulse sequences.68,69 Cyclic voltammetry of [Ni(CN)4(H2O)2]

�

gives a formal reduction potential of 1.19V (vs. NHE) for the [NiIII,II(CN)4]
1�/2� couple.

Although it is a strong oxidizing agent, [Ni(CN)4(H2O)2]
� coordinates excess cyanide to form

[Ni(CN)6]
3�, which gives an anisotropic EPR spectrum at �190 �C, with g?= 2.081 and

gk= 2.010. At �35 �C the frozen EPR spectrum collapses to an isotropic signal, because the six
cyanides become equivalent due to dynamic Jahn–Teller distortion.67

In addition, the labile aqua species trans-[NiIII(CN)4(H2O)2]
� is a useful source of various

tetragonally elongated NiIII complexes through the displacement of the axial water ligands. NiIII

complexes that have been prepared via this intermediate include [Ni(CN)4(NCO)2]
3�,

[Ni(CN)4(Cl)2]
3�, [Ni(CN)4(NCCH3)2]

�, [Ni(CN)4(py)2]
�, [Ni(CN)4(N3)2]

3�, [Ni(CN)4(imi-
dazole)2]

�, [Ni(CN)4(NH3)2]
�, [Ni(CN)6]

3�, and [Ni(CN)4(bpy)]
�. The products can be detected

and analyzed using EPR spectroscopy, indicating a variety of tetragonally elongated complexes
with two equivalent axial donor ligands.67

Cyanide binds to a series of NiIII complexes with {N3O2} chelate ligands, and EPR spectra of
the adducts indicate quasi-axial symmetry with a g pattern typical of low-spin, six-coordinate
complexes with axial elongation and with a 2A1 ground state. No direct spin interaction of the
unpaired electron with the carbon atom of the cyanide takes place.70

6.3.3.3 Complexes with N-donor Ligands

6.3.3.3.1 Complexes with nonmacrocyclic N-donor ligands

In CCl4 suspension, chlorine oxidation of [Ni(diamine)3]Cl2 affords unstable orange
[Ni(diamine)3]Cl3 (diamine= en, 1,3-propanediamine, 1,2-cyclohexanediamine, 1,2-diamino-2-
methylpropane, N-methylethanediamine); some of these species are stable for a few weeks in a
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glove-box.71 They have been characterized by EPR, IR, and diffuse reflectance electronic spectros-
copy. EXAFS analysis of solid samples suggests a very slight shortening of the Ni—N distance on
passing from NiII to NiIII, although larger Debye–Waller factors are evident, possibly because of
disorder induced by the Jahn–Teller effect in the low-spin d7 systems.
Halogen oxidation of NiII–diamine complexes in solution is known to give either genuine

NiIII complexes {[NiX(diamine)2]X2}n or Ni
II/NiIV mixed valence species {[NiII(diamine)2][Ni

IVX2

(diamine)2]X4}n. For the chlorination of [NiCl2(en)2], both products have finally been characterized,
after much dispute in the literature over the nature of these materials.72 Either trans-[NiIII-
Cl2(en)2]Cl or the mixed-valence compound {[Ni

II(en)2][NiIVCl2(en)2]Cl4}n are obtained, depending
upon the conditions. {[NiIIICl(en)2]Cl2}n has been synthesized by anodic electrocrystallization from
a solution of [Ni2(�-Cl)2(en)4]Cl2 (prepared in situ in MeOH, in the presence of excess LiCl). It has a
one-dimensional (1D) structure with symmetrical halogen bridges,73 as does {[NiX(R,R-1,2-cyclo-
hexanediamine)2]X2}n.

74 Useful structural information for the mixed-valence species {[NiII(en)2]
[NiIVCl2(en)2]Cl4}n is forthcoming from nickel and chlorine EXAFS.75 The chloro-bridged 1D NiII/
NiIV mixed-valence complexes [NiL][NiCl2L]Cl4 (L= 3,7-diazanonane-1,9-diamine)76 and
{[NiII(en)2][NiIVCl2(en)2]Cl4}n

77 have also been analyzed using XPS and EPR, respectively.
The X-ray determination of the crystal structure of [NiIIIBr2(en)2]Br shows a centrosymmetric

cation, with d(Ni—N)= 1.944 Å and d(Ni—Br)= 2.635 Å.78 The long Ni—Br bond is as expected
for this d7 (dz2)

1 complex, while the Ni—N bonds have shortened considerably upon oxidation.
Data obtained from EXAFS measurements are quite consistent with these findings: d(Ni—
N)= 1.915 Å; d(Ni—Br)= 2.582 Å.79 Bromine oxidation of [NiBr2(en2)] affords discrete [NiIII-
Br2(en)2]Br, whereas with [NiBr2(R,R-1,2-cyclohexanediamine)2], the product is the 1D NiIII

complex {[NiBr(R,R-1,2-cyclohexanediamine)2]Br2}n. Since both NiII complexes, in MeOH solu-
tion, exhibit virtually identical CVs, it is proposed that the different solid-state structures for the
two complexes are caused purely by strong NH� � �Br� � �HN bonding in the 1D complex.
In most such chains, the bridging halogen atoms are distorted from the neighboring two Ni

atoms due to strong electron-phonon interaction, giving rise to the mixed-valent NiII/NiIV 1D
sequences or Peierls distorted charge density wave (CDW) states. In the case of stronger on-site
Coulomb interaction, however, the NiIII state or spin density wave state (SDW) becomes more
stable, where the bridging halogens are located at the midpoints between neighboring two Ni
atoms. This has been verified for several quasi-1D NiIII complexes {[NiX(R,R-1,2-cyclohexane-
diamine)2]Y2}n (X=Cl, Br, and mixed halides; Y=Cl, Br, mixed halides, NO3, BF4, ClO4).

80

Strong antiferromagnetic coupling in {[NiX(diamine)2]X2}n accounts for the observed diamagnet-
ism. Work on the electronic structures of the quasi-1D halogen-bridged NiIII complexes has been
reviewed, emphasizing the strong electron-correlation.81

The octahedral NiIII complex (8) has been obtained serendipitously and the structure of the per-
chlorate salt was determined.82 It features short equatorial Ni—N bonds of 1.952(5)–1.972(6) Å.

N
Ni

H2
N

N

H2
N

Br

Br

(8)

The structure of the NiIII complex [Ni(bpy)3]
3þ has been determined.83 It contains a {NiN6}

center, and there is a significant shortening of the Ni—N bond lengths upon going from NiII to
NiIII. While the EPR data have been interpreted in terms of tetragonal elongation with the single
electron in a dz2 orbital, the structure shows two axial bonds 0.09 Å shorter than the average of
the other four. Crystal packing forces have been assumed a more likely reason than dynamic
in-plane distortion for this finding.84 Cyclic voltammetry and spectroscopic techniques have been
used to study the electrochemical oxidation of [Ni(bipy)3]

2þ in liquid sulfur dioxide. Four
successive oxidations were observed, the first two of which were attributed to oxidation of the
metal center. The procedure for separation and purification of the very strong solid oxidant
[Ni(bipy)3](AsF6)4 has been described.85

The complexes (9) are readily oxidized and the NiII/NiIII conversion is reversible.86 The NiIII

species obtained chemically by oxidation with [Fe(CN)6]
3� is relatively stable and does not bind
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CO or react with H�. It has a (dz2)
1 ground state. The NiIII complex of (10) is described in Section

6.3.3.8.2. The tridentate bis-amide ligand (11) forms complexes [NiII(11)2]
2�, [NiIII(11)2]

�, and
[NiIV(11)2] with the metal ion in three consecutive oxidation states.87 Redox potentials are 0.05V
and 0.51V (vs. SCE) for the NiII/NiIII and NiIII/NiIV transitions, respectively. X-ray crystal-
lography of the NiII and NiIV species reveals that the nickel is coordinated in tetragonally
compressed geometry in both cases, with the expected decrease of the Ni—Namide (2.131(8) Å vs.
1.946(8) Å) and Ni—Npy (1.994(7) Å vs. 1.846(8) Å) bond lengths upon oxidation. The NiIII complex
has S= 1=2 with the unpaired electron in a dz2 orbital, while the Ni

IV compound is diamagnetic.
NiIII Schiff base complexes have been produced by electrochemical oxidation of NiII complexes

derived from naphthaldehyde, and identified by EPR spectroscopy.88

NN

N

Ni

N

NN

H

H

H

H

3+

H

H

(12)

N

Ni
N N

EPhPhE

(9) E = S, Se

Ph Ph

N

N N

(10)

–O O–

N
N– –N

OO

Ph Ph

(11)

6.3.3.3.2 Complexes with macrocyclic N-donor ligands

Macrocyclic N-donor ligands continue to dominate NiIII coordination chemistry. Their chemistry
makes for a big part of the redox chemistry of Ni, although it has been shown that the cyclic
nature of an N-donor ligand is not crucial for thermodynamic stabilization of NiIII.89,90 Several
reviews have appeared in the field,63,91–93 also dealing with kinetic aspects of redox reactions of
NiIII macrocyclic complexes.64,94 E1/2(Ni

II/NiIII) values for various Ni-macrocyclic complexes and
general trends of the oxidation potential are summarized in Section 6.3.4.10.1(iii) for tacn-type
ligands and in Section 6.3.4.10.2(iii) for larger N-macrocycles.
[Ni([9]aneN3)2]

3þ (12) is a strong oxidant and exhibits a quasi-reversible one-electron redox
process with a formal redox potential of þ0.95V (vs. NHE).95 The trivalent complex exhibits
UV and magnetic data consistent with a low-spin d7 configuration of a Jahn–Teller distorted
octahedral {NiIIIN6} center, which has been confirmed by the X-ray crystal structure of the
dithionate salt of [Ni([9]aneN3)2]

3þ.84 Similarly, for the Ni sandwich complexes with (R)-2-
methyl-1,4,7-triazacyclononane it was found that E1/2=þ0.94V (vs. NHE) and that the
{NiN6} chromophore is retained in both oxidations states, þ2 and þ3.96 The NiIII complex
shows only slight decomposition at pH 3 and is indefinitely stable in acetonitrile. The potentials
for the [LNi]3þ/2þ couple are generally more negative for complexes containing the pure �-donor
tacn than those of a ligand containing three tertiary amine donors and pendant �-acceptor
ligands that stabilize the þ2 oxidation state; e.g., the difference is �400mV compared to 1,4,7-
tris(2-pyridylmethyl)-1,4,7-triazacyclononane bearing three pyridine N atoms.97 Reinvestigation
of the structure reported before as the NiIII complex of 1,4,7-triazacyclononane-N,N0,N00-triace-
tate98,99 failed to confirm the presence of Ni and indicated a Co complex instead.100
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The NiII sandwich complexes of 1-thia-4,7-diazacyclononane ([9]aneN2S),
101 7-aza-1,4-dithiacy-

clononane ([9]aneNS2),
102 1-oxa-4,7-diazacyclononane ([9]aneN2O), and related tridentate macro-

cycles can all be oxidized to the corresponding NiIII species. [Ni([9]aneN2S)2]
3þ and

[Ni([9]aneN2O)2]
3þ were found to exhibit a distorted stereochemical arrangement with the S and

O heteroatoms, respectively, occupying the axial sites of an elongated octahedron.101 E1/2 values for
the NiII/NiIII redox couple indicate that the relative stability of the trivalent complex decreases
along the series [9]aneN3> [9]aneN2S> [9]aneNS2> [9]aneS3> [9]aneN2O, which is assumed to
be controlled by the strength of the metal–ligand interactions. Spectroscopic data confirm that
these oxidations are metal-centered.103 The effect of ring size and medium on the NiII/III redox
couple potential for complexes of triazamacrocyclic ligands has been investigated: in the series of
complexes [Ni([9]aneN3)2]

2þ, [Ni(13)2]
2þ, and [Ni(14)2]

2þ, according to voltammetric techniques the
NiIII state becomes more difficult to attain the larger the macrocyclic ring.104

The kinetics formation of [Ni([9]aneN3)2]
3þ have been studied in great detail. Inter alia, the

volume of activation for peroxodisulfate oxidation of [Ni([9]aneN3)2]
2þ has been determined

(�25.8	 2.3 cm3mol�1),105 and the kinetics of this reaction have been determined as a function
of peroxodisulfate concentration and temperature.106 The reaction is first-order in both reagents
(second-order rate constant 1.13mol dm�3 s�1 at 298K), and the activation energy is
38	 1.8 kJmol�1. In mixed solvents, the rate is slower.
The inner shell activation barriers to electron transfer in the [Ni([9]aneN3)2]

2þ/3þ couple have
been studied,107 and the entropy changes associated with the two half reactions
[NiIII([9]aneN3)2]

3þþ e�Ð [NiII([9]aneN3)2]
2þ and [NiIIIL]0þ e�Ð [NiIIL]� (L= 1,4,7-triazacy-

clononane-N,N0-N00-triacetate) have been determined through investigation of the temperature
dependence of the E1/2(Ni

III/NiII) parameter over the 0.1–3.5M concentration range of the
background electrolyte (NaCl).108 Molecular mechanics calculations have been performed on
complexes [Ni([9]aneN3)2]

2þ/3þ to resolve the discrepancy between experimental inner-shell acti-
vation enthalpies and values predicted using the harmonic oscillator model.109 It is found that
most of the inner-shell barrier derives from M—N bond stretching.
A large amount of work has been devoted to the mechanism and kinetics of electron transfer

reactions with [Ni([9]aneN3)2]
3þ,64,110 including studies of the oxidation of excess thiocyanate111

and of hydrogen peroxide112 by [Ni([9]aneN3)2]
3þ. Also, reactions of [Ni([9]aneN3)2]

3þ with NO2
�

and NO have been studied in aqueous solution at 25 �C. NO2
� reacts to form [Ni([9]aneN3)2]

2þ and
NO3

�, with electron transfer fromNO2
� to [Ni([9]aneN3)2]

3þ proposed as the rate determining step.
NO was found to react either via an outer-sphere-electron transfer reaction or via a pathway which
leads to destruction of the complex.113 UV–visible spectroscopy and stopped-flow techniques have
been used to investigate the base promoted decomposition of [Ni([9]aneN3)2]

3þ in aqueous solution.
It has been suggested that the reaction is initiated by deprotonation of [Ni([9]aneN3)2]

3þ with the
N-deprotonated species then decomposing further to yield Ni(aq)2þ and [Ni([9]aneN3)(H2O)3]

2þ.
The reaction has been postulated to proceed via mono- and bimolecular pathways.114 Electron
transfer reactions of [Ni(14)2]

2þ have also been studied.115

Studies on the oxidative chemistry of Ni complexes with larger macrocycles, in particular with
tetraazamacrocycles, are countless. Pulse radiolysis continues to be one of the methods used for
generating azamacrocyclic NiIII species.116,117
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Aliphatic tetraazamacrocycles are well known to be effective in stabilizing Ni in higher oxida-
tion states due to the very strong in plane �-interactions which raise the energy of the (metallic)
antibonding orbital from which the electron is extracted on oxidation. Table 1 lists characteristics
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of structurally characterized azamacrocyclic NiIII complexes. All of them have an axially elong-
ated octahedral geometry, except for [Ni(15)]� which is distorted square planar with the Ni atom
sitting 0.09 Å above the mean plane of the N-donor atoms. Dioxa tetraaza macrocycles with
amide sites such as (16) are often used for stabilizing NiIII.118–123 The tetraamide macrocycle (15)
is particularly well suited to stabilize nickel in the þ3 oxidation state and features short Ni—N
bonds.124,125 The purple complex [Ni(15)]� has a very low affinity for axial ligands in solution:
only addition of cyanide gives a color change to yellow, with the resulting EPR spectrum being
rhombic. The use of 13CN confirms binding of a single cyanide.125

Typically, the Ni�Cl and Ni�N bonds shorten on passing from the NiII to the NiIII state, e.g.,
by about 0.09 Å in the case of trans-[Ni(18)Cl2]

þ.129 For this particular compound, quasi-revers-
ible oxidation occurs at þ1.14V (vs. SCE) and the EPR spectrum (g?= 2.121> gk= 2.019) is
indicative of axial symmetry. More sterically congested tetraazamacrocyclic ligands can promote
the low-spin square planar geometry of the NiII complexes in aqueous solution and thus can make
the NiII/NiIII redox potential more anodic, as expected given the increasing difficulty experienced
by the metal ion in coordinating axial coligands. This has been demonstrated for, inter alia, Ni
complexes of a series of sterically congested cyclam derivatives (e.g., (21), (22) and various
cyclohexane appended cyclam systems).133 Ligands with pendant arms bearing potentially coord-
inating groups have been employed in order to circumvent the need for additional external ligands
for stabilizing the NiIII state (compare Section 6.3.4.10.2). However, in the case of some hexaaza-
macrocyclic ligands, the hydroxyethyl or cyanoethyl pendant arms have been found to not
coordinate.134 It should be mentioned that Ni complexes of hexaaza macrotricyclic ligands have
also been investigated in detail with respect their NiII/NiIII redox chemistry.135,136

The electrochemical behavior of the NiII complex of (23) reveals that the cis-octahedral NiII

species [Ni(23)H�1(H2O)]
þ rapidly rearranges to a nominally square planar form upon oxidation

to NiIII at �þ0.6V vs. SCE, which is reversible upon reduction.137 Ligand (24) with a weakly-
binding sulfonamide moiety readily supports NiIII: on treatment of the NiII complex in H2O with
S2O8

2�, trans-[Ni(24)Cl2]
þ is generated.138 Indirect evidence suggests that the NiIII species is more

stable than the complex with parent cyclam.
With respect to the ring size, it has been stated that neither the redox potentials nor the half-

lives of the NiIII species are directly correlated to the cavity of the macrocyclic ligand, but the
redox potentials are dependent on solvation effects.139 The effect of fused benzene rings and ring
conformation has been monitored.140 In Ni complexes of fluorine-containing cyclams (25) the
higher oxidation state becomes successively destabilized with respect to NiII, while the lower
oxidation state (i.e., NiI) becomes successively stabilized.141

Table 1 Structurally characterized azamacrocyclic NiIII complexes.

Complex Structure
d(Ni—N)

(Å)

d(Ni—X)

(Å) References

[Ni(tacn)2]
3þ Tetragonally distorted; octahedral 1.964(5)–2.111(5) 126

trans-[Ni(17)(NO3)2]
þ Axially elongated; octahedral 1.970(2)–1.978(2) (X=O);

2.110(2),
2.114(2)

127

trans-[Ni(17)(NCS)2]
þ Axially elongated; octahedral 1.965(2), 1.979(2) (X=N);

2.081(3)
128

trans-[Ni(18)Cl2]
þ Axially elongated; octahedral 1.983(2), 2.011(2) (X=Cl);

2.4721(6)
129

trans-[Ni{H2(19)}Cl2]
3þ Axially elongated; octahedral 1.970(14)–2.007(14) (X=Cl);

2.401(6),
2.430(6)

130

trans-[Ni(20)Br2]
þ Axially elongated; octahedral 1.869(12), 1.969(14) (X=Br);

2.664(1)
131

[Ni(16)(H2O)]
þ Axially elongated; octahedral Namide (equatorial):

1.893(3), 1.887(5);
Namine (equatorial):
1.961(5), 1.965(4);

Namine (axial): 2.067(4)

(X=O);
2.340(4)

132

[Ni(15)]� Distorted square-planar
(significantly nonplanar
tetraamido ligand)

1.824(4)–1.849(4) 125
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A violet transient forms when acid [Ni(17)]3þ solutions are added to water buffered at pH 7	 1. The
color originates from a band at 539 nm, with a high extinction coefficient (1330	 100) assigned to a
NiIII complex of monodeprotonated cyclam (pKa of [Ni(17)]

3þ secondary amine: 7.1	 0.1).142 The
latter undergoes decay by a second-order rate process, probably transfer of an electron from the
amido nitrogen to a second NiIII center, giving a NiII–cyclam radical complex which undergoes loss of
a proton to give a NiII complex of the monoimine macrocycle. This is believed to be the general
pathway of decomposition of NiIII complexes with ligands having secondary N-donors.143,144 Systems
with tertiary tetraaza macrocyclic ligands may be kinetically stabilized in aqueous solution.145

The kinetics and mechanism of chloride and bromide substitution of diaquonickel(III) com-
plexes with several ligands of the cyclam type have been studied. The data reveal a reversible
process yielding [NiL(H2O)X]

2þ and are consistent with a dissociative mechanism, sterically more
demanding axial groups substantially increasing the rate. In addition, a rearrangement step is
observed subsequent to the formation of the monohalide complex.146

Trivalent Ni complexes of tetraazamacrocycles are powerful single-electron oxidizing species,
and much work has been carried out on the mechanism and kinetics of such reactions. Only
selected examples can be mentioned here. These include the kinetics of reduction by TiIII in
aqueous solution, where an outer-sphere mechanism is favored,147 the kinetics of the reduction of
a range of eight NiIII macrocycle complexes by reagents such as FeII,148 the reactions of NiIII

tetraazamacrocyclic complexes with iodide,149 the kinetics of the reaction of [Ni(cyclam)]2þ in
acidic aqueous solution with alkyl hydroperoxides,150 and the kinetics of reduction of
[Ni(cyclam)(H2O)2]

3þ and species [Ni(cyclam)X(H2O)]
2þ (X=Cl, Br) by SO2 in acid media.151

In the latter case, only SO3
2� and HSO4

� were detected; no evidence was found for S2O6
2�, which

would be expected if SO3
� were an important intermediate. Halide ions accelerated the reaction.

A mechanism involving insertion of SIV into NiIII—X bonds was proposed.
Studies have been carried out on the methylated complex [H3C-Ni

III(17)(H2O)]
2þ, which is

obtained from the reaction of methyl radicals (generated by pulse radiolysis) with [Ni(17)]2þ. The
volumes of activation are consistent with the coherent formation of Ni—C and Ni—OH2 bonds,
as expected for the generation of a NiIII complex from a square planar NiII precursor.152 The
kinetics of reactions of [H3C-Ni

III(17)(H2O)]
2þ involving homolysis, O2 insertion and methyl

transfer to CrII(aq) have been determined, and intermediates have been considered relevant as
models for biological systems.153 Comparing different alkyl radicals, rate constants for the
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formation of �-bonded organonickel(III) cations are most favorable for methyl radicals, and least
favorable for secondary alkyls.154

Complexes such as [Ni(16)] are known to stoichiometrically interact with O2 to give 1:1 adducts
and subsequently the autoxidized NiIII species (compare Section 6.3.4.10.2(v)).155 Such systems
have been tested for the NiIII-catalyzed cleavage of DNA (see Section 6.3.4.10.2(v)). It has been
suggested that NiII macrocycle complexes with rather low NiII/NiIII reduction potentials can be
active inhibitors of aldehyde autoxidation.156

Oxidation of encapsulated complexes with hexadentate sarcophagine-type ligands to the NiIII

cations was achieved by controlled potential coulometry in acetonitrile, or CeIV oxidation in aqueous
solution; [(26)](CF3SO3)3 could be isolated as a pure solid and is a strong oxidant (þ0.90V vs.
NHE).157 Since the NiII complex could be resolved into its enantiomers by fractional crystallization
as bis((þ)-tartrato)diantimonate salts, the optically pure NiIII cations were obtained from these. The
electron self-exchange rate between enantiomeric forms in the two oxidation states was measured
using a stopped flow circular dichroism technique (kct= 5,300	 300 dm3mol�1 s�1 at 298K,
I= 0.2M). The rate constant and the activation parameters are consistent with only minor rearrange-
ments of the coordination spheres on electron transfer.
The redox behavior of NiII tetraazaannulene complexes can be tuned by the appropriate choice of

substituents bound to the ligand scaffold.158 It is interesting to note that in a series of Jäger-type NiII

complexes, both the type (27) and type (28) systems give reversible oxidation, while (29) does not.159
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6.3.3.4 Complexes with Ligands Containing Phosphorus, Arsenic, and Antimony

The three main types of NiIII complexes with P- and As-donor ligands are [NiX3L2], [NiX3(L–L)],
and [NiX2(L–L)2]

þ. Although the five-coordinate NiIII complexes with phosphine or arsine
ligands have long been known, more detailed investigations have been carried out since the
early 1980s. Some 25 examples of this class have been described in a report which includes an
account of their spectral and magnetic properties,160 and high-valent Ni complexes with P- and
As-donor ligands have been reviewed.161

A new method for synthesis of type [NiL2X3] phosphine complexes involves reaction of reagent
grade metal powders with phosphoranes or arsanes in ether according to Equation (1).162,163 The
NiIII complex is formed quantitatively without use of an additional oxidizing agent. However, the
procedure leads to products whose composition is very dependent on L and X; in the case of
L= phosphane, the products include square planar [NiI3(PR3)]

� (R 6¼ Me), [NiBr2(PMe2Ph)2],
and five-coordinate [NiI3(PR3)2] (PR3=PMe3, PMe2Ph), as well as [NiBr4(PR3)2] (PR3=PPh2Pr,
PMe2Ph) which appears to be [PBrR3][NiBr3(PR3)].

164 Nickel K-edge EXAFS data, supplemented
by bromine K-edge data, have been used to obtain structural information relating to the com-
plexes [Ni(PR3)2X3] (PR3=PEt3, PMe2Ph; X=Cl, Br). These studies confirmed the occurrence of
rare trigonal bipyramidal geometry for these NiIII complexes,165 in accordance with X-ray crystal-
lographic results for [NiI3(PMe3)2]

166 and [NiI3(AsMe3)2] (30).
162
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Ni     +     2 Me3EI2 [NiI3(EMe3)2]     +     ½I2 (1)

In contrast to the [NiX3(PR3)2] complexes, [NiX3(L–L)] with bidentate phosphines L–L lose X2

on heating and revert to the NiII species. Various NiIII complexes [NiCl3(L–L)] have been
obtained by Cl2 or NOCl oxidation of the corresponding [NiCl2(L–L)].

160 Nitric acid oxidation
of [NiI2(31b)] leads to trans-[NiI2(31b)]

þ; corresponding NiIII diphosphine complexes could not be
made by this route.167 EXAFS results are available for NiII, NiIII, and NiIV complexes168 of
o-C6X4(EMe2)2 (X=H, E=P, As; X=F, E=As) and the crystal structure of tetragonal
[NiBr2(31d)2]BF4 has been determined. The polarized optical spectrum of the d7 NiIII complex
[NiCl2(31a)2]PF6 at 19 and 298K is consistent with an energy level ordering
xy> z2> xz> yz> x2–z2,169 in agreement with the crystal structure which showed the four
P atoms of the didentate ligands occupying the equatorial plane and two chloride atoms occupying
trans-axial positions.170 UV–visible spectra of these 2A2g ground state NiIII complexes are very
characteristic, consisting of a weak feature at ca. (12–14)� 103 cm�1, further d–d bands
ca. 20,000 cm�1, and charge transfer transitions ca. 25,000 cm�1.
The electrochemistry of [NiX{P(CH2CH2PPh2)3}]

þ (X=Cl, Br, I) shows reversible oxidation to
the corresponding NiIII species and irreversible oxidation to the corresponding NiIV species.171 In
general, the chemistry of NiIV with P- and As-donor ligands is less extensive than that of
NiIII. Most NiIV complexes are of the [NiCl2(L–L)2]

2þ type. Since these t2g
6 species are EPR

silent, convincing evidence for the NiIV formulation usually comes from the UV–visible spectra
which are very similar to those of the corresponding CoIII compounds. Pseudo-octahedral NiIV

complexes of the type [NiX2(31)2][ClO4]2 (X=Cl or Br) have been prepared and characterized,
and electrochemistry as a function of L has been studied.172 A combination of EXAFS and
electronic spectroscopy have been used to determine the structure of such tetragonally distorted,
pseudo-octahedral NiIV complexes, e.g., [NiCl2(31a)2]

2þ (d(Ni—Cl)= 2.26 Å, d(Ni—P)= 2.22 Å),
and [NiCl2(31b)2]

2þ (d(Ni—Cl)= 2.27 Å, d(Ni—As)= 2.36 Å).172,173
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Five-coordinate NiII arsine complexes of the ligands (31)–(33) of formulas [Ni(L3)(L2)]2þ

(L3= tridentate (33), L2= bidentate (31d), (32)) and [Ni(L3)2]
2þ (the latter are also five-coordinate

with a single ‘‘dangling’’ AsMe2 group) have been studied electrochemically.174 All complexes
showed two oxidations and two reductions in CV experiments in CH3CN. The second oxidation
process was only reversible (at 100mV s�1) for [Ni(L3)2]

2þ, and scan rates in excess of 500mV s�1

or temperatures (�0 �C were necessary to obtain reversible behavior for this process with
[Ni(L3)(L2)]2þ. The second process is irreversible in CH2Cl2 for [Ni(L3)(L2)]2þ, presumably
because of the need to coordinate a sixth donor atom to stabilize the formally low-spin d 6

NiIV. Overall, the arsine donor sets stabilize (on the voltammetric timescale) all Ni oxidations
states from 0 to þ4 (compare Sections 6.3.6.3 and 6.3.6.5.4).
When [Ni(CH3CN)6](BF4)2 is treated with four equivalents of (34), the orange diamagnetic

complex [35]0 forms.175 This has a remarkably mild NiII/NiIII couple at �0.07V, and the NiIII

complex is readily prepared by ferrocenium oxidation in acetone. The crystal structure of the NiII

complex shows square planar {NiP2O2} coordination with two additional methoxy-O residing
above and below the plane, but the Ni—OMe distances preclude any bonding interaction.
However, the NiIII complex has distorted octahedral geometry with these methoxy-O coordinated
(mean d(Ni—P) 2.223(3) Å; mean d(Ni—O�) 1.918(5) Å; mean d(Ni—OMe) 2.192(1) Å).
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6.3.3.5 Complexes with O-donor Ligands

The low-spin {NiIIIO6} compound [Ni(bipyO2)3]
3þ (bipyO2= 2,20-bipyridyl-1,10-dioxide) is the

product of constant-potential electrolysis of the NiII salt.176 Its violet solutions show a rhombic
EPR spectrum indicative of a Jahn–Teller-distorted (dz2)

1 ground state.
S2O8

2� has been used to oxidize Ni2þ(aq) in the presence of molybdate ion. The NiIV product
obtained was crystallized as (NH4)6[NiMo9O32]�6H2O and its crystal structure (determined inde-
pendently by two groups) revealed a severely distorted octahedral {O6} environment for the Ni
atom, with an average Ni—O bond length of 1.876(5) Å or 1.872(2) Å.177,178

An EXAFS study of �-NiO(OH) indicates that the NiIII sites experience Jahn–Teller distortion, with
four Ni—O bonds at 1.87 Å and two at 2.03 Å; in the �-phase containing NiIII and NiIV this is absent.179

Reaction of NiCl2�6H2O with ButCO2H and KOH is reported to form a nonanickel cluster
[Ni9(Bu

tCO2H)4(�4-O)3(�3-OH)3(Bu
tCO2)12], which contains both NiII and NiIII.180

High-valent nickel complexes with oxo-bridges, in particular the NiIII2(�-O)2 core, are of interest
in the context of O2 activation and subsequent C—H oxidation. A first example of a bis(�-oxo) core
in NiIII chemistry was found for (36) incorporating tris(pyrazolylborato) ancillary ligands. When
the bis(�-hydroxo)nickel(II) complex (37) was reacted with H2O2 at low temperatures, the bis(�-
oxo)nickel(III) complex (36) could be isolated and structurally characterized (Equation (2)).181,182

(36) contains five-coordinate Ni ions with a slightly distorted square pyramidal geometry. It
decomposes within 1 h at room temperature via oxidation of the tris(pyrazolylborato) ligand, with
H-atom abstraction being the rate-determining step (compare also Section 6.3.4.4.6).
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In a similar fashion, the bis(�-oxo)nickel(III) complex (38) with six-coordinate metal ions was
prepared at �90 �C from the respective bis(�-hydroxo)nickel(II) species.183 Reaction with excess
H2O2 afforded a unique bis(�-superoxo)nickel(II) species. Average Ni—O and Ni—N bond
lengths are significantly shorter for the NiIII complex (1.871 Å and 2.143 Å, respectively) com-
pared to the NiII starting material (2.081 Å and 2.185 Å, respectively). (38) decomposes at �20 �C
via partial hydroxylation of the ligand methyl groups.
Oxygenation of the NiI complex (39) leads to O2 activation and O-O bond rupture with formation of

a deep purple bis(�-oxo)nickel(III) complex (40) supported by thioether ligands.184 Its electronic
structure has been investigated by spectroscopic and DFT methods.185
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A thermally stable singly oxo-bridged dinickel(III) complex [{NiIII(salen)}2O] (41)) incorporat-
ing two high-spin d7 ions has been prepared from the respective [NiII(salen)] precursor and O2.

186

The Ni—O—Ni linkage is not linear (angle 146.3(2)�) and the NiIII—O distances are short
(1.870(8) and 1.841(7) Å), while the Ni—Osalen and Ni—Nsalen distances are substantially longer
than for related NiII species. (41) shows a reversible redox process at E1/2 þ1.05V vs. SCE.
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6.3.3.6 Complexes with Ligands Containing S- and Se- donors

Interest in high-valent nickel complexes with sulfur and selenium ligands is fired by the discovery
of nickel–sulfur centers in numerous hydrogenase enzymes. These have remarkably low redox
potentials (ca. �0.39V to �0.64V vs. SCE with a dependence of �60mV/pH unit) for the formal
couple NiII/NiIII. Thiolate donors are known to stabilize the high-valent NiIII state, and thus there
has been much interest in the synthesis of biomimetic complexes with alkyl- and arylthiolate
ligands. Since many studies of NiII complexes with ligands containing S-donors report redox
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properties and evidence for the oxidized species, the reader should also refer to the chapter
dealing with NiII thiolate complexes if looking for particular ligand systems. Only selected
examples are mentioned here, where the high-valent species have been investigated in detail.
NiIII complexes with mixed {NxSy} ligands are described in Section 6.3.3.9.2.
Optimum conditions for the preparation of the NiIII complexes of 1,2-dithiolate have been

reported.187 In many cases, suitable monomeric {NiIIISx} complexes are unstable with respect to
oligomerization and autoredox decomposition (formation of disulfide) reactions. Bulky ligands, or a
large excess of ligand, may be used to avoid oligomerization. In general, ‘‘NiIII’’ complexes with
arylthiolato ligands are more easily accessible due to the lower redox potential of aliphatic thiolates.
Typical examples are (42), (44)188 (as well as the parent bis(benzenedithiolate)nickel(III))189 and [Ni(3,5-
But2bdt)2]

0,1�,2� (43).190 In any case it has to be rigorously proven that NiII!NiIII oxidation is indeed
metal centered and not ligand based. (42) is readily prepared by oxidation of the respective NiII complex
with [Fe(CN)6]

3� and is much more stable than the analogous terpy compound.191 The single unpaired
electron resides in the dz2 orbital, and CN

� can be bound to give a six-coordinate adduct.
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(43) is one of the few cases where three formal oxidation states could be crystallographically
characterized.190 According to cyclic voltammetry, the redox potentials for [Ni(3,5�But2bdt)2]0,1�,2�
are �0.61V and þ0.355V (in THF, vs. NHE). The Ni—S distances decrease only slightly, but
significantly, upon going from NiII (2.175(1)/2.171(2) Å) to ‘‘NiIII’’ (2.135(2)–2.145(2) Å) and ‘‘NiIV’’
(2.124(1)/2.127(1) Å), and based on various spectroscopic evidence it has been suggested that
oxidation concerns electrons which reside in orbitals having {NiS4} character with significant Ni
contribution. More recent findings, however, indicate that these systems should be regarded as NiII

complexes with a singlet diradical character due to strong antiferromagnetic coupling of the two
benzosemiquinone �-radicals,192 in accordance with earlier results for (44).188

Dinuclear NiII complexes with bis(benzenedithiolate) ligands (45) and (46) are electrochemically
oxidized to the respective dinickel(III) species (47) and (48) at �0.785mV and �1.130mV
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(vs. Cp2Fe/Cp2Fe
þ), respectively, or chemically by air.193 (47) has been structurally characterized

and reveals slightly shortened average Ni—S bonds (2.152 Å vs. 2.166 Å in (45)).
The square planar complexes [Ni(49a)2]

2� and [Ni(49b)2]
2� show reversible waves at very low

potentials of around �0.76V (vs. SCE) in their cyclic voltammogram, assigned to the NiII/NiIII

couple.194,195 The red-brown NiIII species [Ni(49a)2]
� can be generated simply by exposing

solutions of the NiII complex to air. Its EPR characteristics (gk= 2.14> g?= 2.05) suggest a
less common (dxy)

1 ground state. No evidence has been found for axial ligation to NiIII on
dissolution in acetonitrile, pyridine or DMF. Presumably, the two bridging methylene groups,
which hinder the axial sites, prevent this, and they are also responsible for the unusual stability of
the complex. While cyclic voltammetry of [Ni(49c)2]

2� shows a reversible NiII/NiIII wave at
around the same potential as for [Ni(49a)2]

2�, the cyclohexyldithiolate complex decomposes on
exposure to air.196 Similarly, the [NiL2] complexes with ethane-1,2-dithiolate (edt) and ligand
(49b) are less robust, but the E1/2 value of [Ni(edt)2]

2� with 0.75V, and the EPR parameters of
[Ni(49b)2]

� (gk = 2.187> g? = 2.042) are in close agreement with those of complex [Ni(49a)2]
�.197

Square planar NiII complexes (50a) and (50b) of the quinoxaline-2,3-dithiolate ligand are
oxidizable in chemically reversible, electrochemically quasi-reversible processes to yield NiIII

species, also featuring the (dxy)
1 configuration.198 Interestingly, the difference in protonation

state makes for a 0.20V difference in oxidation potential ((50a): þ0.12V; (50b): þ0.32V vs.
SCE), consistent with the less basic S-donors in the thione form.
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In combination with their inherent redox activity, Ni-bound thiolates may also become proton-
ated, which is of relevance to the reactivity of the Ni/Fe hydrogenase active site. For example, the
dinuclear NiII thiolate complex (51)199 is reversibly protonated at a single terminal thiolate-S
upon addition of [H(OEt2)2]{B[3,5-(CF3)C6H3]4} to give (52).200 While (51) shows an irreversible
one-electron oxidation at þ390mV (vs. NHE in CH2Cl2), oxidation of (52) is shifted anodically to
þ960mV and a cathodic process is observed at �550mV.
[Ni([9]aneS3)2]

2þ shows a reversible oxidation at þ0.97V (vs. Cp2Fe/Cp2Fe
þ). Spectroelectro-

chemistry and EPR spectroscopy of 61Ni-enriched samples confirms that the oxidation is metal
centered.201 Chemical oxidation to give deep orange [Ni([9]aneS3)2]

3þ (53) is achieved by dissolv-
ing [Ni([9]aneS3)2]

2þ in 70% HClO4 or 98% H2SO4, and the product was isolated as [Ni([9]ane-
S3)2][H5O2]3[ClO4]6. The single-crystal X-ray structure of this complex confirms octahedral
homoleptic thioether coordination, where the Ni—S bond lengths (2.3129(25) Å) for the NiIII

complex cation are considerably shorter than those for the corresponding NiII complex cation,
thereby confirming its formulation as a mononuclear NiIII thioether complex cation.201 The mixed
complex [Ni([9]aneN3)([9]aneS3)]

2þ is electrochemically oxidized at 0.86V (vs. Cp2Fe/Cp2Fe
þ), or
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chemically oxidized by NOPF6. The NiIII species (54) shows an axial EPR spectrum with
g?= 2.106 and gk= 2.063.202
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H H
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Some mixed valence polynuclear thiolate complexes such as [Ni4(SC3H7)8Br] and
[Ni4(SC3H7)8I] have been prepared and characterized by single-crystal X-ray methods.203

The work on nickel complexes with dithiolene-type ligands such as dmit, mnt, dddt, etc., is
extensive, usually focusing on magnetic or (super)conducting properties. In salts containing
anions such as [Ni(dmit)2]

� or [Ni(mnt)2]
�, the metal is usually formulated as NiIII. The reader

is referred to previous publications for some selected NiIII complexes204–209 An example of a
structurally characterized neutral complex (formally NiIV) is (55), which shows a noticeably
nonplanar {NiS4} central moiety, possibly due to an unusual conformation of the seven-mem-
bered rings.210 Generally, the influence of the charge state of the complexes on the Ni�S bond
lengths is quite small, i.e., 2.12–2.13 Å for neutral complexes vs. 2.13–2.15 Å for monovalent
anions. The question whether the unpaired electron resides mainly on the metal or on the ligand
had been investigated in great detail. Since the monoanions possess a single electron in their
HOMO, interanion interactions are possible and a wide range of structures and properties in the
solid state are found.211 Here, this field will not be covered comprehensively. Some recent work
can be found elsewhere.212–221 As many studies deal with Ni–dithiolene complexes in different
oxidation states, the reader should refer to the respective NiII section (Section 6.3.4.7.10), where
more detailed information is given, also on complexes formally involving NiIII and NiIV.
New work on high-valent Ni–dithiocarbamates involves the NiIII species (56),222–228 (57),226–230

and (58)230 as well as the NiIV species (59).225 The structure of the type (59) NiIV compound
[Ni(S2CNEt2)3][C3(CN)5] has been reported.231 The Ni atom of the cation has a distorted
octahedral geometry with d(Ni—S)= 2.246(2)–2.257(2) Å. The type (59) complex [NiIV(60)3]

þ

can be oxidized three times at the outer ferrocenyl units, where the second and third one-electron
couple occur at the same potential.232 EPR spectra of high-valent Ni-dithiocarbamate complexes
have been interpreted in detail,233 and the photochemistry of NiIV dithiocarbamate complexes has
been reviewed.234 Soft X-ray-induced photoreduction of the NiIV complex [Ni(S2CNEt2)3](BF4)
results in square planar NiII species.235

Xanthate complexes [NiII(S2COR)3]
� can be oxidized electrochemically at rather mild poten-

tials (�0.10V to �0.16V vs. SCE) in acetonitrile to yield the trivalent species (61). However, these
are unstable and disproportionate readily according to: 2 [NiIII(S2COR)3]! 2 [NiII(S2-
COR)2]þROCS�SS�CSOR.236,237 The reaction, examined kinetically (k(first order)= 1.0� 10�3 s�1

at 253K), prevents the isolation of pure samples. It is suggested that NiIII systems (61) can formally be
described as resonance hybrids of NiIII/S� and NiII/S. Oxidation of (62) gives solvated NiII and
ROCS�SS�CSOR.237 The octahedral anion [Ni(thioxanthate)3]

� is oxidized electrochemically to the
NiIII species; it does, however, decompose at room temperature to the dimer [Ni2(SEt)2(CS3)2]

2�

which has thiolato bridges and one CS3 group chelated to each nickel.
238

The reaction of [Ni(S2COEt)2] with Li2Se and Se or with Li2Te and Te gives complexes
[Ni4Se4(Se3)5(Se4)]

4� and [Ni4Te4(Te2)2(Te3)4]
4�, respectively, in a spontaneous assembly reaction.

Structures were verified by single-crystal X-ray crystallography, and [Ni4Se4(Se3)5(Se4)]
4� was

found to possess a Ni4Se4 cubane core, while [Ni4Te4(Te2)2(Te3)4]
4� has a Ni4Te4 cubane core.

Ni—Se bond lengths vary from 2.338(7) Å to 2.442(8) Å, while Ni—Te bond lengths vary from
2.492(2) Å to 2.667(2) Å.239,240 Each Ni atom is located in a distorted octahedral environment, and
is coordinated by three chalcogenide atoms in the cubane framework and by three chalcogenide
atoms in the rings that bridge to the other three Ni atoms. Both compounds are diamagnetic and
have been formulated as NiIV species, mainly based on charge balance considerations.
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6.3.3.7 Halide Complexes

High valent nickel fluorides have attracted attention because of their possible involvement in the
electrochemical fluorination of organic compounds (Simon’s process), which is particularly effi-
cient if nickel is used as the anode. [XeF5]2[NiF6] (prepared from NiF2, KrF2, anhydrous HF, and
XeF6) has been structurally characterized and contains octahedrally coordinated NiIV (d(Ni—F) =
1.77 Å); it is decomposed in a laser beam at 77K to XeF4, F2, and NiFx (x= 2–3).241 Also, O2

þ

salts dissolve in anhydrous HF affording O2F, which oxidizes NiF2 to [NiF6]
2� salts.242 The

thermodynamically unstable fluorides NiF4 and NiF3 have been obtained by the addition of F�

acceptors such as BF3 and XF5 (X=As, Sb, Bi) to solutions of [NiF6]
2� in anhydrous HF at low

temperature.243–245 At �65 �C, the tan solid NiF4 is precipitated; this is converted back to
[NiF6]

2� quantitatively on treatment with F� donors (XeF6 or KF). Dry NiF4 decomposes
above �60 �C to black NiF3 with loss of F2. When K2[NiF6] is the precursor, a pyrochlore
form that contains small amounts of potassium, K0.1NiF3, is obtained. When Kþ is present at
20 �C, a hexagonal tungsten bronze-type phase (H-NiF3) is precipitated. Suspensions of NiF4 in
anhydrous HF decompose to a rhombohedral form of genuine NiF3 (called R-NiF3). The latter
was shown by XAS at the nickel K-edge and UV–visible studies to have a mixed-valent composition
Ni[NiF6].

246 The three forms of NiF3 differ in thermal stability, the pyrochlore form being the most
stable (it loses F2 at 138

�C). R-NiF3 thermally decomposes at 353–373K to give Ni2F5.
247 NiF4 is
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an extremely powerful oxidant; it converts [MF6]
� to MF6 (M=Pt, Ph), while NiF3 fluorinates

perfluoropropene and oxidizes Xe to XeF6. Solutions of [NiF6]
2� in anhydrous HF, when treated

with three equivalents of BF3, give yellow solutions with extreme oxidizing power; these probably
contain solvated NiIII.248 NiF4 and R-NiF3 have been employed for the fluorination of organic
compounds.249

6.3.3.8 Complexes with Bioligands

6.3.3.8.1 Complexes with peptides, amino acids, and related ligands

NiIII peptide complexes have been studied and characterized using chemical and electrochemical
oxidation, redox stoichiometry, substitution reactions, UV–visible spectral shifts and EPR.250 The
complexes were found to be six-coordinate with tetragonal distortion. The NiIII/NiII electron
transfer reactions are usually rapid (with good Marcus correlation)251 and it was generally found
that NiIII peptides will add a second peptide or other chelating agents to form stable bis-peptide
or ternary complexes. The reduction potentials of bis(dipeptido)nickelate(III) complexes are
significantly lower than for mono(tripeptido)nickel(III) complexes, with E� values of 0.66V for
[NiIII(H–1G2)2]

2� and 0.34V for [NiIII(H–1Aib2)2]
� (HAib=�-aminoisobutyric acid). C-methyl

substitution has little effect on the potentials of the mono(tripeptido) complexes, but a large effect
on the potentials of the bis(dipeptido) complexes.
Oxidation of blue bis(dipeptide)nickel(II) complexes yields violet-black solutions of NiIII species,

in most cases characterized in situ by means of EPR spectroscopy. These low-spin compounds
rearrange in acid and then decompose to NiII species.252 The low-spin NiII complex with the
dipeptide of �-aminoisobutyric acid, [NiII(H�1Aib2)2]

2�, can be oxidized to produce a dark olive
green tetragonally compressed NiIII complex, [NiIII(H�1Aib2)2]

� (63) that was found to be very
stable in neutral and basic solutions.253 Acid catalyzes the decomposition to give NiII, Aib2, and
oxidized peptide fragments. A novel method, based on the influence of 61Ni on the room
temperature EPR spectra of NiIII complexes, was applied to this nickel/�-aminoisobutyric acid
system to measure the electron transfer self-exchange rate constants.254 The exchange rate
decreases when pyridine replaces one of the axial H2O.
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The kinetics and mechanism of the oxidation of [Co(edta)]2� by four bis(dipeptide)nickel(III)
complexes, [Ni(H�1GG)2]

�, [Ni(H–1GA)2]
�, [Ni(H–1AG)2]

�, and [Ni(H–1AA)2]
� (GH= glycine,

AH= (S)-alanine), have been investigated at 25.0 �C and in 0.10M perchlorate media.255 The
reactions are first order in each reagent and have a complex dependence on pH. The dominant
pathway over the pH range 4–10 involves the acid-catalyzed formation of a precursor complex
through which electron transfer takes place. There is indirect evidence for a strong hydrogen-
bonding interaction between the N-terminal amine hydrogen atoms of a coordinated dipeptide
ligand and the carboxylate oxygen atoms of the probe complex. The bis(dipeptide) ligands are
arranged meridionally around the NiIII to produce a chiral center, and the complexes with
optically active dipeptides exist as diastereomers which are readily separated by chromatography.255

Bis(tripeptido)nickelate(III) complexes of Gly3, GlyAlaGly, and GlyGlyAla, formed by the
addition of excess tripeptide to solutions of (tripeptido)nickel(III), have been observed in solution
and characterized by means of electronic spectra, EPR, reduction potentials, and rate measure-
ments. Coordination was found to be a function of pH, with {N5O} coordination occurring at
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pH 6–11.256 NiIII peptide complexes undergo a variety of substitution and rearrangement reac-
tions in acidic solution. The terminal Npeptide bonds to Ni in [Ni(H�3Gly4)(H2O)2]

� and
[Ni(H�3Gly4a)(H2O)2]

� (Gly4a= tetraglycinamide) break rapidly in acid with first-order rate
constants of 0.1–15 s�1 as the hydrogen ion concentration increases (0.004–1.0M). However,
the other three equatorial NiIII—N bonds are relatively inert to substitution. EPR spectra at
room temperature and in frozen aqueous glasses have allowed to characterize several protonated
species for these complexes and for NiIII tripeptide complexes.257 These peptide complexes also
undergo substitution reactions with a series of polypyridine and polyamine ligands such as 1,2,-
diaminoethane, 1,10-phenanthroline, etc. to yield stable ternary complexes.258 In diluted acid,
phen chelates to an axial and an equatorial site while terpy coordinates to two axial sites and one
equatorial site of the NiIII ion.

6.3.3.8.2 Complexes with oximes and related ligands

Oximes have long been known to stabilize both NiIII and NiIV in their complexes. There has been
a great deal of work on the electron transfer kinetics and the reactions of high-valent Ni-oxime
complexes, in particular with tris(dimethylglyoximato)nickelate(IV) or complexes of ligand (64) as
oxidizing agent. This work is not described in detail here, but the reader should refer to a recent
review.64 Inter alia, kinetics of disproportionation of the NiIII complexes of (64) have been
recorded over a pH range and the disproportionation path has been established.259 Likewise,
The reaction of NiIV complexes [Ni(65)2]

2þ and [Ni(64)]2þ with sulfite have been investigated in
aqueous solution as a function of pH.260 Below pH ca. 5, the process is a single step two-electron
transfer, but above this pH, the initial one-electron transfer is distinctly faster. The stoichiometry
varied depending on whether oxidant or reductant was present in excess; both dithionate and
sulfate were formed. The mechanism is inner-sphere, although probably with initial formation of
a H-bonded adduct. In the reactions of [Co(edta)]2� with chiral NiIV oxime complexes, significant
enantiomeric excess has been observed, indicative of ion-pairing before outer-sphere electron
transfer.261 The NiII/NiIII redox potential in the [Ni(66)3]

� complex is very low, �0.1 V vs. SCE
in acetonitrile. Azooxime stabilizes effectively a higher oxidation state of Ni, and [Ni(66)3] with
trivalent Ni can be easily obtained.262
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While quinones are not effective for stabilizing high oxidation states of Ni, their monooximes
have been found to act as good N,O-bidentate ligands towards NiIII. [NiII(67)3]

� occur as
equilibrium mixtures of fac and mer isomers in MeCN solution and display the reversible NiII/
NiIII couples fac-[Ni(67)3]

�/fac-[Ni(67)3], and mer-[Ni(67)3]
�/mer-[Ni(67)3].

263 The former couple
has a higher (by approximately 0.12V) formal potential. These potentials are also sensitive to the
substituent R, and the range 0.3–0.7V vs. SCE is covered by the complexes studied. fac-[Ni(67)3]
is spontaneously transformed into the mer form in solution. For R=Me, the rate constant is
estimated to be 0.02 s�1 at 258K. The dark-colored [Ni(67)3] chelates behave as one-electron
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paramagnets and in frozen solution they display rhombic EPR spectra (g= 2.04, 2.14, 2.19).
Upon reduction, mer-[Ni(67)3] is reconverted into the equilibrium mixture of fac- and mer-
[Ni(67)3]

�.263

The NiIV complex with 2,6-diacetylpyridine dioxime, [Ni(68)2], is one of the prototype NiIV–
oxime systems and has been studied extensively. The corresponding NiIII complex is much less
accessible and cannot be isolated (its NiIII formulation is established by a broad, nearly isotropic
EPR signal with an average g-value of 2.086).264 However, two-electron reduction of [Ni(68)2] by,
inter alia, FeII, SnII, I�, or UIV to give the NiII species entails pairs of one-electron steps.265

[Ni(68)2]
2� has a very low NiII/NiIII redox potential of �0.735V in DMF (vs. SCE).

6.3.3.8.3 Complexes with porphyrins and related ligands

The catalytic cycle of F430 is postulated to involve reduction of the NiII resting state to NiI

followed by formation of a methyl–NiIII transient from which methane is formed (compare
Section 6.3.4.11.7). The latter NiIII species prompts the current interest in high-valent Ni–por-
phyrin compounds.266–268 The question whether the tetrapyrrole ligand of F430, which is unusual
in its ability to stabilize NiI, can also give rise to high-valent NiIII, has been tackled in many ways,
including theoretical and model studies. DFT calculations suggest that NiIII is indeed accessible,
the special architecture of F430 allowing occupation of the dx2�y2 orbital.

269 The electronic spin
density profiles of this (dx2�y2 )

1 NiIII species can be deceptive and closely mimic NiI species.
Redox properties of Ni porphyrins have been extensively studied and detailed reviews of the

oxidative chemistry of nickel porphyrins,268 of their electrochemistry in nonaqueous media,270

and of the electronic structure description of high-valent metalloporphyrins based on quantum
chemical calculations271 have appeared. Ni porphyrins can be oxidized in up to three one-electron
transfer steps,272 depending upon the solvent, although the third oxidation is not always observed.
The existing body of information for oxidized Ni porphyrins and hydroporphyrins suggests the
existence of NiIII cations, NiII porphyrin � cation radicals, and dications comprised of NiIII

porphyrin � dications. In most cases, the initial oxidations and reductions involve the porphyrin
�-system, but examples where the first electron is removed from the central metal ion to give a
NiIII species273–275 are well documented in the literature. However, there still exist no structures of
authentic NiIII porphyrins.
As a general pattern, the site of oxidation, i.e., NiIII vs. NiII � cation radical, is controlled by

the relative ordering of the Ni d-orbitals and the highest occupied porphyrin orbital (HOMO).
Axial ligation of the NiII itself makes it easier to oxidize the metal.274,275,280 NiIII porphyrin
complexes are paramagnetic and normally low spin with one unpaired electron; there appear to be
no examples of NiIII porphyrines with a high spin, S= 3/2, ground state. Particularly relevant to
NiIII porphyrins, which are typically hexacoordinated, are the tetragonally distorted energy
schemes: for the compressed case, the unpaired electron resides in the dx2�y2 orbital with an
EPR signal in which g? < gk. In the tetragonally elongated configuration, the unpaired electron is
found in the dz2 orbital with g?> gk. In porphyrins, the ground state configuration is further
confirmed by the EPR hyperfine interactions with the four pyrrole nitrogens in the case of the
half-occupied dx2�y2 orbital or with the axial ligands if the dz2 orbital is half occupied. As in the
case of the high spin NiII macrocycles, population of the dx2�y2 orbital in NiIII porphyrins will
require an expansion of the Ni—N distances relative to low spin NiII. Hence, the conformational
flexibility of the porphyrin necessary to accommodate this core expansion can control whether the
dx2�y2 orbital or dz2 orbitals are occupied in NiIII complexes.268

Oxidation of [NiII(TPP)] can give a NiIII cation or a NiII � cation radical, depending on the
anion and the solvent. ClO4

� or PF6
� anions can coordinate and thus stabilize the NiIII form at

low temperatures, while NiIII was not formed when Br� or water were added. Oxidation in the
presence of ligands L such as thf, pyridine, or acetonitrile all yielded NiIII species at low
temperatures of the form [NiIII(TPP)L2]

þ with the unpaired electron in the dz2 orbital.
273 These

are stable under inert atmospheres for extended periods. [NiII(OEP)] only yields the � cation
radical under the same experimental conditions that affords [NiIII(TPP)]þ.276 A resonance Raman
study clearly distinguished between the two types of oxidation products and further supported the
NiII � cation radical and NiIII cation assignments.277 When the effects of solvent, counterion and
peripheral substituents on the sites of oxidation by pulse radiolysis at RT were studied on a
microsecond timescale, it was found that [Ni(TTP)] was oxidized to [NiIII(TPP)]þ in several protic
and aprotic solvents whereas addition of 10% water to CH2Cl2 yielded the � cation radical.278
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Apparently, the different sites of oxidation are controlled by a combination of solvent and charge
interactions. It has been speculated that the broad, room temperature EPR signal of [Ni(TPP)]þ

results from mixing of the metal d and porphyrin � cation radical orbitals.273 Since OEPs are
easier to oxidize than TPPs, it is perhaps not surprising that [Ni(OEP)] is simply oxidized to a
� cation radical at all temperatures in the presence of weak ligands such as ClO4

� or PF6
�, whereas

[NiII(TPP�)]þ undergoes the electronic isomerization to [NiIII(TPP)]þ at low temperatures which
also favor ligation of the Ni. Both [NiII(TPP�)]þ and [NiII(OEP�)]þ form NiIII species in the
presence of stronger ligands such as ethers, imidazoles, pyridines, alcohols, nitriles, and cyanides
which lower the oxidation potentials of the Ni. Addition of CO or PPh3 to solutions of
[NiII(TPP�þ)] results only in reduction back to [NiII(TPP)], while addition of CN� produces the
short-lived NiIII species [Ni(TPP)(CN)2]

� with a (dx2�y2 )
1 ground state and ultimately results in

reduction.
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The radiolytic technique has also been applied to the reaction of alkyl radicals R with NiI

porphyrins anions.279 In analogy with the postulated reaction of NiIF430 to form CH3Ni
IIIF430,

short lived R-NiIII products have been detected.
Electrochemistry and spectroscopy of the � cation radical of meso-tetraalkylchlorin (tetra-

methyl) and various porphyrins (tetramethyl, tetraethyl, and tetra-n-propyl) indicate that these
do not convert to NiIII at low temperatures.280 Optical evidence reveals, however, that oxidation
of the � cation radical of [Ni(pEt2N)(TPP)] leads to a NiIII cation radical which can be further
oxidized to a NiIII porphyrin dication. Similar studies have been carried out for various other
derivatives of meso-tetraarylporphyrins such as N-oxides of TPP and 5,10,15,20-tetramesitylpro-
phyrin (TMP). Addition of trifluoroacetic acid (TFA) to the N-oxide of [NiIITMP] at �25 �C in
CH2Cl2 results in [NiIII(TMP)]þ with a rhombic EPR spectrum, g= 2.40, 2.12, and 2.04.281

In general, porphyrins that are easy to oxidize, such as the meso-tetraalkylporphyrins and
hydroporphyrins should all be oxidized to � cation radicals and this trend is indeed observed. It is
not until these molecules are doubly oxidized that evidence of NiIII is found. The exceptions to
this general trend are the �-dioxo- and trioxoporphyrins (i.e., hydroporphyrins with an additional
two or three electron-withdrawing keto groups at the � positions, e.g., (69)).274,275 It was
suggested that the �-dioxo- and trioxoporphyrins have a greater capacity to stabilize NiIII than
the porphyrin ring, due to the greater tendency of the former compounds to bind axial ligands
and thereby relieve the strain of ruffling. Upon two electron-oxidation of Ni �-monooxopor-
phyrin in CH3CN, a paramagnetic species with gav= 2.243 and a broad line width of 160G was
observed at low temperatures and assigned to a dication comprised of a NiIII � cation radical.274

Hydroporphyrins invariably are easier to oxidize as the number of double bonds decreases in the
order hexahydroporphyrin> tetrahydroporphyrin (bacteriochlorin and isobacteriochlorin)>
dihydroporphyrin (chlorin)> porphyrin.282

When multiple peripheral substituents, as in [Ni(2,3,5,7,8,10,12,13,15,17,18,20-dodecaphenyl-
porphyrin)], [Ni(5,10,15,20-tetra(t-butyl)porphyrin)], [Ni(2,3,7,812,13,17,18-tetracyclohexenyl-
5,10,15,20-tetraphenylporphyrin)], and [Ni(OETPP)], cause the macrocycles to become
nonplanar,283,284 the HOMOs of the porphyrins are destabilized and the molecules become easier
to oxidize.283,285 In accord with the general discussion above, these compounds are oxidized to
� cation radicals and remain so even at low temperatures in CH2Cl2. However, upon addition of
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N-donor bases to these nonplanar NiII porphyrin � cation radicals, all the compounds exhibit
EPR spectra at 110K characteristic of NiIII cations with an electron in the dz2 orbital. Contra-
diction between the EPR and the other spectroscopic and structural data has been suggested to
result from antiferromagnetic coupling of the unpaired electron in the dx2�y2 orbital of the high
spin NiII with the unpaired electron of the porphyrin radical, i.e., the high spin NiII radical
becomes a pseudo NiIII.286 Similarly, the structure of a dipyridine adduct of a NiII octaethylox-
ophlorin radical has been reported which displays stereochemical parameters typical of high spin
NiII but has a magnetic moment of 2.5�B, i.e., one unpaired electron. Here again, antiferromag-
netic coupling between the unpaired electrons of the high spin NiII and porphyrin radical has been
invoked.287 DFT calculations and geometry optimizations have been carried out in order to
predict the metrics of, e.g., the tetragonally elongated [NiIII(TPP)(py)2]

þ and tetragonally com-
pressed [NiIII(TPP)(CN)2]

�.288 For the latter, a planar molecule was predicted (using a porphine
rather than TPP skeleton) with equatorial Ni—N distances of 2.06 Å and axial Ni—C bonds of
1.92 Å, consonant with a tetragonally compressed configuration and the dx2�y2 orbital occupancy
observed experimentally.
The ‘‘picket fence’’ NiII complex [Ni(TpivPP)] ((70); TpivPP=meso-�-�-�-�-tetrakis-

(o-pivalamidophenyl)porphyrin) is reversibly oxidized by three electrons in two steps and gener-
ates as final product [Ni(Tipvv)]3þ which was characterized as a NiIV cation radical in solution by
both UV–visible and EPR spectroscopy.289

Oxidation of the recently synthesized NiII tetraphenylcarbaporphyrins (‘‘confused’’ porphyrins
in which one pyrrole ring is inverted to form a Ni—C bond) clearly yield NiIII species of the type
[NiIII(CTPP)X] which show line broadening upon substitution of 61Ni (I= 3/2) and hyperfine
interactions with a variety of counterions.290 The orbital occupancies of the NiIII vary with ligand
field strength. For Br� and I� complexes, the EPR data supports dz2 occupancy whereas for
NO3

�, a molecular orbital comprised of dx,y and dx2�y2 is suggested.
The Ni complex of corrole (octaalkyl derivative (71)) is a S= 1/2 low-spin NiII species with a

ligand-centered �-cation radical, as evidenced by the isoptropic EPR signal at g= 2.01.291,292
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6.3.3.9 Complexes with Mixed Donor Set Ligands

6.3.3.9.1 Complexes with mixed {N,O} ligands

Ni complexes with salen-type {N2O2} ligands (72) have received considerable attention with
respect to their oxidation. The tetradentate salen ligands are intrinsically noninnocent, but the
solvent was found to play a determining role in controlling the final oxidation site, since
NiII!NiIII oxidation of salen complexes [NiII(L)] proceeds with the simultaneous coordination
of two solvent molecules in axial positions to give six-coordinate species [NiIII(L)(S)2]

þ

(S= solvent). Hence, oxidation to NiIII occurs in strong donor solvents (such as DMF or
DMSO), whereas in poorly coordinating solvents ligand oxidation or oxidative polymerization
at the electrode surface takes place.293,294 For example, electrochemical oxidation of (73) in DMF
or DMSO gives a NiIII complex that interacts with a range of pyridines. According to EPR and
electronic spectroscopy, genuine NiIII complexes [Ni(L)(py)2]

þ (gav= 2.12) form with less basic
pyridines, but with more basic pyridines (proton affinity> 945 kJmol�1) intramolecular electron
transfer from the ligand to NiII occurs, giving species [NiII(L��)(py)2]þ (g= 2.00).295,296 Cyclic
voltammetry of complexes (72) in DMSO reveals a single, one-electron quasi-reversible oxidation
wave at between þ0.7V and þ1.0V.294 In cases of metal-centered oxidation, EPR spectra of the
electrochemically-oxidized complexes in frozen matrices show rhombic patterns characteristics of
NiIII, and the complexes invariably have a low-spin 2A1 ground state, usually with (dz2)

1 occupa-
tion. In order to reduce solvent influence, complexes (74) with {N3O2} ligands bearing an
additional backbone N-atom have been prepared. By changing the length of the backbone carbon
bridge, structures can be controlled: in dien-based ligands, steric constraints prevent coordination
of the backbone-N, while in trien-based systems the ligand acts as a pentadentate. An inverted
ground state, (dx2�y2 )

1, has been detected for the pyridine adducts in the latter case.70

The NiIII state is more easily attained with the {NOS} donor-set ligand (75a) (E1/2=þ0.75V
vs. SCE) compared to the {NO2} analogue (75b), the latter showing only an ill-defined anodic
response.297
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6.3.3.9.2 Complexes with mixed {N,S} ligands

In view of the low NiII/NiIII redox potential of [NiFe] hydrogenase, the search for low-potential
NiII/NiIII complexes not only with pure S-donor but also with mixed {N/S} environment has been
of major interest, and significant advances in this field have been reported.298,299 Various mono-
nuclear systems are listed in Figure 1 according to their redox potentials (usually in DMF).
Homodinuclear Ni2 and heterodinuclear NiM complexes with {N/S} donor ligands, in particular
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those with thiolato bridges, have been intensively studied with respect to their redox properties.
These dinuclear compounds are not included here, but the reader should refer to Sections
6.3.4.12.4 and 6.3.4.12.5 for some further information.
A leading factor that influences the potentials is the presence of anionic (polarizable) ligands.

The potentials are lowered in the following series: ArO�>ArS�>RS�.298

The oxidation of [NiII(76)2]
2� with I2 in MeOH affords [NiIII(76)2]

�, in which the tetragonally
distorted octahedral geometry with an essentially planar {NiS4} fragment and a mer-configuration
observed for NiII is preserved.264 The Ni—N and Ni—S distances decrease by 0.01 and 0.04 Å upon
oxidation. Cyclic voltammetry of the NiII complex shows a reversible oxidation at �0.085V (SCE)
and the EPR spectrum of the 61Ni-enriched NiIII species demonstrates the (dz2)

1 ground state.
Complex (77) has been obtained by electrolysis of the respective NiII species (E1/2=�0.78V vs.

Cp2Fe/Cp2Fe
þ in DMF) and represents the first NiIII complex with aliphatic thiolato donors that

could be characterized crystallographically.300 The overall square planar structure is retained, but
the Ni—N and Ni—S distances shorten by 0.023 Å and 0.057 Å, respectively, upon oxidation.
While (77) is EPR-silent, its pyridine adduct shows an axial spectrum (g= 2.313, 2.281, 2.000)
with N-hyperfine coupling of the z-component, indicative of a (dz2)

1 ground state.
Selected further ligand scaffolds that give relatively stable NiIII complexes with thioether or

thiolate coordination are (78),301 (79),302 and (80).303 The latter can stabilize NiIII and NiIV, where
the NiIV species is prepared by oxidation with HNO3.
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Figure 1 Comparative display of low-potential NiII/III redox couples298 (reprinted with permission from
ref. 298; # 1991, American Chemical Society).
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6.3.3.9.3 Complexes with miscellaneous ligands

Square planar, diamagnetic Ni complexes of type (81) have been shown to be best described as NiII

species with singlet diradical character due to strong antiferromagnetic coupling of the two benzo-
semiquinone �-radicals.192 Hence, these compounds are mentioned in the respective NiII sections.
For (82), oxidation from the dianion to the monoanion occurs by air, and the monoanion is stable
in the solid and in solution. X-ray crystallography reveals that the distorted square planar structures
with cis orientation of the two o-mercatophenolato ligands is retained upon oxidation, but the
Ni—S distances shorten by �0.035 Å and the Ni—O distances by �0.025 Å.304
The hybrid phosphin or arsin/thio- or selenoether ligands (83a,b) are less effective at stabilizing

high oxidation state Ni than diphosphines or diarsines.188 Octahedral complexes [Ni(84))2] and
[Ni(85)2]

2þ containing mixed hard/soft donor sets undergo a reversible NiII/NiIII oxidation at
þ0.66V (in methanol) and at þ0.93V (in propylene carbonate), respectively. The NiIII species can
be generated chemically by oxidation with (NH4)2[Ce(NO3)6] at low temperature; they retain the
stereochemistry of the NiII species and have a (dz2)

1 ground state.305 Compared to the related
1,4,7-triazacyclononane systems, the sandwich complex [Ni(86)2]

2þ shows a surprisingly low NiII/
NiIIII potential of E1/2=þ0.27V (vs. Cp2Fe/Cp2Fe

þ).306

The dinuclear complex [Ni2{P(o-C6H4S)3}2]
2� (87) undergoes two reversible electrochemical

oxidations at �0.57V and �0.05V (in DMF, vs. SCE) to give the NiIINiIII and the NiIIINiIII

species, both of which are thermally stable. Chemical oxidation of (87) by [Cp2Fe]BF4 yields the
robust thiolato-bridged mixed-valent (88), concomitant with substantial structural change.307 (88)
is assigned class II behavior according to Robin and Day. Related mononuclear systems such as
[(2-PhC6H4S)Ni{P(o-C6H4S)2(Ph)}]

� cannot be oxidized to a stable NiIII–thiolate species.
Five-coordinate NiIII complexes (89) have been prepared by oxidation of the square planar NiII

precursor complexes [Ni(L)X] with either X2 or CuX2, and the crystal structure of the iodo
derivative has been determined. The geometry at Ni is best described as square pyramidal, with
the Ni atom displaced approximately 0.34 Å out of the basal plane towards the apical I atom.
EPR confirms the NiIII oxidation state, in which the unpaired electron of the low-spin d7 system is
situated in the dz2 orbital.

308,309 In aqueous solution full dissociation of both X anions occurs,
while in acetone solution dissociation is not significant. The redox couple [NiII{NCN}(H2O)]

þ/
[NiIII{NCN}(H2O)n]

2þ in water is þ0.14V (vs. SCE).
The salt [NBu4][Ni(C6Cl5)4] is the first homoleptic NiIII organometallic; it has square planar

coordination of nickel.310 The first examples of organonickel(IV) complexes to be isolated and
characterized are six-coordinate [Ni(Me)I(L)(PEt3)2] (90), which have been obtained via oxidative
addition of MeI to [Ni(L)(PMe3)3].

311,312 X-ray crystallography confirmed that the phosphine
ligands are mutually trans and the methyl group is trans to the phenolate-O. These complexes are
surprisingly stable, surviving at room temperature under argon for days. Their decomposition in
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solution (with C—C bond formation between the methyl and aryl groups) is catalyzed by
[Ni(PEt3)4]. Similarly, a bis(acylphenolato) complex of NiIV is accessible by reaction of
[Ni(L)(PMe3)3] with CH2I2, I2, or diiodoethane at �70 �C, which results in a dismutation reaction
with formation of [Ni(L)2(PMe3)2] (91) and [NiI2(PMe3)2].

312,313 Again, these NiIV complexes are
thermally stable and surprisingly air stable. X-ray crystallography shows the two phosphine
ligands mutually trans, the acyl groups mutually cis. Interestingly, while the precursor NiII

complexes are acid sensitive, the NiIV complex is not. Since organonickel(IV) species are of
obvious interest in considering mechanisms for Ni-catalyzed coupling reactions, reductive coup-
ling reactions of (90) have been studied.314
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Complex (92) has been obtained from the reaction of 1,2-disilylbenzene and [Ni(dmpe)2] at
80 �C.315 The reaction is assumed to proceed via oxidative addition of Si—H bonds and subse-
quent elimination of H2, and some intermediates have been detected spectroscopically. (92) is
described as a NiIV species, but care has to be taken, since a related hexasilylpalladium complex,
initially formulated as PdVI,316 should better be viewed as PdII with two side-on bound Si—Si
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bonds.317,318 The same is valid for a related dinuclear (�-silylene) (silyl)nickel complex (93),
formulated as NiIII.319
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The formally NiIV complex [commo-1,10-Ni(B11H11)2]
4� should be mentioned, which has been

isolated (as the Csþ and Ph3PMeþ salts) and characterized by 11B and 1H NMR spectroscopy.320

6.3.4 COMPLEXES OF NICKEL(II)

6.3.4.1 Advances in Structural Trends and Spectroscopy of Nickel Complexes

The electronic spectra and spectromagnetic properties of nickel complexes have been exhaustively
described in CCC (1987)—in particular for NiII. Hence, the present discussion will be restricted to
selected examples of more recent work and emerging new methods.

6.3.4.1.1 General structural features

Typical Ni—L bond lengths have been extracted from the Cambridge Structure Database (CSD)
and listed in tabular form.321 Also, NiII—L bond lengths from the CSD have been analyzed by
the BDBO technique, which is related to the bond valence model (BVM) where the total bond
order is equal to the oxidation state of any atom.322 Selected mean Ni—L distances from the CSD
source are collected in Table 2.
Ni has a smaller radius in square planar geometry than in tetrahedral, which is assumed to

result from the non-Aufbau electron filling in d 8 square planar species.322 The well-known
thermal octahedralÐ square planar transformation of NiII coordination compounds has been

Table 2 Selected mean Ni—L distances from the CSD.

Octahedral Tetrahedral Square planar

Thiocyanate 2.070(31)
([Ni(NCS)6]

4�:
2.090(10))

1.919(16)
([Ni(NCS)4]

2�:
1.919(14))

1.859(9)

Pyridine 2.139(26) 1.907(11)
([Ni(py)4]

2þ:
1.919(6))

Imidazole 2.124(14)
([Ni(im)6]

2þ:
2.129(4))

1.900(9)

Terminal chloride 2.438(38)
([NiCl6]

4�:
2.454 (62))

2.247(28)
([NiCl4]

2�:
2.259(13))

Water 2.059(24)
([Ni(H2O)6]

2þ:
2.054(17))

Source: See et al.322
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discussed in detail, particularly with respect to its dependence on thermal stabilities of the initial
and final complexes, the electronic and steric properties of the ligands, and the equatorial–axial
interactions of the ligands.323

Rules and trends for the trans-influence in mixed planar NiII complexes have been reviewed
by considering structure data for 19 planar NiII complexes with mono- and bidentate ligands,
[Ni(trans-XY)(cis-ZZ0)].324 The Ni—X bond lengths primarily depend on the trans-influence of
the ligand Y which increases in the order of donor strength O- < N- < P- < C-ligated group.
The influence of the cis-ligands ZZ0 is smaller. Whenever both hard and soft ligands are
present in planar NiII complexes, a structure with a hard and a soft ligand in the trans-
position is favored. This rule is substantial for the steric course of reactions yielding planar
NiII complexes.
While tetrahedral NiII generally is paramagnetic, four-coordinate square planar NiII is usually

assumed to have a closed-shell (diamagnetic) ground state, which results from the large antibond-
ing �-interaction of the four ligands with the dx2�y2 metal orbital. This is not always true,
however, since paramagnetic square planar NiII complexes (94) with a triplet ground state have
been discovered.325,326 Also, the lack of ligand field bands <10,000 cm�1 is no longer an essential
feature of planar NiII complexes, since planar compounds (94) show ligand field bands at 7,300–
7,500 cm�1 (vs. �6,600 cm�1 for the tetrahedral species). While the structure of type (94) com-
plexes in the solid state (planar or tetrahedral) depends on the R and R0 substituents ((94a) and (94e):
planar; (94b): two isomers, one planar and one tetrahedral; (94f): tetrahedral), all compounds are
predominantly tetrahedral in solution.326,327 The ligand field spectra of the planar triplet com-
plexes have been interpreted and well reproduced by extended AOM calculations.328 However,
there has been some dispute about the origin of the paramagnetism of these square planar d8

complexes, and s–d orbital mixing328,329 as well as the small chelate bite angle (which lowers the
energy difference between dx2�y2 and dxy, Figure 2)

330 have been claimed as the determining factors. Both
the angular overlap model (AOM) extended by s–d mixing of central metal orbitals and the cellular
ligand field (CLF) model are able to rationalize the experimental findings.331 The importance of s–d
mixing is emphasized by a study employing AOM in its molecular orbital oriented form (MO-
AOM).332
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Figure 2 Orbital splitting illustrating the reduced tendency for spin pairing in planar d 8 species with
decreasing bite angle.
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6.3.4.1.2 Electronic absorption spectroscopy

Published d–d spectral assignments for seven tetragonal NiII complexes [Ni{N4}X2] with equator-
ial N4 donor set have been analyzed within the CLF framework, which appears to reproduce the
experimental data better than any other ligand field approach.333 Five out of seven spectra were
shown to require reassignment due to unreasonable e�(X) values. An essentially linear correlation
exists between e�(N) and the equatorial Ni—N bond length over the range 2.0–2.3 Å.333–335

Equatorial and axial parameters are coupled inversely: as e�(N) decreases, e�(X) and e�(X)
increase, in accordance with Pauling’s electroneutrality principle.333

The middle band of the three spin-allowed transitions of octahedral NiII complexes
(3A2g! 3T2g,

3A2g! 3T1g(F),
3A2g! 3T1g(P) in Oh symmetry) is often found to be split into two

components (in particular in spectra of NiII complexes with halide or O-donor ligands), which is
usually assigned to spin–orbit coupling of 1Eg(D) with

3T1g(F). All crystal field states of interest
are summarized in Scheme 1. The vibronic structure is also affected by coupling of the energet-
ically excited states, and this has been analyzed in more detail by low-temperature, polarized
single-crystal spectra and a quantitative time-dependent theoretical model (Figure 3).336 It ratio-
nalizes band positions, intensities, and the unusual vibronic progression, which is shown to arise
from efficient intersystem crossing between the two excited states. This model linking point group
symmetry, electronic states and potential energy surfaces is also illustrated in an educational
paper and visualized in an electronic publication.337
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Scheme 1 Electronic states involved in the absorbtion bands in the region of the first singlet�triplet
intersection for octahedral, tetragonal and trigonal complexes of nickel(II):336 Solid arrows denote
spin-allowed absorbtion transitions, dotted arrows connect pairs of interacting levels: ( reprinted with

permission from ref : 336; # 1998, American Chemical Society):

6.3.4.1.3 NMR spectroscopy

The NMR paramagnetic relaxation enhancement of the high-spin NiII (S= 1) ion is strongly
dependent on the rhombicity in the zero-field splitting (zfs) tensor, and much work has been devoted
to the role of the zfs interactions and the interpretation of nuclear magnetic relaxation dispersion
(NMRD) data.338–340 Since electronic relaxation times for high-spin NiII are quite short (typically
10�10�10�12 s), reasonably sharp and well-resolved signals can be observed in favorable cases. This
is particularly true for pseudotetrahedral and pentacoordinate species, but less so for octahedral
NiII where relaxation times are usually longer and resonances are consequently broader. A theory of
the paramagnetic shift in pseudotetrahedral complexes of NiII based on the AOM has been
developed, and it has been shown that the shifts are sensitive to delocalization of spin only from
the metal d	1 orbitals (which are an equal mixture of dxz and dyz).

341
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Selected applications of 1D-NMR spectroscopy in paramagnetic NiII chemistry include the
conformational characterization of [14]aneN4 complexes through

1H NMR relaxation studies,342

the identification of organometallic �-aryl complexes of heteroporphyrins,343 a 13C NMR study of
inversion processes of (meso-2,3-butanediaminetetraacetato)nickelate(II),344 the use of solid-state
13C CP/MASNMR for defining the coordination and ligand conformation in weakly paramagnetic
(�-imonocarbonylenolato)nickel(II) complexes,345 and the determination of isotropic paramagnetic
shifts in the NMR of N and C nuclei in nickel complexes.346

If the fine structure is not observable due to line broadening, 2D 1H NMR spectroscopy of
paramagnetic NiII complexes is a useful tool for signal assignment and for deducing structural
information.347 While COSY experiments have been successfully employed for characterizing
octahedral NiII complexes,348 a problem may arise from the antiphase structure within the
multiplet of COSY cross-peaks, which leads to dramatic cancellation of intensities every time
the J splitting is not resolved. Since this often happens in paramagnetic systems, other 2D
experiments such as HOHAHA and EXSY have also been tested.349

While mononuclear octahedral NiII complexes often show relatively broad signals, nuclear
relaxation enhancement and sharp signals may be observed in related dimer species.350,351 This has
been taken advantage of for a detailed NMR investigation of a series of weakly ferromagnetically
spin-coupled dinuclear octahedral NiII centers.352

6.3.4.1.4 EPR spectroscopy

Standard EPR spectroscopy at X-band (�9GHz; microwave quantum energy 0.3 cm�1) or
Q-band (�35GHz, 1.2 cm�1) has often failed to excite transitions in the spin-triplet manifold of
non-Kramers (S= 1) NiII systems unless the symmetry about the metal ion is high, because the
magnitude of the zfs may be larger than the available microwave quantum. High-frequency/high-
field EPR has now become a valuable tool to overcome this difficulty by the combination of
sufficiently high-mm/sub-mm frequencies and magnetic fields, and hence the EPR signals of S= 1
systems with large zfs have become available.353,354 This has been applied to pseudo-octahedral
NiII ions with {N6}

355 or {N2O4}
356 donor sets (magnetically diluted by doping in a diamagnetic

Zn2þ host) as well as to pseudotetrahedral [Ni(PPh3)2X2] (X=Cl, Br).354 For [Ni(PPh3)2Cl2],
analysis of the two-dimensional (2D) field-frequency data set yielded spin-Hamiltonian para-
meters in agreement with, but with much higher accuracy than, powder magnetic susceptibility
and magnetization measurements. A high value for the axial zfs parameter, D�þ13 cm�1, was
determined and its sign corroborated by considering which transitions are detectable and which
not. The jDj value for [Ni(PPh3)2Br2] is much less (�5 cm�1) due to greater covalency, while the
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Figure 3 Crystal field states (left-hand panel) and potential energy surfaces (right-hand panel) for an
octahedral complex of nickel(II) in the 3T1g/

1Eg energy range. Calculated spectra for the transition to each
electronic state are shown in the central panel. Lines with markers connect electronic states and their
corresponding calculated spectra. The total calculated spectrum (calc.) is obtained as the sum of the four
individual spectra and is compared to the experimental spectrum of Ni(H2O)6

2þ measured at 5K336

(reprinted with permission from ref. 336; # 1998, American Chemical Society).
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magnitude of jDj for [Ni(PPh3)2I2] (�27 cm�1, due to the high spin–orbit coupling of iodine) was
still too high and outside the available field and frequency range, thus precluding resonance
observation.
Double quantum transitions have been analyzed in high-field EPR studies of NiII complexes

with {N6}
355,357 and {N4O2}

357 donor set.

6.3.4.1.5 XAS at the nickel K-edge

While X-ray absorption spectroscopy has proven extremely valuable for analyzing the active site
structures of Ni-containing metalloenzymes such as [Fe,Ni] hydrogenases,358 it has found only
scattered use in classical Ni coordination chemistry. However, it is a valuable tool for assigning
Ni oxidation states, since it has been reported that the shift in energy of the Ni K-edge absorption
towards higher values correlates with the increase in the oxidation state of Ni from þ2 to þ4. The
inflection point energy of the Ni pre-edge structure shifts approx. 1 eV per unit change in
valency.359 For example, the Ni K-edge position in the X-ray absorption spectrum of rhombo-
hedral NiF3 indicates that the compound has a mixed-valence composition NiII[NiIVF6].

360

However, the edge energy cannot be used to determine formal oxidations states without specific
information regarding the nature of the ligand environment.361 For example, the edge energy shift
that occurs upon oxidation is small or nonexistent in the case of complexes with many S-donor
atoms, in accordance with XPS spectra revealing the involvement of the S-donors in the redox
chemistry of such species.
Although not very prominent, nickel K-edge EXAFS data have been used to investigate Ni—L

distances, in particular for the determination of the coordination environment of Ni in artificial
metallopeptides. Examples include the NiII complex of a cyclic tetracysteinyl peptide which was
shown to possess a distorted planarNiS4 core,

362 and the structural characterization of metallopeptides
designed as scaffolds for NiII/Fe4S4 bridged assemblies.

363Comparison of EXAFS data of synthetic Ni
complexes and Ni metalloproteins, e.g., [FeNi] hydrogenase, indicates whether the complexes are good
structural models of the biological sites.361,364,365 Use of the XANES region extends the structural
information, in particular with respect to coordination geometry. The edge energy, edge slope and the
maximum absorbance of the edge region of the spectra are useful in determining the number of hard vs.
soft donor sites. However, predictions become difficult in complexes with a larger number of S-donor
atoms (i.e., low edge energy).361 Application of Ni EXAFS for obtaining first coordination sphere
structural data of classical Ni coordination compounds has been reported in several cases where no
single crystals could be grown.366–371 Peaks in the Fourier transform (FT) of Ni K-edge XAFS data at
approximately twice the Ni—L distance (2R) have been interpreted to arise from multiple scattering
pathways involving the central Ni ion in linear L—Ni—L units. Hence, while such peak at 2R is
observed for square planar trans-[NiBr2(PEt3)2], it is absent for tetrahedral [NiBr2(PPh3)2].

372

Application of element-specific L absorption spectra and the ‘‘white light’’ sum role to a series
of Ni complexes appears to be an excellent tool for quantitatively determining the number of 3d
vacancies.373

6.3.4.1.6 61Ni Mössbauer spectroscopy

While 61Ni Mössbauer spectroscopy has proven valuable in solid-state chemistry, its application to
problems in coordination chemistry is very rare. The parent 61Co nucleus (t1/2= 99min) serves as the
radiation source. A bioinorganic model compound with a NiS4 core has been investigated by 61Ni
Mössbauer spectroscopy in order to gain further evidence for a postulated formalNiIV oxidation state.374

6.3.4.1.7 Molecular modeling of nickel complexes

Molecular mechanics calculations have become a well established tool in the area of coordination
chemistry, including the coordination chemistry of nickel375–379 where they are often applied for
the analysis or the prediction of structures,380 the computation of isomer or conformer ratios and
metal ion selectivities,381,382 and for simulating spectroscopic properties in combination with AOM
calculations or by hybrid quantum mechanics/molecular mechanics (QMMM) methods.383,384

Details of the various approaches, e.g., the incorporation of d-electron stabilization energy
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contributions by, inter alia, hybrid cellular ligand field/molecular mechanics methods,385 are
found in the given references, although only a few selected examples can be cited here. MM
techniques have also been applied for the computational analysis of bioinorganic nickel sites.
A crucial point is the use of a reliable force field, and various parameters for NiII have been

developed and employed successfully.379,386–392 As an example, molecular mechanics calculations
(MOMEC87 program) have been used to predict the isomer distributions of NiII complexes of
chiral (95) and (96), and isomer ratios were in good agreement with observed ratios.393

NH HN

(95)

NH HN

NH HN

(96)

NH HN

∗ ∗ ∗ ∗

The possible conformations of six-membered NiII chelate rings have been identified by cluster
analysis of all such chelate structures contained in the CSD. While most chelate rings are in the
expected chair conformation, around 10% adopt the high-energy boat form due to ligand
constraints. However, these structures were well reproduced by molecular mechanics calculations,
irrespective of the starting conformation.380,394,395 In the case of some 16-membered tetraaza and
tetrathia macrocycles the occurrence of high-energy conformations is attributed to artifacts of the
metal incorporation mechanism.
Optimizing a MM model (MOMEC95, force field396) with regard to axial Ni���H and Ni���C

interactions in a set of structurally characterized bis(diamine)nickel(II) complexes has allowed the
deduction of a van der Waals radius for low-spin NiII of 1.35 Å.397

In a comparative study, the semiempirical PM3(tm) method was shown to be less effective than
molecular mechanics for modeling the structures of NiII complexes with tetraaza macrocycles.398

In contrast, local DFT calculations (VWN5 method), coupled with appropriately large basis sets,
accurately describes the geometries of the isomers of [Ni(cyclam]2þ.399

6.3.4.2 Carbonyl Complexes

While cis-[PtCl2(CO)2] is reasonably stable, related carbonyl complexes of the lighter homologue Ni
II,

such as [NiCl2(CO)] and [NiCl2(CO)2], are detectable only at very low temperature in solid argon
matrices.400,401However, the anionic compound [Ni(C6F5)4]

2� has proven a valuable starting material
for a convenient entry to the chemistry of square planar NiII carbonyl chemistry.402 The halide-
bridged dinuclear species (97) reversibly bind CO giving rise to the isolable derivatives (98). The chloro
complex (98a) reacts with AgC6F5 to give (99). cis-[Ni(C6F5)2(thf)2] reacts with CO at �78 �C to give
isolable (100), which has been crystallographically characterized. The high �(CO) stretching frequen-
cies (2,156 cm�1, 2,130 cm�1) are consistent with the CO acting as mainly a �-donor with negligible
�-backbonding. (100) easily decomposes above �40 �C by reductive elimination of C6F5—C6F5.

Ni
F5C6 X

XF5C6

Ni
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C6F5

+ CO / < 0 °C

– CO / > 0 °C
Ni
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COF5C6
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X = Cl (a), Br (b), I (c)

+ AgC6F5 Ni
F5C6 C6F5
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–
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Ni
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6.3.4.3 Cyano and Other Pseudohalide Complexes

6.3.4.3.1 Cyano complexes

The structure of Na2[Ni(CN)4]�3H2O has been redetermined and the charge distribution analyzed
by multipole refinements.403 The structure contains practically square planar [Ni(CN)4]

2� ions,
which are stacked on top of each other in almost linear chains. The bonding in [Ni(CN)4]

2� has
been investigated by MO calculations, confirming the expected �-donation from cyanide orbitals
and �-backbonding from the Ni dxy orbitals.404 Its electronic spectrum has been analyzed and
the MO energy sequence deduced.405 Ground state energies and electronic transitions have
been calculated by the ZINDO technique.406 MCD results confirm the conventional
3d! a2u{Ni4pz,p*(CN)} assignment of the intense UV bands at 3.2–4.5 mm�1 and suggest an
a1g(z

2)! eu assignment of the band at 5.0 mm�1.407

Formation of [Ni(CN)4]
2� from the reaction of [NiL2]

2þ (L= ethylendiamine derivative) pro-
ceeds via a stable [LNi(CN)2] intermediate.

408 Formation of the intermediate is first order in
CN�, while the subsequent reaction is second order. The pH dependence, however, is different in
each case. Oxidation of [Ni(CN)4]

2� by aqueous chlorine to form trans-[NiIII(CN)4(H2O)2]
2�

follows distinct Cl2O, Cl2, and HOCl pathways (with the first being the fastest) and proceeds
through formation of a highly reactive NiIV intermediate.409 The ability of the [Ni(CN)4]

� unit to
bind to other metal ions through the cyanide N atoms has been extensively used for the
construction of high nuclearity cyanide-based compounds. Since these are important in the field
of molecular magnetism, they are mentioned in Section 6.3.4.13.2. One selected class is described
here, since it incorporates various forms of cyanonickelate(II). The reaction between [Ni(H2O)6]

2þ

and [(Me3tacn)Cr(CN)3] in aqueous solution generates [(Me3tacn)8Cr8Ni6(CN)24]
12þ, a cube of

eight Cr3þ ions with each square face spanned by a [Ni(CN)4]
2� unit.410 In the course of cluster

formation the cyanide ligands reorient from the CrIII—C�N to the more stable CrIII—N�C—
NiII bridging arrangement. Use of NiI2 in a similar reaction gives [(Me3tacn)8Cr8Ni5(CN)24]I10
with a Ni2þ ion missing from one of the cube faces.411 If this latter cyanide-rich cluster is reacted
with additional [Ni(CN)4]

2� in aqueous solution, [(Me3tacn)10Cr10Ni9(CN)42][Ni(CN)4]3 is
formed, which incorporates square pyramidal (101) and trigonal bipyramidal [Ni(CN)5]

3� (102)
and square planar [Ni(CN)4]

2� units in a single compound.411 [Ni(CN)4]
2� has long been known

to react with excess cyanide to generate [Ni(CN)5]
3�, and while the latter species favors a square

pyramidal coordination geometry, a slightly distorted trigonal bipyramidal structure lies close in
energy. The structure of [(Me3tacn)10Cr10Ni9(CN)42][Ni(CN)4]3 is claimed to support that this
distortion from an ideal trigonal bipyramid is not a consequence of packing forces, but represents
a local minimum structure for the free [Ni(CN)5]

3� ion.411 Magnetic measurements now docu-
ment the low-spin character of trigonal bipyramidal [Ni(CN)5]

3�, which is well established for the
square planar form and for [Ni(CN)4]

2�.
The reaction of K2[Ni(CN)4] with B(C6F5)3 followed by treatment with Ph3CCl gives (103),

which has a highly delocalized negative charge in the anion.412 (103) is an active cocatalyst for the
Cp2ZrMe2-mediated olefin polymerization. An extremely bent cyanide coordination with a very
acute angle Ni—N�C of around 111.2(2)� has been observed for the preorganized dinickel(II)
site (104), where the short Ni—Ni distance is constrained by the dinucleating ligand scaffold.413

Application of [Ni(CN)4]
2� as a tumor imaging agent has been reported.414

6.3.4.3.2 Fulminato, cyanato, thiocyanato, and related pseudohalide complexes

Nickel–azide coordination chemistry has received particular attention with respect to magnetic
properties and molecular magnetism. Therefore, NiII/N3

� systems are covered in a separate
section (Section 6.3.4.13.1).
The crystal structure of [N(C3H7)4]2[Ni(CNO)4] containing the square planar tetrafulminato

nickel(II) anion has been determined.415 Due to the large cations separating the anions, this high-
energy fulminato species is not explosive. C�N (114.0(5) pm and 113.6(5) pm) and N—O
distances (126.0(4) pm and 126.2(4) pm are in the usual range for fulminato complexes, and the
M—C�N—O units are almost linear. Based on spectroscopic and magnetic studies, bridging
fulminato ligands have been proposed in a dimeric NiII complex.416

The cyanato ligand generally tends to bind through its N atom to NiII and acts as an N-bound
terminal ligand in mononuclear complexes. Complexes of the type [Ni(NCO)2L4] (L= py, H2O)

Nickel 281



have been characterized structurally and spectroscopically.417,418 In several cases, cyanato com-
plexes are formed from urea complexes upon heating (see Section 6.3.4.12.7). The bridging ability
of the cyanate ion is manifest in some di- and polynuclear complexes where end-to-end (�-1,3)
linkages have been detected due to the use of tetradentate ligands that leave two accessible
coordination sites at the metal center. If these sites are disposed in the cis position, doubly bridged
dinickel(II) species such as [{Ni(terpy)(H2O)}2(�-NCO)2](PF6)2

419 and [{Ni(Me6[14]aneN4)}2
(�-NCO)2](ClO4)2 (105)420 result. Otherwise, 1D chains are obtained as in [{Ni(3,2,3-tet)
(�-NCO)}n](ClO4)n.

420,421 In all these cases, however, the cyanate binding is asymmetric with rather
long Ni—O distances (>2.21 Å) and with very different bond angles ((Ni—O—C)= 122–132�) and
((Ni—N—C)> 150�). Bond angles of bridging SCN� and SeCN� ligands are even more asymmetric
(see below). Magnetic properties of cyanato bridged NiII complexes have been analyzed, revealing
that the antiferromagnetic component of the coupling constant J is lower compared to the azido
systems, as a consequence of the large Ni—O distance and the asymmetry of the ligand.420
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Enforced by the preorganized bimetallic array, a more symmetrical cyanato bridge has been
observed in (106).422 Triple �-1,1,1-NCO linkages have been reported for heterobimetallic nickel/
lanthanide systems.423

Thiocyanate is a common coligand found in NiII coordination compounds of multidentate
chelate ligands.424–431 A convenient method of preparing Ni(NCS)2 has been reported, which
serves as a starting material for the preparation of various NiII–thiocyanate compounds.432

A detailed magnetic analysis reveals antiferromagnetic ordering of Ni(NCS)2 at Tc= 52	 1K.433

Solution studies show the presence of [Ni(NCS)n]
(2�n)þ with n= 1–4 in DMA and n= 1–2 in

DMSO.434,435 In concentrated aqueous NaNCS, a value of 0.12	 0.041mol�1 has been determined
for the fourth consecutive binding constant.436
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While SCN� usually binds via its N atom to NiII (or it adopts a N,S bridging mode), rare
S-coordination has also been observed.437 (107) involves both N- and S-coordinated terminal thio-
cyanate, where the Ni—S—C angle is 98.3(1)�, whereas the Ni—N—C angle is 168.7(2)�. S bonding
seems to be stabilized by intermolecular H bonding to the uncoordinated thiocyanato-N atom.

Ni

S

H2O

N O
N NN

N

H

(107)

C
N

CS

The [Ni(NCS)6]
4� ion is almost perfectly octahedral, with Ni—N distances of around 209.5 pm

and N—Ni—N angles around 89.5�. The Ni—N—C and N—C—S entities are practically
linear.438,439 In [Ni(NCS)2L2] where L is a R-substituted pyridine, stereochemistry and spin
state depend on the type and positions of R.431 While for 2-Me- and 2-Et-pyridine square planar
complexes are observed, other pyridins lead to coordination polymers with pseudo-octahedral
NiII due to N,S-bridging thiocyanate. NiII thiocyanato complexes have been studied quite inten-
sively as hosts for inclusion compounds.440–442

Bridging thiocyanate has received attention as magnetic exchange mediator in polynuclear NiII

complexes. Besides discrete dinuclear complexes (108)443,444 and several trinuclear systems
(109),445,446 1D chain compounds with single (110, 111)447,448 or double bridges (112, 113)449–452

and cis (110, 113)447,448,450 or trans (111, 112)449,451,452 orientation of the bridges have been
characterized and their magnetic properties analyzed. The small bonding angle at the thiocyan-
ate-S (around 100�) leads to orthogonality of the magnetic orbitals, and hence ferromagnetic
coupling is usually observed.
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Selenocyanate binds via its N atom to NiII,453,454 but is also able to bridge two NiII ions in the
�-1,3 mode. Compounds [LNi(NCSe)2(H2O)] (L= tridentate amine, e.g., bis(3-aminopropyl)
amine or (2-aminoethyl)(3-aminopropyl)amine) undergo deaquation to form dinuclear selenocyan-
ate bridged species [LNi(NCSe)(�-NCSe)]2 (114) upon heating.453 In (114), the Ni—Se—C and
Ni—N—C angles are around 95� and 170�.455 Due to the resulting orthogonality, ferromagnetic
superexchange is usually found for these compounds.455,456

6.3.4.4 Complexes with Nonmacrocyclic Nitrogen Donor Ligands

6.3.4.4.1 Complexes with monodentate amino, amido, and imido ligands

A combination of matrix isolation IR and DFT studies have shown that condensation of
monomeric NiX2 (X=Cl, Br) in solid N2 matrices initially gives species NiX2���(N2) with a
physisorbed type of interaction. These can be converted by photolysis into pseudotetrahedral
NiX2(�

1-N2)2 (115) moieties with end-on bound N2 in a chemisorbed type of interaction below
10K. On warming to ca. 20K the chemisorbed species revert to the physisorbed state.457

Amines are very efficient donors for NiII ions. The most effective monodentate nitrogen-
containing ligands are heterocyclic amines like imidazole (Im) or pyridine (py). Imidazole or
substituted imidazoles may form classical complexes with six or fewer ligands bound to NiII.
Powdered nickel dissolves in N-methylimidazole (N-MeIm) solutions of elemental sulfur to give
red-colored salts [Ni(N-MeIm)6]S8.

458 The Ni atom is surrounded by six ligands with parameters
very close to those found in the classical imidazole complexes. In the trans-[Ni(NCS)2(Im)4]
complex with a {NiN6} chromophore, the Ni

II ion exhibits axially distorted octahedral geometry
with trans N-bonded thiocyanate ligands.459 Structural studies on the [Ni(NCS)2 (alkylpyridine)n]
complexes have shown that there is a direct relation between the size and the position of alkyl
substituents and the structure of the complexes formed. While a simple pyridine ligand gives six-
coordinate complexes, e.g., in [NiCl2(py)4],

460 substituted pyridines may give complexes with
coordination numbers from four to six.461 Using 2,4-dimethylpyridine (2,4-dmepy) the
[Ni(NCS)2(2,4-dmepy)3] complex is obtained with five nitrogen atoms around the metal ion and
with a geometry intermediate between a trigonal bipyramid and a tetragonal pyramid. The
arrangement of the methyl substituents prevents coordination of a sixth ligand.
Methazolamide ((116a), Hmacm) and acetazolamide ((116b), H2acm) contain two different nitro-

gen binding sites, the sulfoamide and thiadiazole nitrogen donors. The interaction of Hmacm with
NiII ions and ammonia gives rise to [Ni(macm)2(NH3)4].

462 Two sulfonamido molecules occupy
the axial positions by binding through the deprotonated sulfonamide N atoms, while four
ammonia N atoms form the equatorial plane. A similar complex, [Ni(Hacm)2(NH3)4], is formed
with H2acm.

463 Hacm coordinates through its thiadiazole nitrogen with the Ni—N distance being
shorter (2.150 Å) than in the case of the sulfonamide Ni—N bond (2.216 Å). The shorter distance
for the thiadiazole ligand indicates the effect of the �-electron delocalization in the thiadiazole ring.

N N
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SO2NH2NH3C

O

(116a) (Hmacm)

N N

S SO2NH2

H
NH3C

O

(116b) (H2acm)

In contrast to amino ligands, NiII coordination chemistry with amido or imido ligands is much
less developed. Parent [Ni(NH2)2] can be obtained by the reaction of NiBr2 with KNH2 in liquid
NH3.

464 In the solid state, it contains [Ni6(NH2)12] entities that consist of Ni octahedra sur-
rounded by amide groups forming a cuboctahedron. There are at most weak NH���N bonds
between the [Ni6(NH2)12] clusters. Reaction of NaNH2 with [Ni(NH2)2] gives
Na2[Ni(NH2)4]�2NH3.

465 This compound contains planar [Ni(NH2)4]
2� units that are oriented

to form the ground and top of a prism capped by Naþ and (at a greater distance) NH3. Upon
further reaction with LiNO3, LiCl, or LiBr, Li3[Ni4(NH2)11]�NH3 is formed.

466
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NiII–amido complexes such as (117) react with small electrophiles by insertion either in the Ni—N
bond (e.g., with CO2 to form (118)) or in the N—H bond. With unsubstituted aryl groups
(Ar=Ar0 =Ph), both a monomeric complex (117) or a dimeric species (119) is formed, depending
on the amount of PMe3 added. Using bulky borylamide ligands, an almost linear, two-coordinate Ni

II

complex could be obtained and structurally characterized.467 The N—Ni—N angle in (120) is 167.9�.
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A first terminal imido complex of nickel (121) was prepared according to Equation (3).468 The
synthesis goes via the NiII amido compound (122) and uses the steric bulk of the arylimido group for
stabilization. The NiII center in (121) is planar and three-coordinate. Reaction of (121) with CO or
benzyl isocyanide leads to formal nitrene transfer with formation of (124) and (125), respectively.
Further reaction with CO liberates the isocyanate and carbodiimide (Equation (4)).469
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6.3.4.4.2 Complexes with chelating amino and amido ligands

With C- and/or N-substituted diamines square planar or octahedral NiII complexes are usually
formed. 2-Methyl-1,2-propanediamine may form both octahedral470 or square planar com-
plexes.471,472 The C-substituted diamine complexes with NiII often exhibit solid-state yellow to
green-blue thermochromism which is usually explained by the square planar to octahedral
isomeric transformation.473,474 The simultaneous substitution on diamine C and N atoms in
N-isopropyl-2-methyl-1,2-propanediamine results in a set of three complexes [NiL2]Br2�3H2O (126a),
[NiL2Br]Br (126b) and [NiL2(NCS)2]

475 (126c) with square planar ({NiN4} chromophore), dis-
torted trigonal bipyramid ({NiN4Br} chromophore), and trans octahedral ({NiN6} chromophore)
geometry, respectively. In the pentacoordinate complex the secondary N atoms are coordinated in
axial positions while the Br atom and two primary N atoms define the basal plane. The square
planar complex (126a), on heating, undergoes an irreversible exothermic isomerization after
dehydration into complex (126b)—a unique example of the change from square planar to a
trigonal bipyramidal species (yellow to green thermochromism). The isocyanide complex exists
only as a six-coordinate species in the solid state as well as in solution. The smaller size of the
coordinating atom and a higher ligand field of the NCS� ion compared to the bromide ion allows
the steric hindrance caused by the bulky substituents to be overcome. N,N0-dimethyl-1,2-ethane-
diamine forms with Ni(NO3)2 octahedral complexes exhibiting cis–trans isomerization.
cis-[NiL2(NO3)2] obtained from cis-[NiL2(H2O)2][NO3]2 by heating may be transformed into
trans-[NiL2(NO3)2] on heating to 150 �C or by the presence of humidity.476
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Equilibria between four-, five-, and six-coordinate complexes in solution are found in the case
of ternary substituted [Ni(diamine)(�-kitenonate)]þ species for coordinating solvent with different
donor strength.477 Increasing of the solvent donor strength as well as increasing the electron-
withdrawing abilities of the substituents at the diamine and �-kitenonate ligands favors the
formation of the six-coordinate species.
The heavily substituted diamine (127) forms withNiII a violet complex [NiCl2(127)].

478TheNi atom
is surrounded by two chlorine atoms and by two amino groups in a distorted tetrahedral geometry
with a dihedral angle between the planes defined by Cl—Ni—Cl and N—Ni—N of 86.3�. The main
reason for this unusual Ni–diamine complex structure is most likely the geometry of the resulting
diazanickelacyclopentane ring that invariably shows a N—Ni—N angle ranging from 82� to 90�.
1,2-Cyclohexanediamines are simple analogues of 1,2-ethylenediamine479,480 and much of their

coordination chemistry is very similar. NiII complexes may be used to separate the stereoisomers
of 1,2-cyclohexanediamine.481 The complex composed of NiII and optically active N,N0-diethyl-
cyclohexane-1,2-diamine (128) shows an ability to recognize the shape of molecules in terms of the
configuration of the various OH groups in aldolases during the epimerization of D-glucose to
D-mannose.482
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Amidines, i.e., bifunctional nitrogen compounds of general formula R0NH—C(R)¼NR0,
exhibit various bonding modes, with small amidino ligands favoring formation of dimeric com-
plexes.483,484 N-silylated benzamidines with larger substituents usually form monomeric species.485

Ligand (129) (siam, Me3Si-NC(Ph)N—SiMe3
�) forms two complexes with NiII ion, [Ni(siam)2]

and [Ni(siam)(Hsiam)Br].486 The complex [Ni(siam)2] shows a distorted tetrahedral environment
around the NiII ion. The distortion arises from the amidine groups resulting in the dihedral angle
between the planes defined by atoms involved in the formation of two chelates, NNNi—NiNN, of
96.1�. The [Ni(siam)(Hsiam)Br] complex has a monodentately bound Hsiam ligand and a weakly
distorted square planar geometry with a dihedral NNNi—NiBrN angle of 173.5�. [Ni(siam)2] is
very reactive towards CO2: two moles of the starting complex can incorporate 5mol of CO2 that
insert into five N—Si bonds ((130), Figure 4). Siam coordinated to metal ions can stabilize
metal–carbon bonds similar to the cyclopentadienyl ligand.487
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The square planar NiII complex (131) is formed upon reaction of MeCN with the dinuclear
complex (132). A sequence of Ni-mediated hydrolytic transformations, MeCN! acetamide and
NH3! acetamidine!N-acetimidoylacetamidine, is proposed.488 While the N-acetimidoylacet-
amidine ligands are isoelectronic with acac, they have a much stronger ligand field.
From the reaction of [Ni(acac)2] with a variety of oxalamidines, di- and oligonuclear complexes

with oxalic amidinato bridging ligands and square planar NiII have been obtained (133a).489 In
contrast, the (Ph3P)BrNi fragment can only coordinate to sterically less demanding oxalamidinates
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Figure 4 Crystal structure of (130)486 (reproduced with permission of Elsevier from Inorg. Chem. Acta,
1998, 281, 181–189).

Nickel 287



and gives tetrahedral coordination of the metal ion (133b).490 Oxalamidines with additional donor
atoms in the N-substituents have also been studied, e.g., in (133c).490
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Triamine ligands bind NiII to usually give octahedral complexes both in the equimolar and
bis(ligand) species.491,492 The bis-complexes of the tridentate diethylenetriamine (dien) can exist in
three edge configurations: meridional (mer), symmetrical facial (s-fac), and unsymmetrical facial
(u-fac) (134).493 The difference in energy between them is very small (only few kJ mol�1). Thus,
even the thermal transformation in the solid state between different isomers is possible.
[Ni(dien)2](SCN)2 undergoes a phase transition (162–180 �C, �H= 29.4 kJmol�1) from the low-
temperature ordered form s-fac-[Ni(dien)2](SCN)2 to a high-temperature unordered mer iso-
mer.494 The latter isomer is metastable and transforms to the former one in the presence of
humidity.
Dien is classified as an N-donor, polycentric, chelate and also chiral ligand.495 In octahedral

[M(dien)2]
nþ complexes the configuration u-fac is chiral (C2), the configuration s-fac is achiral (Ci)

and the configuration mer is chiral due to nonplanarity of the central N atom. Different isomers
can be obtained not only by thermal phase transition but also by appropriate complex synthe-
sis.496 Two particular complexes in this context are [Ni(dien)2]ca�2H2O (ca= chloranilate) and
[Ni(dien)2][Ni(CN)4]�2H2O. In the former complex the [Ni(dien)2]

2þ cation has nearly octahedral
geometry. Two ligand molecules with terminal amino groups in cis and secondary amino groups
in trans position define the s-fac configuration. The conformations of two independent chelate
rings are enantiomeric with each other. In contrast, the metal ion in the [Ni(dien)2]

2þ unit of the
second compound shows distorted octahedral geometry, but the two tridentate ligands are
coordinated meridionally.

N-(2-aminoethyl)-1,4-diazacycloheptane ((135), dachen) is a tridenate ligand incorporating a
mesocyclic diamine and is termed ‘‘structurally reinforced.’’497 Like other polyamine ligands with
steric bulk disposed above and below the complex plane, dachen stabilizes the low-spin square
planar NiII. In aqueous solution it exists as the octahedral [Ni(dachen)(H2O)3]

2þ cation, which
upon reaction with ammonia yields the square planar complex [Ni(dachen)(NH3)]

2þ, a rare
example of a monodentate ammine ligand in a low-spin NiII complex.498

The choice of tridentate amine has a critical impact on the coordination mode of the
ambidentate nitrite ligand, NO2

�.499,500 Complexes with substituted tri- and tetraamines
have shown that bulky substituents may prevent the formation of the �-NO2

� bridged
polymeric complexes, and the intramolecular hydrogen network may stabilize N coordination
of nitrite.
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(135) (136a)  R = H 
(136b ) R = Me 
 (136c ) R = CH2Ph 
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(137a)   R = R′ = H 
 (137b ) R = CH2py, R′ = H
 (137c ) R = R′ = CH2py 

NR′
NHR

NHR

1,3,5-Triamino-1,3,5-trideoxy-cis-inositol (taci, (136a)) provides a rigid arrangement of three
amino groups sterically constrained to facial coordination and hence is an effective chelator for
NiII, much more effective than the related 1,3,5-triaminocyclohexane.501 O-alkylated derivatives
such as all-cis-2,4,6-trimethoxy-cyclohexane-1,3,5-triamine (tmca, (136b)) and all-cis-2,4,6-tri-
benzoxycyclohexane-1,3,5-triamine (tbca, (136c)) form particularly stable [Ni(tmca)2]

2þ and
[Ni(tbca)2]

2þ complexes, which in the solid state show near octahedral coordination geometry
with some trigonal distortion. The {NiN6} core has almost ideal D3d point group symmetry.502

A potentiometric study performed for the NiII tmca system shows potent binding ability of this
ligand toward NiII. In comparison to the parent ligand (136a), the stability constant is larger by
two orders of magnitude for the 1:1 complex and about five orders of magnitude for the 1:2
complex. A comparison with other triamines shows that tmca belongs to the most effective
triamine ligands for NiII ions. The data suggest that the methyl groups located on the periphery
of the complex generate a lipophilic surface, whereas the hydrophilic part of the molecule is mostly
hidden in the inside. Compared with the parent (nonmethylated) ligand, tmca complexes are
stabilized by a more favorable entropy of hydration. [Ni(taci)(H2O)3]

2þ is a valuable building
block and can be attached to other moieties. Solvothermal reaction of NiCl2, Nb(OEt)5 and taci in
a 1:1:1 ratio under alkaline conditions resulted in the formation of two Nb–Ni heteropolyoxo-
metalate complexes [Ni(taci)2]2{trans-[Nb6O19][Ni(taci)]2}26H2O and [Na(H2O)6]2{cis-[H2Nb6O19]
[Ni(taci)]2}18H2O. In both compounds, two [Ni(taci)]2þ entities are each bonded to three
Nb—O—Nb bridges of a central Nb6O19 unit, resulting in the formation of an approximately
C3v symmetric NiN3O3 coordination geometry.503

Stability constants for complexes of cis-3,5-diaminopiperidine (dapi, 137a) with several divalent
metal cations have their maximum for NiII. [Ni(dapi)2]

2þ forms directly in aqueous solution, and the
centrosymmetric trans isomer was found exclusively in the solid state.504 Ligands (137b) and (137c)
bearing additional pyridine donors form six-coordinate complexes [Ni(137b)Cl]þ and [Ni(137c)]2þ.
Phosphinoimidic amidato ligands give NiII complexes (138a) and (138b), depending on the size

of the R and R0 substituents. For example, for R=But and R0 = SiMe3, halogeno-bridged type
(138b) complexes with tetrahedral {NiN2X2} chromophores are formed. In the solid state, com-
plexes (138a) can be either planar (e.g., R=Pri, R0 =Me) or tetrahedral (e.g., R=Ph,
R0 = SiMe3), while in solution an equilibrium planar (diamagnetic)Ð tetrahedral (paramagnetic)
is often observed. Higher temperatures shift the equilibrium towards the tetrahedral form.505

Distorted tetrahedral structures in the solid state are also observed for type (138a) and (138b)
complexes with R=R0 =Ph and X=PPh2.

506

Bis(8-quinolinyl)amide acts as a tridentate pincer ligand towards NiII to give the square planar
complex (139).507 A trigonal monopyramidal (TMP) coordination geometry around the NiII ion is
rare.508 The tripodal ligand N[CH2C(O)NHBu

t]3, which contains a tertiary amine and three amides
with appended t-butyl groups is very efficient in forming TMP complexes with NiII. The orange
nickel complex (140) has a TMP structure with the three deprotonated amide nitrogen donors
coordinated equatorially.509,510 The NiII ion lies nearly in the trigonal plane, displaced only 0.14 Å
toward the vacant coordination site. (140) does not form trigonal bipyramidal species while
dissolved in solvents, even in pyridine and water. The lack of reactivity can be explained by the
nearly complete shielding of the vacant coordination site by the bulky amide substituents. This TMP
ligand effectively stabilizes the divalent NiII state and leads to a high NiII/NiIII redox potential.
Tetraamine ligands (2S,3S)-1,2,3,4-tetraaminobutane (threo-form, ttab) and (2S,3R)-1,2,3,4-

tetraaminobutane (erythro-form, etab) (141) form oligonuclear and polymeric complexes with
NiII. The solid-state structure of [Ni8(ttab)12]Br16�17.5H2O has been shown to contain discrete
chiral [Ni8(ttab)12]

16þ cubes with approximate T symmetry.511 NiII complexes of the tripodal
tetraamine ligand tren are well established. In the linear complex cation [Ni3(tren)4(H2O)2]

6þ (142)
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all Ni ions are six-coordinate, but with different coordination spheres.512 Two of the tren ligands act
as bridges, being only tridentate with respect to the central NiII and binding the outer NiII via the
pendant primary amine. The higher homologues of tren, ((143)–(145)), also form octahedral type
(146) and (147) complexes.513 Variation of the lengths of the ligand arms leads to different chelate
ring sizes, which causes distinct distortions of the octahedral coordination environment, of the
strengths of bonds to monodentate coligands, and induces a slight shift in the UV–visible spectra.
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The encapsulating hexadentate ligand (148) forms [Ni(148)]2þ with a distorted octahedral
geometry. This can be oxidized to a NiIII species in which a substitution reaction by sulfate in
the NiN6 chromophore is observed.

514

6.3.4.4.3 Complexes with chelating imine ligands

The discovery515,516 that NiII (and PdII) complexes of bulky �-diimine ligands (149a,b) are active
precatalysts for the polymerization of olefins (giving polyolefins with branched microstructure)
has sparked an enormous activity in that field.517–520 This includes theoretical work521–526 and
mechanistic studies527–529 as well as numerous investigations regarding the effects of, inter alia, the
cocatalyst (usually MAO or other aluminum alkyls),530 the ligand structure,531 etc. New devel-
opments include the covalent binding of the catalysts to a silica support via appropriate ligand
modifications,532 polymerization in aqueous media,533,534 and the design of new ligand scaffolds,
in particular nonsymmetric ones (e.g., in (150)–(152)).535–539

In the solid state, (149a) with R1=R2=Pri and R3=H is a dimer with two �-bromo linkages
and five-coordinate NiII ions.540 Precatalysts (152) with very bulky 2,6-diphenylaniline substitu-
ents (R=But, OMe) adopt a chiral C2 symmetry due to repulsive interactions between the
sterically demanding groups.541
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Ni catalysts for olefin polymerization incorporating �-iminocarboxamide ligands are activated
by the formation of borane–carbonyl adducts (153).542 Structure/reactivity relationships are
similar to Brookhart’s dimine catalysts.
While according to the Irving–Williams series octahedral CuII complexes are thermodynamic-

ally more stable than the corresponding NiII complexes, in the case of square planar geometry the
ligand field stabilization effect is reversed and a higher stability is predicted for d8 than for d 9

electron configuration. M(amben) complexes (where amben is the {N4} counterpart of salen,
(154)) are approximately planar both for CuII and NiII ions.543 In the reaction [Cu
(amben)]þNiX2! [Ni(amben)]þCuX2 (in DMF) NiII replaces CuII irreversibly, but the rate is
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strongly dependent on the nature of X.544 The order or reactivity was found to be:
ClO4

�<Br�< SCN��Cl�. The slow substitution with X=ClO4
� takes days, while with

X=Cl� it proceeds within minutes. According to the kinetic data for the system [Cu(amben)]/
[Ni(DMF)6]

2þ/Cl� the overall process consists of a Ni- and Cl-dependent step, followed by two
Ni- and Cl-independent consecutive steps. The first step can be described as a second-order
reaction between [Cu(amben)] and a chloro species assumed to be distorted tetrahedral
[NiCl2(DMF)2]. This species initially reacts with the {N2} donor metalloligand [Cu(amben)] to
form the binuclear intermediate [Cu(amben)NiCl2] which subsequently rearranges in two first-
order steps to form [Ni(amben)].

6.3.4.4.4 Complexes with chelating nitrogen ligands incorporating oximes and related functions

The oxime function is usually inserted close to another donor ensuring chelate formation, e.g.,
other donors like an oxime, amide, imine, or azo group. The insertion of an N-donor atom next
to an oxime group results in efficient ligands for NiII ions. The arylazooximes with an aza
function next to the oxime (H[155]) form complexes [NiII(155)3]

� (156; R=Me or Ph).262 One
of the ligands may be easily displaced by 2,20-bipyridine or related ligands giving the octahedral
[Ni(155)2(bipy)] complex. The crystal structure of [NEt4][Ni(155)](R=Ph) shows that the {NiN6}
coordination sphere (chelates are meridionally bound) is severely distorted from octahedral
symmetry with Ni—Noxime bonds shorter than the Ni—Naza distances and a distinct trans effect
displayed by the Ni—Noxime bond.
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Bis(glycinohydroxamato)nickel(II) (157) forms a square planar complex where the ligand
behaves as an {N2} chelate.545 NiII complexes of imine oximes synthesized from corresponding
alkyldione monoximes and amines show an unusual coordination. After almost 70 years the
structure of the Pfeiffer complex (Figure 5) and the reaction leading to this structure was finally
established.546

Amide N atoms next to an oxime moiety are strong donors and {Noxime,Namide} chelation
usually results in square planar NiL2 complexes.547 Two oxime groups accompanied by two
amine, amide, imine, or other donors are also powerful ligands. Such tetradentate dioximes
form planar complexes. Deprotonated 3,6,6,9-tetramethyl-4,8-diaza-3,8-undecadiene-2,10-dione
dioxime forms with NiII a slightly distorted square planar complex (158) with intramolecular
hydrogen between the oxime oxygen atoms.548

A ring closing reaction involving coordinated amide groups is observed for (159a), which forms
(159b) upon condensation with formaldehyde and methylamine.549

N N

(154) (H2amben)

NH2 H2NN

Ni
N

R1
R1

R2 R2

O

(153)

(C6F5)3B
N

Ni
N

R1 R1

R2 R2

O
(C6F5)3B

292 Nickel



CH2O
H
N

NMe

O
Ni

N

H
N O

Me
O O

H

N

NMe

O
Ni

N

N O

Me
O O

H

N
Me

CH3NH2

(159a) (159b)

N N

N

O
H

O N
Ni

+

(158)

–
–

Various tetradentate amide and oxime open chain ligands exhibit very high efficacy in the
coordination to NiII ions. N,N0-bis(2-hydroxyiminopropionyl)-1,2-diaminoethane (H2pen) and
N,N0-bis(2-hydroxyiminopropionyl)propane-1,3-diamine (H2pap) form very stable square planar
NiII complexes (NiH-1L) with very short hydrogen bonds between two oximic oxygen atoms
(Figure 6).550–552 This short hydrogen bond closes the planar complex structure into a pseudo-
macrocyclic environment. The NiH�1L complex is very stable also in solution and it is the first
major species formed with NiII above pH 6. The structure of Li[Ni(H�1pen)]�4H2O shows that
the metal ion lies in the center of four N-donors of two deprotonated amides and two oxime
groups. The coordination in [Ni(H�1pap)]

� is very similar to that of [Ni(H�1pen)]
�; however, in the

former complex there are alternating five-, six-, five-membered rings, whereas in the
[Ni(H�1pen)]

� species all three fused chelate rings are five membered. This leads to noticeable
shortening of the Ni—N bonds. The Ni—Namide bonds being within the 1.803–1.816 Å range are
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Figure 5 Crystal structure of Ni(hex)(eti).546

O(5)

O(2)
C(4)C(5)

O(8)

O(1)O(4)O(7)

O(3)

O(6) C(6)

C(7)

C(8)

O(6a)
N(3) N(2)N(2)

N(1)N(4)

C(3)

C(2)

C(1)

Ni

Li

Figure 6 Structure and numbering scheme for the complex Li[Ni(H�1pen)]�4H2O.
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distinctly shorter than those found for other amides including macrocyclic complexes (average
1.85–1.87 Å). Very similar behavior is shown by dithia dioxime ligands. The {S2N2} coordination
in the square planar NiII complex is stabilized by the short effective hydrogen bond between two
oxime oxygen atoms.553 A tetraoximic analogue of EDTA, ethylenedinitrilo-tetraacetamidooxime,
which is potentially a six-coordinate ligand involves all four oxime nitrogen donors to coordinate
the NiII together with two tertiary amine nitrogen donors.554

6.3.4.4.5 Complexes with chelating ligands incorporating N-heterocycles

N-heterocyclic compounds containing six-membered rings (pyridine and analogues) behave
as excellent �-acceptors and in turn they provide a rather soft site for metal ion coordination. The
�-excessive five-membered pyrazole is a poorer �-acceptor and a better �-donor and it acts as
relatively hard donor site. Inclusion of six- and five-membered N-heterocycles like pyridine and
pyrazole in one ligand system leads to very attractive coordination chemistry with variations of the
electronic properties.555 The insertion of a spacer (e.g., methylene groups) between two heterocycles,
which breaks any electronic communication, makes the coordination properties even more manifold.
Pyrazolate as a ligand can exhibit various coordination modes, inter alia, monodentate, exo-

bidentate, and endo-bidentate. Several review articles have been published in the field.556–559 The
use of pyrazole in the modeling of biological systems was also reviewed.560,561 The most common
application of pyrazole ligands is to use its exo-bidentate coordination mode linking two metal
centers that may be identical or different (compare Section 6.3.4.12.6). Polypyrazolylborates and
related ligands are covered in the subsequent section.
The bidentate ligand (160) forms a dimeric compound [Ni(160)Cl2]2 incorporating two chloride

bridges,562 where both metal centers are in a distorted trigonal bipyramidal {N2Cl3} environment.
Two pyrazole rings are linked by a short bridge, e.g., borate in (161), which prevents coordination to
one of the pyrazole N atoms. Hence, (161) acts as a bidentate ligand and is very effective in metal
extraction.563 Substitution of the pyrazole rings by methyl groups may change distinctly the complex
stability and selectivity in the metal extraction. The small NiII ion usually forms square planar
complexes, but when both pyrazoles bear methyl substituents, steric hindrance causes the [Ni(161)2]
species to be highly strained and less stable than complexes with larger metal ions. One pyrazole and
one benzimidazole linked by a methylene group (162) forms [Ni(162)2(ClO4)]

þ with a chelating
bidentate perchlorate.564 The complex can have a � configuration with the chelate rings in boat
conformation �, or a� configuration with the chelate rings in �-conformation. This conformational
flexibility in the coordination of NiII is proposed to have implications for asymmetric catalysis.565
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N

(163)

Bis(2-benzimidazolyl)ethane (163) forms mononuclear [Ni(163)2]
2þ with the NiII ion sur-

rounded by four N atoms in an almost perfect square planar geometry.566

The simple tris(biimidazolato)nickel(II) complex has been known for a long time. However, it is
still a very attractive unit to build cation-mediated 1-, 2-, and 3-D superstructures.567–569 The
production of such molecular architectures by a one-pot molecular self-organization of the
anionic building blocks [Ni(Hbim)3]

� (164) evolves from three basic factors: (i) the presence of
three complementary binary hydrogen bonding sites, (ii) the occurrence of � and � optical
isomers of the anionic nickel building blocks, and (iii) the identity of the counterions. Simplified
self-organized superstructures are shown in (164a)–(164d).
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Bis(1-pyrazolylmethyl)amine (165) acts as a tridentate ligand that forms [Ni(165a)2]
2þ with

almost octahedral geometry and fac coordination of the ligands.570 A similar ligand with
dimethyl-substituted pyrazoles (165b) forms [Ni(165b)(NO3)2] with the metal ion surrounded by
two pyrazoles and one tertiary amine N atom as well as three nitrate O atoms (one of the nitrates
acts as a bidentate ligand).571 Two pyrazoles combined with one pyridine (166) results
in [Ni(166)2]

2þ, which is an octahedral complex. The Ni—Npyridine bond is longer than
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Ni—Npyrazole.
572 Tridentate (167) forms five-coordinate [Ni(167)Cl2] with trigonal bipyramidal

geometry, while (168) forms octahedral [Ni(168)(H2O)2]Cl2. The presence of the basic phenantro-
line allows the ligand to stabilize the NiI species as revealed by a quasi-reversible NiII/NiI wave at
E1/2 =�0.46V vs. AgCl/Agþ (for [Ni(167)Cl2]).

573

The combination of imidazole and pyrazole units leads to multidentate ligands useful for
biological modeling. Potentially pentadentate (169) forms a six-coordinate NiII complex with a
distorted octahedral {N4O2} geometry.

574 One of the ligand imidazole groups is not involved in
the coordination and nitrate acts as bidentate ligand. A pyrazole moiety in Schiff base-type
tetradentate N ligands may have a strong impact on the complex structure even if not directly
bound to the metal ion. Increase of the polymethylene chain in N,N0-bis(5-aminopyrazol-4-
ylmethylene)polymethylenediamine forces a gradual alteration of the configuration at the metal
center from planar to tetrahedral.575 NiII complexes (170) with n= 2 or 3 are square planar both
in the solid state and solution, whereas in the case of (170f) with n= 4 the complex is diamagnetic
in the solid state and a rapid (on the NMR timescale) equilibrium between planar (S= 0) and
tetrahedral (S= 1) forms is observed in chloroform solution. Strong tetrahedral distortion from
planar metal configuration is also evident from the X-ray crystal structure of (170f).
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Pyridine, which has a softer N-donor atom than pyrazole, is one of the most prominent
coordinating units for the NiII ion. It has been combined with a variety of other donor systems
forming very specific metal complexes. In the case of pyridine-substituted urea (171) an involve-
ment of the pyridine nitrogen in metal ion binding induces NiII ion coordination to the urea N
atom.576 This N-coordination of urea is not enforced by the geometry of the ligand (in the related
ZnII complex the urea moiety exhibits the standard mode of binding via its oxygen donor).
4-Methyl-N-(pyridin-2-yl-ethyl)-benzenesulfonamide (H[172]) forms [Ni(172)2] with the metal ion
in a distorted square-planar environment defined by two pyridyl and two amide nitrogen atoms.577

Tridentate 2,6-bis(thiomorpholinomethyl)pyridine (173) forms only the 1:1 complex
[Ni(173)(NO3)2] with NiII. However, the geometry around the metal center is octahedral due to
coordination of two nitrates, one as a monodenate and the other as a bidentate ligand.578

Complexes with pyridine-2,6-diimine ligands, five-coordinate [NiX2(174)] (X=Cl, Br) or six-
coordinate [Ni(174)2]X2, were usually assumed to have innocent neutral ligands. The X-ray
structure and spectroscopic characteristics of [Ni(174)2](PF6) confirm that the complex contains
the neutral ligand ([174]0) and a divalent nickel ion.579 The cyclic voltamogram of this complex
in CH2Cl2 shows three reversible one-electron-transfer processes at= 1.19V, �1.30V, and
�1.82V (vs. Fcþ/Fc), of which the first is a one-electron oxidation, while the other two
correspond to two successive one-electron reductions. The spectroscopic data allow one to assign
these processes as follows ([174]1� is a one-electron reduced radical form of [174]0):
[NiIII(174)02]

3þÐ [NiII(174)02]
2þÐ [NiI(174)02]

þÐ [NiI(174)0(174)1�]0.
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The addition of two amide nitrogen donors to a pyridine moiety in 2,6-bis(N-phenylcar-
bamoyl)pyridine (H2[175]) allows stabilization of the higher oxidation states NiIII and NiIV (see
Section 6.3.3.3.1). In the NiII complex [Et4N]2[Ni(175)2]�H2O, the metal ion is coordinated by
four deprotonated amide nitrogens in the equatorial plane and two pyridine nitrogens in the axial
positions.580 The arrangement of the ligands is meridional and the geometry of the {NiN6}
polyhedron is distinctly compressed.
NiII complexes (176) of a tetradentate 2,20-bipyridyl derivative feature unusual stabilities.581 In the

solid state, the complex contains a six-coordinate metal ion with bromide and water completing
the coordination sphere. The low stability of the complex in aqueous solution results from the low
ligand basicity and the unfavorable spacing of its donor groups as seen in the solid-state structure.
Acyclic diamide–dipyridyl tetradentate ligands with two central amide groups form NiII complexes
having the ability to cleave DNA in the presence of oxidants, as do NiII complexes with
oligopeptides.582 The same behavior is found for the pyrrolidine-based analogue (177). When its
NiII complex is prepared in the presence of air, two amine groups undergo oxidative dehydrogen-
ation.583 The NiIII/II reduction potentials of complexes with pyridyl- and pyrrolidine-based diamide
ligands do not show any correlation with the ease of ligand oxidation.
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Racemic amino acids have been resolved via stereoselective coordination to the square planar chiral
matrix complex (178).584 The bisamidobispyridyl ligand (179) forms a square planar NiII complex
with considerable tetrahedral twist due to repulsion of the ortho protons of the pyridyl rings.585

The terpyridine (terpy) unit is widely used to design multidentate ligands which are attractive
for, inter alia, supramolecular chemistry.586–588 The use of two covalently linked terpy moieties
results in octahedral NiII monomeric complexes, but the length of the linker is critical for their
stability. Complexes with (180a,b) are six-coordinate and relatively strain free, because the butane
linker is optimal for complex stability.589 The structure of the [Ni(180a)]2þ cation is slightly
bowed with the angle between the two mean terpyridine planes around 85�. For [Ni(180b)]2þ

this angle is close to 89�.
Tris(2-pyridyl) tripod ligands which use nitrogen, phosphorus, arsenic, or carbon as central

bridging atoms are very useful tridentate ligands both in NiII coordination and organometallic
chemistry.590 Tripodal tris(2-pyridyl)amine (tpa, (181a)) forms centrosymmetric [Ni(181a)2]

2þ.591

Similar to a pyrazole tripod (vide supra), tripodal pyridine ligands induce a strong ligand field due to
relatively short Ni—N distances. An angular overlap study indicates that pyridines are moderately
strong �-donors and weak �-donors. A comparison of the amine, methyl, and phosphine analogues
shows negligible, if any, conjugation of the �-system across the bridgehead atom.

N
N

N

S S

N

N N

n

(180a) n = 3
(180b) n = 4
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(181a)  X=N 
 (181b)  X=P 
 (181c)  X=As 
 (181d)  X=CH 

The potentially heptadentate tripod tris{2-[(2-pyridylmethyl)amino]ethyl}amine (182) does not
show any particular effect on the electronic or steric properties of its NiII complex in the solid or
solution phase, although it is playing a part in enforcing six-coordination on the NiII ion in the
gas phase.592 Such a type of tripod ligand has interesting chiral properties. The tris-imidazole-
based ligand tris[2-(((2-phenylimidazole-4-yl)methylidene)amino)ethyl]amine (H3L) forms chiral
[NiH3L]X2 complexes ((183); X= nitrate, acetate, or perchlorate). Each complex has an octahe-
dral coordination environment for the metal ion, formed by six N atoms, and is either a �
(clockwise) or a � (anticlockwise) enantiomorph, depending on the screw arrangement of the
tripodal ligand around the nickel ion.593 CD spectra and crystal structures provide strong
evidence for spontaneous resolution of the chiral molecules.
NiII complexes with open-chain pyrrolic ligands bear certain similarities to Ni–porphyrins

(compare Section 6.3.4.11.3). NiII complexes of various differently substituted 2,20-bidipyrrins
(184) are diamagnetic, despite the tetrahedral deviation from square planar coordination geo-
metry.594,595 The complexes are helical, and even the methyl terminated species are extremely
stable towards racemization (no racemization after prolonged heating to >200 �C; t-butyl groups
at the termini are sterically too demanding to give stable NiII complexes). In comparison to the
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related porphyrinato–NiII complexes, complexes (184) have a much smaller HOMO–LUMO gap
due to a significantly raised HOMO, which gives rise to a red shift of the longest-wavelength UV–
visible absorption. NiII complexes of �,!-dimethyltripyrrins (185) are paramagnetic and their
coordination geometry can best be described as distorted trigonal bipyramidal with one equatorial
ligand missing. This is enforced by the terminal methyl groups of the tripyrrolic ligand which shield
the fourth site of a putative square around the metal ion and force the coligand above or below the
{NiN3} plane. A fifth ligand such as water can easily be accepted to give five-coordinate species.596
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A square planar NiII complex (187) of a tripyrrolic tetradentate ligand was obtained unexpect-
edly from the reaction of (186) with Ni(OAc)2.

597 The reaction presumably proceeds via
Ni-mediated partial cleavage of (186) to give 2-formylpyrrol and its subsequent condensation
with a second equivalent of (186). The NiII complex of meso-phenyl-4,6-dipyrrin (188) is severely
distorted from square planar (angle between the planes of the two dipyrrin ligands �40 �C) but
still diamagnetic.598

Optical spectra of the NiII complex (189) show close similarity to those of Ni–phtalocyanines in
the low-energy spectral region where the first �–�* transition (Q band) occurs.599,600 A reduction
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of the Ni—N distance causes a red shift of the Q band, as deduced from a comparison of (189)
with the related mixed-ligand compound (190) and its pyridine adduct [(190)�2py].600
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6.3.4.4.6 Complexes with polypyrazolylborates and related tripodal ligands

The family of poly(pyrazol-1-yl)borates has been widely used as supporting ligands in nickel
coordination chemistry.556,557 Complex (191) is an example, where unusual cysteine coordination
is achieved at a tris(pyrazolylborate)nickel(II) template.601 (191) undergoes rapid reaction with
molecular oxygen to presumably form a sulfinate.
Properties of nickel poly(pyrazol-1-yl)borate complexes such as solubility, coordination geometry,

etc., can be controlled by appropriate substituent groups on the pyrazol rings, in particular in the
3- and 5-positions. Typical complexes are those of octahedral (C3v) symmetry (192)

602–604 and tetra-
hedral species (193). In the former case, two different tris(pyrazolyl)borate ligands may be involved to
give heteroleptic compounds.602,603 Substituents in the 5-positionmainly provide protection of the BH
group. Only few representative examples are discussed here.
Even in the case of bulky substituents in the 3-position of the pyrazoles (e.g., in (194a)),

octahedral complexes may be formed. However, while [Ni(194a)2] is octahedral in the solid
state, it is five-coordinate in the melt or in solution. Upon heating, [Ni(194a)2] rearranges to
the thermally very stable complex [{HB(3-neopentyl-pz)2(5-neopentyl-pz)}2Ni], in which one of
the neopentyl groups has migrated from the 3- to the 5-position.604 This underscores the driving
force toward octahedral structures in these compounds, even in the presence of steric bulk. The
tendency for the stabilization of tetrahedral species (193) (with respect to conversion to (192))
increases with the hierarchy of steric hindrance as a function of the 3-R group: H< 2-thie-
nyl<Me<Ph<Pri<But.605,606 However, steric effects are not always straightforward:
[Ni(194a)NCS] is monomeric while [Ni(194b)NCS]2 is a dimer (with S-bridging),606 but
[Ni(194a)2] could be isolated while [Ni(194b)2] could not. Ligands (194b–d) exhibit similar
coordination chemistry, although complexes derived from the cyclohexyl-substituted ligands show
greater stability.607 A distinction, however, is the reaction with oxalate, where either the simple
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oxalate-bridged dinuclear species [Ni(194b)]2(C2O4)
602 or the unusual complex [Ni(194d)(3-cyclo-

hexyl-4-Br-pz)](H)2 is formed.
607
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Very bulky (194e) coordinates monohapto in the NiII complex (195), both in solution and in the
solid state.608 Upon reaction of (194e) with trans-[Ni(CH2R)Cl(PMe3)2], however, (196) is formed
in low yields.609 (196) is also accessible directly from NiCl2 and (194e).610,611 Treatment of (194e)
with [NiCl2(py)4] gave the homoleptic complex (197).609 In contrast to other complexes
[Ni{H2B(3-R-5-R

0-pz)}2] which are usually orange and square planar (hence diamagnetic),612

(197) is pale blue and paramagnetic (�eff= 2.9�B). The X-ray crystal structure reveals that the
square planar NiN4 arrangement is complemented by two trans Ni���H—B interactions.
The dinuclear hydroxo-bridged NiII complex (198) fixes atmospheric CO2 to give the �-carbonato

species (199).613 A similar coordination mode of carbonate is also seen with ligand (194c).607 Upon
treatment with 1N NaOH, the carbonato complex (199) is converted back to the hydroxo complex.
When [Ni(194g)(OH)]2 was reacted with H2O2 at low temperatures, the bis(�-oxo)nickel(III) com-
plex (200) could be isolated and structurally characterized.181,182 Both [Ni(194g)(OH)]2 and (200)
contain five-coordinate Ni ions with a slightly distorted square pyramidal geometry. (200) decom-
poses within 1 h at room temperature via oxidation of the methyl substituents at the (194g) ligand,
with H-atom abstraction being the rate-determining step. In the presence of excess H2O2, products
(201) and (202) are formed, depending on the ligand employed.182,614

In square planar (203), the ligand (194f) acts as a bidentate. Despite the presence of the
potentially coordinating third pyrazole group, (203) is an active catalyst for the alternating
copolymerization of CO and ethylene.615 Similar activity is displayed by complex (204), indicating
that neither the borane H atom nor the noncoordinating pyrazole ring are essential for the
catalysis.616

Nickel 301



H
O

Ni
O
H

NiN
N

N

N

N
HB N BH

O
Ni

O
NiN

N

N

N

N
HB N BH

Ni N

N
N

BH

NiN

N
N

HB

O

OO

– H2O

+ H2O2

–H2O

N
N

N
HB = (194g)+ CO2

(199)

N N

NiN
N

O
O

NCMe

HB
NN

Ni N
N

O
O

NCMe

BH

(1) H2O2 (20 eq.)
     / CH2Cl2
(2) MeCN / THF

(1) H2O2 (5 eq.)
     / toluene
(2) MeCN / CH2Cl2

Ni
O

N
N

N

N
HB Ni

O
N
N

N

N
BH

when (194g) when (194h)

(200)

(198)

(201) (202)

N
N
B

Ph

NN
NN

Ph PhH
Ni

Ph3P
Ni

N N
N N

B

Ph3P

(203) (204)

Tris(3-methyl-5-carboxyethylpyrazol-1-yl)borate forms the NiII complex (205) with three water
molecules completing the octahedral geometry (Figure 7). The ester groups of the tripod ligand act
as H-bond acceptors and stabilize the triaqua species, which is a structural model for enzymes of
the vicinal oxygen chelate superfamily.617 (2-Hydroxy-phenyl)bis (pyrazolyl)methanes act as
tripod ligands.618 For the unsubstituted ligand (206), the absence of steric bulk on the pyrazoles
allows two ligands to coordinate to one metal ion in a tridentate fashion with the two phenoxy
groups in trans position to each other. 3,5-Dimethyl substitution does not produce much bulk, but
besides the [Ni(206)2] species a dinuclear complex [Ni(206)2NiCl2] is also formed. Introduction of
3-isopropyl substituents prevents formation of the NiL2 complex due to steric reasons, and
oligonuclear species are formed instead.
The coordination mode of bis(imidazolyl)(pyrazolyl)borates towards NiII depends on the steric

congestion around the boron center caused by substituents in the pyrazol 5-position. Complexes
(207) or (208) have been obtained upon reaction with Ni(NO3)2.

619 The tripodal ligand
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tris-(pyrazol-1-yl)methane forms [Ni{(pz)3CH}2](NO3)2 which has an octahedral geometry with
slight trigonal distortion.620 The pyrazol group acts as a moderately strong �-donor and a weak
out-of-plane �-donor. The tripod ligand produces a relatively strong ligand field, consistent with
rather short Ni—N bond lengths (2.072–2.084 Å).
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Figure 7 Molecular structure of (205)617 (reproduced by permission of The Royal Society of Chemistry).
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6.3.4.4.7 Complexes of miscellaneous nitrogen ligands

Tripodal polyamine ligands derived from amino acids are used to mimic metal–peptide systems
relevant to metal pharmaceuticals621 as well as for combinatorial screening of catalytically active
metal complexes.622 The NiII complex formed with N,N-bis(picolylamino)acylglycine is of octahe-
dral structure with tetradentate ligand coordination.623 The octahedral structure is typical for NiII

complexes with tetradentate tripodal ligands based on bispicolylamine.624 However, the glycine
derivative forms a neutral complex with two chlorides coordinated in cis position to each other.
Classical metal complexes with 1,10-phenantroline (phen) or modified phen ligands are particu-

larly attractive compounds for developing of new diagnostic and therapeutic agents that can
recognize and cleave DNA.625 However, NiII complexes with this family of ligands are less
promising in this respect. A dipyridophenazine (dppz) complex of NiII, [Ni(phen)2(dppz)]

2þ, did
not show any light-induced nuclease activity, probably because of the paramagnetic nature of the
complex that would render the excited state of the molecule ineffective.626

The Ni coordination chemistry of aniline is receiving comparatively little attention because
aniline forms relatively weak Ni—N bonds. The low stability is overcome by attaching aniline to
effectively coordinating aza macrocyclic backbones (see also Section 6.3.4.10.2). 1,4-Bis(o-amino-
benzyl)-1,4-diazacyclohexane (209) crystallizes as a diamagnetic planar [Ni(209)](ClO4)2 com-
plex.627 The [Ni(209)]2þ cation has two six-membered chelate rings with different
conformations, boat and twist-boat. In coordinating solvents (py, DMF) or in the presence of
coordinating anions (NCS�), [Ni(209)]2þ becomes blue and paramagnetic. In the neutral
[Ni(NCS)2(209)], the coordination by (209) is identical to that in the planar complex but with
two axial N-bound NCS� in trans position to each other.
Nickelacycles with anionic C—N—N tridentate ligands containing (5,5)-, (5,6)-, (5,7)-, and

(6,5)-membered fused rings based on dibenzylidene diamines and 1,2-diphenylethylidene have
been synthesized (210, 211).628 When the Ni—C bond is involved in a six-membered ring, neutral
or ionic planar complexes show moderate ability to activate the insertion reaction in the ethylene
oligomerization test. A promising application of metallodendriditic macromolecules is their use in
homogenous catalysis. This stimulated the synthesis of Ni-coated carbosilane dendrimers with
NCN-chelating aryldiamine anchor ligands [2,6-(CH2NMe2)C6H3]

� (212).629,630 The carbosilane
support plays a pivotal role in an active site accessibility and catalytic activity of the nickelated
dendrimers.
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Thiazyldialkylamide N�SF2(NR2) can act as an N-donor ligand towards NiII, either terminal
(213) or bridging (214).631 Phosphaneiminato ligands (215) usually form heterocuban-type com-
plexes [NiX(NPR3)]4 (X=Cl, Br, I) with a {Ni4N4} skeleton.632–634 These have shown some
promising activity in olefin polymerization.635 Neutral phosphaneimine HN¼PR3 also forms
complexes with NiII, as was shown for the crystallographically characterized
[NiBr2{HNP(NMe2)3}2] with the metal atom in a distorted octahedral {Br2N2} surrounding.

634

6.3.4.5 Complexes with Ligands Containing Phosphorus, Arsenic,
and Antimony as Donor Atoms

6.3.4.5.1 Complexes with mono- and oligodentate phosphine ligands

The Ni—P bond is one of the basic motifs in Ni-based catalysis and Ni organometallic chemistry.
The earlier work on phosphine–nickel complexes has been reviewed.636 The complex
[Ni(dppm)Cl2] with the Ph2PCH2PPh2 (dppm) ligand is square planar. Complexes of formula
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[(dppm)2MCl2] are ionic for M=Pd, Pt with two phosphines bound as {P,P} chelates, while it is
nonionic for M=Ni. It was assumed that in the nickel complex two phosphines are bound as
monodentate ligands because of the four-membered ring strain. The X-ray structure has shown,
however, that the complex is five-coordinate with both monodentate and bidentate dppm ligands
and two chlorides completing the coordination.637

[NiBr2(PEtPh2)2] has pseudotetrahedral coordination638 while [Ni(N3)2(PEt3)2] has a trans-
planar geometry;639 charge-transfer photolysis of the latter gives dimeric [{Ni(N3)2 (PEt3)}2]. In
the square planar NiII complex [Ni(cis-dppen)Cl2] (cis-dppen= cis-bis(diphenylphosphino)ethene),
a slight tetrahedral distortion caused by crystal packing effects is observed.640 The cis-dicyanide
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complex [Ni(cis-dppen)(CN)2] has a similar structure, but comparison with the respective PdII and
PtII complexes indicates that C—H���Ni repulsive contacts may also lead to small deviations
from coplanarity.641 The unsaturated nature of (dppen) gives rise to �-bonding interactions with
the Ni�ligand bonds, which causes a very high stability of the cis-dicyanide complex. It is
interesting to note that removal of coordinated chloride in [Ni(cis-dppen)Cl2] by AgBF4 followed
by subsequent coordination of bis-(diphenylphosphino)amine (dppam) gives the five-coordinate
complex [Ni(cis-ddpen)(dppam)Cl](BF4).
The unsymmetrical triphosphine ligand Ph2P(CH2)3PPh(CH2)2PPh2 is a simple analogue of the

well-known bidentate ligands Ph2P(CH2)nPPh2 (n= 2, 3, 4, . . .). It is able to establish tridentate
coordination to the NiII site of a square planar complex. Chiral tridentate phosphines
R2P(CH2)3PPh(CH2)2PPh2 (R=C6H5, p-ClC6H4, p-FC6H4) form a series of diamagnetic
[NiLX]X complexes. In the solid state the complex with X= I exhibits five-coordination with
only a slight distortion of the square pyramid.642 However, the Ni—I bond lengths reveal that the
second apical iodide is only weakly bound to the nickel ion, which explains the square planar
geometry found in solution.
The neopentane-based triphos ligands RC(CH2PPh2)3 (216) are prominent scaffolds in Ni

coordination chemistry, in particular for low-valent Ni0 and NiI. These ligands can also be
functionalized at the backbone R substituent, e.g., in [{PhCH2C(CH2PPh2)3}NiCl].

643 Treatment
of [Ni(H2O)6]

2þ with triphos initially gives red-brown (217), which upon addition of further
[Ni(H2O)6]

2þ yields the hydroxo-bridged dimeric (218). The dangling P atoms of the latter can
be oxidized by polysulfide to give the P¼S species.644 An all-phosphorus environment for NiII is
found the crystallographically characterized (219) which features a cyclic P3 unit.

645,646 Pt(PPh3)2
inserts into one of the P—P bonds of (219) to give [(triphos)Ni(P3)Pt(PPh3)2].
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The (triphos)Ni0 template reacts with ethyl cyanoformate to give (220).648 The MO description
and reactivity of the CS2 complex (221) has been studied in some detail.649 Treatment with O2

gives the dithiocarbonate compound (221a),650 while bubbling of CO2 through a solution of (221)
yields the carbonato complex (221b).651 In both cases, one of the phosphine arms has been
oxidized and is found dangling.
Reaction of [(triphos)Ni(S2CS)] with Ni(BF4)2 and NaBPh4 yields the dinuclear complex

[(triphos)Ni(�-CS3)Ni(triphos)](BPh4)2.
652

Thermolysis of 1-phenyl-3,4-dimethylphosphole in alcoholic solvents in the presence of NiCl2
leads to the synthesis of the racemic biphospholene complex (222).653,654 Upon reaction of the
bromo derivative with AgBF4, the meso and racemic diastereomers of (223) are formed, which
can be separated by fractional crystallization.655 In both (222) and (223) the coordination sphere
is slightly distorted from square planar.
Metal–phosphoranide complexes have been known for many years.656 The use of LiBu to

deprotonate spirobicyclic phosphorane followed by the reaction of the lithiated species with
[NiCl2(PMe3)2] gives trans-[(PMe3)2 {(C4H6O3)2P-P}NiCl] (224), which is a square planar
species with trans-PMe3 ligands.657 The large steric demands of the phosphoranide ligand
result in some angular distortion seen by bending of the phosphine ligands toward the
chlorine.
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6.3.4.5.2 Complexes with phosphido and phosphinidene ligands

There are few well-characterized terminal phosphido complexes of nickel NiII. (225) and (226)
have been obtained according to Equation (5).658 The Ni—P bond length shortens consider-
ably upon going from NiI to NiII, which is accompanied by planarization at P as required for
in-plane Ni—P �-bonding. Deprotonation of (226) gives the bright green phosphinidene
complex (227) (31P= 970 ppm). In (227), the Ni is distorted from planarity, the Ni—P bond
length is similar to those in (225) and (226), and the Ni—P—Ar moiety is significantly bent
(130.8� at P).
An unusual complex is (228), which forms upon reaction of [NiCl2(PMe3)2] with K2(Bu

tP)2.
659

Different mechanisms have been proposed for its formation, generally involving diphosphene Ni0

intermediates.660
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6.3.4.6.3 Complexes with mixed donor atoms involving phosphorus

NiII complexes with monodentate phosphines are countless. P(CH2OH)Ph2 is found in complex
(229a) which forms upon reaction of Na2[Ni(CN)4] with PHPh2 and formaldehyde. One of the
Ni—P bonds in (229a) is extremely long (2.400 Å), and (229a) readily dissociates one phosphine to
give (229b).661

Hemilabile ligands containing a strongly coordinating donor center and one weakly binding
donor center can be used to protect an active site metal center until it is required to effect a
transformation of a substrate during a catalytically operating process. Polydentate ligands con-
taining pairs of P and O or S donor atoms meet these requirements.662–664 In Ni chemistry,
hemilabile {P,O} ligands are prominent with a tertiary phosphorus atom, which is responsible for
effective binding to the metal center, and a ketonic, carboxylic, oxidic, or alcoholic oxygen atom
(or O atoms incorporated into ether moieties, both open chain and cyclic). These latter donors
form only weak Ni—O bonds, which can be cleaved reversibly.665 The earlier reviews devoted to
the general chemistry of {P,O} ligands described most of the major achievements in the
field.662,666 A set of NiII complexes with various diastereoisomers of the P-containing macrocycle
(230) has shown such flexibility of the Ni—O interactions.667

In square planar NiII complexes [Ni(Ph)(231)(PPh3)] and cis-[Ni(231)2], the bond lengths
indicate considerable electron delocalization in the five-membered NiPCCO chelate rings.668 The
reaction of 3-diphenylphosphino-1,1,1-trifluoro-trifluoromethyl-2-propanol (232) with [Ni(cod)2]
(cod= 1,5-cyclooctadiene) gives an active system for the formation of higher olefins from ethene.
The reaction of [Ni(cod)2] with (232) in the presence of tricyclohexylphosphane results in complex
(233), which has a square planar geometry.669 The structure of the latter complex supports a nickel
hydride mechanism in ethene oligomerization. Treatment of [Ni(�5-C5Ph5)X(CO)] complexes
(X= I, Br) with phosphine-�-ketophosphorus ylide gives the {P,O} complex (234). This complex
is a rare example of a keto-stabilized ylide nickel complex derived from the nucleophilicity of the
oxygen atom.670
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Ligands like diphosphine monoxides Ph2P(CH2)nP(O)Ph2, ((235a); n= 1–3) and pTol2P-(CH2)-
P(O)pTol2 consist of a soft phosphino group and hard phosphoryl group. With nickel they form
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cationic species with {P,O} chelation. Although X-ray structures are not available, the complexes
seem to be monomeric species.671 Biphosphine monoxides have been proven to behave as
functionalized phosphines showing hemilabile behavior.672 Se-containing Ph2PCH2P(Se)Ph2
(235b) behaves very similarly to its O analog. It coordinates through the {P,Se} donor set forming
[Ni(235b)2]Cl2�2EtOH with square planar geometry.673

Ligands combining P-and S-donor atoms offer rich coordination chemistry since both P and S
are excellent donors for a variety of metal ions, including Ni. Five main types of {P,S} ligands are
usually distinguished: phosphino-thiols containing phosphine and thiol groups, phosphino-thio-
formamides, phosphino-dithioformates, diphoshine-monosulfides, and phosphino-thioethers. The
coordination abilities of these ligands have been reviewed.663

The coordination chemistry of phosphino-thiols and phosphino-thioethers towards nickel has
been studied rather extensively. Phosphino-thiols (236) often give thiolate-bridged complexes like
[Ni(Ph2PCH2CH2S)2Ni(Ph2PCH2CH2S)]

þ and [{Ni(Et2PCH2CH2S)2}2Ni]
2þ.674 The oligomeriza-

tion reaction involves the isomerization of the original monomeric complex from the trans- to the
cis-form as is also seen in the case of [Ni(MePhPCH2CH2S)2].

675 The formation of monomeric
and dimeric complexes with Ph2PCH2CH2S

� is also likely.305,676

P-donor ligands are prominent spectator ligands that enable transformations at {NiPx} tem-
plates. When simple NiII salts are treated with thiols, different products are obtained depending
on the bulkiness and basicity of the thiol ligand (compare Section 6.3.4.7). The presence of
phosphines may induce the formation of monomeric complexes with mixed {P,S} coordination
relevant to catalytic or biological sites. The complex [NiBr2(dippe)] (dippe= 1,2-bis(diisopropyl-
phosphino)ethane) reacts with benzene- and polyfluorobenzene-thiolates yielding square planar
complexes [Ni(SR)2(dippe)] (R=C6F5, C6F4H, C6H4F, or Ph).

677 These compounds further react
with CNBut yielding cis-[Ni(SR)(CNBut)(dippe)](BPh4), but they do not react with CO under the
same conditions. The disphosphino complex also reacts with bidentate dithiocarbamate inducing
its degradation and giving a square planar complex with dithiocarbonate [Ni(S2CO)(dippe)].
Diphosphino complexes with bidentate dithiolates may be easily obtained starting from the
corresponding bis(hydrosulfido) complexes [Ni(dppe)(SH)2] and the �-bromoketones (hetero-
cycle–C(O)CH2Br) (dppe= 1,2-bis(diphenyldiphosphino)ethane).678 The resulting complexes
[Ni(dppe)(S2C2–heterocycle)H] have slightly distorted square planar geometries around nickel
and the metallo-1,2-dithiolate is �6� from being coplanar with the heterocycle. In the monomeric
[Ni(dppp)(Se2C2(CN)2] complex (dppp= 1,3-bis(diphenylphosphino)propane), the square planar
geometry around the metal ion is formed by two bidentate ligands.679

New fluorinated azaheterocycles have been synthesized via C—Factivation of fluorinated precursors
by Ni.680 The stepwise reaction of [Ni(cod)2] with PEt3 and 2,4,6-trifluropyrimidine in hexane results in
the fast and regioselective formation of the C—F activation product (237).681Addition of Et3N�3HF to
(237) gives bifluoride complex (237a). Treatment with CsOH converts (237a) into (237) and (237b).
Treatment of (237) or (237a) with the base in the presence of excess of 2,4,6-trifluoropyrimidine in THF
results solely in (237b). Reaction of the latter with HCl liberates the oxygenated heterocycle. This set of
reactions represents an interesting example of Ni-assisted C—F bond activation.
Several other methods for activation of C—F bonds with Ni–phosphine complexes have been

reported.682,683,2546,2577 Treatment of trans-[NiF(2-C5NF4)(PEt3)2] (C5NF4= tetrafluoropyridyl)
with HCl effects the formation of air-stable trans-[NiCl(2-C5NF4) (PEt3)2]. Reaction of this
complex with an excess of HCl slowly gives 2,3,4,5-tetrafluoropyridine. The latter compound
instantly reacts with [Ni(cod)(PEt3)2] to form [NiF(2-C5NF3H) (PEt3)2] via a C—F activation
process.684 Treatment of [Ni(cod)2] with trifluoroiodoethene or 1,1-dibromodifluoroethene in the
presence of PEt3 results in the formation of trans-[NiI(CF¼CF2)(PEt3)2] (238a) and trans-
[NiBr(CBr¼CF2)(PEt3)2] (239), respectively.685 Reaction of (238a) with NaBAr04 (Ar0 = 3,5-
C6H3(CF3)2) and acetonitrile gives complex (238b), treatment of (238a) with NaBAr04 in the
presence of CO results in (238c) (which is stable in CH2Cl2), and the reaction of (238a) with
BAr04 and ButNC yields complex (238d). The highly electrophilic properties of the vinyl ligand
cause that upon treatment of complex (238d) with PEt3 and NaBAr04 the dicationic phospho-
nioethyl complex trans-[Ni{CF¼CF (PEt3)}(CNBut)-(PEt3)2][BAr

0
4]2 (240) is formed which fea-

tures a phosphonioethenyl ligand bound to nickel.
A combination of P- and N- donors is another useful approach to potentially reactive (and cataly-

tically active) Ni species. Similar to O- donors, N is a hard donor capable of stabilizing metal ions in
higher oxidation states, whereas the soft donor P is best suited to stabilize medium or low oxidation
states. A neutral bidentate {P,N} ligand combining a hard dimethylamino and a soft phosphine donor in
N,N0-dimethyl-2-(diphenylphosphino)aniline (241) affords the neutral trigonal bipyramidal and the
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cationic square planar NiII complexes [NiCl2(PMe2Ph)(241)] and [NiCl(PMe2Ph)(241)]PF6, respect-
ively.686 The latter complex is an effective cocatalyst in propylene oligomerization.
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Complexes [Ni(242a)2](BF4)2 and [Ni(242b)2](BF4)2�MeCN with the imidazolylphosphine ligands
adopt square planar structures with different configurations. In the former complex the two P atoms
are in cis-position, whereas in the latter complex they are trans to each other.687 The complex
[Ni(242a)Cl2] has a five-coordinate dimeric structure with chlorides bridging two Ni ions in the
solid state and a monomeric square planar geometry [Ni(242a)(solv)2]

2þ in aqueous and methanolic
solutions. In the case of [Ni(242b)Cl2], a planar structure is present both in the solid state as well as in
solution. Steric bulk and the electronic nature of the substituents on the P atom have distinct influence
on the stereochemistry of [Ni{P,N}2]

2þ-type complexes. It is also evident that imidazolylphosphine
ligands have better donor abilities than related and well-known pyridylphosphines (243).688

Various phosphino oxazoline ligands were designed, and they can also be optimized via high-
throughput catalyst screening for certain applications. In (244), a near square planar environment
with two nitrogen atoms in a cis position relative to each other is observed.689

Chiral ligand self-recognition phenomena are well described for transition metals and diphosphine
ligands.690,691 Phosphinoaryl oxazoline ligands form two complexes (245a) and (245b).692Reaction of
the paramagnetic complex (245a) (R1=CH2Pr

i) with two equivalents of AgO3SCF3 in the presence of
one further equivalent of the ligand yields a bright orange diamagnetic complex [(4S)(40S)]-(246). Two
arrangements T and C of the {P,N} ligands are possible for the square planar geometry. The latter is
favored, since two �-accepting P centers are trans to the �-donatingN donors. The C arrangement was
indeed found both in the solid state as well as in solution. The homochiral complex [(4S)(40S)]-(246) is
strongly preferred over the heterochiral [(4R)(40S)] species due to a fitting of the two {P,N} ligands
around the nickel center that is reminiscent of an intramolecular embrace. (247) is an example of a NiII

complex with a chiral {P2N2} Schiff base ligand.
693
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The oxidative addition of �-ketophoshorus ylides Ph3P¼CR0C(¼O)R00 to Ni0 in the presence
of a two-electron donor phosphine ligand leads to square planar complexes containing both
a Ni—C �-bond and a bidentate, three-electron donor {P,O} chelating ligand, e.g.,
[NiPh(231)(PPh3)].

694 This and related complexes are convenient precursors for the active species
responsible for the catalytic oligomerization of ethylene into olefins (Shell higher olefin process,
SHOP). The �-iminophosphorus ylide Ph3P¼CHC(¼NPh)Ph (248) reacts with [Ni(cod)2] to
produce the square planar complex (249) in which the tertiary phosphine is not bound to the
NiII,695 but instead an intact ylide molecule is bound via the �-imino nitrogen. In the presence of
PMe3, PMe2Ph, or PMePh2 the complexes (250a–c) were obtained.
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The coordination modes found in NiII complexes with 2-(diphenylphosphino)nicotinic acid and
its methyl ester and 2-(diphenylphosphino)benzoic acid and its methyl ester are surprising.696 The
complex with the benzoic acid derivative shows the expected {P,O}coordination with a six-
membered chelate ring (252), while the nicotinic acid analogue forms a four-membered chelate
ring with {P,N} binding (251).
Various mixed tridentate ligands with {P,N,O/S/N} donor sets have been explored in NiII chem-

istry. For example, condensation of 2-(diphenylphosphino)aniline with substituted (5-chloro-, 5-nitro,
5-bromo-, 5-methoxy-, and 3-methoxy-) salicylaldehydes yields (253).697 The deprotonated ligand
coordinates through its {P,N,O} donor set in a square planar geometry with some distortion, which
is probably due to the bulk of the phosphine group and to the bite angle of the {P,N} chelate.
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Triphos-derived tridentate ligands with mixed donor sets have been developed and subsequently
used in Ni coordination chemistry. Nickel(II) complexes include dinuclear compounds (254) and
(255) with {P2S} and {P2O} ligands, respectively.
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6.3.4.5.4 Complexes with ligands containing arsenic and antimony

Multidentate arsine ligands stabilize a wide range of oxidation states and coordination geometries for
nickel.636 1,2-Bis(dimethylarsino)tetrafluorobenzene, o-C6F4(AsMe2)2 (257b), forms high-spin tetra-
gonal NiII complexes [Ni(257b)2X2] (X=Cl or Br), which remain six-coordinate in nonpolar solvents,
while in the case of [Ni(257b)2]I2 the nickel environment is square planar and diamagnetic.

699TheNiIII

bromide complex trans-[Ni(257b)2Br2]BF4 consists of a tetragonal cation with d(Ni—Br)= 2.543 and
d(Ni—As)= 2.336 Å. However, EXAFS data have shown that the NiII complex with nonfluorinated
benzene, [Ni(257b)2]Br2, is square planar. The octahedral geometry for this type of ligands is rather
unusual, but is reminiscent of [Ni{o-C6F4(PMe)2}2Cl2] for which both planar and octahedral forms
are known.700 The diarsine is a strongly coordinating ligand capable of stabilizing high oxidation
states of nickel including NiIII and NiIV (compare Section 6.3.3.4).701,702

Some Ni complexes containing arsenic donors or hybrid arsine–phosphine ligands were shown to
exhibit unusual intra- and intermolecular dynamic behavior in solution.703 NMR studies have shown
that two five-coordinate NiII complexes containing either the tridentate (256a) or (256b) and the
bidentate (257) undergo a rapid intramolecular donor-site exchange process in square pyramidal
complexes.704Complex [Ni(256a)(257a)](ClO4)2 adopts an unsymmetrical square pyramidal geometry
with a mean basal Ni—As distance of 2.285 Å and an apical Ni—As distance of 2.400 Å. The complex
[Ni(256b)(257a)](ClO4)2 adopts a similar structure. There are two different mechanisms of ligand
exchange dynamics. The low-energy donor-site process (i) shows a rapid exchange between square
pyramidal enantiomers as one of the AsMe2 groups of (257a) oscillates between the equivalent sites
through the pseudotrigonal pyramidal transition state, while in the high-energy donor-site process (ii)
both groups of (257a) spin over the three positions of a facial site on the complexes.
The reaction of square pyramidal [Ni(256a)2]

2þ with either free (257a) or square planar
[Ni(257a)2]

2þ yields five-coordinate [Ni(256a)(257a)]2þ. In both reactions the ternary complex
formation involves the detachment of (256a) from [Ni(256a)2]

2þ, which is the slow rate-determin-
ing process (t1/2= 105min), followed by a rapid ligand reorganization.705

There are two structurally distinct conformers of [Ni(fdma)2Br2] (fdma= 1,10-bis(dimethylarsino)
ferrocene). The geometry around NiII in both forms is a tetragonally compressed octahedron. In
one conformer the ferrocene moieties are parallel, while in the other they are approximately at
right angles to each other (Figure 8).706 Both conformers show staggered arrangements of the
ferrocenyl rings and the Ni—As distances are rather long (2.588 Å).
[(C3H5)Ni(EPh3)2](PF6) (E=P, As, Sb) are active catalysts for olefin oligomerization. The

stibine species is the most active in the 1,4-polymerization of butadiene.707,708

6.3.4.6 Complexes with Oxygen Donor Ligands

6.3.4.6.1 Complexes with monodentate oxygen ligands and carboxylates

The geometry and bond distances of the [Ni(H2O)6]
2þ cation were thoroughly discussed.709 As

expected from ligand field theories, the metal–OH2 bond reaches its minimum for NiII ions, which
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is usually located in the center of symmetry in a distorted octahedron. The set of the hydrogen
bonds formed between water molecules of the aquaion and the other ions (cations and anions
present in the crystal) may form specific layers depending on their hydrophilic and hydrophobic
character.710–713 The mean Ni—O distance of the [Ni(H2O)6]

2þ cation is about 2.055 Å in both
solid state and solution.714

The specific structure of [(H2O)5Ni(py)]
2þ was observed in the complexes with the second-

sphere coordination of calix[4]arene sulfonate.715 There are two different [(H2O)5Ni(py)]
2þ cations

in the complex assembly. In one the hydrophobic pyridine ring is buried in the hydrophobic
cavity of the calixarene with the depth of penetration into the calixarene cavity being 4.3 Å
(Figure 9). The second independent [(H2O)5Ni(py)]

2þ cation is intercalated into the calixarene
bilayer.

N,N-dimethylformamide binds NiII ion monodentately forming an octahedral cation.716–718

The hexakis(N,N-dimethylformamide-O)nickel(II) complex is a useful starting reagent for the
synthesis of various NiII complexes. Hexakis(dimethylsulfoxide)nickel(II) chloride or bromide
with an octahedral [Ni(Me2SO)6]

2þ cation precipitates from a concentrated DMSO solution of
the respective NiX2 salt (X=Cl, Br).719 The Ni—O distance in [Ni(Me2SO)6]

2þ is about
2.08 Å.720–722 The 1,1,3,3-tetramethylurea solvated NiII ion is reported to be five-coordinated in
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solution with d(Ni—O)= 2.00(1) Å according to EXAFS.723 For these O-donor solvent com-
plexes, coordination numbers lower than six are generally ascribed to steric restrictions.
In general, monodentate coordination through O is not a very effective binding mode in the

case of NiII. In many cases, however, the presence of hydrogen bonding networks may lead to
interesting tertiary structures in the solid state. Squarate complexes were initially expected to be
good materials for semiconductivity or magnetism studies. However, due to poor metal–ligand
orbital overlap they do not exhibit the desired properties.724–728

In the complex of NiII with methoxycyclobutenedionate, [Ni(CH3OC4O3)2(H2O)4], the metal
ion is six-coordinate with two 1-methoxycyclobutenedionate(�1) ligands, the methoxy substitu-
ent being oriented cis with respect to the ligating oxygen (Figure 10). The remaining sites are
filled by water molecules, and monomers are linked by O—H���O hydrogen bonds to form
arrays of stepped tapes.728 The methoxy substituent, which has lone pairs that can move into

As

As

AsAs

As
As

As

As

Br Br
Ni

Fe

Br
Br

Fe

Fe

Fe Ni

Figure 8 Planar and centrosymmetric ‘‘stepped’’ conformer of Ni(fdma)2Br2.
706
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the ring, apparently causes an increase in the amount of delocalization. Thus, proper ring
substituents may be used to synthesize metal–squarate complexes with desired solid-state struc-
ture and properties through formation of extensive three-dimensional (3D) hydrogen bond
networks.727

NiII complexes with carboxylates are numerous and no comprehensive list can be given here.
For example, the NiII coordination chemistry of trimethylacetate (pivaloate, (258)a) has been
covered in a review.729 Quite often, the bridging ability of the carboxylate group is taken
advantage of for the assembly of polynuclear cluster and supramolecules where, inter alia,
magnetic properties are of particular interest (compare also Section 6.3.4.13.3). Perspectives in
this regard are offered by the use of polycarboxylates like, for example, benzenehexacarboxylic
acid (mellitic acid, (258b)). This forms a 2D coordination polymer [Ni4(258b)(OH)2(H2O)6] (incorp-
orating dimer motifs of pseudo-octahedral {NiO6} linked through �3-OH) via a hydrothermal
synthesis.730

Ni Ni
O

O

N

N
P

Figure 9 Complex assembly of [(H2O)5Ni(py)]
2þ and calix[4]arene sulfonate.715

Figure 10 Molecular structure of [Ni(CH3OC4O3)2(H2O)4].
728
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Monodentate coordination of carboxylate in monomeric species is rather rare although well
understood. The monomeric complexes usually formed have a very effective hydrogen bond
system, especially when water is the additional ligand as it is seen in the tetraaquabis(maleato)-
nickel(II) complex.731 Neutron diffraction clearly shows the presence of a three-centered bifur-
cated donor hydrogen bond and reveals that the hydrogen network reduces the complex
symmetry from Oh to Ci. Substituted benzoate often acts as a monodentate ligand coordinated
through a single carboxylate-O to complete the coordination sphere of six-coordinate NiII com-
plexes chelated by two molecules of, for example, 1,3-diaminopropane.732,733

Bis(trialkylphosphine oxide) complexes [NiBr2(O¼PR3)2] reversibly bind SO2 to give species
formulated as (259).734

6.3.4.6.2 Complexes with b-diketones and related ligands

Acetylacetone (acac) and a variety of its derivatives have one of the most examined coordination
chemistry among the chelate systems.735,736 The parent acac may be substituted at various sites.
Its methyl groups can be fluorinated, and the hexafluoroacetylaceconato ligand forms a stable
octahedral complex having two co-ligands bound in cis positions.737 The substitution of the
methyl groups in the trimer [Ni(acac)2]3 by sterically more bulky groups results in the formation
of a monomeric species containing square planar NiII.
The dibenzoylmethanate (DBM) ligand forms with NiII three polymorphic forms (light

green, brown, and green).738 The light green polymorph is metastable, and after recrystalliza-
tion the brown stable polymorph is formed which is a square planar diamagnetic [Ni(DBM)2]
species. When heated, the brown form transforms to a green form, which is trimeric
[Ni3(DBM)6] consisting of linear Ni3 clusters and a Ni—Ni distance of 2.81 Å. Benzene
stabilizes the trimeric structure at room temperature, forming the [Ni3(DBM)6]�2(benzene)
inclusion compound. [Ni(DBM)2] may accept two pyridine-type molecules in the axial positions.
The resulting [Ni(py)2(DBM)2] complex has trans configuration and forms supramolecular
structures.739

In the presence of diamines, the square planar NiII-bis(�-ketoenolate) unit forms ternary com-
plexes with nearly octahedral geometry and trans configuration of two monodentately bound
diamines (e.g., 1,2-diaminobenzene)740 or with cis configuration of the chelating amines (e.g., 1,2-
ethanediamine)741 and two 1,3-diphenyl-1,3-propanedione molecules. The monomer–trimer isom-
erism can be also controlled by substitution at the C(3) position of the ligand. Such 3-substituted
pentane-2,4-dione derivatives (260)742 form monomeric square planar NiL2 complexes (261). These
dissolve readily in ethanol to give octahedral adducts (261a).743 In the case of (260c), small amounts
of green crystals were also formed and identified as the trimer [Ni(260c)2]3. Thus, the presence of
electron-donating substituents in the 3-position of the pentane-2,4-dionato group favors the for-
mation of the monomeric species, while in the presence of the electron-withdrawing phenyl group,
both monomeric and trimeric complexes are possible.
Carbonylnitronate ligands O2NCHC(O)R� form complexes similar to those of �-dicarbonyl

ligands. The reaction of a NiII salt with benzoylnitromethane or alkyl nitroacetate gives, in the
presence of a deprotonating agent, complexes in which the monoanion of the nitro derivative
is coordinated to the metal center. When 1,8-bis(dimethylamino)naphthalene (DMAN) is used
as the deprotonating agent, (DMANH)[Ni(O2NCHC(O)R)3] is obtained.744 In the case of
R=Ph, the benzoylnitronate ligand is coordinated to NiII through its keto and one nitro
oxygen (262).
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The reactions of NiII with acac-type ligands are complicated by the fact that �-diketones HL
are subject to keto/enol tautomerism. The keto tautomer HK is in equilibrium with the enol
from HE and both tautomers can dissociate to form the enolate E�, so that the given metal
can react with HK, HE, or E�.745 The �-diketone 3-(N-acetylamido)pentane-2,4-dione
(Hamac) is highly soluble in water and strongly enolized ([enol]/[ketone]= 2.4). Kinetic studies
have shown that the enol tautomer HE and the enolate E� are the reactive species to form
[Ni(amac)]þ, with second-order rate constant kE> kHE. The kinetic data further suggest that
formation of the first Ni—O bond is rate controlling and the acidity of the bound water is
rate affecting.746

6.3.4.6.3 Complexes with deprotonated hydroxamic acids, catechols, and related ligands

Hydroxamic acids, RC(O)N(R0)OH, are important ligands especially when acting as side-
rophores for FeIII 747 or inhibitors for enzymes.748–750 The stability constants of NiII complexes
of hydroxamic acid and derivatives thereof as well as the speciation in aqueous solution have been
studied in great detail.751–756 Although the hydroxamate ligand usually behaves as a bidentate
ligand, it may also coordinate as a monodentate and bridging unit. The monodentate coordin-
ation is enforced if adjacent coordination sites are blocked, e.g., by porphyrins.757 For coordin-
ation of hydroxamates via their N atoms see Section 6.3.4.4.4. Purely bidentate O-coordination
was found in the ternary complex with the macrocyclic [12]aneN3 ligand.758 Upon addition
of acetohydroxamic acid (HAh) to a solution of [Ni([12]-aneN3-mc2)(�-OH)]2(PF6)2 ([12]ane
N3-mc2= 2,4,4,9-tetramethyl-1,5,9-triazacyclododec-1-ene), the complex [Ni([12]aneN3-
mc2)(Ah)]PF6 is obtained with pentacoordinate nickel (263). The hydroxamate oxygen atoms
occupy two basal coordination sites. The Ni—O distances are shorter than those found for
octahedral dinuclear complexes.759 Bidentate and bridging modes can occur simultaneously in
polynuclear complexes. The reaction of 2-(dimethylamino)phenylhydroxamic acid with NiSO4

gives a heptanuclear complex, in which the hydroxamate moiety exhibits a variety of binding
modes including the bidentate and bridging coordination.760 In some metallacrowns the binding
modes are even more spectacular showing the involvement of all hydroxamate donor atoms
including the N atom.761
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Another family of bidentate O-donor ligands are the 3-acytetramic acids.762 Catechol com-
plexes were reviewed in detail.763 Although binary NiII catecholate compounds have been known
for a long time, many studies explaining details of their electronic properties were published only
recently.764 Ni(OAc)2 and catechol form two types of complexes depending on the crystallization
rate: the paramagnetic six-coordinate Na2[Ni(cat)2(H2O)2] and diamagnetic square planar
Na2[Ni(cat)2] or Na2[Ni(cat)2]�2DMF. Dissolution of the paramagnetic complex in hot DMSO
generates the planar complex by removing water from the coordination sphere. In the paramag-
netic species the nickel ion is located in a slightly distorted octahedral environment composed of
two symmetry-equivalent catechol ligands in the equatorial plane and two axial water molecules.
The bond lengths of the two catechol O atoms are identical for both ligands, with d(Ni—
Ocat)= 2.043 Å and 2.045 Å. The Ni—Owater bond is longer, at 2.162 Å. In the planar complex
Na2[Ni(cat)2]�2DMF, the metal center is coordinated in a slightly distorted square planar fashion
by two catecholates with distances d(Ni—Ocat)= 1.858 Å and 1.868 Å. Both paramagnetic and
diamagnetic complexes are very sensitive toward oxidation. The oxidation of Ni–catechol com-
plexes is a major reason for difficulties in their unambiguous assignment in the earlier work. The use
of bis(catechol) ligands such asN,N0-bis(2,3-dihydroxybenzoyl)-1,7-diazaheptane (5-LICAM) gives
monomeric NiII complexes. The yellow diamagnetic NiII complex with 5-LICAM (264) incorporates
a square planar NiII bis(catecholate) entity (Figure 11).765

A variety of ternary complexes containing catecholate moieties are known. For example, in a
trimeric NiII core the catecholate serves as a bidentate ligand to one NiII and also as a bridge
between the two podal and the unique axial metal.766

Due to their magnetic properties, complexes of NiII with semiquinone- and quinone-type
ligands have been studied more intensively than catecholates. [Ni(3,6-DBSQ)2] ((265a); 3,6-
DBSQ= 3,6-di-t-butyl-1,2-benzosemiquinone) and [Ni(3,5-DBSQ)2] ((265b); 3,5-DBSQ= 3,6-di-
t-butyl-1,2-benzosemiquinone) are monomeric square planar complexes.767,768 The metal core is
diamagnetic, while in [Ni(3,6-DBSQ)2] two SQ ligands are antiferromagnetically coupled with the
value of J(SQ–SQ)=�39.1 cm�1. The mixed ligand complex [Ni(3,6-DBBQ)(3,6-DBSQ)2] is
octahedral with high-spin NiII (S= 1) and two paramagnetic SQ ligands. There is only little
temperature dependence of the magnetic moment from 4.57�B at room temperature to 4.38�B at
5K. Thus, the exchange interactions between the SQ moieties strongly depend on the complex
structure and accompanying ligands.769,770 Quinone and semiquinone ligands are distinguishable
by their bond lengths, with average Ni—O distances of 1.999 Å for SQ and 2.125 Å for Q
oxygens.

Figure 11 Molecular structure of (264).765
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The ferromagnetic coupling between the NiII ion (S= 1) and the SQ (S= 1/2) in (266)
({N4}= dl-5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane) is so strong that no evi-
dence of population of the excited doublet state is observed at room temperature.771

[{N3}Ni(TCSQ)(TCQ)] (TCQ= tetrachloroquinone, TCSQ= tetrachlorosemiquinone) exhibits
an effective magnetic moment of 2.97�B and is formulated as a NiI species ferromagnetically
coupled to the TCSQ based on the bond lengths of the dioxolene moieties, although a NiII

description cannot be completely ruled out.772

6.3.4.6.4 Complexes with miscellaneous oxygen ligands

Croconate, the monocyclic aromatic oxocarbon dianion [C5O5]
2�, is an analogue of squarate (vide

supra) and may act as a bidentate ligand forming octahedral complexes like Na2[Ni(C5O5)2-
(H2O)2]�4H2O (267).773 In this case the nickel atom is located at the inversion center and is surrounded
by six oxygen atoms of which four are croconate O atoms and two are from water molecules. Sodium
acts as an interconnecting cation to build up a 3D framework.
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Tridentate oxygen ligands usually form [NiL2] complexes having pseudo-octahedral geometry.
Terpyridine 1,10,100-trioxide (terpyO3) gives monomeric [Ni(terpyO3)2]

2þ (268), which features a
six-coordinate Ni center in a slightly distorted octahedron with typical Ni—O bond lengths
(2.047–2.064 Å). The seven-membered chelate rings produce an unstrained structure that contains
the ligand in facial coordination mode rather than the meridional arrangement typical for the
parent terpyridine ligand.774 DFT calculations, which agree well with the X-ray structure, show
that no stable meridional arrangement can be constructed for this ligand without one metal–
oxygen bond being cleaved. Terpyridine 1,10-dioxide (terpyO2) forms [Ni(terpyO2)2](ClO4)2 with
the NiII center in an octahedral geometry and the two terpyridyl units in mer arrangement. The
structure of the terpyridine monooxide complex is also meridional.
The oxydiacetate ligand (oda=�O2C-CH2—O—CH2—CO2

�) is mainly acknowledged for its
capacity to form bridges, which results in polymeric structures as described for polycarboxylates.
It may also form, however, monomeric complexes with NiII featuring tridentate coordination.775

In all complexes obtained, [Ni(oda)(H2O)3]�1.5H2O, [Ni(oda))phen)(H2O)]�1.5 H2O, and [Ni(o-
da)(terpy)]�2H2O, oxydiacetate acts as a tridentate ligand being hinged in the first complex and
almost planar in the other two. The hydrogen bond network is very extensive in the solid state
leading to a very intricate packing scheme. Other multicarboxylate ligands with monodentate
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coordination usually serve as a bridge to form oligomeric or polymeric structures like it is found
for [Ni(H2O)5(�-C6H2(COO)4)Ni(H2O)5]�6H2O.

776

Kläui’s tripodal metalloligand LOMe= (�5-C5H5)Co[P(¼O)(OMe)2]3 has been used for the
synthesis of an octahedral NiII complex (269).777 Before crystallization from acetone, the dinu-
clear adduct [Ni(�-LOMe)2(�-NO3)2Ni(NO3)] was isolated. The labile acetone ligand in (269) is
easily replaced by various P- and N-donor ligands.

6.3.4.7 Complexes with Sulfur-, Selenium-, and Tellurium-containing Ligands

6.3.4.7.1 Complexes with sulfido and monodentate thiol ligands

Ni coordination compounds bearing SH�, S2�, S2
2�, and H2S are attractive targets as models for

biological Ni/S systems. Further, nickel sulfides are of interest as promotors in hydrotreating
catalysts, and nickel complexes can be employed in desulfurization reactions.778 The latter
desulfurizations are believed to proceed via intermediate terminal sulfido species. Evidence for
the existence of a terminal NiII sulfido complex comes from the reaction depicted in Equation (6),
where kinetic data are consistent with a unimolecular rate determining step involving the loss of
benzene from (270) and formation of a terminal sulfido intermediate (271) to finally yield the
bridged sulfido dimer (272) (which has a bent Ni2S2 core).

779 (271) can be trapped by nitrones.

ð6Þ

Complexes containing ligands such as SH�, S2�, S2
2�, and H2S usually tend to form the binary

sulfides or to form oligonuclear S-bridged species. However, mononuclear NiII complexes with
terminal SH ligands can be obtained by the proper choice of spectator ligands, and some selected
examples are given here. Reaction of [Ni(cyclam)](ClO4)2 with KSH gives [{Ni(�-SH)2 (cyclam)}2]
[Ni(SH)2(cyclam)](ClO4)2, which contains a mononuclear trans-Ni(SH)2 unit (273) and a dinuclear
cationic Ni2(�-SH)2 fragment (274).

780 Treatment of [Ni(cyclam)](ClO4)2 with K2S2 instead of KSH
gives (275).781 A cis-Ni(SH)2 moiety is found in (276), which is a valuable starting material for the
synthesis of various S-bridged nickel complexes. A tetradentate bridging S2

2� ligand is found in the
tetranuclear NiII complex (277).782 The mercaptodithiotrinickel complex [Ni3(�3-S)2(SH)(PEt3)5]

þ

is a product of the reaction of H2S and PEt3 with [Ni(C2H4)(PPh3)2].
783

Two general classes of mononuclear [Ni(SR)4]
2� complexes are known, those containing

monodentate thiolates784,785 which adopt a flattened tetrahedral geometry in the solid state with
Ni—S bond distances of 2.26–2.33 Å and S—Ni—S angles in the range 88–125�. In contrast,
mononuclear [Ni{S}2]

2� complexes of chelating thiolates like ethane-1,2-dithiolate and analogues
are diamagnetic and show square planar geometries. The latter complexes are discussed in the
subsequent section.
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Nickel(II) complexes with monodentate thiolate ligands are unstable towards oligomerization or
polymerization and autoredox decomposition reactions. Therefore the synthesis requires strictly
oxygen-free conditions. A careful choice of solvent and the use of excess of thiolate prevent the
precipitation of insoluble polymers. In this context some new syntheses have been reported which
start usually from alkali thiolates and a NiII salt (e.g., (NEt4)2[NiCl4]). The resulting [Ni(SR)4]

2�

anions (278) have a tetragonally distorted tetrahedral coordination geometry which could be shown
by means of several X-ray structures of (NEt4)2[Ni(SR)4] complexes (R=But,786 C6H5,

787,788

p-ClC6H4,
789 p-PhC6H4

790). The dissociation sequence of nickel complexes with arene thiolate
ligands was studied in DMSO by spectrophotometric methods. Dissociation was found to proceed
through generation of the diamagnetic species [Ni(SR)3(DMSO)]� and [Ni(SR)2(DMSO)2].

791

In addition, the structures of various dimeric,786 trimeric,792–794 and oligomeric thiolate nickel
complexes are known, in some cases with additional sulphido bridges. Among them are toroidal
NiII thiolates [Ni(SR)2]4 containing S-bridged Ni tetragons,

795–798 [Ni(SR)2]5 containing S-bridged Ni
pentagons,796,799,800 various examples of [Ni(SR)2]6 hexagons,801–807 a [Ni(SR)2]8 octagon
(R=CH2CO2Et),

808 as well as [Ni(SPh)2]9 and [Ni(SPh)2]11 containing unique 9- and 11-membered
ring systems, respectively.809 In general, square planar geometries about the nickel centers are
predominant. For example, the reaction of [Ni(Me6tren)Cl]Cl with p-ClC6H4S

� (L) affords the salt
[Ni(Me6tren)Cl]2[(L)2Ni(�-L)2Ni(L)2], the anion (279) showing a square planar geometry around each
NiII.810 For some species with bulky ligands, however, a tetrahedral geometry is found.786,801 In many
cases the oligonuclear NiII–thiolato complexes can be reversibly oxidized to give compounds with
broken Ni oxidation states.811 Oligomeric complexes with manifold different structures have been
discovered including rings and clusters, where the electronic structures and the binding modes are of
particular interest. For the pentanuclear star-like complex [Ni5(�5-S)(�2-SBu

t)]�812 the MO diagram
has been calculated.813

By oxidative addition of aryl sulphides to low-valent nickel complexes, a C—S bond cleavage
occurs to form NiII thiolate complexes. For example, exposure of diaryl sulphides to [(But3P)3Ni

0]
leads to oxidative addition, with nickel inserting into the C—S bond (280).814

Similarly, exchange between the Ar and Ar0 groups in [Ni(Ar)(SAr0)(PEt3)2] occurs via revers-
ible reductive elimination and oxidative addition involving C—S bond formation and cleavage at
the nickel center to give a mixture of [Ni(Ar0)(SAr)(PEt3)2] and [Ni(Ar)(SAr0)(PEt3)2].

815

The reaction of thiolate ligands with [Ni(terpy)Cl2] inMeOH orMeCN affords different products
depending on the basicity and bulk of the thiolate ligand employed. Thus, the reaction with PhSH
yields the thiolate bridged dimer [Ni(terpy)(SPh)2]2�6CH3OH (281), reaction with C6F5SH yields the
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solvated monomer [Ni(terpy)(SC6F5)2(CH3CN)]�3CH3CN (282), while the reaction with 2,4,6-
(Pri)3C6F2SH yields the pentacoordinate complex [Ni(terpy)(S-2,4,6-(Pri)3C6F2)2] (283).

816

(280) (281) (282) (283)

n n

Complexes (284) can be protonated at the sulfur to give [(284)H]þ.817 Kinetic evidence suggests
a simple equilibrium reaction for R=Ph, but more complicated kinetics for R=Et. In the latter
case, the data are indicative of two coupled equilibria in which the initial protonation of the
thiolate is followed by a unimolecular equilibrium reaction that is assumed to involve formation
of an �2-EtS-H ligand. Presumably, the more strongly s-donating EtS ligand makes the P3Ni
fragment sufficiently electron rich and hence the basicities of the S and the Ni become similar.
This observation is relevant with respect to nickel-based hydrogenases.

6.3.4.7.2 Complexes with dithiol ligands

(285)–(289) are typical dithiol ligands forming dithiolate nickel complexes with five-membered
chelate rings. The basic ligand is ethane-1,2-dithiolate (edt2�) (285), which forms complexes of the
composition [Ni(285)2]

2� and [Ni2(285)3]
2�. Crystal and molecular structures of both compounds

(as the NEt4
þ, Ph4P

þ, or Ph3MePþ salt) have been determined, revealing a square planar
geometry around the nickel center,197,787,818,819 and complexes of higher nuclearity have also
been obtained.782,820 Also characterized crystallographically are the NiII complexes with (287)
((Et4N)2[290a])

821,822 and (288) ((PPh4)2[290b]).
196

(284) [(284)H]+

(285) (286) (287) (288) (289)

(290a) (290b)

(293)(292)(291)

– –
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The K-edge spectra of [Ni(287)2]
2� and [Ni(edt)2]

2� are remarkably similar to each other and to
those of natural hydrogenases.196 Some complexes with ligand (289) (R=NMe2, R

0 =H,Me, NMe2)
have been characterized using electronic and near infrared spectroscopy.823 Complex [Ni(289)2]

2�

served to study phase transformation behavior by microscopy and DSC.824

1,3-Propanedithiol (291) forms hexanuclear [Ni6(291)7]
2� which can be viewed as composed of

two [Ni3(291)4]
2� subunits sharing a common ligand.820 A study has been carried out on the

thermodynamic characteristics of the formation of NiII complexes with 2,3-mercaptopropanesul-
phonate. The stability constants for both 1:1 and 1:2 complexes have been determined.825 Dithiolate
complexes with six-membered chelate rings are formed in the reaction of NiII with the ligands
(292) (lipoic acid) and (293), the complexes having been characterized by potentiometric and
spectroscopic methods.826

Seven-membered chelate rings are formed with biphenyl-2,20-dithiolate and o-xylenedithiol
(294). The latter gives trinuclear NiII complexes [Ni3(�3-S)(294)3]

2� and [Ni3(294)4]
2�.827,828 The

NiII is in a square planar {NiS4} environment, as it is in complex (295a). In the absence of excess
ligand the mononuclear (295a) readily looses one ligand to form the dinuclear complex (295b).
Oxidation by air causes complex decomposition instead of oxidation at the thiole ligand or
oxidation to NiIII.829

Upon reaction of Na2edt with NiCl2 and PPh3 in methanol, C—S bond cleavage occurs and the
mixed ligand complex [Ni(PPh3)(tpt)] (296) is formed. The crystal and molecular structure of this
complex revealed a distorted square planar geometry for the nickel atom with tpt functioning as a
tridentate ligand, and the fourth coordination site occupied by the phosphine ligand.830

A number of structures with S-rich dianion ligands have been determined (297–299).831,832 For
example, (297) can be synthesized by the reaction of [Ni(CN)4]

2� with polysulfide.833 Upon
further reaction with CS2 or substituted acetylenes it forms perthiocarbonato and dithiolene
complexes, respectively.

(295a) (295b)(294) (296)

(299)(298)(297)

(300) (301) (302)

– –

––
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6.3.4.7.3 Complexes with thioether and mixed thioether/thiol ligands

Monodentate thioether ligands are relatively poor ligands towards NiII. However, several NiII com-
plexes with polydentate thioether ligands are known, where the coordination capability is enhanced by
chelation. In particular, complexes with macrocyclic thioether ligands, which are discussed in Sections
6.3.4.10.1(iii) and 6.3.4.10.3, are very stable.
(300)–(302) are selected NiII complexes with di-, tri-, and polydentate thioether ligands. Three

type (300) NiII complexes with the bidentate ligands 1,2-bis(methylthio)ethane and 1,2-
bis(ethylthio)ethane have been characterized by X-ray crystallography. Octahedral complexes
are formed with the thioether ligands coordinating in a bidentate manner and two additional
ligands (X=Br, SCN) in trans-position.834 The reaction of a NiII salt with 3,6,9,12,15-pentathia-
heptadecane affords a nearly perfect octahedral complex (302) with an additional water ligand.835

An attempt to restrict the flexibility of the polythioether ligands without making use of macro-
cyclic ligands lead to the syntheses of complexes with ligand (303) and related ligands in which
one donor is part of a thiane or a thiepane unit. The resulting NiII complexes show an octahedral
coordination geometry. The S donors of the side arms form a NiS4 plane, and the S-donor of the
heterocycle coordinates in the axial position. In addition, one ClO4

� ion or one water molecule
occupies the sixth position.836

Ligands that provide a face-capping S3 donor set comparable to trithiacyclononane (ttcn) are
tetrakis((methylthio)methyl)borate (304a) and phenyl(tris((methylthio)methyl)borate) (304b).
These ligands are more easily accessible than ttcn but show a comparable coordination behavior
by forming complexes of the type [L2Ni].

837,838 They particularly stabilize NiII, but also higher
oxidation states. Oxygenation of the NiI complex (304c)Ni(CO) leads to O2 activation and O—O
bond rupture with formation of a bi(�-oxo)nickel(III) complex.184 Attempted alkylation of
[NiCl(304c)] with Me2Mg or MeLi results in production of [Ni(�2-(304c))(�2-CH2SBu

t)]
(308).839 The reaction presumably proceeds via reduction of the starting complex and subsequent
loss of the borato ligand, which then alkylates another [NiCl(304c)]. In contrast to other Ni–alkyl
complexes, (308) does not react with CO. (304d) forms a square planar homoleptic NiII complex
[Ni(304d)2], while with the more bulky ligand (304e) B—C bond rupture takes place and the
organometallic derivative [Ni(304e)(�2-CH2SBu

t)] with a structure analogous to (308) is
yielded.840

(303) (305) (306) (307)(304a) 
(304b) 
(304c) 
(304d) 
(304e) tBu

tButBu

In complexes with ligand (305), hexacoordination of the nickel center is imposed.841

Benzene trisulfide (BTS) (307) forms with NiII the octahedral complex [Ni(BTS)2](BF4)2,
BTS coordinating in a facial manner. A comparison of this system with other complexes
containing thioether ligands was made, and BTS was shown to generate the strongest ligand
field of any of the thioether ligands examined. This was ascribed to its rigid endodentate
conformation.842

Another class of ligands is those with mixed thioether–thiolate donors. (309)–(311) are shown
as a selection of NiII complexes of this class characterized by X-ray crystallography.843,844

Ligands (312)–(319) are usually synthesized by template reaction between [Ni(C6H4S2)2]
2� and

the corresponding dibromide linker, e.g., (BrCH2CH2)2S. Even chiral ligands such as (318)
(R0 =Me, HO(CH2)9, PhCH2) can be obtained.845 The ligands can be displaced for complexation
to other metals by treatment with aqueous HCl. Depending on the linker, the corresponding NiII

complexes adopt various coordination geometries (Table 3) examined by crystallographic and
spectroscopic methods.846–850 For example, the NiII complex of (312) is the first five-coordinate
NiII complex with all-sulfur coordination.
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Nickel complexes of this group are of interest in biomimetic work. By means of ligand (320) the
complete reaction cycle of acteyl CoA synthase could be executed (Scheme 2). Ligand (320) can
also be synthesized by a template reaction. Upon reduction of the NiII complex (321) with Na/Hg,
the ligand backbone is cleaved, resulting in a thermally stable trinuclear NiII alkyl thiolato
complex (322).
Treatment of (322) with donor ligands L (L=Py, thf, PMe3) affords the corresponding mono-

nuclear complexes (323). Subsequent stoichiometric reaction with CO ultimately leads to form-
ation of the cyclic thioester (325) and Ni(CO)4. By reaction of (323c) with CO the intermediate NiII

acyl thiolato complex (324) could be intercepted and fully characterized. The original complex
(321) can be regenerated by reaction of Ni(CO)4 with ligand (320). Hence, the reaction cycle that
comprises the CODH sequence [Ni]! [Ni–alkyl]! [Ni–acyl]! [Ni]þ thioester is closed.851

In order to obtain suitable precursors of NiII complexes [LNiX]n� that model the reactive sites
of hydrogenases and CO dehydrogenases, compounds with the ligand L= bis(2-mercaptophenyl)-
sulfide were synthesized (X= SR�, PR3, Cl

�, N3
�). All these complexes (326) exhibit a distorted

tetrahedral coordination geometry.852,853

Table 3 NiII complexes of ligands (312)–(319).

Ligand R Complex type Coordination number

(312) —(CH2CH2S)nCH2CH2— (n= 2) [NiL] 4
(313) —CH2CH2OCH2CH2— [NiL]2 4
(314) —CH2CH2SCH2CH2— [NiL] 5
(315) —CH2CH2NHCH2CH2— [NiL]2 6
(316) —CH2CH2CH2— [NiL] 4
(317) —CH2CH2CH2CH2— [NiL]2 4
(318) [NiL] 4
(319) [NiL] 4

Nickel 327



With X=HNPPr3 the new phosphorane imine complex (326a) was obtained. Spectroscopic and
structural data indicate that the HNPPr3 ligand favors an ylidic structure.854

The exchange reaction of LNiHNPPr3 (326a) with D2 at 10 bar gave LNiDNPPr3 and HD.
This reaction can be followed by 2H NMR spectroscopy. Similarly the exchange reaction of
(326a) with D2O gave LNiDNPPr3 and HDO. These findings suggest a D2 heterolysis caused by
the concerted attack of the NiII center and the thiolate donor. Following Scheme 3 an exchange of
H and D occurs, resulting in the formation of HD.855

Scheme 2

The type (326) azido and amido complexes NBu4[{S3}NiN3] and NBu4[{S3}Ni{N(SiMe3)2}]
were found to react with CO, CO2, and SO2 under very mild conditions at temperatures down to
�50 �C. Depending on the oxidation state of the N-donor ligands, addition or partial to complete
desoxygenation of the oxides take place. The reaction between NBu4[{S3}NiN3] and CO gives
NBu4[{S3}Ni(NCO)]. The reaction between NBu4[{S3}Ni{N(SiMe3)2}] and CO, CO2, and SO2

affords selectively the complexes NBu4[{S3}NiX] with X=CN�, NCO�, NSO�. The silyl groups
act as oxygen scavengers. Mechanisms are suggested which have in common the formation of
reactive five-coordinate NBu4[LNiXX

0] intermediates. In these reactions highly activated X and
X0 react with each other.856

The oxidation of nickel-bound thiolate by dioxygen has been explored for complexes of multi-
dentate ligands including S(CH2CH2S

�)2.
857 Reaction of the dithiole with Ni(OAc)2 gives the

thiolate bridged dimer [Ni{S(CH2CH2S
�)2}]2. Reaction of this with (Et4N)CN gives planar

Et4N[Ni{S(CH2CH2S
�)2}CN] (327), the crystal structure of which shows a highly distorted square

328 Nickel



planar arrangement with trans-thiolates. (327) reacts with dioxygen to form a planar complex
(328) of a mixed thiolate–sulfinate ligand. Isotopic labeling studies show that the two sulfinate
atoms in each molecule derive mainly from a single O2 molecule.

The ligand (329) affords with NiII the dark violet square planar complex [Ni(329)].858,859 Cyclic
voltammetry shows that [Ni(329)] undergoes one-electron reduction at �1.33V, which shifts to
more positive potentials and becomes irreversible in the presence of CO. This together with IR
spectroscopic data suggests that the corresponding NiII complex binds CO. Moreover the com-
plex is catalytic for CO2 reduction. Thus, the complex mimics two of the suggested reactions of
the nickel site in [NiFe] CODH.
A nickel-promoted C—S bond cleavage has been reported,860 which occurs when solutions of

the NiI complex of (330) are electrogenerated. The product was identified by cyclic voltammetry
and spectroscopy as [Ni(C6H4S2)2]

2�. EPR and NMR evidence suggests a one-electron mechan-
ism, involving reduction to a 19-electron NiI species, electron transfer, and concomitant C—S
bond cleavage, extrusion of ethylene followed by a further one-electron reduction and extrusion
of ethylene sulfide.
The olive green precursor to the S-rich [Ni(S2CPh)(S3CPh)], originally thought to be

[NiIVS(S2CPh)2]2, has been identified as [Ni(S2CPh)3]
� and crystallographically characterized as

the [K(2,2,2-crypt)]þ salt.861

6.3.4.7.4 Complexes with dithiophosphates and related ligands

With dithiophosphate ligands (also called phosphorodithioates), NiII forms complexes of the
general formula [Ni{S2P(OR)2}2] with the bidentate ligands forming four-membered chelate
rings. The {NiS4} core has a square planar structure as confirmed by three crystal structures of
this complex type with R=Pri,862 cyclohexyl,863 and the cyclic ligands with R—R= biphenyl and
dimethylethylene.864 In addition, a number of adduct complexes with N-donors have been
characterized structurally (Table 4). In the case of monodentate amine ligands, the square planar

Scheme 3
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{NiS4} core is conserved giving trans octahedral complexes, while with bidentate amines cis
octahedral complexes are obtained. Linear bidentate amines can result in a 1D chain like in
compound (341) where 4,40-bipyridine molecules bridge the square planar units.

In compounds (333) and (336) the amines substitute one of the dithiophosphate ligands to form
a {NiN4S2} core with the second dithiophosphate ligand serving as a counterion. Coordination
number 5 is rare, but is found for complex (345) where one of thiophosphates switched to a
monodentate coordination,879 and in compound (346) where only one additional phosphine
adduct coordinates to Ni.880

Table 4 Bis(dithiophosphate)nickel(II) complexes with N-donor ligands

Complex R N-donor ligand X References

L2NiX (331) Bun a (bipy) 865
L2NiX2 (332) Bun b (imid) 866
[LNiX2]L (333) Bun c (phen) 867
[LNiX4]L (334) C6H11 (cyclohexyl) n-BuNH2 868
L2NiX2 (335) C6H11 (cyclohexyl) PhCH2NH2 869
L2NiX2 (336) Bun d 870
L2NiX2 (337) Et e 871
L2NiX2 (338) Et f (mepy) 872
L2NiX2 (339) Et g 873
L2NiX2 (340) Bun e 874
[L2NiX]n (341) Bun h (4,40-bipy) 875
L2NiX (342) 4-Methyl-pentyl i 876
L2NiX (343) Tolyl c (phen) 877
L2NiX2 (344) Pri j 878
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Stability constants of dithiophosphate nickel complexes have been determined by potentio-
metric and spectrophotometric measurements.881 A number of binary and mixed ligand Ni
complexes of dialkyl dithiophosphate and ammoniumethyl dithiophosphate were studied with
respect to their thermal decomposition reactions by TG and DSC techniques in nitrogen and
oxygen atmospheres.882 The activation energies for the thermal decomposition were determined
thermogravimetrically using different approaches to analyze the data.883–885 The thermogravimetric
and vapor pressure studies of a number of [NiL2] complexes reveal that only for R=Et the
thermal stability is high enough to allow gas chromatography of these compounds.886 N-donor
adduct complexes are unstable towards the loss of the N-donor upon heating.887,888 Nickel
complexes of dithiophosphates are not stable towards hydrolysis.889 Hydrolysis can be followed
by 31P NMR spectroscopy.890 The complex dissociation of bis(O,O0-dipropyl dithiophosphato)
NiII in ethanol–water mixtures can be utilized for spectrophotometric detection of the alcohol
content of alcoholic drinks.891

Various physicochemical methods have been used to investigate structural features and proper-
ties of the dithiophosphate NiII complexes,892–894 among them IR, 1H NMR, 31P NMR, EPR,
ENDOR,895 electronic spectroscopy,896 spectrophotometry,897 magnetochemical studies, as well as
cyclic voltammetry and coulometry.898 The oscillator strength for the d�d transitions in planar
[ML2] complexes of D2h symmetry were calculated within the framework of the vibronic mechan-
ism and the AOM. General expressions were used to interpret the intensities and polarization
of the d�d bands in the bis(diethyldithiophosphato) NiII spectra.899 A theoretical ab initio
(pseudopotential valence only) and UV–PE (He I and He II) spectroscopic examination of
[M(S2P{OEt}2)2] complexes (M=Ni, Pd, Pt) has been reported. The conclusions of this study
are that the metal-based orbitals are more tightly bound in Ni than in Pd or Pt complexes. Ni
ionization energies obtained by the Tamm–Dancoff method deviate from Koopman’s theorem.
The dominant nickel–ligand interaction is of �-character, the dxz and dyz orbitals being almost
nonbonding.900

Complexes with the enantiomeric ligands cyclo-O,O0-(R,R)- or (S,S)-1,2-dimetylethylene
dithiophosphate were synthesized and characterized via UV–visible and CD-spectroscopy
and by an X-ray crystal structure, the results of which were correlated. The absence of an
intrinsic configurational chirality on the metal results in CD-spectra due only to the less
intense chirality induced on the NiII electronic d–d transitions by the ligands outer ring
conformations and absolute configuration on the C2 and C3 atoms of the two chelating
ligands.864

A huge number of NiII thiophosphate complexes and their adducts with nitrogen bases like
pyridine, picoline, bipyridine, phenanthroline, or isochinoline have been prepared and character-
ized by spectroscopic methods.894,901–903 For example, 14N NMR was used to measure the
pyridine exchange in a series of pyridine adducts.904 The relationship between the intrinsic
Lewis acidity of the NiII center in the parent complex, as measured by equilibrium constants
for bis(pyridine) adduct formation, and the lability of pyridine in the adducts were explored. In
another investigation, the interaction of NiL2 with several pyridine-type adducts was studied via
relative isotropic 1H NMR spectroscopic shift studies.905 The adduct formation has been exam-
ined thermodynamically by spectrophotometric methods, and formation constants and reaction
enthalpies and entropies were measured.906 For some N-adduct complexe structures deviating
from the above mentioned ones were suggested from electronic and IR spectra.876,907 Good
agreement between electronic spectra of a number of complexes and calculated values using the
ASED-MO method was observed.908
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Adducts other than N bases are thiourea,909 phosphine,880 and N,O-donors (hydroxyquinoline
derivatives).910 In the last case {NiONS2} complexes were formed. Generally, complexes of
dithiophosphates are used as antiwear and antioxidant additives.
Few compounds with dithiophosphonate R(R0O)PS2 or dithiophosphinate R2PS2 ligands have

been reported. The resulting complexes (347) and (348)911–913 also show a square planar coordin-
ation geometry.
NiII complexes of variously substituted dithiophosphonates have been investigated by vapor

pressure osmometry and 31P NMR spectroscopy.914 Coordination polymers of the type [S2P(R)-
R0-(R)PS2Ni]n (350) are formed when R0 = p-(C2H4)2C6H4. However, when R0 = o-(C2H4)C6H4

and o-(C3H6)2C6H4, an equilibrium in solution, consisting of ansa-type (349) and polymeric
complexes (350) is found.914

Amine adducts of NiII diphenyldithiophosphinate with substituted ethylenediamins have been
prepared and characterized. A dimeric pentacoordinate structure was proposed for
[Ni2(S2PPh2)4(tmeda)].915 One crystal structure of a square planar NiII complex (351) with an
aminophosphonate ligand has been reported.916

Complex (352) has been synthesized, characterized by X-ray crystallography, and used as a
catalyst in the oligomerization of ethylene to �-olefins, where it shows high activity.917 Thiophos-
phate PS4

3� (353) can also be used as a ligand. With NiII discrete trinuclear complexes
[Ni3(PS4)3]

3� can be crystallized from DMF by addition of Ph4PBr. In the inorganic ring the
thiophosphates serve as bridges between the nickel centers.918

6.3.4.7.5 Complexes with xanthates and related ligands

A great number of NiII complexes with xanthate ligands have recently been characterized by
crystal structure. The binary complexes (354) show square planar coordination of the NiII center
[Ni(S2COR)2] (R=Et,919 Pri,920 Prn,920 Bun,921 Cy-Hex,922 PhCH2,

923 CF3CH2, MeOCH2CH2,
924

etc.), the ligands coordinating in a bidentate manner. The crystal structure of an octahedral
[Ni(S2COR)3]

� complex (355) has also been reported.925

Furthermore, a series of ternary compounds have been crystallized. Most work has been done
on adducts with N bases.
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Analogous to the dithiophosphate complexes, cis octahedral complexes are formed with bident-
ate ligands like phenanthroline, 2,20-bipyridine, or tmeda and trans octahedral complexes are
formed with monodentate ligands like pyridine and its derivatives. Some examples are mentioned
with linear bidentate ligands like 4,40-bipyridine, which build up 1D chains by bridging the [NiL2]
molecules.926–933

With P-donors a variety of different structures are formed. Two complexes (359a,b) with a five-
coordinate square pyramidal geometry and one S-donor in the apical position are reported.934,935

In a related complex (360) the nickel center reveals a distorted square planar geometry, because
one xanthate ligand switched to a monodentate coordination mode.936 By reaction of [NiL2]
complexes with Ph2P(CH2)2P(Ph)(CH2)2PPh2, compound (362) is formed, which consists of a
five-coordinate cation and a hexacoordinate anion.937

In (362), the cation is distorted trigonal pyramidal with the axial positions occupied by one S
atom and the central P atom of the {P3} ligand. In the anion the nickel center is bonded to six
S-donors of three xanthate ligands. Upon reaction with dppe an approximately square planar
{NiS2P2} complex results.938 A similar coordination geometry is found for the two complexes
(361a,b).939,940

The bis(xanthate) NiII complexes and their adduct complexes have been characterized by
various physicochemical methods like NMR, IR, and UV.941,942 Electrochemical investigations
of [Ni(S2COEt)2] revealed two irreversible oxidation peaks at 0.35V and 0.80V (referenced to the
Ag/Agþ electrode). The CV of [(EtOCS2)3Ni]

� displays one reversible (�0.15V) and two irrevers-
ible (0.35V and 0.80V) oxidation peaks.943,944 The low-temperature EPR spectra of the oxida-
tively electrolyzed solution of [NiL3]

� indicates the presence of [NiIIIL3], which disproportionates
to [NiL2] and the dimer of the oxidized ligand, EtOC(S)SS(S)COEt. The corresponding chemical
oxidations were achieved with iodine. Xanthate NiII complexes are of interest as liquid crystals,
and as additives in lubricating oils or in polymers as antioxidants.
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6.3.4.7.6 Complexes with dithiocarbamate and related ligands

Quite a number of NiII complexes with dithiocarbamate ligands have been characterized struc-
turally. These complexes have the general formula [Ni(S2CNRR

0)2] with the carbamates being
unsubstituted (R, R0 =H), N-monosubstituted (R= alkyl, aryl; R0 =H), or N,N-disubstituted
(R, R0 = alkyl, aryl).945 As the carbamates coordinate bidentately through the S-donors, a square
planar coordination geometry with four-membered chelate rings is found. The Ni—S bond
lengths are in the range 2.19–2.22 Å.
The substituents R and R0 may even bear further functional groups like in (363a)946 and

(363b)947 or be part of a cyclic system like in (363c)948 and (363d).949 Similar complexes (363e)
and (363f) have been made using tetrahydroquinoline dithiocarbamate and tetrahydroisoquin-
oline dithiocarbamate.950 A convenient synthetic route to the preparation of carbodithioato
derivatives of weak N nucleophiles has been reported: N–alkyldithiocarbamate ligands, when
bidentately coordinated to NiII, were found to undergo facile electrophilic substitution reactions
with a diversity of electrophiles, yielding novel carbodithioato derivatives of weak N bases, not
available by other synthetic methods.951,952 Furthermore, complexes with dithiocarbamate ligands
containing electrophiles [Ni(S2CN(E)R] (E= electrophile, e.g., CONHPh, COOEt, PhSO2;
R=Me, n-butyl, Ph, PhCH2) have been prepared and characterized by spectroscopic methods.953

Analytical techniques that have been applied to study the carbamate complexes are, inter alia,
electronic,954 IR, resonance Raman, NMR, UV, and XPS955–958 spectroscopy. An interesting
development is a correlation of the shifts in the infrared spectra with those observed for atomic
core levels in the X-ray photoelectron spectra.959 59Ni and 62Ni isotopic labeling has been applied
in an infrared study carried out on a variety of heterocyclic dithiocarbamate nickel complexes.
Assignment of the Ni–ligand vibrational modes revealed that the Ni—S bond strength is practic-
ally independent of the substituent in the heterocycle.960

A comparative study of the electronic structures of N,N-diethyldithiocarbamate and pyrrole-N-
carbodithioate has been undertaken.961 The enthalpy of formation of [Ni(S2CNMe2)2]
(�146.1	 10.9 kJmol�1) has been measured.962 The square planar dithiocarbamate complexes
can be oxidized to the corresponding five-coordinate NiIII dithiocarbamate complexes
[Ni(S2CNR2)2X] (X= I, Br, ClO4) using Br2, I2, or (NO)ClO4.

963,964

A number of mixed ligand complexes have been reported. In many cases the square planar
coordination geometry is conserved in complexes [NiLQ] (Q= xanthates, aldoximes, dimethyl-
glyoxim,954,965 Schiff bases derived from L,966 or phosphines).957,967–970 Comparison of a dithio-
carbamate complex (364) with PPh3 ligands and the corresponding complex (365) with the
chelating phosphine dppe revealed that both complexes have planar {NiS2P2} chromophores,
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but dppe forces the Ni—S distances to be symmetrical (2.200 Å and 2.204 Å), while PPh3 induces
asymmetry (2.227 Å and 2.198 Å).971,972 On the contrary the phen adduct of [Ni(S2CNEt2)2] is the
first example of the addition of a chelating diamine to form an octahedral complex [Ni(dtc)2
(phen)] (367).973

The reactivity of (367) and (368) towards phosphine complexes of NiII has been investigated.
Depending on the nature of the phosphine and the dithiocarbamate used, different complexes
were obtained.974 The stability constants for the NiII complexes of (369), (370), and (371) have
been determined in aqueous solution. Both 1:1 and 1:2 complexes were observed.975

6.3.4.7.7 Complexes with thiooxalate and related ligands

Considering the four thiooxalates 1,1-dithiooxalate (i-dto), 1,2-dithiooxalate (dto), trithiooxalate
(trto), and tetrathiooxalate (tto), dto is by far the most prominent in NiII coordination chemistry.976

Dto coordinates to NiII in a bidentate manner via its sulfur donors, resulting in square planar
dianion complexes [Ni(dto)2]

2�. The nickel chelate with dto is much more stable than that with
oxalate. However, the remaining dto oxygens tend to coordinate to further metal ions (e.g., the
counterions) to yield definite multinuclear arrangements. In complexes with organic ‘‘onium’’
cations (e.g., anilinium,977 pyridinium,978–980 pyrazinium,981 ethylenediammonium,982 arso-
nium,983 or phosphonium984) this interaction is lacking. Nevertheless the crystal structures of
these compounds reveal that the ions are associated through H bonds, the motif depending on the
nature of the cation. Supramolecular interactions lead to a 3D character.985 The spectroscopic
properties of the dto–nickel complexes are well examined and a comprehensive summary is given
in a review.978

6.3.4.7.8 Complexes with dithioketones and related ligands

Dithioacetyacetone (sacsac) forms square planar complexes with NiII, the chelate rings being six
membered. A comparative IR, 1H NMR, and13C NMR study of nickel complexes with sacsac
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and the derivates acac, nacac, and sacac has been carried out.986 An electrochemical study of
[Ni(sacsac)2] (376) revealed a one-electron quasi-reversible reduction at �1.54V and an irrevers-
ible four-electron oxidation at þ0.64V. The product of the reduction reacts with H2O, CO, CO2,
CH3I, and C12H25SH.

987 Addition of N-donors L to [Ni(sacsac)2] leads to five-coordinate
complexes [Ni(sacsac)2L] (L= variously substituted pyridines or anilines).988,989

Nickel ketoenolates are active catalysts in olefin polymerization. The reactions are promoted
by phosphines as coligands. Complexes [Ni(sacsac)X(PR3)] (R=Ph, Me, Et, cyclohexyl; X=Cl,
Br),990 [Ni(sacac)Cl(PR3)] (377; R=Et, Bun) and [Ni(sacsac)Ph2P(CH2)nPPh2]BPh4

991,992

(n= 1,2) have been reported, which disproportionate to some extent in solution. The crystal
structure of [Ni(sacac)Cl(PEt3)] (377) shows square planar geometry of the NiII ion with P trans
to O and S trans to Cl. Changing the phosphine ligand affects the activity and selectivity of the
oligomerization reaction, while changing sacac for sacsac increases catalyst activity.993,994 Crys-
tal structures of mixed ligand complexes (378a) and (378b) with derivatives of sacsac and
diisopropyldithiocarbamate have been reported.995,996

Also, the structure of the NiII complex (379) with the related ligand dimethyltetrathiomalonate
has been determined.997 The geometry at the nickel center is approximately square planar with an
inversion center. (379) shows reversible redox properties.998 Oxidation with I2 affords1,3-bis
(methylthio)-1,2-dithiolium triiodide.

A related ligand is dithiomalonamid, which is able to form two different coordination isomers
(380a) and (380b) with NiII.999 One X-ray structure of the diphenyl derivative has been deter-
mined. In this case the ligand coordinates via the S-donors, so that a square planar {NiS4}
arrangement results. NMR spectra confirm that the structure is maintained in solution.1000

6.3.4.7.9 Complexes with thiourea and related ligands

Thiourea and substituted thioureas coordinate as monodentate ligands to NiII to give either
square planar [NiL4] or octahedral complexes [NiL4X2] in most cases. Some of these complexes
with parent thiourea (381), imidazolidene-2-thione (382),1001 and 1-methylimidazoline-2-
thione1002 have been characterized by X-ray crystal structure. Solely for the complexes
[NiL2Cl2] (L= (383))1003 and [NiL2X2] (L= phenyl-thiourea; X=CN�, SCN�)1004,1005 a high-
spin tetrahedral coordination geometry is proposed.
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Another exception is [NiL3(NCS)X]2 (L= thiourea, o-tolylthiourea; X=Cl�, NO3
�), which is a

dinuclear complex with thiocyanato bridges.1006 Numerous complexes with substituted thiourea
have been synthesized1007–1009 and characterized by spectroscopic or thermogravimetric methods.
IR and Raman spectroscopy are excellent tools for proving coordination via the S-donor. For a
series of [NiL4Cl2] complexes the thermal degradation has been investigated, indicating two
different decomposition mechanisms via intermediates [NiLCl2] or [NiLCl] to give NiS as the
final product. The respective mechanism depends on the structure of the thiourea ligand.1010

A theoretical study employing the discrete variational X� implementation of Hartree–Fock–Slater
theory has been carried out for [Ni(thiourea)4Cl2]. This accounts better for experimental data (optical
spectra, magnetic properties, and charge density distribution) than crystal or ligand field theories and
supports the existence of considerable covalency in the metal–ligand bonding.1011 The dependence of
the spin state of trans-[NiL4X2] (L= diethyl-thiourea; X=Cl, Br, I) on pressure has been studied.
High pressure shifts the singlet–triplet equilibrium observed for these complexes in favor for the
triplet. This is consistent with pressure forcing the axial ligands closer to the nickel ion.1012

N,N0-diphenylthiourea (H2L) has been reacted with NiII to give the neutral complex [Ni(HL)2],
which has been characterized using spectroscopic and thermogravimetric analysis. In addition, the
stability constants for [Ni(HL)]þ and [Ni(HL)2] have been determined spectrophotometrically.1013

Various thiourea ligands have been used in the synthesis of mixed ligand complexes. A series of
complexes [NiQ2L2] (HQ= ethylacetoacetate, L= thiourea, allyl-, benzoyl-, methyl-, diphenyl-
thiourea) have been prepared. The complexes are all paramagnetic (�= 3.02–3.27�B) and have
been assigned trans-octahedral structures.1014

6.3.4.7.10 Complexes with dithiolene ligands

Bis-1,2-dithiolene complexes have been widely studied due to their physical properties and their
projected applications in the areas of conducting and magnetic materials, dyes, nonlinear optics,
catalysis, and others. These applications arise from a combination of functional properties,
specific geometries, and intermolecular interactions. A large number of new dithiolene ligands
and resultant complexes have been prepared with the aim to vary and optimize the molecular
properties and to prepare novel and improved materials. This interest, fired by the discovery of
phenomena such as superconductivity and ferromagnetism in metal dithiolene salts, has resulted
in the search for new analogues with better properties. A selection of frequently employed
dithiolene ligands is given below.

Several reviews presenting various aspects of dithiolene chemistry have appeared over the
years,1015–1026 so that this summary will only focus on some selected findings. Also, the photo-
dissociations of Ni dithiolene complexes, which lead to long-lived Ni complex radicals, have been
reviewed.1027 Since many studies in the field of Ni–dithiolene chemistry deal with different
oxidation states of the metal, this chapter will also cover much work related to NiIII and NiIV.
The most characteristic feature of nickel dithiolene complexes is the existence of an electron

transfer series whose members are interrelated by reversible one-electron steps. Three members I–
III of the series, I and III being diamagnetic and II having an S= 1/2 ground state, are
preparatively accessible: [Ni(S2C2R2)2]

2� (I)$ [Ni(S2C2R2)2]
1� (II)$ [Ni(S2C2R2)2] (III).

The well-known ambiguities in limiting descriptions of metal and ligand oxidation states are
summarized below.
While the structural and electronic properties of the dianions are consistent with the indicated

NiII–enedithiolate description, two and four formulations are conceivable for the monoanion and
the neutral complex, respectively. For the latter, one is a ligand diradical whose spins are
antiferromagnetically coupled, consistent with diamagnetism. Numerous members of the series
have been isolated and/or generated in solution by chemical or electrochemical reactions. Because
redox potentials are markedly dependent on the nature of the R substituent, certain members of a
given series have not been isolated in substance.
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There are few examples of complexes where all three oxidation states have been isolated. Two
examples, [Ni(S2C2(CF3)2)2]

0,1�,2� and [Ni(S2C2Ph2)2]
0,1�,2�, had already been realized in the 1960s.

For the two newer examples, [Ni(S2C2Ph2)2]
0,1�,2� (384)1028 and [Ni(3,5-But2bdt)2]

0,1�,2� (385)190,
even X-ray structures of all three oxidation states are available. All members of the series show planar
structures, the d(Ni—S) and d(C—S) bond lengths increase, the d(C—C) bond lengths decrease. For
(384), DFT calculations reveal that the electroactive orbital is highly delocalized, and electron transfer
reactions are largely ligand-based events. The isolation of the three species (385) confirms that ligands
derived from 1,2-benzenedithiolate(2-) behave as normal 1,2-dithiolate ligands. Here the X-ray
structures show a different trend: d(Ni—S) and d(C—S) decreasing and d(C—C) almost retaining
its value. Together with XPS and EPR investigations this has led to the suggestion that the oxidation
concerns electrons which reside in orbitals having {NiS4} character (compare also Section 6.3.3.6).

Ph

Ph

S

S Ph

Ph

S
Ni

S S
Ni

SS S

n–

(384)
 n = 0,1,2 

n–

(385)
 n = 0,1,2 

An enormous amount of research has gone into the synthesis and characterization of dmit
ligand complexes and related selenium and oxygen isologues. Interest centers on the isolation of
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metallic or even superconducting materials, which owe these properties to extensive intermolecu-
lar S���S or Se���Se interactions.
The discovery of the first molecular superconductor containing a transition metal complex, TTF[Ni

(dmit)2]2 (386), initiated a significant effort into the search for more of these fascinating materials.
1029

(386)

Since then seven further superconducting (at low temperatures and/or under high pressures)
dmit-based complexes with Ni or Pd as metal, synthesized via electrocrystallization, have become
known. The donor–acceptor complex �-(EDT-TTF)[Ni(dmit)2]2 is the first ambient pressure
superconductor with Tc= 1.3K.2578

The electrocrystallization and characterization of a novel molecular metal which displays both
electronic and ionic conduction has been reported. The complex Li0.6(15-crown-5-ether)[Ni-
(dmit)2]�H2O is composed of stacks of [Ni(dmit)2] units which provide pathways for electronic
conduction. The stacks are separated by parallel stacks of 15-crown-5-ether moieties in a channel-
like formation which facilitates ion conduction. The salt has a room temperature conductivity of
240 S cm�1. Temperature-dependent magnetic susceptibility and NMR measurements were used
to prove the existence of Liþ movement within the crown ether channels.1030

Concerning molecule-based magnets, the first spin-ladder was synthesized: (p-EPYNN)[Ni (dmit)2]
(p-EPYNN= p-N-ethylpyridinium �-nitronyl nitroxide). Within the crystal lattice, the radical cation
p-EPYNN units are arranged in 1D chains with ferromagnetic interactions. The chains of [Ni(dmit)2]
moieties in the ladder formation exhibit coexistent antiferromagnetic interactions.1031,1032

A much smaller amount of work has been done with nickel complexes of dmt ligands since they
are more difficult to crystallize. Some complexes have been assembled combining [Ni(dmt)2] with
viologen-based cations for applications in electrical conductivity and dioxygen activation.1033–1035

Nickel complexes with the dmid ligand are also less recognized in research. A conductivity as
high as 10�2 S cm�1 was reached with (Et4N)0.17[Ni(dmid)2].

1036 (Bu4N)x[Ni(dmid)2] complexes
have been studied by XPS and for applications in electrical switching and memory devices.1037,1038

The aim of substituting the S by a Se substituent in dmise is to increase dimensionality in the
crystal lattice in order to enhance the electrical properties.1039,1040 In 1993, the first molecular
conductors based on dmise, �- and �-(Me4N)[Ni(dmise)2]2, were reported. The two structures
show differences in molecular packing; both exhibit many short intermolecular S���S interactions,
and the � structure also has some very short Se���Se distances. The �-phase showed the higher
room temperature conductivity of 10 S cm�1(bandgap: Eg= 0.08 eV (�), 0.05 eV (�)).1041 For
dsise, the first nickel complexes were reported in 1993 and (Me4N)[Ni (dsise)2]2, a semiconductor,
has the highest room temperature conductivity of 12 S cm�1.1042,1043

1,2-Dithiolene complexes with the maleonitriledithiolate (mnt) ligand form highly delocalized
systems and are widespread in studies of conducting and magnetic materials. The electronic
properties have been extensively studied with various computational methods including Hückel
and extended Hückel approaches to identify the nature of the orbitals involved in intramolecular
and intermolecular interactions. These structural properties allow the complexes to interact in the
solid state via short stacking S���S and short interstack S���S contacts.1044–1048
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In (NH4)[Ni(mnt)2]�H2O ferromagnetic ordering was found below 4.5K. This material consists
of side-by-side stacks of planar [Ni(mnt)2]

� complexes forming 2D sheets that are separated by a
network of ammonium cations andH2O. The stacks show an equidistant arrangement of the anions,
which prevents the dimerization to a singlet ground state, observed in other salts. The Curie
temperature increases markedly with pressure until ferromagnetic order abruptly disappears at
6.8 kbar, indicating that the magnetic coupling is very sensitive to intermolecular separation.1049,1050

The charge transfer salt (BDNT)2[Ni(mnt)2] (BDNT= 4,9-bis(1,3-benzodithiol-2-ylidene)-4,9-
dihydronaphtho[2,3-c]1,2,5-thiadiazole) also shows ferromagnetic interaction with J= 3.4K,
which was concluded to arise from the [Ni(mnt)2]

� component on the basis of EPR evidence.
In the absence of structural data, however, further understanding of this behavior could not be
obtained. The anion was shown to be monoanionic, hence the valence of BDNT is þ0.5.1051
4,5-Dicyanobenzene-1,2-dithiolate (dcbdt) forms the NiII complex (387) and the respective NiIII

and partially oxidized NiIII/IV salts. The paramagnetic NiIII compound is dimerized and its
magnetic susceptibility reveals very strong antiferromagnetic coupling.1052

With reference to the exceptional properties of Li0.6(15-crown-5-ether)[Ni(dmit)2]�H2O some
mnt complexes with crown ether complexes of alkali metals as counterions have been reported.1053–1055

(NBu4)2[Ni(mnt)2-Cu4I4] shows a very unusual structure. The [Ni(mnt)2] moiety supports a novel
eight-membered Cu4I4 ring via two cyano groups, four of which coordinate to two copper ions in
neighboring molecules, resulting in the formation of a unique doubly-bridged 1D chain struc-
ture.1056 (DT-TTF)2[Ni(mnt)2] shows high room temperature electrical conductivities (40 S cm�1).
Observation of a single line in the EPR spectra, which increases dramatically in width as the
conductivity increases with temperature, is evidence for the presence of two magnetic subsystems
which interact in the salt with paramagnetic [Ni(mnt)2]

� ions.1057,1058

Complexes with the bdt ligand are less recognized, but some type (388) complexes with ligands
derived from bdt have shown interesting properties. (NEt4)x[Ni(S2C6H3CH3)2] (x= 2, 1) has been
studied for its electrochemical and spectroscopic properties.1059

Complex (389) can be considered as a dmit analogue, in which the aromatic ring replaces the
C¼C bond. The complex was isolated as (NBu4)x[NiL2] (x= 2, 1, 0.29). The latter nonintegral
salt, prepared by electrocrystallization, shows metallic conductivity down to 20K. The magnetic
properties of the 1:1 salt with radical metal complexes revealed Curie–Weiss behavior with a weak
antiferromagnetic interaction.1060,1061 In (389), the difference between the first and the second
reduction potential is larger than for [Ni(dmit)2]

x�.
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The salt (TTF)2[Ni(tdas)2] (390) was obtained by electrocrystallization with a room temperature
conductivity of 0.1 S cm�1. This indicates the potential of these complexes as components
of conducting materials. Some tdas complexes have been characterized by X-ray crystal
structure.1062–1064

A range of multisulfur 1,2-dithiolene complexes of nickel has been prepared, in which the 1,2-
dithiolene moiety has been extended by incorporation of heterorings, e.g., in dddt (391). The research
motivation had its origin in the similarity toBEDT-TTF, the organic electron donor known to have the
largest number of superconducting organic salts and those with the highest Tc. Nickel complexes with
the dddt ligand have been synthesized with a range of counterions with the charge on the complex
ranging between dianionic, monoanionic, and neutral. But the dddt complexes are exceptional as they
can be electrochemically oxidized to mixed-valence cationic complexes. The redox chemistry of
(R4N)[Ni(dddt)2] has been studied using microelectrode techniques.

1065,1066 Besides a quasi-reversible
one-electron reduction (E��0.7V) and oxidation (E� 0.0V), a further irreversible oxidation
(Epa�þ0.9V)was observed, assigned to the formation of [Ni(dddt)2]3(BF4)2. Themechanism involves
one-electron oxidation to [NiL2]

þ followedby fast chemical processes leading either to the formation of
the solid mixed valence complex, or to decomposition. [Ni(dddt)2]3(HSO4)2 and its isostructural
analogue, (BEDT-TTF)3(HSO4)2, are both metallic at room temperature and exhibit insulator transi-
tions at 25K and 130K, respectively.1067–1069 [Ni(dddt)2]3[AuBr2]2 also shows metallic behavior down
to at least 1.3K.1070,1071Despite nickel dddt complexes and the organic salts being structurally related,
there are differences in material properties, caused by differences in the frontier orbitals. Thus, the
influence of a much smaller HOMO/LUMO separation in the nickel complexes than in the organic
analogues and the influence of these orbitals on the dimensionality of the salt play a key role in the
conducting properties. [Ni(dddt)2] [FeCl4] shows 3D behavior of its magnetic susceptibility despite
the isolated chain or sheet arrangement of themagnetic anions.1072This is regarded as a consequence of
the coexistence of exchange paths involving the halides on the Fe and the �-electrons on the donor
molecules. The complex shows an antiferromagnetic transition around liquid helium temperature if
[FeCl4]

� is adopted as a counteranion, and the transition temperature is also affected by substitution of
the central metal atom. [Ni(dddt)2]x[Ni(dmit)2]y is an example for a salt where both anion and cation
consists of a nickel dithiolene complex.1073

Some other ligands of the dddt family which are less recognized in research are depicted below.
Examples in the literature have often been prepared for other applications such as optical
materials. Especially on electrochemical and structural details much work has been done.1074–1080

The complex Ni[(S2C2(CF3)2)]2 (392) is able to bind light olefins selectively and reversibly.1081

According to Scheme 4, the reaction of olefins with (392) can be controlled electrochemically,
where the oxidation state-dependent binding and release of olefins is fast on the electrochemical
timescale. Olefin binding is supposed to occur via the ligand S-donors.

This sequence has been proposed as a novel approach to olefin separation and purification.
However, there is disagreement about the reversibility of the reaction because it has been shown
that irreversible reduction to the dianionic complex occurs through an ECE process.1082

A convenient new route to 1,2-enedithiolate complexes of Ni has been reported, which starts
from the bis(hydrosulfido) complex [Ni(dppe)(SH)2] and various �-bromoketoues(heterocycle-
C(O)CH2Br).

678
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Scheme 4

6.3.4.7.11 Complexes with selenium- and tellurium-containing ligands

Nickel–selenium coordination compounds have received attention in recent years, because a unique
Ni–selenocysteine interaction was revealed in the active site of [FeNiSe]-hydrogenases.1083,1084 Of
particular interest in this regard are mixed CO/selenolate complexes. Distorted square planar (393)
was prepared from [CpNi(CO)]2, PhSeSePh, and [Fe(CO)3(SePh)3]

� and provides the first
example of CO bound to a square planar NiII center in thiolate/selenolate environment.1085,1086

Upon addition of RSSR, species of the series [Ni(CO)(SR)n(SePh)3�n]
� are formed. �(CO) ranges

from 2,023 cm�1 to 2,043 cm�1 and is regarded as a spectroscopic reference for the CO binding site
in [NiFeSe] hydrogenases.
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In (393), the average Ni—Se distance is 231.7(2) pm.1085 Simple tetrahedral [Ni(SePh)4]
2� has

been prepared by reaction of NiCl2�4H2O with LiSePh.1087,1088 An excess of selenolate has to be
used to prevent formation of [Ni(SePh)2]8. The PPh4

þ salt is stable in air for several hours. Its
average Ni—Se bond lengths (240.1(3) pm) are longer than in the homoleptic square planar systems.
Mono- and dinuclear NiII selenolates include four-coordinate (square planar) (394),1089

(395),1090 [Ni(dmp)(SeAr)2] (Ar= 2,4,6-Me3C6H2Se),
1091 (396),1088 (397),1088 and (398)1092,1093,

and five-coordinate (399),86 [Ni(terpy) (SePh)2]2,
1091 [Ni(dmp)(SePh)2]2,

1091 and [Ni(terpy)(SeAr)2]
(Ar= 2,4,6-Me3C6H2Se).

86 In general, most NiII alkaneselenolates are very sensitive to air. (394)
is oxygen sensitive and decomposes in polar solvents. Its average Ni—Se bond lengths of
230.5(3) pm are interpreted in terms of a higher covalency of the Ni—Se bond compared to the
Ni—S bond.1089 The oxidized forms of (395) and (398) (one unpaired electron) have been
investigated in detail by EPR spectroscopy.1090,1093 One-electron oxidation of (398) gives a radical
anion, which exhibits EPR spectra consistent with a S= 1/2 system. The g-values are similar to
those of the analogous S-donor complex (gx= 2.23, gy= 2.14, gz= 2.05), but the observation of
77Se hyperfine coupling (Az= 129G) indicates that the SOMO is largely Se in character.1093 Tri-
and tetranuclear homoleptic NiII selenolato complexes like (400) and [Ni4(SePr

i)8] have been
structurally characterized.1094 They are isostructural with the corresponding thiolato complexes.
Selenium analogues of dithiolene complexes like (401) are attracting attention as components of

conducting materials.1095 The first and second redox potentials of (401) (converting between the
dianion and the neutral state) are about 0.1V higher than those of the sulfur derivative, suggest-
ing that Se lowers the electron-donating ability. Further, (401) shows an irreversible oxidation
wave leading to the radical cation.

Distorted square planar {NiSe4} cores are observed in mixed-metal selenides, e.g., (402). The
[Ni(WSe4)2]

2� anion is analogous to [Ni(WS4)2]
2�.1096 Using slightly different reaction conditions,
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(403) was obtained, which contains a side-on Se2 ligand.1097 The Ni—Se bridge distances are
much shorter in the latter compound, because there is no Se atom directly trans to these bridges.
Trinuclear (404) was obtained from the reaction of NiII salts with the chelating metalloligand cis-
[Mn(CO)4(SeMe)2]

� and features Ni—Se distances of 233.1(1) pm.1098

Few thoroughly characterized NiII selenoether complexes have been reported, and most of them
contain macrocyclic Se-containing ligands (see Section 6.3.4.10). Reaction of MeSeCH2CH2-
SeMe with NiCl2 gives (405) with two chelating diselenoethers and trans-chlorides.1099 The related
bromo and iodo complexes have also been prepared and analyzed by nickel K-edge EXAFS. The
Ni—Se bond lengths are in the range 252–257 pm, which is 5–10 pm longer than Ni—S bonds in
NiII thioethers.
Reaction of [NiII{P3}] scaffolds (where {P3} is a tridentate phosphine ligand) with a solution of

polytelluride gives complexes (406a) with a side-on bound Te2
2� moiety, which can be reacted with

further [NiII{P3}] to give dinuclear (406b).1100 NiII complexes with telluroethers and tellurolates are
very scarce.1101 Type (407) and (408) tellurolate complexes have been reported from the reaction of
[(dppe)NiCl2] with NaTeAr and characterized spectroscopically.1102 Te coordination has been
invoked in NiII complexes of ligand (409),1103 and simple telluroethers like Me2Te and Et2Te are
assumed to bind to bi(chlorosulfato)nickel(II) to give compounds [Ni(SO3Cl)(R2Te)2].

1104,1105 Spec-
tral data are more consistent with six-coordinate NiII in (410).1106

6.3.4.8 Halide Complexes

NiII forms weak complexes with fluoride ions in aqueous solution (log K1= 1.32),1107 while NiII

complexes with the other halide ions are extremely weak (log K1<�0.8).1108,1109 The degree of
complex formation in a concentrated aqueous solution of NiII chloride seems to increase with
increasing temperature.1110 In general, the complex formation of the NiII halide system is expected
to be stronger in aprotic nonaqueous solvents than in water,1111 mainly due to the weaker
solvation of halide ions in such solvents.1112 Significant complex formation between NiII and
chloride is reported in methanol (log K1= 2.82),1113 in dimethyl sulfoxide (log K1= 1.51–2.7,
depending on ionic medium and strength),1114–1116 and in N,N-dimethylformamide (log
K1= 2.85–3.14).1117,1118 N,N-Dimethylacetamide is the only solvent where complex formation
between NiII and bromide ions has been reported (log K1= 2.57).1119

Tetrafluoronickelate(II) complexes were synthesized with various cations from aqueous media
by treatment of [Ni(acac)2(H2O)2] with HF and MF.1120 Experimental and theoretical studies
were performed for the K2[NiF4] complex.

1121 Core-level and valence-band X-ray angle-integrated
photoemission data were analyzed by a CI impurity cluster model. Comparison of local d
functional band calculations with angle-resolved photoemission data shows significant discrep-
ancies, indicating that electron correlation effects are important. Two crystal modifications of
(NH4)[NiF3] were found.1122 The low-temperature modification is cubic and crystallizes in the
CaTiO3 type of structure. The high-temperature structure is hexagonal and the compound
crystallizes in the hexagonal BaTiO3 type of structure.
Theoretical calculations based on the CNDO method were performed in order to understand

the Td/D4h equilibrium of the tetrafluoro and tetrabromo complexes. The ability to form the
square planar complexes decreases monotonically in the first row transition metal series:
MnII>FeII>CoII>NiII>CuII.1123 The same ability decreases in the series: F�>Cl�>Br�.
A dipole moment covalency polarizability correlation ligand field model was used to analyze
experimental optical and magnetic properties for a set of [NiIIX6]

4� clusters.1124 Using this
model and a parametrization d-orbital theory, the theoretical absorption spectra of various
[NiX6]

4� clusters were calculated without any fitting parameters. Good agreement was obtained
for absorption spectra, EPR parameters, and magnetic susceptibility. MS-X� calculations per-
formed on various spin orbital configurations of [NiCl4]

2� were used to assign its ligand field
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spectrum and XPS spectrum.1125 The calculated ligand field spectrum is in reasonably good
agreement with observations. The calculated XPS spectrum suggested that part of the observed
spectrum comes from satellite features and that multiplet splitting of ligand field states cannot
represent the spectrum.
Complexation equilibria between NiII and Cl� were studied in MeCN by spectrophotometry

and calorimetry at 25 �C. Formation of [NiIICln]
(2�n)þ (n= 1–4) species was suggested and the

various formation constants, enthalpies, and entropies were determined.1126 Individual electronic
spectra of the complexes were obtained for both charge transfer (CT) bands (230–350 nm) and
d�d transition bands (320–840 nm). Thermal analysis of pyridinium tetrachloronickelate(II) has
shown that this complex is green and tetrahedral in the anhydrous state but yellow and octahedral
when aquated.1127 It undergoes dehydrohalogenation upon heating in the solid state to yield
[NiCl2py2]. An attempt was made to track the changes in the Jahn–Teller active vibrational modes
of some pseudotetrahedral [MCl4]

2� ions.1128 The IR and Raman spectra of powdered
(Et4N)2[MCl4] (M=Ni, Cu, Zn) and of Cu- and Ni-doped (Et4N)2[ZnCl4] were recorded both
at room temperature and at 77K, 100K, and 170K. Room temperature spectra show that for
[NiCl4]

2� and [CuCl4]
2� the Jahn–Teller distortions are dynamically averaged, if present at all.

The low-temperature spectra, however, show splittings that are indicative of a low-symmetry field,
suggesting that at 77K both complex anions are vibronically stabilized in a static C2v field. Room
temperature IR and Raman and low-temperature (100K and 77K) IR spectra of R2[MCl]4 have
been recorded in the 4,000–50 cm�1 frequency range.1129 The metal ions ZnII, NiII, and CuII form
a series of increasing ionic radius, while the counterions Bu4N

þ, Et4N
þ, Csþ, and Rbþ reflect the

order of decreasing bulkiness. According to the IR and Raman spectra, the [ML4]
2� units are

distorted tetrahedrons, the distortion increasing with the size of the counterion. Additional
splittings due to the vibronic coupling (Jahn–Teller coupling) were observed for the CuII and
NiII compounds.
While for larger halide ions (X=Cl, Br, I) tetrahedral [NiX4]

2� anions are usually found, (piper-
idinium)2[NiCl4] adopts an unusual catena-poly[nickel-tri-�-chloro(1-)] chloride structure (similar to a
distorted CsNiCl3 type), in which face-sharing [NiCl6]

4� octahedra, separated from one another by
two crystallographically independent piperidinium cations and an isolated chloride anion, form a 1D
chain.1130 In (ET)[NiCl4]�H2O (ET= bis(ethylenedithio)tetrathiofulvalene), where the [NiCl4]

2�

anions are sandwiched between lamellas of ET cations, the [NiCl4]
2� unit is not tetrahedral but

distorted square planar.1131 The solid-state synthesis of thermochromic [(C2H5)2NH2]2 [NiCl4] was
described as a useful procedure for a classroom demonstration to show the effect of ligand field
splitting on color and the strength effect of hydrogen bonding in a solid crystal on the configuration of
a complex.1132

The chloride ligands in [NiCl4]
2� ions in the interlayers of a Mg–Al hydrotalcite-like clay

(NiCl-HT) are completely exchanged by bromide upon treatment with alkyl bromide in the
liquid phase.1133 The solvent exerts a very strong effect on the reactivity of interlamellar Cl�

anions in NiCl-HT towards butyl bromide. Thus, all the interstitial Cl� anions of the interlayer
[NiCl4]

2� ions appear as butyl chloride after 15min in DMF, while in decane or toluene only
52% and 41% of interstitial Cl�, respectively, were found in the organic phase after 15min. The
use of butanol as a solvent results in complete inhibition of the reaction. [NiCl4]

2� complex
anions in NiCl-HT are isomorphically transformed into tetrahedral [NiBr4]

2� by halide exchange
with BuBr in DMF.
Br, Cl, and P ligand K-edge absorption EXAFS was used to evaluate the bond angles in

nickel halide and halo phosphine complexes.1134 Particularly good results were obtained for
[NiBr2(dppe)]. Ligand K-edge X-ray absorption spectroscopy was used to investigate the
metal–ligand bonding in the series of tetrahedral [MCl4]

n� complexes including the nickel
one.1135 The intensity of the pre-edge feature in these spectra reflects excited state multiplet
effects, intermediate-strength ligand field excited state mixing, and ligand–metal covalency in the
partially occupied d-orbital-derived MOs of each complex. A methodology which relates cova-
lency to pre-edge intensity for d10�n hole systems was developed. Application of this method-
ology to the experimental data provided quantitative information about the covalency of the
ligand–metal bond. An analysis of the pre-edge and edge energies allowed the relative energy of
the metal d-manifold as well as the charge on each chloride ligand to be quantified. The metal
centers with the deepest d-manifold energies (closest to the ligand 3p orbital energy) are involved in
the strongest ligand–metal bonding interactions and exhibit the largest metal d-derived orbital
covalency.
Li2[NiBr4] in THF regioselectively cleaves epoxides to give bromohydrins in high yield.1136 The

Br atom is predominantly found at the less-hindered carbon.
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The layered double hydroxide (LDH) Al2Li(OH)6[NiCl4]1/2 was synthesized by anion exchange
of Al2Li(OH)6(NO3), and the structure of [NiCl4]

2� in the interlayers was studied.1137 The LDH
has a hexagonal cell with an interlayer distance of 2.9 Å, which is too narrow for the usual
tetrahedral [NiCl4]

2� structure. However, from EXAFS measurements it is concluded that the
first neighbor Ni—Cl distances in the LDH are 2.10 Å, which is compatible with four-fold
coordination.
The electronic structure of trans-[NiCl2(H2O)4]�2H2O has been investigated in detail, both by

calculations and by absorption and luminescence spectroscopy.1138

6.3.4.9 Mononuclear Complexes with Open-chain Ligands Containing Mixed Donor Atoms

6.3.4.9.1 Complexes with mixed {N,O} ligands

(i) Complexes of Schiff base and related ligands

Schiff base complexes have been studied intensively. They are of interest as stereochemical and
electrochemical models for biological sites and because of their catalytic activities. Earlier work
has been exhaustively reviewed,1139–1142 and the basic bidentate and tridentate coordination
modes of Schiff base ligands have been well described. However, there are still new applications
of bidentate Schiff bases evolving, since their syntheses are straightforward and peripheral groups
can easily be altered. For example, transition metal–bischelates are widely used in thermotropic
liquid crystals (metallomesogens). NiII complexes such as (411) form enantiotropic nematic phases
over the temperature range 158–230 �C (melting points) and 160–253 �C (clearing points).1143

CnH2n + 1O
O

O

N C3H7
O

NC3H7

Ni O

O

O
OCnH2n + 1

(411)  n = 4–12,14,16,18 

Earlier studies had shown that bidentate Schiff base ligands with bulky substituents and
tetradentate ligands containing biphenyl or naphtyl moieties exhibit an endothermic spin equilib-
rium process. The preference of the low-spin state (S= 0) is strong for the four-coordinate
chelates, but bulky substituents may shift it towards the paramagnetic state (S= 1). While such
behavior is not observed for tetradentate ligands with aliphatic linkages, the incorporation of
pyrazole in the {N2O2} Schiff base may induce spin-equilibrium processes if the proper length of
the linker is used.1144 Complexes (412) with n= 2 or 3 form four-coordinate complexes in
nondonor solvents. The complexes with n= 2 are fully diamagnetic, but a spin equilibrium
process S= 0$S= 1 is observed for n= 3, and the complexes have a flattened tetrahedral
geometry in the latter case. The four-coordinate NiII ions may increase their coordination number
by coordinating solvent molecules like pyridine or DMSO in the axial positions, thereby enlarging
the distances to equatorially bound donor atoms.
The use of imidazole or pyrazine containing asymmetric {N3O} Schiff bases (413a) and (413c)

allows one to form monomeric complexes with square planar geometry around the NiII ions and a
‘‘rear-side’’ bridging system involving the unbound N atom of the heterocycle.1145 These mono-
meric complexes may use their unbound heterocyclic N atom to form dinuclear species (413b) and
(413d), respectively.
The coordination in [bis(4-isopropyliminomethyl)1,3-diphenylpyrazol-5-ylaminato)NiII] is pseudo-

tetrahedral, the angle between the N—Ni—NH and NH0—Ni—N0 planes being 93.8� and the
Ni—N(imine) bond lengths being 1.999 Å and 2.003 Å. This is significantly longer than the Ni—
N(amine) bond lengths of 1.919 Å. Similar effects are observed in other pyrazole containing NiII–
Schiff base complexes.1146
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R1 R1

R2 R2
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(CH2)n
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R3 R3

   n           R1              R2          R3

(412a)

(412)

         3            Ph         Ph        Ph

(412b)         3            Ph         Ph       p-ClC6H4

(412c)         3            Ph         Me       Ph

(412d)         3            Ph         Me       p-MeC 6H

(412e)         2            Ph         Me       Ph

(412f)          2            Me         Ph        Ph

(412g*)      2            Ph         Me           H

*The chain is CH(Me)CH2

(413a)

(413b) (413d)

(413c)

Chiral Schiff base complexes can act as catalysts of enantioselective reactions, e.g., for the
oxidation of hydrocarbons.1147,1148 Studies on chiral NiII complexes with {N2O2} Schiff bases
derived from (1R,2R)- and (1S,2S)-1,2-diaminocyclohexane (414) have shown that substituents
with high electron-withdrawing ability stabilize the lower oxidation state and promote the add-
ition of axial ligands.1149 The reduction potential of the planar complexes correlates with the
ability to bind axial ligands (log �2). Parent N,N

0-(1R,2R)-(�)-1,2-cyclohexanebis(2-hydroxyaceto-
phenonylideneiminato)nickel(II) ((414) with R1=R2=H) has an umbrella-type geometry with the
dihedral angle between the planes defined by the two acetophenonylideneimine moieties of 43.5�.
The Ni atom is in a distorted square planar environment.1150 The distortion is more pronounced
than in the salicylaldehyde analogue and it is caused by the interactions between the methyl group
and methane, methylene, and phenyl hydrogens. The steric demands of the bulky groups are often
the main cause of tetrahedral distortion in this type of complex.1151,1152 {N4} Schiff base com-
plexes with very bulky tosyl groups (415) are square planar even in coordinating solvents,
although the solid-state structure shows distinct tetrahedral distortion.1153 NiII salicylaldiminato
complexes1154 with bulky substituents at the ketimine-N (type (416) complexes) are active catalyst
for olefin polymerization1155 and may even tolerate heteroatoms1156 or perform polymerization
in water.1157 Functional groups such as 2-pyridyl or diphenylphosphino can be attached to
Ni–salen type complexes (417).1158,1159 For NiII Schiff base complexes involving P-donors see
Section 6.3.4.6.3.
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The solubility properties of NiII salen complexes can be varied by appropriate substituents.
A choice of ligands containing t-butyl or methyl(triphenylphosphonium chloride) substituents at
the aromatic rings (Figure 12) provides a series of NiII complexes with solubility adjustable for
most commonly used solvents including water.1160

Ligand substitution in salicylaldiminate [NiA2] complexes has been studied in detail.1161 Sub-
stitution in chiral [NiA2] species by chiral salen-type tetradentate H2B ligands in acetone proceeds
according to Equation (7):

NiA2 þH2B $ NiBþ 2HA ð7Þ

Figure 12 Crystal structure of N,N0-bis{3-t-butyl-5-[(triphenylphosphonium)methyl]salicylidene}-1,2-etha-
nediamine chloride with NiII ions.1160
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The substitution process is second order according to Equation (8). The substitution reaction (7)
is an associatively controlled process consisting of three distinguishable steps: fast adduct form-
ation {NiA2,H2B} followed by rate-controlling loss of the first bidentate ligand HA and the loss
of the second bidentate ligand with first order rate constant making the overall reaction a second-
order process.1162,1163 Ligand substitution is subject to chiral discrimination. The ratio of the
second rate constants, kfast/kslow, with kfast being the rate constant for the faster reacting pair of
enantiomers, lies in the range 1.0–3.0, depending on the nature of the N-alkyl groups in NiA2 and
the organic groups attached to the ethylene bridge in H2B ligands.1164 The rate discrimination
factor of 3.0 obtained for NiA2= bis[N-dehydrodiethyl-salicylaldiminato]nickel(II) reacting with
the R- and S-enantiomer of H2B=N,N0-disalicylidene-1,2-diamino-4-methylpentane appears to
be the highest stereoselectivity reported for any ligand substitution in NiII complexes.

rate ¼ k� ½NiA2� � ½H2B� ð8Þ

Nickel(II) bis(salicylaldiminato) complexes are promising nonlinear optical systems.1165 A series
of ligands obtained by condensation of appropriate salicylaldehydes with diamines form com-
plexes with NiII (e.g., (418)), and general structures have been determined.1166 Thermal analysis,
linear optical spectroscopy and second-order NLO response, sampled by the electric field-induced
second-harmonic generation technique in combination with a quantum chemical analysis have
shown a relationships between electronic structure and NLO properties of this class of inorganic
NLO chromophores.1167 Solution-phase hyperpolarizability values deduced from electric field-
induced second-harmonic generation experiments are high. Similar behavior is found for the
chiral 1,2-diaminocyclohexane derivatives.1168

R

N

O

R

N

O
Ni

(418)

O–

N

–O

N (CH2)2
–

(CH2)3
–

salen
salpren

salphen

(419)

The high structural and synthetic versatility of the Schiff base complexes provides a
possibility to design host systems without functionalization procedure. Even relatively simple
NiII {N2O2} Schiff base complexes (419) are able to incorporate NiII both in the solid state and
solution.1169 In [{Ni(salen)}2Ba(ClO4)2(thf)] and [{Ni(salen)}2Ni(H2O)2](ClO4)2, two [Ni(salen)]
units act as bidentate O-donor ligands. In the Ni—Ni adduct, the central NiII ion is coordinated
by two [Ni(salen)] units in a distorted octahedral geometry including two water molecules
(Figure 13).

N

N

Ni

Ni

Ni

O

O
O

O
OO

Figure 13 Molecular structure of the cation [{Ni(salen)}2Ni(H2O2]
2þ.
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Schiff base ligands may be enriched by pendent arms bearing a potentially chelating site.1170–1172

Insertion of a simple oxime function allows one to form oligonuclear structures with interesting
magnetic properties.1173 Polyether side arms are suitable to associate alkali metal cations with the
NiII Schiff base unit. Addition of sodium picrate to [NiL2] (420; L= 3-methoxy-N-methylsalicylal-
diminato) results in paramagnetic species [NiL2NaX]2 (X= picrate ion), which display cage struc-
tures with two side arms bound to Naþ.1174,1175 Diamagnetic complexes are obtained from the
reaction of Naþ with 3-methoxysalicylaldiminato and 3-(2-methoxyethoxy)salicylaldiminato NiII

complexes (421a,b).1176,1177 The monometallic type (420) precursors react with Naþ yielding mono-
or bimetallic species with cis-{NiN2O2} chromophores and the alkali cation accommodated in the
ether-like outer cavity. In the presence of barium ions the precursor complexes change their
configurations from trans to cis to offer a polyoxygen coordination site for the Ba2þ ion in
[(NiL2)2Ba (ClO4)]

þ.1178
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O
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O
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O
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O

Na

O
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O NH

O

O

O

NMe
O

R

O

Ni
OMeN

O
R

(420)
(R = Me, CH2CH2OMe)

(421a) (421b)

Crown ethers may also be used to functionalize salicylideneimine complexes.1179 The crown
ether-functionalized tetra-t-butyl-salicylideneimines are useful in studies on the selective com-
plexation and transport of cations (e.g., Naþ and Kþ). 4,5-Bis(3,5-di-t-butylsalicylideneimino)
benzo-18-crown-6 coordinates NiII via the Schiff base {N2O2} donor system and Kþ or Csþ at the
crown site.1180 These Ni–alkali metal complexes are able to transport amino acids from acidic
aqueous solution to pure water.
The presence of N-donors in pendent arms makes Schiff base ligands very effective for the

formation of bimetallic complexes with two NiII ions. Dinuclear complexes of compartmental
Schiff base ligands are covered in Section 6.3.4.12.
{N,O} ligands with sp3 N atoms are more flexible than those with sp2 N-donors. Examples

of mixed {N,O} ligands with sp3 N-donor and terminal alcoholate include chiral bidentate
{N,O},1181 {N,O2} tridentate,1182 and {N,O3} tetradentate ligands.1183 The {N2,O2} tetradent-
ate ligand (422) coordinates NiII to yield blue [Ni(422)(NCS)2]�H2O�2EtOH,1184 where the
neutral tetradentate ligand adopts a cis-� geometry with mutually cis N-bound thiocyanate
moieties. The configuration around NiII is � with R configuration at the stereogenic N atoms.
The absolute configuration of the complexes formed (� or �) depends on the metal ion
involved.
Covalent modification of nucleic acids with metal complexes can be used for, inter alia, probing

nucleic acid structure, understanding DNA reactivity, regulating gene expression, or chromosome
modification triggering apoptosis. NiII complexes are well suited for covalent modification of
DNA as the NiII/III couple often lies close to the redox potential of the substrate ligand. Water-
soluble Ni(salen)-type complexes (432) are able to form covalent bonds to nucleic acids, which
occurs almost exclusively at guanine residues.1185

Ni(salen)–DNA adduct formation is closely related to that formed by the Ni(peptide) systems,
although there are different mechanisms proposed for both types of complexes. In the case of
Ni(salen), the addition of a phenol radical to the guanine heterocycle and formation of a covalent
bond to guanine C8 (Equation (9)) is suggested.
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[Ni(salen)] complexes may interact with nucleic acids in different modes as well as with different
chemical consequences.1186,1187

(ii) {N,O} edta-type and related polydentate chelating agents

The factors affecting stabilities of edta-type chelating agents have been comprehensively
discussed.1188 Spin-labeled edta ligands (424a,b) have been prepared, and the large differ-
ence in the EPR spectra of the free ligands and the NiII complexes indicates a substantial
exchange contribution to the interaction in the case of (424a), which is attenuated for
(424b).1189
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Bonding angles exhibited by metal complexes with edta are distinctly strained, which is seen by
the significant deviation from regular values.1190 The NiII complex with edta forms a dinuclear
[Ni2(edta)(H2O)4]�2H2O species with two different subunits: the primary NiII center is hexacoord-
inated by the edta ligand (Figure 14). Constraints exerted by the ligand result in a highly distorted
octahedron with deviation angles O—Ni—O up to 22.7�. The largest deviations are observed in
the coordination plane of the ethylenediamine ring. The second NiII is in less distorted environ-
ment, since it is surrounded by four water molecules and two bridging carboxylates. These two
subunits form alternating Ni(edta)—Ni(H2O)4 infinite zigzag chains hold together by H bonds
and van der Waals interactions between O atoms of the remaining free carboxylates and water
molecules. The magnetic properties can be described by a Heisenberg or Ising exchange model
with a coupling of J��8.3K.
Due to the steric constraints of the ligand, the partially protonated H2cdta binds as a

pentadentate ligand in [Ni(H2cdta)(H2O)] where a water molecules completes the octahedral
coordination sphere.1191,1192

Edta-type ligands with longer diamine or carboxylate chains are likely to function as hexadentate
ligands towards larger metal ions by forming less strained structures.1193 A symmetrical edta-type
ligand, eddadp (ethylenediamine-N,N0-diacetate-N,N0-di-3-propionate) can form three geometrical
isomers for hexadentate coordination: trans(O5), trans(O5O6), and trans(O6).

1194 Because of strain in
the equatorial plane, the Ba[Ni(eddadp)]�6H2O complex adopts a trans(O5) configuration. The
strain analysis for the complexes with edta and its analogues for various metal ions indicates that
expanding of the diamine ring or the equatorial glycine rings lowers the octahedral strain. The
impact of the steric strain on the instability of the in-equatorial acetate coordination is also seen in
the NiII complexes with eddadp.1195 The hexadentate complex with propionate rings in equatorial

Figure 14 Molecular structure of the [Ni(edta)]2� subunit in [Ni2(edta)(H2O)4]�2H2O.
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positions converts into a pentadentate species at high temperature. This conversion involves
removal of one of the out-of-plane acetates, suggesting that acetate coordination is not stronger
than that of propionate.

N
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COOH

COOH

H H4eddadp
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N

N

COOH

COOH
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COOH

H4cdta 4pddadp

In general, increasing the number of methylene groups in the diamine part (e.g., in H4pddadp)
decreases the stability constant of the [NiL] species, as does substitution of an acetic group by a
3-propionic group.1196
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m-Phenylendiamine- and pyridine-2,6-diamine-N,N,N0,N0-tetraacetic acid form dinuclear complexes
(425a–c), both in solution and in the solid state.1197,1198 The pyridine-N is not bonded to the metal.
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4–

Simple tetradentate ligands HOOCCH2NH(CH2)nNHCH2COOH (426) in which two glycine
building blocks are connected by a methylene chain have been employed in NiII coordination
chemistry. 1,4-Diaminobutane-N,N0-diacetic acid forms a seven-membered chelate ring showing a
negative chelate effect in octahedral NiII complexes [NiL] and [NiL2]

2�.1199 For the NiII com-
plexes of 1,2-diaminoethane-N,N0-di-3-propionate (eddp) and 1,3-diaminopropane-N,N0-diacetate
(1,3-pdda), only one (uns-cis) geometric isomer was found to dominate, confirming that six-
membered chelate rings have a profound effect on the distribution of geometrical isomers. Two
water molecules complete the octahedral environment in [Ni(1,3-pdda)(H2O)2].

1200 NiII complexes
of the 1,4-diazacycloheptane-based ligands dachdR are octahedral [Ni(dachdH)(H2O)2], square
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planar [Ni(dachdMe)], [Ni(dachdEt)], and [Ni(dachdPr)], or five-coordinate [Ni(dachdH)py],
depending on the R substituent and the solvent.1201,1202 The chiral (all-R)-1,2-bis(2-aza-3-carboxy-
bicyclo[3.3.0]octan-2-yl)ethane (H2baboc) has been prepared from a nonrecyclable industrial
waste material.1203,1204 It can be regarded as a new chiral analog of edda (ethylenedinitrilodiacet-
ate) and forms the enantiomerically pure helical NiII complex [Ni(baboc)(H2O)]�H2O (427).1205

This complex is pentacoordinated with a square pyramidal geometry. Comparison with the
octahedral [Ni(edda)(H2O)2]�H2O complex1206 reveals that the steric influence of the chiral
bicyclic system is responsible for the square pyramidal structure.
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Nitrilotriacetate (nta3�) is a powerful tetradentate chelating agent with log �NiL= 11.53.1207 The
successive substitution of carboxylate by phosphonate group results in three ligands
N(CH2CO2H)3�r(CH2PO3)r with r= 0–3.1208,1209 The high pK values for deprotonation of these
ligands give rise to many protonated species. The stability of the NiL complex with the fully
deprotonated ligand is highest for r= 1 and lowest for the pure phoshonate analogue (r= 3).
�-Aminoalkylphosphinic acids differ from their carboxylate analogues quite remarkably. The
phosphinate O atom is more difficult to protonate both in the free acid and in its metal
complexes.1210,1211 This causes certain azaphosphinate complexes to be resistant to proton
mediated dissociation. The lower basicity of the O- and N-donors results in lower stability
constants with respect to the carboxylate analogues. The insertion of alkyl or aryl substituents
at P allows one to control the complex lipophilicity1212 and makes phosphorus a stereogenic center
when its O atom is bound to the metal ion.1213 With acyclic tetradentate ligands incorporating two
N-donors and two alkyl or aryl phosphinate donors (428), NiII forms equimolar complexes with
significant phosphinate ligation.1214 The stability sequence is reverse to the Irving–Williams series
since the stability of the NiII complexes is distinctly higher than those of the CuII species.

(iii) Complexes with miscellaneous {N,O} ligands

In contrast to many other N,N0-substituted oxamides which usually give diamagnetic square
planar NiII species, paramagnetic NiII complexes such as [Ni2(glyox)(H2O)6] can be obtained
from the glycine-derived H4glyox (429).1215 Relatively strong antiferromagnetic coupling
(J=�12.5 cm�1) is observed for [Ni2(glyox)(H2O)6]. Square planar NiII complexes of oxamides
such as (430) are useful for catalyzing the aerobic epoxidation of olefins.1216

Diamagnetic square planar (431) contains two o-semiquinonato-type radical ligands with a
singlet ground state due to strong antiferromagnetic coupling. Its electronic structure is best
described as a singlet diradical.192,1217

6.3.4.9.2 Complexes with mixed {N,S} ligands

(i) Thiosemicarbazide, thiosemicarbazones, and related ligands

A great number of nickel complexes with thiosemicarbazide (432) and thiosemicarbazone (433)
ligands and their substituted derivates have been examined. Thiosemicarbazone chemistry is
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partly inspired by the belief that coordination to metal ions may improve the anticancer, antiviral,
fungicidal, and bactericidal potential of thiosemicarbazones.1218,1219

The interaction of thiosemicarbazide with NiII has been studied in solution and in the solid
state, and the properties and stereochemistry of two isomeric forms, � and �, of [Ni(432)3]I2 have
been reported. The crystal structure of the �-form reveals that Ni is octahedrally coordinated by
three molecules of (432) through their S and hydrazine N atoms.1220

H2N
N NH2

S

H

N
N NH2

S

H

R1

R2

(432) (433)

F

C
H

N

H
N

C
R

S

F

C
H

N

R'
N

C
NR2

S

R = H, H; R′ = H 
R = H, Me; R′ = H
R = H, Allyl; R′ = H
R = H, Ph; R′ = H
R = H, MePh; R′ = H
R = H, Me, R′ = Me 
R = Me, Me; R′ = H

R =

(434) (435)

NHEt
NHMe 
NHAllyl                
NHPh  
NMe2                    
NHPhMe

The basic thiosemicarbazone ligands coordinate in a {N,S} bidentate manner, generally via the
azomethine N-donor and the thione or deprotonated amidothione group. Designating the ligands
as HL, this usually results in square planar complexes [NiL2],

1221–1227 [Ni(HL)2]X2,
1222,1228
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[Ni(HL)X2],
1222 or [NiLX]1222,1229 as well as octahedral complexes [Ni(HL)2X2].

1222,1230–1232 The
square planar [NiL2] is the common and most widely encountered type, while tetrahedral complexes
are very rare.1233,1234

NiII complexes of thiosemicarbazones derived from p-fluorobenzaldehyde and differently sub-
stituted thiosemicarbazides (434, 435) are square planar [NiL2] species with the S and hydrizine-N
atoms in trans position to each other and a slight tetrahedral distortion in some cases.1235,1236

5-Methyl-2-furfural thiosemicarbazone forms three types of NiII complexes. Two square planar
species with trans configuration, [NiL2] and [NiL2]�2DMF, and a pseudo-octahedral [NiL2X2]
(X=Cl�, Br�).1237 Likewise, the [NiL2] complex of thiophene-2-carbaldehyde thiosemicarbazone
is a square planar species with trans configuration.1238 Simple theoretical calculations suggest a
correlation between the biological activity of the metal complex and its LUMO energy level. The
incorporation of the bulky vitamin K3 into the thiosemicarbazone structure seems to favor the
formation of an octahedral nickel complex in ethanol solution.1239 Biological tests show that metal ion
coordination indeed increases the antibacterial activities of the ligands.
Tri- or tetradentate ligands can be obtained by attaching functional groups to the thiosemi-

carbazone scaffold. Tridentate ligands often possess an {N2S} donor set, generating a broad range
of coordination geometries, including square planar, octahedral, and trigonal bipyramidal
complexes.1240–1246 (436)–(439) are depicted as examples. In many cases, the lack of solubility of
these complexes strongly reduces the possibility of in vivo testing.
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Complexes [NiL2] with ligand (439) (HL) are less fungicidal than the free ligand,
1247 but it has been

shown that with more sterically demanding groups R1 and R2 the fungitoxicity of the free ligands HL
increases. With NiX2 in hot EtOH, complexes [NiLX] (X=Cl, Br; Z=CH; R1, R2= (CH2)5, (CH2)6)
can be obtained, which have comparable fungitoxicity to the free ligands. 1248,1249 Attachment of an
additional donor at the ligand (Z=CH; R1=H, Me; R2= (CH2)n(2-pyridyl), n= 1, 2) leads to
complexes of the type [Ni(HL)X2]. IR spectroscopic data suggest thione-S coordination, but the
additional pyridine ring is apparently not involved in coordination.1250

Thiosemicarbazones attached to an amide moiety rather than an aldehyde or ketone moiety
show better solubility. For example, the NiII complex with 2-pyridineformamide N(4)-methylthio-
semicarbazone is square planar with {N,N,S} ligand coordination.1251 The coordination sphere is
completed by an O-bound acetate coligand.
Tridentate thiosemicarbazones with {N,S,O} donor set form [NiL2] complexes with pseudo-

octahedral geometry around the NiII ion.1252,1253 Both acenaphthenequinone thiosemicarbazone
(440) and isatin-�-thiosemicarbazone (441) coordinate as monodeprotonated ligands in a merid-
ional fashion. The Ni—O bonds are unusually long and distinctly larger than the sum of covalent
Pauling radii. The complex [Ni(442)2] catalyzes H2/D

þ exchange and is thus considered as a
model complex for Ni-containing hydrogenases.1254 The 1:1 complex [Ni(442)]þ is formulated as
an O-bridged dimer.1255

Bis(thiosemicarbazones) generally behave as dianionic, tetradentate {N2S2} ligands that form
planar [NiL] complexes (with loss of two protons upon coordination) or planar [NiL]X (with loss of
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only one proton).1256–1262,1269 (443) and (444) are depicted as examples. The same coordination
mode is found for mixed bis(N(4)-substituted thiosemicarbazones) (445).1263 The Ni—S bonds are
significantly longer (�2.145 Å) than the Ni—N (�1.849 Å) bonds, and hence the coordination
geometry around the NiII ion is trapezoidal.
Ligand (446) (resulting from the condensation of benzil and thiosemicarbazide) forms planar

{NiN4} complexes1264,1265 even in strongly coordinating DMSO, but the solvent may partially
substitute the bis(thiosemicarbazones) ligand. Template condensation of the appropriate mole
ratios of NiII, benzil, and thiosemicarbazide gives a neutral macrocyclic species formulated as
octahedral (447).1266
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Bis(semicarbazones) with {N2O2} donor set form six-coordinate complexes with distorted octa-
hedral geometry. The well-studied (potentially pentadentate) 2,6-diacetylpyridine bis(semicarbazone)
(H2daps, 448) forms two type of crystals containing the same complex [Ni(Hdaps)2].

1267 The ligands
are coordinated through their pyridine and the imine N atoms and the O atom of one arm.
(H2L1449) is formally related to the tridentate thiosemicarbazone, but it coordinates either

bidentate, (in [Ni(HL)2]) or tridentate (in [NiL]2).
1268 In contrast, (450) (R=Me, Ph; R0 =Me, Bz)

coordinates tridentate, building square planar complexes [NiLX] with one, and octahedral com-
plexes [NiL2] with two equivalents of the ligand.1270

Thiocarbohydrazone ligands (451) bind bidentate through the hydrazine and thionic group.1271

Bis[phenyl(2-pyridyl)methanone] thiocarbazone (451a) is a useful ligand in preparing compounds
with specific magnetic properties.1272 In the conformationally rigid tetrameric structure [NiHL]4

4þ

(452) each metal center is octahedrally coordinated by the S atoms, the thiocarbazone N atoms
and the pyridine N atoms from two different ligand molecules. These two ligands are bound to
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NiII in a meridional fashion with pairs of S- and pyridine N atoms in cis positions, while the
thiocarbazone N atoms are trans to each other as it is usually found in the related octahedral
complexes with thiosemicarbazones.1273,1274

The neutral ligand DtdtzH2 (453) can be deprotonated to yield hexadentate Dtdtz2� and forms
pseudo-octahedral NiII complexes1275 such as [Ni(DtdtzH2)](ClO4)2 and [Ni(Dtdtz)]. The Ni
ion has a {S4N2} surrounding with a cis-S2 (thioether), cis-S2 (thione), and trans-N2 arrangement.
Deprotonation of DtdtzH2 in [Ni(Dtdtz)] results in an increase of thiolate character, and the
average C—S (thione) bond length increases by 0.04 Å while the average N—N bond length
decreases by 0.03 Å. One consequence of this is the relative facility of oxidation of [Ni(Dtdtz)] to
the NiIII species at þ0.24V vs. SCE.
The reaction between S4N4 and NiII has been investigated in DMSO. Reaction was found to

proceed very slowly, but after several days, the nickel complex [Ni(S2N2H)2] was formed
and acidification of the solution was observed. 1H and 15N NMR studies revealed that the
protonated form of the complex [Ni(S2N2H2)(S2N2H)]

þ exists in solution. These studies also
confirmed bidentate coordination of the ligand S¼N—S—NH2, where the additional proton is
bound at the NH group.1276
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(ii) Complexes with mixed amine/thiolate ligands

The crystal and molecular structure of the NiII complex of the simplest amino-thiolate ligand
2-mercaptoethylamine (aet) (454) has been determined and shows that the complex, contrary to
earlier belief, has a trans configuration.1277

The reaction of (454) with metal salts results in multinuclear arrangements. For example the
reaction of (454) with Pd2þ in water in the presence of Br� gave the S-bridged hexanuclear
[Pd2{454}4]Br4. The structure consists of four cis-(454) units bridging two square planar PdII

moieties in a turnstile arrangement. Treatment of [Pd(aet)2] with NiII gave a mixture of products
[Pd2{(454)2}4�x{Pd(aet)2}x]Br4 (x= 0–4), showing that the ligand transfer from PdII to NiII occurs
under these conditions.1278 With [CoCl2(en)2]

þ, however, (454) reacts in water to give an
S-bridged complex [Ni{Co(aet)2(en)}2]

4þ, indicating that aet has transferred from NiII to
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CoIII.1279 In these reactions the NiII center normally retains its square planar geometry, but the
reaction with [PtCl2(bipy)] results in a pseudo-octahedral complex [{(H2O)2Ni(aet)2}Pt(bipy)]

2þ.
Reaction with bipy gives [{(bipy)Ni(aet)2}Pt(bipy)]

2þ.1280

In coherence with the question how thiolate-sulfur modification influences the redox properties
of sulfur-rich metalloenzymes such as [NiFe]hydrogenase and CO dehydrogenase, the examin-
ation of S-oxygenation of nickel thiolates is studied intensively. Prominent systems are cis-dithio-
late[1,5-bis(2-mercaptoethyl)-1,5-diazacyclooctanato]nickel(II) (455a) and cis-dithiolate[1,5-bis
(2-mercapto-2-methylpropyl)-1,5-diazacyclooctanato]nickel(II) (455b).1281 A series of metal bound
S-oxygenates of these systems could be prepared by reaction with ground state O2, exited state 1�
O2, or H2O2. The compounds are fully characterized, including molecular structures from X-ray
crystallography in most cases. All oxygenates are S-bound and maintain the square planar geometry
of the parent dithiolates.
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By reaction of (455a) with ground state O2, a mixture of (456a) and (457a) is generated (Scheme
5), but surprisingly (457a) could not be reacted with further O2 to yield (456a) (for this transforma-
tion H2O2 or singlet O2 is needed).

1282 Using MALDI mass spectra and 16O2/
18O2 mixtures, it

could be shown that both O atoms of the resulting sulfones originate from different O2 molecules,
indicating a cross-site addition of molecular O2 in the production of the bis(sulfinate) complex
(456a).1283,1284
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This result suggests the intermediacy of a bis(sulfoxide) rather than mono(sulfone) in the
production of (456a), consistent with the lack of reactivity of isolated (457a). With (459) a
bis(sulfoxide) could be isolated. A series of further experiments, including reactions with singlet
O2, have been done to gain mechanistic information. Another question involved in this work is
whether O2 is bound by the nickel center or if the oxygenations are ligand based. In this context a
ligand-based SO2–adduct complex could be isolated.1285 The S-based reactivity is consistent with
ab initio calculations which show the HOMO for a square planar nickel dithiolate complex
analogous to (455a) to lie on the thiolate sulfur. Calculated electrostatic potentials confirm that
the thiolates are the most nucleophilic sites in the complex.1286 However, some participation of
the nickel centers in the oxygenation reactions could not be fully excluded. It was verified that the
NiI oxidation state is stabilized upon conversion of the thiolates to thioethers, to RSOx by
oxygenation, and upon interaction with metal cations. In contrast, the NiIII oxidation state is
destabilized in the cationic thioether derivatives, but gains stability when those derivatives contain
additional ligating sites leading to N2S2O2 octahedral complexes.

1287,1288 A ligand (461) with a
modified backbone framework, which is more easily accessible, has been reported.1289

Complex (462) reacts with a large excess of H2O2 to the fully oxygenated bis(sulfonato)
complex (463).1290,1291 With only little excess of H2O2 or O2, a mixture of (463) and the mono
(sulfone) complex (464) is formed. This complex is the only intermediate in the oxygenation
reaction that could be isolated, and it is shown to be further reactive towards O2 to yield the fully
oxidized product (463) (Equation (10)).1292
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For a better understanding of the reactivity observed for (462), DFT calculations have been
undertaken, which show a possible reaction path toward the fully oxidized product (463). The
difference in products between (462) and (455a) has been ascribed to an enlarged barrier of (455a)
to form octahedral complexes, but from DFT results there is no obvious reason explaining the
different reactivity. For the reaction path, the results are consistent with a switch in reactivity of
O2 with (462), following the first (electrophilic) addition of O2 to the (nucleophilic) thiolate sulfur
of (464). It is suggested that the resultant electrophilicity of the Ni�SO2R bond site elicits the
nucleophilic reactivity character of O2, and provides a path for a four-centered peroxy intermediate
or transition state. This results in subsequent and irreversible oxygenation steps. Such coopera-
tivity or cascading dioxygen addition reactivity leads to the fully oxidized product (463).
Ligands of the type RN[(CH2)2SH]2 (R= alkyl, aryl, (CH2)2SH, (CH2)2SR) form dimeric S-bridged

complexes (465) with NiII. In the case of tripodal ligands the third arm rests uncoordinated.1293–1296

Treatment with additional ligands like CN� leads to monomeric complexes. Reaction of dimeric
bis{[�-(2-mercaptoethyl)(2-mercaptoethyl)methylaminato]nickel(II)} with either O2 or H2O2 leads to
the formation of a dimeric product, bis{[�-(2-sulfinatoethyl)(2-mercaptoethyl)methylaminato
(2-)]nickel(II)}. The reaction is first order in [Ni] and proceeds at a very slow rate at 40 �C (t1/2= 7.8
days; k= 1.0� 10�6 s�1) under 1 atm of O2.

1297 Also the monomeric species can be oxidized to the
mono(sulfones).1298–1302 These trans-dithiolates do not undergo successive O2 addition to yield the
bis(sulfone) like in (455a), which demonstrates the deactivation of the thiolate by the trans-sulfone.1303

NiII complexes of various amine/thiophenolate ligands have been investigated (for Ni com-
plexes of ortho-aminothiophenol see Section 6.3.4.9.2(iv)). Thiophenolate is expected to exhibit
decreased bridging tendency compared to aliphatic thiolates, but complexes (466) and (467) still
consist of two pseudo-octahedral NiL fragments bridged via thiolate donors. In contrast to the
parent complex (466), the thiolate and thioether donors in (467) coordinate cis to the Ni center
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forming meso fragments. In contrast to (466), (467) readily dissociates in solution to give the
mononuclear species. With PMe3, the adduct [NiL(PMe3)] is yielded, while reaction with I2 gave
the NiIII complex [Ni(L)I].1304

Complex [Ni(468)] is formed with NiII salts and the amine-thiolate ligand, or by reduction of the
corresponding Schiff base complex withNaBH4�[Ni(468)] is easily deprotonated to form the dianionic
complex, which is subsequently oxidized to the monoanion. On the other hand, the dianionic complex
reacts with CH3I to form the fourfold methylated octahedral complex (469).1305 Since without
preceding deprotonation only the S-donors are methylated, the complex with twofold amine methyla-
tion must be synthesized via protection and subsequent deprotection of the S-donors.1306

By reaction of [Ni(468)] with DMSO or formic acid, the nickel thiolate carbene complex (470) was
formed in small amounts. In preparative amounts (470) could be obtained in a one-pot reaction of
ligand H2(468), NiCl2, and CH(OEt)3. First a dinuclear complex is formed which can be cleaved by
reaction with nucleophiles like pyridine or PR3. X-ray structures of these PR3 adducts reveal that the
metal centers are coordinated by two sulfur, one phosphorus, and one C(carbene) donor in a distorted
plane.1307,1308 Even HNPPr3 and HNSPPh2 ligands can be introduced, X-ray structures indicating an
ylidic structure.1309 Ligand (471) reacts with NiII to presumably give octahedral [Ni(471)2].
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Complexes of type (472) are monomeric and square planar or tetrahedral, depending on the size of
the R substituent (substituents other than Et at the ligand backbone have also been tested).347,1311–1313

While (472d) is purely tetrahedral both in the solid state and in solution, (472a) and (472b) are almost
entirely planar at room temperature. X-ray crystallography confirmed a planar structure for (473a) and
a distorted tetrahedral structure for (473b).1313 Many of these systems exhibit planarÐ tetrahedral
equilibria in solution, the latter prevailing with larger R and increasing temperature. 31P NMR
spectroscopy has been a useful tool for investigating these equilibria. Both �H and �S values are
positive, indicating that the tetrahedral form is entropically favored.
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Similar equilibria planarÐ tetrahedral have been observed for NiII complexes (474) featuring
tetradentate bis(thiophosphonic amidato) ligands with various spacers.1314 (472a) inserts CS2 to give a
P,P-diethylthiophosphorylmethyldithiocarbamato complex with a {NiS4} chromophore.

1315

(iii) Complexes with mixed amine/thioether ligands

Tripodal ligands N[(CH2)2SR]3 form complexes (475) in which all three thioethers are coordin-
ated (Scheme 6). For example with R=Pri octahedral dimeric complexes {[NiLCl]2}(BPh4)2,
(475a), and with R=But distorted trigonal bipyramidal complexes (475b) are formed. With
MeMgCl both species react to give (476), which has been characterized crystallographically and
by 1H NMR spectroscopy. These complexes insert CO to give acyl complexes, although for
R=But the complex is only stable under a CO atmosphere. Upon reaction with NaBH4, (475)
affords a stable hydride (478) (H=�37.8 ppm) which in turn reacts reversibly with ethylene to
give [Ni{NS3}CH2CH3]BPh4.

1316,1317 In addition, (478) leads to a [NiI{NS3}(CO)] complex that is
covered in Section 6.3.5.4.
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Scheme 6

The synthesis, X-ray crystal structures, and electronic spectra of [NiL(ClO4)]ClO4(479)
(L= tris{[2-(2-aminophenyl)thio]ethyl}amine) and [NiL0](ClO4)2(480) (L0 = tris{[2-(2-amino-
ethyl)thio]ethyl}amine) have been reported.1318 In (479) the Ni atom is bound equatorially to
two S and two N atoms from two arms of the tripodal ligand while the two axial positions are
occupied by the bridgehead nitrogen and an oxygen from a perchlorate. In (480), all three arms of
the ligand are bound to the Ni providing a distorted-octahedral {S3N3} donor set.
(481) coordinates to NiII in a bidentate fashion via the imidazole N atom and the thioether S

atom. The thiourea S atom does not take part in coordination.1319

(482) and (483) function as tridentate {N2S} ligands forming complexes of the type [NiL2]X2

(H2O)n (X=Cl, NO3, BF4) and [NiLCl2(H2O)].
1320 The {N2S2} ligand (484) coordinates tetra-

dentate to NiII and forms octahedral complexes of the type [NiLX2].
1321

A number of further thioether-imidazole ligands with {NS}, {N2S}, {N2S2}, and {N4S2} donor
set have been characterized by X-ray crystallography, and they show a comparable coordination
behavior.1322–1328
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A series of related pyridine-thioether ligands (485) have also been studied. All the ligands gave
pseudo-octahedral monomeric complexes, with solvent molecules completing the coordination sphere
where required.1329–1331 Ligand (486a) is suggested to function as a tridentate ligand forming
[Ni(486a)Cl2]�H2O,

1332 and tridentate binding has been confirmed for complexes [Ni(486b)X2] and
[Ni(486c)X2] (X= halide).1333 Formation of either monomeric pentacoordinate species [NiLX2] or
dimeric X-bridged hexacoordinate species [NiLX2]2 depends on the steric bulk of the ligand and the
choice of halide ion. X-ray crystal structures reveal that (487) functions as a tridentate ([NiL2]

2þ) and
(488) and (489) as pentadentate ligands ([NiLX]X).1334,1335
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The cryptands (490) coordinate by three sulfur and three nitrogen donors only, forming
distorted octahedral NiII complexes.1336

By a template reaction of 2-aminothiophenol, NaOEt, 1,2-(BrCH2)2C6H4, and
[Ni(ClO4)2]�6H2O, complex [Ni(491)Br2] could be obtained. Interestingly, this complex could
not be made from preformed (491) and NiII salts.1337

Optically active amine-thioether ligands (492) have been investigated in nickel-catalyzed asym-
metric cross-coupling reactions of Grigard reagents.1338

(493) and (494) bear both thioether and thiolate donors besides potential N donors.1339,1340 For the
NiII complex of (493), spectroscopic data favor an octahedral geometry with four S- and two N-donors.
In the case of (494), spectroscopic data are also consistent with a pseudo-octahedral geometry, but
X-ray data showed two distinct environments, i.e., square planar and square pyramidal geometry.
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(iv) Complexes with mixed imine/thiolate and imine/thioether ligands

Schiff bases containing {N/S} donor groups are usually considered as interesting models for the
NiII binding sites in enzymes. The biological significance of the nickel–cysteine sulfur interaction
and the accessibility of several oxidation states of the metal ion in catalysis—either in bioin-
organic systems or in metalloorganic chemistry—make S-donors very attractive also in Schiff base
coordination chemistry.
A template synthesis employing Ni(OAc)2, 2,5-dihydroxy-2,5-dimethyl-1,4-dithiane, and 3,30-

iminobis(propylamine) gave the water-soluble five-coordinate complex [Ni(495)], the crystal
structure of which shows trigonal bipyramidal coordination of NiII with the central amine and
terminal thiolates in plane and the two imino nitrogens in axial positions. Solvatochromism of the
complex is interpreted in terms of S���H bonding, which may be of relevance to the catalytic cycle
in hydrogenases.1341

2-Phenylbenzothiazoline gives complex (496a) upon reaction with NiII. (496a) undergoes C—C
bond formation even at room temperature and yields complex (496b), which contains a non-
innocent ligand with two chiral centres. The crystal structures of both complexes reveal a square
planar environment around the NiII ions.1342,1343 The substitution of the phenyl group with two
3,5-di-t-butyl-4-hydroxyphenyl groups makes the carbon–carbon bond formation impossible even
at high temperatures.1344

2,4-Di-t-butyl-6-aminothiophenol gives complex (497) under strictly anaerobic conditions. In
the presence of air, deep blue-violet solutions are obtained from which mixtures of solid deep
blue-black cis/trans-(498) can be isolated.1345 For the square planar Ni complex, the cis–trans
isomerization rate is fast. (498) is best described as a singlet diradical due to strong antiferro-
magnetic coupling of the benzosemiquinonate �-radicals.192,1345

Methyl-2-amino-1-cyclopentenedithiocarboxylate coordinates to NiII in a bidentate manner
through the thioketonate sulfur and the imine nitrogen atom, resulting in (499) with trans planar
coordination geometry.1346 Alkyl substituents (e.g., Me, Et, Prn, Pri, Bun) on the imine N atoms
drive the coordination stereochemistry from planar to tetrahedral.1347 Systematic distortion from
square planar to tetrahedral was also observed as the number of methylene groups is increased in
the tetradentate {N2S2} ligands (500).

1348–1350 For n= 3, the complex is effectively tetrahedral in
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the solid (�eff= 3.2�B), but in solution only 2–3% is in the high-spin form as assessed by 1H
NMR contact shift measurements. A similar study with similar conclusions has also carried out
for NiII complexes of ligand (501)1351–1353 and related systems with {N2O2} and {N2(NH)2} donor
sets. A study on the whole series of tetradentate Schiff base NiII complexes (502) with {N2(NH)2}
and {N2S2} Schiff base ligands revealed that the {N2(NH)2} complexes are fully diamagnetic for
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n= 2 and 3, while in the case of {N2S2} donors the complexes are diamagnetic only for n= 2.1352

The ligand field parameters derived from the electronic spectra as well as cyclic voltammetry have
shown that the low-spin character (S= 0) is emphasized in both {N2(NH)2} and {N2S2} NiII

complexes when compared with the corresponding {N2O2} species.
Incorporation of isoxazole instead of pyrazole has similar affects. NiII complexes with Schiff

bases having pyrazole or isoxazole subunits and linkers with n= 4 (503, 504) form a flattened
tetrahedron with the dihedral angle (for the pyrazole derivative) between two N—Ni—S planes
being 12.7�.1354 In solution a spin equilibrium and racemization process �Ð� is observed.
Nickel(II) complexes of (505) exhibit spin equilibria in solution.1355 With the bidentate analo-

gues (506), complexes [Ni(506)2] have been isolated.1356 When R1=Ph, the complex is tetrahedral
in solution. It has a temperature independent magnetic moment of 2.75�B. When R1=Me, the
complex exhibits square planar–tetrahedral equilibrium in solution. Both are, however, diamag-
netic in the solid state.
A detailed study involving racemization kinetics and spin states of a series of nine related

complexes (507) has been undertaken.1357 In an X-ray crystallographic study of a series of
complexes (R1=Pri, R2=Me, R3=H, R4=Me, Ph, But) all complexes were found to possess
pseudotetrahedral geometry.1358
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R1 = R2 = CH3 (508a)
R1 = CH3, R2 = H      (508b)
R1 = C6H5, R2 = CH3 (508c)
R1 = C6H5, R2 = H     (508d)
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Complexes (508a) and (508b) are paramagnetic with magnetic moments characteristic for
distorted tetrahedral structures with relatively large zfs (D= 36 cm�1 and 53 cm�1, respectively),
whereas complexes (508c) and (508d) are diamagnetic.1359 The solid-state structure of (508a)
confirms the distorted tetrahedral geometry, while (508d) and the related complex (509) are
much closer to square planar. The respective dihedral angles between the planes defined by the
N—Ni—S and N0—Ni—S0 atoms are 77.4� and 35.7� for (508a) and (508d). In chloroform
solution all complexes (508) show a 1A1g$ 3T1 spin equilibrium with equilibrium constants
Keq(NHS/NLS) in the range of 0.456–0.080. Surprisingly, the nature of the substituents on the
pyrazolyl rings has a stronger influence on the spin state than the nature of the substituents on the
biphenyl moiety.
In thiosalen-type complexes the NiII ion usually has a four-coordinate square planar geo-

metry.1360,1361 Complex [Ni(510)] shows a quasi-reversible reduction at �1.36V and an irreversible
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oxidation at þ1.00V.1362,1363 When the ethylene bridge is replaced by a phenylene bridge, again
square planar complexes are isolated.1360 Alkylation of the S atom results in distinct changes in the
binding ability, since NiII complexes of such thioether ligands adopt an almost ideal octahedral
geometry with two additional trans ligands (511; X=Cl, Br).1364,1365 Both complexes (511) and
(512) are paramagnetic. (511a) and (511b) are soluble and stable in noncoordinating solvents
(CH2Cl2, CHCl3), but dissociate in DMSO and other strongly coordinating solvents. In contrast,
complexes (512a) and (512b) are stable in coordinating solvents, while (512c) is unstable and complex
(513) crystallizes from a solution of (512c) in EtOH. In the case of longer dodecyl chains at the S atoms
(511b), the S atoms have opposite relative configurations {R,S}, while with hexyl substituents the
configuration at S is the same. The longer alkyl chains are fully extended in the all-trans conformation
with resultant hydrophobic interactions and a bilayer packing in the crystals.
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Potentially tridentate benzothiazolidine {NS2} ligands (514) form mononuclear or dinuclear
NiII complexes, depending on the anion used.1366 Upon reaction with Ni(OAc)2, HBu

tL1 forms a
monomeric complex [Ni(ButL1)2], which is a square planar species with slight distortion towards
tetrahedral geometry. With other NiII salts it gives a dimeric, S-bridged complex [Ni(L1)]2 after
loss of the t-butyl protecting group. The same coordination mode is found for (515) (Figure 15).
Complex (516) was prepared according to Equation (11). The dangling formyl groups can be

used for further derivatization (e.g., (517) shown in Figure 16), and (516) serves as a valuable
starting material for the synthesis of macrocyclic dinuclear species (compare Section 6.3.4.12).1367
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The reaction of 2,20-dithiodibenzaldehyde with NiII complexes containing coordinated primary
amines results in Schiff base condensation and cleavage of the disulfide bond to form a chelating
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{N/S} ligand.1363,1368 The method was used to synthesize NiII complexes with varying {N/S}
donor sets, including complexes [Ni(518a)]BPh4 and [Ni(518b)]BPh4 with tetradentate {N3S}
Schiff base coordination. Although both complexes have similar planar structures, the complex
with (518b) is significantly more distorted towards tetrahedral, because the six-membered chelate
rings must deviate from planarity to assume boat or chair conformations. With (519), polymeric
octahedral complexes are formed, the ligand coordinating via pyrrolyl, sulfide, and imine
donors.1369 Cimetidine (520), when reacted with NiX2 (X=BF4, NO3), yielded complexes
[Ni(520)2]X2. The complexes were assigned pseudo-octahedral stereochemistry with a
{NiN2N2*S2} chromophore.

1370

A number of differently substituted N-(thiocarbamoyl)benzamidines (521) (R=Et, Bu;
NR2=morpholino) have been complexed with NiII. The ligands function in a bidentate manner,
coordinating via the primary amine N and thione S atoms.1371

Quinazoline-2-thione-4-one (522) and its 3-phenyl derivative coordinate to NiII after depro-
tonation via the S and the N1 donor resulting in a square planar complex.1372 The related
2-isopropylquinoline-8-thiolate (523) forms a distorted tetrahedral complex.1373 For deprotonated
2-thiocarbamyl-thiazoline (HL= (524)) the octahedral complex [NiL(H2O)4]

þ is favored over the
square planar [NiL2] complex.

1374

Figure 15 Molecular structure of [Ni(L2)]2 (HBu
tL2= (515)).
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Figure 16 Molecular structure of (517).
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Ligand (525) forms with NiII a square planar complex with coordination through the S and the N4
atoms.1375 In work aimed at the imitation of the low potentials observed for certain [FeNi]-hydro-
genases, the complex (Et4N)2[Ni(526)2] has been prepared. Its structure is tetragonally distorted
octahedral with an essentially planar NiS4 fragment and a mer configuration. The oxidation of this
complex with I2 inMeOH affords [NiIII(526)2]

�, in which the geometry observed for NiII is preserved.
Cyclic voltammetry of the NiII complex shows a reversible oxidation at�0.085V (SCE) and the EPR
spectrum of the 61Ni-enriched NiIII species has been obtained (compare Section 6.3.3.9.2).1376
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The electrochemical oxidation of a nickel electrode in a solution of pyridine-2-thione
(HL= (527)) in MeCN gives polymeric, six-coordinate [NiL2]n. In the presence of py, bpy, or
phen, the monomeric complexes [NiL2X2] (X2= py2, bpy, phen) are formed. The structure of
[NiL2(bpy)]�0.5bpy reveals a distorted octahedral geometry, with the S-donors axial and the four
N-donors roughly in a plane. Structural and spectroscopic data indicate that deprotonated (527)
coordinates essentially as the 2-C5H5NS

� tautomer.1377 With pyridine-2-thiol and pyrimidine-
2-thiole [NiL3]

� anions have been characterized structurally.1378 Ligand (528) functions as a
bidentate {NS} donor resulting in planar NiII complexes.1379 The sacrificial anode method has
also been used to prepare this complex. With bpy or phen planar or octahedral complexes
resulting in solution with (528) chelating in the thiolate form.1380 For other mercapto-pyridine
derivatives similar results have been found.1381–1384

[NiL2] complexes with ligands (529) and (530) have been synthesized using electrochemical
methods. In the presence of further donors they form octahedral complexes.1385 Ligand (531)

Nickel 369



forms [NiL2] complexes with NiII. With phen or bpy as coligands, magnetic and spectroscopic
data of the resulting complexes again suggest planar or octahedral coordination of {NS} che-
lates.1386,1387 Four-membered {NS} coordination is also present in the octahedral complexes
(Et4N)[NiL3] (HL= (531), (532), (533)).1388

The neutral ligand (534) acts as a bidentate {NS} donor with all-trans coordination in
[Ni(534)2(H2O)2](ClO4)2. With NiX2, polymeric octahedral [Ni(534)2X2] (X=Cl, Br) and
[Ni(534)2X2(H2O)2] (X=Br) have been characterized, with the ligand acting as a monodentate
N-donor. A second isomer of [Ni(534)2Br2] can be isolated with bidentate {NS} coordination.
Hence ligand (534) functions either as a monodentate N-donor or as a bidentate ligand depending
on the nature of the counter ion and the conditions employed.1389
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Complexation of (535) and (536) with NiII yielded complexes of the type [NiL2]. The complexes
were found to be diamagnetic, with the ligands binding in a monobasic {NS} bidentate fash-
ion.1390 [Ni(537H�1)2(ClO4)2] has been prepared and characterized using chemical analysis, thermo-
gravimetric, magnetic and a variety of spectroscopic techniques.1391 A number of further
thiadiazole ligands have been examined, confirming {NS} bonding.1392 2-Pyrrolylthiones form
square planar [NiL2] complexes such as (538), similar to the related 2-thioacetylpyrrole and
2-thiobenzoylpyrrol.1393

The mixed dithioether/dioxime ligand H2[539] gives a planar Ni
II complex [Ni(H[539])]ClO4.

1394

In contrast, upon reaction of Ni(ClO4)2�6H2O with H2[540] the octahedral complex (541) is
formed by Ni-mediated coupling of the dioxime with two moles of MeCN.1395 If H2[540] is
coupled with o-phtalonitrile in the presence of NiII, a dinuclear complex of (542) is obtained.1396
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6.3.4.9.3 Complexes with mixed {N,O,S } ligands

Mixed {N,S,O} donor sets are useful to compare the coordination ability and the structural
consequences of various donor sets and to induce a variety of structural properties. The solid-
state structures of [Ni(pyzs)]BF4, [Ni(pyrs)]BF4 and [Ni(pyzo)]BF4 containing dissymetric
tetradentate ligands with {N2S2} (543) and {N2SO} (544) donor sets are square planar.1397

The phenolate-based complexes are essentially planar in nitromethane, but distorted octa-
hedral in methanol, while thiophenolate-containing complexes remain square planar in both
solvents.
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(545c)      H              3′-MeO              [Ni(cdMeOsalen)]                   [Ni(cdOsalpd)] 

(545d)     Me              5′-Me                [Ni(cdMe2salen)]                 [Ni(cdMe2salpd)]

(545e)      H            4′,6′-(MeO)        [Ni{cd(MeO)2salen}]            [Ni{cd(MeO)2salpd}]

(545f)     Me             5′-MeO            [Ni(cdMeMeOsalen)]           [Ni(cdMeMeOsalpd)]

(545g)      H              3′,5′-Cl2               [Ni(cdCl2salen)]                    [Ni(cdCl2salpd)]

The NiII complexes (545) with tetradentate {N,N0,O,S} Schiff base ligands have a tetra-
hedrally distorted square planar geometry which is retained even in strongly coordinating
solvents.1398 Increasing the bulkiness of the ligand substituents does not induce significant
changes in the complex structure. In most cases the reduction of NiII complexes to NiI does
not change the coordination number, although in some cases six-coordinate species are
formed.
Tridentate {NOS} ligands (546a) and (546b) give thiolato-bridged dinuclear and trinuclear NiII

complexes, respectively.1399 In dinuclear (547) incorporating a salicylaldehyde thiosemicarbazone
ligand, it is the phenolato-O that forms the bridges. The latter complex mediates silane alcoholysis
and has been exploited as a model for the D2/H

þ exchange reaction of hydrogenases.1255 N,N0-
disubstituted dithiooxamides form dinuclear species (548) with antiferromagnetic coupling very
similar to the corresponding oxamides (J=�13 cm�1).1400
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Chiral (549) can act as a tripodal {NOS} ligand, and a hexacoordinate NiII species [Ni(549)2] forms
for R=CH2Ph.

1401 However, the thioether ligand is labile, and square planar [Ni(�N,O-(549))2] may
also be present depending on the conditions. The protonated ligand gives octahedral [Ni(�N,S-
H(549))2Cl2]. Using the related ligand with R=H, a trinuclear cluster [Ni3S(�N,S-H(549))3] consist-
ing of three N,S-bound ligands and a central sulfide was isolated.1402

The tripodal ligand (550) with {N2OS} donor set reacts with Ni(OAc)2�4H2O or
Ni(ClO4)2�6H2O to give multinuclear NiII complexes (Scheme 7).

(550)

(551)

(552) (553)

+

Scheme 7

When Ni(OAc)2�4H2O is employed, a dimeric complex (551) with a coordinated Schiff base
forms, because the amine donor reacts with the solvent acetone. With Ni(ClO4)2�6H2O, a tri-
nuclear complex (552) is obtained which is readily oxidized upon exposure to air or by aqueous
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H2O2 to yield the corresponding sulfinate complex (553). In the latter, the sulfinato group is O,O-
bound—a very unusual coordination mode for NiII sulfinate complexes.1403

6.3.4.10 Complexes with Macrocyclic Ligands

Nickel complexes of macrocyclic ligands—in particular aza-type macrocycles—have received
much attention, and an immense number of publications has appeared in the field. This is,
among other aspects, due to the stabilization of uncommon oxidation states (high-valent nickel
NiIII and NiIV, and low-valent nickel NiI) by particular macrocycles and the use of such
complexes in catalytic reactions, e.g., olefin epoxidation as well as electrochemical reduction of
alkyl halides and carbon dioxide. Further impetus comes from the occurrence of a Ni-containing
macrocyclic tetrapyrrol-derived cofactor (called F430) in the active site of the enzyme S-methyl
coenzyme M reductase, which catalyzes the final step in methane generation by several methano-
genic organisms. This enzyme is assumed to contain NiII in its resting state and NiI in the active
form. Several reviews on macrocyclic chemistry have appeared,1404,1405 including an excellent
review that specifically focuses on the macrocyclic chemistry of nickel.91

Square planar NiII complexes are most stable with 14-membered macrocyclic ligands, the
prototype of which is [14]aneN4 (cyclam). Hence, NiII complexes with cyclam-based ligands
that form 6-5-6-5-membered chelate rings with the metal ion are particularly manifold. Also,
NiII complexes of the small macrocycle [9]aneN3 (tacn) and its heteroanalogues are being studied
intensively. Since in this case the nickel ion cannot be accommodated within the cavity of the
macrocyclic ligand, the chemistry of such complexes is somewhat distinct and will be covered in a
separate section. The even smaller cyclic ligand 1,5-diazacyclooctane (daco), often referred to as a
mesocycle, has been investigated in NiII coordination chemistry. The structures of [Ni(daco)2]Br2
(554a) and [Ni(daco)2]Br2 (554b) revealed boat/chair conformations with the ligands either related
by a center of symmetry or by a mirror plane. Calculations confirmed that form (554a) has
thermodynamic stability, while (554b) has chemical stability.1406
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Daco-derived ligands, in particular derivatives alkylated with ethylene sulfide to provide
pendent mercaptoethyl groups, have been used in model compounds for the active site of NiII-
containing hydrogenases.1407–1409

6.3.4.10.1 Complexes with 1,4,7-triazacyclononane-type ligands

Largely due to the favorable ligating properties of the tridentate 1,4,7-triazacyclononane ligand
([9]aneN3, tacn), numerous nickel complexes with tacn and derivatives thereof have been studied.
Different to the larger macrocycles like [14]aneN4, where the metal ion often resides within the
macrocycle cavity, the small tacn ligand coordinates facially in octahedral complexes. Tacn-based
complexes are particularly prominent in bioinorganic model chemistry (although this is less valid
for nickel compared to other metal ions, e.g., iron or copper) and usually exhibit high stability
constants.1404 Of growing interest in tacn coordination chemistry is the appending of side arms
bearing additional donor atoms, thereby increasing the number of coordination sites filled upon
nickel binding to the macrocycle.

(i) Sandwich complexes with tacn ligands

The sandwich complex [Ni(tacn)2]
2þ (555) is known as a kinetically inert, thermodynamically

stable system. Functionalized tacn ligands with ‘‘innocent’’ alkyl substituents like, for
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example, methyl or isopropyl, at all N atoms are not able to form sandwich complexes,
which has been attributed to steric interaction between the bulky substituents.1404 Asym-
metrically functionalized Bztacn with only a single benzyl substituent, however, forms a
sandwich complex with the benzyl amine donors occupying adjacent sites at the metal center
(syn isomer), which—contrary to initial expectation—appears to be the sterically less
hindered isomer.1410

A number of bis(tacn) ligands, composed of pairs of covalently linked tacn macrocycles, can
form similar structures, provided the linker group between the sandwiching macrocycles is
sufficiently flexible (e.g., (556)).1411–1413 In particular, several NiII complexes of poly(tacn) deriva-
tives with a central benzene have been studied, where the Ni is sandwiched between pairs of tacn
macrocycles when these are attached to the ortho positions of the aromatic spacer group (e.g.,
(557)).1412,1413

[NiL2]
2þ-type sandwich complexes of tacn ligands bearing one or three pendent alkyne arms

(L=N,N0,N00-tris(3-prop-1-yne)-1,4,7-triazacyclononane or N-(4-but-2-yne)-1,4,7-triazacyclo-
nonane) have been synthesized.1414 Contrary to expectation, the alkyne groups did not show
any reactivity towards organometallic reagents like Co2(CO)8. The Ni

II complex of a chiral tacn-
type ligand (558) with a cyclohexane ring fused to macrocycle framework (L= chtacn) has also
been reported.1415
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Electronic spectral data for selected tacn sandwich complexes of NiII are collected in
Table 5. Three common maxima of octahedral NiII predominantly arise from spin-allowed
transitions 3A2g! 3T2g (1,000–800 nm), 3A2g! 3T1g(F) (550–500 nm), and 3A2g! 3T1g(P)
(300–400 nm). A detailed spectroscopic and ligand field analysis of the parent complex has
been performed using the AOM.1416 The band envelope of the low-energy transition, which
is asymmetric or has a shoulder, has to be attributed to symmetry splitting and spin–orbit
coupling within the 3T2g state, or a close approach of the 1E2g state such that the spin-
forbidden 3A2g! 1E2g transition gains intensity through spin–orbit coupling with the 3T2g

state. The contributions of these effects may differ in each individual case, where for parent
[Ni(tacn)2]

2þ the double-humped band shape is largely the result of two relatively narrow
bands corresponding to transitions to spin–orbit levels which contain significant spin singlet
character. The best fit ligand field parameters are e�(N)= 4340, B= 840, C= 2830, and
�= 500 cm�1.1416

The high ligand field splitting value of [Ni(tacn)2]
2þ is due to this complex having the minimum

possible cage size for NiII, and it has been assumed that the metal–ligand distances would be
shorter were it not for the nonbonded repulsive interactions between pairs of methylene groups on

Table 5 Electronic spectral data for selected tacn sandwich complexes of NiII.

�max(nm) 10Dq(cm�1) References

[Ni(tacn)2]
2þ 308, 505, 800, 870 (sh) 12,500 1416

[Ni(bztacn)2]
2þ 390, 532, 840, 961 11,900 1410

[Ni(chtacn)2]
2þ 290, 508, 812, 880 12,300 1415

[NiLeth]2þ a 366, 522, 849, 924 11,780 1411
[NiLox]2þ b 347, 359, 538, 625 (sh), 840 (sh), 917 11,900 1413

a Leth= 1,2-bis(1,4,7-triazacyclon-1-yl)ethane. b Lox= 1,2-bis(1,4,7-triazacyclon-1-ylmethyl)benzene.
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adjacent rings.1417 The 10Dq value for the chiral derivative [Ni(chtacn)2]
2þ is slightly lower than

for the parent complex, presumably due to the donor strength difference between secondary and
tertiary amines as well as steric reasons that originate from the bulk of the cyclohexane rings
fused to the macrocycle.1415 The latter effect is much more pronounced in the case of
[Ni(bztacn)2]

2þ, where the benzyl substituents prevent the N-donors from approaching the
optimum Ni—N distance of 2.08 Å (Ni—Nbz distances of 2.251 Å and 2.262 Å), resulting in a
much weaker ligand field.1415

(ii) Complexes of tacn-based ligands with pendent donor side arms

Nickel(II) complexes of tacn ligands with pendent donor arms have received considerable atten-
tion. One, two, or three N atoms of the macrocycle can be functionalized, leaving two, one, or no
remaining coordination sites at the octahedrally coordinated metal ion (general types (559), (560),
and (561)). For synthetic reasons, type (561) complexes are by far the most numerous. These
systems comprise, inter alia, tacn ligands with three 3-aminopropyl (taptacn),1418 imidazol-2-
ylmethyl (timtacn),1419,1420 2-pyridylmethyl (tpmtacn),97,1421 pyrazol-3-ylmethyl (tpz3mtacn),1422

pyrazol-1-ylmethyl (tpz1mtacn),1420 2-hydroxy-3-methylbutyl (thmbtacn),1423,1424 acetate
(tacnta),1425 or ethylacetate (tacntea)1426 pendent arms. In the case of 1,4,7-triazacyclononane-
N,N0,N00-tris(2-ethanesulfonate) (tacntes), the crystal structure reveals that one of the side arms
remains uncoordinated with one water bound to the Ni ion.1426
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The pseudo-octahedral {NiN6} core in type (561) complexes usually features a twist angle, e.g.,
23.4� in [Ni(tpmtacn)]2þ.97 Since the five-membered chelate rings of the coordinated tacn are not
planar but adopt either the ��� or  conformation for each set of chelate rings, the coordinated
base fragment is chiral and the pendent arms may attach themselves in a clockwise or anti-
clockwise fashion for a given arrangement of the base fragment.
The kinetics and mechanism of complex formation has been studied in great detail for

[Ni(tacnta)]�: in the pH range 4.4–6.8, Ni2þ and the ligand species Htacnta2� equilibrate rapidly
(K= 13M�1) to form an intermediate [Ni(Htacnta)] which is subject to protonation
(pKH= 5.77	 0.04). Spectral properties suggest that this is a monoacetato species with partial
N coordination. In a second (first-order) rate-controlling step (kH= 154	 15 s�1) that is accom-
panied by proton release, the N3O3 coordination of the Ni is completed.1427 When crystallized
from nitric acid, [Ni(tacnta)]� forms as the hydronium salt, indicating extreme stability.1425 This is
in contrast to comparable complexes (such as EDTA complexes) where any acid protonates a
carboxylate which is then left uncoordinated. The structure of [Ni(tacnta)]� displays very short
Ni—N bond lenghts of 2.04 Å which are not the result of compression, but rather the very
efficient packing of the tacnta ligand around small metal ions. Consequently, the 10Dq values
for [Ni(tacnta)]� (Table 6) are higher than for other complexes of NiII with an N3O3 donor set,
attributed to the donor strength of the tertiary N as well as to the highly favorable steric
arrangement.1425

Multipole analysis with high-resolution X-ray data for [Ni(thmbtacn)]2þ was carried out to
determine the electron configuration in the C3 symmetry-adapted orbitals of the Ni ion,
confirming a higher occupancy of the crystal field-stabilized t2g orbitals relative to the
destabilized eg orbitals. This is interpreted in terms of a predominantly ionic metal–ligand
interaction.1424

For [Ni(taptacn)]2þ, electronic spectra confirm that the inner coordination sphere remains
intact in CH3CN or CH3NO2 solution. In aqueous acidic media, however, ready dissociation
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and protonation of the primary amines is observed with successive pKa values of 4.18	 0.05,
4.91	 0.01, and 5.64	 0.02 for the tri-, di-, and monoprotonated species.1418 10Dq values for tacn
ligands with three pendent N-donor side arms are indicative of a quite strong ligand field
(Table 6).
NiII complexes of tacn ligands with three 2-aminophenyl groups attached to the tacn scaffold

either directly or via a methylene group have been reported.1429,1430 In the former case the more
rigid ligand enforces a stronger metal–ligand interaction according to the 10Dq values. Hexadent-
ate tabtacn forms a stable complex with a distorted octahedral (C3-symmetric) {NiN6} chromo-
phore (Figure 17).1430 The potentials for the [LNi]3þ/2þ couple are generally more negative for
complexes containing the pure �-donor tacn than those of a ligand containing three tertiary amine
donors and pendent �-acceptor ligands that stabilize the þ2 oxidation state, e.g., by �400mV for
tpmtacn bearing three pyridine N atoms.97

Upon recrystallization, [Ni(tpz1mtacn)]2þ affords [Ni(L)(MeCN)]2þ (L= 1,4-bis(pyrazol-1-
ylmethyl)-1,4,7-triazacyclononane) via a N-dealkylation reaction and loss of a pendent arm.1420

More rational routes to Ni complexes of tacn ligands with only one or two pendent arms have
been developed.1431,1432 In [Ni(L)(X)n]

x� (e.g., L= 1-(3-aminopropyl)-1,4,7-triazacyclononane
(n= 2) or 1-(1-methylimidazol-2-ylmethyl)-1,4,7-triazacyclononane (n= 2) or 1,4-bis(1-methyl-
imidazol-2-ylmethyl)-1,4,7-triazacyclononane (n= 1), the coordination sphere is completed by
additional ligands that bind either terminal (X=Cl�, H2O) or bridge two metal ions (X=N3

�,
OH�, oxalate). The NiII complex of 1,4-bis(2-pyridylmethyl)-1,4,7-triazacyclononane has been
shown to be extremely inert to ligand dissociation in aqueous solution.1433 In (562), the tacn ligand
provides a single bidentate arm.1434

Figure 17 Molecular structure of [Ni(tabtacn)]2þ.1430

Table 6 Electronic spectral data for selected NiII complexes of donor-substituted tacn ligands.

�max(nm) 10Dq(cm�1) References

[Ni(taptacn)]2þ 340, 538, 815, 860 12,270 1418
[Ni(tpz3mtacn)]2þ 340, 530, 810, 880 (sh) 12,350 1422
[Ni(tpmtacn)]2þ 515, 810, 886 12,350 97
[Ni(tpz1mtacn)]2þ 350, 535, 815, 880 12,270 1420
[Ni(tacnta)]� 10,820 1425
[Ni(tacn)(H2O)3]

2þ 10,400 1428
[Ni(taphtacn)]2þ a 326 (sh), 521, 811, 869 (sh) 12,330 1429
[Ni(tabtacn)]2þ b 240, 270 (sh), 918 10,900 1430

a taphtacn= 1,4,7-tris(2-aminophenyl)-1,4,7-triazacyclononane. b tabtacn= 1,4,7-tris(2-aminobenzyl)-1,4,7-triazacyclononane.
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While permutation of the Irving–Williams order was found for the Cu2þ and Ni2þ com-
plexes of parent tacn,1435 L= 1,4,7-triazacyclononane-1-acetic acid follows the conventional
stability order Ni2þ<Cu2þ with log KNiL= 17.85(3).1436 The carboxylate group of the side
chain prevents formation of the bis(ligand) species [ML2]. The NiII complex of an asymmetric
tacn ligand bearing two 1-methylimidazol-2-ylmethyl and one carboxymethyl pendent arm has
been structurally characterized and reported to be remarkably stable in water even in the
presence of a large excess of CN� (changes in the electronic spectrum are only observed after
20 days).1437

A combination of hard and soft donor atoms is found in NiII complexes of the tetradendate
tacn ligand with a diphenylphosphanylpropyl pendent arm.1438 Side arm moieties may also be
susceptible to oxidation, and nickel complexes of such ligands have been thoroughly investigated
in order to distinguish metal-centered vs. ligand-centered redox processes. Ni complexes of
phenolate–pendent arm ligands derived from tacn form very stable phenolato complexes in the
presence of acac coligands (563). Upon electrochemical one-electron oxidation, spectral and
magnetic features are characteristic of phenoxyl radical formation and ferromagnetic coupling
to the high-spin NiII to give an S= 3/2 ground state.1439

(iii) Complexes of heteroanalogous tacn-type ligands

Nickel(II) complexes of various heteroanalogues of the tridentate tacn ligand ([9]aneN3) have
been reported, where one, two, or all three N-donor atoms of the macrocycle are replaced by S,
O, or combinations thereof. Such moieties have also been incorporated in bicyclic ligand systems
that form complexes with NiII.1440

Most prominent are Ni complexes of the all-thia analogue of tacn, [9]aneS3. A simple labora-
tory experiment for the synthesis of [Ni([9]aneS3)2](BF4)2 has been described.1441 In this complex
the metal atom is in a slightly distorted octahedral environment of S atoms provided by
the facially coordinating [9]aneS3.

1442,1443 The mixed-ligand complex [Ni([9]aneN3)([9]aneS3)]
2þ

(564) allows for a direct comparison of the two cyclononane ligands. It has been prepared in
a controlled fashion via the solvento complex [Ni([9]aneN3)(H2O)3]

2þ.1444 While the Ni—N
distances are comparable to those of [Ni([9]aneN3)2]

2þ, the Ni—S bond lengths are slightly longer
than those in [Ni([9]aneS3)2]

2þ. The natural differences of the Ni—N and Ni—S distances
impose a trigonal distortion, and unlike the homoleptic counterparts a trigonal twist of 3.5� is
observed.
A NiII complex of a C-substituted 1,4,7-trithiacyclononane ligand has been mentioned.1445 Also,

a number of five-coordinate NiII complexes of [9]aneS3 with diphosphane coligands have been
structurally characterized (e.g., (565)).1446,1447 A very particular case is the NiII complex of the
highly rigid crown trithioether benzene trisulfide, bts (566), for which a sandwich structure has
been proposed.1448,1449 A 10Dq value of 13,020 cm�1 has been determined, indicating a very strong
ligand field. However, the complex decomposes within hours in the solid state and must be stored
at low temperature under exclusion of light and air.1449

The molecular structure of the complex [Ni([9]aneN2S)2]
2þ reveals a center of symmetry, i.e.,

the sulfurs are placed trans to each other, which leads to a coordination geometry that is
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considerably distorted from octahedral.1450,1451 A similar geometry was found for
[Ni([9]aneN2O)2]

2þ.1452 If a single sulfoxide group is introduced into the macrocycle, coordination
through the sulfoxide-O is observed, with the O atoms again occupying trans positions at the
octahedral metal ion.1453,1454 Ni—N distances are shorter for [Ni([9]aneN2SO)2]

2þ than for
[Ni([9]aneN2S)2]

2þ. The NiII sandwich complex [Ni([9]aneNS2)2]
2þ likewise features a center of

inversion. Its Ni—N bond lengths are similar to those of [Ni([9]aneN2S)2]
2þ and

[Ni([9]aneN3)2]
2þ, but Ni—S distances are distinctly longer than in the symmetric

[Ni([9]aneS3)2]
2þ system. The trans diastereomer is assumed to be present for [Ni([9]aneS2O)2]

2þ

as well.1455 A [9]aneNS2 type ligand bearing a pendent alcohol substituent acts as a tetradentate
ligand in (567),1456 and the NiII complex of a pentadentate ligand bearing pyridyl side arms at the
N atoms of [9]aneN2S has also been reported.1457

[9]aneS3 exerts a stronger ligand field than does [9]aneN3 (tacn). It has been argued that this is
due to the fact that [9]aneS3 can coordinate in a very low-strain manner. For mixed donor ligands
such as [9]aneN2S the great differences in Ni—N and Ni—S bond lengths lead to a mismatch
upon coordination to the metal ion, and the resulting steric strain lowers the ligand field
strength.1458 The 10Dq value for [9]aneNS2 lies in-between those for [9]aneN2S and [9]aneS3,
while the value for [9]aneOS2 is the lowest in the series (Table 7). The values for the Racah
parameters B usually decrease upon gradual replacement of the harder secondary nitrogen donors
with by the softer thioether donors, consistent with the more covalent nature of the Ni—S
bond.1459

Since small metal ions like Ni2þ fit best into the [9]aneX3 macrocycles, the macrocyclic effect is
particularly large for Ni2þ.1458 E1/2 values for the Ni

II/NiIII redox couple indicate that the relative
stability of the trivalent complex decreases along the series [9]aneN3> [9]aneN2S> [9]aneNS2>
[9]aneS3> [9]aneN2O, which is assumed to be controlled by the strength of the metal–ligand
interactions.101 Spectroscopic data confirm that these oxidations are metal-centered.103
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Table 7 Formation constants of Ni2þ complexes of [9]aneX3 type macrocycles and spectral and NiII/NiIII

redox properties of [([9]aneX3)2Ni]
2þ.

E1/2
a log K1 log K2

�max
(nm)

10Dq
(cm�1) References

[9]aneN3 þ0.558 16.24 14.2 310, 500,
800, 870

12,350

[9]aneN2S þ0.785 10.82 9.95 520, 850,
952 (sh)

11,770 101,1451

[9]aneN2O þ1.084 8.49 7.27 11,600 101,1460
[9]aneNS2 þ0.887 297, 524,

840, 1035
11,930 1459

[9]anePS2 þ0.27 306
[9]aneS3 þ0.97 325, 527, 784 12,760 103,1443
[9]aneOS2 568, 872 11,470 1455
[Ni([9]aneN3)([9]aneS3)]

2þ þ0.86 325 (sh), 543,
590 (sh), 817

12,240 1444

a E1/2 in V vs. FeCp2
þ/FeCp2 in MeCN for the Ni2þ/Ni3þ couple.
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6.3.4.10.2 Complexes with larger macrocyclic nitrogen ligands

(i) Synthesis

NiII macrocyclic complexes can be prepared following two general procedures: either via com-
plexation reactions between presynthesized macrocyclic ligands and the metal ion in solution, or
by metal ion-directed template condensation reactions.91 For NiII, the latter approach has been
pursued more often than with other metal ions, since NiII does not impede ligand-forming
reactions by redox processes or hydrolysis, and most NiII complexes are insensitive to moisture
and oxygen. While complexation reactions offer the advantage that the macrocyclic ligand may
be isolated and purified prior to the synthesis of the complex, the template synthesis often yields
the desired product in one-pot reactions and generally provides selective routes to new ligand
complexes in high yields.91

C-functionalization of azamacrocycles is in general more difficult to achieve than N-functional-
ization. The latter has been developed to an extent that macrocycles carrying side chains with
various ligating groups are accessible, and NiII complexes can be prepared with high selectivity
and predisposition for high thermodynamic and kinetic stability.

(a) Synthesis via template condensations. The synthesis of NiII macrocyclic complexes via the
simple and convenient route of template condensation reactions is often carried out by heating
amines and formaldehyde in the presence of the metal ion. In the cyclization reaction, formalde-
hyde links two cis-coordinated amine moieties to give methylenediamine (N—CH2—N) linkages.
While the nitrogen atoms of methylenediamine linkages of secondary nitrogens show a strong
tendency to become tertiary upon cyclization,1461–1467 the secondary nitrogens of methylene-
diamine linkages can be stabilized when coordinated to the metal ion. Hence, ligands containing
methylenediamine linkages with secondary nitrogens are stable as long as they exist as part of
metal complexes.
Hexaaza macrocyclic ligand complexes like (568) and (569) with various different alkyl

groups at the uncoordinated bridgehead nitrogen atoms have been synthesized by template
condensation of ethylenediamine, formaldehyde, and primary alkylamine in the presence of
NiCl2 in MeOH according to Equation (12). In the complexes, the NiII ions are found in
square planar geometry with the tertiary bridgehead nitrogens noncoordinating.1464,1468

Similarly, the NiII complexes of type (570) pentaaza macrocyclic ligands have been prepared
by employing 3,7-diazanonane-1,9-diamine (2,3,2-tet), formaldehyde, and a primary amine as
described in Equation (13).1469 Nitroalkanes have also been utilized in place of the primary
amine to give, for example, the square planar NiII complex of (571) from the reaction of
Ni(en)3

2þ, formaldehyde, and nitroethane.1470,1471 Subsequent reduction of the nitro functions
gives NiII complexes of trans-6,13-diamino-6,13-dimethyl-1,24,8,11-tetraazacyclotetra-
decane:1472
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A wide variation of functional groups can be attached to the macrocyclic ligands by
variations of the methods shown in Equations (12) and (13), e.g., by using carboxamide or
sulfonamide instead of the primary amine. In the case of pendent pyridine units, these may
react with [PtIICl4]

2� and cis-[RuII(bipy)2Cl2] in a 2:1 ratio to give supercomplexes cis-
[(NiIIL)2Pt

IIC12](PtCl4)(ClO4)2 and cis-[(NiIIL)2Ru
II(bipy)2](ClO4)6, respectively.

1473,1474 Other
complexes with functional groups linked to the azacyclam ligand have also been synthesized
by a similar reaction giving, for example, pendent ferrocene,1475 OH, and CN groups.1476

These complexes are square planar in solutions, where the pendent hydroxyl groups in
[572a]2þ and [572b]2þ do not coordinate to the NiII ion in water at pH� 13.0 and ionic
strength 1.0M (NaClO4). However, while many of these complexes remain square planar in
the solid state with the functional side arms dangling, in [572c](BF4)2, the complex containing
a —CH2CH2—CN functional group, both CN coordinate intermolecularly to form a coordin-
ation polymer with an octahedral geometry around the metal. A 1D polymeric structure in the
solid state has also been observed for derivatives of [15]aneN4 with pendent primary amine or
carboxylate arms.1477

NiII complexes of various polyaza polycyclic ligands, e.g., (573)–(576), have been synthe-
sized by heating formaldehyde and appropriate amines at reflux in the presence of NiCl2 in
methanol solutions and then precipitating with LiClO4 or CF3SO3Li as summarized in Equa-
tions (14)–(17).1463,1465,1467,1478 The yields of these condensation reactions are generally high
(50–90%), and all ligands contain methylenediamine linkages in which nitrogen atoms are
either tertiary or coordinated secondary groups. The complexes contain football-shaped tetra-
azabicyclononane moieties or uncommon 1,3-diazacyclopentane and 1,3-diazacyclohexane
subring moieties in the hexaaza macrocyclic framework. Even though such ligands contain
more than four nitrogen atoms, only the central four N-donors act as a tetradentate scaffold
in the square planar NiII complexes. These complexes are extremely stable and decompose
only very slightly even in highly acidic media. Again, nitroethane can be used instead of the
primary amine to give, for example, the NiII complex of the hexaaza macrotricyclic ligand
(577):1479
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Octahedral coordination of NiII can be observed with macrobicyclic ligands. In (578), the
hexaaza macrocyclic ligand serves as a pentadentate ligand, forming a six-coordinate species
with an axial Cl� ligand. The complex includes an uncommon four-membered chelate ring and
the methoxy methyl pendent chain.1466 A similar situation has been observed for the NiII complex
of (579)—in this case the pendent amine arm fills the sixths coordination site.1480

The encapsulated NiII complex (580) was obtained from the reaction of [Ni(en)3]
2þ, formalde-

hyde, and ammonia, similarly to Equation (14). The yield was low (ca. 1%), probably because the
NiII ion is a labile metal ion.1461 The complex was extraordinarily stable against ligand substitu-
tion with donors such as NCS�, Me2SO, H2O, or MeCN. The electronic spectrum of the complex
is similar to that of [Ni(en)3]

2þ, but the ligand field strength of the complex was slightly stronger
than that of [Ni(en)3]

2þ because of the tris(methylene)amino caps.
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Other template reactions involving NiII take advantage of Schiff base formation or related
reactions. In continuation of extensive work following the initial publication by Jäger in 1964,
numerous NiII complexes of tetraaza[14]annulenes and related [N4] Jäger-type macrocycles (581)
have been prepared by template condensation between diamines and 1,3-dicarbonyl compounds
in the presence of the metal ion.1481 A modified stepwise synthesis with final base-initiated
formation of the ring-closing azomethine bond has been reported,1482 and intermediates in the
template synthesis if NiII dibenzotetraaza[14]annulenes have been isolated.1483 Chiral groups have
been introduced by means of enantiomerically pure building blocks, e.g., in the NiII complex of a
15-membered carboxylato-substituted macrocycle (582). This complex is acid sensitive and under-
goes facile oxidative decarboxylation to generate the corresponding hydroxy-substituted species in
a disproportionation reaction.1484 A NiII complex of the sterically congested tetraaza[14]annulene
derivative 5,7,12,14-tetraphenyldibenzo[b,i]-1,4,8,1-teraazacyclotetradecinate (TPTAA) has been
prepared in a template synthesis via microwave heating, albeit in low yields.1485

The square planar NiII complex (583) was prepared from the template reaction of 3,30-(ethylene
bis(iminomethylidene)bis(2,4-pentanedionato)nickel(II) with 1,3-diamino-2-propanol (Equation
(18)). The uncoordinated —OH group reacted smoothly with acylating agents, resulting in
—COPh and —COCH3 side arms.

1486

N O

N O

O

O

Ni
H2N NH2

OH

N O

N O

O

O

Ni OH

(583)

ð18Þ

(584)

NN

N N

C

C

N

N

N

N

Me

Me

Ni

H

H

2+

The NiII complex of a 16-membered macrocycle, 2,7-dimethyl-3,6-(1,10-(2,20-biimidazole)-
1,3,6,8,11,14-hexaazacyclohexadeca-1,7-diene (584), was synthesized by condensation of a NiII–
triethylenetetramine precursor complex and 1,10-diacetyl-2,20-bisimidazole.1487 It forms a square
planar geometry with iodide or perchlorate anions, but an octahedral structure in the presence of chloro
or bromo coligands. Template syntheses have also been applied for the synthesis of NiII complexes of
large ring tetraazamacrocycles having 18-, 20-, 22-, 24-, 26-, 28-, or 34-membered rings.1488

(b) Synthesis of NiII macrocyclic complexes from free ligands.This strategy allows one to design and
presynthesize a wide variety of macrocyclic ligands and is often used for systems with pendent
functional groups (in particular for cyclam derivatives) or ligands with other building blocks, e.g.,
pyridine, in the macrocyclic framework. After insertion of nickel, the functional groups may
affect the properties of the macrocyclic complexes through coordination to the metal ion.
Strategies for selective partial alkylation of cyclam have been developed and NiII complexes of

the variously substituted ligands prepared.1489 In a series of tetra-N-alkylated cyclams, NiII

incorporation was only observed for smaller substituents such as Me, Et, and Pr, while no
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complexes were formed with sterically demanding substituents like Pri, PhCH2, or 2-MeC6H4CH2.
Depending on the sterical hindrance of the N-substituents, the complexes are either square planar
or pentacoordinate in solution, since an axial water molecule can bind in the case of the ligand
with four small methyl substituents.1490

Side chains with functional groups such as amine, hydroxyl, amide, carboxylic, and nitrile
moieties have been attached to the N-donor atoms of azamacrocycles.1491–1497 Upon NiII com-
plexation by these ligands, the side arms may or may not bind to the metal. For example, the
cyclam derivative with four nitrile pendent chains (585) was prepared directly by heating cyclam
in acrylonitrile.1494 Its NiII complex has a square planar geometry without coordination of any of
its nitrile groups to the metal ion. However, the corresponding ligand with four amide functions
yielded an octahedral and a five-coordinate complex in which two and one of the pendent amide
groups, respectively, are bonded to the NiII ion. Side arm coordination to the NiII was observed in
cyclam derivatives with methylthioethyl groups, whereas no coordination was observed for a
methoxyethyl substituent.1498 The NiII complex of (586) is six-coordinate with the pendent arm
donors in the apical positions.1499 Also, both isomeric forms of bis(pyridylmethyl)cyclam (i.e., the
1,11- and 1,8-isomers) give six-coordinate complexes with the pyridyl groups bound to the
metal.1500

N N

N N
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N N

N N
N

N

(586)

H

H

N-(aminoethyl)cyclam (587) was prepared from the reaction between tritosylated cyclam and
tosylaziridine. In the NiII complexes of the ligand, the amine group of the side chain displayed
acidity-dependent coordination behavior. At pH> 2.8 the side arm apically bound to NiII ion to
form a blue high-spin complex [Ni(587)]2þ, but at pH< 2.8 the amine of the side chain became
protonated and formed [NiII(587H)]3þ as a mixture of a blue high-spin form and a yellow low-
spin form.1501

In the NiII complex [Ni(588)]I2 containing the small 12-membered tetraaza macrocycle (588)
with four pendent pyrazole groups, the ligand wraps around the metal ion in an unusual fashion.
It forms a distorted octahedral structure with two pendent arms of the ligand being coordinated,
where the four amine nitrogens span two contiguous faces of the distorted octahedron about the
nickel atom and the pyrazole nitrogens occupy the remaining pair of cis positions.1502 A similar
situation has been observed in the case of tetrakis(2-pyridylmethyl)cyclen, where two of the
appended pyridine donors occupy cis-positions of the octahedral coordination environment.1503

NiII complexes of ligands containing pyridine in the macrocyclic framework with a single
pyrrolidinyl pendent arm (589a) and (589b) have been prepared.1504 In [Ni(589b)(OClO3)]
(ClO4), octahedral coordination is set up by four nitrogens of the macrocycle, the pendent
pyridine, and a ClO4

� ion. The macrocyclic ligand occupies the corners of a square pyramid
with the pendent group at the apical position.
The pendent-arm macrocycles (590a) and (590b) have been synthesized by the reaction of

[Ni(DMSO)n](ClO4)2 and the unsubstituted ligands with aqueous NaOH in EtOH, followed by
the addition of 2-chloromethylpyridine or 1-(hydroxymethyl)pyrazole under nitrogen. The result-
ing NiII complexes are of six-coordinate with the macrocycle adopting a folded conformation and
the two pendent 2-pyridylmethyl arms occupying cis-coordination sites.1505

The 12-membered macrocyclic triamine bearing a phenol pendent (591) was synthesized by one-
pot annealation from coumarin and 1,7-diamino-4-azaheptane. Upon coordination to NiII, the
pendent phenol readily dissociates its proton at acidic pH and becomes a strong fourth donor.1506

A cyclam derivative with an amine pendent donor attached at the bridgehead carbon atom was
presynthesized from diethylaminomalonate and 1,9-diamino-3,7-diazanonane in refluxing MeOH,
followed by BH3–THF reduction.1507 It acts as a pentadentate ligand at pH 8.5 and forms a six-
coordinate complex (592) with a water molecule sitting at the remaining axial site.
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Enantiomerically pure cyclam-type ligands derived from L-proline have been prepared via
multistep procedures and shown to form complexes of NiII, e.g., (593).1508 The NiII ion in (594)
is encapsulated by a face-to-face bis(macrocyclic) ligand that forms upon treatment of
[Ni(tren)2]

2þ with formaldehyde.1509

Sexadentate sarcophigine-type ligands (595) form particularly stable complexes with NiII. The
NiII complexes of parent sarcophagine (sar, (595a)), [Ni(sar)](ClO4)2,

1510 as well as the 1,8-
diammonio complexes [Ni(595b)]157,1511 have been studied in detail. [Ni(sar)](ClO4)2 has been
proposed as a magnetic susceptibilty standard. It follows the Curie–Weiss law above 10K to
room temperature (2.94�B), and the value of the axial anisotropy is D=þ1.400 cm�1 with
g?= 2.143(1) and g = 2.125(1).1510

The encapsulating ligand with N4S2 donors (AMN4S2sar, (595d)) was prepared, and it coordin-
ates to NiII to give an octahedral complex.1512 It has been pointed out that the whole set of NiII

complexes of (595a–f) provides a useful series to study the influence of spin-orbit mixing and
differential nephelauxetic effects on the electronic spectra, since the N/S ratio can be system-
atically altered without significantly affecting the macrocyclic backbone structure.1513 It has been
found that the spin-forbidden 3A2g! 1E1g and

3A2g! 1A1g transitions undergo a dramatic shift to
lower energy as the number of S-donors is increased.

(c) Synthesis via modification of presynthesized NiII macrocyclic units. The most important modifi-
cation of presynthesized NiII macrocyclic complexes is N-alkylation, which may also be used to
link two or more macrocyclic units by a spacer group. N-methylated macrocyclic NiII complexes
are often prepared by the deprotonation of secondary amines already bound to the metal ion with
pulverized KOH in Me2SO or MeCN media, followed by alkylation with CH3I. For example, bis-
N-alkylated complexes of (596) and (597), as well as the tetramethylated NiII cyclam derivatives
(598) (NiIITMC), have been synthesized by this route.1494,1514 While the bis-N-alkylated NiII

complexes (596) and (597) were stable against ligand dissociation in acidic aqueous solution,
other N-alkylated complexes may be dealkylated when heated in aqueous solutions.1494,1514

Selective partial alkylation of cyclam–nickel complexes has also been reported.1515

N N

N
N

N
Me Ni

(596)

N

N

Me

Me

N N
N

N
N

N
Ni

(597)

Me

Me
N N

NN
Ni

(598)

Me

Me Me

Me

Nickel(II) complexes of type (599) unsaturated 14-membered tetrazamacrocycles react with the
anion of nitromethane under basic conditions to give the 5-nitromethyl derivatives (600), and the
square planar diperchlorates (601) upon treatment with HClO4 (Equation (19)):1516
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Some NiII complexes of polyaza macrocyclic ligands containing coordinated secondary amino
groups can be chemically oxidized to give complexes with a higher degree of unsaturation in the
ligand.1517,1518 Oxidation of (602) with concentrated HNO3 gives (603) or (604) selectively,
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depending on the reaction conditions (Equation (20)). The NiIII species of the saturated ligand is a
first intermediate in each case causing subsequent metal ion-assisted oxidative dehydrogenation of
the ligand.

NN

NN
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Nickel(II) complexes of tetraaza[14]annulenes, in particular of the much-studied 5,7,12,14-
tetramethyldibenzo[b,i]-1,4,8,1-teraazacyclotetradecinate (TMTAA, (605)), have been modified
in various ways. Lithiation of a methyl group followed by the addition of an electrophile gives
extension of the methyl substituent,1519 and selective alkylations in the periphery of 16-membered
cyclidene complexes have been reported.1520 Substitution at the �,�0 positions has been extensively
researched, because the meso positions of the ring are known to be highly reactive. Macrocycle
modification at these positions usually involves reaction with acid chlorides1521–1533 or benzylic
bromides.1534 For example, NiII dibenzotetraaza[14]annulene complexes have been equipped with
chiral ester-type substituents bearing menthyl, bornyl, and quininyl groups.1533

Reaction of [Ni(TMTAA)] with acid in the presence of AlCl3 gives complex (606) that features
two isolated diimine units in the six-membered chelate rings (Equation (21)),1535 while hydro-
genation of [Ni(TMTAA)] leads to fully saturated cyclam macrocycles (607) (Equation (22)):1536
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70–90% ð22Þ

(ii) Structures and spectroscopic properties

The Ni—N bond distances, N—N bite distances, and N—M—N bite angles of NiII macrocyclic
complexes depend on the coordination number of the metal ion and the type of macrocycle. These
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structural parameters also influence the electronic spectra and the electrochemical data.91 In general,
Ni—N bond distances of square planar complexes are shorter than those of the octahedral complexes
due the absence of electrons in the dx2�y2 orbital. Furthermore, as the Ni—N bond distance increases,
the value of �max for the square planar Ni

II complex shifts to the longer wavelength. In addition,
NiII!NiI electrochemical reduction of the complexes becomes easier and NiII!NiIII electrochem-
ical oxidation becomes more difficult as the Ni—N bond distances increase.
Square planar NiII complexes with saturated macrocyclic ligands usually have Ni—N bond

distances ranging from 1.90 Å to 1.95 Å, depending on the type of ligand. The Ni—N bond
distances increase when square planar NiII complexes bind axial ligands to form octahedral
species.91

A 14-membered tetraaza macrocyclic complex may exist in one of five possible configurations
I–V based on the stereochemistry of the donor nitrogens.1537,1538 Most of the known square
planar complexes of azamacrocyclic ligand have the R,R,S,S configuration, which is thermo-
dynamically the most stable. In this form, the H atoms at the N atoms of each six-membered
chelate rings are on the same side of the macrocycle plane, but on the opposite side with respect to
the H atoms of the other six-membered ring. In the case of the R,S,R,S complex, the asymmetric
gauche conformation in the five-membered chelate rings exerts significant strain on the ligand
structure and leads to isomerization to the more stable R,R,S,S configuration. For example, in
H2O/MeCN media, (R,S,R,S)-[Ni(576)]2þ isomerizes to (R,R,S,S)-[Ni(576)]2þ via axial coordina-
tion of water followed by Ni—N(t) bond cleavage assisted by water acting as a general acid.1570

The first-order rate constant is kobs= 4.16� 10�5 s�1 and is independent of pH and buffer
concentration, but increases with increasing water contents. The activation parameters are
�H†= 33	 1 kcalmol�1 and �S†= 24 calK�1mol�1 at 25 �C. Reverse isomerization from the
R,R,S,S to the R,S,R,S configuration is also possible. In this process, a strongly coordinating
solvent1539 or pendent donor group induces the configurational change of the macrocycle.1507
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A detailed structural analysis of all Ni complexes of 14-membered tetraazamacrocycles listed in
the CSD was performed in 1998, and all compounds were grouped according to their macrocycle
configuration by means of cluster analysis.1540 Nickel(II) low-spin complexes have Ni—N dis-
tances of less than 2.02 Å, while high-spin complexes have distances of greater than 2.05 Å. The
most stable configuration of the ligand is the R,R,S,S,-(trans-III) configuration, but the trans-I
configuration becomes more stable relative to the trans-III configuration in going from octahedral
to square planar NiII complexes.1541 However, the addition and specific location of substituents
on the macrocyclic backbone can change the identity of the lowest energy configuration. For
example, for C-rac NiII complexes of 5,5,7,12,12,14-hexamethyl-cyclam all octahedral species
were found in the cis-V configuration, while for the C-meso form the trans-III configuration
was lower in energy.1540 Unexpected cis-II and cis-V arrangements were found for the NiII

complex of cyclam bearing two methyl substituents and one coordinating 2-ethane sulfonic acid
group at the N atoms.1542

In the case of the smaller macrocycle [13]aneN4, six configurational isomers exist for
[Ni([13]aneN4)]

2þ due to the orientation of the N—H protons above or below the plane of the
macrocycle. X-ray crystallography and NMR spectroscopy, respectively, revealed that the
R,S,R,S-[Ni([13]aneN4)]

2þ form (trans-II) is the preferred one both in aqueous solution and in
the solid state.1543

Fourteen-membered ring ligands of the cyclam type have ‘‘natural’’ hole sizes which lie between
the ideal ones for low- and high-spin NiII. Hence these ligands can accommodate either type of
NiII ion, depending on whether coordinating or noncoordinating anions are present. Benzoan-
nelation may drastically alter the flexibility of the macrocyclic ligand scaffold, and comparative
studies of the NiII complexation by, inter alia, (608)–(610), displaying different patterns of
dibenzo substitution have been performed.140,1544 The complex [Ni(608)](BF4)2 has a planar
coordination geometry, while [Ni(608)(NCS)2] has a trans-pseudo-octahedral geometry with the
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NiII in axial sites. For the six-coordinate high-spin complex there is a considerable expansion of
the N4 donor cavity to accommodate the larger metal ion.140 The related (610) gives a folded
ligand conformation in [Ni(610)(H2O)2]

2þ with the water ligands in cis positions.1544 A folded
macrocycle ligand for the parent [Ni(cyclam)]2þ fragment is observed in, for example, cis-[Ni-
(cyclam)(H2O)2]Cl2

1537 and (�-C2O4)[Ni(cyclam)]2(NO3)2.
1545 The NiII complex of a cyclam deri-

vative carrying eight methyl groups and a single hydroxyethyl side arm adopts an unusual
distorted trigonal bipyramidal coordination geometry with the O atom of the donor arm in
an equatorial position.1546 Tetrakis(diphenylphosphinomethyl)cyclam forms a five-coordinate
high-spin complex [NiLCl]2þ with a Cl ligand in apical position and all phosphino side arms
dangling.1547 The NiII complexes of cis- and trans-6,13-dimethyl-1,4,8,11-tetraazacyclotetrade-
cane-6,13-diamine (cis- and trans-diammac, (611) and (612)) as well as the NiII complex (613)
of a-6,13-bis(2-pyridinyl)-1,4,8,11-tetraazacyclotetradecane (a-pypymac) feature hexacoordinate
metal ions in with the macrocyclic ligands coordinating as a sexidentate.1548–1550
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While cis-octahedral NiII complexes of cyclam are known to spontaneously isomerize in
aqueous solution to the trans-octahedral isomer,1551 such spontaneous isomerization does not
occur for the NiII complex of [12]aneN4 because the hole in the smaller 12-membered ring does
not allow for four unconstrained Ni—N coplanar bonds. However, accommodation of square
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planar nickel ions may be enforced in the flexible [12]aneN4 type scaffold.1552 In contrast,
increased rigidity is introduced by the pyridine rings in the related 2,11-diaza[3,3](2,6)pyridino-
phane ligands (614). These have a decisive tendency to form distorted cis-octahedral geometries in
their NiII complexes, which is confirmed by the crystal structure of [Ni(614)(H2O)Cl]Cl.

1553 The
macrocyclic ligand adopts a syn boat–boat conformation in the latter complex. The same effect is
obtained if two nonadjacent N atoms in the [12]aneN4 macrocyclic skeleton are connected by an
alkylene chain to give, for example, the structurally reinforced bowl tetraamines [2431]adaman-
zane (615) or [2332]adamanzane (616). In their NiII complexes, the ligand coordinates the metal in
a cleft and two cis coordination sites of the distorted octahedral environment are available for
coligand binding.1554,1555 NiII complexes of the larger [35]adamanzane (617) are predominantly
five-coordinate, with the half life for dissociation of [Ni(617)Cl]þ amounting to 14–15 months in
5M HCl solution.1556

The large 16-membered tetraazamacrocycle [16]aneN4 adopts the lowest energy form in the
complex [Ni([16]aneN4)]

2þ with all four six-membered chelate rings in chair conformations and
the N-bound H atoms alternating above and below the coordination plane.1557 The analogous
NiII complex of [15]aneN4 exhibits a strong tendency to transform to an octahedral species with
ClO4

� anions bound to the axial sites. In this complex, the three six-membered chelate rings
adopt chair/twist/chair conformations.1557

A comparative study of the effect of macrocyclic and chelate ring size on the structures of NiII

complexes with dibenzo tetrazamacrocycles (618) incorporating 14- to 17-membered rings has
been performed.1558 All complexes [Ni(618)X2] (X=Cl, NCS, NO3) have trans-octahedral geo-
metries with the macrocycle blocking the equatorial plane. While the planarity of the N4 donor set
is maintained, the distortion to a trapezoidal arrangement of the donors increases as the length of
the methylene bridge between the benzyl N atoms is increased. In the case of NiII complexes of
the tropocoronands (619) it has been reported that increasing the length of both alkyl linkages
induces a gradual distortion of the coordination geometry from square planar to near tetra-
hedral.1559
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The solid-state structures of the Jäger-type macrocycles vary widely with ring size.1560 NiII

complexes of the 14-membered rings are planar, the 15-membered rings adopt one of two possible
geometries (either ‘‘saddle shaped’’ or Z-configuration), while the 16-membered rings are in
general saddle shaped (e.g., (620), due to the conformations adopted by the two saturated six-
membered chelate rings), with few exceptions.1561 The low-energy absorption (�500–600 nm) of
NiII dibenzotetraaza[14]annulene complexes, which has been assigned to a LMCT transition,1562

depends on the degree of saddle-shaped distortion and exhibits a bathochromic shift upon
substitution of the macrocycle.1563 While the Ni–ligand interaction is dominated by �-bonding,
this shift has been assigned to Ni–ligand �-contributions.1564,1565

The UV–visible spectrophotometric properties of NiII macrocyclic complexes are affected by
the substituents, the degree of unsaturation, the cavity size, and the chelate ring sequences of the
macrocyclic ring (Table 8).1473,1566 In addition, the presence of tertiary amine donors and the size
of the subring moieties fused to the macrocyclic framework may alter such properties. In general,
introduction of tertiary amine donors in the NiII macrocyclic complexes results in a decrease in
the ligand field strength, thus causing the maximum absorption to shift to longer wavelengths.
For the macrotricyclic complexes with fused subring moieties such as (573)–(576), the ligand field
strength is shown to decrease as the size of the subring increases.91

Square planar NiII macrocyclic complexes are typically yellow, red, or brown in color and
absorb around 400–500 nm, depending on the ligand structure. The octahedral NiII complexes
absorb at 500–600 nm.
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The presence of two extra uncoordinated tertiary nitrogens at the bridgehead position of type
(568)–(570) complexes does not affect the ligand field strength of the complexes, and variation of
alkyl groups and the types of the pendent functional groups at the bridgehead nitrogen atoms
only slightly affects the spectra of the complexes.1464,1468,1473,1476

In contrast, subrings fused to the macrocyclic framework may have a significant influence on
the spectral properties. For example, NiII complexes (621) and (622) absorb at significantly
shorter wavelengths than the complexes of the usual 14-membered tetraaza macrocycles and
exhibit unusually strong ligand field strength, which has been attributed to the short N—N bite
distances of the six-membered chelate ring involving the tetraazabicyclononane (‘‘football’’)

Table 8 Electronic absorption spectra and electrochemical data for NiII macrocyclic complexes.

Complex
�max (")

(nm (M�1 cm�1))
Eox

a,b

NiII/NiIII
Ered

a,b

NiII/NiI References

Square planar complexes
(568) 449 (56)c þ0.93 �1.55 1464
(569) 449 (64)c þ0.90 �1.47 1464
(571) (R=Me) 450d 1469
(572a) 448 (82),c

446 (56)d
þ0.94(q) �1.47 (qr) 1476

(572b) 449 (77),c

445 (56)d
1476

(572c) 445 (27),d

451 (39)f
1476

(572d) 449 (63),c

445 (57)d
1476

[Ni([14]aneN4)]
2þ 445d þ0.91 �1.46 1567

[Ni(Me4[14]aneN4)]
2þ 394 (95), 512 (82),

650 (33)j
1490,1568

[Ni(Me6[14]aneN4)]
2þg þ1.11 �1.33 1567

[Ni(Me2[13]aneN4)]
2þg 428 (145) 1569

(621) 438 (83),c

442 (80)e
þ1.32 �1.39 1463

(622) 425 (209)d > þ1.53 �1.38 (r) 1478
(573) 447 (80),c

449 (78)e
þ1.50 (i) �1.28

1465,1467
(574) 456 (89),c

459 (80)e
þ1.43 (i) �1.25 1467

(575) 465 (95),c

471 (41)e
þ1.34 �1.20 (qr)

1465,1467
R,R,S,S-(576) 471 (90),c

480 (28)e
þ1.25 �1.14 1467

R,S,R,S-(576) 489 (116),c

496 (106)e
þ1.39 �1.01 1570

(623) 460 (130) 1571
[Ni(623a)]2þ i 459(70)d þ0.70 �0.63(i) 1572
[Ni(623b)]2þ i 496(108)d þ0.64 �0.76 1572
Octahedral complexes
(578) 554 (15), 363 (23)f 1466
(580) 510 (8), 316 (11)3 1461
[Ni(611)]2þ 883, 809, 516,

490, 323d
1548

[Ni(612)]2þ 887, 799, 772,
487, 313d

1548

[Ni(586)]2þ h 524(8), 262(558)d �0.06 (qr) �1.40 1499
[Ni(Et4[14]aneN4)]

2þ 544(258) 1490
[Ni(Et2Me2[14]aneN4)]

2þ 530(186) 1490
[Ni(Pr2Me2[14]aneN4)]

2þ 531(216) 1490

a Measured in acetonitrile solutions, 0.1M (Bun)4NClO4, volts vs. SCE. b i= irreversible; qr= quasi-reversible. c Measured in
MeNO2.

d Measured in H2O.
e Measured in MeCN. f Measured in Me2SO.

g Abbreviations: Me6[14]aneN4= 5,5,7,12,12,14-
hexamethyl-1,4,8,11-tetraazacyclotetradecane;Me2[13]aneN4= 8,10-dimethyl-1,4,7,11-tetraazacyclotridecane. h vs. Ag/AgCl. i vs. Ag/Agþ.
j Present in two forms, square planar (512 nm) and square pyramidal (394 nm and 650 nm).
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moieties.1464,1478 These N—N bite distances are similar to the values typical for five-membered
chelate ring, and the macrocycles in (621) and (622) are thus rather similar to a [13]aneN4 and a
[12]aneN4, respectively.

N N

N
N

N
Me Ni

(621)

N

N

N N

NN
Ni
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N

N

N

N N HN

HNN
O

O

(623)

2+ 2+H

H

For the macrotricyclic complexes (573)–(576), which retain the same 14-membered macrocyclic
framework, the size of the subring moieties slightly affects the spectroscopic properties of the
complexes.1465,1467 There is a qualitative relationship between Ni—N bond distances and �max
values. As the Ni—N bond distance increases, the �max value increases.

91

The constraints imposed by the additional trimethylene strap in the macrocyclic diamide complex
of (623) causes the NiII ion to be pushed out of the N4 plane and results in a lower ligand field
strength than in the NiII complex of the corresponding monocyclic dioxocyclam ligand.1571

The introduction of N-alkyl substituents to the secondary N atoms of cyclam and its
derivatives, e.g., to the secondary N atoms of (573) and (621), results in the shift of �max values
to 10–20 nm longer wavelengths, indicating a decrease in the ligand field strength upon N-alkyl-
ation.1514,1567,1573–1575 This is attributed to the steric effect of the N-alkyl groups and the longer
Ni—N bond distances of the complexes. In the cases of partly N-alkylated tetraazamacrocycles, the
effect is much less significant than in fully alkylated species. Effects of C-alkyl groups are compara-
tively weak or negligible, but properties of macrocyclic compounds containing both N- and C-alkyl
groups may be effected significantly by the C-substituents.1576–1578 For example, the wavelengths
for the d–d transitions for complexes of (625a,b) are very longer than those of related di-N-alkylated
14-membered tetraazamacrocycles due to the very long Ni—N distances (1.992 Å).
The spectrum of the octahedral NiII complex (580) with a hexaaza macrobicyclic ligand is

similar to that of [Ni(en)3]
2þ, but the ligand field strength of the complex is increased slightly by

the capping of the [Ni(en)3]
2þ moiety with two tris(methylene)amino groups.1461

The absorption maximum �max and the extinction coefficient of macrocyclic NiII complexes are
affected by the configuration of the ligand.1570,1579 For example, the maximum absorption band
of (R,S,R,S)-[Ni(567)]2þ appears at �20 nm longer wavelengths than that of the R,R,S,S isomer.
In addition, the value of the extinction coefficient in the visible region for the R,S,R,S complex is
greater than that for the R,R,S,S isomer. Similar observations have also been made with other
macrocyclic complexes1579,1580 and have been attributed to steric strain in the case of the R,S,R,S
complex, which is evident from the fact that the metal ion locates out of the coordination plane
and the five-membered chelate rings display an asymmetric gauche conformation. The result is a
poor overlap between the NiII ion and the nitrogen orbitals, and hence a weaker ligand field
strength.

(iii) Electrochemical properties91

Electrochemical properties of theNiII macrocyclic complexes are related to the cavity size, the unsatura-
tion, the degree of functionalization, and the subring moieties fused to the macrocycles.1467,1514,1581,1582

For NiII complexes of monocyclic ligands (e.g., (568)), oxidation to NiIII usually occurs at
þ0.90V to þ0.93V and reduction to NiI at �1.46 to �1.55V vs. SCE. However, in the macro-
polycyclic ligand complexes (573)–(576) as well as (621) and (622), the oxidation and reduction
processes are observed at þ1.25V to þ1.60V and at �0.94V to �1.40V vs. SCE, respectively.
Electrochemical oxidation of the NiII species is obviously easier for the complexes of monocyclic
ligands, whereas electrochemical reduction to NiI is easier for the macropolycyclic complexes.
These anodic shifts in both oxidation and reduction potentials for NiII macropolycyclic complexes
may in part be attributed to the tertiary nitrogen donors of the ligands.
The redox properties of complexes with hexaaza monocyclic ligands (e.g., (568)–(570)) are

similar to those of the cyclam complex, indicating that the electrochemical properties of the
complexes are only slightly affected by the presence of uncoordinated tertiary nitrogen atoms,
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length of the pendent chain, and the type of the functional group appended at the bridgehead
nitrogen.1476,1567 However, the redox potentials of the NiII complexes of type (570) derivatives
containing carboxamide or sulfonamide functional groups are reported to be influenced by the
nature of the functional group. In particular, the amide fragment controls the reduction potential
for the NiIII/NiII and NiII/NiI redox couples, which may be attributed to the � interaction
between the nickel ion and the amido group.1583

Attachment of pendent noncoordinating donor groups at the cyclam N atoms may affect
significantly the electronic spectra and redox properties of the NiII complexes. For example, the
presence of the N-quinolinemethyl groups in (624b) makes the oxidation of NiII to NiIII easier and
reduction to NiI more difficult compared to (624a), which has been attributed to the steric
crowding caused by the noncoordinationg substituents.1572 In (626) and (627), crown ethers
15-crown-5 and 18-crown-6, respectively, have been attached to the type (621) NiII macrocyclic
complex. The reduction potentials in the presence of alkali ions shift to the positive direction in
the order Liþ>Naþ>Kþ and Kþ>Naþ>Liþ, respectively,1584 in accordance with the expected
affinity of the alkali ions for the crown ether moieties. NiII complexation in a macrocycle host
may also effect the redox properties of pendent groups: the NiII complex of the ferrocene-bridged
cyclam derivative (628) features a rather short Fe—Ni distance (3.85 Å), and the redox potential
of the FeII/FeIII couple is shifted by þ380mV with respect to the Ni-devoid system.1585
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In general, the introduction of N-alkyl substituents to the secondary amine donors of the
macrocycle results in anodic shifts in both oxidation and reduction potentials of the complexes
relative to the parent ligand systems, i.e., N-alkylation makes the attainment of the NiI state easier
and the NiIII state more difficult. The extent of anodic shifts depends on the number of alkyl
groups introduced to the ligand.1514,1567 Such stabilization of NiI species by N-alkylation is
ascribed to solvation and stereochemical effects.1575,1586 N-ethyl groups have greater inductive
effects than N-methyl groups and yield less anodic shift in both oxidation and reduction poten-
tials.1514 This anodic shift of redox potentials may be attributed to weaker Ni—N interactions in
the N-alkylated complexes, because the weaker Ni—N interaction for the tertiary amine results in
the stabilization of antibonding �-orbitals of the NiII complex, thus making it more favorable to
add an electron, but less favorable to remove an electron.91

The configuration of the macrocyclic ligand also affects the electrochemical properties of NiII

complexes.1570,1574 For example, the oxidation and reduction potentials of (R,S,R,S)-[Ni(576)]2þ

are shifted by þ0.14V and þ0.13V, respectively, compared with those of the R,R,S,S isomer.
Similar trends are also observed for a series of R,S,R,S and R,R,S,S isomers of N-methylated
cyclam derivatives.1587,1588 These anodic shifts of the redox potentials for the R,S,R,S-NiII

complexes indicate that the complex is more difficult to oxidize to NiIII but easier to reduce to
NiI, compared with the R,R,S,S complex. The effect may be related to the reduced ligand field
strength of the R,S,R,S complex, which stabilizes the antibonding �-orbitals and thus makes
addition of an electron more favorable while removal of an electron is less favorable.
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The redox behavior of NiII tetraazaannulene complexes can be tuned by the appropriate choice
of substituents bound to the ligand scaffold.1589 It is interesting to note that in a series of Jäger-
type NiII complexes, both the type (629) and type (630) systems give reversible oxidation, while
(631) does not.1590
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R3 R1

R1

R2

R2

(629)

NN

NN
Ni

R1

R3 R1

R1

R2

R2

X

(631)

NN

NN
Ni

R3′

R3 R1

R1′

R2

R2

X X′

(630)

(iv) Equilibrium between square planar and octahedral species91

It is well established that some macrocyclic NiII complexes may exist as equilibrium mixtures of
the yellow, diamagnetic, square planar [Ni(L)]2þ and blue (or violet), paramagnetic, octahedral
[Ni(L)(S)2]

2þ species in coordinating solvents (S) such as water, acetonitrile, or
Me2SO.

1464,1467,1469,1473,1476,1583,1591,1592 Interconversion between these two forms depends on the
ligand structure and reflects a balance between endothermic solvent coordination and exothermic
Ni—N bond lengthening in octahedral species.91 In water, the equilibrium constant K of Equa-
tion (23) is reduced when either the concentration of supporting electrolyte (e.g., NaClO4) or the
temperature is increased. Existence of the equilibrium is indicated by the absorption coefficients
at �max measured in water for [Ni(L)]2þ, which are smaller than those measured in a noncoordin-
ating solvent such as nitromethane or acetone.

K
[Ni(L)]2+  + 2H2O [Ni(L)(H2O)2]2+ ð23Þ

The NiII cyclam complex, as well as NiII complexes such as (568) and (570) featuring hexaaza
and pentaaza macrocyclic ligands display a low-spin square planar and high-spin octahedral
complex interconversion in aqueous solution.1464,1469,1473,1583 However, complexes (568) and
(569) favor formation of the high-spin form upon addition of acid, which is in contrast to the
cyclam complex. The protonation of tertiary nitrogen atoms at the bridgehead position facilitates
the axial coordination of anion or water because of hydrogen bonding between them.1469,1593

[Ni(cyclam)]2þ gives smaller coordination equilibrium constants than the open chain analogue,
[Ni(2,3,2-tet)]2þ. A comparative study of donor solvent coordination to NiII complexes of 2,3,2-
tet, cyclam, the smaller [12]aneN4, and [14]aneS4 has been performed.1594

Thermodynamic data of Equation (23) for selected NiII macrocyclic complexes are summarized
in Table 9. The exothermic nature of the processes reflects the increase in coordination number
and the formation of two axial bonds, while the negative �S� reflects the increase in order due to
the binding of two water molecules. The more flexible the macrocyclic ligands the larger the
K values, since the octahedral species have longer Ni—N bond distances than the square planar
species and thus require the ligand scaffold to adapt to this situation. For example, the formation
constants of octahedral species for [575]2þ and [576]2þ are ca. 10 times greater than those for
[573]2þ and [574]2þ at room temperature, and they are comparable to those of the complexes of
the more flexible monocyclic ligands Me2[14]aneN6 and Et2[14]aneN6.

1467 The complexes (575)
and (576), which have larger macrocyclic holes than (573) and (574), are obviously better suited to
accommodate the larger octahedral NiII ions.
Both the –�H� and –�S� values are quite large for the NiII complex (633) bearing a pendent

hydroxyethyl arm.1595 If this complex is treated with a bidentate ligand that binds exclusively in a
cis fashion, coordination forces the macrocycle to fold out of the plane to give a so-called cis
folded product. Thermodynamic data for the binding of ethylenediamine to give (635)
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are: K(25 �C)= 4.17� 102 l mol�1 (logK= 2.62), �H� =�38.5	 kJmol�1, and �S� =�79	
5 JK�1mol�1. The presence of the pendent 2-hydroxyethyl arm apparently does not have a
significant influence, since a similar value log K= 2.56 has been reported for the corresponding
equilibrium involving the planar form of [Ni(cyclam)]2þ.1598
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On the basis of spectral data it has been concluded that for macrocycles that do not coordinate
NiII in a planar fashion, steric factors influence the ligand field strength more than the size of the
macrocycle.1599,1600 NiII complexes of the small [12]aneN4 type ligands, which usually adopt cis-
octahedral geometries when six-coordinate, show an equilibrium between the five-coordinate
[Ni(R4[12]aneN4)(H2O)]

2þ and the almost planar [Ni(R4[12]aneN4)]
2þ complex in solution (Equa-

tion 24; Table 10). The equilibrium is dominated by the solvation properties of the R groups, i.e.,
the larger (and less polar) the R groups, the larger the K, �S and �H values for the dissociation
equilibrium.
NiII complexes of reinforced macrocyclic ligands such as (636a–c) are square planar and show

no tendency to axially coordinate a solvent molecule (or a N3
� ion), because the rigid ligand

cannot adapt to the larger high-spin NiII ion.1604

K
[Ni(L)(H2O)]2+ [Ni(L)]2+   +   H2O

five-coordinate four-coordinate

ð24Þ

Table 9 Equilibrium thermodynamic data for Equation (23).a

Complex K, 25 �C
��H�

(kJmol�1)
��S�

(kJmol�1K�1) References

(568) 0.17d,
0.44b

36d, 17b 136d, 64b 1464

(569) 0.23d, 0.36b 19d, 10b 75d, 43b 1464
(573) 0.0511, 0.0538b 24.5, 21.4b 106, 96.2b 1467
(574) 0.0398, 0.0707b 31.57, 12.9b 132, 65.4b 1467
(575) 0.772b 20.9b 72.4b 1467
(576) 0.297, 0.646b 34.1, 24.6b 124, 86.1b 1467
(633) 0.167b 55b 198b 1595
(632a) 0.16 �36.4 �138 1596
(632b) 2.0 �17.5 �53.5 1596
[Ni(Me2[14]aneN4)]

2þ 2.5 1597

a I= 0.07M NaCIO4 and T= 25 �C unless otherwise specified. b Measured in pure water. c Data cannot be measured in I= 0.07M
NaCIO4 because of insolubility of the complex. d I= 0.1M NaCIO4.
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Azamacrocyclic complexes with pendent donor side arms may show an internal pH-dependent
equilibrium between the uncoordinated and chelated forms of the substituent. When a pendent
amine group is protonated, the diamagnetic, square planar NiII complexes are formed. At higher
pH values, however, deprotonation and coordination of the amine group leads to paramagnetic,
octahedral complexes. This change in Ni configuration is often accompanied by change of the
macrocycle conformation. For example, in the octahedral cyclam diammine complex (637) the
macrocycle adopts a folded conformation, while protonation of the amino groups gives a planarmacro-
cycle in the square planar complex (638).1605 Such protonation equilibria also give rise to a
pH-dependent electrochemical behavior of the NiII complexes with pendent amino groups,1606–1609

and the change in color associated with this process has been proposed as a probe in analytical
applications. Even in cases where the pendent amine arms of tetraazamacrocycles are not involved
in direct coordination, their deprotonation may increase the concentration of the octahedral
species [NiL(H2O)2]

2þ in solution.1610

The high-spin/low-spin interconverison in a NiII complex of the cyclam derivative (639) bearing
a luminescent naphthalene substituent has been used as a fluorescent molecular thermometer.1611

The NiII tends to quench fluorescence of the proximate naphthalene subunit, but the two spin
states exert a different influence on the emission properties. Emission is temperature dependent,
since the high spin! low spin conversion is endothermic, i.e., a temperature increase favors
formation of the low-spin form.

Table 10 Equilibrium thermodynamic data for Equation (24).a

L K, 25 �C ��H�

(kJ mol�1)
��S�

(kJmol�1K�1)
References

[12]ane N4 0.0033, 0.003b 5.77, 5.66b 8.05, 7.39b 1601
Me4[12]ane N4 0.87, 0.95b 1.44, 1.73b 4.61, 5.66b 1599,

1602
(PhCH2)4[12]aneN4 20.8 8.6 34.9 1599
[13]aneN4 6.9 7.5 30 1603

a I= 0.1M NaCIO4 and T= 25 �C unless otherwise specified. b Measured in pure water.
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(v) Reactions and applications

Nickel(II) complexes of common polyazamacrocyclic ligands are usually quite inert and rarely
undergo metal exchange reactions. For the NiII complex (568), it was found that AuIII can
substitute the NiII, while other metals cannot.1612 The transmetallation rate is inhibited by acid
and chloride: whereas four- and six-coordinate species (568)2þ and (568)Cl2 are able to react with
AuCl4

�, five-coordinate (568)Clþ does not react. This has been suggested to result from the
presence of different configurations, i.e., the R,R,S,S-structure for (568)2þ and the R,S,R,S-form
for (568)Clþ, where access of the AuCl4

� to the N atoms may be difficult in the latter case.1612

In the following, some selected classes of reactions and applications of NiII polyazamacrocyclic
complexes are discussed. Other applications include, inter alia, the electrochemical reduction of
allyl ethers1613 and the epoxidation of alkenes.1614

(a) Oxidation with H2O2 and O2. Oxidation of [Ni(cyclam)]2þ with hydrogen peroxide in acidic
perchlorate media results in the formation of a dimeric bismacrocyclic complex [Ni2(640)[(ClO4)4.
This features two NiII ions in square planar geometry and full planarity across the carbon
bridging framework.1615
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Although most of the square planar NiII macrocyclic complexes are not air sensitive, some NiII

macrocyclic complexes, especially those with negatively charged ligands, are air sensitive and react
with molecular oxygen. For example, the square pyramidal high-spin NiII complex (641) that
contains a pentaaza macrocycle acting as a diamide ligand is air sensitive and shows a very low
NiII/NiIII oxidation potential of þ0.24V vs. SCE.1616,1617 At room temperature in aqueous
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solution, it forms a 1:1 dioxygen adduct (641)–O2, which is formulated as NiIII–O2
� based on the

EPR spectral data. The magnetic moment of the O2 adduct is 2.83�B, which is interpreted in
terms of weak magnetic coupling of NiIII with the superoxide. The O2 uptake reaction is first
order with respect to both [O2] and (641) in aqueous solutions, and a second-order rate constant
of 1.7� 102M�1 s�l at 35 �C has been determined. The O2 complexation constant K is
1.9� 104M�1 at 35 �C.1617 The dioxygen adducts react with added substrates such as benzene,
toluene, and anisole to produce hydroxylated products of organic substrates, except with nitro-
benzene, which suggests that the activated O2 species has an electrophilic character.

1617 However, in
the absence of substrates the O2 complexes also undergo facile irreversible degradation in aqueous
solutions and result in the hydroxylated derivatives of the corresponding ligands being formed in
good yield.1616,1618

Some nickel complexes of type (641) are capable of mediating O2-dependent DNA cleavage.1619

In the case of R=F, reaction with O2 leads to ligand oxidation to give (642).155,1620 �-Hydro-
xylation of glycin in peptides is a biologically important reaction performed by the copper-
containing enzyme peptidylglycin �-amidating monoxygenase (PAM). Selective �-hydroxylation
was observed for the NiII complexes of cyclic tetrapeptides (643), giving (644) and (645) in a
stepwise process.1621 18O2 labeling confirms that the hydroxo O atom comes from aerial dioxygen.
The reaction presumably proceeds via formation of a NiIII superoxide, H atom abstraction and a
glycyl radical intermediate.

(b) DNA modification. Various NiII complexes promote oxidative modification of DNA in the
presence of oxidants and effect strand scission subsequent to alkaline treatment. In particular,
complexes with neutral tetraazamacrocyclic cyclam and cyclam-like ligands are known to enhance
the reactivity of NiII in promoting DNA oxidation using KHSO5.

1622–1624 Reaction occurs
specifically at solvent-exposed guanines. These reactions depend strongly on the nature of the
metal complex, and several features have been found to be essential for efficient DNA oxidation:
(i) square planar rather than octahedral coordination, (ii) positively charged complexes with
neutral rather than anionic ligands, and (iii) relatively high E1/2 values for Ni

II/NiIII oxidation.
The 14-membered macrocycles with pyridine or imine N-donors are more efficient complexes for
such a reaction. A high degree of unsaturation in the ring leads to conformational rigidity, which
may be detrimental to the formation of key intermediates bound to DNA. Accordingly the
complex (646) was found to be a very effective catalyst for the DNA oxidation. A mechanism
in which the square planar NiII complex is oxidized to a square pyramidal or octahedral NiIII

complex possessing labile axial sites to bind to N7 of guanine has been proposed.1625,1626 Evidence
for such recognition has been obtained by a diagnostic ability of some NiII macrocyclic complexes
to convert poly(dG-dC) from a B- to a Z-helix.1627 Further, 1H NMR monitoring of the
interaction between the complexes and 50-GMP is characteristic of coordination of guanine-N7
to the Ni ion, and 1H and 31P NMR spectra of DNA containing a single, isolated extrahelical
guanine are consistent with selective binding of Ni to N7 of this unique base.1628 Despite this
mode of binding, however, the specificity of guanine oxidation reflects native DNA conforma-
tions that are independent of Ni.1627 It should be noted that NiII macrocyclic complexes have also
been reported to cleave RNA at specific uridine residues.1629
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(c) Electrocatalytic reduction of CO2. A number of NiII complexes show catalytic activity for the
electrocatalytic reduction of CO2 in water, which has been proposed to involve intermediate
formation of NiI species. A pulse radiolysis study of the CO2 reduction by [NiI(cyclam)]þ in
aqueous solution revealed that it proceeds via the reduction of [NiI(cyclam)(CO2)]

þ or
[NiI(cyclam)H]þ adducts by [NiI(cyclam)]þ.1630 CO and formate are usually produced by this
way. The selectivity of the process is highly important in order to obtain a useful electrocatalyst in
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the electroreduction of CO2: since many electrochemical systems available for reducing CO2

require the presence of water, the reduction of molecular hydrogen is always a competing reaction
that needs to be avoided. The NiII complexes of 14-membered tetraaza macrocyclic ligands,
[Ni(cyclam)]2þ, (647)–(649) show catalytic activity in H2O or aqueous MeCN. The total mole-
for-mole yields of CO and H2 are around 1 in most cases. The [Ni(cyclam)]2þ complex is a very
effective and selective catalyst for the electrochemical reduction of CO2 to CO relative to the
reduction of water to H2 in aqueous solution when it is adsorbed onto mercury. The CO/H2

product ratio is >100 for [Ni(cyclam)]Cl2.
1631 It is suggested that the greater selectivity for the

electroreduction of CO2 compared with water is related to the size of the macrocyclic ligand and
the presence of N—H groups in [Ni(cyclam)]Cl2. The complexes [Ni(cyclam)]

2þ and [Ni2(649)]
4þ

display analogous properties with respect to CO2, leading to CO formation in water but HCOO�

in addition to CO in low-water-content DMF.1631–1636
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A NiII complex of a cyclam derivative with protonated amine pendant also catalyzes the
electrochemical reduction of CO2 to CO efficiently.1507

The NiII complex (568) has been reported to show a high activity for the electrocatalytic
reduction of CO2 to CO when a rotating copper disk electrode is used.1637 In addition, water-
soluble type (570) NiII–azacyclam complexes, where R= carboxamide or sulfonamide, either
aliphatic or aromatic, are found to be active in the electrocatalytic reduction of CO2 at a mercury
cathode. The efficiency is comparable to that of [Ni(cyclam)]2þ.1474 The complex of an azacyclam
derivative with a 2-hydroxyethyl pendent arm ((570) with R=CH2CH2OH) showed less H2

evolution than [Ni(cyclam)]2þ.1638 In a series of dinuclear NiII complexes of pentaaza macrocycles
with methylene bridges of varying lengths, the catalytic currents for the dinuclear species are
comparable to those of mononuclear analogues. This is possibly the result of less effective
absorption on the electrode due to ligand steric interactions.1639

Different isomeric forms of NiII macrocyclic complexes may behave differently in the
CO2 reduction, and subtile structural differences may be an important factor.1640 The complexes
C-R,R,S,S-(650)(C1O4)2 and C-meso-(651)(C1O4)2 have been shown to be better catalysts than
[Ni(cyclam)]2þ in terms of larger catalytic currents and more positive potentials in aqueous
solution using a hanging mercury electrode. However, R,S,S,R-(650) does not show good cata-
lytic activity. In the latter case, the axial methyl group may sterically hinder effective adsorption
of the complex onto Hg, and may also hinder CO2 binding to the complex.1641
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Different to the charge-positive cyclam-type systems, neutral NiII complexes (652) with Jäger-
type ligands are remarkably selective and persistent homogeneous catalysts for the electrochem-
ical reduction of CO2 to oxalate.1642

(d) Photoreduction of CO2. Some NiII macrocyclic complexes mediate electron transfer and
produce CO during the photochemical reduction of CO2. Compared to the electrochemical reduc-
tion of CO2 with [Ni(cyclam)]

2þ, however, photochemical reduction of CO2 using a photosensitizer,
a sacrificial electron donor, and [Ni(cyclam)]2þ as the catalyst has been only moderately successful.
Enhanced catalytic activity has been observed for a bismacrocyclic dinulear NiII complex.1643

RuII/NiII heteronuclear complexes such as (653), in which a photosensitizer [Ru(bpy)3]
2þ or

[Ru(phen)3]
2þ is covalently attached to the NiII–cyclam complex, have been synthesized in order

to improve the efficiency of electron transfer from the photoexcited photosensitizer to the catalytic
site.1644–1646 However, these complexes did not perform particularly well, either due to unfavorable
configuration of the NiII–cyclam subunit and the resulting steric hindrance or due to short lifetime
of the excited states of the Ru photosensitizer moieties. A stable catalytic system has been prepared
by immobilizing macrocyclic NiII complexes and [Ru(bipy)3]

2þ in a nafion membrane.1647
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(e) Supramolecular assemblies. NiII macrocyclic complexes are frequently used as building blocks
for the construction of 1D, 2D, and 3D supramolecular coordination networks. In general this
involves reaction of the NiII complex with an oligofunctional linker, e.g., with the dianions of
oxalic acid,1648,1649 terephtalic acid,1650 1,4-benzenedicarboxylic acid,1651 2,5-pyridinedicarbocylic
acid,1651,1652 etc. or with the trianions of 1,3,5-benzenetricaboxylic acid1651,1653,1654 and cis,cis-
1,3,5-cyclohexanetricarboxylic acid.1655 [Ni(rac-Me6[14]aneN4)]

2þ forms a dinuclear complex with
the dianion of 2,5-pyridinedicarboxylic acid as a bridging ligand.1652 One Ni atom is coordinated
to the O atom of the 2-carboxylic group and to the pyridine-N atom (forming a five-membered
chelate ring), while the second Ni is bound to both O atoms of the 5-carboxylic group (forming a
four-membered chelate ring). Hydrogen bonding involving macrocyclic NH groups, both 2- and
5-carboxylic groups, perchlorate anions, and water molecules gives a supramolecular network in the
solid state.1652 Likewise, in cases where 1D polymeric chains or 2D layers result, these are often
linked via H bonding interactions to give rise to 3D networks in the crystals. Inclusion studies
have been carried out for host solids that are built from NiII complexes with tetra- and hexa-
azamacrocyclic ligands and 1,3,5-benenetricarboxylate. In order to enforce H bonding patterns
and �–� stacking interactions for the construction of more robust 3D open frameworks, the NiII
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macrocyclic complex (654) bearing pyridyl pendent groups has been employed as a metal-based
building block.1655,1656

Nickel(II) complexes of saddle-shaped tetramethyldibenzotetraaza[14]annulene ligands (655a,b)
are versatile receptors for a range of globular molecules. 1:1 complexes with the fullerenes C60 and
C70 are known, in which the Ni

II complex acts as a divergent receptor in the solid state.1657,1658 For
smaller globular molecules such as 1,2-dicarba-closo-dodecaborane(12), P4S3, and cyclo-S8, the
[Ni(tmtaa)] complex associates through aromatic faces into dimers and these dimers then act as
divergent homotopic receptors with a 1:2 ratio of guest:host species.1659,1660 [(H2O)2\([18]crown6)]
has been confined in a disk-shaped cavity lined with six [Ni(tmtaa)] dimers,1661 and ternary super-
complexes of NiII dibenzotetraaza[14]annulene complexes with [Co(C2B9H11)2]

� and [M�[2.2.2]
cryptate]þ (M=Na, K)1662 as well as with C60 and CS2 have been discovered.1663

Acceptor guest molecules such as quinone, TCNQ, or toluene can be accommodated in the flexible
cavity of face-to-face bismacrocyclic NiII complexes (656). The host–guest interactions decrease the
energy gap between the LUMO of the organic acceptors and the HOMO of the complex donors.1664

(f) Molecular switches of fluorescence.Manifold molecular systems have been developed in which a
Ni macrocyclic complex (in most cases of the cyclam type) is connected to a fluorogenic fragment.
Through intramolecular signal transduction, fluorescence is switched on and off by an external stimulus,
e.g., by a pH change (657)1665 or a change of redox potential (658).1666 An alternative strategy uses the
redox-driven intramolecular translocation of anionic ligands between two different transition metal
centers in a two-component complex, one of which usually is a Ni–cyclam moiety.1667 This application
of Ni macrocyclic chemistry has been thoroughly reviewed.1668–1671
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6.3.4.10.3 Complexes with larger macrocycles containing mixed donor atoms

Various NiII macrocyclic complexes with donor atoms other than nitrogen have been reported,
including macrocyclic ligands with mixed donor atoms. Reviews covering parts of the field have
appeared.1672–1674 In particular, macrocyclic Ni–thioether systems are the subject of intense
interest, which is stimulated, inter alia, by the biological importance of redox-active Ni in
sulfur-rich environments.1675 In general, thioether coordination stabilizes lower spin and oxida-
tion states. Ligand field splittings are roughly comparable with those of amine systems, but with a
considerably greater nephelauxetic effect.
NiII complexes with tri-, tetra-, penta-, and hexa-thia crowns have been studied.1675–1683 It has

been shown that peripheral macrocycle modifications may lead to substantial improvements in
NiII complexation: gem-dimethyl substituents at the [14]ansS4 macrocycle (e.g., (659), (660))
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enhance its NiII binding strength (by �G� of complexation of ca. �1.1 kcal mol�1 per gem-
dimethyl pair),1678,1679 as do both cis- and trans-fused cyclohexyl rings (661, 662).1676

The formation and dissociation kinetics of NiII complexes of various [14]aneS4 derivatives has
been investigated. The rate-determining step is the chelate ring closure, i.e., the second bond
formation (in contrast to acyclic thioether systems), and subsequent conformation reorganization
is rapid. The latter behavior differs from that of the corresponding macrocyclic tetraamines,
because any donor atom inversion associated with conformational changes is easily accomplished
by thioether sulfurs, but requires deprotonation of coordinated amines.1677
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In contrast to [14]aneS4, which can enforce fourfold thioether coordination to give a low-spin
square planar NiII complex, each of the thiacrown complexes [Ni([18]aneS6)]

2þ, [Ni([24]aneS6)]
2þ,

and [Ni([12]aneS3)2]
2þ comprise a near-octahedral NiS6 coordination sphere with the crown

thioethers wrapped around the high-spin NiII ion (e.g., (663)).1680,1681 Since [Ni([12]aneS3)]
2þ

undergoes a substantial conformational change upon complexation (in contrast to [Ni([9]aneS3)]
2þ),

[Ni([12]aneS3)2]
2þ decomposes immediately on contact with water (as does [Ni([24]aneS6)]

2þ).
Ligand field splittings for [Ni([18]aneS6)]

2þ and [Ni([9]aneS3)2]
2þ exceed those of [Ni([24]aneS6)]

2þ

and [Ni([12]aneS3)2]
2þ by�10%.1680 In the absence of coordinating anions the complexation of NiII

by [12]aneS4 and [16]aneS4 leads to octahedral complexes [NiL(solv)2]
2þ (solv=MeCN, H2O).

1683

In the presence of anions such as chloride, however, dichloro-bridged dimeric cations exhibiting
edge-sharing bioctahedral structures are formed, with the macrocyclic ligands coordinating in a cis-
fashion around the metal ion. A similar structure is observed for [Ni([14]aneS4)Cl]2

þ.1682 Reaction
of NiX2 (X=Cl, Br, I) with the macrocyclic selenoether [16]aneSe4 (664) afforded octahedral
complexes trans-[NiX2([16]aneSe4)], whose structures were deduced via Ni K-edge EXAFS. A
ligand field analysis of the UV–visible spectra of analogous [NiX2([16]aneY4)] complexes showed
that the ligand fields decrease in the order Y4=N4> S4> Se4.

1684

NiII complexes of mixed P2S2,
1685 P2O2,

1686 P2N2,
1686 and PNS2

1687 macrocyclic ligands have
been investigated, as well as NiII complexes of pyridine-derived N3O2 systems.

1688 A comparative
study of the 1:1 (metal/ligand) complex stabilities of 14- and 16-membered cis- and trans-dibenzo-
substituted type (665) and (666) macrocycles incorporating trans-N2O2, -N2S2 and -N4 donor sets
towards, inter alia, NiII has been carried out,1689 as well as a similar study for a series of dibenzo-
substituted macrocyclic ligands incorporating N2O2, N4O2, N2O3, N3O3, and N2O4 mixed-donor
sets.1690 NiII complexes with pendent pyridylmethyl side arms at the N atoms of type (665) and
(666) N2S2 ligands show distorted octahedral structures with cis-orientation of chemically identical
donor atoms.1691,1692 NiII complexes of the N2S3 crown (667) incorporating a 1,10-phenantroline
unit are six-coordinate with five sites occupied by the macrocyclic ligand and one additional anionic
or neutral coligand.1693
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The size of bonding cavities available to, inter alia, NiII has been specified for a series of type
(668) macrocycles.1694 The ‘‘bonding cavity’’ radii are found to increase by �0.05 Å for each
additional atom in the inner great ring, while changing the donor atom type has a relatively small
influence. Along the N2O2 donor series, stabilities of the Ni

II complexes reach a maximum at the
16-membered ring complex with both the 15- and 16-membered compounds being considerably
more stable than the 14-membered system.

cis-Dithiolate complexes of NiII diamine derivatives are known to template the synthesis of N/
thioether macrocycles, and this has been extensively exploited for the sterically constrained (N,N0-
bis(2-mercaptoethyl)-1,5-diazacyclooctane)nickel(II) (669) to give type (670) complexes,1695–1698

and also for the 1,4-diazacycloheptane analogue.1699 Upon template reaction with dihaloalkanes
that are functionalized with heteroatom donors, NiII complexes of pentadentate N2S2X macro-
cyclic ligands are accessible. With X=NH, O, these form six-coordinate complexes in the solid
state, e.g., [NiLCl]þ (671). In solution, they undergo an equilibrium between (671) and four-
coordinate (672), equally well for X=NH and O.1698 The systematic enlargement and increasing
flexibility of the macrocyclic N2S2 cavity ((673)! (674)! (675)) correlates with electrochemical
properties. Due to the decrease in the energy of the dx2�y2 orbital and decreasing field strength
concomitant with increasing ring size, the NiII/NiI couple becomes more accessible along the
series, while the NiIII state is stabilized by the smaller cavities.1700 Some data relating to NiII

complexes of N2S2 macrocycles are summarized in Table 11.

Table 11 Electronic absorption spectra (in water) and electrochemical data (in CH3CN) for Ni
II complexes

of N2S2 macrocycles.

Complex
�max(")

(nm (M�1 cm�1))
Eox

a

NiII/NiIII
Ered

a

NiII/NiI References

[673]Br2 458 (213) þ1.15 �0.76 1700
[674]Br2 454 (133) þ1.17 �0.59 1700
[675]Br2 480 (179) þ1.27 �0.43 1700
[Me4(672)]I2 465 (102), 584 (98) �0.45 1698
[671]I 470 (166) �0.63 1698

a Referenced to NHE.
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An unusual template reaction leads to the NiII complex of a tetrabenzo-N2S2 macrocyclic
ligand (676) via C—Cl bond cleavage and C—S bond formation according to Equation (25).1701
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L = ð25Þ

6.3.4.11 Complexes with Bioligands

Nickel is now recognized as an essential element for bacteria, plants, animals, and humans. The
biological role of nickel in enzymatic catalysis comprises various systems including urease, which
has been known for almost 30 years. The basic role of nickel for CO dehydrogenase/acetyl-
coenzyme A synthase, methyl-coenzyme M reductase, [NiFe] hydrogenases, and nickel superoxide
dismutase are examples of biological involvement of nickel. Nickel is also a toxic element for
living organisms and a well-established carcinogen. Selected biologically relevant complexes are
discussed in the following.

6.3.4.11.1 Complexes with amino acids and amino acid derivatives

(i) Complexes with �-amino acids

Natural �-amino acids provide a moderately effective {N,O} chelating donor set derived from
carboxylate and amino groups, respectively. Several side-chain donor atoms may also be involved
in metal ion coordination, especially those of Cys (thiol sulfur) and His (imidazole nitrogen(s)).
(Abbreviations for amino acid residues are those recommended by IUPAC-IUB.1702)
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The major studies on NiII amino acids were performed in the 1980s and review articles1703,1704

have covered most of the important results. �-Amino acids form with NiII two distinct complex
species, [NiL] and [NiL2]. The first (K1) and the second (K2) stability constant logarithms for
complexes of simple {N,O} chelating amino acids are in the range 5–6 for log K1 and 4–5 for log
K2. The side chains may be involved in the interaction with NiII leading to partly closed
structures.1703 However, only the �-carboxylate of Asp, the thiol-S of Cys, and the imidazole-N
of His are involved so much that the stabilities of the respective complexes are distinctly higher.
The logK1 values of 7.15 for Asp, 8.66 for His, and 8.7 for Cys clearly indicate tridentate
coordination of these amino acids. While the bis-His complex of NiII is pseudo-octahedral, the
[NiL2] complexes of Cys or its analogue D-penicillamine are square planar with very efficient
{N,S} chelation.1705,1706 Such {N,S} coordination is also likely in the five-coordinate NiII–cysteine
complex with tridentate tris(3,5-disubstituted pyrazolyl)borate.1707 Stability constants for ternary
complexes [NiABH2], [NiABH], and [NiAB] with L-cysteine and L-cysteic acid (A), and DL-2,3-
diaminopropionic acid, DL-2,4-diaminobutyric acid, or DL-ornithine (B) have been determined by
titration methods.1708

NiII coordination to simple amino acids in confined environments has attracted interest. The
formation of a binary metallocyclodextrin is possible through binding of a metal ion by a
functionalized cyclodextrin.1709 Subsequent formation of a ternary metallocyclodextrin through
the binding of a substrate, e.g., an amino acid, can take place. The metallocyclodextrin annulus
partly encapsulates the amino acid, which also interacts with the adjacent metal ion, resembling a
Michaelis complex. A study on the formation of metallo-6A-((bis(2-aminoethyl)amino)ethyl)
amino)-6A-deoxy-�-cyclodextrins and their complexes with tryptophan has shown that NiII

coordinated to such functionalized cyclodextrin is able to bind Trp orders of magnitude more
efficiently than in simple binary systems (677).1710
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Interaction of NiII ions with amino acids is also important for asymmetric synthesis of amino
acids. A convenient large-scale asymmetric synthesis of enantiometrically pure trans-cinnamyl-
glycine and -�-alanine via reaction of cinnamyl halides with NiII complexes of a chiral Schiff base
of glycine and alanine has been elaborated.1711 Similar procedures have been applied to other
amino acids as well.1712

(ii) Complexes with hydroxamic and oximic analogues of �-amino acids

Modification of a weakly coordinating amino acid carboxylate into a hydroxamic group changes
dramatically the binding ability towards NiII ions.1713 For NiII, the {N,N} chelation possible in
the amino-hydroxamic ligands is more efficient than {N,O} coordination occurring in the simple
amino acid complexes. While the {N,O} coordination results in octahedral or pseudo-octahedral
complexes, {N,N} chelation may lead to planar complexes in which the {N,N} binding mode is
especially favored. This conclusion has been widely confirmed, both in the solid state1714–1716 as
well as in solutions studies.1717–1721 The {N,N} binding mode exhibited by aminohydroxamic
acids is also much more effective than the {O,O} chelation offered by simple alkylhydroxamic
systems.1714 In the latter case the O-only chelation leads to formation of poorly soluble octahedral
complexes.
In aqueous solution, depending on pH, �-aminohydroxamic acids having no competing donor

system in a side chain (like glycinehydroxamic acid or alaninehydroxamic acid, H2L) form
different complex species with NiII ions. The major complexes are the {NiL}, and [NiL(HL)]�
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species with {N,N} donors involved. While the NiL complex is octahedral, the bis(ligand)
complexes have square planar geometry. In the NiL2 species ligands are in trans position to
each other,1716,1722 while in the [NiL(HL)]� complex they change to a cis geometry1715 due to the
strong interligand hydrogen bond (678).

Ni
H2N N

NH2N

O

O
H

O

O

(678)
[NiL(HL)]

Oxime derivatives of amino acids (and their amides) are more efficient ligands than the parent
amino acids. Oximes of amino acid amides are particularly good ligands for NiII ions forming
{N4} complexes with specific cis coordination of two amide ligands stabilized by a hydrogen bond
between the two oximic O atoms (Figure 18).1723

Simultaneous modification of amino carboxylate groups into oximic and hydroxamic functions
results in very powerful N-coordinating ligands for NiII ion. The stability of the NiL2 complex is
much higher than that of the respective amino acid or its oximic or hydroxamic analogue.1724

Two hydrogen bonds stabilize very effectively the pseudomacrocyclic complex (Figure 19).
Similar coordination behavior is observed for the dihydroxamic acid derived from oxalic acid
(Figure 20).1725

6.3.4.11.2 Complexes with peptides

(i) Complexes with peptides bearing noncoordinating side chains

The coordination abilities of peptide ligands have been the subject of several reviews.1726–1729

Peptides are very effective and specific ligands for NiII ions since they contain a variety of
potential donor centers. The most important binding sites for NiII is usually the N-terminal
nitrogen (679A), derived from a primary NH2 group or secondary NH in the case of proline. The
C-terminal carboxylate (679B) and carbonyl (679C) O atoms are also potential donors, although
for NiII ion they are usually less effective than the nitrogen donors. NiII can promote ionization of
the amide nitrogen of the peptide linkage (679D) to form a very stable NiII—amide bond. Thus,
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Figure 18 Crystal structure of Li[NiL(HL)] complex (H2L= 2-hydroxyiminopropanamide).
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in the case of simple oligopeptides with noncoordinating side chains, complex formation with NiII

starts at the N-terminal amino nitrogen and proceeds as shown in Scheme 8.1726–1729 A char-
acteristic feature of NiII–peptide systems is the cooperative deprotonation of the amide N atoms
resulting in the transition from an octahedral (1N) to a square planar (4N) complex.1726
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Figure 19 Crystal structure of Na2[NiL2]�4H2O complex (H2L= 2-(hydroxyimino)propanohydroxamic
acid).
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(ii) Complexes with peptides containing side-chain donor systems

In addition to the backbone donor system the amino acid residues can contain a variety of donor
centers (679E). The most important of these are the imidazole N atoms of His, the S atom of Cys,
and to some extent the �-carboxylate O atom of Asp. Other side chain donors like the O atoms of
Ser and phenolic O atoms of Tyr or amino N atoms of Lys are of minor importance for
coordination of NiII ions. Also, thioether S-donors of Met play only a minor role in the
interactions with NiII ions.1730

The �-carboxylate group of the Asp residue is not a favored donor for NiII ions. It may
stabilize, however, the complexes formed between the metal ion and simple oligopeptides, particu-
larly when present as the N-terminal residue.1731 In the latter case, NiII coordinates to the
N-terminal amino group (1N species, Scheme 8) and the �-carboxylate closes the six-membered
chelate ring. This binding mode stabilizes considerably the 1N (NiL) species by a factor of up to 2
log units. The side chain of glutamic acid with its �-carboxylate has a much smaller effect than
Asp on the binding ability of peptides towards metal ions.

(iii) Complexes with peptides containing histidine

The Histidine residue with its imidazole side chain is one of the most effective ligation sites in
metallopeptides. The His residue provides two N-donors and a six-membered chelate ring for
coordination. Although the N-terminal amino-N usually initiates the NiII ion coordination to the
peptide chain, an imidazole of His residue present in a peptide sequence may also act as a primary
anchoring site for NiII. The competition between the terminal amino and the imidazole N donors
to coordinate to NiII strongly depends on the position of His in the peptide chain.1732,1733 Simple
peptides with His in the N-terminal position bind NiII differently from ordinary peptides. The
histamine-like {NH2,Nim} chelate of the His-1 residue is so efficient that it wins competition with
the amide bonds and only pseudo-octahedral NiL and NiL2 complexes are formed.1734,1735

The insertion of histidine in position two of the peptide chain results in the simultaneous
binding of the N-terminal amine, the imidazole, and the intervening amide-N to the NiII ion. The
major complex [NiH�1L]

þ with {NH2,N
�
am,Nim} binding mode is pseudo-octahedral and in
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aqueous solution it dominates in the pH range 6–10.1734,1736,1737 The most characteristic feature of
the short peptides having His-2 residues is the formation of the very stable diamagnetic tetrameric
Ni4H�8L4 complex with square-planar NiII ions bridged by imidazole rings (Scheme 9).1736,1737
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Scheme 9 Tetramerie Ni4H�8L4 complex with square-planar NiII ions:
1736,1737

Coordination of the imidazole-N of His to NiII is most effective when His is located in the third
position in the peptide chain. This position allows for the simultaneous formation of three fused
chelate rings, involving a {NH2,N

�
am,N

�
am,Nim} donor set (680) and saturating all available coordin-

ation sites in the planar (4N) NiII ion. The Xaa-Yaa-His- sequence corresponds to the N-terminal
binding site for NiII in human serum albumin (Asp-Ala-His) and it is one of the most effective peptide
chelating agents for CuII and NiII ions.1738–1742 The albumin-like sequence has been studied exten-
sively and numerous findings confirmed the coordination mode shown in (680), including the X-ray
structure obtained for the NiII complex with glycylglycyl-�-hydroxy-D-L-histamine.1743Although the
short peptides may not be reliable models of thermodynamic and kinetic properties of the N-terminal
metal binding site in serum albumin, the available data allow to evaluate the impact of the Xaa-Yaa-
dipeptide sequence on the stabilities of the NiII complexes with Xaa-Yaa-His.

N

N

H2N Ni

O

R2O

R1

O

HN
HN

N

(680)

The N-terminal peptide fragment of des-angiotensinogen Val-Ile-His-Asn contains two strongly
hydrophobic amino acid residues on the N-terminal site of His-3. The potentiometric data have
shown that the NiH-2L complex with this albumin-like sequence is more than two orders of
magnitude more stable than the respective complex with Gly-Gly-His.1744 The NMR-based
molecular structure has shown that the side chains of Val-1 and Ile-2 form a well-ordered
hydrophobic fence (Figure 21) shielding one side of the coordination plane from the bulk of
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the solution. The stability of the NiII–peptide complex depends on the rate of dissociation, and in
the case of the Xaa-Yaa-His complex dissociation of nickel requires attack of water or Hþ on the
bound amide-N. Thus, the protection of the metal–amide bonds by the hydrophobic fence
increases the complex stability. The acidic properties of the N atoms of the residues involved in
the Xaa-Yaa-His sequence may play a crucial role in the binding ability of the albumin-like
peptides as well.1745

The unusual binding ability of the albumin-like peptides may be also critical for NiII ion
binding by larger peptides. The human protamine HP2, which is a small basic protein providing
compact DNA binding in vertebrate sperm, has the albumin-like N-terminal sequence Arg-Thr-His.
This sequence binds to NiII much more effectively than simple albumin-like peptides,1746 which
indicates that HP2 is a likely target for toxic NiII ions. The NiII ion coordinated to the N-terminal
tripeptide unit of HP2 induces very a specific secondary structure in the N-terminal pentadec-
acpetide of human protein.1747 A striking double-loop conformation was found, exhibiting the
interactions of the aromatic ring of Tyr-8 residue with the NiII coordination site at Arg-1, Thr-2,
and His-3 (Figure 22). The resulting conformation could be critical for a possible physiological
function of the N terminus of HP2 as a metal binding site.

Figure 21 Space-filling model of the structure with the lowest overall energy showing the amino acid side
chains hindering axial approach to NiII. Color code: C, light blue; H, white; N, dark blue; O, red; NiII,

green.1745

Figure 22 Positioning of the Tyr8 phenol ring (colored stick structures) relative to the NiII (purple sphere)
and its chelate ring (ball-and-stick structure). The lowest-energy representatives of conformational families

1–3 are shown in blue, green, and yellow, respectively. The phenol oxygen is a red sphere.1747
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NiII complexes with Xaa-Yaa-His peptides are sensitive to oxygen species including dioxygen
itself. The yellow solution containing NiII and Gly-Gly-His left for 48 h at ambient temperature
gave rise to crystals which according to the X-ray structure contain the decarboxylation product
NiII(Glycyl-Glycyl-�-hydroxy-D,L-histamine).1743 The ability of NiII complexes to catalyze such
oxidation reactions is often used to cleave specifically DNA.1748,1749 Nickel peptide complexes
with His-3 have also been used for very specific DNA cleavage by attachment to DNA recogni-
tion groups, e.g., a zinc-finger DNA binding domain1750,1751 or a peptide nucleic acid (PNA)
oligomer.1752,1753 The strong equatorial ligand donors in the planar NiII complexes are essential
for a mechanism that involves NiIII as an intermediate.
When His is inserted in position 4 or further away from the N terminus, coordination equilibria

become much more complicated and the binding ability is usually lower than that of albumin-like
sequences. With respect to the molecular mechanisms of nickel carcinogenensis, much effort was
undertaken to understand NiII binding to short and long fragments of many proteins associated
with chromatin or proteins related to metal detoxification. Some histon proteins containing one
or more His residues are potential binding sites for NiII ion. For the N-terminal tail of the histon
H4 it was shown that H4 is a relatively good binding site for metal ions at the His residue and
that coordinated NiII stabilizes a bent structure around the metal ion binding site.1754 Lack of the
N-terminal amino-N anchoring site makes His-18 the only primary ligation site and the formed
complexes are relatively stable, thus making H4 a relevant metal ion binding site to be considered
in the mechanism of nickel carcinogenicity.
Much more effective ligation for NiII ions was found in histone H3 containing the Cys-Ala-Ile-His

sequence. The presence of two powerful donor systems (Cys and His) leads to formation of a planar
NiII complex at physiological pH involving both side chain donors. Proposed structures are (681a) and
(681b).1755 Such complexes are formed with a short tetrapeptide fragment as well as with the whole
histone (H3–H4) core tetramer in vitro.1756 The binding constant obtained for the histone tetramer is
relatively high (log K of 4.26–5.26, depending on the extent of protein aggregation). Complexes (681)
facilitate the oxidation of 20-deoxyguanosine in the presence of H2O2 and are a reasonable model for
the oxidative concept of nickel-induced carcinogenicity.1757 NiII also binds effectively the histone H2A
at the -Thr-Glu-Ser-His-His-Lys- sequence forming an octahedral complex involving two imidazoles of
the His residues.1758,1759 The octahedral complex has similar stability to that found in the H3 histone,
but it does not act as an oxidative catalyst. Nickel(II) ion binding to the H2A site, however, results in
the hydrolysis of the Glu–Ser amide bond, with formation of the planar complex with the Ser-His-His-
Lys- motif, which may then act as an oxidative catalyst.1757 The coordination mode in the latter
complex is characteristic for the albumin-like peptides. The presence of several His residues in the
peptide sequence may influence the metal binding equilibria. However, the most effective position His-
3 predominates (see the case of HP2 protein, vide supra). The same phenomenon is observed for the
pNiXa-1 peptide: His-Arg-His-Arg-His-Glu-Gln-Gln-Gly-His-His-Asp-Ser-Ala-Lys-His-Gly-His.1760
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His residues in the peptide sequence are fundamental for NiII ion interactions with peptides.
When the His residue is relatively distant from the N terminus, it may compete as a primary
ligation site with the N-terminal amino nitrogen. However, even the higher number of His
residues inserted inside the peptide sequence may be not able to compete with the albumin-like
N terminus, unless the specific peptide structure is established.

(iv) Complexes with peptides containing cystein

Cysteinyl-S is the other powerful donor site for NiII ions. The binding abilities and the
coordination eqilibria in NiII–peptide systems depend strongly on the position of Cys residues
in the peptide sequence. The NiII binding to peptides containing Cys in the N-terminal position
(Cys-Xaa-Yaa-) is similar to that observed for the NiII–Cys system.1761,1762 Solely the Cys residue
is involved in the direct metal ion binding via its {NH2,S

�} donor set. The stability constants are
lower for the peptide systems due to steric effects and because the trimeric species (682) (which is
characteristic for the NiII–Cys system) is only a minor species in the case of peptide ligands.

H2N S
Ni

H2N S
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S NH2

Ni
NH2S N S
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N
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N
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(682) (683)

The Xaa-Cys sequence binds NiII ion via its {NH2,N
�,S�} donor set forming square planar

complexes. The dimeric species [NiH�2L]2 is a major complex above pH 6, it is very stable and
sulfur acts as a bridging unit (683). When Cys was inserted into the albumin-like sequence Xaa-
Cys-His,1763 NiII binds to the {NH2,2xN

�
am,Nim} donor set as in a typical Xaa-Yaa-His peptide.

However, the complex obtained in the absence of air is a paramagnetic species, suggesting the
involvement of a thiol donor in the apical coordination in an intramolecular fashion (684a) or via
formation of a dimeric species (684b). In the presence of air the complex becomes diamagnetic due
to oxidation to a disulfide-bridged dimer (684c).
Insertion of a thioamide ( [CSNH]) bond into a peptide backbone with noncoordinating side

chains increases distinctly the coordination ability of the peptide toward NiII. The thioamide
sulfur is a much more potent donor than the carbonyl-O and it is a basic donor for NiII ion
coordination around physiological pH.1764

6.3.4.11.3 Complexes with porphyrins and related ligands

A handbook on inorganic and coordination chemistry of porphyrins has been published.1765 Factor
F430 is the nickel–hydrocorphinoid group of the enzyme methyl coenzyme M reductase.47,48 The
mystery of this particular metalloprotein is one of the major reasons for the development of NiII–
porhyrin coordination chemistry, although not the only one.
Porphyrins are ideal ligands to form planar complexes with NiII ions. However, the small size

of the low-spin NiII ion leads to short Ni—N bonds in the equatorial plane of the macrocycle.
A number of structures determined for a variety of NiII–porhyrin complexes have shown that the
problem of the short Ni—N bonds is solved by changes in the porphyrin core conformation.1766

Three major core structures are usually observed for NiII–porphyrin complexes: a ruffled, a
planar, and a saddled conformation. There is no simple relation between the core conformation
and the Ni—N bond length. The structure of a simple unsubstituted (porphinato)NiII complex
has a planar core both in solution and in the solid state.1767 However, complexes with porhyrins
with only slightly more bulky substituents like 2,3,7,8,12,13,17,18-octaethylporhyrin (OEP)1768–1770

or protoporphyrin IX1771 exist at least in two conformations in solution (planar and nonplanar).
Ni(OEP) crystallizes in two planar forms and one ruffled tetragonal form. Besides the small size
of the NiII ion, bulky substituents also result in nonplanar conformations that relieve steric
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crowding at the periphery of the macrocycle.1772 Crystallographic studies have shown that in
the series of substituted tetraphenylporphyrins1773 the macrocycle distortion increases gradually in
the order TPP <DETPP< tTETPP< cTETPP<HETPP<OETPP. Metal-free porphyrins with
more bulky substituents usually assume a nonplanar saddle-shaped conformation, while a ruffled
conformation can be induced by small metal ions. Coordination of the these porphyrins with NiII

only in one case, NiIItTETPP, resulted in a highly nonplanar ruffled conformation, while
NiIIDETPP, NiIIcTETPP, and NiIIHETPP exhibit a saddle-distorted conformation of the macro-
cycle1773 (Figure 23). The complex of another highly substituted porphyrin, 5,10,15,20-tetrabutyl-
2,3,7,8,12,13,17,18,-octaethylporhyrin, has a significantly distorted ruffled-shaped core conformation
(Figure 24) with very short average Ni—N bond distances in the crystal (1.873 Å) and in solution
(1.87 Å according to EXAFS data).1774

A detailed analysis of NiII complexes with meso-substituted porphyrins bearing zero, one, two,
or four t-butyl groups revealed that both the out-of-plane and in-plane distortion depend on the
perturbation symmetry of the peripheral substituents (number and position of substitutents), and
their orientation.1775 These results have implications for understanding the role of nonplanar
distortions in the function of metalloproteins containing nonplanar porphyrins.1776

Meso-tetracyclohexylporhyrin contains four nonplanar electron donating bulky meso substitu-
ents, causing distinct steric crowding at the porhyrin periphery.1777 Its NiII complex has a ruffled
conformation of the core with the shortest Ni—N distances being 1.881–1.897 Å. The electron
donating effect of the cyclohexyl groups is seen in the redox properties of the porhyrin in the
complex. It is easier to oxidize and harder to reduce than in the case of its tetraphenylporhyrins
congeners.
Polar substituents have been attached to the porphyrin core in order to achieve water-solubi-

lity. (685) has been synthesized by reaction of the NiII complex of tetrakis(pentafluorophenyl)-
porphyrin with dimethylammonium hydrochloride in DMF, followed by methylation with methyl
trifluoromethanesulfonate (triflate) in trimethyl phosphate.1778 The triflate and chloride salts are
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Ni

Ni

Figure 23 Side views of the molecular structures of one of the two independent molecules in the structures
of NiIItTETPP (top) and NiIIcTETPP (bottom).1773

N

N

Figure 24 Side view of the molecular structure of NiTBuOEP in the crystal.1774
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water soluble. The fluorine substituents reduce the tendency to aggregation and adsorption to
electrode surfaces often found for water-soluble porphyrins. (686) also is water soluble, and
several esters of (686) have been studied.1779 These latter complexes are highly nonplanar as
indicated by resonance Raman and NMR spectroscopic experiments. Consistent with this,
EXAFS measurements show short Ni—N bond lengths in the range 1.92(2)–1.89(2) Å. Unlike
[Ni(uroporphyrin)], which undergoes aggregation in low pH (<3) or high ionic strength media,
complexes (686) remain unassociated, probably because of the degree of distortion from planarity.
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Crystallographic work on a NiII complex of the N-oxide dianion of OEP has revealed direct
coordination of the O-donor (Figure 25).1780

In general, the combined effect of the small NiII ion and substituents larger thanH atoms is required
to shift the conformational equilibrium toward a nonplanar structure. Binding a ligand in the axial
position raises the coordination number and the effective size of the metal ion, which becomes
paramagnetic. Only nitrogenous bases are observed to form six-coordinate species.1781 However,
the occurrence of six-coordinate, pseudo-octahedral NiII inserted in a tetrapyrrole ring is rare. Work
on NiII complexes with tetraphenyl-porphyrins bearing �-pyrrole electron-withdrawing substitu-
ents1782 has shown that expansion of the porhyrin core takes place when the saddle-shaped and
slightly ruffled low-spin [NiII(TPP(Br)4(CN)4)] (2,3,12,13-tetrabromo-7,8,17,18-tetracyano-
5,10,15,20-tetraphenylporhyrin) complex binds two pyridines. (Ni�N)av bond distances increase
from 1.929 Å [Ni—N(Br)] and 1.911 Å [Ni—N(CN)] to 2.073 Å and 2.040 Å, respectively. This
expansion is accompanied by a significant decrease of the saddle distortion and a clear increase of

O N

NN

Ni

Figure 25 Predominant form of the NiII complex of octaethylporphyrin N-oxide.1780
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the ruffling of the porphyrin present in [Ni(TPP(Br)4(CN)4)(py)2]. The macrocycle present in
[Ni(TPP(CN)4)(1-MeIm)2] displays a waved conformation and it is only slightly nonplanar.
Cleavage of one peripheral �,�0-double bond in [NiTPP] gives the secochlorinato complex (687a),

a metallochlorin-like pigment.1783 Stepwise decarbonylation yields (687b) and the meso-tetra-
phenylchlorophinato complex (687c).1784 Both (687a) and (687c) exist in severely ruffled conforma-
tions. While more rigid ligands such as homoporphyrins are unable to increase their cavity size for
accommodating the larger NiI ion (and hence favor ligand-centered reduction), one-electron reduc-
tion of the more flexible secochlorin and chlorophin complexes gives NiI species.1785

The complex with the reduced porphyrin derivative 5,10,15,20-tetramethylisobacteriochlorin,
[Ni(TMiBC)] (688), has an S4-ruffled conformation and a bond length pattern indicative of a
reduction of aromaticity, both of which are more pronounced than those found for the corres-
ponding porphyrin and chlorin complexes.1786
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Oxidaton of heme goes through the biliverdin species. Octaethylbiliverdin can exist in coordin-
ated form as the fully reduced trianion (OEB)3�, as the two-electron-oxidized monoanion
(OEBox)

�, or as the one-electron-oxidized radical (OEB�)2�. Nickel forms complexes with all
three moieties, [NiII(OEB)]n with n=þ1, 0, and �1 (689).1787 The most highly oxidized species
[Ni(OEBox)]I3 could be crystallized. The structure shows a helical coordination of the linear
tetrapyrrole ligand around nickel with Ni—N distances of 1.867 Å and 1.879 Å.
Complexes (690) undergo two one-electron reversible reductions and two oxidations, all

of which appeared ligand centered. Thus, these ligands behave electrochemically much like
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bacteriochlorins; smaller potential differences between the first oxidation and reduction waves are
found than for porphyrins.1788 A type (690) complex with R1=R2=R3=Me on electrooxidation
gave a partially oxidized material [690]2.5(BF4)2�C10H7Cl, characterized crystallographically.

1789 It has
a columnar arrangement of stacked metallomacrocycles. The intermolecular spacing (<3.4 Å) sug-
gested �-overlap, and ESR spectroscopic measurements showed the oxidation to be ligand centered.
The material has an intermolecular charge transfer band at ca. 3,000 cm�1. Similarly, chemical
oxidation of (690) (R1=R2=H, R3=Pr) with iodine afforded [(690)I1.67].

1790 This complex consisted
of [690]0.33þ cations packed in a slipped stack along the b-axis, and surrounded by disordered chains of
iodine, identified as I5

� by Raman spectroscopy. Again, the oxidation was identified as ligand based.
The Ni-complex of corrole (octaalkyl derivative (691)) is a S= 1/2 low-spin NiII species with a

ligand-centered �-cation radical.291,292

6.3.4.11.4 Complexes with core-modified heteroanalogues of porphyrins

Metalloporphyrin reactivity and catalytic properties can also be controlled by modifications of the
porphyrin core. Ni coordination chemistry of core-modified porphyrins has been reviewed.1791,1792

Several X-ray structures of four-, five-, and six-coordinate NiII complexes with oxa-, thia-, and
dioxatetraarylporphyrins are known.
The NiII complex with 5,20-di-(p-tolyl)-10,15-bisphenyl-21-oxaporhyrin, [Ni(ODTDPP)Cl],

exhibits a saddle-shaped conformation of the oxaporhyrin macrocycle.1793 The Ni—N bond
distances are close to those of the related thiaporphyrin complex. The furan ring is planar and
binds to NiII ion in the �1 fashion (Figure 26). Similarly, in the structure of [NiI(ODTDPP)] the
metal is located in the furan plane, which binds NiI in the �1 fashion through its oxygen donor,
and the core conformation is saddle shaped.
In the related NiII complex with tetraphenyl-21-thiaporphyrin, [Ni(STPP)Cl], the metal ion is

found in approximately square pyramidal geometry with an apical Cl, and the thiophene ring is
bent from the STPP ligand core and coordinates through a pyramidal S.1794,1795 The reduction
product [NiI(STPP)] binds various nitrogenous bases and SO2 to give paramagnetic five-coordin-
ate species,1796 and the structure of the diphenyldi-p-tolyl-21-thiaporphyrinato derivative,
[NiI(SDPDTP)], was determined. Again, the thiophene ring is topped 52.3� out of the N3 plane
with pyramidal coordination of the thiophene-S.1797 [NiII(SDPDTP)Cl] reacts with the Grignard
reagent PhMgX to give a paramagnetic (s-phenyl)nickel(II) derivative with a Ni-bound phenyl
group.1798 Spectroscopic properties of the NiII complex of 5,20-di-(p-tolyl)-10,15-bisphenyl-21-
selenaporhyrin, [NiII(SeDPDTP)Cl], are very similar to those of the S-analogon, and hence a
similar structure with side-on bound Se is proposed.1799

N
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Figure 26 Molecular structure of [(ODTDPP)NiIICl].1793
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The NiII complex of 5,10,15-triaryl-21,23-dioxacorrole (692), [Ni(21,23-O2Cor)Cl], is a high-
spin NiII species,1800 in contrast to diamagnetic NiII oxacorrole.1801
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X = Se: SeTPP

Replacement of a pyrrol-N by a methine-C, e.g., in the inverted porphyrins, imposes formation
of a Ni—C bond, which was demonstrated for [NiII(CTTP)] (Figure 27, CTTP= 2-aza-5,10,15,20-
tetra(p-tolyl)-21-carbaporhyrin) and [NiII(2-NCH3CTPP)] (2-NCH3CTPP= 2-aza-2-methyl-
5,10,15,20-tetraphenyl-21-carbaporphyrin) complexes.1802,1803 The coordination core geometry is
essentially planar, although some ruffling is observed for tetraphenyl-carbaporphyrin complexes.1791

In the complex of calix[4]phyrin (693) with an inward-pointing carbon atom, the NiII ion is
located in the middle of the core and the molecule shows a ruffled structure.1804 The
higher structural flexibility of the complex formed with this type of ligands could be attractive
for studies of their organometallic and redox chemistry. Nickel(II) azuliporphyrin (694) retains a
cross-conjugated borderline aromatic structure, as judged by UV–visible and NMR spectroscopy
as well as X-ray crystallography.1805

Meso substitution of porphyrines to give tetraazaporphyrines, so-called porphyrazines,
modulates the electronic character of the macrocycle. While porphyrazines have received
considerably less attention than porphyrines over many years, this has changed due to the
development of efficient syntheses of soluble derivatives.1806–1809 Also, various porphyrazines
(and phtalocyanines) with peripheral groups for metal ion coordination have been prepared and
used for the construction of multimetallic complexes.1806 Ni porphyrazines (695) typically show
absorptions spectra with a strong Q band at around 615 nm.
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Figure 27 Molecular structure of [NiII(CTPP)].
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The Ni complex of cis-dihydroxylated porphyrazine (696) gives (697) upon reaction with air.1810

The decaptation reaction is assumed to result from Ni-mediated air oxidation of the cis-diol unit
and subsequent loss of CO2.

6.3.4.11.5 Complexes with carbohydrates

The chemistry of NiII complexes with carbohydrates is of potential importance in inorganic and
bioinorganic chemistry, although the details, e.g., about the stereochemistry, of the complexes are
largely unexplored due to the difficulties in isolating particular complexes.1811–1815 Aminocarbo-
hydrates are much more efficient ligands for metal ions due to an anchoring role of the amino-N.
Simple aminocarbohydrates coordinate to NiII ion via an {N,O} donor set and the complexes formed
are moderately stable.1816,1817 The use of good chelating agents like ethane-1,2-diamine (en) as an
anchor to 1-deoxy-D-galactitol1818 leads to more stable complexes, although the involvement of the
deprotonated sugar hydroxyl-O in NiII coordination takes place above pH 10. The complexes of
NiII with ligands derived from N-glycoside derivatives have been reviewed.1819

Reactions of [Ni(tren)(H2O)2]X2 (tren= tris(2-aminoethyl)amine; X=Cl, Br, SO4) with mannose-
type aldoses, having a 2,3-cis configuration resulted in {bis(N-aldosyl-2-aminoethyl)(2-aminoethyl)-
amine}NiII complexes, [Ni(N,N0-(aldosyl)2-tren)]X2 (aldosyl=D-mannosyl or L-rhamnosyl).1820,1821

The ligand binds hexadentate with {N4,O2} coordination, where the tren unit acts as a tetradentate
chelate and the two O atoms are in cis- arrangement (Figure 28). The octahedron around Ni is
considerably distorted with trans and cis angles of 153.9� and 76.6�, respectively. Both sugar
moieties adopt the stable �-4C1-pyranose form and bind to the nickel through the glycosidic N
and the O atom of the C-2 hydroxyl group. D-Mannosyl and L-rhamnosyl derivatives form
complexes which are almost exact enantiomeric forms compared to each other. The reaction with
D-glucose, D-glucosamine, and D-galactosamine having 2,3,-trans configuration results in the
formation of monosugar complexes [Ni(N-(aldosyl)-tren)(H2O)2]Cl2, while the reaction of tris
(N-aldosyl-2-aminoethyl)amine with NiII gives the tris(sugar) complexes, [Ni(N,N0,N00-(aldosyl)3-
tren]X2 (aldosyl=D-mannosyl, L-rhamnosyl, D-glucosyl, maltosyl, and melibiosyl). In tris(L-Rha),
NiII is only bound to four N-donors of tren while two additional binding sites are occupied by a
bidentate sulfate anion. The sugar moieties are anchored to the metal only via their glycosidic
N atom, but all hydroxyl groups are noncoordinating.
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Reaction of [Ni(tn)3]X2 (tn= 1,3-diaminopropane) with aldopentoses gives mononuclear NiII

complexes [Ni(aldose-tn)2]X2 [aldose-tn= 1-(N-aldosyl)-amino-3-aminopropane, aldose=D-xylose,
D-lyxose, D-ribose, and D-arabinose].1822 [Ni(D-Ara-tn)2]Br2�2H2O contains a NiII ion ligated by
two tridentate ligands, 1-amino-3-(N-D-arabinosyl)propane. These are coordinated to Ni through
their primary amino and N-glycosidic N atoms and the C-2 hydroxy group of the sugar moiety in a
meridional mode, resulting in a �-C2-helical configuration around the metal center. The sugar rings
adopt an unusual �-C4 chair conformation and the sugar chelate ring conformation is .
The differentiation of diastereomeric NiII N-glycoside complexes is possible with the use of

tandem mass spectrometry.1823,1824

6.3.4.11.6 Complexes with nucleosides, nucleotides, and related ligands

Earlier reviews1825,1826 have discussed interactions of NiII ions with subunits of nucleic acids. NiII

is not very effective in its interactions with nucleosides and nucleotides. NiII coordinates to
N-donors of the nucleic bases and it may form macrochelates bridging phosphate and a nucleic
base. The most effective binding donor is N7 of purines, found in NiII complexes with guanosine
and inosine 50-monophosphates. Several structures have shown a monodentate metal binding to
purine nucleotides via N7 (Figure 29).

1827,1828 However, potentiometric, NMR, and calorimetric
studies on the interactions of NiII strongly suggest the formation of a macrocyclic chelate between
N7 and the phosphate moiety.1829–1831 The stacking interactions between the purine base rings can
also influence the stability of the complexes formed. NiII ions have some effect on the phosphate
hydrolysis in nucleotides, thus corroborating coordination to the phosphate group.1832

The antiviral nucleotide analogue 9-[2-(phosphonomethoxy)ethyl]-2,6-diaminopurine also uses
its N7 as a major binding site and forms a N7-phosphonate macrochelate (698).1833 Another
antiviral analogue of 20-deoxyguanosine, acyclovir (9-[(2-hydroxyethoxy)-methyl]guanine) forms
with NiII a bis-complex with two N7 coordinated in trans position to each other.1834
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Figure 28 X-ray structure of [Ni(N,N0-(L-Rha)2tren)]
2þ.
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Regular pyrimidines are less effective ligands for NiII ions. They may use, inter alia, their
C¼O donor to yield monodentate coordination.1835 Insertion of a sulfur atom into a pyr-
imidine moiety increases considerably its binding ability.1836 Thiolation of uridine at C(2) or
C(4) results in formation of a quite effective {S,N3} four-membered chelate in the complexes
with NiII. Thiolation of purine at C(6) increases the stability constant by 3.5 orders of
magnitude.
Hypermodified nucleosides that contain an attached amino acid at C(6) are important in the

biochemistry of RNAs. The NiII complex with N-[(9-�-D-ribofuranozylpurin-6-yl)-carbamoyl]-
threonine (699) forms a very stable complex involving N(1) of the purine ring, the amide-N and
the carboxylate of the attached threonine as donors.1837

Chiral peptide nucleic acids (cPNAs) are synthetic analogues of DNA in which the natural
phosphate-deoxyribose backbone is replaced by a peptide chain (700). Although both the peptide
backbone chain and the nucleobases resting in the side chains are able to coordinate to NiII ions,
the oligopeptide donor system dominates metal ion coordination (Figure 30).1838,1839 Nucleobases
which do not interact directly with the metal ion can stabilize very effectively the complexes
formed by means of hydrogen bonds and the stacking interactions present within the complex
molecule.

6.3.4.11.7 Ligands for biomimetic and related nickel complexes

For the known nickel sites in biological systems, four-coordinate square planar, five-coordinate,
and six-coordinate octahedral geometries are found.1840–1846 In general, the flexible coordination
geometry of nickel causes its coordination properties in metallo-biomolecules to be critically
influenced by the protein structure.
Biomimetic chemistry of nickel was extensively reviewed.1847,1848 Elaborate complexes have

been developed in order to model structural and spectroscopic properties as well as the
catalytic function of the biological sites. Biomimetic systems for urease are described in
Section 6.3.4.12.7, and model systems for [Ni,Fe]-hydrogenases are collected in
Section 6.3.4.12.5.
Each catalytic center of methyl coenzyme M reductase, (MCR), contains a yellow chromophore

factor F430.
48 The structure of Ni–F430 determined by the crystallographic analysis and the

proposed mechanism of MCR is shown in Scheme 10.47

This cofactor is a rare, highly saturated Ni-containing porphinoid system called ‘‘corphin,’’
meaning a hybrid of corrinoid and porphinoid tetrapyrrolic macrocycle. It is a most reduced

N N

NN

Ni

O

P

Figure 29 Molecular structure of the complex [Ni(50GMPH)2(en)(H2O2)2].
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tetrapyrrole found in biological systems, having only five double bonds within the cycle.
Macrocyclic ligands including porphyrins have been used to model the site in methyl-
coenzyme-M reductase, and porphyrins seem to be natural models for the nickel–F430 site in
methyl coenzyme-M reductase (MCR). However, the involvement of NiI in MCR has lead to
considerable interest in the chemistry of NiI with F430 and isobacteriochlorins, the only tetra-
pyrrolic ligands that afford isolable NiI species when reduced.1849,1850 The reduction of NiII

porphyrin systems very often results in the formation of a ligand-based radical rather than in
metal-based reduction. Some useful models, both electrochemically as well as functionally, are
the Ni complexes with cyclam-derived macrocyclic tetraaza ligands (701)–(703); compare
Section 6.3.4.10).1851,1852 The complexes were found to be homogeneous catalysts for the
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Figure 30 Proposed structure of complexes Ni(II)-dThy ([Ni(700a)]) and Ni(II)-dAdy ([Ni(700b)]).
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dehalogenation of cyclohexyl bromide by sodium borohydride with the effectiveness depending
on the solvent and the structure of the complex. None of these complexes, however, cleaves
methyl CoM to methane.
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The cyclam-based complex (704) bearing a methylthio pendent arm has been proposed as a
model for F430.

1853 While participation of the thioether group in Ni coordination is observed
neither in solution nor in the solid state, the NiII species is reversibly reduced to NiI around
�0.7V vs. SCE, followed by thioether bond cleavage and formation of a thiol group at more
negative potentials. Reduction of (704) with Na/Hg in DMF produces small amounts of methane.
In contrast to some initial reports,1854,1855 the NiII complex of (705) is not capable to effect C—S
bond cleavage of Me-CoM.1856

It has been demonstrated that the MCR enzyme is active only if the metal center of coenzyme
F430 is in the NiI form.1857 The natural substrate Me-CoM or simple methyl thioethers, however,
do not react with NiI F430, which has lead to the proposal of a catalytic mechanism in which the
addition of a thiyl radical to the S atom of the thioether giving a sulfuranyl radical intermediate is
the central step (Scheme 10).266,1858 Such reactivity has been reproduced with the model substrate
(706), which forms a square planar NiII complex (707). Upon irradiation (i.e., generation of a NiI/
thiyl radical pair by excitation of the LMCT band), formation of the spirodisulfide (708) and
methane is observed (Scheme 11).1859 In order to model individual species involved in the catalytic
cycle depicted in Scheme 10, pentacoordinate thiophenolate complexes of [NiII(tmc)]2þ (tmc=
tetramethylcyclam)1967 and paramagnetic NiII–methyl derivatives of [NiII(tmc)]2þ have been pre-
pared and characterized.1860–1862
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Scheme 11

6.3.4.12 Di- and Oligonuclear NiII Complexes with Compartmental Dinucleating Ligands

Due to the interest in electronic and magnetic metal–metal interactions as well as due to the
occurrence of multimetallic sites in the active centers of various enzymes, di- and oligo-
nuclear complexes of compartmental ligands are receiving increasing attention. Various
types of multifunctional ligands have been designed and employed in order to preorganize
the metal ions.
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6.3.4.12.1 Complexes with bis(macrocyclic) ligands

The covalent linkage of multiple macrocyclic moieties has proven to be an effective method
for arranging two or more Ni ions in close proximity and in specific spatial arrangement.
Preorganization can be tuned by the characteristics of the spacer fragment between the
macrocycles, e.g., by its rigidity and size and by the orientation it imposes on the coordin-
ation subunits. In [Ni2(709)](ClO4)4 the two NiII ions are each located in one cyclam subunit
at a distance of 6.829 Å.1863 The cylindical macrotricyclic topology enforces a face-to-face
conformation of the two cyclam rings, and inclusion of substrate molecules in the cavity is
expected. Likewise, in the dinuclear bismacrocyclic complex (710) the two cyclam rings are
arranged in a face-to-face manner, and ligands such as X=Cl�, Br�, or CO3

2� adopt a
bridging position. The chloro-bridged dinickel(II) complex features a pseudo-1D Ni—Cl
alternate linear chain structure in the solid state and exhibits antiferromagnetic exchange
coupling between the two NiII ions.1864 By the reaction of the NiII complex (711) with
isophthaloyl dichloride the dinuclear NiII complex (712) is obtained in which the two
coordination planes are almost coplanar with the metal ions being 12.8 Å apart (Equation
(26)).1865
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With a tetramacrocyclic ligand derived from four 1,4,7-triazacyclononane units that are
attached to a central benzene ring, each two of the TACN subunits may sandwich one metal
ion. Dinuclear, trinuclear, and tetranuclear NiII complexes (713)–(715) have been shown to form,
depending on the stoichiometry and reaction conditions.1866
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Template condensation reactions of the nickel(II) complex of 3,7-bis(2-aminoethyl)-l,3,5,7-
tetraazabicyclo[3.3.1]nonane with formaldehyde and the appropriate primary diamines such as
ethylenediamine, 1,4-butanediamine, and p-xylenediamine yield dinickel(II) complexes of bis-
heptaazamacrocyclic ligands (716)–(718). Similarly, the dinuclear NiII complexes (719) and (720)
were prepared by using [Ni(2,3,2-tet)](ClO4)2, formaldehyde, and NH2—(CH2)n—NH2 (n= 2, 3,
4, 5, 6, 10) or melamine, respectively.
The electrochemical data indicate that each NiII ion is independent in all these cases, without

interaction between the adjacent NiII centers.1867–1871 Despite the absence of any electronic
coupling, such dinuclear complexes with two NiII macrocyclic subunits in close proximity may
show cooperative effects, e.g., in the binding of anionic guest molecules. In the case of (720),
much higher association constants with sulfate have been observed, as compared to the related
mononuclear melamine-substituted azacyclam complex. Stabilization of the sulfate adduct has
been ascribed to H bonding between the sulfate coordinated to one NiII and a water molecule
axially coordinated to the adjacent NiII. In the presence of sulfate, two single-electron NiII/NiIII

redox steps are observed.1870

In (721) and (722), the two NiII macrocyclic fragments are directly bridged by a short C—C
linkage. The dimethylcyclam coordination subunits in (721) may adopt different conformations,
with steric repulsion between the 1,3-diaxial methyl substituents being of major import-
ance.1872,1873 (722) has a folded structure with a torsion angle Ni—Cbridgehead—Cbridgehead—Ni
of 55� in the solid state, which corresponds to the lowest energy conformation according to
molecular mechanics calculations.1874

The denticity of the ligand compartments in bis(macrocyclic) NiII complexes can be increased
by adding donor substituents to the macrocycles. For example, type (723) dinickel(II) complexes
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of bis(pentadentate) TACN-derived ligands with various spacers have been investigated. Electro-
chemical potentials for the NiII/NiIII couple decrease with the length of alkyl group linking the
two coordination compartments, indicating that an increase in Ni� � �Ni separation leads to a
decrease in electrostatic repulsion in the oxidized state. Splitting of the oxidation waves due to
separate one-electron oxidation steps has only been observed in the case of (723a) and (723e).1875

Pyrazolato-bridged bis(tacn) ligands and their dinickel complexes are mentioned in Sections
6.3.4.12.6 and 6.3.4.12.7.

6.3.4.12.2 Di- and oligonuclear complexes with open-chain alkoxo-
or phenolato-based dinucleating ligands

Alkoxide or phenolate moieties are the most prominent bridging groups and are frequently incor-
porated in dinucleating ligand systems employed in nickel coordination chemistry. Compartmental
ligands may be of the side-off (724a) or the end-off type (724b), or of the macrocyclic type (724c).1876

Nickel complexes of the latter are described separately in the subsequent section.
Generic type (724d) dinickel(II) complexes built around an aliphatic �-alkoxo fragment have

been prepared with various combinations of X and Y donor groups and exogeneous coligands Z.
N,N0-bridging diazine and diazole coligands Z (e.g., pyrazolate or phtalazine) have proven
particularly suited. Some representative examples of ligands for the construction of type (724d)
dinickel(II) complexes are discussed below.1877–1880

In most cases the NiII ions are low spin and in square planar coordination environment.
Dinickel(II) complexes [Ni2L(pyrazolate)] of dinucleating ligands like (725) and dinickel com-
plexes such as (726) feature two nearly reversible electrode processes at very negative potential,
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corresponding to the formation of NiINiII and NiINiI species.1881 The reaction of pentadentate
(727) with NiCl2, however, gives trinuclear [Ni3(727)(EtOH)Cl5] with three distorted octahedral
chromophores as well as dinuclear [Ni2(727)Cl3] with two distorted trigonal bipyramidal chromo-
phores.1880 The trinuclear species can be regarded as being formed out of the dinuclear compound
onto which an additional NiCl2 unit is stuck, concomitant with some conformational changes of
the ligand. NiBr2 only forms the dinuclear species, presumably because of steric effects. If the
alkoxide bridging group is omitted, e.g., in (728), complexes of the type [Ni2L2] form, which for
L= (728) have a double-stranded helix structure with the NiII ions in square planar environment,
both in solution and in the solid state.1882

Various dinickel(II) complexes related to (724d) but with a phenolate bridging moiety, type
(724e), have been investigated. To illustrate the great variety, (729) and (730) are depicted as
examples.1883,1884
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The flexible ligand (731) forms stable dinickel(II) complexes both in solution and in the solid
state. The crystal structure of [Ni2(731)Cl3] reveals the bridging phenolato-O, a secondary Cl
bridge, and two terminal Cl ligands, i.e., six-coordinate metal ions.1885

The reaction of (732) with NiCl2 gives [Ni2(732)(�-Cl)Cl2(H2O)2] with two high-spin six-
coordinate metal ions, which are coupled ferromagnetically.1886 In contrast, [Ni2(733)(pz)(Hpz)
(MeOH)] with a N,N0-bridging exogeneous pyrazolate is a mixed-spin species, since one Ni ion
features a square planar coordination environment and the adjacent Ni is six-coordinate due to the
binding of a MeOH and an additional pyrazole in the axial positions.1887 A second complex,
[Ni4(733)2(pz)2(MeOH)], has been isolated with the same ligand. In the solid state, it adopts a
zigzag tetranuclear structure, in which two mixed-spin building blocks are associated with two
phenoxo bridges and one methanol bridge.
In (734), replacement of the phenolate group by a thiophenolate, i.e., replacement of the

endogenous O by its homologue S, leads to significant differences in the solution and redox
properties. The bulky t-butyl substituents induce good solubility and allow for physical studies in
a range of solvents, including nonpolar ones.1888 Both systems are reduced in two steps separated
by several hundreds millivolts, indicating strong electronic interaction and stabilization of the
mixed-valent form. However, while reduction is almost solvent-independent for (734a), (734b)
exists as a mixture of solvated species in coordinating solvents, which strongly influences the
redox properties. Overall, the sulfur dinuclear complex is harder to oxidize than the oxygen
analogue.1888
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A twisted bifurcated shape is observed for the dinickel(II) complex of a bis(tetradentate)
compartmental type (724e) ligand, (735).1889 (735) is diamagnetic with both NiII being four-
coordinate. NMR studies indicate C2 symmetry of the bimetallic arrangement, which is confirmed
by the crystal structure. Due to steric congestion, the two subunits of the complex (i.e., the two
ketoenamine portions) cannot be coplanar, resulting in a twist of the two coordination planes
against each other and a bifurcated overall shape. Racemization appears prohibited without
breaking of metal–ligand bonds.
Attempts have been made to exploit the intrinsic C2 symmetry of the phenolate-based dinickel core

in enantioselective catalytic reactions. Therefore, enantiomerically pure C2-symmetric ligands such as
(736a) and the corresponding dinickel systems (736b) have been prepared ( Equation (27)),1890 and
(736b) was tested in the epoxidation of unfunctionalized alkenes with sodium hypochlorite as the
oxidant. The catalytic reaction was found to be highly pH dependent with an optimum at a pH of 9.
While the complex is catalytically active, significant enantioselectivity was not achieved.
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Acyclic side-off dinucleating systems with nonequivalent binding sites are relatively scarce in
nickel coordination chemistry. Stepwise metallation of (737) first gives mononuclear (738) and then
dinuclear (739), where the first NiII occupies the salen-type N2O2 inner binding site and the second
NiII binds to the pyridyl groups in the outer site.1891 As revealed by an X-ray crystal structure, the
former exhibits a square planar coordination geometry while the latter is ligated by two additional
ethanol solvent molecules in axial positions. Because of the stepwise synthetic procedure (Equation
(28)), heterobimetallic NiII/CuII complexes can also be obtained.
Unsymmetric compartmental ligands that allow for the controlled synthesis of unsymmetric Ni2

or heterobimetallic NiM complexes have received particular attention.1876,1892 A wide range of
such ligands derived particularly from 2-hydroxy-3-hydroxymethyl-5-methylbenzaldehyde and
2-hydroxy-3-hydroxymethyl-bromo-benzaldehyde has now been prepared and used for Ni com-
plexation. These ligands have monopodal iminic pendent arms and either mono- or dipodal
aminic pendent arms and the terminal donors of the pendent arms can be provided by pyridine,
imidazole, and tertiary amino groups.1893–1897 Complexes are usually prepared by reaction of the
requisite NiII salts with the preformed ligand.
The reaction of NiII perchlorate with (740a) gave the complex (741), in which the imine bond of the

proligand had undergone hydrolysis. In the resulting dimeric Ni2 structure with aNi� � �Ni distance of
3.088 Å, both metal ions are in octahedral coordination environment. When (740b) was used,
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surprisingly complex (742) was obtained, i.e., both hydrolytic cleavage of the pendent imine function
and loss of a C2H4 moiety from the terminal NEt2 group had occurred. While loss of C2H4 has been
suggested to proceed via a Hofmann elimination reaction, the ethylene which would be produced by
this reaction has not been detected. For cleavage of the iminic pendent arm, the presence of both
weakly coordinating anions (ClO4

�, BF4
�) and NiII cations appears to be required.1898

Strategies to control the binding mode of acetate to Ni2 complexes of unsymmetrical compart-
mental proligands have been developed. The formation of a syn–syn bidentate acetate bridge is
assumed to be a key feature, and complexes such as (743)1894,1895,1897 (with a syn–syn bidentate
acetate bridge augmented by a bridging N-bonded thiocyanate anion), (744)1897 (which has
the syn–syn bidentate acetate bridge augmented by a �2-�1,�2 acetate anion), and (745) (in which
one acetate is chelated to the Ni atom in the aminic compartment with bridging between the two Ni
atoms being provided by the cresolato-O atom of and a syn–syn bidentate acetate)1895 have been
obtained by subtle variations of the ligand scaffold and careful addition of the thiocyanate coligand.
The synthetic procedure uses the same reaction conditions for all of the above products and it has
been concluded that the presence of five-membered chelating rings derived from the iminic pendent
arms gives rise to syn–syn bidentate acetate bridging whereas the introduction of a six-membered
chelating ring at the iminic binding generates a monodentate bridging acetate.1897

An unsymmetrical ligand capable of providing adjacent N2O and N3O donor compartments
gives complex (746) that features a donor asymmetric Ni2 core with two six-coordinate metal ions
due to the binding of an additional methanol solvent molecule.1894 Incorporation of the solvating
atom into the pendent arms, i.e., increasing the donor capacity of the arm by an additional
O atom afforded (747), in which the thermal alcohol is coordinated. In the presence of added
thiocyanate ion, however, neither an additional terminal amine nor the terminal alcohol are
coordinated, e.g., in (748), reflecting the comparative bond strengths of the putative donor
groups.1899 The two isothiocyanate anions in (748) are trans to each other and the isothiocyanato
bridge is unsymmetric with Ni—N distances of 2.73 Å and 2.04 Å.
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The unsymmetric phenolato-derived ligand (749) bearing a tridentate N2O donor set and a
bidentate NO donor set has produced a trinuclear NiII complex that incorporates two unusual
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tridentate acetate bridges in a �3-�2,�1 bridging mode, and the dihydrobenzoimidazole ring system
present in (749) has been oxidized to a benzimidazole ring system.1900

6.3.4.12.3 Di- and oligonuclear complexes with compartmental macrocycles
incorporating O bridges

Macrocyclic Schiff base compartmental ligands (750) (Robson-type ligands) derived from the [2þ 2]
condensation of a 2,6-diformyl- or 2,6-diketo-substituted phenol and a diamine are very prominent
in dinuclear Ni coordination chemistry.1901–1903 Particular interest lies in magnetic exchange inter-
actions between the adjacent metal ions as well as in bioinorganic chemistry, where such dinuclear
complexes have been proposed as synthetic analogues for bimetallosites.
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The stereochemistry and the spin state of the Ni ion in the resulting complexes can be
controlled by the ring size of the macrocycle. A larger cavity size (C3 linkers) results in a weaker
ligand field and NiII will adopt an octahedral geometry. For example, in [Ni2(750a)(NCMe)4]

2þ

both metal ions bind MeCN ligands in the axial positions.1903 Six-coordination can also be
achieved by the assembly of two dinuclear units to give tetranuclear complexes with a central
Ni4O4 cubane-type core.

1904 In contrast, [Ni2(750c)]
2þ and [Ni2(750d)]

2þ where the ligand incor-
porates C2 linkers show square planar NiII centers and are diamagnetic.1902,1905 Ligands (750c)
and (750d) with reduced cavity size can accommodate only the small CuII and NiII ions because
the ‘‘salen’’ (N,N0-ethylenedisalicyclaldiminate)-like entity embedded in the macrocyclic frame-
work has little flexibility compared with salen itself. Disymmetric ligands with two different
lateral spacers ((750e,f)) give mixed-spin (S1= 0, S2= 1) dinickel(II) complexes, while in
strongly coordinating solvents the high-spin state (S1=S2= 1) is found for these systems, and
even for [Ni2(750d)]

2þ.1905 Symmetric (750a) can form heterodinuclear complexes like
[PdNi(750a)(MeCN)]2þ, which was prepared in a stepwise fashion by reaction PdII acetate with
the mononuclear NiII complex of the macrocycle. The Ni ion is six-coordinate with MeCN
ligands in the axial position.1906

Similar observations have been made for type (751) ligands with saturation of the azomethine
linkages, but the saturation has significant effects on various physicochemical properties of the
dinuclear complexes.1907 In [Ni2(751c)(MeOH)2(ClO4)2], each metal ion bears one methanol and
one perchlorate ligand in the axial positions,1908 and four axial water molecules are found in
[Ni2(751c)(H2O)4]

2þ.1909 In the presence of pyridine, the latter transforms into the square pyr-
amidal complex [Ni2(751c)(py)2]

2þ. Likewise, various N-donor ligands such as NH3, imidazole,
pyridine, pyrazine, etc., can be attached, and equilibrium constants for the replacement of axially
bound methanol solvent molecules by these bases have been determined.1910 Pyrazolate appears to
act as an additional bridging ligand.1910 Stepwise two-electron reduction and two-electron oxida-
tion is observed electrochemically for [Ni2(751c) (MeOH)2 (ClO4)2].

1908 In general, reduction to
the NiINiII and NiINiI species occurs at significantly higher potentials for complexes of type (750)
ligands compared to type (751) ligands.1905 Apparently, the reduced state is stabilized by the
C¼N groups. In the presence of acetate, complexes [Ni2(L)(OAc)2] (L= (751a), (751c), (751d),
(751e)) have been isolated.1907 The structure of [Ni2(751a)(OAc)2] shows that the macrocycle
adopts a folded conformation and the acetate binds as a chelating bidentate ligand.1907 However,
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in [Ni2(751c)(�-OAc)(H2O)2]
þ the acetate bridges the two Ni ions, as do amino acids like glycine

in [Ni2(751c)(�-O2CCH2NH3)(H2O)2]
2þ (and similarly for �-alanine and glycylglycine).1911 The

disymmetric ligand (751b) with different hole sizes forms a mixed-spin (S1= 0, S2= 1) complex
[Ni2(751b)(H2O)2]

2þ, where two axial water molecules are bound to the high-spin ion nested in the
larger cavity.1909
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Additional coordinating side arms can be attached to the aminic N atoms of type (751) ligands.
Picolyl pendent arms at one compartment give one hexadentate site and one tetradentate site
(752). Two Ni ions can be inserted in a stepwise process to first give [Ni(752)] with a six-
coordinate metal ion (which can be protonated at the azomethine N atoms to give
[Ni(752)H2]

2þ) and the dinuclear [Ni2(752)]
2þ with one six-coordinate and one four-coordinate

NiII.1912 (752) and related systems are also capable of forming heterdinuclear NiM complexes
(M=Zn, Co. etc.). The Ni ion usually resides in the open site, either square planar or five-
coordinate with an additional Cl ligand.1913 A different strategy to increase denticity of the ligand
is the use of spacers with additional donor atoms, e.g., (753).1914,1915 Both dinickel complexes
[Ni2(753)]

2þ and [Ni2(753)(H2O)2]
2þ have been structurally characterized. In the former, the Ni

ions are in square pyramidal N3O2 environment and the macrocycle adopts a twisted configur-
ation, while in the latter the Ni are six-coordinate due to two additional water ligands. Attachment
of additional N-donors in (754) gives rise to two hexadentate coordination sites, and a dinickel(II)
complex with six-coordinate metal ions and the pendent arms approaching from opposite sides of
the macrocycle is proposed.1916

If the spacer contains potentially bridging alcohol groups, the nuclearity of the complexes
depends on the spacer length. H4(755a) may accommodate four metal ions in its tetraanionic
form. For example, the heterotetranuclear macrocyclic unit [Cu2Ni2(755a)O(OAc)]

þ is prepared
from the dicopper precursor without scrambling of the metal ions. It contains a central O atom,
an acetate spanning the two Ni ions, and the Ni and Cu ions, respectively, in an alkoxide-bridged
side-by-side geometry.1917,1918 The analogous thiophenolate-based ligand (755b) gives a tetra-
nickel complex with five different bridging groups (thiophenolato-S, alkoxo-O, �-1,1 acetato,
�-1,3 acetato, and a central �4-OH).

1919 In the case of shorter spacers, the alcohol groups remain
noncoordinating, e.g., in type (756) complexes.1920 In the latter, the two NiII ions are six-
coordinate with anions and/or water molecules in the axial positions.
Considerable work has concentrated on the controlled synthesis of heterobimetallic NiM

complexes of disymmetric Robson-type macrocycles.1903,1921 (757) forms both CuIINiII and
MnIINiII complexes. In [CuNi(757)(H2O)(DMF)]2þ,1922 the CuII resides in the N2O2 site with
the ethylene lateral chain and assumes a planar geometry. The NiII, in the N2O2 site bonded by
the tetramethylene chain, acquires a pseudo-octahedral geometry by further interaction with
DMF and water oxygen atoms at the axial sites. A very strong antiferromagnetic interaction
operates between the metal ions (J=�90 cm�1 based on �2JSCuSNi). The electronic structure of
the spin-doublet ground state was studied by means of EPR spectroscopy, and the recognition of
a four-line hyperfine structure due to Cu (Icu= 3/2) and the relationships g?> g and A =�(1/3)
Acu (Acu is the hyperfine coupling constant for the analogous CuZn complex)1923,1924 demon-
strated that one unpaired electron of the spin-coupled complex exists in the molecular orbital of
dz2 character comprising dz2(Cu) and dz2(Ni) and is delocalized over the CuNi dinuclear core. The
dinuclear NiIIMnII complex [NiMn(757)(DMF)2]

2þ has the NiII in the N2O2 site with the ethylene
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lateral chain and the MnII in the N2O2 site derived from the tetramethylene lateral chain.1925 The
NiII has a planar geometry and is diamagmetic. Cyclic voltammetry indicates that the NiMn
complex is reversibly reduced to a NiIMnII species (near �0.1V vs. SCE) and oxidized to
NiIIMnIII species (near þ1.5V). The deeply green-colored NiIMnII complex was generated
in situ by controlled potential reduction and shows three visible bands of significant intensity at
570 nm, 640 nm, and 800 nm. These bands are attributable to d–d transitions of planar NiI.1926

Further distinction of the metal binding sites is achieved by an additional amine N atom within
one lateral chain to provide a four-coordinate and a potential five-coordinate site. A series of
NiIIMII (M=Mn, Fe, Co, Ni, Cu, Zn) complexes of (758) have been obtained which contain
planar NiII.1927 A macrocyclic ligand with an additional alkoxo group is able to coordinate
simultaneously NiII and various LnIII ions (Ln=La, Ce, Pr, Nd, Sm, Eu). Both in solution and
in the solid state, three Cl coligands are bound to the lanthanide ions in [(759)Cl3].

1928 Ni
complexes of unsymmetrical compartmental macrocycles having N(amine)2O2 and N(imine)2O2

metal binding sites are still limited. [Cu(760)] reacts with NiCl2 to form dinuclear
[CuNiCl2(760)].

1929

(751b) reacts with VO(acac)2 to give a mixture of oxovanadium(IV) and -(V) complexes.1930

This mixture reacts with NiII perchlorate to afford three complexes [(VIVO)(751b)Ni(H2O)2]
2þ,

[Ni(751b)(VIVO)]2þ, and [{(VIVO)(751b)Ni(H2O)}{V
VO2)(H751b)}]2þ. Related oxovanadium(IV)–

nickel(II) complexes of symmetrical macrocyclic ligands have also been prepared.1931
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Instead of the aliphatic spacers of the Robson-type ligands, other groups have been used to link
the two bis(imino)phenolato subunits and such ligands have been employed in Ni coordination
chemistry. Tetraanionic (761) forms neutral complexes [Ni2(761)] with diamagnetic square planar
metal ions, which are resistant to hexacoordination even in strongly coordinating �-picoline.1932

Pseudomacrocyclic structures are observed in dicationic (762), where the two dioxime ligands are
connected via strong hydrogen bonds. Type (762) complexes can be doubly deprotonated at the
dioxime units to give neutral dinickel complexes with hexacoordinate metal ions due to coligands
in the axial positions (the complex with pyridine has been structurally characterized).1932,1933
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Pyridine-N-oxide-derived ligands (763) are neutral analogues of the Robson-type systems and
may also form dinuclear Ni complexes. Attempts to prepare [Ni2(763a)]

4þ by treating (763a) with
nickel nitrate, however, yielded [Ni2(763c)(H2O)4](NO3)4 due to partial solvolysis of two Schiff
base groups. It shows a nonplanar stepped structure where cis coordination sites of the hexa-
coordinate metal ions are occupied by water.1934 The NiII ions are coupled antiferromagnetically
(J=�15.5 cm�1).
The expanded pyridine-modified macrocycle (764) is able to accommodate four NiII ions in a

dimer-of-dimer arrangement.1935 Molecular-sized chiral cavities are present in dinickel calixsalen
complexes (765). These have been proposed as hosts for guests molecules, and inclusion of MeCN
has been found in the solid state.1936 Multidentate macrocycles incorporating only a single pheno-
late bridging unit are also capable of forming dinickel complexes, given the macrocycle size is large
enough as in (766).1937 They strongly prefer coligands that form a secondary bridge between the
metal ions (Cl in (766)).
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6.3.4.12.4 Di- and oligonuclear complexes with thiolate-based dinucleating ligands

Thiolates exhibit a strong tendency to bridge NiII ions (as well as other metal ions), but often the
reaction between the metal ion and a thiolate ligand is difficult to control and the formation of
higher aggregates and polymers is observed. Control of the product nuclearity can be achieved,
inter alia, by appropriate fine-tuning of the ligand scaffold, e.g., by steric bulk or by incorporating
the thiolate donor within a macrocyclic framework.1938 Another difficulty is the propensity of
Ni-bound thiolates to undergo oxidation, e.g., to sulphenates or sulphinates.1952 The noninnocence
of Ni-bound thiolate adds to the interest in such systems. Besides their redox activity, Ni-bound
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thiolates may also become protonated, which is of relevance to the reactivity of the Ni/Fe
hydrogenase active site. For example, the dinuclear NiII thiolate complex (767)199 is reversibly
protonated at a single terminal thiolate-S by upon addition of [H(OEt2)2]{B[3,5-(CF3)C6H3]4} to
give (768).200 An analogous complex that features a benzylated thiolate ligand has been structur-
ally characterized. Upon reaction with iodine, mononuclear NiII complexes of linear tetradentate
{N2S2} diaminodithiolate ligands are oxidatively coupled to give dinuclear complexes of macro-
cyclic bis(disulfide)tetramines (769),1939 which are easily demetallated.
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Deprotonated thioamides, which bind in the imino thiolate form (RN=CR-S�), exhibit a very
low bridging tendency due to their lower S-basicity. If incorporated in a chelate scaffold with
phenolate-O, it is the latter which forms the bridge, e.g., in (770).1940,1941

NiII complexes of dinucleating ligands containing an endogenous aliphatic thiolate bridging
group and iminic or aminic side arms, e.g., (771) and (772), can accommodate three-atom bridges
(e.g., carboxylates), two-atom bridges (e.g., pyrazolate), or one-atom bridges (provided they are
large enough, e.g., iodide) at the Z site.1942,1943 Complex (773) which contains two NiII ions in
a square planar N2S2 coordination environment (even in aqueous solution)1944 can serve as a
starting material for the preparation of macrocyclic bis(thiolato) bridged dinickel complexes
via template reactions. Reaction of (773) with formaldehyde and nitroethane in basic methanol
gives a diamagnetic dinickel(II) complex of (774) with two essentially planar cis-{NiN2S2}
chromophores. One O atom of each nitro groups interacts axially with the respective Ni ion at
quite long distances (2.89 Å).1945
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Even better control of the nuclearity is achieved with aromatic thiolate donors such as thiopheno-
lates, because these are less electron rich.1938 A hexadentate, triazacyclononane-derived ligand with
4-t-butyl-2-mercaptobenzyl pendent arms forms homo- and heterodinuclear Ni complexes.1946 In
the Ni2 complex (775) one metal ion is six-coordinate with a fac-N3S3 donor set and the other is four-
coordinate in a S3Cl environment, both NiII being high spin and strongly antiferromagnetically
coupled (J=�135 cm�1) due to the face-sharing octahedral/tetrahedral arrangement.
Tridentate 4-t-butyl-2,6-di(aminomethyl)thiophenolate forms dinickel(II) complex (776) in a

controlled fashion, and the {N2Ni(�-SR)2NiN2} core structure is also retained in solution.1947 (776)
readily adds another equivalent of the ligand to afford (777) containing two face-sharing octa-
hedral {NiN3S3} subunits.

1948 (777) shows a rich electrochemistry and can be chemically oxidized
by iodine to a robust NiIINiIII species, which has been structurally characterized. The mixed-valent
NiIINiIII compound is valence-trapped and has a S= 3/2 ground state below �80K. Upon going
from (776) to (777), the NiIII state becomes more easily accessible.1948 Similar chemistry has been
observed for the corresponding amine-selenophenolate complexes.1947,1948 Linking two of the
terminal amine groups in (776) leads to (778), in which the hexadentate chelating ligand allows
for the axial binding of coligands to the central {N2Ni(�-SR)2NiN2} core because of its weaker
ligand field.1950 Binding of anions (e.g., thiocyanate) to (778) occurs selectively at the axial trans
positions of the NiII ion in the closed compartment, i.e., where the secondary N atoms exert a
slightly weaker ligand field. The resulting complex (779) features adjacent octahedral cis-{NiN4S2}
and planar cis-{NiN2S2} sites. Binding of thiocyanate is accompanied by an unexpected inversion
of configuration at both secondary N-donor atoms. Both (778) and (779) undergo two successive
reductions, assigned to formation of the NiIINiI and NiINiI species.1950 An axial coordination
site can be occupied intramolecularly by an additional NH donor of a slightly modified septa-
dentate ligand.1951 In (780), the remaining position trans to this NH is the reactive site where
solvent molecules and anionic coligands L such as thiocyanate and chloride can bind.
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Dinickel(II) complexes of general type (781) macrocycles have been studied in detail since the early
1990s.1952–1955 (782) is the most prominent scaffold employed, and the structures of its dinickel(II)
complexes show the anticipated differences from the analogous phenolate complexes.1946,1954,1956,1957

In particular, the thiophenolate complex [Ni2(782)]
2þ is bowed in dramatic contrast to the flat
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structures of the phenolate analogues, i.e., the S atoms adopt a pyramidal geometry whereas the
oxygen atoms are trigonal. Furthermore, the nickel atoms in the phenolate complexes are in
octahedral environment (and hence high spin) whereas in the thiophenolate complex the nickel
atoms are in a square planar environment (and hence low spin). [Ni2(782)]

2þ features a rich redox
chemistry with four one-electron processes observed, and the two reversible reduction processes
(�1.46V, �1.01V vs. 0.01M AgNO3jAg in MeCN solution) as well as the two oxidation processes
(þ0.63V, þ1.07V; the first process is reversible, while the second is quasi-reversible) occur more
readily than in the analogous phenolate complex (�1.40V, þ1.05V, þ1.26V).1954 The oxidation
waves are sensitive to axial coordination by solvent molecules, as is expected for the formation of
NiIII. The mixed valent NiIINiIII thiophenolate complex has been isolated but is unstable even in the
solid state.1953 An unusual trinickel(II) complex, [Ni3(783)2]

2þ was obtained from incomplete
template cyclisation and acetal formation in ethanolic solvents. It incorporates one central high-
spin NiII ion and two square-planar low-spin NiII ions within each acyclic ligand.
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By judicious choice of reaction conditions an acyclic NiII complex (784) could be isolated,
which serves as a valuable starting material for the preparation of unsymmetrical and mixed metal
complexes by subsequent reaction with various amines. Also, a symmetrical Schiff base macro-
cycle of larger size has been obtained as a minor byproduct upon condensation of (784) with 1,3-
diaminopropane. The resulting NiII complex (785) is again bimetallic, although room to bind four
metal ions is in principle available.1367

Enlargement of the metal binding cavity was expected to favor high-spin nickel centers in
thiophenolate macrocycles.1953 Complex (786) incorporating 1,4-diaminobutane linkages is still
diamagnetic in the solid state but exhibits a greater tetrahedral distortion away from square
planar than is the case for the analogous [Ni2(782)]

2þ. Consistent with this, (786) exhibits an
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increased tendency to coordinate solvent molecules in the axial sites. When reacted with NaSCN,
both systems form complexes with two thiocyanate ions on just one of the two nickel ions, even if
four equivalents of NaSCN are used. It is assumed that the charge-neutral nature of the product
complex is important for the course of this reaction, since it leads to reduced solubility and
consequent crystallization from the reaction mixture.1958–1960 [(786)(NCS)2] thus contains juxta-
posed high and low-spin NiII ions despite the provision of potentially equivalent macrocycle
binding sites. Metal–ligand bonds for the high-spin Ni ions are typically about 0.15–0.20 Å longer
than those for the low-spin nickel ions.1961–1963

N S N

N S N

Ni Ni

2+

(786)

N S–

NH O– HN

N

(787)

Several examples of dinickel(II) complexes of Schiff base macrocycles with mixed phenolate/
thiophenolate bridging units have been reported.1960,1964,1965 Again, [Ni2(787)(MeCN)2]

2þ has NiII

ions in differing spin states,1965 despite the provision of two potentially equivalent macrocycle
binding sites. One nickel ion is in a square planar environment whilst the other is octahedrally
coordinated due to axial binding of two acetonitrile solvent molecules. The replacement of one
thiophenolate diimine moiety of (782) by a phenolate diamine moiety in (787) leads to a
significant reduction of the ligand field strength of the resulting macrocycle, since in the absence
of coordinating counterions the dinickel(II) complexes of (782) are diamagnetic. In the presence
of NaSCN, the dinickel(II) complex of (787) produces an example in which both NiII centers
are six-coordinate and high spin. Similar to the complexes of (782) just two thiocyanate ions are
incorporated (even when four equivalents are used), forming a neutral complex which precipitates
from solution. In this case, however, rather than both anions binding to the same nickel ion,1953

one thiocyanate binds to each of the two Ni ions, as is also seen for the phenolate amine
analogue.1959 One of the two metal ions coordinates an additional DMF solvent molecule to
give [Ni2(787)(NCS)2(DMF)]. Both NiII ions are established to be high-spin by examination of the
structural information,1966 and this was confirmed by a magnetic moment determination.1960,1964

This is a rare example of a high-spin square pyramidal thiolate-coordinated NiII ion.1967 In the
case of the pure amine phenolate macrocycle, the axial binding ability of dinickel(II) complexes
gives a delicate balance between high-spin square pyramidal and high-spin octahedral geometries,
which depends on the choice of axial ligand.1962,1968–1970 The phenolate ligand has insufficient
ligand field strength to induce spin pairing, but reducing the ring size of the phenolate macrocycle
(e.g., by replacing one propylene lateral unit by an ethylene lateral unit) does result in the
observation of square planar (diamagnetic) nickel ions in the smaller compartment.1962 The
redox potentials for [Ni2(787)(MeCN)2] in MeCN at �1.50(irrev.) V, �1.23(quasir.) V,
þ0.65(irrev.) V, andþ1.00(rev.) V vs. 0.01MAgNO3jAg do not simply fall in between those obtained
for the dinickel(II) complexes of the corresponding bis(thiophenolato) and bis(phenolato) bridged
species, and in particular the reductions, which are expected to be more sensitive to changes to the
macrocyclic donors, are quite different.1964

The NiII templated (2þ 2) condensation of 2,6-diformly-4-methyl-thiophenol with 1,5-diamino-
pentan-3-ol gives a tetranuclear complex with a combination of thiophenolate and alkoxide
bridging.1971 The large Schiff base macrocycle provides two bridging thiophenolate and alkoxy
moieties, and encircles four NiII ions with a central �4-OH

� group. There are five different
bridging groups, and all four NiII ions have different coordination environments, largely due to
the mixture of acetate ions and acetic acid molecules which differentiate the two faces of the
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planar Ni4 array. The Ni
II ions in this complex are six-coordinate and high spin, as was observed

in the tetraphenolate analogues.1960,1964,1972–1974

Whereas most of the complexes described above can be electrochemically reduced or oxidized,
no structurally characterized examples of metal-centered redox products are known and reported
examples of isolated redox products are few. These include the one-electron oxidation product of
[Ni2

II(782)]2þ, the black complex [Ni2(782)Ce(NO3)6], in which the oxidation is believed to be
primarily metal centered, and the macrocyclic ligand oxidation product obtained in low yields
from the oxidation of [Ni2

II(786)]2þ with iodine.1953,1955,1964

In general, the amine analogues of Schiff base macrocycles are more robust than the parent
Schiff bases. The dinickel(II) complex (788) of a tetraamine thiophenolate Schiff base macrocycle
was prepared by sodium borohydride reduction of the appropriate Schiff base macrocyclic
complex.1975 Despite the acid workup, the NiII ions remain bound and in the þ2 oxidation
state, possibly due to the experiment being carried out in air. As for [Ni2(782)]

2þ the macrocycle
is bowed and the NiII ions are in square planar coordination environments. However, in this case
the greater flexibility of the amine bonds allows formation of a bowl structure with the ‘‘walls’’
provided by the phenyl rings and the alkyl lateral chains, thus distinguishing the two faces of
the macrocyclic complex. Electrochemical experiments show that (788) is harder to reduce than
the Schiff base counterpart (�1.86(quasirev.) V and �1.18(rev.) V vs. 0.01M AgNO3jAg, in
MeCN).1953,1975 Contrary to what is expected from comparison with related mononuclear NiII

thiophenolate species,1976–1978 potentials for the two oxidation processes occur at the same values
as those observed for the imine analogue (þ0.69(rev.) V and þ1.10(quasirev.) V).1953,1975

N S

N S N

N
Ni Ni

H

HH

H
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Three NiII complexes have been produced from the large, metal-free amine macrocycle
(789)�8HCl by neutralizing in situ with NEt3 and adding an appropriate amount of a suitable
NiII salt. A purple, diamagnetic, neutral dinickel(II) complex and a tetranickel(II) perchlorate
complex were prepared.1979 The latter complex was converted to the neutral thiocyanate salt and
structurally characterized.1979 It features a mixture of square planar (low-spin) and octahedral
(high-spin) NiII ions and seems to link together two independent dinickel complexes, because
pairs of thiophenolate-S form doubly bridged pairs of Ni centers rather than connecting all of the
nickel centers together. The two octahedral centers have bound two thiocyanate ions in cis
positions.1979 A related tetranickel(II) complex of a 40-membered macrocyclic octaamine-thio-
phenolate ligand has also been reported.1980

Face-sharing bioctahedral dinickel complexes (790) with a central [N3Ni(�-SR)2(�-X)NiN3]
core featuring coordinatively unsaturated Ni ions are formed from a macrocyclic amine thiophe-
nolate ligand.1981 Permethylation drastically facilitates substitution at the X position, possibly
due to the more hydrophobic microenvironment. While (790b) readily reacts with NBu4OH to
give (790c), complex (790a) was found to be unreactive. All three complexes undergo two
successive electrochemical one-electron oxidations assigned to formation of the NiIINiIII and
NiIIINiIII species, but the latter is not stable on the timescale of the cyclovoltammetric experiment,
in contrast to related coordinatively saturated Ni amine-thiolate complexes. Differences of the
redox potentials for (790a–c) follow the trend expected from the ligand field strength.1981 (790c) reacts
with CO2 in MeOH to give the methylcarbonato bridged complex, presumably via an intermediate
hydrogencarbonato species.1982 While primary alcohols show this CO2 fixation reaction, secondary
or tertiary alcohols do not, which is ascribed to the restricted space within the hydrohopbic binding
pocket.
Bis(benzenedithiolate) ligands with an appropriate spacer between the benzenedithiolate donors

form dinuclear NiII complexes (791) and (792), in which the square planar NiS4 subunits are
linked in a double-stranded fashion by the carbon backbone and they adopt a coplanar arrange-
ment in a stair-like manner.193 In both cases, NiII2 and NiIII2 have been isolated. Electrochemical
redox transformation shows a single two-electron wave, indicating that no strong intramolecular
interaction of the metal ions exists. Reduction is more difficult and less reversible for (792) with
the shorter spacer unit, because the electron-donating alkyl bridge creates a more electron-rich
environment.
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6.3.4.12.5 Heterobimetallic Ni/Fe complexes as model systems
for the Ni/Fe hydrogenase and CO-dehydrogenase/acetyl CoA synthase active sites

Thiolate-bridged dinickel complexes and, in particular, heterobimetallic Ni/Fe complexes have
attracted much interest as model systems for the hydrogenase enzymes. A review covering this
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field of biomimetic Ni coordination chemistry has appeared.1983 An important synthetic route to
thiolate-bridged heterobimetallic complexes is the addition of a solution of a metal complex with
labile ligands to a mononuclear metal thiolate complex, although the high tendency of metal
thiolate complexes to aggregate and to form homometallic clusters is an often encountered
obstacle to this strategy. In order to control the cluster-forming process, the thiolates of the
mononuclear thiolate precursor are often incorporated within a polychelate ligand that wraps
around the metal center. The chelate effect then prevents dissociation of the thiolate-containing
ligand and directs subsequent reactions with metal salt and complex reagents towards the terminal
thiolate donors. Mixed NiFe complexes have most commonly been obtained via reaction of a NiII

thiolate complex with a labile Fe species, giving a range of synthetic models for the NiFe
hydrogenase active site.
Reaction of the NiII thiolate species [Ni(L)] (L=N,N0-diethyl-N,N0-bis(2-mercaptoethyl)-1,3-

propanediamine) with the tetraiodo cluster anion [Fe4S4I4]
2� yields [Ni(L)(Fe4S4I2)(L)Ni]

(793).1984 It incorporates a dithiolate bridge between Ni and Fe centers with a Ni—Fe distance
of 2.827(1) Å and exhibits a quasi-reversible oxidation wave at El/2=þ0.15V (vs. SCE). The
corresponding monosubstituted cluster anion [Ni(L)Fe4S4I3]

� (794) was also reported.1985
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The same NiII thiolato building block and the respective methyl derivative have also been
utilized in various other reactions with FeII complexes. Treatment with [Fe(H2O)6](ClO4)2 gave
[{Ni(L)}3Fe](ClO4)2 (795), the single-crystal X-ray structure of which confirms the formation of a
Ni3Fe cluster with mono- and dithiolato bridges.1986,1987 It contains a central high-spin FeII

surrounded by five thiolate donors, which form bridges to three square planar NiII centers. The
remaining sixth thiolate is at a nonbonding distance of 3.197(8) Å, while the NiII centers have
retained their square planar arrangements. The Ni—Fe distances in (795) are 2.976(4) Å,
3.123(3) Å, and 3.269(4) Å. A further Ni–Fe complex derived from [Ni(L)] was obtained from
the reaction with [Fe(CO)2(NO)2] to give [Ni(L)Fe(NO)2] (796).

1988 It shows the NiII ion in a
square planar N2S2 environment with the Fe center in a distorted tetrahedral coordination
environment ligated by two bridging thiolates and two terminal NO ligands. As the NO groups
are bound in a linear fashion, they may be regarded as formally 3e� donors. The oxidation state
at Fe can therefore be assigned as �2 with the complex having an overall 18-electron configur-
ation. The Ni—Fe distance is relatively short at 2.797(1) Å with the Ni—S—Fe ang1es somewhat
acute at 76.11(4)�, similar to the angles of 74� observed in the NiFe hydrogenase active site.1989

(796) exhibits a quasi-reversible oxidation at E1/2=�0.12V (vs. SCE) assigned to the Fe(�2/�1)
couple on the basis that oxidation of [Ni(L)] does not occur below þ0.86V (vs. SCE).
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In a related approach, reaction of [Ni(dsdm)] (H2dsdm=N,N0-dimethyl-N,N0-bis(2-sulfanyl-
ethyl)ethylenediamine)) with K[HFe(CO)4] gave [Fe(dsdm)Ni(CO)3]2 (797).1990 In this case,
however, reshuffling of the ligands and of the metal oxidation states occurred, since the product
consists of a Ni(0)–FeII–FeII–Ni(0) core, with one thiolate from each dsdm ligand bridging the
two FeII centers and the remaining thiolates bridging the FeII and Ni(CO)3 moieties. The Ni—Fe
distance in (797) is relatively long at 3.899(1) Å.
A number of thiolate-bridged NiFe systems have been reported to result from (H2L

0)-
(L0 =N,N0-bis(2-mercaptoethyl)-1,5-diazacyclooctane), which reacts with NiII to first yield
[Ni(L0)] as a suitable precursor complex. This has subsequently been treated with a variety of
FeII compounds.1991–1993 For example, reaction with anhydrous FeCl2 gives [Ni(L0)FeCl-
(�-Cl2)ClFe(L

0)Ni] (798),1993 in which the NiII and FeII ions have square planar and pseudo-
square pyramidal geometries, respectively, and lie 3.100(1) Å apart. The thiolate donors and the
bridging Cl ligands provide the basal plane to the square pyramid at FeII, with the terminal Cl
occupying the axial site to give a planar Fe2(�-Cl)2 core. (798) shows a reversible reduction at
EI/2=�0.64V assigned to a NiII/NiI couple, and an irreversible reduction at Epc=�1.53V (vs.
NHE). The reaction of [Ni(L0)] with [Fe2(CO)9] leads to [Ni(L0)Fe(CO)4] (799).

1992 In this case
the Ni and Fe centers remain in their original oxidation states of þ2 and 0, respectively, and
the Fe(CO)4 fragment is simply bound to [Ni(L0)] via a single thiolate bridge at a large Ni—Fe
distance of 3.76(1) Å. (799) was one of the early examples that confirmed the ability of Ni-
coordinated thiolates to bind to Fe–carbonyl fragments with some control over stoichiometry.
Upon oxidation, (799) forms [Ni(L0)Fe(CO)2(L

0)Ni](BF4)2 (800) in which Fe0 has been oxidized
to FeII.1992 The FeII ion in (800) links two Ni(L0) units each through two thiolate bridges. The
Ni ions remain in the NiII formal oxidation state in a square planar N2S2 donor set, and the
Ni—S distances do not change significantly while the Ni—Fe distance decreases from 3.76(1) Å
in (799) to 3.088 Å in (800), which is accompanied by a decrease in the Ni—S—Fe angle from
89.3(4)� to 76.99(7)�.
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Reaction of pentadentate (H2L
00) (L00 =N,N0-dimethyl-N,N0-bis(2-mercaptoethyl)-bis(amino-

ethyl)sulphide) with NiII forms [Ni(L00)]. When treated with [FeCp(CO)2I], this NiII thiolate
complex gives rise to [Ni(L00)FeCp]I (801), which is related to the reduced from of the
NiFe hydrogenase enzyme.1994 In (801), the thioether donor occupies the apical position of
a square pyramidal coordination geometry, and the Ni—S(thioether) bond (2.283(6) Å) is
shorter than the Ni—S(thiolate bridge) distances (2.308(6) Å and 2.315(6) Å). The Ni(�-S)2Fe
core exhibits a very acute Ni—S—Fe bridging angle of 58–59� (compared with 74� in [NiFe]
hydrogenase from D. gigas),1989,1995 which brings the two metal ions within close proximity
(2.54 Å, i.e., similar to the value of 2.5–2.6 Å observed for the Ni—Fe distance in the Ni�SI form
of the enzyme.1996–1998
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Instead of terminal N-donor ligands at the Ni center, soft phosphines have frequently been
employed since these are better models for the soft cysteine sulfurs of the enzyme. For example,
addition of [Fe3(CO)12] to [(dppe)Ni(pdt)] (dppe= ethane-l,2-diphenylphosphine, pdt= 1,3-pro-
panedithiolate)1999 gives the neutral heterobimetallic complex [(dppe)Ni(pdt)Fe(CO)3] (802).

1994 It
should be noted that a bridging derivative of 1,3-propanedithiolate is relevant in the active site of
[Fe]-only hydrogenase.2000,2001 In (802), the Ni coordination sphere has a distorted tetrahedral
arrangement and the angle between the Ni–S1–S2 and Fe–S1–S2 planes of 80.3� compares with
an angle of 81� in the enzyme.1989,1995,2002

In a reverse methodology, construction of thiolate-bridged Ni—Fe cores starts from a chelating
thiolate ligand already bound to Fe and subsequent reaction of with a source of NiII. A set of
four redox-related complexes [Fe(L)Ni(L)Fe]þ/2þ/3þ/4þ (L3�= 1,4,7-tris(4-t-butyl-2-mercapto-
benzyl)-1,4,7-triazacyclononane) was prepared using this approach.2003–2005 Reaction of the
mononuclear species [Fe(L)]2005 with NiCl2�6H2O and subsequent metathesis yields [Fe(L)Ni(L)Fe]
(PF6)2 (803), the crystal structure of which confirms the three face-sharing thiolate bridged
octahedra with two terminal FeIII ions and a central NiII ion. (803) exhibits three reversible
redox processes, two reversible oxidations and a reversible reduction at E1/2=þ0.69V, �0.02V,
and �0.90V (vs. Fc/Fcþ). It was concluded, however, that any assignment of the formal metal
oxidation states to individual centers via a localized charge model was inappropriate, because the
one-electron oxidations and reductions affected all the three metal ions simultaneously.2005 It was
confirmed that the Fe ions remained equivalent in all four compounds, consistent with some
computational studies of the active site of [NiFe] hydrogenase from D. gigas.2006,2007 According to
these studies, redox chemistry of the active site involves the cluster as a whole, but the Fe remains
in the same redox state throughout.
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Several bis(thiolato) bridged NiFe complexes have been prepared by the reaction of
[Fe(L)(CO)]—(L3�=N(CH2CH2S)3

3�) and appropriate NiII species. For example, treatment
with [dppeNiCl2] under CO gave [{Fe(L)(CO)2-S,S

0}NiCl(dppe)] (804) where the NiII is found
in a distorted square pyramidal geometry with two bridging thiolate moieties occupying two cis
positions in the basal plane.2008,2009 The remainder of the coordination sphere comprises a dppe
molecule in the basal plane and a Cl� ion at the axial position. (804) was the first literature
example of a model complex featuring a bis-thiolate bridged heterodinuclear Ni—Fe center with
CO at the FeII. When the reaction was performed under nitrogen, the monocarbonyl rather than
the dicarbonyl complex was formed. The CO ligands may also be replaced by a single NO.2010

Reaction of [Fe(L)(CO)]� with the DMSO solvate of NiCl2 gave a trinuclear FeNiFe complex
(805) in which the central NiII ion resides in an almost regular tetrahedral thiolate environ-
ment.2009 Complex (810) resulted from the reaction of dinuclear (808) with labile (809).2011 Its
bridging Ni—S distances (2.230–2.241 Å) are distinctly longer than the terminal Ni—S distances
(2.14–2.25 Å), but the latter are typical for diamagnetic four-coordinate NiII thiolate species. The
[Ni(SR)2] fragment withdraws electron density from the Fe center of the [Fe(CO)L2(SR)2] core,
thus causing a blue-shift of the �(CO) frequency.
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A particularly elaborate strategy for obtaining NiFe heterobimetallic complexes uses preorga-
nized dinucleating ligand scaffolds, e.g., for the synthesis of complex (806) which is based on a
compartmental mixed amine thiophenolate ligand that enforces triple thiolate bridging.2012,2013

(806) was prepared by sequential addition of NiCl2 and FeCl2 to a solution of the ligand. The
synthesis does not formally involve the formation of the NiII complex as a direct precursor, but
presumably this occurs in situ. (806), like the related compounds (803),2003–2005 has interesting
electrochemical properties. It shows a reversible oxidation at E1/2=þ0.45V and a reversible
reduction at E1/2=�0.43 vs. SCE, and these redox states were characterized as: [NiIII(L)FeIII]3þ ,
[NiII(L)FeIII]2þ , [NiII(L)FeII]þ.
Dinuclear NiII complexes can also serve as precursors for the synthesis of heterobimetallic

NiFe systems. Thus, treatment of [Ni(�-SCH2CH2SCH2CH2S)]2 with [Fe(NO)2(SePh)2]
� in the

presence of NaNO2 yields (807),2014 illustrating that a monometallic fragment with terminal
thiolates is not a prerequisite for forming NiFe complexes (mononuclear fragments may well be
generated from the dinickel starting material in solution, however). In (807) the Ni is presum-
ably reduced to Ni0 and is found in a distorted tetrahedral arrangement with S(thioether)—Ni—
S(thiolate) angles of ca. 90�. The very acute Fe—S—Ni angle gives rise to a Ni—Fe distance of
2.8 Å, which is similar to the characteristics of the oxidized form of the NiFe active site of
D. gigas hydrogenase.
In view of the X-ray crystallographic findings for the Ni/Fe active site of carbon monoxide

dehydrogenase (CODH),41,42 which showed the Ni to be part of an [Ni–Fe–S] cluster, the single
example of a synthetic NiFe3S4 cubane-type cluster (812) is of particular interest.

2015 Examples for
larger mixed Ni/Fe/S clusters include [Fe3Ni5S6I8]

4�.2016 Previous to the X-ray crystal structure of
CODH, it was believed that the Ni is not part of the Fe/S cluster but is attached to it via a
bridging thiolate (from cysteine). Hence, attempts have been made to prepare CODH model
systems with the Ni(�-SR)[Fe4S4] motif. Prominent examples are compounds (793), (811), and
(813), in which two NiII are covalently bound to an Fe4S4 core via bridging thiolates. The Ni
coordination geometry remains nearly unchanged with respect to the mononuclear Ni precursor
complexes.1984,2017

Mononuclear Ni complexes have been investigated as functional models for individual steps of
the reactions mediated by the CODH/acetyl coenzyme A synthase.2018–2020 These are mentioned
in the respective sections on mononuclear Ni complexes. The dinuclear type (770) complexes are
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active catalysts for CO oxidation in aqueous medium with electron transfer to methylviologen
and production of CO2.

2021 The proposed mechanism involves CO interaction with the NiII and
subsequent nucleophilic attack by water, followed by decarboxylation of the Ni–COO� inter-
mediate by the methylviologen.
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6.3.4.12.6 Di- and oligonuclear complexes with dinucleating ligands incorporating
diazine, diazole, and triazenido bridging units

The N—N groups of diazoles and related compounds (e.g., pyrazolate, triazolate) as well as the
N—N group of diazines (like pyridazine, phtalazine) are very useful bridging units in NiII

coordination chemistry. Such dinuclear complexes have been studied, inter alia, with respect to
magnetic and electronic exchange interactions as well as cooperative substrate activations. Some-
what related dinucleating ligands are those based on a naphtyridine unit. The intrinsic C2

symmetry of the naphtyridine-based dinickel core (e.g., (814b)) has been exploited in enantio-
selective catalytic reactions.2022

While attempts to prepare binary NiII pyrazolates by reacting pure metal with molten pyrazoles
were largely unsuccessful, air-stable polymeric compounds of composition [Ni(4-Xpz)2]x (X=H,
Cl) as well as the corresponding 3,5-dimethylpyrazole derivatives [Ni(4-Xdmpz)2]x were obtained
by the reaction of nickellocene with the appropriate pyrazole.2023 Extended-chain double pyr-
azolate-bridged structures are assumed in all cases, but spectroscopic and magnetic data indicate a
planar {NiN4} chromophore in 4-Xpz ligands vs. a tetrahedral {NiN4} chromophore in the case
of the more bulky 4-Xdmpz compounds. Pyrazolate-bridged dinickel systems may also be
obtained from mononuclear precursors by thermal transformation. For example, bis(3,5-
dimethylpyrazole-1-carbodithioato)nickel(II) (815) undergoes a facile irreversible decomposition
to give the dimeric complex (816).2024

Dinickel complexes (817), which contain both bridging and terminal pyrazolate ligands,
have allowed the detection of different types of dynamic processes, namely N,N0 metal shift,
rotation of the terminal ligand, and bridging-terminal intermolecular pyrazolate
exchange.2025 Spin saturation transfer experiments reveal a slow motion of the terminal
pyrazolate ligand that consists of a combination of N,N0-metallotropic shift and rotation
around the Ni—N bond, but exchange of the bridging and terminal pyrazolate ligands was
only detected as a very slow process in cross experiments with different pyrazolate ligands.
In contrast, (817)�HBr displays dynamic NMR spectra due to rapidly interconverting iso-
mers in solution.
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Chelating side arms have been attached to the 3- and 5-positions of the dinucleating pyrazole,
in order to control the nuclearity and the characteristics of pyrazole-bridged dinickel species.
Bis(pyrazolato)-bridged dinickel(II) complexes of general type (818) are formed with 3,5-bis(20-
pyridyl)pyrazole2026 and pyrazole-3,5-dicarboxylic acid.2027 In the former case, a complex with
two octahedral NiII ions due to coordination of methanol solvent molecules in the axial positions
has been structurally characterized.2026 Bis(pyrazolato)-bridged dinickel systems may also form
with ligands carrying a single chelate side arm. In this case, open coordination sides remain for
solvent (or other coligand) binding, e.g., in (819).2028

Type (820) dinickel complexes offer the opportunity of substrate binding within the bimetallic pocket,
and highly preorganized complexes of this type have also been employed as model systems for the
urease metalloenzyme (see Section 6.3.4.12.7). The Ni—Ni separation in type (820) complexes can be
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controlled by changing the lengths of the chelating side arms in the 3- and 5-positions of the heterocycle.
For example, in (821) with longer side arms (i.e., six-membered outer chelate rings) the Ni� � �Ni
distance is around 3.6 Å and anOHbridge is foundwithin the bimetallic pocket. In contrast, the shorter
side arms (i.e., five-membered outer chelate rings) in (822) pull the two NiII back and apart, thus
enforcing a larger Ni� � �Ni distance of around 4.4 Å which prevents the small OH group from spanning
the metal ions. Instead, an additional water molecule is incorporated to give an intramolecular (H3O2)

�

unit with a short O—H—O hydrogen bridge.422,2028 A (H3O2)
� group can also span four NiII ions, as

has been shown in tetranickel complexes with phtalazine- or phenolate-derived dinucleating ligands
(type (823) and (824), respectively).2029,2079
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The H3O2 function in (822) is hydrolytically active and is capable of, inter alia, nitrile hydration
to give complexes (825) with N,O-bridging amidato groups.422 Replacement of the additional
water by the end-on bound nitrile is assumed as a first step in this reaction, which is corroborated
by the structural characterization of (826).2030 The particular geometric constraints in (822) can
also give rise to unusual binding modes within the bimetallic pocket, e.g., a unique cyanoguani-
dine coordination with enforced side-on �-interaction of the C�N group with a high-spin NiII

site (827).2030
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In the case of macrocyclic tacn side arms, stability constants of type (820) dinickel complexes
are considerably higher and six-coordination can be achieved due to the binding of additional
coligands, either at both NiII (in (828))2031 or at only one of them (in (829)).2082

NN
NiNi

+

N

N

N
iPr

iPr

N

N

N
iPr

iPr NO CN

C

O (829)

NN
NiNi

2+

N

N

N

N

N

N

NN N
OH2

(828)

H

H

H2OH

H

NN NN
NiNi

NN
Cl

Cl Cl

=

R2R2

N N N

NN
N

NN
NN

NEt2
N

NiNi

OO

+

O

O

Et2

(830) (831)

NR2 R2N

Et2NNEt2

With open-chain chelate arms at the heterocycle, however, coordination of additional coligands
may be accompanied by detachment of some ligand side arms, e.g., in (830) or (831).422,2032,2072

A pyrazole ligand bearing Schiff base chelate arms with bulky substituents forms a hexanuclear
NiII cage complex (832) that incorporates an interstitial �6-Cl atom (Figure 31). The cage structure
is opened up in the presence of coordinating solvents to give, inter alia, (833) (from ethanol).2033

(833)

NN

Ni Ni

ClCl OEt

NN

iPr

iPr

iPr

iPr

NN

Ni Ni

ClEtO Cl

NN

Cl

Cl

OEt

OEt

H

H

H

H

Unsymmetrical compartmental pyrazole ligands with different chelating side arms in the 3- and
5-positions have been developed for the controlled synthesis of unsymmetric dinickel(II)
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complexes or heterobimetallic NiPd compounds, e.g., (834)–(836).2034,2035 (835a) and (836) are
mixed-spin systems with one tetracoordinate low-spin and one hexacoordinate high-spin NiII per
pyrazolate-based bimetallic unit. Structural, spectroscopic, and electrochemical characteristics of
these systems reveal that the coordination subunits are only moderately coupled with regard to
conformational and electronic aspects.2035
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Figure 31 Hexanuclear NiII cage complex (832) with an interstitical �6-Cl atom
2033 (reproduced by permis-

sion of the Royal Society of Chemistry).
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Dinickel(II) complexes of dinucleating 1,2,4-triazole- and pyridazine-based ligands have mainly
been studied with respect to magnetic exchange interactions. With 1,2,4-triazole, NiII forms
oligomeric and polymeric coordination compounds. Using 3,5-dialkyl substituted triazoles and
thiocyanate as a coligand, trimeric species could be isolated and characterized crystallographic-
ally.2036 Subsequently, a series of di- and trinuclear triazole-based NiII complexes have been
characterized and their magnetic properties investigated,2037–2041 and related complexes have also
been obtained with 2,5-diamino-1,3,4-thiadiazole.2042 Triply triazolato-bridged systems show anti-
ferromagnetic coupling with J ranging from �10 cm�1 to �20 cm�1 (Table 12). In the case of two
triazole or thiadiazole bridges and an exogenous coligand, the exchange was found to be
ferromagnetic with NCS� but antiferromagnetic with OH�.
3-(Pyridin-2-yl)-1,2,4-triazole and 4-amino-3,5-bis(pyridin-2-yl)-1,2,4-triazole give com-

pounds (837) and (838), respectively, with solvent or chloride coligands filling the remaining
sites of the distorted octahedral environment.2043,2044 A similar constitution is indicated by
FAB mass spectrometry for NiII complexes of (839).2045 Weak to moderate antiferromag-
netic coupling is observed in these cases. 4-Amino-3,5-bis(hydroxymethyl)-1,2,4-triazole
(840), however, forms a tetranuclear complex with a Ni4O4 cubane cluster where three
ligands are singly deprotonated and one ligand is doubly deprotonated. The latter bridges
two Ni4O4 entities to give dumbbell-like pairs of clusters. Hexacoordination of each NiII ion
is completed by a thiocyanate anion.2046 The nature of the magnetic exchange is overall
antiferromagnetic.

Table 12 Magnetic exchange parameter in triply triazolato-bridged NiII comlexes.

Compoud Bonding scheme J/cm�1

[Ni3(L
4)6(H2O)6]

6þ �18.8

[Ni3(L
5)8(NCS)4]

2þ �20

[Ni2(L
6)4(NSC)4(H2O)] �17.4

[Ni3(L
7)12]

6þ �14

[Ni3(L
3)6(NCS)6] �10

[Ni3(L
2)6(NCS)6] þ20

[Ni3(L
1)4(NCS)4(OH)2(OH2)2] �10

L4= 4 -Ethyl-, L5= 4 -tert-butyl, L6= 4 -allyl-, L7= 4 -tert-butyl-3-methyl-1, 2, 4-triazole.
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The NiII complex of bis(pyridazine)carboxamide can act as a bidentate ligands towards other
metal ions, e.g., in (841).2047–2049 3,6-Bis(2-pyridyl)pyridazine (dppn, (842)) forms a tetranickel
complex [Ni4(�-OH)2(�-dppn)4(�-H2O)2]

6þ with two central H3O2 units spanning the four metal
ions. Each Ni atom is six-coordinate with distorted octahedral {N4O2} geometry.

2050 3,6-Dicarboxy-
latopyridazine (843) and 3,6-bis(10-pyrazolyl)pyridazine (844) give the typical doubly bridged
[Ni2L2(H2O)4] complexes with water in the axial positions. The magnetic coupling constant J (for
the Hamiltonian H=�2JS1S2) is around �15 cm�1.2051,2052 If longer and oligodentate chelate
arms are attached to the pyridazine or phtalazine heterocycle, preorganized bimetallic systems
such as (845) can be obtained.2053–2055 Dinickel(II) complexes of phtalazine-derived compartmental
ligands have been investigated as model systems for the urease metalloenzyme (see below).2079–2081

3,6-Bis(2-pyridyl)-1,2,4,5-tetrazine (bptz, (846)) can act as a dinucleating ligand towards
NiII.2056 From the reaction of [Ni(MeCN)6]

2þ with bptz, tetranuclear squares
[Ni4(bptz)4(MeCN)8]

8þ or metallapentagons [Ni5(bptz)5(MeCN)10]
10þ have been isolated, depend-

ing on the choice of the templating counteranion (ClO4
� or BF4

� vs. SbF6
�).2057,2058

In contrast to diazine heterocycles, ligands based on a N—N single bond derived from hydrazine
have rarely been used as bridging scaffolds in Ni chemistry. Ligands (847a–c) contain a flexible diazine
unit and terminal pyridine and pyrazine residues, respectively. (847a) forms a spiral-like dinickel(II)
complex, in which three ligands wrap themselves around the six-coordinate metal ions. The diazine
N atoms act as bridging groups, and the pyridine-N ligate to the remaining coordination sites.2059The
magnetic moment is close to the value expected for uncoupled NiII centers. (847b) and (847c) form
tetranuclear compounds [Ni4(L)4(H2O)4]

4þ, where the Ni ions are linked solely by alkoxo O atoms to
form a square [Ni4(�2-O)4] array and are coupled antiferromagnetically.

2060

The single N atom of pyridine can also bridge two NiII ions. Pentadentate ligands (848a) and
(848b) in their twofold deprotonated form give helical dinickel complexes, in which the metal ions
are bridged by the two pyridine-N and are ligated by two donor atoms of one chelate arm of each
ligand, featuring overall six-coordination.2061,2062

Triazenido ligands can exhibit various coordination modes, and they can also act as a bridge
spanning two NiII ions. A representative example is complex (849), where three 1,2-bis(phenyl-
triazenido)benzene ligands encapsulate a Ni(�-OH)2Ni core.

2063

6.3.4.12.7 Model complexes for the urease active site

Urease is an exceptional metallohydrolase that contains two proximite NiII ions within its active
site.24,25 It efficiently catalyzes the hydrolysis of urea to finally give carbon dioxide and two moles
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of ammonia. Due to the exceptional stability of urea and the importance of urea degradation for
environmental, agricultural and medical sciences, the urease enzyme and its mode of action has
received much attention. Since the first X-ray crystal structure of microbial urease was published
in 1995,23 accumulating crystallographic evidence has meanwhile provided a detailed picture of
the enzyme active site and a solid background for an understanding of its mechanism of
catalysis.26,27 The initially proposed mechanism of urease activity assumes that urea is activated
by coordination to one NiII ion in conjunction with extensive hydrogen bonding within the active
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site pocket of the protein and is subsequently attacked by a nucleophilic hydroxide terminally
bound to the opposite NiII.2064 The resulting carbamate then decomposes further to produce
carbonic acid and another molecule of ammonia (Scheme 12, left-hand sequence). Based on
the crystal structures of urease inhibited by either phosphate or diamidophosphate, as well as on
the basis of model calculations, an alternative mechanism has been proposed and the sequence of
events outlined in the right-hand part of Scheme 12 now seems most probable.28,29 It implies that
urea first coordinates to one nickel ion through its carbonyl oxygen atom, followed by a transition
towards a bridging binding mode and concomitant nucleophilic attack by the bridging hydroxide.
However, details of this process are still under debate, and cyanate has also been proposed as a
possible intermediate in the urease mechanism.2065
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As a consequence, the design and investigation of dinuclear NiII model complexes that mimic
characteristics of the urease active site and that are capable of binding and degrading urea continues
to be of particular interest. Among the specific active site structural features of urease are the
nonsymmetric N/O-rich coordination environment with a Ni—Ni distance of around 3.5 Å, the
bridging carbamate (often modeled by a bridging carboxylate), and the presence of a hydrolytically
active Ni-bound hydroxide or water. The ability to bind urea is a prerequisite for urease-like
activity, and different urea binding modes have been observed in synthetic model compounds.
In order to provide a dinucleating scaffold for proper orientation of two proximite NiII ions,

compartmental ligands based on bridging alkoxide, phenolate, pyrazolate, or phtalazine units
have been employed.422,2066–2082 Selected examples are discussed below.
In (850)2066, (851),2069 and (852)2076 the two nickel ions are additionally spanned by carboxylate

bridges, whereas (853)2072, (854)2083, (855)422, (856),422 and (858)2079 feature bridging hydroxide,
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water, or H3O2 moieties. In some cases (e.g., (852))2076, the bimetallic scaffolds are nonsymmetric
due to the different coordination compartments of the dinucleating ligand. (853)2072 provides
additional N functional groups in proximity to the bimetallic core—during complex formation,
these basic amine functions pick up a proton to give the Ni-bound hydroxide, which resembles
essential characteristics of the protein surrounding in the urease active site. Several compounds
have readily accessible coordination sites available for substrate binding: e.g., the acetonitrile
ligands in (853) are easily replaced by DMF or N-bound thiocyanate.2072 A dinickel(II) complex
of a tetrakis(benzimidazolyl) substituted 2-hydroxy-1,3-diaminopropane ligand (similar to the
ligand in (851)) was found to readily absorb CO2 in methanol solution to give a monomethyl
carbonato bridged species.2084

Complex (854) has been tested in the catalysis of bis(p-nitrophenyl)phosphate hydrolysis. A plot
of the rate constant vs. pH showed a sigmoid curve with an inflection point at a pH close to the
pKa of the Ni-coordinated water (�8.5), which is consistent with the metal-bound hydroxide
acting as the nucleophile.2083 (856) is capable of nitrile hydration to give complexes with N,O-
bridging amidato groups (857),422 and complex (858) effects the hydrolytic cleavage of picolin-
amide in ethanol to give (859).2079 The latter is proposed to occur by the bridging hydroxide,
which is suitably arranged for nucleophilic attack.
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Complex (860)2085 containing a (�-aqua)bis(�-carboxylato) core reacts with urea to provide the
first example of urea coordination to a dinickel(II) site.2067 In the resulting (861), the urea
molecule binds through its carbonyl-O to one of the NiII ions, which is the most commonly
observed coordination mode.
Urea bound with �1-O has also been found in the (�-alkoxide)(�-carboxylato) complex (862),2070 in

the phenolate-bridged species (863),2071 in several pyrazolate-based dinickel(II) compounds with add-
itional carboxylate bridges and either symmetric (864, 865) or nonsymmetric (866) cores,2072 and in the
phtalazine-derived complex (867).2080 In the latter two cases, species with N-substituted urea have also
been structurally characterized,2072,2081 as well as a phtalazine-based dinickel complex with S-bound
thiourea.2081 Whereas (865) provides additional terminal sites for solvent coordination,2072 (867) incor-
porates both a �-aqua and a �-hydroxide group.2081 In (864), (865), and (866), the urea is additionally
tied up with the bimetallic core by H bonding between the urea NH and the O atoms of the bridging
acetate,2072 while type (867) complexes feature urea H bonding interactions with the bridging
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hydroxide.2080,2081 All NiII ions with �1-O-bound urea are usually six-coordinate. The urea C—O bond
lengths generally do not change appreciably upon coordination, indicating very little polarization of the
substrate.
Complex (868) is a unique example where urea forms a single-atom bridge between the proximate

metal ions through its carbonyl-O atom.2080 An N,O-bridging coordination of (deprotonated) urea
occurs in (869),2074 which forms in an equilibrium reaction between the active H3O2-bridged species
(856) and the substrate (K1= 4.3	 0.4M in acteone, 2.7	 0.5M in MeCN).2086 Kinetic studies by
stopped-flow methods provided insight into the process of urea bridge incorporation: it was shown to
follow a rate nonlinear in urea concentration, indicating that two urea molecules are involved.
A detailed kinetic scheme has been derived.2086 Starting from the relatedH3O2-bridged dinickel complex
(870) with tacn side arms attached to the pyrazolate, not only parent urea but also N-substituted
urea derivatives could be incorporated in the N,O-bridging position.2082
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An unprecedented �3-�N:�N
0:�O triply bridging coordination mode of deprotonated urea has

been observed in the tetranuclear NiII complex (872), which assembles from two pyrazolate-based
bimetallic entities.2077 In (872), the presence of two terminal four-coordinate low-spin NiII and
two central six-coordinate high-spin NiII leads to a mixed-spin situation, while results from UV–
visible spectroscopy and magnetic measurements in solution suggest the coordination of add-
itional solvent ligands to the outer metal ions at low temperature.2077

While dinickel(II) complexes with bound urea in various coordination modes are known, very
few systems mediate the hydrolytic degradation of the substrate. Ethanolysis of urea in a slow
catalytic reaction (4 equivalents of ethyl carbamate after 12 h at 80 �C) has been reported for
(862).2070 Compound (865) produces 2.2 equivalents of ethyl carbamate after 6 days at 80 �C.2078

Several complexes that promote the elimination of ammonia from coordinated urea to yield
metal-bound cyanate are known. A series of dinuclear NiII complexes of the nonsymmetric ligand
(873) react with urea in refluxing ethanol solution to give dinickel products with N-bridging
cyanate.2075 Heating of (869) gives rise to ammonia extrusion from the N,O-bridging ureate and
formation of the cyanate-bridged complex (871).422
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Both complexes (867) and (868) promote the hydrolysis of urea in a two-step process.2080

Heating of (867) or (868) in acetonitrile solution produced ammonia with kinetic first-order
dependence on complex concentration and an observed rate constant of (7.7	 0.5)� 10�4 h�1

to yield a cyanate complex as the reaction product. When the reaction was carried out in 50%
aqueous acetonitrile solution, ammonia was produced at the same rate but without buildup of the
cyanate-containing product, suggesting that the latter is hydrolyzed in the presence of water. The
hydrolysis rate was also first order in water, indicating that it occurred by attack of an external
water on the coordinated cyanate.2080

In an analogous reaction, urea substrates having alkyl substituents at only one of the N atoms
undergo alkylamine elimination to form a dinickel cyanate complex.2081 In contrast, no reaction
was observed for N,N0-dialkylated substrates.
The results of most model studies for Ni-mediated urea degradation reported to date are

consistent with a cyanate intermediate. While this differs from the most likely mechanism of
urease activity as deduced from protein crystallography, there is still no definitive evidence ruling
out a transient Ni-bound cyanate intermediate for the enzyme.
Crystal structures of dinickel complexes with O,O-bridging and O,N-bridging (O-methylated)

carbamate have been reported.2074,2082 (874) produces one equivalent of ammonia upon heating in
methanol/water solution.2082

Acetohydroxamic acid (AHA) is known as a potent inhibitor of urease, and the crystal
structure of the AHA-inhibited enzyme has been reported2087,2088 (as well as structural details
with other inhibitors such as �-mercaptoethanol2089 and phenylphosphorodiamidate).28 The
structure of the AHA-inhibited active site reveals the binding mode of the AHA inhibitor with
its hydroxamate-O symmetrically bridging both metal ions and the carbonyl-O chelating to one of
the NiII. Such AHA coordination has been closely modeled in (875) and (876), which are readily
prepared from the reaction of (860) and (861) with AHA.2090 A similar situation is observed in the
complex with salicylhydroxamic acid (877).2091 Compound (878) containing a deprotonated brid-
ging N-hydroxyglutarimide was obtained in an unusual hydroxylamine elimination and cyclization
reaction upon reaction of (860) with glutarodihydroxamic acid.2092 Finally, it should be noted that
four distinct hydroxamate binding modes have been observed in a heptanuclear NiII complex with
2-(dimethyl amino)phenylhydroxamic acid (2-dmAphaH), [Ni7(2-dmAphaH-1)2(2-dmApha)8
(H2O)2]SO4�15H2O.

2093

6.3.4.12.8 Chain complexes with oligo(pyridylamido) ligands

Linear multinuclear metal complexes are attracting attention in the context of molecular electron-
ics due to their projected use as molecular wires. Oligo(pyridyl)amido ligands are efficient
scaffolds for lining up several NiII ions like a string. The first structurally characterized trinickel
complex of this type, [Ni3(dpa)4Cl2] (dpa= bis(2-pyridyl)amide), showed a nearly linear Ni3 unit
with Ni—Ni distances of around 244 pm.2094 Penta-, hepta-, and nonanuclear systems have
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meanwhile been described, where the oligo(pyridyl)amido ligand coordinates in an all-syn
form.2095–2099 An example is the heptanickel(II) complex (879) (Figure 32).2099
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Figure 32 Molecular structure of the heptanickel complex (879). (reprinted with permission from ref. 2099;
# 1999, American Chemical Society).
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In these multinuclear NiII complexes, all the internal nickel ions are in a low-spin state, whereas
the two external nickel ions are in a high-spin state. The antiferromagnetic coupling constants
decrease in the order �99 cm�1, �8.3 cm�1, �3.8 cm�1, and �1.7 cm�1 for the tri-, penta, hepta-,
and nonanickel dichloride complexes. In their neutral forms there are no metal–metal bonds.
Upon abstraction of the terminal chlorides and one-electron oxidation, however, the Ni�Ni
distances shorten significantly, indicating formation of partial Ni—Ni bonds. Magnetic data for
[Ni3(dpa)4(PF6)3] are consistent with one unpaired electron and delocalized Ni—Ni bonding.2100

Coupling constants in the one-electron oxidized unsymmetrical pentanickel complexes [Ni5-
(tpda)4(H2O)(BF4)](BF4)2 and [Ni5(tpda)4(SO3CF3)2](SO3CF3) are estimated to be �555 cm�1

and �318 cm�1, respectively, i.e., much higher than in the neutral form.2101

6.3.4.13 Magnetic Properties of Polynuclear Complexes

High-spin NiII has received increasing attention in the field of molecular magnetism. Since the
energy barrier to reorientation of magnetization for a metal cluster is related to the spin (S) of the
ground state and the zfs (D) of that spin, high-spin systems with large magnetic anisotropy are
required. Nickel(II) has been proposed as a promising candidate in this respect, due to the
possibility of achieving ferromagnetic exchange and the large single-ion zfs. Consequently, the
first single-molecule magnets based on NiII centers have been discovered, a Ni12 cluster based on
6-chloro-2-pyridonate and acetate ligands and a Ni21 cluster with citrate and hydroxide.60,61,2102

The former (S= 12 ground state) is the highest spin molecule to show quantum tunneling of
magnetization.

6.3.4.13.1 Complexes with bridging azido ligands

In the field of molecular magnetism the flexidentate azido ligand plays a prominent role, since it
mediates different kinds of magnetic coupling depending on its various modes of coordination. For
NiII, many polynuclear complexes with azido bridging ligands have been discovered, which feature a
great variety of different architectures. An excellent review has appeared.2103 Related pseudohalides
like thiocyanate, selenocyanate, etc., have also been used, although the structural variety is much less
diverse in those cases. Coordination chemistry of the latter systems is covered in Section 6.3.4.3.2.
The NiII–azido compounds are best divided according to their dimensionality: discrete molecu-

les and 1D, 2D, and 3D systems. When acting as a bridging ligand, the N3
� anion usually adopts

the �-1,3 (end-to-end, EE) or the �-1,1 (end-on, EO) binding mode,2103–2105 although few
examples of triply (�3-1,1,3 and �3-1,1,1 ) and quadruply (�4-1,1,1,1 and �4-1,1,3,3) bridging
azide have been reported. Magnetostructural correlations for the two major binding modes of the
azido ligand have emerged: systems with �-1,3 azido bridges usually exhibit antiferromagnetic
coupling while �-1,3 coordination entails ferromagnetic coupling. For very large Ni(�-1,3-N3)Ni
bond angles, however, the magnetic coupling may be reversed. In addition to the angle �
measuring the linearity of the Ni–NNN–Ni skeleton, two dihedral angles are often discussed
for magnetostructural correlations:  (the dihedral angle between the plane defined for the six N
azido atoms and the N1–M–N30 plane) is commonly considered for complexes with double EE
azido bridges and � (the dihedral angle between the mean planes M–N1–N2–N3 and N1–N2–N3–
M) for complexes with single EE azido bridges.2103

For magnetostructural correlation, intimate knowledge of the molecular structure is a prerequisite,
and hence the following discussion is mainly restricted to compounds characterized by X-ray crystal-
lography. J-values are given with respect to theH=�JijSiSj Hamiltonian (reported values have been
adapted for cases where the H=�2JijSiSj Hamiltonian has been used in the literature).

′′

µ µ

δ

τ
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(i) Dinuclear complexes

(a) With �-1,3-azido ligands. Compounds with only one azido bridge, with two azido bridges,
or with three azido bridges have been structurally characterized. Systems with only one �-1,3
azido bridging ligand comprise (i) [Ni2(N3)2(Me4cyclam)2(�-N3)]I (Me4cyclam= 1,4,8,11-tetra-
methyl-1,4,8,11-tetraazacyclotetradecane) reported earlier2106,2107 with octahedral coordination
of the NiII ions and two terminal azido ligands in trans position with regard to the bridge, (ii)
[Ni2(trenpy)2(�-N3)](ClO4)3

2108 with a pentadentate capping ligand (trenpy=N,N-bis(2-amino-
ethyl)-N0-2-(pyridylmethyl)ethane-1,2-diamine), (iii) [Ni2(L)(�-N3)](N3)(ClO4)2, and
(iv) [Ni2(L)(H2O)(�-N3)](CF3SO3)3 (879) where L is a cryptate host.2109,2110 While the Ni–(�-1,3-
N3)–Ni central unit is nonlinear in the first two complexes (as is also the case in the 1D systems with
only one azido bridging ligand in �-1,3 coordination mode), the geometrical constraints imposed by
the rigid dimetallic cryptate induce a rather unusual quasi-linearity (Ni—N—N angles close to 165�)
in the latter two complexes.
Table 13 collects the main structural data and the exchange coupling parameter J.

[Ni2(L)(H2O)(�-N3)](CF3SO3)2 is a rare example with ferromagnetic coupling mediated by the
EE azido bridges.2109,2110 This has been ascribed to both the linearity of the azide bridge and the
pentacoordination of one of the NiII ions. DFT calculations predict weak antiferromagnetic
coupling for compounds only slightly distorted from linearity (� up to 30�), and a dramatic
enhancement of the antiferromagnetism at larger �-values. A single case with only one end-to-end
azido bridging ligand and also a pyrazole bridge has been reported, though no magnetic data are
given.2112

Numerous dinuclear complexes with two �-1,3 azido bridging ligands have been reported.
Bi-, tri-, or tetradentate amine ligands are commonly used as capping ligands, while in some cases
additional terminal azido ligands are present. In general, the counteranion is a nonligating anion
such as ClO4

�, PF6
�, or B(C6H5)4

�. In most cases, the two azido ligands of the [Ni2(�-N3)2]
2þ

core are coplanar like in (880). [Ni2(L
0)2(N3)2(�-N3)2] ((881); L

0 = 1,4,7-trimethyl-1,4,7-triazacyclo-
nonane)2113 and [Ni2(bispicen)2(�-N3)2](ClO4)2 (bispicen=N,N0-bis(2-pyridylmethyl)ethylene-
diamine)2114 are exceptions, with the two azido bridging ligands crossing each other. The main
structural data and the exchange coupling parameter, J, are listed in Table 14.
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Both extended Hückel and DFT calculation have been carried out in order to rationalize the
observed trends. According to the magnetochemical theories,2120,2121 the antiferromagnetic con-
tribution to the exchange coupling JAF is proportional to the squared energy difference ("1 – "2),
where ("1 – "2) represents each of the gaps created between the symmetric and antisymmetric

Table 13 Structural and magnetic parameters for dimers with the [Ni(�-1,3-N3)Ni] unit: Ni—N bond
distances (Å), Ni—N—N and � angles (�), J in cm�1.a

Ni—N Ni—N—N � J References

[Ni2(trenpy)2(�-N3)](ClO4)3 2.133 131.6 180 �26.8 2108
[Ni2(dmptacn)2(�-N3)](ClO4)3 �42.5 2108
[Ni2(Me4cyclam)2(N3)2(�-N3)3]I 2.15 142 180 �17.0 2106
[Ni2(Metpa)2(N3)2(�-N3)](ClO4) 2.117 139.1 180 �20.5 2111
[Ni2(L)(�-N3)](N3)(ClO4)2 1.998, 2.032 169.9, 164.7 2109
[Ni2(L)(H2O)(�-N3)](CF3SO3)3 (879) 2.037, 1.998 165.8, 157.6 þ11.8 2110

a Trenpy=N,N-bis(2-aminoethyl)-N0-2-(pyridylmethyl)ethane-1,2-diamine; dmptacn= 1,4-bis(2-pyridylmethyl)-1,4,7-triazacyclononane;
Me4cyclam= 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane; Metpa= tris(6-methyl-2-pyridylmethyl)amine; L= cryptate host).
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combinations of the NiII magnetic orbitals (z2	 z2 and x2� y2	 x2� y2). The main factor
determining the J-value is the [Ni–(�-N3)2–Ni] dihedral angle , i.e., the more planar the structure
(dihedral angle  close to 0�), the more antiferromagnetic is the coupling.2115

A single dinuclear complex has been reported with three EE azido bridges, i.e., with a [Ni(�-
1,3-N3)3Ni] central core: [Ni2(L

0)2(�-1,3-N3)3](ClO4)(882).
2113,2116 The Ni—N—N angles lie

between 115.6� and 119.2� (average value= 118.1�), and the J-value is �67.9 cm�1.
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(b) With m-1,1-azido ligands. Complexes with �-1,1-azido ligands show ferromagnetic coupling,
as indicated above. While most compounds have two azido bridges with a [Ni(�-1,1-N3)2Ni]

2þ core
structure, few examples with three azido bridges have also been reported. Most of the former
compounds show a planar [Ni–(N3)2–Ni] unit with an inversion center. The coordination of the
NiII ions is generally completed by di-, tri-, or tetradentate amine capping ligands. Weakly coordin-
ating counteranions such as ClO4

� or PF6
� are usually employed, and azido terminal ligands may be

present in some cases. Complexes (883) and (884) are depicted as representative examples. The main
structural data and the exchange coupling parameter, J, are collected in Table 15.
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Table 14 Structural and magnetic parameters for dimers with the [Ni(�-1,3-N3)2Ni] unit: Ni—N bond
distances (Å), Ni—N—N and  angles (�), J in cm�1.a

Ni—N Ni—N—N  J References

[Ni2(en)4(�-N3)2](PF6)2 2.181, 2.183 121.3, 119.3 45.0 �4.6 2115
[Ni2(1,3-tn)4(�-N3)2](BPh4)2 2.167, 2.144 127.7, 139.0 3.0 �114.5 2115
[Ni2(L)2(N3)2(�-N3)2] 2.167, 2.135 124.4, 138.4 6.8 �90.0 2116
[Ni2(L

0)2(N3)2(�-N3)2] (881) 2.111, 2.118 124.5, 128.2 b �36.4 2113
[Ni2(tren)2(�-N3)2](BPh4)2 2.069, 2.195 123.3, 135.7 20.7 �35 2106
[Ni2(222-tet)2(�-N3)2](BPh4)2([880](BPh4)2) 2.103, 2.155 128.5, 129.9 22.4 �83.6 2117
[Ni2(aep)4(�-N3)2](PF6)2 2.180, 2.128 126.7, 123.8 34.6 �29.1 2118
[Ni2(D,L- hmcyclam)2(�-N3)2](ClO4)2 2.141, 2.098 141.6, 127.4 3.3 �113.0 2119
[Ni2(D,L-hmcyclam)2(�-N3)2](PF6)2 2.128, 2.143 124.3, 142.2 11.5 �75.1 2119
[Ni2(bispicen)2(�-N3)2] (ClO4)2

b �56.2 2114

a L= 1,5,9-triazacyclododecane; L0 = 1,4,7-trimethyl-1,4,7-triazacyclononane; tren= 2,20, 200-triaminotriethylamine; 222-tet= triethylenete-
triethylenetetramine; aep= aminoethylpyridine; hmcyclam= 5,5,7,12,12,14-hexamethylcyclotetradecane; bispicen=N,N0-bis(2-pyridyl-
methyl)ethylenediamine. b In this case the azide bridges of the [Ni2(�-N3)2]

2þ moiety (N3)2 are not coplanar.
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All Ni2 dinuclear complexes have Ni—N—Ni angles in the narrow range 101–105� and exhibit
ferromagnetic coupling with J-values between þ27 cm�1 and þ73 cm�1. It should be noted
though, that due to the zfs effects manifest at low temperatures the magnitude of J should be
treated with care in the ferromagnetic case.
A hysteresis cycle in the molar susceptibility measurements has been observed for

[Ni2(Medpt)2(N3)2(�-N3)2] (883). This has been ascribed to a phase transition caused by an
asymmetrization process of the rhombus-like centrosymmetric [Ni–(N3)2–Ni] core that occurs
with falling temperature. The asymmetrization transition can be explained in terms of a second-
order Jahn–Teller distortion, taking into account the local symmetry of the dinuclear [Ni–(N3)2–
Ni] entity (D2h, rhombic symmetry) before the arrangement.2128

Only two complexes with three azido bridging ligands have been reported: [Ni2L
0
2(�-N3)3]ClO4

(L0 = 1,4,7-trimethyl-1,4,7-triazacyclononane)2113 (884) and [Ni2(L)2(�-N3)3]ClO4 (L= (N,N0-
dimethyl-1,4,7-triazacyclononane)calix[4]arene).2131 While the geometry of the triple bridge is
similar in both complexes, the average Ni—N—Ni angles of 85.9� and 86.2� are much smaller
than in the doubly bridged systems and the Ni� � �Ni distances are considerably shorter (2.896 Å
and 2.852 Å, respectively). Both complexes show ferromagnetic coupling (J=þ30.7 cm�1 and
þ17.2 cm�1, respectively).
DFT calculations have been carried out in order to explain the exchange interactions in EO

azido-bridged NiII complexes.2132 There is a clear correlation between the calculated exchange
coupling constant and the Ni—N—Ni bridging angle � (analogous to that of the hydroxo-bridged
species), but the interaction is predicted to be ferromagnetic for all the range of � angles explored.
A maximum is expected at �� 104� for the Ni(�-1,1-N3)2Ni core and at �� 95� for the Ni(�-1,1-
N3)3Ni core. Also, the Ni—N bond distance is seen to have a strong influence on the value of the
coupling constant, while the out-of-plane displacement � of the azido bridge only has a negligible
influence. Positive spin density has been calculated at the bridging N atom, indicating a pre-
dominant spin delocalization mechanism.

Ab initio DDCI2 (difference-dedicated configuration interaction) calculations seem to provide
accurate estimations of the magnetic exchange coupling constants, as demonstrated for the
doubly azido-bridged nickel(II) dimer [Ni2(terpy)2(�-1,1-N3)2]

2þ.2133

(ii) Trinuclear, tetranuclear, and high nuclearity complexes

[Ni3(2,2,2-tet)3(�-N3)3](PF6)3 and its perchlorate analogue have been suggested as trinuclear
complexes with an irregular triangle structure.2117 While a crystal structure is lacking, EXAFS
and XANES spectra support the occurrence of azido-bridged trinuclear nickel(II) compounds
with Ni� � �Ni separations of 5.16 Å and 5.12 Å, respectively. Two J parameters had to be

Table 15 Structural and magnetic parameters for dimers with the [Ni(�-1,1-N3)2Ni] unit: Ni—N bond
distances (Å), Ni—N—Ni angles � (�), J in cm�1.a

Ni—N �
Ni—(N3)2—Ni

inv. center J References

[Ni2(en)4(�-N3)2](ClO4)2 2.144, 2.123 104.3 Yes þ43.7 2113
[Ni2(terpy)2(N3)2(�-N3)2]�2H2O 2.198, 2.038 101.3 Yes þ40.2 2122–2124
[Ni2(terpy)2(N3)2(�-N3)2]�H2O 2.184, 2.039 101.6 Yes þ45.6 2126
[Ni2(terpy)2(N3)(H2O)
(�-N3)2]ClO4

2.069, 2.172,
2.114, 2.060

103 No þ27.2 2123

[Ni2(terpy)2(�-N3)2(N3)(H2O)]
(ClO4)(H2O

2.069, 2.175,
2.119, 2.068

102.5, 100.6 No þ27.2 2124

[Ni2(pepci)2(N3)2(�-N3)2]�2H2O 2.107, 2.163,
2.109, 2.128

102.2, 101.0 No þ72.6 2126

[Ni2(Me3[12]N3)2(�-N3)2](ClO4)2 2.092, 2.067 103.8 Yes þ43.9 2127
[Ni2(232-tet)2(�-N3)2](ClO4)2 2.166 104.9 Yes þ33.8 2127
[Ni2(Medpt)2(N3)2(�-N3)2] (883) 2.207, 2.197 104.0 Yes þ46.7 2128,2129
[Ni2(232-tet)2(�-N3)2](PF6)2 2.177, 2.183 104.6 Yes þ34.3 2130

a Pepci=N0-(2-pyridin-2-ylethyl)pyridine-2-carbaldimide; Me3[12]N3= 2,4,4-trimethyl-1,5,9-triazacyclododec-1-ene; 232-tet=N,N0-bis
(2-aminoethyl)-1,3-propanediamine; Medpt=methyl-bis(3-aminopropyl)amine.
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introduced in order to fit the magnetic data. The values J1.2=�72 cm�1 and �60.3 cm�1 and
J3=�36 cm�1 and �29 cm�1, respectively, are in agreement with the assumed EE coordination
mode for the azido bridging ligand.
Tetranuclear NiII complexes with EO azido bridging ligand have been reported both with open

frame and cubane-like structures. In [Ni4(2-oxo-1,3-diaminopropane)2(2-hydroxo-1,3-diamino-
propane)2 (�-1,1-N3)4](ClO4)2

2134 (885) the four NiII atoms are in a distorted octahedral environ-
ment and are related by an S4 symmetry axis forming a quasi-perfect square. The NiII ions are
bridged by an oxygen atom of the amine ligand (OHpn and Opn) and an EO azide bridge,
yielding ferromagnetic coupling with J=þ21.3 cm�1. Magnetization measurements are indicative
of an S= 4 spin ground state.
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Few Ni4 complexes with a cubane-like structure and four triply bridging �3-1,1,1-N3 ligands
symmetrically bound to three NiII ions have been discovered (886),2135,2136 but magnetic data are
only reported in the case of [Ni4(dmb)4(EtOH)4(�3-1,1,1-N3)4] (dbm= dibenzoylmethane).2135,2136

Its magnetic behavior was well reproduced by a model with a single J=þ11.9 cm�1.
Centrosymmetric tetranuclear units have been obtained with tridentate ligands resulting from

the solvolysis of dpk (dpk= di-2-piridylketone).2137,2138 The NiII ions are bridged by both �-oxo
and �3-oxo from the dpk derivative and �-1,1 azido ligands, to give a face-share dicubane-like
coordination core with two missing vertices. The magnetic properties of the two species
[Ni4(dpkOH)2(dpkOMe)2(�-N3)2(H2O)2](ClO4)2�2H2O

2137 and [Ni4(dpkOH)4 (�-N3)2(N3)2]�2H2O
2138

are characteristic of intramolecular ferromagnetic coupling and have been modeled with J1=
þ18.0 cm�1, J2=þ16.3 cm�1, J3=þ27.1 cm�1, J4=�1.6 cm�1 and J1=þ18.8 cm�1, J2=þ6.9 cm�1,
J3=þ1.3 cm�1, J4=þ0.2 cm�1, respectively.
A very unusual nonanuclear cage compound [Ni9(�4-1,1,1,1-N3)2(O2CMe)8(dpkO)4] has been

obtained from the reaction of NaN3 with the similar complex containing OH� instead of N3
�.2139

It features two azide ligands in the extremely rare �4-1,1,1,1 binding mode. Magnetic measure-
ments reveal moderate ferromagnetic coupling and an S= 9 ground state.
Preorganized bimetallic building blocks have been used for the assembly of tetranuclear NiII

complexes. In (888), the metal ions of each Ni2 subunit are spanned by two thiophenolate-S and
by a �-pyridazine.2140 Magnetic data for the related dinuclear complex (887b) show intramolecu-
lar ferromagnetic exchange with J=þ23.0 cm�1. Crosslinking of two such Ni2 units (887a) by EE
azido bridges in (888) gives an S= 4 ground state, i.e., coupling between the Ni2 constituents is
also ferromagnetic, which is rationalized on the basis of the dihedral Ni—N3—Ni torsion angle of
76.4�. Analysis of the magnetic susceptibilty data for X gives J1=þ12.9 cm�1 and J2=þ7.2 cm�1,
where J1 represents the exchange interaction in the dinuclear subunit and J2 describes the
interaction via the azido linkages.
Tetranuclear NiII complexes (889), (890a), and (890b) with unusual �3-1,1,3 and �4-1,1,3,3 azide

binding modes have been obtained from discrete pyrazolate-based dinuclear building blocks.2141

(890a) and (890b) represent the only known examples of such EE/EO �4 coordination of azide in
molecular compounds.

Nickel 467



Finally is should be noted that a great variety of complexes may arise from the combination of
different metals and different bridges. The trinuclear complex Mn(N3)4[Ni(en)2(NO2)]2 is given as
an example here: the metal ions in the linear Ni—M—Ni sequence are linked by both EO azide
and �-NO2

� to give an S= 9/2 triad state.2142
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(iii) One-dimensional uniform systems

For these types of 1D systems only NiII compounds with a single 1,3-azido bridging ligand have
been reported. Depending on the position of the two adjacent azido bridging ligands at each NiII

ion, two different types of 1D system—trans-(891a) or cis-(891b)—can be distinguished. The
hexacoordination of each NiII ion is usually completed by chelating nitrogen ligands. The main
structural data and the exchange coupling parameter J are given in Table 16 for trans-complexes
and in Table 17 for cis-complexes.

N N N

N N N

N N N

Ni

Ni

Ni
N

N
N N

Ni

N
N

N

N
N

(891a) (891b)

In a 1D chain where the NiII ions are bridged by one �-1,3 azido ligand, two different azido
bridges may be present in the chain with the NiII ions related by an inversion center located at the

Table 16 Structural and magnetic parameters for 1D trans-[Ni(�-1,3-N3)Ni] systems: angles Ni—N—N and
dihedral angles � (�); J in cm�1.a

Ni�N�N � J References

[Ni(tmd)2(�-N3)]n(PF6)n 126.1 180 �55.8 (�70.6)b 2143
[Ni(2,2-mettn)2(�-N3)]n(PF6)n 136.5 180 �19.4 (�41.4)b 2143
[Ni(cyclam)2(�-N3)]n(ClO4]n 140.7, 128.2 166.9 �39.2 2144
[Ni([15]aneN4)(�-N3)]n(PF6)n 2145
[Ni(232-tet)2(�-N3)]n(ClO4)n 134.6, 124.1 142.4 �26.9 2146
[Ni(323-tet)2(�-N3)]n(ClO4)n 135.8, 119.8 169.3 �62.7 2146
[Ni(macro)2(�-N3)]n(ClO4)n 115.6, 116.8 175.7 �97.8 2147
[Ni(cth)2(�-N3)]n(ClO4)n

c (A) 128.5, 130.7;
(B) 131.4

150.5, 146.2 �41.1, �36.4 2148

[Ni(N-Eten)2(�-N3)]n(PF6)n 123.4, 134.8 140.1 �13.6 2149
[{Ni(5-Mepz)4(�-N3)}n]
(ClO4)n�nH2O

128.4, 146.1 75.7 þ6.9
2150,2151

a 2,2-Mettn= 2,2-dimethyl-1,3-diaminepropane; 232-tet=N,N0-bis(2-aminoethyl)-1,3-propanediamine; 3,2,3-tet=N,N-bis(aminopropyl)-
1,3-ethanediamine; macro= 2,3-dimethyl-1,4,8,11-tetraazacyclotetradeca-1,3-diene; cth=meso-5,7,7,12,14,14-hexamethyl-1,4,8,11-tetra-
azacyclotetradecane; N-Eten=N-ethylethylendiamine; 5-Mepz= 5-methylpyrazole. b Different values at low and high temperature due
to a phase transition. c Two structurally distinct 1D chains in the crystal lattice, indicated by (A) and (B).

Table 17 Structural and magnetic parameters for 1D cis-[Ni(�-1,3-N3)Ni] systems: angles Ni—N—N and
dihedral angles � (�); J in cm�1.a

Ni�N�N � J References

[Ni(333-tet)2(�-N3)]n(PF6)n 151.8, 151.3 142.8 �18.5 2156
[Ni(2-methyl)2(�-N3)]n(ClO4)n 131.8, 125.9 125.9 �16.8 2152,2153
[Ni(2-methyl)2(�-N3)]n(PF6)n 135.0, 122.6 146.8 �3.2 2152
[Ni(bipy)2(�-N3)]n(ClO4)n 123.7, 120.1;

126.6, 121.3
133.9, 138.9 �33.0 2155

[Ni(bipy)2(�-N3)]n(PF6)n 122.6, 122.6;
120.6, 127.4

134.9, 138.0 �22.4 2155

[Ni(aep)2(�-N3)]n(ClO4)n 127.8, 126.2 122.4 <�1 2118
[Ni(L)(�-N3)(N3)]n 133.4, 124.5 106.8 þ13.5 2154

a 333-Tet=N,N0-bis(3-aminopropyl)-1,3-propanediamine; 2-methyl= 1,2-diamino-2-methylpropane; aep= 2-(aminoethyl-pyridine);
L= tridentate Schiff base from pyridine-2-aldehyde and N,N,2,2-tetramethylpropane-1,3-diamine.
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central N of each azido bridge. Such compounds have a structurally and magnetically alternating
chain and are discussed in the following section. Two different NiII ions may be present, located
at an inversion center. In this case, all azido bridges are equivalent and the chain is structurally
alternating but magnetically uniform, e.g., in trans-[Ni(N-Eten)2(�-N3)]n(PF6)n, which is included here.
Extended Hückel calculations were performed on dimeric fragments in order to derive magneto-

structural correlations for both kinds of complexes, trans and cis.2155,2156 Since bond distances are
similar in all the complexes reported, the wide range of bond angles (Ni—N—N angles and
dihedral Ni—N3—Ni torsion) must play a significant role in the superexchange interaction
between the nickel atoms. According to the MO calculations, for a trans chain (where the dz2
orbitals are oriented in the chain direction and are operative in the exchange pathway) the
maximum coupling is expected for Ni—N—N angles of 108� while for larger values the anti-
ferromagnetic interaction must decrease. At around 164� an accidentally orthogonal valley is
found. It is assumed that the main interactions occur through the � pathway using the non-
bonding MO of the azido ligand, while the � pathway is poorly operative. For all Ni—N—N
angles the maximum coupling can be expected for a torsion value of 180�, decreasing gradually
thereafter as the torsion angles decrease. However, the magnitude of this effect is lower than the
effect of the bond angle.
In the cis complexes, the torsion angle is usually smaller than that in trans complexes (Tables 16

and 17), leading to decreased antiferromagnetic coupling. In this case, the chains are helical and
the compactness of this helix is a further factor that needs to be considered: the more compact the
helicoidal structure, the greater the antiferromagnetic coupling.
While most 1D chain compounds with EE azido bridges show global antiferromagnetic coup-

ling, there are a few exceptions. In trans-[{Ni(5-Mepz)4(�-N3)}n](ClO4)n�nH2O,
2150 the torsion

angle of the azido bridge (75.5�) is in the range where the antiferromagnetic contribution is
minimized to favor ferromagnetic coupling. This compound shows spin canting caused by
perturbation of ferromagnetism and zfs. Dehydration enhances the magnetic interactions to
afford a soft magnet with Tc= 2.3K and a coercive field of 20G.2151 cis-[Ni(L)(�-N3)(N3)]n
(L= tridentate Schiff base from pyridine-2-aldehyde and N,N,2,2-tetramethylpropane-
1,3-diamine) was reported to exhibit metamagnetic behavior,2154 which was ascribed to the
combination of the large Ni—N—N angles deviating from 108�, the small torsion angle, and
the axial–equatorial binding mode of the azide.
Uniform 1D systems obtained from S= 1 ions like NiII are of particular interest with respect to

the experimental investigation of the so-called Haldane’s gap, i.e., a quantic gap created between
the ground state (S= 0) and the first excited state of a chain where the local S-value is an
integer.2157–2162

(iv) One-dimensional alternating systems

(l) With only �-1,1-azido ligands. Some complexes of this type with general formula [Ni(L)(�-
N3)2]n have been reported for NiII,2149,2163 where L is a bidentate nitrogen ligand like ethylene-
diamine, 1,3-diaminopropane, and N-ethylethylendiamine. Although all neighboring NiII ions are
linked by two EO azide bridges, the chains are structurally and magnetically alternating. For
example, in [Ni(N-Eten)(�-N3)2]n the Ni

II ions are alternatively related by an inversion center or
by a twofold axis. One of the Ni–N–Ni–N rings is planar, the other is not.
As can be expected from the EO coordination mode of the azido ligand, all these complexes

show ferromagnetic coupling. The field dependence of the magnetization in the low temperature
region has been interpreted as indicative of metamagnetic behavior.
While the first two complexes in Table 18 were analyzed with a single J parameter employing a

model derived for a uniform ferromagnetic 1D system, a general formula for an isotropic ferro-
ferromagnetic S= 1 Heisenberg chain has been developed and gives J1=þ57.3 cm�1 and
J2=þ29.0 cm�1 for [Ni(N-Eten)(�-N3)2]n.

2149

(m) With only m-1,3-azido ligands. For these compounds, alternation in the chain may be
achieved either by different geometries in adjacent EE azido bridges (type A) or by consecutive
single and double �-1,3 azido linkages (type B). Examples for both types have been reported
(Table 19). An equation for the analysis of magnetic susceptibility data of the antiferromagnetic
alternating Heisenberg chain with local S= 1 has been developed by Borrás-Almenar et al.2164 by
following the Bonner–Fisher procedure.
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Type A: This has been found in [Ni(333-tet)(�-N3)]nClO4 (333-tet=N,N0-bis(3-aminopropyl)-
1,3-propanediamine)2156 and [Ni(N-Eten)2(�-N3)]n(ClO4)n (N-Eten=N-ethylethylendiamine).2149

In both cases, the NiII ions are related by an inversion center located at the central nitrogen of
each azido bridge, which produces a structurally and magnetically alternating antiferromagnetic
chain. Using the Borrás-Almenar expression, the values J=�80.7 cm�1, J0 =�37.4 cm�1 (alter-
nation parameter J0/J=�= 0.46) were derived for [Ni(333-tet)(�-N3)]ClO4, and J=�68.4 cm�1,
J0 =�37.8 cm�1 (�= 0.55) for [Ni(N-Eten)2(�-N3)]n(ClO4)n. As expected from the individual Ni—
N—N angles of the alternating chain (123.6�/142.4� and 134.8�/143.7�, respectively), two very
different values of J were obtained in both cases. The greater experimental J-value has been
assigned to the bridge of 123.6�/134.8� (closer to 108–110� for which the maximum susceptibility
is expected) and the smaller value to the greater angle (142.4�/143.7�). The alternance parameter �
is close to the theoretical ratio between the gaps calculated by extended Hückel methods. [Ni(333-
tet)(�-N3)]ClO4 has been extensively studied as a model of the gapless point of the Affleck–
Haldane conjecture.2165,2166

Type B: Both double and unsupported single azide bridges have been observed in [(Ni2(dpt)2
(�-N3)(�-N3)2)]n(ClO4)n ((892); dpt= bis(3-aminopropyl)amine).2167,2168 In the Ni–(N3)2–Ni frag-
ment, the azido ligands are not coplanar but cross each other. By using the Borrás-Almenar
equation,2164 the following values were determined: J=�84.6 cm�1, J0 =�41.4 cm�1 (�= 0.49).
Considering its very small Ni—N—N angle of 119.2�, the greater value can be assigned to the
single bridge.
An alternative strategy to obtain 1D alternating chains in a more rational manner is the linkage

of distinct and well-defined bimetallic building blocks, giving a 1D coordination polymer with
inherent alternation in the chain structure. This approach has been followed in the case of
[Ni2L(�-N3)(�-N3)2]n ((893); L= bis(tridentate) pyrazolate ligand) as well as the related [Ni2L
(�-Cl)(�-Cl)2]n:

2169,2579in its dinuclear constituents the NiII ions are spanned by the pyrazolate and
an EE azido bridge (the EE mode being induced by the chelating side arms that enforce a rather
large metal–metal separation), and these bimetallic units are linked by double EE bridges.2169

Table 18 Structural and magnetic parameters for 1D [Ni(�-1,1-N3)2Ni] systems.
a

Ni—N—Ni

Unit A Unit B J D References

[Ni(en)( �-N3)2]n 103 100.9 þ35.6b 6.3 2163
95.2 100.9 þ23.8b 0
103
101

[Ni(tn)(�-N3)2]n 108.1 100.1 þ3502b 4.4 2163
105.0 101.4 þ3908b 0

[Ni(N-Eten)(�-N3)2]n 103.3 þ57.3 2149
100.3 þ29.0

a Ni—N—N angles (�); J in cm�1; en= ethylenediamine; tn= 1,3-diaminopropane; N-Eten=N-ethylethylendiamine). b Analyzed with
a single average J parameter using a formula for a uniform ferromagnetic chain; the first J-value is found by assuming D 6¼ 0, the second
one by assuming D= 0.

Table 19 Structural and magnetic parameters for alternating 1D [Ni(�-1,3-N3)Ni] systems: angles Ni—N—
N and dihedral angles � (�); J in cm�1.a

Ni—N—N Type � J, J0 References

[Ni(333-tet)(�-N3)]ClO4 123.6, 142.4 A 180 �80.7, �37.4 2156,2165,2166
[Ni(N-Eten)2(�-N3)]n(ClO4)n 134.8, 143.7 A 180 �68.4, �37.8 2149
[Ni2(dpt)2(�-N3)(�-N3)2]n
(ClO4)n (892)

128.2/124.4,
119.2

B 57.4, 180 �41.4, �84.6
2167,2168

[Ni2L(�-N3)(�-N3)2]n 122.5�131.3,
114.9/116.4

B 76.8/42.4, 47.7 2169

a 333-tet=N,N0-bis(3-aminopropyl)-1,3-propanediamine; N-Eten=N-ethylethylendiamine; dpt= bis(3-aminopropyl)amine; L= 3,5-
bis{[N-2-dimethylamino)ethyl-N-methyl]aminomethyl}pyrazolate.
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Magnetic susceptibilty data indicate overall antiferromagentic coupling, but an unusual feature at
low temperature awaits a more detailed study.
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(n) With �-1,3- and �-1,1-azido bridges. Within this series of complexes, not only the alternat-
ing ferromagnetic-antiferromagnetic sequence (F–AF) resulting from an EO–EE azide bridge
alternation has been observed, but also more complicated alternations like, for example, F–F–
F–AF. Usually, the magnetic data have been interpreted and fitted by numerical extrapolations of
S= 1 rings of finite length, assuming an isotropic Heisenberg system with quantic spin S= 1.2170–2172

Some structural and magnetic parameters for these alternating chain compounds are collected in
Table 20.
Antiferromagnetic coupling along Ni(�-1,3-N3)2Ni linkages follows the common trend, i.e., the

higher the  angle the lower the J-value. A distinct topology with alternating double EO and
single EE bridges has been reported for [Ni2(Medien)(�-1,1-N3)2(�-1,3-N3)]n.

2173 A sequence with
one end-to-end and three end-on bridges in alternation has been reported for [Ni2(tmeda)2(�-1,1-
N3)3(�-1,3-N3)]n (894),

2174 which exhibits very small Ni—N—Ni angles for the azido ligands in
EO mode (average value 84.2�). Different fitting procedures have been tested: either with the
Borrás-Almenar formula2164 for an antiferromagnetic alternating S= 1 chain or with the standard
formula for a dinuclear NiII unit, assuming that JEO is zero in the latter case. The parameters
J1=�31.8 cm�1, J2=�6.9 cm�1 are obtained for the alternating chain, while the second
approach gives J=�29.3 cm�1. Either way, antiferromagnetic coupling is present in both parts
of the chain.
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(o) Combination of �-1,1-azido bridges with other linkages in alternating chains. A straightfor-
ward strategy to obtain alternating chains is the use of different types of bridging ligands. This
approach has been followed for the synthesis of [Ni2(dpt)2(�-ox)(�-N3))n](PF6)n (and its Medpt
derivative) in which oxalato and azido bridges alternate (895).2180,2181 The oxalato group is
coordinated in the common bis-bidentate mode, and the azido ligand is coordinated in an asym-
metric EE mode with Ni—N—N= 120.1� and 119.41� and a very large torsion angle along the Ni–
N3–Ni group (102.1�). J1=�27.4 cm�1, J2=�2.7 cm�1 (�= 0.1) have been obtained by means of
the Borrás-Almenar equation.2164 Since the J parameter is found in the range �30 cm�1 to
�39 cm�1 for all Ni–oxalato systems reported, assignment of the two J-values is evident. The low
value for J2 is presumably due to the very high torsion angle of the Ni–N3–Ni entity.
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An unusual 1D alternating chain compound (896) consists of trinickel(II) units [Ni3(dba)4]
2þ

(dba= di(�-pyridyl)amide) that are linked by EE azido bridges.2182 Within the N3 entity, the two
terminal NiII are high spin (S= 1) while the central NiII is low spin (S= 0) Thus, the S= 1 ions in
the 1D structure are alternately bridged by the S= 0 anions and by �-1,3-azide. Magnetic data
reveal overall antiferromagnetic behavior and are fitted by a dimer model to give results similar to
those for the related dinuclear complex (897).2182

(v) Two-dimensional systems

The anionic substructure of the salt Cs2[Ni(N3)4]�H2O
2183 consists of a 2D structure formed by

Ni(N3)6 octahedra connected via four EE azido groups placed in a distorted plane, but no
magnetic data have been reported.
The compound [Ni(2,2-mettn)(�-N3)]n (2,2-mettn= 2,2-dimethyl-propanediamine) forms a 2D

layer system with ferro-antiferromagnetic alternation, in which each azido ligand coordinates three
NiII ions in a �3-1,1,3 mode.

2184,2185 The sheets are linked by hydrogen and van derWaals forces. This
system shows a spin canting phenomenon at unexpectedly high temperatures (close to 50K).
A metamagnetic 2D compound [Ni(N,N-Et2-N

0-Meen)(�-N3)2]n (N,N-Et2-N
0-Meen=N,N-diethyl-

N0-methylethylenediamine) has been reported, where dinuclear nickel units with double EO azido
bridges are further linked to four equivalent entities bymeans of single EE azido bridges.2186Magnetic
data reveal intralayer ferromagnetic interactions and interlayer antiferromagnetic interactions.
The structure of [Ni(bpa)(N3)2]n (bpa= 1,2-bis(4-pyridyl)ethane) is deduced from the X-ray

analysis of the isomorphous Mn compound. Its 2D sheet arrangement is composed of chains of

474 Nickel



octahedrally coordinated metal ions bridged by double �-1,3 azido linkages that are connected
through bpa ligands.2187 Magnetic data for the NiII system are characteristic of strong overall
antiferromagnetic exchange, and treatment as a uniform linear S= 1 chain (assuming that
coupling through the bpa ligands is negligible) gives J=�80 cm�1. Quite similar, the structure
of [Ni(4,40-bipy)(N3)2]n is proposed to consist of chains of NiII ions that are alternately bridged by
double EO/mixed EO–EE/mixed EO–EE azido linkages, where the chains are connected by 4,40-
bipyridine to give a 2D sheet structure.2188

6.3.4.13.2 Cyanide-based oligo- and polynuclear complexes

Stimulated by the favorable and tunable magnetic properties of 3D bimetallic assemblies of the
Prussian blue type derived from [M(CN)6]

3� (M=CrIII, FeIII), oligonuclear and polymeric
compounds of cyanometallate building blocks are receiving great attention. NiII can be involved
either as the diamagnetic [Ni(CN)4]

2� anion acting as a bridge between paramagnetic metal ions,
or as coordinatively unsaturated paramagnetic (high-spin) [NiLx]

mþ entities that are bound to the
N atoms of (dia- or paramagnetic) cyanide complexes, e.g., of hexacyanometallate building blocks
[M(CN)6]

3� (M=Fe, Cr, Mn). Examples for the type [NiL]3[M(CN)6]2 where L is a tetraza
macrocycle with trans oriented accessible coordination sites are particularly manifold.2189–2195

Honeycomb-like structures are formed if the [NiL] groups connect with three cyanide groups in a
fac arrangement at the M ion, whereas a brick-wall structure results if the [NiL] groups bind in a
mer arrangement.2194,2195 Assembly reactions between [(Me3tacn)Mo(CN)3] and
[(cyclam)Ni(H2O)2]

2þ affords linear trinuclear [(Me3tacn)2(cyclam)NiMo2(CN)6]
2þ with ferro-

magnetic coupling (J=þ17.0 cm�1 to þ17.6 cm�1 depending on the counterion) and an S= 4
ground state.2195 Depending on the stoichiometry of the reaction, [(Me3tacn)2
(cyclam)3(H2O)2Ni3Mo2(CN)6]

6þ with a zigzag structure and 1D [(Me3tacn) (cyclam)
NiMo(CN)3]

2þ has also been obtained. Again, the magnetic behavior indicates ferromagnetic
coupling.2196 Reaction of [(Me3tacn)Mo(CN)3] with [Ni(H2O)6]

2þ, however, produces face-
centered cubic [(Me3tacn)8Mo8Ni6(CN)24]

12þ involving cyanide linkage isomerization and form-
ation of low-spin [Ni(CN)4]

2� constituents. The related giant 24-metal cluster
[(Me3tacn)12Cr12Ni12(CN)48]

12þ with 12 trans-coordinated [Ni(CN)4]
2� units has been reported to

result from the reaction of [(Me3tacn)Cr(CN)3], NiI2, and KCN.2197 While antiferromagnetic cou-
pling is often operative via diamagnetic [Ni(CN)4]

2�,2198 some 1D complexes [NiL][Ni(CN)4]
(where L is a tetraaza macrocycle) show ferromagnetic interactions.2199 Other paramagnetic ions
partially coordinated with amine ligands can also be bridged by [Ni(CN)4]

2� to give molecular,
1D, 2D, and 3D structures, e.g., 1D polymeric [Cu(L)Ni(CN)4] with weak antiferromagnetic
interactions, where L is a di- or tridentate amine ligand.2200 The 2D coordination polymer
[Fe(py)2Ni(CN)4] consists of 2D extended cyanide sheets constructed by the alternate linkage
between square planar NiII (C-bound) and octahedral FeII (N-bound) through cyano bridges, with
the py ligands in trans positions at the Fe atoms.2201 It undergoes a cooperative spin crossover
transition between 210K and 170K. Using pyrazine (pz) instead of pyridine, the related 3D
coordination spin crossover polymer [Fe(pz) Ni(CN)4] showing a significantly wider hysteresis
loop was obtained.2202

6.3.4.13.3 Oligonuclear and polymeric complexes with other bridging ligands

Architectures of known oligo- and polynuclear NiII complexes are manifold, and only selected
classes of compounds and selected examples can be mentioned.
The oxalate dianion is a very powerful magnetic exchange mediator. Various complexes of

general type (898) with oxalate acting as a bis(bidentate) bridging ligand have been reported, in
most cases with di-, tri-, or tetradentate amine capping ligands (e.g., (899), (900)) and, inter alia,
{N4O2},

2203–2212 {N3O3},
2206,2213–2216 {N2O4},

2205,2217 or {O6} coordination environment of the
distorted octahedral NiII ions. Antiferromagnetic exchange is usually found, with coupling con-
stants J in the range �10 cm�1 to �20 cm�1 (based on the Hamiltonian H=�2JS1S2). In general,
replacement of O by N atoms in the capping ligands is accompanied by an increase of the
antiferromagnetic coupling. For example, J=�11 cm�1 has been reported for (901),2217 whereas
type (900) systems exhibit values of J=�17 cm�1 to �20 cm�1.2215,2217 In the mixed oxalate/
tetracyanonickelate bridged complex (902), the magnetic exchange (J=�15.6 cm�1) probably
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takes mainly place through the oxalate.2218 With bis(macrocyclic) pentaazaligands, polymeric NiII

oxalate-bridged supramolecular structures form.2219
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One-dimensional compounds catena-[(�-MO4-O,O
0)Ni(L)] (M=Cr, Mo, W) have been struc-

turally characterized, where L is a tetraazamacrocycle and the tetraoxometallates are in trans
positions on each octahedral NiII ion. For M=Cr, weak intrachain ferromagnetic interactions
were observed, which is explained by means of accidental degeneracy of the �-type frontier
orbitals.2220,2221 For M=Mo and W, the NiII ions couple antiferromagnetically.2222,2223 Tri-,
tetra-, and nonanickel(II) compounds [Ni3(H2O)3(PW10O39)H2O]

7�, [Ni4(H2O)2(PW10O34)2]
10�,

and [Ni9(OH)3(H2O)6(HPO4)(PW10O34)3]
16� contain the tungstophosphate ligand [PW9O34]

9�.
Ferromagnetic interactions are present in the Ni3 and Ni4 species, while Ni9 presents an anti-
ferromagnetic triangle formed by three ferromagnetic triangular clusters.2224,2225

Different coordination modes have been described for the carbonate ion when it acts as a
bridge in oligonuclear NiII complexes. The most common situation (903a)2226–2230 as well as
bridging mode (903b)2231 are characterized by strong antiferromagnetic coupling due to the large
Ni—O—Ni bond angles, whereas for (903c)2232 only weak antiferromagnetic coupling was found.
The tetranuclear butterfly-like complex [Ni4(�-CO3)2(aetpy)8]

4þ (aetpy= 2-(aminoethyl)pyridine,
type (903d)) shows spin frustration with a quasi-degenerate set of spin levels S= 0, S= 1, S= 2.2233
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High-nuclearity Ni7 and Ni21 clusters have been prepared with citrate as a ligand.59,2234 The Ni7
complex has an S= 7 ground state,2234 and single molecule magnet behavior at low temperature
has been observed for a Ni21 compound with S= 3 ground state and magnetic anisotropy.59

NiII–NiII magnetic exchange interactions have been thoroughly studied in various dinuclear com-
plexes of Robson-type Schiff base macrocyclic ligands ((904); compare also Section 6.3.4.12.3).
Although a large number of structural parameters seem to affect the superexchange mechanism, a
magnetostructural correlation showing linear dependence of antiferromagnetic exchange coupling
constants on the Ni—O—Ni bridge angle as well as on the intramolecular Ni� � �Ni distance was
deduced for such phenoxo-bridged complexes.2235 In addition, an increase in tetragonal distortion
around the metal ions increases the magnitude of the antiferromagnetic coupling, as does the
transition from distorted octahedral to square pyramidal coordination.2236 Similar correlations
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also hold for other types of phenoxo-, alkoxo-, or hydroxo-bridged dinickel(II) systems: the
magnetic coupling becomes less antiferromagnetic as the Ni—O—Ni angles diminish.2237,2238

OH N

HO

NOHN

OH

N

(905)

OH N

N

HO

N

N

OH

OHN

N

N

NH

H

H

H

H

H

H

H

(906)

R

OH NN

R

OHN N

(904)

Large macrocycles like (905) and (906) form square- or rectangle-like tetranuclear NiII4 complexes
which may encircle a �4-OH (905)2239 or �3-OH group (906).2240,2241 The former system behaves as
an essentially noninteracting pair of Ni2 units within which there is antiferromagnetic coupling. The
coupled pairs are probably those involving the dialdehyde-derived phenoxo bridges, because these
subunits are almost planar.2239 Imidazolate-bridged and 8-hydroxyquinoline-based cyclic Ni4 com-
plexes as well as a [2� 2]-grid structure have been reported and magnetically analyzed.2242–2244 Other
topologies of magnetically coupled Ni4 species include a tetrameric Ni

II chair (907)2245 as well as a
Ni4 complex with planar triangular shape (908) (Figure 33).2246 (907) shows antiferromagnetic
internal coupling but ferromagnetic spin alignment, because the large Ni—O(H)—Ni angles between
the inner and outer Ni ions are the determining feature, which by setting the larger �2J value drive
the two central spins parallel. Global magnetic coupling in (908) is ferromagnetic.
Several examples of tetranuclear NiII complexes with a Ni4O4 cubane core and �3-OR

� or �3-
OH� at the four corners have been described (909).2247–2256 In most cases, the Ni4O4 skeleton is
not a regular cube, but has different sets of faces. The dominant parameter in the magnetos-
tructural correlation is the averaged Ni—O—Ni angle of each cubane face. Ferromagnetic
coupling is observed when this angle is close to orthogonality, while Ni—O—Ni angles in the
vicinity of and larger than 99� lead to antiferromagnetic interaction.2257 Depending on the
symmetry of the individual cubane, different J models have been used to analyze the magnetic
data of such systems.
Reaction of [Ni(acac)2(H2O)2] with benzotriazolate (bta; or a derivative thereof) gives a penta-

nuclear compound [Ni5(OH)(bta)5(acac)4(H2O)4].
2258,2259 Its structure is composed of a tetrahedral

arrangement of four six-coordinate NiII ions centered on the fifth, and the complex exhibits
antiferromagnetic coupling with an intermediate spin [S= 0, S= 1] ground state.2259 The ground
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state increases with the cluster symmetry, since a totally symmetric related Ni5 species has a [S= 1,
S= 2] ground state.2260 Further, a nonanuclear Ni9 complex could be obtained with the same type of
ligands, where two regular tetrahedra (like in the Ni5 complexes) share a common vertex. This
compound features an intermediate spin [S= 2, S= 3] ground state.2260

Type (910) Ni3 complexes (as well as analogous heterotrinuclear species involving NiII) form
with 1,4,7-tris(4-t-butyl-2-mercaptobenzyl)-1,4,7-triazacyclononane (X= S) and 1,4,7-tris(3,5-
dimethyl-2-hydroxybenzyl)-1,4,7-triazacyclononane (X=O).2261 The central NiII is connected to
the outer ones via six thiolate or phenolate bridging pendent arms, respectively. Magnetic data
indicate that the thiolate complex has an S= 1 ground state whereas in the phenolate complex it is
S= 3. This is a consequence of the smaller Ni—S—Ni angle which cancels the orthogonality of
the magnetic orbitals and provides an antiferromagnetic coupling pathway through overlap
between filled 3s sulfur orbitals and the half-filled eg set of NiII.2261 In some different Ni3
complexes incorporating both phenolato and acetate bridges, the Ni—O—Ni angle is much larger
than 90� (as required for orthogonality) and antiferromagnetic coupling is observed.2262,2263 A
variety of linear heterotrinuclear and heterotetranuclear complexes incorporating NiII have been
developed by proper design of the ligand scaffold and their magnetic properties investigated.2264–2266

One-dimensional NiII chains are attracting interest in connection with the Haldane
conjecture.2267,2268 Theoretical models for the exchange alternation and single-ion anisotropy in
the antiferromagnetic Heisenberg S= 1 chain have been developed.2271 Prominent examples of
such compounds is the alternating chain system {[Ni2(edta)(H2O)4]�2H2O}x,

2269–2271 and in
particular the thoroughly studied [Ni(en)2(NO2)](ClO4) ((911), often abbreviated as NENP).

2272–2274

For the latter system, magnetic measurements allowed an estimate of 13 cm�1 for the Haldane
gap.2274 Using different anions, a dimerized NiII chain with nitro-nitrito bridges could be
obtained, which also has an energy gap between the singlet ground state and low-lying excited
states.2275 Several kinds of 1D NiII–nitrito systems of the type [{NiL(�-NO2)}n](ClO4)n have been
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Figure 33 Structure of the [Ni4L3(H2O)2]
2þ cation (908) (H2L=bis(3-propionyloxy)-4,5-diazacyclo-

otane).2246 Reproduced by permission of The Royal Society of Chemistry.
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characterized in this connection, where L is a noncyclic tetraamine ligand,2276 and another type of
carboxylate-bridged NiII chain is known with diethylentriamine-N0-acetic acid.2277

The complex [Ni3(fum)2(�3-OH)2(H2O)4]n�(2H2O)n (fum= fumarate) has a 3D structure formed
by chains of fused NiII octahedral units and behaves as a 3D ferrimagnet.2278

6.3.4.13.4 Complexes with nitronyl nitroxide and verdazyl radical ligands

Complexes with radical ligands, e.g., nitronyl nitroxides (NITs, (912)) and imino nitroxides (IMs,
(913)), have been actively pursued for the design of molecular based ferromagnets, since direct
magnetic exchange is possible.2279 NITs are poor O-donors towards transition metals, and hence
electron-withdrawing coligands such as hexafluoroacetylacetonato (hfac) have to be used in NiII

complexes of simple NITs. Magnetic properties of [Ni(hfac)2(912)2] indicate weak to strong
antiferromagnetic coupling between the NiII and the radicals.2280–2282 Auxiliary donor substitu-
ents at the NIT moiety enhance the coordination ability, and various NIT chelate ligands (in
particular with pyridyl groups) have been employed in Ni chemistry. (914) binds via the pyridyl-N
without involvement of the NIT O atom.2283,2284 Magnetic data of [Ni(hfac)2(914)2] and
[Ni(914)4Cl2] show antiferromagnetic coupling of about �10 cm�1.2283 NITs and IMs with 2-
pyridyl groups have been used most often, since (915) can act as a N,O-bidentate chelate
ligand.2285–2291 The NiII complex of a related NIT-triazole ligand (916) has also been reported.2292

NITmepy (915b) and IMmepy (917) form NiII complexes with ferromagnetic interactions.2293 The
introduction of a methyl group at the o-position of the pyridyl ring (915b) can result in a
coordination number lower than OC-6. For example, IMmepy forms [NiCl2(917)], which is a
dimer with pentacoordinate NiII ions bridged by two chlorides with a large Ni—Ni distance
(3.5808 Å). Upon use of the slim thiocyanate, however, a six-coordinate complex cis(NCS)-
trans(py)-[Ni(NCS)2(IMmepy)2] is formed. This complex shows distinctly longer Ni—Npy bonds
and nonplanarity between the pyridine and the imino nitroxide planes due to the steric require-
ments of the hexacoordination.2293 Pyridyl-based NIT diradicals that have been studies in their
NiII complexes are, inter alia, (918)2294 and the tetradentate bipyridine derivative in (919). Com-
plex (919) exhibits an unusually large NiII–nitroxide ferromagnetic interaction
(þ39.6 cm�1)2295,2296 which arises from the near-coplanarity between the �-conjugated radical
plane and the equatorial plane of the trans-diaqua-{Ni{(N2O2)}(H2O)2} octahedron. Deviation
from this geometry results in an antiferromagnetic component.
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The carboxyphenyl-substituted ligand (920) forms a ladder-type polymeric structure where the
nickel is coordinated simultaneously by carboxylate-O, NIT-O, and water.2297 Binding to the NIT
substituent can be enhanced by appropriate chelate sites, e.g., in (921).2298 Complex (921) shows
weak ferromagnetic coupling via the diamagnetic NiII. The spin-labeled dioxime 2,2,5,5-tetra-
methyl-1-oxylpyrrolidine-3,4-dione dioxime (H2L) forms with NiII a planar complex [Ni(HL)2]
(922) with an intramolecular hydrogen bond between the oximic oxygens.2299 In the solid state the
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square planar environment of the metal is completed to distorted octahedral by the O atom of the
N—O groups of a neighboring molecule. This leads to formation of a parquet-like layered
polymer structure in the solid. The Ni—O distance is, however, long (2.953 Å) and the NiII ion
remains low spin. The layered polymer structure is responsible for the formation of exchange
clusters >N—O� � �Ni� � �O—N< with effective interactions between the magnetic orbitals of the
nitroxyl groups via the diamagnetic metal ions.
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The presence of �-hydrogen in the nitroxide radical may lead to disproportionation reactions.
In spin-trapping experiments, N-t-butyl-�-phenyl nitrone yields rather unstable spin adducts.
This type of radical can be stabilized by coordination to NiII. The NiII complex with N-oxy-N-t-
butyl-(2-pyridyl)phenylmethanamine (923) reveals a distorted octahedral geometry with antifer-
romagnetic interactions between the unpaired electrons of the metal ion and the radical
spins.2300

Verdazyl radicals have been proposed as attractive alternatives to NITs, because they offer
several potential donor atoms. The first verdazyl radical complexes of open-shell ions were
reported in 2000. Electron-withdrawing hfac ancillary ligands and chelate assistance by a pyridyl
substituent have been used to prepare (925) from (924). The verdazyl–NiII coupling is strong and
ferromagnetic (J=þ120 cm�1 as a lower limit), which is explained by orthogonality of
the magnetic orbitals.2301 The dinuclear complex (927) is accessible from the pyrimidine–
verdazyl ligand (926). It has an S= 5/2 ground state due to strong NiII–verdazyl ferromagnetic
coupling (J=þ110 cm�1).2302 Other verdazyl ligands employed in NiII coordination chemistry are
tridentate (928) (which gives [Ni(928)2]

2þ) and water-soluble (929) (which gives
[Ni(929)2H2O)2]).

2304

6.3.4.14 Miscellaneous Complexes of Nickel(II)

6.3.4.14.1 Complexes with silyl and silylene ligands

Quite a number of silylnickel and silylenenickel compounds have been reported, and only a few can be
cited here.2305–2309 Bis(silyl)nickel complexes have been implicated as important intermediates in
Ni-catalyzed double silylation of various organic substrates. Using an o-bis(dimethylsilyl)carborane
ligand, complex (930) could be isolated and structurally characterized.2310 Its unusual thermal stability
is attributed to the advantageous steric and electronic properties of the carboranyl unit. (930) undergoes
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subsequent double silylation reactions with unsaturated organic substrates. (931) is another example of
a bis(silyl)nickel(II) complex.315

Reaction of the 1-silacyclopropene (932) with [Ni(PEt3)4] gives nickelasilabutene (933).
2311
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6.3.4.14.2 Hydride complexes

Ni hydrides have been implicated as reactive species in various organometallic transformations
and catalytic processes, e.g., ethene oligomerization by (934).2312 Giving the importance of Ni
hydrides in industrial and possibly enzymatic processes, only few examples will be mentioned here
in order to indicate the scope: inter alia, stereoselective cyclization of a 1,3-diene and the carbonyl
group in a chain is mediated by a NiII hydride complex generated from [Ni(acac)2] and DIBAL-H
in the presence of PPh3,

2313 and silane alcoholysis is catalyzed by a NiII complex with {N,O,S}
coordination.1255 Ethylene dimerization by [Ni(acac)H]2314 and oxidative addition of H2 to NiII

complexes such as [NiCl2(PH3)2] to give the formal NiIV complex [NiH2Cl2(PH3)2] have been
studied by DFT and ab initio methods, respectively.2315

Square planar NiII hydride complexes trans-[NiH(X)(PCy3)2] (935) are conveniently accessible
by addition of HX to the dinitrogen complex [(PCy3)2Ni-NN-Ni(PCy3)2], and subsequent
substitution of X gives rise to manifold derivatives such as trans-[NiH(CH3)(PCy3)2] and trans-
[NiH(Ph)(PCy3)2].

2316 The trans influence of the X ligand on the Ni—H bond has been investi-
gated, using the IR-derived �(Ni—H) stretching frequencies and the 1H NMR chemical shifts.2317

CO2 and MeI were used as chemical probes: derivatives with a stronger Ni—H bond (S- and O-
donors) show no reactivity while the C-bond derivatives exhibit CO2 insertion at the hydride.
While trans-[NiH(CH3)(PCy3)2] gives the hydridonickel formate complex trans-[NiH-
(HCO2)(PCy3)2], trans-[NiH(Ph)(PCy3)2] simply gives trans-[Ni(HCO2)(Ph)(PCy3)2].

2318 In the
C-donor derivatives, the Ni—H bond is reactive towards MeI via H-atom abstraction by methyl
radicals. With CCl4 and CHBr3, trans-[NiH(Cl)(PCy3)2] reacts to give [NiCl3(PCy3)]

� and
[NiBr3(PCy3)]

�, respectively.2319

Complexes [Ni(H)(diphosphine)2]
þ can be prepared by two ways, either by reaction of [NiII

(diphosphine)2]
2þ with H2 in the presence of base, or by reaction of [Ni0(diphosphine)2] with

NH4
þ. A linear free energy relationship exists between the half-wave potentials of the NiI/NiII

couples of different [Ni(diphosphine)2] complexes and the hydride donor ability of the corres-
ponding [Ni(H)(diphosphine)2]

þ.2320 Several methods have been used to determine those hydride
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donor abilities, which is useful for understanding the differences in the reactivity of
[Ni(diphosphine)2]

2þ towards H2.
2321

6.3.5 COMPLEXES OF NICKEL(I)

6.3.5.1 Introduction

Similar to the high-valent Ni story, significant impetus for the interest in low-valent Ni chemistry
stems from the involvement of NiI species in bioinorganic processes, predominantly from the
unique NiI state of the active form of coenzyme F430 of methylcoenzyme M reductase (MCR) and
the possible relevance of NiI in [Ni,Fe] hydrogenase. This also contributes to the particular
prominence of nitrogen- and sulfur-based ligand systems in studies on NiI complexes. However,
not every ligand environment can support NiI, and in many cases Ni0 is produced directly upon
reduction of NiII compounds. Hence, most NiI species with simple N and O ligands are thermo-
dynamically and kinetically unstable with respect to disproportionation into Ni0 and NiII.
Stabilization of NiI is more easily achieved by soft donor ligation (C, P, As, S donor atoms) or
by a macrocyclic environment. The redox chemistry of nickel has been reviewed.63

6.3.5.2 Complexes with Nitrogen Donor Ligands

6.3.5.2.1 Complexes with macrocyclic nitrogen donor ligands

Similar to porphyrin systems, NiI complexes with macrocyclic {N4} ligands (in particular of
the cyclam type) have been considered particularly instructive with respect to the chemistry of
the active site of methyl coenzyme M reductase. In most cases, NiI species are produced by
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reduction of the corresponding NiII complexes. Electrochemical properties of the NiII macro-
cyclic complexes are related to the cavity size, the unsaturation, the degree of functionaliza-
tion, and the subring moieties fused to the macrocycles. These aspects are also covered in the
sections dealing with NiII, and the reader should refer to Section 6.3.4.10.2(iii) for additional
information.
Electrochemical reduction has been used to great extent in the synthesis of NiI macrocyclic

complexes. For example, the divalent nickel complexes of cyclam (936), tetramethylcyclam (tmc,
(937)), meso-5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane (938), and decamethyl-
cyclam (939) were reduced to their corresponding NiI complexes in aqueous solution.2322 Redox
potentials for the NiII/NiI couple are �1.58V, �1.15V, �1.42V, and �0.98V (vs. SCE), respect-
ively, indicating that the major effect is the strength of the Ni�L interaction, in agreement with
the clear correlation between the redox potentials and 10�q values determined spectrophoto-
chemically. The effects of N-methylation on the NiII/NiI couples and on the properties of the NiI

complex in solution have been studied for a large series of tetraazamacrocyclic cyclam anal-
ogues.2323 The positive shift in redox potential observed on methylation is largely a consequence
of the decrease in solvation energy of the NiII complex. However, the lifetime of the NiI complex
is not linearly related to the redox potential. Methyl substituents bound to the N atoms of cyclam
slow down the ligand loss reaction in water.2322 Disulfides react with [Ni(937)]þ by oxidative
addition to give [Ni(937)(SR)]þ.1967

R,S,R,S-[Ni(937)]þ reacts with a series of alkyl halides in aqueous alkaline solution to form
alkylnickel(II) complexes of the type [RNi(937)]þ. Kinetic data indicate that the reaction occurs in
two steps, the first being a one-electron transfer from [Ni(937)]þ to RX (X= halide), yielding an
alkyl radical R. The second step involves rapid capture of the alkyl radical by [Ni(937)]þ.2324

[Ni(937)]þ has also been reacted with a number of variously disubstituted alkanes, including
1,4-dihaloalkanes,2325 1,5-dihaloalkanes,2326 1,2-disubstituted alkanes, 1,3-disubstituted alkanes,
1,4-disubstituted alkanes, 1,5-disubstituted alkanes, and 1,6-disubstituted alkanes.2327 Reaction
products ranged from ethylene to cyclopentane depending on the disubstituted alkane employed.
Further, NiI macrocycle complexes have been used as electron transfer catalysts in the radical
cyclization of halogeno ethers. When the NiI macrocycle complexes were generated electrochem-
ically from their corresponding NiII complexes, enhanced catalytic activity relative to those gener-
ated by reduction with Zn or Mn metal was observed.2328

The effect of steric crowding on the rates of reaction of the NiI tetraaza macrocycle complex
[Ni(dmc)]þwith organic halides andhydroperoxides has also been examined.Reactionwith this complex
was found to be about 104 times slower than with the corresponding [Ni(tmc)]þ complex.2329
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The NiI complexes may exist in different isomeric forms, and the form obtained may depend
upon whether pulse radiolysis of electroreduction are employed to synthesize them.2323 Usually,
isomeric integrity of tmc nickel complexes is not maintained upon going from NiII to NiI:
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chemical reduction (Na/Hg) of either NiII isomer (R,R,S,S or R,S,R,S) resulted in production of
both NiI isomers.1967,2324 R,R,S,S-[Ni(937)](OTf)�NaOTf has been structurally characterized.1967

The {N4} environment is rigorously planar, but two sets of distinct Ni—N distances are observed
(2.120(5) Å and 2.095(5) Å), which is a common phenomenon in square planar NiI (and NiII)
complexes. Upon reduction, the average Ni—N distance has increased by 0.12 Å to accommodate
the larger NiI ion. Comparison of [NiII(R,S,S,R-(940))]2þ with [NiI(R,S,S,R-(940))]þ shows a
lengthening of the Ni—N bonds from 1.948–1.969 Å in the NiII complex to 2.053–2.083 Å in the
NiI analogue because of the placing of an extra electron in the dx2�y2 orbital and reduction of
ligand field strength, but distortion of the macrocycle core is not observed.2330

The X-ray crystal structure of meso-[NiI(942a)]þ reveals a distorted square planar environment
with Ni—N bonds that are 0.128 Å (Ni—Namine) and 0.077 Å (Ni—Nimine) longer than for the
meso-[NiII(942a)]2þ complex due to the extra electron in the dx2�y2 orbital. Similar values have
been deduced from EXAFS data both for [NiI(942a)]þ and [NiI(942b)]þ, while for [NiII(943a)]þ

the reduction is ligand centered to give a � anion radical.2331 EXAFS data on the CO adducts of
[NiI(942a)]þ and [NiI(942b)]þ clearly showed pentacoordination with the presence of a short Ni—
C bond (1.78–1.80 Å), which is accompanied by a dramatic increase of the Ni—N distances and
further distortion of the macrocycle. Coordination of CO to the � anion radical [NiII(943a)]þ

likewise gives [NiI(943a)(CO)]þ, which involves substantial displacement of the metal ion out of
the {N4} plane. The latter reaction provides an alternative route toward NiI formation.2331
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Binding constants and �(CO) for various NiI–CO complexes were determined; representative
examples are collected in Table 21. Generally, the CO binding ability is related to the electron
donating ability of the ligand and to steric effects. CO stretching frequencies decrease and CO
binding constants increase as [NiL]þ becomes a more powerful reductant. [Ni(937)]þ is an
exception, and its stronger binding of CO has been attributed to the macrocycle conformation
that protects the bound CO in the cavity of the four methyl groups.2331

NiI complexes (944)–(950) with various different saturated polyaza macrotricyclic ligands
having noncoordinated nitrogen atoms in the ligand framework have been prepared by reduction
of the NiII complexes with Na/Hg in acetonitrile. The crystal and molecular structures of (948),
(946), and (945) were determined.1582,2333 Both complexes were found to have essentially square

Table 21 Carbon monoxide binding constantsa and carbonyl vibrational frequencies in CH3CN at 25 �C.

Compound
E1/2

(V vs. SCE)
KCO

(M�1)
�CO

(cm�1) References

[Ni(943a)]þ �0.498 (1.3	 0.3)� 102 2012 2331
C-RSRS-[Ni(937)]þ �0.837 (1.2	 0.4)� 105 1967 1538
[Ni(942a)]þ �1.215 (5.6	 1.5)� 104 1962 2331
[Ni(942b)]þ �1.234 (1.8	 0.4)� 104 1961 2331
[Ni(943b)]þ �0.823 (3.7	 0.8)� 102 1977 2331
[Ni(938)]þ �1.243 (4.0	 1.5)� 104 1956 2331
C-RRSS-[Ni(940)]þ �1.430 (9.0	 2.0)� 104 1939 1538
[Ni(941)]þ �1.445 (1.8	 0.4)� 105 1956 1538
[Ni(936)]þ �1.445 (2.8	 0.6)� 105 1955 2331
RRSS-[Ni(945)]þ �1.22 1.6� 104 2332
RRSS-[Ni(946)]þ �1.08 1.9� 103 2332
RRSS-[Ni(947)]þ �1.11 1.9� 103 2332

a For C-RSRS-[Ni(943a)]þ, KCO is defined by the following reaction: NiII(TIM.)þþCO,NiITIM–COþ. The first reduction is ligand
centered.
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planar coordination geometry, although some square pyramidal (948) or tetrahedral (945, 946)
distortion was discernible. Usually, there are two sets of Ni—N bond distances, e.g., three at
1.978(3) (av.) Å and one at 1.878(4) Å in the case of (946), without any noticeable expansion of
the macrocyclic hole.2333

A square pyramidal NiI complex, R,S,R,S-[Ni(945)(NHC(OH)CH3)]
þ has been obtained by

the reduction of R,R,S,S-[Ni(945)]2þ with Na/Hg in MeCN under a N2 atmosphere.2334 In the
formation of the complex, the solvent MeCN was hydrated to acetamide and coordinated to the
NiI ion in the iminol form. All Ni—N bonds are significantly longer than those of the square planar
NiI complex R,R,S,S-[Ni(945)]þ.
EPR spectra of the dinickel(I) complexes (951)–(953) with bis(macrocyclic) ligands show that

the two metals behave independently.1867

Irradiation of solutions of [Ni(L)]2þ and 0.01M HCO2Na (L= (939), (947)) with �-rays or
3MeV electrons afforded [Ni(L)]þ.2335 Injection of methyl coenzyme M (MeSCH2CH2SO3

�) gave
methane, blank experiments without the Ni complexes did not.
Reaction of [CH3Co(dmgBF2)2L] (dmgBF2= (difluoroboryl)dimethylglyoximato, L= py, PEt3)

with two equivalents of [Ni(937)]þ gave [Co(dmgBF2)2L]
�, [Ni(937)]2þ, and [Ni(937)CH3]

þ in
80% yield.1862 The overall transformation provides a model for the transfer of a CH3 group from
methylcobalamin to the Ni-containing enzyme CO dehydrogenase during acetyl CoA synthesis.
R,R,S,S-[Ni(937)CH3](BAr

0
4) (BAr

0
4=B(3,5-(CF3)2C6H3)4

�) was characterized by X-ray diffraction.
The products and stoichiometry of the reaction are consistent with a three-step mechanism initiated
by electron transfer from [Ni(tmc)]þ to [CH3Co(dmgBF2)2L]

�. The second step is rapid CH3—Co
bond homolysis yielding [Co(dmgBF2)2L]

� and CH3, and then the CH3 radical is captured by the
second equivalent of [Ni(937)]þ, yielding [Ni(937)CH3]

þ.
The fact that NiII tetraamine macrocycle complexes catalyze CO2 electroreduction, even in

aqueous solution (compare Section 6.3.4.10.2(v)), encouraged detailed studies of the interaction of
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CO2 with the reduced NiI species. Inter alia, cyclic voltammetry has been used to measure the
binding constant for complexation of CO2 by various electrogenerated NiI tetraazamacrocycle
complexes.2336 Complexes [Ni(L)]þ (L= conjugated diimine or tetraimine macrocycle, or sterically
hindered tetraamine macrocycle) do not bind CO2 strongly. Interestingly, the complex which
binds CO2 most strongly is that with parent cyclam (936); [Ni(cyclam)]2þ is the most effective
catalyst for CO2 electroreduction. The mechanism of the latter reaction has been studied in
aqueous solution at mercury electrodes, using electrochemical techniques,1635 and the thermo-
dynamics and kinetics of CO2 and Hþ binding to [Ni(cyclam)]þ in aqueous solution have been
explored.2337 Reduction of [Ni(cyclam)]2þ by hydrogen atoms proceeds by an inner-sphere
mechanism (k= 5	 2� 109M�1 s�1) to give [Ni(H)(cyclam)]2þ, which decomposes to
[Ni(cyclam)]þ and Hþ (k= 6.3	 0.7� 105 s�1). Reduction by CO2

� is also inner-sphere
(k= 6.7	 0.2� 109M�1 s�1); the intermediate [Ni(CO2)(cyclam)]

þ decomposes to [Ni(cyclam)]þ

and CO2 (k= 2.0	 0.2� 106 s�1). The equilibrium constant for CO2 dissociation is 0.062M; this
compares with a pKa of 1.8 for the hydride complex, and suggests why [Ni(cyclam)]2þ is selective
as a catalyst for CO2 electroreduction even in aqueous solution at pH 4.

6.3.5.2.2 Complexes with nonmacrocyclic nitrogen donor ligands

Since most NiI species with simple N-donor ligands are prone to disproportionation into Ni0 and
NiII, relatively few NiI complexes with nonmacrocyclic N-donor ligands have been reported.
Formation of NiI species is in most cases proposed on the basis of electrochemical data, although
ligand-centered redox processes have to be considered. The ligands usually contain imine donor
atoms or aromatic N-heterocycles, which because of their �-acceptor ability favor stabilization of
lower oxidation states.
NiII complexes with aminopyridine ligands (954)–(956) can be reversibly reduced to relatively stable

EPR-active NiI complexes in solution.2338 The EPR spectrum of the more flexible [Ni(954)]2þ is
rhombic with g?> gk (gx= 2.239 and gy= 2.199, gk= 2.025) indicative of a (dz2)

1 ground state in
trigonal bipyramidal coordination geometry, while the EPR spectrum of the methylated [Ni(955)]2þ is
characteristic of a (dx2�y2)

1 ground state with gk> g? (gk= 2.324, g?= 2.079), suggesting a square
planar environment. Dissociation of one of the ethylpyridine arms in the latter case is corroborated by
the identical spectra of [Ni(955)]2þ and [Ni(956)]2þ. The half-wave NiII/NiI potentials increase in the
series [Ni(954)]2þ (�1.01V) < [Ni(955)]2þ (�0.91V) < [Ni(956)]2þ (�0.83V; all vs. SCE), showing
that N-methylation stabilizes the lower oxidation state.1575,2338

The NiI complex with the ligand 1,2-bis(pyridine-2-carboxamido)benzene (H2bphen), generated
by reduction with Na amalgam of the homologous NiII complex, was studied by EPR and
electronic spectroscopy.2339 Analysis of the spectroscopic data revealed that the complex exhibits
low covalency in the � in-plane bonding and high covalency in the out-of-plane � bonds, which
has enabled the assignment of the electronic bands at 13,500 cm�1 and 19,600 cm�1 of
[NiI(bphen)]� (957). This may have implications for the spectral characterization of cofactor F430.
Catenane ligands such as (958) strongly stabilize NiI with respect to NiII because of the

overwhelming preference of this ligand for tetrahedral coordination.2340,2341 The NiI complex
could be generated by constant potential electrolysis of [Ni(958)]2þ at �0.45V in CH3CN and,
furthermore, a second reversible one-electron transfer (assigned to NiI/Ni0) was found at
�1.325V. Crystal structures of both the NiII and NiI complexes have been obtained.2341 The
orange NiII complex is very distorted four-coordinate, with the NiII ion lying almost in a plane
surrounded by three of the four N atoms (mean Ni—N distance= 2.01(4) Å), which may in part
be due to the maximizing of �–� interactions in the ligands. However, the NiI ion is at the center
of a tetrahedral coordination sphere (mean Ni—N distance= 1.98(2) Å) and �–� stacking inter-
actions are no longer significant.
Nickel complexes of bpy and related ligands are active electrocatalysts for CO2 reduction.

[Ni(terpy)2]
2þ undergoes two successive one-electron reductions at �1.20V and �1.38V in

DMF.2342 In the presence of CO2, the cathodic peak current for the first process is enhanced
greatly. Electrodes modified with films of poly-[Ni(40-vinylterpy)2](PF6)2 (grown by repetitive
cyclic voltammetry between 0.00V and �1.70V of a solution of the complex in CH3CN) were
also active for CO2 electroreduction in DMF, and, unlike the complex in solution, for O2

reduction in water. Interestingly, both two-electron O2 reduction (giving H2O2) and four-electron
reduction to H2O occurred.
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Like several other systems, Ni complexes of (954) and (955) show high catalytic activity in the
electroreduction of 1,2-trans-dibromocyclohexane into cyclohexene.2338

For a terminal amido complex of NiI, see Section 6.3.5.4 ((964) in Scheme 13).

6.3.5.2.3 Complexes with porphyrins and related ligands

The redox properties of NiII porphyrins have been extensively studied and a detailed review of their
electrochemistry in nonaqueous media has appeared.2343 Nickel porphyrins are typically reduced in
two one-electron transfer steps, although some NiII porphyrins with highly electron-withdrawing
groups can be reduced by a total of three electrons.2344 In most cases, the initial oxidations and
reductions involve the porphyrin �-system, but examples where the first electron is added to the central
metal ion to give a NiI species2345–2347 are well documented. The study ofNiI with porphyrin-type {N4}
ligands (and their reduced analogues) receives major impetus from the interest in the active site of
methyl coenzyme M reductase (compare Section 6.3.4.11.7). The pentamethyl ester of coenzyme F430
has been reversibly reduced from the NiII form to the NiI form, and UV–visible spectra (characteristic
absorption maxima at 380nm and 750 nm) as well as quasi-axial EPR spectra indicate that the NiI

complex is approximately square planar with the unpaired electron in an orbital of dx2�y2 character.
2348

Major factors that determine the NiII/NiI redox properties are the core size, the flexibility of the
macrocycle, and the electronic properties of substituents.2349 Molecular mechanics has been used
to examine the effect of macrocyclic reduction on the core–hole size of porphyrins and applied to
the nickel–tetrapyrrole F430 cofactor.

2350 Macrocycle reduction at the two methin protons pro-
vides the F430 macrocycle with the flexibility necessary to accommodate both high-spin (six-
coordinate) and low-spin (square planar four-coordinate) NiII. However, the relative inability to
ruffle due to the steric effect of peripheral substituents implies that the {N4} core of F430 cannot
contract sufficiently to coordinate optimally a low-spin NiII ion, which appears to be a key factor
for stabilization of the larger NiI and high-spin NiII.2351
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The relationship between half-wave potential, the site of electron transfer, and the catalytic
activity of a given [(porphyrin)Ni]� complex towards CH3I reduction has been investigated for
various NiII porphyrin compounds. For example, five out of seven electrogenerated complexes,
[(porphyrin)Ni]�, reacted catalytically with CH3I under an applied potential, suggesting the
presence of NiI in the singly reduced species.2346

Complexes of isobacteriochlorins are frequently used as F430 mimics because they, too, can be
reduced to isolable NiI complexes;2352,2353 reduction leads to nickel hexahydroporphyrin com-
plexes. [NiI(oeibc)] has been studied as a model for the active site of F430 using EPR and
ENDOR spectroscopy; bond lengths and spectroscopic data were correlated.2354 The stability of
[NiI(oeibc)] is greatest in polar solvents. With weak acids such as water, alcohols, and thiols it
affords H2 with an apparent stoichiometry of 2:1 NiI:H2.

2355 The reactions of [NiI(959)]� with
alkyl and aryl halides have been studied, and the organic products resulted from reduction or
dehydrohalogenation;2356 alkene formation was favored by polar solvents, and isomerization of
alkenes occurred during reaction. This implies the intermediacy of Ni—H and Ni—R species in
the reactions. Detailed vibrational studies have been reported.2357 Although the NiI complex of
(959) is very resistant to further reduction, in the presence of proton donors reduction of the
macrocycle ring occurs,2353 affording initially the NiI complex of (960), the first complex of this
precorrin to be identified.
Reduction of both nickel porphyrins and thiaporphyrins to NiI species has been studied by EPR

and 2H NMR spectroscopy.1796,2358 The NiI complex of 5,10,15,20-tetraphenyl-21-thiaporphyrin
has been isolated and characterized. Reaction of this complex with sulfur dioxide produced a
paramagnetic five-coordinated NiI–SO2 adduct, while reaction with nitrogenous base ligands
(amines, pyridines, imidazoles) yielded five- and six-coordinate complexes. In addition, the crystal
structure of NiI diphenyldi-p-tolyl-21-thiaporphyrin has been determined. The coordination geo-
metry about the nickel center is essentially square planar with extremely short Ni—N and Ni—S
bonds (Ni—N= 2.015(2) Å, 2.014(12) Å, and 1.910(14) Å and Ni—S= 2.143(6) Å).2359
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6.3.6.3 Complexes with Phosphines and Arsines

Complexes with phosphines (and arsines) are particularly prominent in NiI chemistry. For
[NiCl(PPh3)2] (961) previous studies have reported that the formally 15-electron species oligo-
merizes in the solid state. However, crystallographic analyses have revealed no short intermo-
lecular interactions, but a distorted trigonal planar geometry with a contracted P—Ni—P angle of
111.52(2)� (thf solvated)2360 and 114.94(2)� (unsolvated).2361 The angular distortion most prob-
ably arise from a first-order Jahn–Teller effect which, for a d 9 complex, is expected to destabilize
the ML3 structure from D3h to C2v. Both tricoordinate heteroleptic complexes [Ni(PR3)2L]

þ-
(R=Ph, Pri, Cy; L=OEt2, CO) and tetracoordinate complexes [Ni(PR3)4�nLn]

þ (L=P(OR0)3,
CO) have been investigated in detail by EPR spectroscopy, which allowed the determination of the
consequences of the Jahn–Teller distortion of the d 9 species and vibronic effects.2362,2363 [NiCl(PPh3)3]
(962) has a distorted tetrahedral geometry.2364

Nickel complexes of the type [Ni(L)2]
2þ (L= dppm, dppe, dppv, dppb, dppp), [Ni(L)(L0)]2þ-

(L= dppe, dppp, dppb; L0 = dppm, dppp), and [Ni(dppm)2(CH3CN)]2þ have been prepared and
characterized. The half-wave potentials for the NiII/NiI couple were found to become more positive
as the bite size of the diphosphine was increased. X-ray crystal structural studies of
[Ni(dppm)2](BF4)2 and [Ni(dppb)2](BF4)2 revealed that increasing the bite size results in larger
tetrahedral distortion. The most stable NiI complex, [Ni(dppp)2](PF6), could be isolated and
characterized.2365 The relative stability and interchangeability of the various oxidation states for
nickel complexed to 1,2-bis(dialkylphosphino)benzene (alkyl=Me, Et, Pri, Prn) depends on the
ligand: the reduction potentials and electrochemical reversibilities are highly sensitive to the sub-
stituents at P, with potentials for electrooxidation being shifted to more positive potentials as the
bulk of the alkyl substituent is increased.2366 The complexes [Ni(L)2]

2þ and [Ni(L)2X]
þ (L= dppv,

dppb, o-C6H4(PPh2)(PMePh), o-C6H4(PPh2)(PBuPh); X=Cl, Br) have been prepared and char-
acterized.2367 For [Ni(L)2]

2þ, two successive one-electron metal-based reductions are observed.
[Ni(L)2X]

2þ loses halide upon reduction to give the stable [Ni(L)2]
þ. The NiI/NiII potentials vary

according to the nature of the chelate bridge (no link< ethene< ethane< o-phenylene), and add-
itional effects are observed due to changes of the substituents at P.

Cl Ni

PPh3

PPh3

Ni

PPh3

PPh3
Cl

Ph3P

(961) (962)

Ph2P PPh2 Ph2P PPh2 Ph2P PPh2

Ph2P PPh2Ph2P PPh2 PPh2

PPh2

dppm dppe dppv
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Reduction of NiII chloride complexes [NiCl2(L)] (L= various diphosphinomethanes, -ethanes,
and -propanes) with, for example, potassium naphthalenide in THF gives the corresponding NiI

chlorides [NiCl(L)].2368 By treatment of (963) with LiNHAr, a terminal amido complex of NiI

(964) was prepared (Scheme 13).2369 It contains planar three-coordinate nickel and a planar
amido ligand with d(Ni—N)= 1.881(2) Å. The {P,Ni,P} and {C,N,H} planes are orthogonal
with a 91� dihedral angle.
Nickel(I) phosphido complexes (965a) and (965b) have been obtained from (963) according to

Scheme 13. The Ni atom in paramagnetic (965a) is planar (like in the respective NiII complex,
compare Section 6.3.4.5.2), and the phosphido-P is substantially pyramidalized with d(Ni—
P)= 2.2077(12) Å (the Ni—P(diphosphane) bond lengths are 2.2169(12) Å and 2.2351(12) Å).2370

In the related phosphido complex [(Cy2PCH2CH2PCy2)NiP(SiMe3)2] (966) the Ni—P distances
for the diphosphine ligand are slightly shorter (2.192(2) Å, 2.202(2) Å) than the Ni—P bond for
the phosphido ligand (2.225(2) Å).2371

Various type (967) dinuclear complexes with phosphido bridges have been prepared, usually by
reduction of [(R3P)2NiX2] with, for example, sodium.2372–2375 The terminal phosphines can be
exchanged by other phosphines or by CO, yielding (968) and (969) in the latter case.2373,2374

Diphenylphosphide NiI complexes have also been prepared electrochemically.2376
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A typical synthetic scheme is shown in Scheme 14.2377 [(Dcpm)NiCl2] (dcpm= bis(dicyclohex-
bis(dicyclohexylphosphino)methane) is reduced with Bu3SnH in toluene at room temperature to
form the air sensitive ‘‘A-frame’’ (971). The Ni—Ni bond distance for (971) is 2.904(3) Å, which
indicates a lack of any Ni—Ni metal bonding. (972) is formed by the reaction of (970) and excess
LiH, and (971) is an intermediate in the synthesis of the bridging phosphido NiI complex. The
Ni—Ni bond distance in (972) is 2.3910(8) Å, corresponding to a single Ni—Ni metal bond. Ni—Ni
distances in ‘‘A-frame’’ complexes with bridging hydrides ((971) and type (973)) as well as bridging
phosphido ligands are collected in Table 22.
An ‘‘A-fame’’ structure has also been found for [Ni2Cl2(�-SO)(�-dppm)2], which forms upon

oxidative addition of SOCl2 to a Ni0 complex.2384 Type (974a) complexes with nonequivalent
metal centers have been formulated as mixed oxidation state systems with a coordinative Ni—Ni
bond involving donation of an electron pair from a tetrahedral Ni0 to a T-shaped NiII center.
However, these complexes are fluxional and easy interconversion between (974a) and (974b) is
observed. (974a) is prepared by reaction of the Ni0 complex [Ni2(CO)2(�-dppm)2] with the NiII

complex [NiCl2(dppm)2].
2385

Tripod-like tetradentate polytertiary phosphines or closely related ligands such as tris(2-diphenyl-
phosphinoethyl)amine (NP3), tris(2-diphenylphosphinoethyl)phosphine (PP3), and tris(2-diphenyl-
arsenoethyl)amine (NAs3) have been shown to be suitable for the stabilization of NiI.2386,2387

The NiI complex is usually obtained by oxidation of a suitable Ni0 precursor. The crystal structure
of (975) reveals a trigonal bipyramidal configuration with the As atoms occupying the equatorial
positions. Compound (976) (similar to the related NP3 compound) exhibits an unusual trigonal
pyramidal geometry in which the nickel atom is solely coordinated to the four P atoms of
the ligand.2386,2388 In solution, however, electrochemical measurements indicate that a trigonal
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bipyramidal structure with an elongated Ni—I bond can also have a finite lifetime.2387 Electrons
are accepted successively in the Ni—I �* MO upon exceeding the d8 configuration, and structural
trends in the complete series of complexes [(NP3)Ni

III]þ, [(NP3)Ni
I]þ, and [(NP3)Ni

0] have been
investigated in detail.2387 (976) reacts readily with chlorinated solvents and disproportionates in
acetonitrile to give [(PP3)Ni(NCMe)]2þ and [Ni2(PP3)2].

2389

P
Ni

P Cl

Cl

Cy Cy

Cy Cy

Ni
P P

Ni

Cy
Cy Cy

Cy

P PCy Cy
Cy Cy

H

ClCl

P
Ni

P
P Ni

CyCy

Cy Cy

P
Cy

Cy
Me

Cy
Cy

Me

nBu3SnH
toluene

12 h

LiH or NaH
∆, 12 h

LiH or NaH
∆, 12 h

(970)
(971)

(972)

Scheme 14

PPh2

Ni
PPh2

H
H

Ni
Ph2P

Ph2P

(973)

Table 22 Ni—Ni bond lengths for selected nickel compounds.a

Compound d(Ni—Ni)(Å) References

[Ni2(dcpm)2Cl2(�-H)] 2.904(3) 2378
[{Ni(dippe)}2(�H)2][BPh4] 2.316(5)b 2379
[Ni2(dcpp)2(�-H)2] 2.441(1)b 2380
[Ni2(dippp)2(�-H)2] 2.438(1)b 2381
[Ni2(�-Bu

t
2P)(PMe3)]2 2.375(3)b 2382

[Ni(�-(But)(H)P)(PMe3)2]2 2.559(2)b 2383
[Ni2(�-PCy2)2(PCy2Me)2] 2.3910(8)b 2377

a dcpm= bis(dicyclohexylphosphino)methane; dppm= bis(diphenylphosphino)methane; dcpp= (bis(dicyclohexylphosphino) propane;
dippe= bis(diisopropylphosphino)ethane; dippp=bis(diisopropylphosphino) propane. b Indicates actual Ni—Ni bonds.
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It is well-known that the tridentate triphos (977) (P3) readily stabilizes NiI, and P3 has become
one of the most preferred ligands in low-valent nickel chemistry. Structural reorganizations con-
comitant with NiII!NiI reduction in [(P3)NiI]

þ/0 have been revealed by X-ray crystallography:
there is a 0.13 Å elongation of the Ni—I bond upon reduction (2.414(4) Å vs. 2.546(2) Å), while the
Ni—P bond lengths become slightly shorter in the uncharged species.2390 The additional electron
occupies a metal d� orbital that is involved in antibonding interactions with the iodine p� orbitals.
Only a few further examples of NiI complexes with the P3 ligand scaffold will be mentioned

here. Reduction of the dithiocarbamate complex [(triphos)Ni(S2CNEt2)]BPh4 with Na[BH4] yields
[(triphos)Ni(SH)] which has a distorted tetrahedral structure and a room temperature magnetic
moment of 2.11�B corresponding to a doublet ground state.2391 In addition, the related com-
pound [(triphos)Ni(�-S2)–Ni(triphos)]ClO4 is a novel nickel dimer bridged by two sulfur atoms.
The Ni2S2 bridging framework is planar, with a Ni—Ni distance of 3.865(1) Å, while a formal
oxidation of þ1/þ2 has been assigned.2392

Five-coordinate NiII arsine complexes of the ligands (978)–(980) of formulas [Ni(L3)(L2)]
2þ-

(L3= tridentate (980), L2= bidentate (978), (979)) and [Ni(L3)2]
2þ (the latter are also five-coordinate

X
X

X
X

AsMe2

AsMe2 Me2As AsMe2

(978)
(X = H, F)

(979)

RAs
AsMe2

AsMe2

(980)
(R = Me, Ph)

Ni

As

Ni
As

P NMe3 i

As

Ni

As

PMe3
CNtBu

tBuNC CNtBu

CNtButBuNC

(981) (982)

492 Nickel



with a single ‘‘dangling’’ AsMe2 group) have been studied electrochemically, and extensive
Ni-centered redox chemistry was observed.2393,2394 The arsine donor sets stabilize (on the voltam-
metric timescale) all Ni oxidations states from 0 to þ4: all complexes showed two oxidations and
two reductions in CV experiments in CH3CN. The reductions are assigned to NiI/NiII and Ni0/NiI

couples. Thus the relative stability of the five-coordinate NiI complexes with these ligands makes an
interesting contrast with [Ni(diars)]2þ which is reduced to Ni0 in a single two-electron process.
The arsenido-bridged complex (981) (which is similar to the phosphido-bridged species (967),

R0 =But) can be obtained from the reaction of [(Me3P)2NiCl2] with LiAsMe2.
2395 It reacts with

CNBut to give (982). Both contain a planar centrosymmetric Ni2As2 core with Ni—Ni bond
lengths of 2.429(1) Å and 2.693(2) Å, respectively.

6.3.5.4 Complexes with Sulfur- and Selenium-containing Ligands

The interest in low-valent Ni complexes in S-rich environments has been stimulated by the
presence of Ni in [Ni,Fe] hydrogenase and CODH. While thiolate ligation usually favors
higher oxidation states, thioethers stabilize NiI and Ni0. In most cases, however, NiI ions of
an {NiS4} chromophore are unstable with respect to disproportionation. The cyclic voltam-
mogram of square planar (983) with homoleptic thioether coordination exhibits a quasi-
reversible wave at �0.42 V (vs. NHE), which on the basis of the rhombic EPR spectrum
(g1= 2.27, g2= 2.11, and g3= 2.03) of the chemically reduced species (Na/Hg) is assigned to
metal-centered reduction.838

Reaction of (984) with MeLi in the presence of donor ligands such as CO or PMe3 traps the Ni
I

species (985), which could be characterized by X-ray crystallography.839 Oxygenation of a related
NiI complex {S3}Ni(CO) leads to O2 activation and O—O bond rupture with formation of a
bis(�-oxo)nickel(III) complex.184,185
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(986) gives a reversible NiII/NiI redox wave, but reversibility is lost under a CO atmosphere.
Upon chemical reduction, CO increases the stability of the reduced species and a NiI–CO
compound was observed by IR spectroscopy.843

The ‘‘reduced’’ cluster Ni8S(SBu
t)9

� has six Ni atoms in a trigonal prism, with the other two
capping trigonal faces.797

The dinickel(II) complex (987) has been electrochemically reduced at E1/2=�1.21V (vs. SCE)
to form the mixed-valence NiINiII complex (988), which could then be cleaved with RSSR to
afford (989).2396

Square planar {N2S2}Ni
II complexes (990a–f) show reversible NiII/NiI couples, and the NiI

species prepared chemically have been characterized by EPR spectroscopy (axial signal with
gk> g?, indicative of a (dx2�y2)

1 ground state).2397 In CH3CN, each substitution of a thioether
for a thiolate donor gives a 700mV positive shift in the NiII/NiI potential, and each substitution
of a sulfinate for a thiolate gives a 300mV positive shift. Thus, the NiI complex is most readily
accessed (�0.482V vs. NHE) for (990c) and least for (990a), and the ability to stabilize NiI

increases in the order SR�< SO2R
�< SR2.
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The cyclic voltammogram of (991) in MeCN shows two redox events assigned to NiII/I and NiI/0,
and chemical reduction of (991) with Cp2Co provided a NiI species (992) characterized at 100K
by an axial EPR signal with gx= gy= 2.10 and gz= 1.96. Hyperfine spectral features resulting
from coupling to two 31P nuclei suggest a retention of substantially square planar geometry. In
contrast, the isotropic character of the EPR signal of (993) presumed to be the first product of the
photochemical demethylation of (994) ultimately yielding the doubly demethylated complex (995)
suggests the intervening thioether/thiolate NiI species to be pseudotetrahedral.2398 It is concluded

494 Nickel



that delocalization of the odd electron is favored for the dithioether ligand environment, whereas
electron/thiolate ligand repulsion encourages tetrahedral character.
The NiI complex (996) has been structurally characterized. It displays an axial EPR spectrum

and an intense �(CO) band at 2,026 cm�1.1316,1317
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Upon reduction of (565), the stereochemistry is proposed to change from trigonal bipyramidal
(NiII) to square pyramidal (NiI) and tetrahedral (Ni0).1446

(997) can be reduced to the NiI species (998) with NaBH4. Both complexes have been structur-
ally characterized by X-ray diffraction, and (998) was demonstrated to be an authentic NiI

complex.2399 Upon reduction, the P—Ni—N angles expand, while the P—Ni—P angle contracts,
and overall structural changes are in the direction of trigonal bipyramidal coordination with the S
atoms positioned axially. While the Ni—N and Ni—P distances are nearly constant, the Ni—S
bond lengths increase significantly (by 0.24–0.25 Å) due to the (dz2)

1 ground state. Upon proton-
ation of the NiI complex, Ni-mediated formation of H2 has been observed according to the
stoichiometry NiIþHþ!NiIIþ 1/2 H2, and the kinetics of this process has been investigated. The
overall reaction (998)þHCl! (999)þ 1/2 H2 proceeds by two parallel pathways dependent on
chloride concentration, but the common initial step is protonation of NiI.
Based on charge balance requirements, a mixed-valent NiII2Ni

I formulation with a central
NiI2þ group has been proposed for the trinuclear complex (1000).2400

[Ni(terpy)(1001)2] is reduced by aqueous dithionate to a NiI complex, which displays reversible
CO binding, and also reacts with H�.2401

Various Ni/chalcogenide/phosphane clusters are known, which are formally mixed-valent NiII/
NiI species. Examples include [Ni8S6(PPh3)6Cl2] and [Ni8S5(PPh3)7],

2402 [Ni23Se12(PEt3)13],
2403

[Ni34Se22(PPh3)10],
2404 [Ni20Se12(SeMe)10]

2�,2405 [Ni9Te6(PEt3)8], and [Ni20Te18(PEt3)12].
2406
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6.3.5.5 Miscellaneous Complexes of Nickel(I)

A set of NiI complexes (1002) of tetradentate Schiff base ligands with NN0OS donor environment
were prepared from the corresponding NiII complexes and studied by spectroscopic and electro-
chemical techniques.2407 By comparison with related complexes with salen-type ligands, it was
found that values of E1/2 for the NiII/NiI couple increase by �0.07V in the order
Ni{N2O2}<Ni{NN0OS}<Ni{N2S2}, and tetrahedral distortion is an important factor in the
relative stabilization of the NiI species. EPR data show that the NiI complexes (1002) are typically
four-coordinate, although in the case of a trimethylene bridge formation of six-coordinate NiI

complexes is observed. NiI complexes (1003) are obtained either electrochemically or chemically
from the corresponding NiII species, and reduction potentials were found to be strongly depen-
dent on the degree of tetrahedral distortion of the latter. EPR data show that the g-values are
very sensitive both to the coordination sphere and to the extent of tetrahedral distortion.2408
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{N3}Ni(TCSQ)(TCQ) (TCQ= tetrachloroquinone, TCSQ= terachlorosemiquinone) exhibits
strong ferromagnetic NiI semiquinone coupling and the effective magnetic moment is
2.97�B. However, a NiII description cannot be completely ruled out.772

Sequential bond dissociation energies have been determined for [Ni(CO)x]
þ (x= 1–4),

[Ni(N2)x]
þ (x= 1�4), and [Ni(NO)x]

þ (x= 1–3) by collision-induced dissociation in a guided
ion beam tandem mass spectrometer.2409 The trend in bond energies for loss of a ligand is
sketched in Figure 33, which can be understood in terms of �-donor and �-acceptor capabilities
of the ligands and the number of electrons donated by each ligand.
Guided ion beam tandem mass spectrometry has also been employed to study the reaction of

Niþ with CS2 and COS.2410 The ground state ion Niþ undergoes endothermic reaction to form
NiSþ in both cases, as well as NiCSþ and NiCOþ, respectively. Threshold values for the reactions
and bond dissociation energies for the products have been determined.
The d9 species (OC)2NiCHO has been prepared by the reaction of H atoms with Ni(CO)4 in a

krypton matrix at 77K. The complex is not thermally interconvertible with its isomer, HNi(CO)3,
and EPR spectroscopy reveals that components in the xy plane of the principal g-values
gzz= 2.0024(2) and gxx= gyy= 2.0207(2) split at 4K. Hence, structure (1004) was proposed.2411 The
oxides KNa2[NiO2] and K3[NiO2] contain Ni

I with virtually linear coordination.2412
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Figure 34 Trend in bond energies for loss of a ligand from [Ni(CO)x]
þ (x= 1–4), [Ni(N2)x]

þ (x= 1–4), and
[Ni(NO)x]

þ (x= 1–3) (reprinted with permission from ref. 2409; # 1995, American Chemical Society).
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6.3.6 COMPLEXES OF NICKEL(0)

Detailed procedures for the synthesis of various often used [Ni0L4] complexes (L= phosphines,
arsines, stibines, alkyl isocyanides) and [Ni0L0

2] complexes (L0 = bipyridine, phenantroline,
diphosphines, diarsines) have been compiled.2413

6.3.6.1 Carbonyl and Nitrosyl Complexes

6.3.6.1.1 Carbonyl complexes

An accurate solid-state structure is reported for Ni(CO)4, which is tetrahedral with d(Ni—C)
= 1.817 Å.2414 The luminescence spectrum of Ni(CO)4 following photolysis with an XeCl laser is
strong enough to be visually detected. A three-step mechanism is advanced: luminescence is
primarily from the Ni(CO)3 fragment with its smaller HOMO–LUMO gap resulting in visible
emission.2415 Calculation of the sequential Ni—CO binding energies for the series Ni(CO)x
(x= 1–4) yields 125.4 kJmol�1, 121.2 kJmol�1, 150.4 kJmol�1, and 100.32 kJmol�1, which is in
good agreement with experimental results.2416 Di-t-butoxytin(II) and bis(trimethylsiloxy)tin(II) react
with Ni(CO)4, yielding the disubstituted complexes [Ni(CO)3Sn(OCMe3)2]2 and [Ni(CO)3Sn-
(OSiMe3)2]2, respectively.

2417

Although Ni(CO)4 was discovered many years ago, no neutral Ni2(CO)x compound has ever been
synthesized in macroscopic amounts. However, several communications report ionic species such as
[Ni2(CO)8]

þ, [Ni2(CO)7]
�, and [Ni2(CO)6]

þ, where structures with one or two bridging carbonyls are
proposed.2418 Plausible structures for neutral Ni2(CO)x (x= 5, 6, 7) have been investigated by
theoretical methods, and decomposition temperatures well below room temperature have been
predicted.2419,2420 Tetra-, penta-, and hexanuclear nickel carbonyl clusters have been investigated by
means of molecular orbital theory. It is found that the neutral forms are more stable than the
corresponding anionic forms but the anionic forms gain in stability as the nuclearity rises.2421 Nickel
carbonyl cluster anions are manifold, and structural systematics have been reviewed.2422,2423 An
example includes the anion [Ni9(CO)16]

2� with a close-packed two-layer metal core.2424

Neutral dinuclear nickel carbonyl units can be stabilized by the replacement of four carbonyl
groups in Ni2(CO)7 with small-bite bidentate ditertiary phosphine ligands to give (diphos)2-
Ni2(CO)2-(�-CO) derivatives. Some binuclear nickel carbonyls of this type which have been
isolated and structurally characterized2425–2427 are (1005) and (1006). The complexes
[Ni(CO)2(�

1-dppm)2], [Ni2(�-dppm)2(�-CO)(CO)2], and [Ni2(�-dppm)2(CO)4] have all been iso-
lated by minor modifications of the same synthetic procedure, i.e., BH4

� reduction of a solution
of NiCl2 and dppm in MeOH under CO.2428 The different species are interconvertible in solution,
and reaction of CO with [Ni(CO)2(�

1-dppm)2] gives [Ni(CO)3(�
1-dppm)]. In general, the Ni—Ni

bond distances in the structurally characterized (diphos)2Ni2(CO)2(�-CO) derivatives fall in a
rather wide range, 2.53–2.69 Å, which in general is lower than the 2.73 Å Ni—Ni bond distance
calculated for the parent �-carbonylhexacarbonyldinickel. The stabilization of Ni2(CO)7 by such
phosphine substitution of carbonyl ligands is typical in metal carbonyl chemistry and arises from
an increase in the electron density on the nickel atoms by replacement of CO groups with the
weaker acceptor phosphine ligands.
A convenient synthetic route to the Ni0 cradle complex [Ni2(�-CO)(CO)2(PPh2CH2PPh2)2]

(1006) has been reported, which involves the simultaneous reaction of Ni(COD)2 with CO and
dppm.2429 Also, [Ni(CO)2{HC(PPh2)3}] has been used to prepare the Ni0 dimer (1006). The crystal
structure of (1006) has been determined, showing approximate tetrahedral geometry about each
of the Ni atoms, with an unusual cis arrangement of the two bridging dppm ligands, one bridging
CO ligand and two terminal CO ligands.2425

6.3.6.1.2 Nitrosyl complexes

The oxidation state of the metal in {Ni(NO)}x species often is not obvious at first sight, since the
nitrosyl group may be considered as a cationic NOþ, a neutral paramagnetic NO, or an anionic
NO� ligand. A common criterion to distinguish between the limiting descriptions is the geometry of
the complex and of the triatomic Ni—N—O moiety: in tetracoordinate {Ni(NO)}10 complexes,
square planar geometry with a strongly bent N—N—O group (120�) indicates a NO� formulation,
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while a tetrahedral geometry with a linear Ni—N—O is assumed characteristic for NOþ. In many
cases, however, an intermediate situation is observed. For example, [Ni(NO)(PMe3)3]

þ is tetrahedral
and belongs to the NOþ type with an Ni—N—O angle of 175.4(5)�,2430 while the metal ion in
[Ni(NO)(NO2)(dppe)]2 is found in a distorted tetrahedral environment with an Ni—N—O angle of
153.4(8)�.2431 No simple correlation can be drawn between the �(NO) stretch and the NO coordin-
ation mode. Most Ni0 nitrosyl complexes have phosphine coligands, and some examples with
diphosphines involve mononuclear (1007) and dinuclear (1008).2432 In the case of [NiX(NO){1,2-
C6H4(PMePh)2}], configurational stability of the complexes has been investigated.2433

Parent NiNO and Ni(NO)2 have been prepared by cocondensation of Ni and NO in solid argon
and investigated by IR spectroscopy in combination with DFT calculations.2434–2437 Two different
isomeric forms have been evidenced for the dinitrosyl, Ni(�1-NO)2 and Ni(�2-NO)2, differing by
their coordination modes and electronic structure.2436

6.3.6.2 Complexes with CO2, CS2, and related ligands—Electroreduction of CO2

In neat low-temperature CO2 matrices, CO2 is side-on coordinated to Ni atoms and the binding
energy is weak (18 kcal mol�1).2438,2439 The calculated OCO angle is 145�, which is quite a large
value compared to those of other CO2 complexes. In dinitrogen matrices, the binding of CO2 is
enhanced due to formation of [Ni(N2)n(CO2)] (n= 1, 2).2437

The key role played by diverse nickel complexes in the development of CO2 coordination
chemistry and CO2 electroreduction catalysts has been highlighted,2440 and several reviews dis-
cussing CO2 electroreduction and photoreduction are available.2441–2445

The Aresta complex [Ni(CO2)(PCy3)2] has been investigated further. 31P and 13C NMR in the
solid state and in solution have been used to determine a direct correlation of the modes of
bonding of CO2 in [Ni(CO2)(PCy3)2]. It was found that, in solution at 173K, CO2 is �2-CO
bonded to nickel, and that the 31P and 13C chemical shifts were almost identical to the values
found in the solid state. In solution, however, a dynamic process averages the two P atoms at
room temperature via an intramolecular motion.2446 In addition, vibrational studies and CAS-
SCF calculations on [Ni(CO2)(PCy3)2] have been reported.2447 FTIR and Raman spectra could be
assigned with the aid of 13CO2 and C

18O2 labeling, normal coordinate analysis, and NMR data. It
is suggested that the fluxional behavior, and the fact that two C—O stretches (1,150 cm�1,
1093 cm�1) are seen, can best be explained by the existence of an unstable end-on Ni(�1-CO2)
isomer in both the solid state and solution.
The stability of Ni–CO2 complexes is related to the basicity of ancillary phosphines and to the

P—Ni—P bond angle. For example, it was calculated that the total energy for the complex
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[Ni(PH3)2(CO2)] is a function of the P—Ni—P angle, being the most favorable when this angle is
120�.2448 Ni(dppe) does not interact with CO2, which is ascribed to the insufficient basicity of the
diphosphine. In contrast, the more basic chelating diphosphines Cy2P-(CH2)n-PCy2 do react with
CO2 and afford CO2/Ni

0 adducts for n= 2, 3, 4. They show the characteristic strong IR absorp-
tion at around 1740 cm�1 for bound CO2 and a doublet at 162–165 ppm in the 13C NMR. The
complex in which the P—Ni—P angle is about 90� (n= 2) is unstable and cannot be isolated
owing to rapid disproportionation.2449

Upon reaction of complexes [Ni(PR3)2(CO2)] with O2, Ni
II peroxocarbonate species (1009) are

formed.2448,2450 In the case of [Ni(PCy3)2(CO2)], a detailed study using labeled 13CO2, C
18O2, and

18O2 has revealed details of the mechanism of this reaction.2449 It implies initial CO2 decoordin-
ation, followed by O2 coordination and subsequent CO2 insertion into the O—O bond of the
intermediate [Ni(PCy3)2(O2)].

Ni
OR3P

R3P C
O

(1009)

Ni
OR3P

R3P O

O
O

O2

CO2
 (1 atm) / hν

Φ355 = 0.05
P

Ni

P

P
Ni

Ni

P

P

P

I

I

Ph2P P

Ni Ni

P PPh2

C

N

CNMeMeNC

Me

Ph2P P

Ni Ni

P PPh2

CNMeMeNC
C

NO
C

O

Me

(1010) (1011) (1012)

Photochemical activation of CO2 has been achieved using the long-lived ligand-centered
charge-transfer excited state of the binuclear Ni0 complex [Ni2(�-CNMe)(CN-
Me)2(PPh2CH2PPh2)2] (1010). Through bimolecular association of CO2 to the excited state
(1010), complex (1011) is formed.2451,2452 The association of CO2 with (1010) results in its
activation towards O-atom transfer reactions. Prolonged exposure to CO2 results in the formation
of [Ni2(�-CO)(CO)2(PPh2CH2PPh2)2] (1006).

2453,2454

Upon reaction of (1010) with NiI2, trinuclear [Ni3(�3-I)2(dppm)3] (1012) is formed. The latter
can also be obtained directly from [Ni(cod)2], NiI2 and dppm. (1012) photoreduces carbon
dioxide to its radical anion, which can be trapped by cyclohexene.2455

The reaction between [Ni(cod)2], CO2, and benzaldehyde-N-furfurylideneimine (L) in 1,4-diox-
ane or THF gave a 24-membered organometallic macrocycle [(L)Ni(—CH(R1)—N(R2)—COO—)]6
(solv)n (R1=Ph, R2= furfurylidene, solv= 1,4-dioxane or THF).2456,2457 According to the X-ray
analyses, six monomeric nickelacyclic units are connected through six Ni–�2-OCO–Ni bridges in
these macrocycles, with cavity diameters of around 9.3 Å. The complexes isomerize in benzene to
form dimeric [(L)Ni(—CH(R1)—N(R2)—COO—)]2(solv)n (1013), and they react with PPh3 to
give tetranuclear species. The macrocycle partially eliminates CO2 above 20

�, followed by elim-
ination of half of the monodentately coordinated Schiff base ligands to form a planar tetrameric
complex (1014). This is a reversible process.
The reaction of Ni(CNAr)4 ((1015); Ar= 2,6-Me2C6H3) with carbon dioxide in the presence of

Liþ leads to the formation of Ni(CO)2(CNAr)2 (1016) and the arylisocyanate ArNCO (Equation
(29)).2458,2459 Complex [Ni(CNMe)4] reacts similarly with carbon dioxide in the presence of Liþ to
produce [Ni(CO)2(CNMe)2].

13C-labeling studies indicate that the carbonyl ligands of
Ni(CO)2(CNR)2 are produced by multiple bond metatheses between CO2 and CNR (R= 2,6-
Me2C6H3, Me), not by deoxygenation of CO2. Hence, the reaction of (1015) with 13CO2 gave
Ni(CO)2(CNAr)2 and ArN¼13C¼O. The reaction of Ni(13CNMe)4 with CO2 gave
Ni(13CO)2(CNMe)2. The reactions are catalytic and first order in [Liþ] over the range [Liþ]/[1015]:
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0.01–40. Kinetic studies indicate that the rate of reaction of (1015) with CO2 is first order in
[CO2]. The reaction order in (1015) is complex. At high [Liþ] and high [CO2], the reaction rate is
second order in [1015] but the rate saturates and becomes nearly independent of [1015] at low [Liþ]
and low [CO2].
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The reactions of carbon dichalcogenides other than CO2 with Ni0 have also been studied quite
intensively.2460,2461 Inter alia, Ni polymeric complexes with metallic properties have been prepared
using CS2 as the starting material.2462 Some further impetus was given by the observation that
CS2 can mimic the binding of CO to the CODH enzyme active site, although CS2 itself does not
undergo oxidation/reduction and does not appear to bind to center C (the site of CO oxidation
and CO2 reduction).

2463

Several classes of discrete Ni/CS2 compounds have been prepared, usually by reaction of CS2
with Ni0 phosphine complexes. Reactions of CS2, CO2, and COS with Ni0 complexes have been
reviewed.2440 Compounds of varying stoichiometry have been obtained, depending on the phos-
phine used:

2½NiðcodÞ2� þ 2PR3 þ 2CS2 ! ½NiðPR3Þ2ðCS2Þ2�2 ðR ¼ Ph, p� toluene; cyclohexylÞ

½NiðcodÞ2� þ 2PR3 þ 2CS2 ! ½NiðPR3Þ2ðCS2Þ2� ðR ¼ Me, EtÞ

A single-crystal X-ray analysis of the triphenylphosphine complex [Ni(PPh3)(CS2)]2 has
revealed that the complex has the binuclear structure (1017).2460 The complex
[Ni(PMe3)2(CS2)2] displays NiPSCS coordination (1018) and is severely distorted from square
planar. Of interest is the fact that the SC(S)SC(PMe3)S linkage can be formally described as a
condensation product of two molecules of CS2 with one molecule of PMe3.

2464

The decisive factor for reaction to occur has been shown to be the HOMO energy of the
complex, relative to the LUMO energy of the potential ligand. For example, [Ni(bipy)(cod)]
reacts with SeCS, CS2, and SCO, whereas [Ni(PPh3)2(C2H4)] only reacts with CS2, and not
SCO. Generally the carbon dichalcogenides are bonded side-on (�2), and it is always the most
electronegative heteroatom of the asymmetric ligands SeCS and SCO which does not interact
with the central metal atom.2465 Reactions of the CS2 complex (1019) are described in Section
6.3.4.5.1.648–650

When laser-ablated Ni atoms were reacted with CS2 during cocondensation in excess argon, the
C-bonded Ni(�1-CS2) and side-on bonded Ni(�2-CS)S complexes were formed on annealing,
whereas the inserted SNiCS was formed on photolysis. All species were characterized by IR
spectroscopy and DFT calculations.2466 The reaction of low-valent [Ni(CO)x]

� (x= 2, 3) with CS2
has been studied by FT-ICR spectroscopy.2467
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6.3.6.3 Complexes with Nitrogen-containing Ligands

Aliphatic amines, which are hard bases, are unfavorable for coordination to soft Ni0. If the
principles of ligand preorganization and donor prepositioning are applied, however, (diamine)Ni0

complexes are accessible, which has been demonstrated for complex (1020) with a rigid N,N0-
dimethyl-3,7-diazabicyclo[3.3.1]nonane ligand.2468

Bis(bipyridyl)nickel(0) has been prepared by metal-vapor methods and electrochemical data
were obtained for it. In these low-valence states, a significant proportion of the electron density
lies on the bipy ligand.2469 Also, the crystal and molecular structure of 4,6-dimethyl-2,20-dipyr-
idyldicarbonylnickel(0) (1021) has been determined. The coordination geometry about Ni is
tetrahedral.2470

In a series of studies of the spectroscopy and photochemistry of nickel(0)–�-diimine complexes,
the structural differences among the complexes NiL2 and Ni(CO)2L (L=�-diimine) have been
examined by means of molecular orbital calculations and electronic absorption Raman resonance
studies.2471,2472 Summing up earlier work, the noninnocence of �-diimine ligands with a flat —
N¼C—C¼N— skeleton in low-valent Ni chemistry and the course of substitution reactions of
Ni0 complexes with 1,4-diaza-1,3-dienes or �,�0-bipyridine have been reviewed.2473

6.3.6.4 Complexes with Dinitrogen and Dioxygen

The new dinitrogen complex [Ni(CO)3N2] can be generated in a pressure cell by UV photolysis of
tetracarbonylnickel in liquid krypton, doped with N2 at 114K. The decomposition of this
complex was followed over the temperature range 122–127K and a value of the Ni—N2 bond
dissociation energy estimated at 10 kcal mol�1.2474

Various theoretical studies on the coordination of N2 (and related molecules) to Ni0 com-
pounds have been carried out. These include ab initio calculations on Ni(N2) and Ni(N2)4 (in
comparison with [Ni(CO)4]),

2475 on [Ni(PH3)(N2)],
2476 on [Ni(PH3)2(N2)],

2477,2478 on the series of
complexes [Ni(PH3)2(N2)], [Ni(PH3)2(NCH2)], and [Ni(PH3)2(N2H3)],

2479 as well as ab initio
calculations (MP2 and CCSD(T) level) on [Ni(CO)2(N2)].

2480 Also, the bonding between
[Ni(PH3)2] and O2 has been analyzed by quasi-relativistic DFT calculations.2481

[Ni(PCy3)2(O2)] is proposed as a reactive intermediate in the reaction of [Ni(PCy3)2(CO2)] with
dioxygen to give the peroxocarbonate complex [Ni(PCy3)2(CO4)] (see Section 6.3.6.2).2449
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6.3.6.5 Complexes with Phosphines, Arsines, and Stibines

Phosphorus is the most common donor atom in Ni0 chemistry. Likewise, As- and Sb-based
ligands are well suited for stabilizing low-valent Ni0. Ni0 phosphine chemistry is extensive, and
the general synthetic approaches have been summarized previously.

6.3.6.5.1 Complexes with mono- and oligodentate phosphines and phosphido ligands

Tetrakisphosphine complexes of Ni0 are usually prepared either from labile Ni0 precursors (such
as [Ni(cod)2] or [Ni(CO)2(cod)]) or by reduction of an appropriate NiII complex in the presence of
phosphine. Despite the large number of homoleptic Ni–phosphine complexes NiL4, however,
relatively few X-ray crystal structures are known. Some examples are collected in Table 23.
Typical Ni0—P distances are in the range 2.14–2.21 Å. [Ni(PMePh2)4] was obtained serendipit-
ously upon treatment of [NiBr(NPMe3)]4 with LiCCPh.
Crystals of the first homoleptic Ni0–trialkylphosphine complex to be analyzed by X-ray crystal-

lography, [Ni(PEt3)4], were obtained serendipitously on recrystallizing the product of reaction
between [NiCl2(PEt3)2] and lithium 2-bis(trimethylsilyl)methylpyridine.2482 In all cases, for NiL4

phosphine complexes there are distortions from overall tetrahedral geometry caused by the steric
requirements of the ligands.

P
N

Ph
Me

(1022)

N

O
tBu

P

OtBu 4

Ni

(1023)

Several complexes [Ni(PPh3)3(�
1-NCR)] (R=PhCH2, 2-MeC6H4, Me3Si) have been synthe-

sized, and the crystal structure of one example (R=Me3Si) obtained.2487 Again, the overall
geometry is distorted tetrahedral. The reaction of [Ni(PPh3)4] with CH2Br2 in the presence of
Zn followed by carbonylation gives the �2-(C,C) ketene complex [Ni(CH2¼C¼O)(PPh3)2]
(1024a). This complex can be considered as a model for homogeneous CO reduction.2488 From
qualitative MO arguments and EH model calculations, however, �2-(C,O) bonding of a ketene
ligand in bis(phosphane)nickel(0) complexes is suggested to be preferred over �2-(C,C) coordin-

Table 23 X-ray crystallographic results for homoleptic Ni0L4 phosphine complexes.

Complex Geometry d(Ni—P)(Å) References

[Ni(PEt3)4] Distorted tetrahedral (C2v);
P—Ni—P angles ranging from 102.4(2)�

to 111.6(1)�

2.210(1), 2.151(1) 2482

[Ni(PH2Mes)4] Distorted tetrahedral;
P—Ni—P angles ranging from 106.9(3)�

to 111.3(2)�

2.140(8)–2.158(7) 2483

[Ni(PMePh2)4] Distorted tetrahedral;
P—Ni—P angles ranging from 103.35(4)�

to 122.40(4)�

2.193(1)–2.206(1)

[Ni(PPh2NHPh)4] Compressed tetrahedron;
P—Ni—P angles ranging from 104.89(4)�

to 117.21(4)�

2.175(1)–2.183(1) 2484

[Ni(1022)4] Distorted tetrahedron;
P—Ni—P angles ranging from 103.1(1)�

to 117.4(1)�

2.143(1), 2.146(1) 2485

(1023) Tetrahedral; P—Ni—P angles 109.5� 2.093 2486
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ation, and increasing relative stability of �2-(C,O) bonding is predicted with decreasing P—Ni—P
angle.2489 Hence, complex (1024b) with a small diphosphine bite angle shows the latter coordin-
ation mode.2489
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Examples of new Ni0 complexes with bulky diphosphine ligands prepared by reduction of
[Ni(L-L)X2] (X=Cl, Br) include [Ni(L-L)] and [Ni(L-L)(toluene)] (L-L= 1,2-bis(dicyclohexylphos-
phino)ethane (dcpe); 1,3-bis(dicyclohexylphosphino)propane (dcpp); 1,4-bis(dicyclohexylphosphino)
butane (dcpb)), as well as Ni2(dcpe)3, Ni2(dcpb)3, Ni(dcpe)2, and Ni(depe)2 (depe= 1,2-bis-
(diethylphosphino)ethane). The electronic spectra of these complexes have been investigated.2490

The reaction of [NiCl2(L-L)] (L-L= dppe, dppp) with NaOR gives [Ni(L-L)2], Ni(OR)2, and
aldehyde or acetone in a 1:1:1 ratio (R=Me, Et, Pri), as well as NaCl.2491 When L-L= dcpe,
the product is [Ni2(dcpe)3] or (with additional diphosphine present) [Ni(dcpe)2]. Under CO, the
corresponding complexes [Ni(CO)2(L-L)] are formed in high yield. An unusual route to [Ni0L4]
and [Ni0(L-L)2] phosphine complexes is the CT excitation of NiII azido compounds [Ni(N3)2L2]
and [Ni(N3)2(L-L)], respectively, according to Equation (30).2492 Formation of the Ni0 products
(1026) goes via reactive nitren intermediates, which has been corroborated by trapping experi-
ments. The trifluoromethyl-1,3-diphosphane But(H)PCF2P(H)CF3 reacts with Ni(CO)4 to give
dinuclear (1025):2493
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ð30Þ

X-ray crystallographic data for homoleptic [Ni0(L-L)2] diphosphine complexes with a {NiP4}
core are collected in Table 24.
The organometallic diphosphine ligand (1031) forms Ni0 complexes [Ni(1031)2] and

[Ni(1031)(CO)2].
2498 [Ni(1031)2] shows a reversible two-electron oxidation at �0.70V (Cr-centered

according to EPR), followed by a reversible process at �0.52V and a quasi-reversible process at
�0.16V. The latter are assumed to be Ni based.
Upon reaction with various Ni0 precursors, the rigid cis-1,2-bis(diphenylphosphino)ethen

gives mononuclear (1032a) or polymeric (1032b), depending on the stoichiometry.2499 NiL2

Table 24 X-ray crystallographic data for homoleptic Ni0(L-L)2 diphosphine complexes.

Complex Geometry d(Ni—P)(Å) References

[Ni(1027Þ2� Distorted tetrahedral 2.152(3)–2.177(3) 2494
[Ni(1028)2] Distorted tetrahedral;

P—Ni—P angles ranging from 102.76(9)� to 112.2(1)�
2.201(4)–2.208(3) 2495

[Ni(1029)2] Strongly distorted tetrahedral;
P—Ni—P angles ranging from 92.4(1)� to 123.0(1)�

2.187(2)–2.210(3) 2496

[Ni(1030)2] Distorted tetrahedral;
P—Ni—P angles ranging from 103.4(1)� to 114.4(1)�

2.136(1), 2.140(1) 2497

[Ni(1031)2] Distorted tetrahedral;
P—Ni—P angles ranging from 103.0(1)� to 116.9(1)�

2.146(1), 2.151(1) 2498
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fragments can be inserted into the P—P bond of 1,2,3,4-tetraphenyl-1,2-dihydro-1,2-diphos-
phete, and two limiting descriptions are possible for the resulting product: either a nickeldipho-
spholene (1033a) with square planar metal ion and a formal þ2 oxidation state of Ni, or a
1,4-phosphadiene (1033b) complex with tetrahedral Ni0.2500 Both forms exist depending on the
coligands, and isomerization has been observed in some cases. The X-ray crystal structure of the
species with a dppe coligand reveals a situation intermediate between square planar and
tetrahedral (LNiL/PNiP interplane angle 38�). A single-crystal X-ray determination of the
reaction product of Ni(CO)4 with the small-bite didentate ligand 1,2-bis(dimethylphosphino)-
methane has revealed a dimeric structure, [�-(CH3)2PCH2P(CH3)2]2Ni2(CO)4, for what was
previously assumed to be the monomeric complex [(CH3)2PCH2P(CH3)2]Ni(CO)2. The coordin-
ation geometry about the two Ni atoms is essentially tetrahedral with a nonbonded Ni—Ni
distance of 4.39 Å.2501
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The coordinatively unsaturated [Ni(PPh3)3] (1034) has trigonal planar Ni,2502 the structure
showing some close approach of three o-phenyl H atoms to the central Ni (2.74–3.09 Å) with
implications for ortho-metallation.
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The particular ability of the tris(2-diphenylphosphinomethyl)ethane (P3) and related tripod-like
tetradentate tris(2-diphenylphosphinoethyl)phosphine (PP3), tris(2-diphenylphosphinoethyl)amine
(NP3) and tris(2-diphenylarsenoethyl)amine (NAs3) to stabilize low-valent Ni species has already
been outlined in previous sections (e.g., Section 6.3.6.3). Some further examples in Ni0 chemistry
are given here. Complex (1035) is obtained from the reaction of [Ni(PH2Mes)4] with P3, and its
structure has been established by X-ray crystallography.2482 It is concluded that the coordination
properties of P3 are dominated by its relatively small cone angle and that the basicity of P3 is
comparable to that of the monodentate tertiary phosphines. The electrochemistry of [Ni(PP3)X]

þ

(X=Cl, Br, I, MeCN) has been studied in CH3CN and CH2Cl2,
171,2388 revealing that the cations

undergo reduction to the Ni0 complexes [Ni(PP3)X]
�. For X=Br and I, this is followed by loss of

X� and formation of a PP3-bridged Ni0 dimer (1036). In CH3CN, [Ni(PP3)I]
� also undergoes

iodide displacement by solvent.
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[Ni(NP3)] reacts with CS2 to initially give (1037), which forms (1038) upon subsequent methyl-
ation by MeOSO2F (Equation (31)):2503
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Nickel(0) complexes with water-soluble phosphines have attracted interest in the context of
homogeneous catalysis. A comprehensive study of the coordination chemistry of tris(sodium-m-
sulfonatophenyl)phosphine (1039) has appeared.2504 The complexes [Ni(CO)2(1039)2]�6H2O have
been made by reaction of (1039) with Ni(CO)4 under phase-transfer conditions, and the homo-
leptic [Ni(1039)3]�9H2O has been made from Ni0 precursors and (1039) under phase-transfer
conditions, or from NiCl2, (1039), and BH4

� in water. A related complex [Ni(CO)2(1040)2] with
the bidentate ligand (1040) has also been studied.2505
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[Ni0{P(CH2OH)3}4] has been prepared by the reaction of P(CH2OH)3 (1041) with [Ni(cod)2] in
toluene and is assumed to be tetrahedral. It is similar to its PMe3 and PEt3 analogues in many
respects, with the main differences being enhanced water solubility, increased stability of the low
oxidation state, and high coordination number.2506 With the same intention to increase water
solubility, complexes [Ni(CO)2L2] and [NiL4] with 2-pyridylphosphine ligands (L=PPh3�npyn) as
well as with the chelating ligand (1042) have been prepared.2507

Chloro(2,4,6-tri-t-butylphenylimino)phosphine, Cl—P¼NAr (Ar= 2,4,6-But3C6H2), has been
reacted with a variety of Ni0 complexes, yielding �-complexes of P-functionalized iminophos-
phines.2508 The structure of [Ni(PEt3)2(Cl—P¼NAr)2] (Ar= 2,4,6-But3C6H2; (1043)) has been
obtained; the complex is almost perfectly tetrahedral with the chloroiminophosphine �1-bonded as
a consequence of its carbene-like frontier orbitals.2509
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Bis(�3-allyl)nickel(0) and bis(�5-pentadienyl)iron(II) have been used as starting materials in the
preparation of [Ni(PF3)4] and [Ni(PF2H)4].

2510 The electronic structure of the fluorophosphine com-
plex [Ni(PF3)4] has been investigated by various spectroscopic and theoretical methods.2511–2515

Inter alia, a theoretical treatment by the multiple scattering X� method showed that � back donation
is of the same magnitude as in [Ni(CO)4].

2516 Photoelectron spectra of [Ni(PF3)4] have been measured
using synchrotron radiation. Unexpectedly, this formally d10 complex shows p�d resonance between
70 eV and 100 eV,2517 which is attributed to covalent mixing of d character into unoccupied
molecular orbitals. Force constant calculations have been carried out for [Ni(PBr3)4] using simple
valence force field with interaction constants. The force constant values were compared for the
coordinated and free ligand, and also with k(Ni—P) stretching in the series of molecules
[Ni(PX3)4] (X=F, Cl, Me). It was found that the k(Ni—P) stretching force constant was lowest
for [Ni(PBr3)4] in the series (1044).2518

Protonation of a number of Ni0 phosphine complexes has been carried out using
H2C(SO2CF3)2. The resultant complex cations [L3NiH]þ (L=Ph3P, Ph2PMe, Et3P) were
isolated as their HC(SO2CF3)2

� salts. However, protonation of [Ni{P(OEt)3}4] was found to
yield [(EtO)3P}4NiH][HC(SO2CF3)2]. In addition, the compounds [(Et3P)3NiH][HC(SO2CF3)2]
and [(Ph3P)3NiH][HC(SO2CF3)2] were found to be stereochemically nonrigid in CH2Cl2 solution.

2519

It has been shown that some phosphine or phosphite Ni0 complexes have long-lived emissive excited
states at room temperature and possess photochemical reactivity towards organic substrates.2520

An improved method for the preparation of [Ni(CO)2(PR3)2] has been reported. The prepar-
ation involves reaction of the dithiocarbamate, [Ni(S2COEt)2], with the relevant phosphine PR3.
Yields of up to 50% have been recorded.2521 Infrared carbonyl stretching frequencies of the newly
characterized difluorophosphine-coupled [Ni(CO)3(PF2H)] and [Ni(CO)2(PF2H)2] indicate that
the bonding capabilities of this particular phosphine are intermediate between PH3 and PF3.

2522

New bis(dialkylamino)phosphine Ni0 complexes of the type [Ni(CO)3L] (L=Me2NPF2,
(Me2N)2PF, CH3NCH2CH2N(CH3)PF, (Me2N)2PH, CH3NCH2CH2N(CH3)PH) have been pre-
pared in good yield and characterized spectroscopically.2523

A selection of the extensive bimetallic Ni carbonyl phosphido chemistry is given in the follow-
ing. Toluene solutions of [Ni(CO)2(PPh3)2] react with excess K metal to give the [Ni2(CO)4(�-
PPh2)2]

2� ion (1045) which contains two tetrahedral Ni centers fused along a common edge.2524

Each Ni achieves an 18-electron configuration without the formation of a Ni—Ni bond (d(Ni—
Ni)= 3.397(1) Å) in contrast to the two-electron oxidation product Ni2(CO)4(�-PPh2)2 (d(Ni—
Ni)= 2.510(2) Å).

Ni
P

Ni
P

OC
OC CO

CO

(1045)

Ph2

Ph2

2–

6.3.6.5.2 Complexes with diphosphenes, phosphabenzene, biphosphinine,
and other unsaturated phosphorus donor ligands

The orange, air-stable, homoleptic tetrakis(�1-phosphabenzene)nickel (1046) is tetrahedral (point
symmetry S4) and can be obtained from phosphabenzene and [Ni(cod)2].

2525 It features a short
Ni—P bond length of 2.1274(5) Å with considerable Ni!P �-backbonding and a �(Ni—P)
stretch at 168 cm�1. In solution, partial dissociation of one phosphabenzene ligand is observed.
2-Diphenylphosphino-3-methylphosphinine forms with [Ni(cod)2] in the presence of the CO the
dinuclear complex (1047) with a W-frame structure.2526

2,20-Biphosphinines, the P analogues of bipyridine, are particularly suited as ligands for
reduced metal species (reduction of biphosphinines is much easier than of bipyridine). Complexes
[Ni(1048)2] and [Ni(1048)L2] (L=PPh3, etc.) have been prepared by several procedures (from 2,20-
biphosphinine and [NiCl2(dppe)] or from [NiCl2(PPh3)2] in the presence of excess Zn powder to
afford [Ni(1048)L2], or with NiBr2 under the same conditions to afford [Ni(1048)2], or from the
biphosphinine dianion and the respective NiIIX2 precursor) and are stable to air (in contrast to
[Ni(bipy)2]).

2527,2528 [Ni(1048)2] has a distorted tetrahedral structure with Ni—P bond lengths
(2.141–2.149(1) Å) that are significantly longer than those for (1046).2526 Electrochemistry shows
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two reversible monoelectronic reduction waves at �1.68V and �1.92V (vs. SCE), corresponding
to successive reduction of the coordinated biphosphinines. By accepting the first electron to give
[Ni(1048)2]

�, the complex distorts towards a more planar geometry.2529

Phosphaalkenes can coordinate to Ni0 either in a �1 or in a �2 fashion, since the P lone pair
�-orbital and the �-orbital of the P¼C bond are the highest occupied molecular orbitals of nearly
equal energy. The Ni0 complex (1049) was the first �2 complex of a phosphaalkene to be identified
and was prepared from a NiII compound by the redox reaction outlined in Equation (32).2530,2531

P-halogenophosphaalkenes display different reactivity towards [Ni(cod)(PBu3)2], undergoing
either coordination to give �2 phosphaalkene complexes (1050) or oxidative addition of the P—X
bond (1051), depending on X (Equation (33)).2532 A high P�X bond energy (X=F) favors the
former product, whereas weaker P—X bonds (P—I) lead to oxidative addition. X=Cl is an
intermediate situation:

[NiCl2(PMe3)2]   +   2 Na{P[CH2(SiMe3)]2}
P

C
Ni

Me3P

Me3P

SiMe3
SiMe3

SiMe3

(1049)

ð32Þ

X
P

SiMe3

SiMe3 [Ni(cod)(PBu3)2]

P C
X

SiMe3

SiMe3

Ni
Bu3P PBu3

X Ni
PBu3

PBu3

P

SiMe3

SiMe3

(1050)

(1051)

ð33Þ

Selected further examples of Ni0 phosphaalkene complexes include (1052),2533 (1053),2534 and
(1054)2535 as well as various others.2536–2538 A methylenediylphosphenium ion may be stabilized in
a metallaphosphaallene form (1055) according to Equation (34).2539

Reaction of (diisopropylamino)phosphaethyne P�CN(Pri)2 with [Ni(CO)3(P{C6H11}3)] affords
the planar 16-electron Ni0 complex (1056) with �2-bound phosphaethyne.2540 Upon coordination,
the P�C triple bond distance increases to 1.665(2) Å, which is typical for phosphaalkenes. Upon
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reaction with [Ni(cod)2], the same phosphaethyne gives (1057a) with a 1,3-diphosphacyclobuta-
diene and a side-on � ligand,2541 and with Ni(CO)4 it gives (1057b).

2575

Ph3P
P CR2

(Ph3P)2Ni

Ph3P
P CR2

[Ni(cod)(PPh3)2] –PPh3 P CR2(Ph3P)2Ni

(1055)

Fe
POC

OC NMe2

NMe2
(CO)3Ni

Ni
N

N

P

C
Ph Ph

P
R

O

NMe2

NMe2 Ni(CO)4
P

R
O

NMe2

NHMe2

(CO)3Ni

(1054)(1053)(1052)

ð34Þ

P

NiPr2

Ni
OC

Cy3P

(1056)

P

Ni

NiPr2

P
P

iPr2N

NiPr2

(1057a)

P

NiPr2

NiPr2

Ni(CO)3

Ni(CO)3

(1057b)

P

The diphosphene (2,4,6-But3C6H2)2P2 reacts with Ni(CO)4 to give (1058), the first Ni0 complex
with a �1-diphosphene.2542 Only one Ni(CO)3 moiety attaches, even if the diphosphene is treated
with an excess of Ni(CO)4. [Ni(PEt3)2(�

2-Me3SiPPSiMe3)], the crystal structure of which has been
determined,2543 shows the diphosphene ligand coordinated in the more common �2 mode. (CF3P)4
and (CF3P)5 have been reacted with a number of zerovalent tertiary phosphine nickel complexes.
Generally �2-CF3PPCF3 complexes of the formula [L2Ni(CF3PPCF3)] were obtained, which were
characterized by NMR spectroscopy and single-crystal X-ray methods.2544 Various synthetic
routes are meanwhile available for the synthesis of Ni0 diphosphene complexes.2370,2545,2546

Some approaches are collected in Equation (35).

P P
Ni(CO)3

tBu

tBu

tBu

tBu

tBu

tBu

(1058)

R3P
Ni

R3P

X

X

LiP(SiMe3)R′

P(SiMe3)R′

[(SiMe3)R′P]2

Ni
P
P

R′

R′R3P

R3P

ð35Þ

An unusual diphosphene complex of Ni0 is (1059), which forms upon reaction of [NiCl2(PEt3)2]
with two equivalents of Na[cyclo-(P5tBu4)].

2547 The P¼P bond in (1059) (2.1183(11) Å) is clearly
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shorter than all other P—P bonds in the P5 ring, and the Ni atom is surrounded by four P atoms
in an almost square planar fashion.
By slight modification of the synthetic procedure outlined in Equation (35), a P2 unit side-on

bound to two Ni0 complex fragments can be obtained according to Equation (36) (1060). X-ray
crystallography shows a butterfly structure with d(P�P)= 2.121(6) Å:2548

Ni
P
P

P
P

P PEt3

PEt3

R

R

R

(1059)  R = tBu 

NiNi
P
Et2

Et2
P

Cl

Cl
+   HP(SiMe3)2 Ni

P

PP
Et2

Et2
P

Et2
P

P
Et2

(1060)

ð36Þ

6.3.6.6.3 Complexes with miscellaneous phosphorus donor ligands

Diamagnetic [Ni(PBut)6] (1061) has been prepared simply by reaction of NiCl2 with P(SiMe3)3
and (PBut)3, while the reaction of (PBut)3 with [Ni(CO)4] affords [Ni5(PBu

t)6(CO)6]. The
crystal and molecular structures of both complexes have been determined, and (1061) features
a Ni at the center of a near-planar hexagon of PBut moieties.2549 It can be regarded as an
isomer of (228) (see Section 6.3.4.5.2). The electronic structure of this unique complex (1061)
has been discussed and investigated theoretically.2550,2551 The system could be regarded as
essentially a 16-electron Ni0 species, with three of the six P—P �-bonds interacting with the
central Ni atom.

S

P
Ph2

Ni0

H3C

S

P
Ph2

CH3

(994)

P

P
P

P

P
P

Ni

R

R R

R

R

R

(1061)  R = tBu 

Ni
P
P

tBu

tBu

RP
RP P

R

R
P

(228)  R = tBu 

Reactions of the tetrahedral Ni0 complex (994) have already been discussed in Section
6.3.5.4.2397 A nickel carbonyl cation (1062) containing a cyclophosphenium ligand has been
assembled through a hydride abstraction reaction according to Equation (37).2552

NP
N

(CO)3Ni
F

+ Li[HBsBu3]
–LiF

NP
N

(CO)3Ni
H

+  BsBu3

N
P

N
(CO)3Ni

(1062)

[HBsBu3]–

ð37Þ

6.3.6.5.4 Complexes with arsenic and antimony donor ligands

In most studies of Ni complexes with As or Sb donor ligands, the complete range of redox states
is covered. Therefore, the reader should also refer to the examples given in the respective sections
for NiII and NiI.
Reactions of tetracarbonylnickel with SbCl3 proceed to the monosubstituted stage only.

A complete vibrational assignment has been made for [Ni(CO)3(SbCl3)] under C3v symmetry.
2553
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The reaction of [Ni6(CO)12]
2� with SbCl3 affords the large clusters [Ni13Sb2(CO)24]

n�

(n= 2, 3, 4).2554 They can formally be regarded as exotic bidentate stibine ligands,
[Ni11Sb2(CO)18]

n� (nickel-centered icosahedra, one antimony atom capping each Ni5 plane)
bridging two [Ni(CO)3] fragments.
Complexes (1063) have been obtained by the reaction of Ni(CO)4 with monomeric Lewis base-

stabilized aluminum pnictines [dmap-AlMe2-E(SiMe3)2] (E=P, As, Sb).2555

Me2Al E
SiMe3

Ni(CO)3

SiMe3

(E = P, As, Sb)
(1063)

6.3.6.6 Miscellaneous Complexes of Nickel(0)

A general strategy for the synthesis of complexes [NiL3(SO2)] (L=monodentate phosphane),
[NiL2(SO2)2] (L2= two monodentate phosphanes or a bidentate N-donor ligand), and
[NiL2(SO2)] (L= bidentate phosphane) has been worked out.2556–2558 Upon oxidation with dioxy-
gen, sulfato complexes are formed.2557 The SO2 ligand may coordinate in �1-pyramidal, �1-planar,
or �2-S,O side-on mode, which depends on the coligands.2559 Various theoretical studies have
been carried out to see if the bonding options differed significantly in energy, and various different
and partially counteracting influences have been identified.2559–2562 In complexes of the type
[NiL3(SO2)], coligands L with higher basicity favor the �1-pyramidal coordination mode of SO2,
while steric repulsion acts against the bent structure.2561 Selected Ni0 complexes with SO2 that
have been structurally characterized include four-coordinate (1064) and three-coordinate (1065),
both with �1-pyramidal SO2 ligand.

2563,2564

PhMe2P

Ni
PhMe2P

PhMe2P

S
O

O

Ni S O
OCy3P

Cy3P

(1064) (1065)

C

Ni

C

C
C

N

N

NR

NR

R = C6F5   (a)
       CF3    (b)
       SiMe3 (c)

C

I

Ni Ni
Ni

N

PPh2

P
Ph2

P
Ph2

Ph2P

Me

CNMeMeNC

(1067)

R

R
(1066)

Some new homoleptic isocyanide complexes (1066) are collected here, which include fluori-
nated 2565,2566 and silylated ones.2567 For the reaction of [Ni(CNR)4] with CO2 see Section
6.3.6.2. A triangulo Ni3 cluster featuring a �3-�1-isocyanide ligand has been reported (1067).2568

The �(CN) band of the �3-�1-isocyanide ligand appears at 1943 cm�1, which is relatively high.
When the precursor to this complex, [Ni2(�-CNMe)(CNMe)2(dppe)2], is treated with HgCl2, a
spirocyclic Ni4Hg cluster is formed, in which a central Hg2þ ion is surrounded by four Ni
atoms.2569
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A remarkably stable, deep red Ni0 stannylene complex, [Ni(1068)4], has been prepared by the
reaction of [Ni(1,5-cyclooctadiene)2] with (1068) in toluene at �78 �C.2570 In spite of the bulkiness
of (1068) and the known tendency of analogous Ni0 phosphine complexes to dissociate in
solution, [Ni(1068)4] remains intact in solution and, moreover, melts at 178–180 �C without
decomposition. X-ray crystallography shows tetrahedral geometry about the nickel atom, with
Ni—Sn bond lengths of 2.3898(2)–2.399(2) Å.

Sn
N

Si
N

tBu

tBu

Me
Me

(1068)

RE

Ni
RE

ER

ER

(1069)
(E = In, Ga; R = C(SiMe)3

Tetrahedral Ni/In and Ni/Ga complexes (1069) are analogues of [Ni(CO)4]. They have been
obtained by the reaction of tetrahedral [EC(SiMe3)3]4 (E=Ga, In) with [Ni(cod)2].

2571,2572 Both
complexes show surprisingly high thermal stability, decomposing only above 285 �C (E= In) or
not below 320 �C (E=Ga). Calculations reveal that the Ni—E bond dissociation energies are
rather high and have significant contribution from the Ni!E � back-donation. More detailed
studies of the bonding situation have been published.2573,2574
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5133–5140.
60. Cadiou, C.; Murrie, M.; Paulsen, C.; Villar, V.; Wernsdorfer, W.; Winpenny, R. E. P. Chem. Commun. 2001,

2666–2667.
61. Andres, H.; Basler, R.; Blake, A. J.; Cadiou, C.; Chaboussant, G.; Grant, C. M.; Gudel, H.-U.; Murrie, M.;

Parsons, S.; Paulsen, C.; Semadini, F.; Villar, V.; Wernsdorfer, W.; Winpenny, R. E. P. Chem. Eur. J. 2002, 8,
4867–4876.

62. Brezina, F.; Pastorek, R. Chem. Listy 1994, 88, 760–765; Chem. Abstr. 1995, 122, 94–973.
63. Lappin, A. G.; McAuley, A. Adv. Inorg. Chem. 1988, 32, 241–295.
64. Bhattacharaya, S.; Saha, B.; Dutta, A.; Banerjee, P. Coord. Chem. Rev. 1998, 170, 47–73.
65. Pappenhagen, P. R.; Margerum, D. W. J. Am. Chem. Soc. 1985, 107, 4576–4577.
66. Beach, M. W.; Margerum, D. W. Inorg. Chem. 1990, 29, 1225–1232.
67. Wang, Y. L.; Beach, M. W.; Pappenhagen, T. L.; Margerum, D. W. Inorg. Chem. 1988, 27, 4464–4472.
68. Lee, H.-L.; McCracken, J. J. Phys. Chem. 1994, 98, 12861–12870.
69. McCracken, J.; Friedenberg, S. J. Phys. Chem. 1994, 98, 467–473.
70. Pinho, D.; Gomes, P.; Freire, C.; de Castro, B. Eur. J. Inorg. Chem. 2001, 1483–1493.
71. Evans, J.; Levason, W.; Perry, R. J. J. Chem. Soc., Dalton Trans. 1990, 3691–3695.
72. Cooper, D. A.; Higgins, S. F.; Levason, W. J. Chem. Soc., Dalton Traus. 1983, 2131–2133.
73. Ozawa, Y.; Toriumi, K. Chem. Lett. 1995, 257–258.
74. Ikeda, R.; Tamura, T.; Yamashita, M. Chem. Phys. Lett. 1990, 173, 466–470.
75. Evans, J.; Gauntlett, J. T.; Levason, W. Inorg. Chem. 1988, 27, 4521–4523.
76. Yamashita, M.; Murase, I.; Ikemoto, I.; Ito, T. Chem. Lett. 1985, 8, 1133–1136.
77. Yamashita, M.; Murase, I. Inorg. Chim. Acta 1985, 97, L43–L44.
78. Yamashita, M.; Tsuruta, E.; Inoue, K.; Oyama, M.; Toriumi, K. Inorg. Chem. 1993, 32, 363–365.
79. Evans, J.; Levason, W.; Perry, R. J. J. Chem. Soc., Dalton Trans. 1992, 1497–1501.
80. Yamashita, M.; Manabe, T.; Inoue, K.; Kawashima, T.; Okamoto, H.; Kitagawa, H.; Mitani, T.; Toriumi, K.;

Miyamae, H.; Ikeda, R. Inorg. Chem. 1999, 38, 1894–1899.
81. Yamashita, M.; Manabe, T.; Kawashima, T.; Okamoto, H.; Kitagawa, H. Coord. Chem. Rev. 1999, 190–192,

309–330.
82. Boeyens, J. C. A.; Oosthuizen, E. L. J. Crystallogr. Spec. Res. 1990, 20, 617–619.
83. Szalda, D. J.; Macartney, D. H.; Sutin, N. Inorg. Chem. 1984, 23, 3473–3479.

512 Nickel



84. Wieghardt, K.; Walz, W.; Nuber, B.; Weiss, J.; Ozarowski, A.; Stratemeier, H.; Reinen, D. Inorg. Chem. 1986, 25,
1650–1654.

85. Chlistunoff, J. B.; Bard, A. J. Inorg. Chem. 1992, 31, 4582–4587.
86. Marganian, C. A.; Vazir, H.; Baidya, N.; Olmstead, M. M.; Mascharak, P. K. J. Am. Chem. Soc. 1995, 117,

1584–1594.
87. Kumar Patra, A.; Mukherjee, R. Inorg. Chem. 1999, 38, 1388–1393.
88. Freire, C.; de Castro, B. Polyhedron 1998, 17, 4227–4235.
89. Lampeka, Ya. D.; Rosokha, S. V.; Yatsimirskii, K. B. Dokl. Akad. Nauk SSSR 1990, 315, 617–620.
90. Gavrish, S. P.; Lampeka, Ya. D. Russ. J. Inorg. Chem. (Engl. Transl. ) 1996, 41, 1255–1258.
91. Suh, M. P. Adv. Inorg. Chem. 1997, 44, 93–146.
92. Fabbrizzi, L. Comments Inorg. Chem. 1985, 4, 33–53.
93. Larin, G. M. Ross. Khim. Zh. 1996, 40, 74–85; Chem. Abstr. 1997, 127, 10338.
94. McAuley, A.; Norman, P. R. Isr. J. Chem. 1985, 25, 106–111.
95. Wieghardt, K.; Schmidt, W.; Herrmann, W.; Küpers, H. Inorg. Chem. 1983, 22, 2953–2956.
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Inglebert, R.-L. Angew. Chem., Int. Ed. 1998, 37, 1711–1714.
919. Hoskins, B. F.; Tiekink, E. R. T.; Winter, G. Z. Kristallogr. 1995, 172, 257–261.
920. Cox, M. J.; Tiekink, E. R. T. Z. Kristallogr. 1996, 111, 111–113.
921. Cox, M. J.; Tiekink, E. R. T. Z. Kristallogr. 1997, 121, 350–350.
922. Cox, M. J.; Tiekink, E. R. T. Z. Kristallogr. 1999, 214, 242–250.
923. Edwards, A. J.; Hoskins, B. F.; Winter, G. Aust. J. Chem. 1986, 39, 1983–1991.
924. Abrahams, B. F.; Hoskins, B. F.; Tiekink, E. R. T.; Edward, R. T.; Winter, George. Aust. J. Chem. 1988, 41,

1117–1122.
925. Choudhury, S. B.; Ray, D.; Chakravorty, A. Inorg. Chem. 1990, 29, 4603–4611.
926. Travnicek, Z.; Walla, J.; Kvitek, L.; Sindelar, Z.; Biler, M. Transition Met. Chem. 1999, 24, 633–637.
927. Travnicek, Z.; Pastorek, S.; Sindelar, Z.; Marek, J. J. Coord. Chem. 1998, 44, 193–204.
928. Xiong, R.-G.; Yu, Z.; Liu, C.-M.; You, X.-Z. Polyhedron 1997, 16, 2667–2671.
929. Xiong, R.-G.; Liu, C.-M.; Zuo, J.-L.; Li, H.-Z.; You, X.-Z.; Fun, H.-K.; Sivakumar, K. Polyhedron 1997, 16,

2315–2319.
930. Travnicek, Z.; Pastorek, R.; Sindelar, Z.; Kamenicek, J.; Marek, J. Polyhedron 1996, 15, 2975–2981.
931. Travnicek, Z.; Pastorek, R.; Sindelar, Z.; Klicka, R.; Marek, J. Polyhedron 1995, 14, 3627–3633.
932. Travnicek, Z.; Pastorek, R.; Sindelar, Z.; Marek, J. Transition Met. Chem. 1995, 20, 67–71.
933. Gable, R. W.; Hoskins, B. F.; Winter, G. Inorg. Chim. Acta 1985, 96, 151–159.
934. Hussain, Md. F.; Bansal, R. K.; Puri, B. K.; Satake, M. India. Analyst. 1985, 110, 1131–1136.
935. Ballester, L.; Gutierrez-Alonso, A.; Perpinan, M. F.; Gutierrez-Puebla, E.; Ruiz-Valero, C. Polyhedron 1990, 9,

1341–1343.
936. Travnicek, Z.; Pastorek, R.; Sindelar, Z.; Kasparek, F.; Marek, J. Polyhedron 1997, 16, 2573–2579.
937. Ballester, L. Gutierrez A.; Perpinan, M. F.; Ruiz-Valero, C. Polyhedron 1996, 15, 1103–1112.
938. Travnicek, Z.; Pastorek, R.; Sindelar, Z.; Klicka, R.; Marek, J. Transition Met. Chem. 1996, 21, 81–84.
939. Travnicek, Z.; Malon, M.; Sindelar, Z.; Marek, J. Transition Met. Chem. 1999, 24, 156–159.
940. Pastorek, R.; Travnicek, Z.; Sindelar, Z.; Klicka, R.; Brezina, F.; Marek, J. Polyhedron 1995, 14, 1615–1620.
941. Ballester, L.; Perpinan, M. F. J. Chem. Edu. 1988, 65, 362–364.
942. Aly, A. A. M.; El-Meligy, M. S.; Zidan, A. S. A.; El-Shabasi, M. Synth. React. Inorg. Met. Org. Chem. 1987, 17,

257–274.
943. Dag, O.; Onal, A. M.; Isci, H. Environment 1997, 26, 579–590.
944. Dag, O.; Yaman, S. O.; Onal, A. M.; Isci, H. J. Chem. Soc., Dalton Trans. 2001, 19, 2819–2824.
945. Sevaraju, R.; Panchanatheswaran, K.; Thiruvalluvar, A.; Parthasarathi, V. Acta Crystallogr. 1995, C51, 606–608.
946. Ramalingam, K.; Radha, K.; Aravamudan, G.; Mahadevan, C.; Subramanyam, C.; Seshasayee, M. Acta Crystallogr.

1984, C40, 1838–1839.
947. Christidis, P. C. Acta Crystallogr. 1986, C42, 781–783.
948. Engelhardt, L. M.; Patrick, J. M.; White, A. H. Aust. J. Chem. 1985, 38, 1413–1416.
949. Radha, A.; Seshasyee, M.; Aravamudan, G. Acta Crystallogr. 1988, C40, 1378–1381.
950. Garg, B. S.; Garg, R. K.; Reddy, M. J. Transition Met. Chem. 1995, 20, 97–99.
951. Hadjikostas, C. C.; Katsoulos, G. A.; Sigalas, M. P.; Tsipis, C. A. Polyhedron 1989, 8, 2637–2639.
952. Hadjikostas, C. C.; Katsoulos, G. A.; Sigalas, M. P.; Tsipis, C. A. Can. J. Chem. 1989, 67, 902–909.
953. Hadjikostas, C. C.; Katsoulos, G. A.; Sigalas, M. P.; Tsipis, C. A. Inorg. Chim. Acta 1989, 163, 173–176.
954. Rajendiran, N.; Ramalingam, K.; Thiruneelakandan, R. Indian J. Chem. 2001, 40A, 1101–1103.

526 Nickel



955. Furlani, C.; Polzonetti, G.; Preti, C.; Tosi, G. Gazz. Chim. Ital. 1983, 113, 609–613.
956. Payne, R.; Magee, R. J.; Liesegang, J. J. Electron Spectrosc. Relat. Phenom. 1985, 35, 113–130.
957. Thiruneelakandan, R.; Ramalingam, K.; Manohar, A.; Bocelli, G.; Righi, L. Z. Anorg. Allg. Chem. 2002, 628,

685–689.
958. Mazalov, L. N.; Parygina, G. K.; Fomin, E. S.; Bausk, N. V.; Erenburg, S. B.; Zemskova, S. M.; Larionov, S.

V. J. Struct. Chem. 1998, 39, 923–927.
959. Liesegang, J.; Lee, A. R. J. Electron Spectrosc. Relat. Phenom. 1985, 35, 101–111.
960. Desseyn, H. O.; Fabretti, A. C.; Forghieri, F.; Preti, C. Spectrochim. Acta 1985, 41A, 1105–1108.
961. Anderson, W. P.; Baird, D. M. Inorg. Chem. 1988, 27, 3240–3242.
962. Ribeiro da Silva, M. A. V.; Reis, A. M. M. V.; Faria, R. I. M. C. P. J. Chem. Thermodyn. 1995, 27, 1365–1372.
963. Pastorek, R.; Brezina, F.; Sindelar, Z. Z. Chem 1988, 28, 223–224.
964. Pastorek, R.; Brezina, F.; Lackova, L.; Kamenicek, J. Z. Chem. 1990, 30, 452–454.
965. Aggarwal, R. C.; Bala, R.; Prasad, R. L. Spectrochim. Acta 1986, 42A, 725–728.
966. Manoussakis, G. E.; Bolos, C. A. Inorg. Chim. Acta 1985, 108, 215–220.
967. Manohar, A.; Ramalingam, K.; Thiruneelakandan, R.; Bocelli, G.; Righi, L. Z. Anorg. Allg. Chem. 2001, 627,

1103–1108.
968. Pastorek, R.; Travnicek, Z.; Ptosek, P.; Sindelar, Z.; Brezina, F.; Marek, J. J. Coord. Chem. 1998, 44, 247–255.
969. Tenorio, M.; Jimenez, P.; Puerta, M. C.; Valerla, P. J. Chem. Soc., Dalton Trans. 1996, 1935–1939.
970. Venkatachalam, V.; Ramalingam, K.; Mak, T. C. W.; Bao-Cheng, L. Polyhedron 1996, 15, 1295–1301.
971. Venkatachalam, V.; Ramalingam, K.; Bocelli, G.; Cantoni, A. Inorg. Chim. Acta 1997, 257, 49–58.
972. Ramalingam, K.; Aravamudan, G.; Seshasayee, M. Inorg. Chim. Acta 1987, 128, 231–237.
973. Emmenegger, F. P. Inorg. Chem. 1989, 28, 2210–2214.
974. Gutierrez Alonso, A. G.; Ballester Reventos, L. B. J. Chem. Doc., Dalton Trans. 1988, 537–539.
975. Izquierdo, A.; Guasch, J.; Rius, F. X. Polyhedron 1985, 4, 897–889.
976. Dietzsch, W.; Strauch, P.; Hoyer, E. Coord. Chem. Rev. 1992, 121, 43–130.
977. Roman, P.; Beitia, J. I.; Luque, A.; Guzman-Miralles, C. Polyhedron 1996, 15, 1071–1077.
978. Roman, P.; Bao, C.; Gutierrez-Zorilla, J. M.; Vegas, A. J. Crystallogr. Spectrosc. Res. 1988, 18, 207–217.
979. Roman, P.; Luque, A.; Beitia, J. I.; Guzman-Miralles, C. Polyhedron 1992, 11, 1883–1890.
980. Roman, P.; Beitia, J. I.; Luque, A.; Aranzabe, A. Polyhedron 1993, 12, 1345–1352.
981. Enjalbert, R.; Gleizes, A.; Trombe, J. C.; Gutierrez-Campo, M. L.; Roman, P. J. Mol. Struct. 1985, 131, 1–10.
982. Trombe, J. C.; Gleizes, A.; Galy, J. C. R. Acad. Sci., Ser. 2 1985, 300, 5–8.
983. Roman, P.; Luque, A.; Gutierrez-Zorilla, J. M.; Beitia, J. I.; Martinez-Ripoll, M. Z. Kristallogr. 1992, 198, 213–225.
984. Roman, P.; Beitia, J. I.; Luque, A.; Guzman-Miralles, C. Polyhedron 1995, 14, 1091–1096.
985. Benedix, R.; Hofbauer, M.; Mobius, M.; Knoch, F. Inorg. Chim. Acta 1997, 262, 177–185.
986. Bennett, A. M. A.; Foulds, G. A.; Thornton, D. A. Polyhedron 1989, 8, 2305–2311.
987. Lay, P. A.; Masters, A. F.; Wasiowych, C. D. Aust. J. Chem. 1995, 48, 835–849.
988. Sachar, R.; Paul, Y. Chem. Environ. Res. 2000, 9, 163–167.
989. Sachar, R.; Paul, Y. Ultra Scientist Phys. Sci. 2000, 12, 81–85.
990. Cavell, K. J.; Hay, D. G.; Masters, A. F.; Williams, G. A. Aust. J. Chem. 1985, 38, 369.
991. Cavell, K. J.; Masters, A. F. Aust. J. Chem. 1986, 39, 1129–1134.
992. Boyd, P. D. W.; Richard, C. E. F. Acta Crystallogr. 2000, 56C, 416–418.
993. Foulds, G. A.; Bennett, A. M.; Thornton, D. A.; Brown, S. J.; Clutterbuck, L. M.; Hinton, C.; Humphreys, G. B.;

Masters, A. F. Polyhedron 1992, 11, 1285–1293.
994. Foulds, G. A.; Bennett, A. M. A.; Niven, M. L.; Thornton, D. A.; Cavell, K. J.; Desjardins, S.; Peacock, E. J.

J. Mol. Catal. 1994, 87, 117–136.
995. Anderson, I. H.; Blake, A. J.; Heath, G. A. Acta Crystallogr. 1993, 49C, 87–89.
996. Anderson, I. H.; Blake, A. J.; Heath, G. A. Acta Crystallogr. 1989, 45C, 1430–1431.
997. Srdanov, G.; Jacobson, R. H.; Wudl, F. Acta Crystallogr. 1990, 46C, 590–593.
998. Singh, H. B.; Jacobson, R. H.; Hinkelmann, K.; Srdanov, G.; Wudl, F. Inorg. Chem. 1989, 28, 4221–4225.
999. Pal, T.; Ganguly, A.; Pal, A. J. Indian Chem. Soc 1988, 65, 655–657.
1000. Battaglia, L. P.; Bonamartini, C. A.; Marzotto, A.; Menabue, L.; Pellicani, G. C. J. Crystallogr. Spectrosc. Res.

1988, 18, 101–112.
1001. Raper, E.; Jordan, B. M.; Creighton, J. R. Thermochim. Acta 1983, 65, 135.
1002. Oughtred, R. E.; Raper, E. S.; Nowell, I. W. Inorg. Chim. Acta 1984, 84, L5–L18.
1003. Zakharova, O. S.; Dobreva, D. D.; Ignatova, L. A.; Kravchenko, V. V.; Petrov, I. K. Koord. Khim. 1984, 10,

1182–1186.
1004. Kryvlyuk, L. N.; Semenishin, D. I. Vestn. L’vov Politekh. Inst. 1982, 163, 8–10.
1005. Kryvlyuk, L. N.; Badik, V. S.; Krupa, I. G. Vestn. L’vov Politekh. Inst. 1985, 191, 9–10.
1006. Tembe, G. L.; Adi, M. B.; Murty, A. S. R. Indian J. Chem. 1983, 22A, 618–619.
1007. Uhlig, E.; Doering, M. Proc. Conf. Coord. Chem. 1985, 10, 421–426.
1008. Hussain, M. S.; Chakraborty, S. C.; Tembe, G. L.; Murty, A. S. R. Indian J. Chem. 1986, 25A, 737–740.
1009. Aly, A. A. M.; El-Shahawy, A. S.; El-Zohry, M.; Mohamed, A. A. Bull. Soc. Chim. Fr. 1988, 6, 930–932.
1010. Attard, M. P. B.; Hill, J. O.; Magee, R. J.; Prakash, S.; Sastri, M. N. Aust. J. Therm. Anal. 1986, 31, 407–420.
1011. Christos, G. A.; Figgis, B. N.; Reynolds, P. A. J. Chem. Soc., Dalton Trans. 1990, 2947–2951.
1012. Bray, K. L.; Drickamer, H. G. J. Phys. Chem. 1990, 94, 7037–7040.
1013. Koksharova, T. V.; Prisyazhnyuk, A. I. Zh. Neorg. Khim. 1984, 29, 3085–3087.
1014. Arora, O. P.; Sankhla, D. S.; Misra, S. N. Egypt. J. Chem. 1983, 25, 17–21.
1015. Cassoux, P.; Valade, L.; Kobayashi, H.; Kobayashi, A.; Clark, R. A.; Underhill, A. E. Coord. Chem. Rev. 1991, 110,

115–160.
1016. Cassoux, P.; Valade, L. In Inorganic Materials; Bruce, D. W., O’Hare, D., Eds.; Wiley: Chichester, 1997; Chapter 1.
1017. Cassoux, P. Coord. Chem Rev. 1999, 185-186, 213–232.
1018. Akutagawa, T.; Nakamura, T. Coord. Chem. Rev. 2000, 198, 297–311.
1019. Olk, R.-M.; Olk, B.; Dietzsch, W.; Kirmse, R.; Hoyer, E. Coord. Chem. Rev. 1992, 117, 99–131.

Nickel 527



1020. Pullen, A. E.; Olk, R.-M. Coord. Chem. Rev. 1999, 188, 211–262.
1021. Candell, E. Coord. Chem. Rev. 1999, 185-186, 629–651.
1022. Clemenson, P. I. Coord. Chem. Rev. 1990, 106, 171–203.
1023. Müller-Westhof, U. T.; Vance, B. Comprehensive Coordination Chemistry; Pergamon: Oxford, UK, 1987; Chapter

16, 5.
1024. Deplano, P.; Mercuri, M. L.; Pintus, G.; Trogu, E. F. Comm. Inorg. Chem. 2001, 6, 353–374.
1025. Ouahab, L. Coord. Chem. Rev. 1998, 178-180, 1501–1531.
1026. Robertson, N.; Cronon, L. Coord. Chem. Rev. 2002, 227, 93–127.
1027. Sugimori, A. Coord. Chem. Rev. 1997, 159, 397–406.
1028. Lim, B. S.; Formitchev, D. V.; Holm, R. H. Inorg. Chem. 2001, 40, 4257–4262.
1029. Bousseau, M.; Valade, L.; Legros, J. P.; Cassoux, P.; Garbouskas, M.; Interrante, L. V. J. Am. Chem. Soc. 1986,

108, 1908–1916.
1030. Nakamura, T.; Akutagawa, T.; Honda, K.; Underhill, A. E.; Coomber, A. T.; Friend, R. H. Nature 1998, 394,

159–162.
1031. Imai, H.; Inabe, T.; Otsuka, T.; Okuno, T.; Awaga, K. Phys. Rev. 1996, 54B, R6838–R6840.
1032. Imai, H.; Inabe, T.; Otsuka, T.; Okuno, T.; Awaga, K. Synth. Met. 1997, 85, 1705–1706.
1033. Kisch, H. Coord. Chem Rev. 1997, 159, 385–396.
1034. Nunn, I.; Eisen, B.; Benedix, R.; Kisch, H. Inorg. Chem. 1994, 33, 5079–5085.
1035. Kisch, H.; Nüsslein, F.; Znn, I. Z. Anorg. Allg. Chem. 1991, 600, 67–71.
1036. Sun, S.; Zhang, B.; Wu, P.; Zhu, D. J. Chem. Soc., Dalton Trans. 1997, 1455.
1037. Liu, S.-G.; Wu, P.-J.; Liu, Y. Q.; Zhu, D.-B. Mol. Cryst. Liq. Cryst. Sci. Technol. 1996, 275A, 211–223.
1038. Liu, S.-G.; Liu, Y. Q.; Zhu, D.-B. Mol. Cryst. Liq. Cryst. Sci. Technol. 1996, 281A, 229.
1039. Naito, T.; Sato, A.; Kawano, K.; Tateno, A.; Kobayashi, H.; Kobayashi, A. J. Chem. Soc., Chem. Commun. 1995,

351–352.
1040. Sato, A.; Kobayashi, H.; Naito, T.; Sakai, F.; Kobayashi, A. Inorg. Chem. 1997, 36, 5262–5269.
1041. Cornelissen, J. P.; Pomarede, B.; Spek, A. L.; Reefman, D.; Haasnoot, J. P.; Reedijk, J. Inorg. Chem. 1993, 32,

3720–3726.
1042. Olk, R.-M.; Hoyer, R.; Faulmann, C.; Cassoux, P. Synth. Met. 1993, 56, 2453–2458.
1043. Olk, R.-M.; Kirmse, R.; Hoyer, R.; Faulmann, C.; Cassoux, P. Z. Anorg. Allg. Chem. 1994, 620, 90–100.
1044. Cai, S. H.; Chen, Z.; Sun, F. X.; Gao, X. C.; Lu, S. F. Acta Chim. Sin. 1998, 56, 1117–1122.
1045. Ihlo, L.; Bottcher, R.; Olk, R. M.; Kirmse, R. Inorg. Chim. Acta 1998, 281, 160–164.
1046. Huyett, J. E.; Choudhury, S. B.; Eichhorn, D. M.; Bryngelson, P. A.; Maroney, M. J.; Hoffman, B. M. Inorg. Chem.

1998, 37, 1361–1367.
1047. Jones, M. T.; Jansen, S. Physica 1986, 143B, 515–517.
1048. Veiros, L. F.; Morgado, J. Mol. Cryst. Liq. Cryst. 1999, 333A, 259–268.
1049. Clemenson, P. I.; Underhill, A. E.; Hursthouse, M. B.; Short, R. L. J. Chem. Soc., Dalton Trans. 1988, 1689–1691.
1050. Coomber, A. T.; Beljonne, D.; Friend, R. H.; Bredas, J. L.; Charlton, A.; Robertson, N.; Underhill, A. E.; Kurmoo, M.;

Day, P. Nature 1996, 380, 144–146.
1051. Uruichi, M.; Yakushi, K.; Yamashita, Y.; Qin, J. Mat. Chem. 1998, 8, 141–146.
1052. Simão, D.; Alves, H.; Belo, D.; Rabaca, S.; Lopes, E. B.; Santos, I. C.; Gama, V.; Duarte, M. T.; Henriques, R. T.;

Novais, H.; Almeida, M. Eur. J. Inorg. Chem. 2001, 3119–3126.
1053. Robertson, N.; Roehrs, S.; Akutagawa, T.; Nakamura, T.; Underhill, A. E. J. Chem. Res. 1999, 1, 54–55.
1054. Long, D. L.; Cui, H. M.; Hu, C. P.; Chen, J. T.; Ji, Z. P.; Zhang, Y. D.; Huang, J. S. Inorg. Chim. Acta 1999, 293,

89–94.
1055. Long, D. L.; Cui, Y.; Chen, J. T.; Cheng, W. D.; Huang, J. S. Polyhedron 1998, 17, 3969–3975.
1056. Sugimoto, K.; Kuroda-Sowa, T.; Maekawa, M.; Munakata, M. Chem. Commun. 1999, 455–456.
1057. Ribera, E.; Rovira, C.; Veciana, J.; Tarres, J.; Canadell, E.; Rousseau, R.; Molins, E.; Mas, M.; Schoeffel, J. P.;

Pouget, J. P.; Morgado, J.; Gam, V.; Henriques, R. T.; Almeida, M. Synth. Met. 1999, 102, 1743–1746.
1058. Arcon, D.; Lappas, A.; Margadonna, S.; Prassides, K.; Ribera, E.; Veciana, J.; Rovira, C.; Henriques, R. T.;

Almeida, M. Phys. Rev. 1999, 60B, 4191–4194.
1059. Sawyer, D. T.; Srivatsa, G. S.; Bodini, M. E.; Schaefer, W. P.; Wing, R. M. J. Am. Chem. Soc. 1986, 108, 936–942.
1060. Noh, D.-Y.; Mizuno, M.; Choy, J.-H. Inorg. Chim. Acta 1994, 216, 147–153.
1061. Larsen, J.; Bechgaard, K. J. Org. Chem. 1987, 52, 3285–3288.
1062. Hawkins, I.; Underhill, A. E. J. Chem. Soc., Chem. Commun. 1990, 1593–1594.
1063. Dyachenko, O. A.; Konovalikhin, S. V.; Kotov, A. I.; Shilov, G. V.; Yagubskii, E. B.; Faulmann, C.; Cassoux, P.

J. Chem. Soc., Chem. Commun. 1993, 508–510.
1064. Schenk, S.; Hawkins, I.; Wilkes, S. B.; Underhill, A. E.; Kobayashi, H.; Kobayashi, A. J. Chem. Soc., Chem.

Commun. 1993, 1648–1649.
1065. Faulmann, C.; Errami, A.; Legros, J. P.; Cassoux, P.; Yagubskii, E. B.; Kotov, A. I. Synth. Met. 1993, 56,

2057–2062.
1066. Faulmann, C.; Cassoux, P.; Yagubskii, E. B.; Vetshkina, L. V. New. J. Chem. 1993, 17, 385–391.
1067. Yagubskii, E. B.; Kotov, A. I.; Khomenko, A. G.; Buravov, L. I.; Schegolev, A. I.; Shibaeva, R. P. Synth. Met.

1992, 46, 255–259.
1068. Doublet, L. M.; Canadell, E.; Pouget, J. P.; Shibaeva, R. P. J. Phys. 1994, I4, 1439–1450.
1069. Merzhanov, V. A.; Hits, D. A.; Yagubskii, E. B.; Doublet, M. L.; Canadell, E. Synth. Met. 1995, 71, 1867–1868.
1070. Kushch, L. A.; Gritsenko, V. V.; Buravov, L. I.; Khomenko, A. G.; Shilov, G. V.; Dyachenko, O. A.; Merzhanov,

V. A.; Yagubskii, E. B.; Rousseau, R.; Canadell, E. J. Mater. Chem. 1995, 5, 1633–1638.
1071. Yagubskii, E. B.; Kushch, L. A.; Gritsenko, V. V.; Dyachenko, O. A.; Buravov, L. I.; Khomenko, A. G. Synth. Met.

1995, 70, 1039–1041.
1072. Miyazaki, A.; Enomoto, M.; Enoki, T.; Saito, G. Mol. Cryst. Liq. Cryst. 1997, A305, 425–434.
1073. Faulmann, C.; Errami, A.; Donnadieu, B.; Malfant, I.; Legros, J. P.; Cassoux, P.; Rovira, C.; Canadell, E. Inorg.

Chem. 1996, 35, 3856–3873.
1074. Zuo, J.-L.; You, F.; You, X.-Z.; Fun, H.-K. Polyhedron 1997, 16, 1465–1469.

528 Nickel



1075. Noh, J.-L.; Lee, H.-J.; Hong, J.-K.; Underhill, A. E. Tetrahedron Lett. 1996, 37, 7603–7606.
1076. Lee, H.-J.; Noh, D.-Y. Polyhedron 2000, 19, 425–429.
1077. Veldhuizen, Y. S. J.; Veldman, N.; Spek, A. L.; Cassoux, P.; Carlier, R.; Mulder, M. J. J.; Haasnoot, J. G.; Reedijk, J.

J Chem. Soc., Dalton Trans. 1998, 2989–2994.
1078. Bereman, R. D.; Lu, H. Inorg. Chim. Acta 1993, 204, 53–61.
1079. Dautel, O. J.; Fourmigue, M. Inorg. Chem. 2001, 40, 2083–2087.
1080. Kisch, H.; Eisen, B.; Dinnebier, R.; Shankland, David W. I. F.; Knoch, F. Chem. Eur. J. 2001, 7, 738–748.
1081. Wang, K.; Stiefel, E. I. Science 2001, 291, 106–109.
1082. Geiger, W. E. Inorg. Chem. 2002, 41, 136–139.
1083. Lian, W.-F. Huaxue 1996, 54, 81–84.
1084. Garcin, E.; Vernede, X.; Hatchikian, E. C.; Volbeda, A.; Frey, M.; Fontecilla-Camps, J. C. Structure 1999, 7,

557–566.
1085. Liaw, W.-F.; Horng, Y.-C.; Ou, D.-S.; Ching, C.-Y.; Lee, G.-H.; Peng, S.-M. J. Am. Chem. Soc. 1997, 119,

9299–9300.
1086. Liaw, W.-F.; Chen, C.-H.; Lee, C.-M.; Lee, G.-H.; Peng, S.-M. J. Chem. Soc., Dalton Trans. 2001, 138–143.
1087. McConnachie, J. M.; Ibers, J. A. Inorg. Chem. 1991, 30, 1770–1773.
1088. Goldman, C. M.; Olmstead, M. M.; Mascharak, P. K. Inorg. Chem. 1996, 35, 2752–2757.
1089. Marganian, C. A.; Baidya, N.; Olmstead, M. M.; Mascharak, P. K. Inorg. Chem. 1992, 31, 2992–2994.
1090. Sandman, D. J.; Allen, G. W.; Acampora, L. A.; Stark, J. C.; Jansen, S.; Jones, M. T.; Ashwell, G. J.; Foxman, B. M.

Inorg. Chem. 1987, 26, 1664–1669.
1091. Baidya, N.; Noll, B. C.; Olmstead, M. M.; Mascharak, P. K. Inorg. Chem. 1992, 31, 2999–3000.
1092. Choudhury, S. B.; Allan, C. B.; Maroney, M. J. Inorg. Synth. 1998, 32, 98–107.
1093. Choudhury, S. B.; Pressler, M. A.; Mirza, S. A.; Day, R. O.; Maroney, M. J. Inorg. Chem. 1994, 33, 4831–4839.
1094. Müller, A.; Henkel, G. Z. Naturforsch. B 1997, 52, 1501–1509.
1095. Fujiwara, H.; Arai, E.; Kobayashi, H. J. Chem. Soc., Chem. Commun. 1997, 837–838.
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Castiñeiras, A.; Garcia, I.; Bermejo, E. Polyhedron 1999, 18, 2919–2929.
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1831. Herrero, L. A.; Fiol, J. J.; Mas, F.; Cerdà, V.; Terrón, A. Inorg. Chem. Soc. 1996, 35, 3786–3791.
1832. Sigel, H. Coord. Chem. Rev. 1990, 100, 453–539.
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Chem. Commun. 1996, 457–464.
1903. Okawa, H.; Furutachi, H.; Fenton, D. E. Coord. Chem. Rev. 1998, 174, 51–75.
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2542. Cowley, A. H.; Kilduff, J. E.; Lasch, J. G.; Norman, N. C.; Pakulski, M.; Ando, F.; Wright, T. C. J. Am. Chem.

Soc. 1983, 105, 7751–7752.
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6.4.9 REFERENCES 656

6.4.1 INTRODUCTION

6.4.1.1 Scope

In preparing this chapter, the authors surveyed a vast literature seeking studies with original
findings, convincing explanations, and probable useful applications. Merely solid studies were
downplayed, as their results are more or less predictable. Whenever possible, studies of palladium
complexes were placed in their broader context, with minimal ‘‘dilution’’ of the content of this
chapter.
Compounds containing multiple metal atoms, or mixed ligated atoms, or palladium atoms in

different oxidation states, or more than one of these characteristics could be placed in different
sections and subsections of the chapter, and so could reactions in which palladium-containing
reactants and products differ greatly in properties. In very large clusters, which contain many
metal atoms, oxidation states are nearly meaningless. In all of these cases, classification was made
according to the feature of greatest interest or novelty. Certain ‘‘hot’’ areas of research, such as
supramolecular assemblies, hydrolytic and similar reactions, and nanoparticles have subsections
dedicated to them.
In view of an enormous number of publications on many diverse subjects, it was found both

practical and prudent to rely on the supreme expertise of the authors of the source publications.
While these sources were read critically, their authors’ statements were borrowed or adapted, but
these sources are always cited unambiguously.

6.4.1.2 Previous Reviews

A review1 presents various palladium complexes with chiral ligands containing sulfenyl, sulfinyl,
sulfoxamine, and selenenyl groups. Organosulfur functionalities, such as sulfenyl and sulfinyl
groups, can serve as coordinating elements in ligands in Pd-catalyzed reactions, and normally they
function as good �-acceptors. High enantioselectivity was obtained with chiral oxazoline, ami-
dine, and imine ligands. Sulfinyl functionality serves as a slightly weaker coordinating element
compared with sulfenyl function.
A review2 describes the structural investigations of the compounds containing the direct Si�Pd

bonds.
A review3 with 57 references discusses the interaction of PtII and PdII with histidine and histidyl

containing peptides. The coordinating behavior of histidyl containing peptides towards PtII and
PdII depends on the histidyl position in the peptide sequence.
A review4 with 40 references covers reactions of palladium(II) and platinum(II) complexes as

synthetic peptidases, i.e., reagents that promote and, in some cases, catalyze hydrolytic cleavage
of amide groups (peptide bonds) in peptides and proteins. Topics include general principles of
reactivity and experimental methods for studying them; selective binding of these metal complexes
to peptides and subsequent cleavage of these peptides; cleavage of proteins by these methods; and
prospects for future developments.
Two reviews5,6 with approximately 34 references discuss a coordination approach to three-

dimensional assemblies via molecular paneling. Families of planar exo-multidentate organic
ligands (molecular panels) assemble into large three-dimensional assemblies through metal-coord-
ination. In particular, cis-protected square planar metals, (en)Pd2þ or (en)Pt2þ (en= ethylene-1,2-
diamine), are very useful to panel the molecules. Metal-assembled cages, bowls, tubes, capsules,
and polyhedra are efficiently constructed by this approach.
The quantum chemical studies of Pd and Pt molecular systems carried out since 1990 are

reviewed7 with 482 references to complement earlier comprehensive reviews. Topics covered
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include mononuclear systems, polynuclear systems, reactivity of Pd and Pt complexes, and
catalytic cycles.
A review8 with more than 186 references discusses the synthesis of Rh and Pd complexes with

optically active P,N-bidentate ligands and their applications in homogeneous asymmetric cataly-
sis. The effect of the nature of the P,N-bidentate compounds on the structure of the metal
complexes and on enantioselectivity in catalysis was examined. Allylic substitution, cross-coup-
ling, hydroboration and hydrosilylation catalyzed by Rh or Pd complexes with optically active
P,N-bidentate ligands are considered.
A review9 with more than 37 references includes an examination of symmetry groups

and chirality conditions for C60 and C70 bonded to one or two metals in �5 and/or �6

fashion. Palladium and platinum �2 complexes of C60 and C70 are described (novel synthesis,
NMR spectra, electrochemistry) as well as first optically active organometallic fullerene
derivatives.
A review10 with eight references describes the photochemical reactions of the binuclear

palladium(0) complex [Pd2(dppm)3] (dppm= bis(diphenyl)phosphinomethane) with organic
halides.
A review11 with 123 references is given on amino acid bonding preferences in complexes of

platinum and palladium. The preferences for a particular donor atom for PdII depends primarily
on relative thermodynamic stabilities of the complexes formed. Sizes of potential chelate rings
often play a crucial role in determining donor atom preferences.
A review12 with 26 references of the biocoordination chemistry of Pd, Pt, and Ru and the

discovery of a new type of immunomodulating activity of the Pd compounds is presented.
A review13 with 53 references of the transition-metal mediated supramolecular self-assembly is

presented. Focus is on the self-assembly of macrocycles, catenanes, and cages from (en)Pd(NO3)2
and pyridine-based bridging ligands.
A review14 discusses palladium and the other noble metals forming a variety of complexes

M(P)LL0 with tetrapyrrole ligands.
A review15 with 90 references covers the coordination chemistry of palladium(0TO–þ4)

reported in 1992.
A review16 with 89 references is given on the excited state properties of the low valent (0 and

þ1) bi- and trinuclear complexes of Pd and Pt. Physical characterization of the nature of the
lowest energy excited states along with their photoinduced chemical reactivities toward oxidative
additions is discussed.
A review17 with 25 references of five-coordination in palladium(II) and platinum(II) chemistry

is presented. The complexes have invariably a trigonal bipyramidal geometry with the bidentate
ligand and the alkene in the equatorial plane.
Two reviews18,19 with 20 references are presented. A series of Pd clusters containing from four

to several hundred Pd atoms in the metal skeleton was prepared and characterized with structural
data and by chemical properties including catalytic activity.
A review20 with 101 references includes topics on coordination complexes of palladium and

catalysis.
A review21 with 45 references has topics on syntheses, characterization, structures, bonding,

and reactivity of palladium cluster compounds.
A review22 with 100 references, is given on the chemistry of coordinatively unsaturated

tripalladium and triplatinum clusters and on the relation between this chemistry and that which
occurs on a Pt surface during chemisorption and catalysis.
A review23 with 1,160 references describes the chemistry of Pd and Pt complexes and cluster

compounds, catalysis by Pd and Pt complexes, and nonstoichiometric binary and ternary compounds.
A review24 with 15 references discusses the theoretical aspects of the coordination chemistry of

palladium and platinum in relationship with their biological activity.
A review25 with 20 references has information on the preparation and properties of such large

clusters as Pd561(phen)36O190–200 (phen= 1,10-phenanthroline).
A review26 with 787 references on Pt and Pd salts and coordination compounds covering

literature cited in Chemical Abstracts, Vol. 97 (issue 21) to Vol. 99 (issue 24) is presented.
A review27 has 554 references, on palladium and platinum coordination compounds.
A review28 describes compounds of the Pt-group metals including halide, oxide, sulfide,

coordination compounds, organometallic compounds, and metal cluster compounds.
A review29 with 59 references of the inorganic and coordination chemistry of palladium is

presented.
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6.4.2 OXIDATION STATES ALLEGEDLY HIGHER THAN +4

Chen et al.30 synthesized two derivatives of an unprecedented trinuclear complex of palladium
with ligands coordinated through silicon atoms. The qualitative discussion of bonding was based
mostly on the crystallographic evidence, given below.
In Figure 1 the silicon atoms are considered parts of silyl ligands, and bonding of the central

palladium atom to individual silicon atoms is emphasized. Because a silicon atom with only three
substituents and an octet of valence electrons is nominally anionic, and because the compound as
a whole is electroneutral, the central palladium atom appears to have the oxidation number VI.
The authors noticed the relatively short Si3�Si6 and Si4�Si5 distances and acknowledged the
alternative view of bonding, shown in Figure 2. They realized that this bonding mode, involving
electron donation from two Si�Si �-bonds and two silyl ligands to PdII, is also unprecedented.
Still, the authors favored the former view of bonding and palladium(VI).
Aullon et al.31 starkly contrasted the alternative views of bonding, and consequently the

different oxidation states of the central palladium atom. They reinterpreted the experimental
results by Chen et al. analyzed their original quantum-chemical calculations, and convincingly
chose the oxidation state II. Aullon et al.31 drew an apt analogy between the Si�Si single bond
and the familiar H�H, Si�H, C�H, and other single bonds in saturated ligands, which are
known to bond to transition-metal atoms in various complexes. They rightly stressed the
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P2 Pd2 Si3

Si1

Si5
Si6

Si4

Pd1

Pd3 P4

P3

Si2

Figure 1 Trinuclear complex of palladium with ligands coordinated through silicon atoms.
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H
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Figure 2 The alternative view of bonding for the trinuclear complex shown in Figure 1.
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importance of the discovery by Chen et al. of the dihapto (�2) coordination of disilane ligands to
transition metals.
Sherer et al.32 carried out systematic DFT calculations (DFT= density functional calculations)

on the compound in question and on pertinent simpler compounds. They optimized the geometric
structures and compared the computed bond lengths and bond orders. These authors, too, chose
the oxidation state II for the central palladium atom.
This controversy is settled.33

6.4.3 PALLADIUM(IV)

6.4.3.1 Carbon

For the relatively new oxidation state IV for organopalladium chemistry,34,35 there appear to be
only two reports of intramolecular coordination, and in these cases unstable species were detected
for which 1H-NMR spectra are consistent with presence of PdIV.36,37 Palladium(IV) complexes are
usually synthesized from diorganopalladium(II) substrates via oxidative addition chemistry, and
for organohalides this has been demonstrated to occur for C(sp3)—X bonds including benzyl
halides38–42 and (halomethyl)naphthalenes.34,35,38 Appropriate choice of intramolecular coordin-
ation system and synthetic strategy, based on C(sp3)�Br oxidative addition to PdII, allowed the
synthesis of stable PdIV complexes and the first structural analysis of an arylpalladium(IV)
complex.43 Synthesis and characterization of stable arylpalladium(IV) complexes indicates that
species of this type are feasible as intermediates in organic synthesis, in particular where proposed
for systems where the individual steps involving PdIV are supported by model reactions for these
steps.43 Representative examples of such syntheses and reports of model reactions for key steps
include halogenation of azobenzenes,37,44,45 the synthesis of 2,6-dialkyl-substituted arenes and
vinylarenes,34,35,41,42,46,47 and the acetoxylation of arenes.48–50

6.4.3.2 Phosphorus

There are several palladium catalyzed processes for which the involvement of palladium(IV)
intermediates has amply been demonstrated.51 There are reports of spectroscopic detection of
unstable species [PdMe3(bipy)(L)]

þ (L=PPh3, PMePh2 or PMe2Ph) formed in equilibrium with
[PdIMe3(bipy)] and formation of [PdMe3(bipy)(PPh3)]

þ (where bipy= 2,2-bipyridyl).52 Trimethyl-
palladium(IV) complexes containing one phosphine donor interaction are stabilized in the coord-
ination geometry fac-[PdMe3(N�N)(L)]þ (L= phosphine), and are sufficiently stable for isolation
and structural analysis. Facile reductive elimination of ethane occurs in solution to form mono-
methylpalladium(II) complexes.53

6.4.3.3 Selenium

Recent development of organopalladium(IV) chemistry has provided new perspectives in d 6

chemistry.34,35,41,54–58 PdIMe3(bpy) undergoes facile decomposition at ambient temperature in
solution allowing detailed mechanistic studies of reductive elimination at a d 6 metal cen-
ter.59,60 There is a report of thiolate or selenolate complexes in organopalladium(IV) chem-
istry. Such complexes are formed via oxidation of palladium(II) reagents by (ER)2. Both
(EPh)2 (E= S, Se) and (O2CPh)2 were used as oxidants.

49 The results reported illustrate several
new phenomena in organopalladium(IV) chemistry: isolation of stable dimethylpalladium(IV)
complexes and selenolate complexes and detection of unstable thiolate complexes; formation
of C���O, C���S, and C���Se bonds on decomposition; and structural studies allowing detailed
comparisons between palladium(IV) and platinum(IV).49 The low stability of organopalla-
dium(IV) complexes renders them ideal candidates for studies of decomposition at d 6 metal
centers, and the dominance of C���C bond formation from triorganopalladium(IV) complexes
is not reflected in diorganopalladium(IV) complexes in the presence of group 16 donor atoms
(E) where C���E coupling becomes an important feature.49 The observation of C���O coupling
at palladium(IV) is relevant to the proposed catalytic role of palladium(IV) in the acetoxyla-
tion of arenes.48,50
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6.4.3.4 Polynuclear Compounds and Polymers

Low-dimensional compounds have attracted much attention because they show very interesting
physical properties such as Peierls transition, spin-Peierls transition, neutral-ionic transition, charge
density wave (CDW) states, spin density wave (SDW) states, and superconductivities, etc. Among these
compounds, quasi-one-dimensional halogen-bridged mixed-valence compounds (hereafter abbreviated
as MX chains) have been extensively investigated during the last 20 years of the twentieth century,
because of their interesting physical properties. In mostMX chains, due to the strong electron–phonon
interaction, the bridging halogens are distorted from the midpoints between the neighboring two metal
atoms, giving CDW states or MII–MIV mixed-valence states (���MII���X—MIV—X���MII���).
Accordingly, the half-filled metallic band is split into the occupied valence band and the unoccupied
conduction band with finite Peierls gaps. Therefore, these compounds belong to the class II of the
Robin-Day classification for the mixed-valence complexes. These compounds are formulated as
[MII(AA)2] [M

IV(AA)2X2]Y4 (M
II–MIV=PdII–PdIV, PdII–PtIV; X=Cl, Br, I, and mixed halides;

AA= ethylenediamine (en), cyclohexanediamine (chxn), etc.; Y=ClO4, BF4, X, etc.). These MX
chains have two characteristic points compared with the inorganic semiconductors and organic
conjugated polymer as follows. The magnitudes of the band gaps or CDW strengths can be tuned by
varying chemical factors such as M, X, AA, and Y. Moreover, the interchain interaction can be
controlled by using the intra- and interchain hydrogen bond networks between amino hydrogens and
counteranions. Synthesis and the physical properties of a series of Ni1�xPdx(chxn)2Br3 compounds
with various mixing ratios, have been reported.61 In the Ni�Pd mixed-metal compounds the electron
correlation in NiIII states (SDW) and the electron-phonon interaction in PdII�PdIV mixed-valence
states (CDW) compete with each other. As a result, the PdII�PdIV mixed-valence states gradually
approach the PdIII state with the decrease of the Pd ratios influenced by the increase of the NiIII states.
Thismeans that the electron–phonon interactions in the PdII�PdIVmixed-valence states are weakened by
the strong electron correlation in the NiIII states. In other words, the CDW strengths of Pd sites can be
tuned by competition between the electron–phonon interaction of the PdII�PdIV states and the electron
correlation of the NiIII states in the Ni�Pd mixed-metal compounds Ni1–xPdx(chxn)2Br3.61

6.4.4 PALLADIUM(III)

6.4.4.1 Mononuclear

6.4.4.1.1 Various donor atoms

Mononuclear palladium(III) complexes are relatively uncommon;62 the two most well-characterized
examples are [Pd([9]aneS3)2]

3þ ([9]aneS3= 1,4,7-trithiacyclononane)
63,64 and [Pd([9]aneN3)2]

3þ

([9]aneN3= 1,4,7-triazacyclononane),
65,66 for which X-ray structures have been determined. Several

others have been generated electrochemically or otherwise studied in situ, but not isolated, including
[Pd(B9C2H11)2]

� (B9C2H11
2�= 7,8-dicarbollide),67 [Pd(B9C2Me2H9)2]9

2�= 7,8-dimethyl-7,8-dicar-
bollide),68 [Pd(mnt)2]

� (mnt=maleonitriledithiolate),69 [Pd(dmit)2]
� (dmit= isotrithionedithiolate),69

[Pd(xdt)2]
� (xdt= o-xylenedithiolate),69 [Pd([18]aneN2S4)]

3þ ([18]aneN2S4= 1,4,10,13-tetrathia-7,16-
diazacyclooctadecane),70,71 [Pd([10]aneS3)2]

3þ ([10]aneS3= 1,4,7-trithiacyclodecane),
72,73 and

[Pd([9]aneNS2)2]
3þ ([9]aneNS2= 1,4-dithia-7-azacyclononane).

74

6.4.4.1.2 Boron

The nido-borane cage ligand [B11H11]
4� can support unusually high formal oxidation states of

transition metals. An attempt to synthesize the closo anion [(PMe2Ph)2Pd
II(B11H11)]

2� from
[B11H11]

4� and (PMe2Ph)2PdBr2, instead led to the synthesis, isolation, and characterization of
an air-stable PdIII complex which incorporates a B11 borane cage ligand.

75

6.4.4.1.3 Nitrogen

In 1988 a powdered material believed to be [PdL0
2](PF6)3 (L

0 = 1,4,7-triazacyclononane), which
behaved electrochemically in accord with that formula, was prepared.76
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6.4.4.1.4 Sulfur

Only in 1987 was the compound (H3O)[PdL2](ClO4)4�3H2O (L= 1,4,7-trithiacyclononane)
reported with a structure determination.77 Since then there have been no others unambiguously
established.

6.4.4.1.5 Halogens

The number of compounds of PdIII that have been isolated and characterized is extremely limited.
In the realm of aqueous chemistry there is no aqua ion nor any classical anionic complexes,
PdX6

3�; the latter have been made only in the solid state under strenuous conditions.78 There are
no binary compounds (‘‘PdF3’’ being a mixed Pd

II, PdIV compound).79

6.4.4.2 Polynuclear Compounds and Polymers

Three reported attempts to make and isolate dinuclear PdIII complexes were unsuccessful. In
Cotton’s laboratory80 Pd2(DTolF)4, DTolF

�= [(p-tolyl)NC(H)N(p-tolyl)]�, was oxidized to
[Pd2(DTolF)4](PF6) which was crystallographically characterized. In it, the Pd�Pd distance of
2.637(6) Å is little different from that, 2.622(3) Å, in the unoxidized starting material. No
product containing a Pd2

6þ core could be isolated although a Pd2
5þ!Pd2

6þ oxidation wave
was seen at þ1.19V, and the EPR spectrum of the Pd2

5þ compound was considered indicative
of ligand rather than M2 core oxidation. Contemporaneously, Bear and co-workers

81 prepared
the similar N,N0-diphenylbenzamidinate compound. They saw only one oxidation wave, but
from their EPR spectrum they concluded that a genuine Pd2

4þ!Pd2
5þ oxidation had occurred.

Finally, attempts were made82 to oxidize the Pd2(pyt)4 (pyt
�= 2-thiopyridinate anion) molecule

which appears to generate an unstable Pd2(pyt)4X2 species during cyclic voltammetry, but no
Pd2

5þ or Pd2
6þ products were actually isolated. Recently, use of the binitrogen-donor ligand

hpp (the anion of 1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimidine) has proven to be effec-
tive in stabilizing metal–metal bonds in paddlewheel complexes for several transition metals.
The first single bond between two trivalent palladium atoms has been reported.83 A reaction of
PdIIacetate with Li(hpp) in THF produces the orange complex Pd2(hpp)4. Its cyclic voltammo-
gram in CH2Cl2 showed a quasi-reversible oxidation at �0.12 V and an irreversible oxidation at
þ0.82V, indicating that oxidation products obtained under these conditions are likely to be
unstable. However, the two electron oxidation with PhI�Cl2 resulted in the formation of the
dark complex Pd2(hpp)4Cl2. Reproducibly a small amount of Pd2(hpp)4Cl2 was obtained from
several reactions, even when different temperatures, solvents, and oxidizing agents such as
NOPF6 and NOBF4 were used. All invariably gave a mixture of products. Unfortunately, the
only way to separate them was to hand-pick them. The presence of Pd2(hpp)4Cl2 was confirmed
in each case by checking the cell dimensions by X-ray diffraction.83 The structures of both
centrosymmetric complexes, Pd2(hpp)4 and Pd2(hpp)4Cl2, are very similar; only the latter is
shown in Figure 3. In each complex the two palladium atoms are bridged by four hpp ligands,
resulting in a paddlewheel-type structure. Additionally, two axial chloride ions are present in
the latter. There is formally no metal–metal bond in the former although the intermetallic
separation is quite short (2.555(1) Å). In similar complexes containing binitrogen-donor ligands,
the Pd�Pd separations are comparable although slightly longer.83 The unprecedented Pd�Pd
bond distance of 2.391(2) Å found in Pd2(hpp)4Cl2 is 0.164 Å shorter than that in Pd2(hpp)4 and
0.097 Å shorter than the shortest Pd�Pd distance ever reported for any type of complex (in this
case a PdI�PdI acetonitrile complex)84. It is also worth noting that the Pd�Pd single bond
distance in Pd2(hpp)4Cl2 is 0.36 Å shorter than the Pd�Pd distance in the metal itself.
The magnitude of the shortening of the Pd�Pd distance provides strong evidence that the
oxidation does occur in the dipalladium unit and that the electron-rich single bond configur-
ation of �2�4�2�*2�*4 can be appropriately assigned to the metal–metal interaction.83 A high-
level calculation of the electronic structure of the Pd2(hpp)4Cl2 molecule, in which the geometry
was optimized, gave results in excellent agreement with experiment: Pd�Pd, 2.402 Å vs. 2.391 Å (obs)
and for the torsion angle 22.6� vs. 24� (obs). The HOMO/LUMO gap is calculated to be
167 kcalmol�1.83
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6.4.5 PALLADIUM(II)

6.4.5.1 Carbon

The cyanide exchange on [M(CN)4]
2� with M=Pt, Pd, and Ni is a rare case in which mechanistic

comparisons between 3d, 4d, and 5d transition-metal complexes. Surprisingly, the behavior of
these metal square-planar centers leads to mechanistic diversity involving pentacoordinated
species or transition states as well as protonated complexes. The reactivities of these species are
strongly pH-dependent, covering 15 orders of magnitude in reaction rates.85

A variety of palladium(II) complexes with porphyrins,86 heteroporphyrins,87 and doubly-N-
confused porphyrins88 have been isolated and characterized. Importantly, the palladium(II) ion is
susceptible to phenyl coordination in a cyclopalladation process.89–91 Once the carbon donor is
built into macrocylic or pincer ligands, the palladium(II) ion forms robust organometallic com-
pounds.92–94 Oxybenziporphyrin is conceptually derived from benziporphyrin, in which a benzene
ring replaces one of the porphyrinic pyrroles leading to a structure devoid of macrocyclic
aromaticity. A study of the synthesis and spectroscopic properties of oxybenziporphyrin com-
plexes with PdII examined the effects of complexation and electrophile addition on the aromaticity
of the ligand.95

Intramolecular �–� aromatic stacking interactions are rare, especially within ligands of transi-
tion metal compounds for which electrostatic interactions are likely to dominate over weak
dispersion effects. Chiral Pd complexes, shown in Figure 4, present three pairs of aromatic ring
systems that adopt almost parallel, stacked configurations. In the full QM-calculated models
(a) PdBr(p-CNC6H4)({S}-MeO-Biphep); (b) PdBr(C6F5)({S}-MeO-Biphep) potential aromatic �–�
stacking interactions are indicated by arrows.
Combined quantum mechanics/molecular mechanics studies have demonstrated that �–� stack-

ing interactions are important in determining the structural features of polyarene transition metal
compounds such as the two d8 Pd complexes.96

Photorefractivity is a property exhibited by some materials in which the redistribution in space
of photogenerated charges will induce a nonuniform electric space-charge field which can, in turn,
affect the refractive index of the material. In a new material the active species is a highly efficient
cyclopalladated molecule97,98 shown in Figure 5. The palladium-bonded azobenzene molecule is
conformationally locked, and gratings derived from cis�trans isomerizations can be safely
excluded.
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N(11E)

Cl(1)

N(11F)

N(11B)

N(11C)

N(11)

N(11G)

N(11D)

N(13)
C(11)

C(13)
C(12)

C(17)

Cl(11A)

Pd(1A) Pd(1)

Figure 3 The structures of the centrosymmetric complex Pd2(hpp)4Cl2.
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Lanthanides in combination with transition metals have been shown to have a positive effect in
promoting heterogeneous catalytic reactions. The bimetallic Yb�Pd catalyst obtained from the
precursor {(DMF)10Yb2[Pd(CN)4]3}/ on a titania surface offers improved performance over a
palladium-only catalyst for the reduction of NO by CH4 in the presence of O2.

99,100 The structure,
shown in Figure 6, consists of two inverted parallel zigzag chains that are connected through the
lanthanide atoms by trans-bridging [Pd(CN)4]

2� anions.101

The synthesis and structural characterization of luminescent di- and tri-nuclear organopalla-
dium complexes with rigid conjugated alkynyl–aryl bridges and preliminary experiments on the
formation of the first generation metallodendrimer using the trinuclear complex as the backbone
were reported.102

Halo carbonyl complexes of palladium have been widely studied.103–108 For homoleptic typical
carbonyls and highly reduced carbonylates, the square planar coordination geometry was
unknown. All known tetracarbonyl species are invariably tetrahedral, including Pd(CO)4 which
exists in inert gas matrices only.109 A new synthetic methodology, the use of various superacids as
reaction media in carbonylation and solvolysis reactions, provides a viable pathway to a wide
range of homoleptic metal carbonyl cations, among them many superelectrophilic cations, with
ionic charges of þ2 and þ3. This approach has been applied to the reductive carbonylation of
Pd[Pd(SO3F)6].

110,111 The solvated cation [Pd(CO)4]
2þ
(solv) forms initially in HSO3F, but the

fluorosulfate cis-Pd(CO)2(SO3F)2 is eventually isolated.112 The molecular structure of cis-
Pd(CO)2(SO3F)2 is known.

113 In liquid SbF5 in a CO atmosphere cis-Pd(CO)2(SO3F)2 is easily
converted to [Pd(CO)4][Sb2F11]2. The square planar coordination geometry of the cation is easily
deduced from the vibrational spectra.114 Pd(CO)4][Sb2F11]2

114 and the precursor cis-Pd(CO)2-
(SO3F)2

112,115 appear to be the only true cationic polycarbonyl derivatives of palladium(II),105

with the possible exception of thermally unstable Pd(CO)2R2, R=C6F5, C6Cl5.
116 An early claim

of the synthesis of cis-Pd(CO)2Cl2
117 has been repudiated,118 and the reported crystal structure and

spectroscopic properties of ‘‘[Pd(�-Cl)(CO)2]2’’
119 are evidently identical in all respects to those of

well-known [Rh(�-Cl)(CO)2]2.
120,121 A detailed study122 reached the following goals: summarized
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Figure 4 Chiral Pd complexes (a) PdBr(p-CNC6H4)({S}-MeO-Biphep); (b) PdBr(C6F5)({S}-MeO-Biphep).
Potential aromatic �–� stacking interactions are indicated by arrows.
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Figure 5 Palladium-bonded azobenzene molecule.
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and evaluated a number of alternative synthetic routes to [Pd(CO)4]
2þ,123 investigated the thermal

behavior of [Pd(CO)4][Sb2F11]2, and reported the crystal, molecular and extended structure of
[Pd(CO)4][Sb2F11]2.

122

The photophysics and photoreactivity of coordinatively unsaturated platinum(II) complexes124–128

and their applications as luminescent sensors are areas of considerable interest in inorganic
photochemistry. Rich and diverse low-energy excited states, including IL (intraligand: �! �*),
MLCT (metal-to-ligand charge transfer) [d�*! p�], and [d�*! �*] (or MMLCT, metal–metal-to-
ligand charge transfer), have been observed. Relatively scant attention has been focused upon the
luminescent characteristics of palladium(II) complexes. Nevertheless, such investigations have
been dominated by cyclometalated derivatives,129–132 and reports comparing PdII and PtII ana-
logues can yield information on electronic structures and excited states.91,133–136 The ability of
cyclometalated PdII complexes to effect DNA cleavage has been described.137,138 Various aspects
of luminescent cyclometalated PtII complexes bearing substituted 6-phenyl-2,20-bipyridine ligands
have been studied.139–143 The preparation, crystal structures, and spectroscopic behavior of mono-
and binuclear cyclometalated PdII derivatives are presented. The correlation between PdII and PtII

congeners has enabled evaluation of metal–metal and ligand–ligand interactions in these systems
and offered insight into their excited-state properties.144

Palladium(II) complexes containing orthometalated chiral amines such as those shown in
Figure 7 are useful reagents:

(i) for the resolution of chiral phosphines and arsines,
(ii) for the determination of the optical purity of chiral phosphines by 31P{1H}-NMR spectro-

scopy, and
(iii) as templates for the asymmetric syntheses of conformationally rigid bidentate ligands

derived from metal-promoted intramolecular [4þ 2] Diels–Alder cycloadditions of 3,4-
dimethyl-1-phenylphosphole (DMPP) with a variety of dienophilic ligands.

Complexes shown in Figure 7 undergo facile bridge-splitting reactions with a variety of two-
electron donor ligands to give mononuclear species.145

The preparation of helically well-ordered polymers with stable screw-sense, which is able to
be transmitted to newly formed polymer main-chains effectively, is highly desired for the
development of new methodology for the synthesis of optically active helical polymers. An
aromatizing polymerization of 1,2-diisocyanobenzenes is promoted by methylpalladium(II) com-
plexes, producing poly(quinoxaline-2,3-diyl)s.146–148 The polymerization proceeds with successive
insertion of the two isocyano groups of the diisocyanobenzene to the carbon–palladium bond of
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Figure 6 Bimetallic Yb�Pd catalyst obtained from the precursor {(DMF)10Yb2[Pd(CN)4]3}/ on a titania
surface and consisting of two inverted parallel zigzag chains that are connected through the lanthanide atoms

by trans-bridging [Pd(CN)4]
2� anions.
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organopalladium complex to give 2-quinoxalinylpalladium complexes, whose carbon–palladium
bond undergoes further successive insertion of the diisocyanobenzenes to provide the quinoxaline
polymers. The poly(quinoxaline)s thus produced feature their rigid helical structures. The first
attempt for the synthesis of optically active, helical poly(quinoxaline)s started with separation and
isolation of two diastereomerically pure bromo[oligo(quinoxalinyl)]palladium(II)-L*2
(L*= di((S)-2-ethylbutyl)phenylphosphine) complexes, which were produced by the oligomeriza-
tion of 3,6-di-p-tolyl-1,2-diisocyanobenzene with optically active trans-(bromo)methylpalla-
dium(II)-L*2.

149–153 Right- and left-handed bromo(quinquequinoxalinyl)palladium(II)-L*2 thus
prepared were subjected to ligand exchange reaction with a large excess of a chiral dimethylphen-
ylphosphine. The enantiomerically pure right- and left-handed bromo(quinquequinoxalinyl)palla-
dium(II) bis(dimethylphenylphosphine) complexes isolated were used as catalysts for
polymerization of 1,2-diisocyanobenzenes, providing right- and left-handed helical poly(quinoxa-
line-2,3-diyl)s after removal of the palladium moiety with methylmagnesium bromide. The
asymmetric polymerization of 1,2-diisocyanobenzenes is promoted by optically active iodo(1,10-
binaphth-2-yl)palladium(II) complexes as initiators. The axial chirality of the binaphthyl group,
which becomes far from the living palladium terminus with propagation of the polymerization,
successfully induced high screw-sense selectivity to provide optically pure, helical poly(quinoxa-
line-2,3-diyl)s.154 The choice of substituents on the binaphthyl groups was crucially important to
attain the high screw-sense selectivity. The highly effective control of the helical sense by the 70-
methoxy-1,10-binaphthyl group at the initiation terminal of the polymer may arise from highly
diastereoselective formation of the (terquinoxalinyl)palladium(II) intermediate, whose screw-sense
was completely maintained for further propagation. The complete retention of the helical struc-
ture in the polymerization was demonstrated by the synthesis of optically pure polymers with
varying molecular weights up to 100mer. The asymmetric polymerization has successfully been
applied for the screw-sense selective synthesis of poly(quinoxaline-2,3-diyl)s having hydrophobic
and/or hydrophilic side chains, by which the surface of the polymer is modifiable for new
functional materials.154

Square-planar d8 platinum complexes could perhaps be used as the chemically sensitive layer
for a chemical sensor system. These complexes are robust and form colored solid-state materials
that respond spectroscopically to a wide range of volatile organic compounds (VOCs); this
process has been named vapochromism. The vapochromic shifts occur in the solid-state UV–vis,
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NIR, and IR spectra of [Pt(p-CN-C6H4-C10H21)4][Pd(CN)4].
155 These studies suggest that sorbed

guest molecules capable of significant H-bonding interact with the cyanide ligands to produce
shifts in the �(CN) stretching frequencies that also correlate with the UV–vis changes. The
synthesis and X-ray powder diffraction studies of a series of hydrated and solvated [Pt(CN-iso-
C3H7)4][Pd(CN)4] complex were reported.

156 These studies show that vapochromism is accom-
panied by large reversible increases in the unit cell dimensions perpendicular to the Pt�Pd
direction. The large (50–90%) unit cell increases allow the reversible inclusion of solvent mol-
ecules. Significant H-bonding interactions are present between the guest molecules and the
cyanide ligands of the tetracyanometalate anions.156

6.4.5.2 Silicon and Tin

For trinuclear complexes that have a central Pd atom coordinated by six silyl groups, as shown in
Figure 8, a highly unusual PdVI oxidation state has been assigned.30 There are several reasons why
the formulation of such a compound as a PdII center with two �2-coordinated Si�Si single bonds
is strongly favored, rather than as a PdVI center with six-coordinate silyl groups.31–33 (see Section 6.4.2)
In a trinuclear complex two of the Pd atoms can be readily characterized as PdII centers but the

nature of the third, central Pd atom is less clear.30 While this Pd atom is considered as bonding
directly to two Si atoms and further interacting with two Si�Si bonds, the interatomic distances
from the X-ray crystal-structure data could also be interpreted to be consistent with an absence of
Si�Si bonds and instead six Pd�Si bonds,30 that is, the central metal would formally be PdVI.
Both structures are without precedent in palladium coordination chemistry,157,158 although
compounds of the type [PdFn] (n= 2, 4, 6),

159–162 have been reported where the extreme electro-
negativity of fluorine is exploited for the generation of higher oxidation states.163 Assigning the
central metal to be PdVI is not warranted, unless such an assignment is permitted to encompass the
ambiguity of multicenter, delocalized bonding.32 (see Section 6.4.2)
Complex (dippe= 1,2-bis(diisopropylphosphino)ethane)Pd(SiH2Ph)2 is a very rare example

164–168

of an isolated PdII cis-bis(silyl) complex.169

A bis(stannyl)bis(phosphine)palladium complex has a twisted square planar structure and
shows facile unimolecular twist-rotation.170

6.4.5.3 Nitrogen

An analogue of 2,20-bipyridine is capable of coordinating to trans metal binding sites. A ligand
consisting of two 2-pyridyl moieties joined by a well-organized tether that orients the nitrogens at
an appropriate distance affords exactly the required geometry.171–174

In a tetraazaporphyrin selective oxidative cleavage of one or more of the pyrrole rings yields
secoporphyrazines. The new ligands and metal complexes derived thereof are of potential interest
in areas such as nonlinear optics, electron transfer, and photodynamic therapy. Bis(dimethyl-
amino)porphyrazines are versatile since they can be converted not only to seco analogues but also
to new solitaire complexes upon peripheral metalation. The synthesis of the first macrocycles
containing both an oxidatively cleaved pyrrole ring and a peripherally coordinated metal species
has been reported.175 The peripheral complexation and the oxidative cleavage of one of the
pyrrole rings have a profound effect on the electronic properties of the porphyrazines.175

The incorporation of photoactive components into the molecular structure, which allows
reversible switching of the output physical properties, such as light or redox potential, by an
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Figure 8 Trinuclear complexes that have a central Pd atom coordinated by six silyl groups.
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external trigger, is promising in the development of molecular or supramolecular devices. The
preparation and photochemistry of a series of self-assembly transition-metal-based macrocyclic
compounds bridged by a photoisomerizable 4,40-azopyridine or 1,2-bis(4-pyridyl)ethylene ligand
was described.176 The self-assembled Pd�Re and Pd tetranuclear squares can be photochemically
converted to their corresponding dinuclear squares and thermally returned back to the tetra-
nuclear squares.176

One of the chief defects of the phosphorus based pyrazolyl (PZ) ligands appears to be the
hydrolytic sensitivity of the P�N bond particularly after interaction of the ligand with transition
metal ions. The interactions of PhP(O)(3,5-Me2pz)2 and Ph2P(O)(3,5-Me2pz)2 with Pd

II salts
accelerates the P�N bond hydrolysis.177

Potentiometric and 1H-NMR methods were combined in the studies of the interaction of
[Pd(en)(H2O)2]

2þ and [Pd(pic)(H2O)2]
2þ (pic= 2-picolylamine) with monodentate ligands contain-

ing nitrogen or sulfur donor atoms. The ligands represent the side chain residues of nucleic acids
and proteins.178

Metals are well known to induce conformational changes upon binding ligand systems. Upon
removal of the metal ion the ligand usually ‘‘forgets’’ and reverts to its conformationally flexible
state. Remarkably, a bis(pyridine) ligand can retain its metal-induced conformation even in the
absence of the metal ion. At room temperature the ligand adopts one of two conformations: syn-
or anti-. On heating in the presence of [PdCl2(PhCN)2], the syn-isomer is preferred. On cooling
this conformational preference is ‘‘locked-in’’ even on removal of the PdII ion (see Figure 9). The
ligand can be programmed to adopt either a convergent syn-conformer that forms chelates or a
divergent anti-conformer that forms coordination polymers.179

The octaethylporphyrin (OEP) complex cocrystalline with C60, namely Pd
II(OEP)�C60�1.5C6H6

is one of the first examples of the anti-formed macrocyclic metal complexes of OEPs.180,181

In the ligand 1,2-bis-(2-pyridylethynyl)benzene the pyridyl N atoms easily attain the appro-
priate separation for trans-chelation of metal cations. The 1:1 complex of the ligand with
palladium(II) chloride has been structurally characterized.171,182

The reactivity of a series of closely related substances can either be enhanced or inhibited
depending on the type and extent of interaction with double-helical DNA. This was shown in a
kinetic study of the substitution of ethylenediamine (en) or N,N0-dimethylethylenediamine (Me2en)
by thiourea in the palladium(II) complexes [Pd(4,40-R2bpy)(en)](PF6)2 (R=H or Me),
[Pd(en)2](PF6)2, and [Pd(Me2en)2](PF6)2, in water and in the presence of calf thymus DNA.

183

‘‘N-Confused porphyrin’’ (NCP) is a porphyrin isomer in which one of the pyrrolic rings is
inverted. NCP can coordinate a metal in the porphyrin core by using the inner carbon and
nitrogens. Owing to the outward pointing nitrogen, outer-N coordination is also conceivable.
Two types of palladium-NCP complexes, inner-coordinated PdII-NCP and inner- and outer-
N-coordinated, double-decker Pd complexes,184 are reported (see Figure 10).88 The latter Pd dimers
are the first examples of the outer-N coordination in the NCP family.
Short peptides (fewer than 15 residues) are rarely helical in solution. A stable single �-helical

turn in solution, a native pentapeptide, was constrained by a PdII clip to the shortest �-helix
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Figure 9 Retention of metal-induced conformation of a bis(pyridine) ligand by heating in the presence of
[PdCl2(PhCN)2].
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known, as shown in Figure 11.185 This ion chelates two histidines (via N1 nitrogens) arranged
at i and iþ 4 positions, inducing �-helicity even in a pentapeptide.
Novel cationic methyl and neutral methyl, chloro PdII complexes have been synthesized with

various functionalized imidazole ligands. For the first time, structurally characterized examples of
this type of Pd complex could be obtained. The chelate ligand is shown to adopt a boat
conformation. Inversion of the chelate ring was established by NMR spectroscopy. Depending
on electronic and steric features of the ligand, the complexes can act as catalysts in the
CO/ethylene as well as the Heck reaction.186

Figure 10 Two types of palladium-NCP complexes, inner-coordinated PdII-NCP and inner- and outer-
N-coordinated, double-decker Pd complexes.
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Certain azacrown-appended cholesterol derivatives can form unique vesicular or lamellar
structures in the absence and the presence of metal salts in aqueous solution.187–190 These super-
structures created from the azacrown-appended cholesterol derivatives are useful as a template for
the transcription into the silica structure. Azacrown-appended cholesterol gelator creates the
novel multilayered spherical structure in acetic acid, whereas this gelator results in the fluffy
globular aggregates in the presence of Pd(NO3)2.

191

AMTTO—a representative of 4-amino-6-alkyl-1,2,4-triazine-5-one—acts as a bidentate chelat-
ing ligand towards PdCl2 in methanol/acetonitrile to give the air-stable palladacycle [(AMTTO)
PdCl2]�MeOH.192 Its reactions with triphenylphosphane and sodium thiocyanate, led to the air-
stable complexes [(AMTTO)Pd(PPh3)Cl]Cl�MeOH and [(AMTTO)Pd(SCN)2]�MeOH, respect-
ively.193 Another paper reports the halide exchange reactions with sodium bromide and sodium
iodide, as well as the reactions of the bromine and iodine palladacycles with triphenylphosphane.194

In order to anchor a metal ion firmly on a pyrazole derivative, polydentate ligands shown in
Figure 12 can form stable chelates involving one soft ligating atom (P or S) and one pyrazole N,
while leaving the other pyrazole N and its attached hydrogen available for donating a hydrogen
bond or a proton to another ligand on the metal. In this study, a pyrazole substituent containing
a ligating P or S atom must be attached to a carbon of the heterocycle. Four new ligands designed
to form bidentate complexes using a soft donor atom and a pyrazole nitrogen have been
synthesized and their corresponding cis-dichloropalladium(II) complexes prepared. In the solid
state, the two palladium complexes with a pyrazole N�H group show intra- and intermolecular
hydrogen bonding to the chloride ligands. The intramolecular distances between chloride and the
NH proton are comparable to the closest intermolecular contacts found in the solid state structures.
In contrast, isomeric complexes lacking an N�H group show no hydrogen bonding.195

The self-assembled membrane (SAM) technique has been much used as an effective method to
organize the molecules on the solid surface with well-ordered structure and thickness for inter-
facial optical studies. Palladium porphyrins show strong room-temperature phosphorescence with
high quantum yield and long lifetime. Therefore these compounds have been widely utilized as
oxygen-sensitive dyes. There was a report previously on optical oxygen sensing using an SAM of
palladium tetrakis(4-carboxyphenyl)porphyrin (PdTCPP) on an alumina surface, but a more
sensitive oxygen sensing system and stable and highly ordered films are desired. Highly organized
SAMs can be obtained using compounds with long hydrocarbon chains. An optical oxygen-
sensing technique was established using a self-assembled film of Pd porphyrin with long alkyl
chain, PdPC10COOH, on an alumina plate.196

Among luminescent dyes, palladium porphyrins display strong room-temperature phosphores-
cence with a high quantum yield and long lifetime. Therefore these compounds have been
frequently utilized as oxygen-sensitive dyes. As palladium tetrakis(4-carboxyphenyl)porphyrin
(PdTCPP) has a carboxyl group, a stable self-assembled PdTCPP film will be formed on an
alumina surface. An optical oxygen sensor was prepared using PdTCPP self-assembled film on
alumina plate. The film is highly sensitive to oxygen pressure and possesses good operational
stability and a fast response.197
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Figure 12 Polydentate ligands capable of anchoring a metal ion on a pyrazole derivative.
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Traditionally, oxidations of alcohols are performed with stoichiometric amounts of inorganic
oxidants, notably chromium(VI) reagents. These oxidants are not only relatively expensive, but
they also generate copious amounts of heavy-metal waste. Moreover, the reactions are often
performed in environmentally undesirable solvents, typically chlorinated hydrocarbons. In a
constant search for cleaner (‘‘greener’’) technologies, there is a definite need for catalytic
oxidations that use dioxygen (O2) or hydrogen peroxide as the stoichiometric oxidant. These
oxidants are atom efficient and produce water as the only by-product. Supported noble metals,
such as palladium or platinum on carbon, are known to catalyze the aerobic oxidation of
alcohols in an aqueous medium, but the method is generally limited to water-soluble substrates,
such as carbohydrates.198 Moreover, primary alcohols are oxidized to carboxylic acids, and one
equivalent of base is required. An extremely effective aerobic oxidation of alcohols, both of
activated and nonactivated hydroxyl groups, was performed in water with a soluble catalyst.199

The latter is a water-soluble palladium complex of bathophenanthroline disulfonate (PhenS*),
see Figure 13.
A wide range of both primary and secondary allylic, benzylic, and aliphatic alcohols can be

oxidized with high conversions and selectivities. Mechanistic studies199 of olefin oxidations with
this catalyst showed that, under neutral conditions, the catalyst precursor is a dimeric palladium
species with two bridging hydroxy ligands.200 Increasing the pH values up to pH�10 yields a
similar dimeric species with three bridging hydroxy ligands,201 apparently without changing
the rate equation. The addition of sodium acetate (NaOAc) further increases the reaction rate. The
reaction may also be carried out at neutral pH at only marginally lower rates. Coordination of the
alcohol to the metal center probably splits the dimeric precursor, see Scheme 1. Next, a base (B)
abstracts a proton from the coordinated alcohol to form a palladium alcoholate species that
subsequently undergoes �-hydride elimination to give the alkanone, water, and a zerovalent
palladium species. Oxidation of the latter with O2 gives a palladium peroxide. Reaction of this
peroxide with one equivalent of zerovalent palladium yields the starting palladium dimer. Reoxi-
dation of Pd0 seems to be facilitated by NaOAc, which avoids the irreversible formation of a
palladium mirror. A minimum of 1 mmole of NaOAc is recommended to avoid this palladium
black formation.199

Octaethylbilindione (H3OEB) is a convenient model for the bile pigment biliverdin IX�. Key
redox states of this ligand as observed in its complexes are shown in Figure 14. The redox
behavior of the palladium complex of octaethylbilindione was examined in order to determine
the generality of the redox behavior of this group of transition metal complexes.202 A preliminary
report on the novel tetrameric Pd4(OEB)2, which contains palladium(I) ions �-bonded to C¼C
bonds of the tetrapyrrole ligand, and of PdII(OEB�) has appeared.203
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Figure 13 Aerobic oxidation of alcohols catalyzed by water-soluble PhenS*Pd(OAc)2; R= alkyl, aryl.
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The fluxional behavior of new palladium and platinum derivatives containing 2,4,6-tris-
(2-pyridyl)-1,3,5-triazine and 2,4,6-tris(2-pyridyl)pyrimidine ligands has been reported.204,205 An
intramolecular mechanism based on a 1,4-metallotropic shift coupled to the metal hurdling along
the coordination positions of the N-donor ligand has been proposed. There has been some
controversy about the mechanism of the 1,4-metallotropic shift process, and both associative206

and dissociative207 pathways have been proposed. An elegant study with asymmetric terpyridine
ligands coordinated to palladium and platinum fragments, showed that the 1,4-metallotropic shift
pursues an associative mechanism where the role of the N atom in the central pyridine ring is
essential.208 A study209 reported the synthesis and the dynamic behavior of new allylpalladium
derivatives coordinated to pyrazolyltriazine ligands where the metallic group interchanges
between the different coordination positions of the ligand. As in aforementioned examples,204,205

but with energy barriers low enough to observe several coalescences in the 1H-NMR spectra, the
authors measured two different free activation energies whose difference lies correctly with the
expected strengths of the Pd�N bonds, which are necessarily broken in each step. This implies the
existence of Pd�N bond rupture in the two processes. The N5 atom of the triazine ring could
assist the palladium group in the 1,4-metallotropic shift, making the process intramolecular. The
role of the triazine central nitrogen atom, was evaluated with two similar ligands, 4,6-bis(pyrazol-
1-yl)pyrimidine210 (bpzpm) and 4,6-bis(4-methylpyrazol-1-yl)pyrimidine (Me-bpzpm) (see Scheme 2),
that lack the N5 atom, making impossible an intramolecular 1,4-metallotropic shift of the metal.
Because these new ligands still possess two identical asymmetric chelating coordination sites, if
the palladium fragments are able to jump from one position to the other, a different pathway
must be involved.
Two processes have been detected in the complex: an intramolecular apparent allyl rotation and

an intermolecular process of interconversion of the two pyrazolyl groups, with negative activation
entropy, for which an associative mechanism is proposed. The existence of this latter process
indicates that the presence of a nitrogen atom is not necessary in the 5-position of the central
heterocycle of the ligands in order for an interconversion of the two pyrazolyl groups to take
place. However, participation of a nitrogen atom in the 5-position cannot be excluded when it is
present.211 Another goal of this study211 was to explore the possibility of synthesizing asymmetric
dinuclear derivatives and to study the mutual influence of the two metallic groups through the
ligand core. In this context different reactions have been performed with the bpzpm and
Me-bpzpm ligands, with the metallic complex Pd(C6F5)2(COD) or Pd(C6HF4)2(COD) where
COD= cyclooctadiene, and with the solvato [Pd(3-2-Me-C3H4)(S)2]Tf(Tf=CF3SO3).

a

a′

s′

s Pd
S

S

N N

N
N

R

N
N

R

CF3SO3

3"
6

5

4

2

5' 5"4" 4"
3"

a

a′

s′

s Pd N

N
N

N

N
N

RR

a

a′

s′

s Pd N

N
N

N

N N

RR

Pd
a

′s

s
a′

F2
Pd(cod)

F6

X
F4

F3

F2
F3

F4
X

F6

N
N

N N

N
N

PdC6XF4

C6XF4

N
N

N N
N

N

PdC6XF4

C6XF4
Pd

C6XF4
C6XF4

X = F, HX = F, H

R = H (bpzpm)
R = Me (Me-bpzpm)

R = H, Me R = H, Me

Pd(C6XF4)2(cod)

[(2Me-allyl)PdS2]Tf

Tf Tf2

Scheme 2

Immobilized metal ion affinity chromatography (IMAC) is an important method for the
separation of proteins having exposed histidine groups. Attachment of polyhistidine tails (Hisn
where n= 2–6) fused to a desired peptide or protein has been developed to enhance its affinity to
the IMAC column. A peptide Ser-Pro-His-His-Gly-Gly (SPHHGG) has been bioengineered to
select for high-affinity binding to of CuII-IMAC columns.212,213 The diamagnetic, square-planar
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[PdII(mida)] chelate (mida2�=methyliminodiacetate) is used to approximate the distorted tetra-
gonal CuII-IMAC sites in order to identify which amino acid groups or their side-chain donors of
SPHHGG and HHHHHH become attached to the metal site.214

Chemical cross-linking is a useful method to probe protein–protein interactions in solution.
A significant advance in this area would be to design chemical cross-linking reagents that could be
activated efficiently with visible light and which would then mediate protein cross-linking very
rapidly. A molecule that could be photoexcited to a state capable of oxidizing tyrosine might
mediate protein cross-linking with the assistance of a hydrogen atom-abstracting agent (see
Scheme 3).
The literature on PdII porphyrin photochemistry suggests that these agents might be useful in

this regard.215–217 To probe this point, glutathione S-transferase (GST), a native homodimer that
can also associate into higher-order species, was photolyzed with visible light (>400 nm) in the
presence of PdII 5,10,15,20-tetra(methylpyridinium)porphyrin (PdIITMPyP) and ammonium per-
sulfate (APS), a good electron acceptor.218 An approximately 50% yield of cross-linked products
was produced after only a 10s irradiation using a 150W xenon lamp and a 400 nm cutoff filter.
Little or no cross-linking was observed when either light, APS, or PdII porphyrin was omitted
from the solution or when free base porphyrin was substituted for the PdII derivative.218 To probe
the scope of this reaction, the PdII porphyrin/APS photomediated cross-linking of several proteins
was examined.218 A limitation of this reaction is the requirement for APS, which is cell-imperme-
able and can oxidize some cellular components directly. Therefore, it would be useful to find an
APS substitute with more favorable properties. CoIII complexes are sometimes used to accept
electrons from excited-state metal complexes. Unfortunately, much lower yields of cross-linked
products were produced when CoIII(NH3)5Cl

2þ was used in place of APS.218
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Mono- and dinuclear 2,20:60,200-terpyridine (terpy) complexes of PtII and PdII have been the
subject of numerous studies, e.g., with regard to photophysical219–222 and electrochemical223 proper-
ties as well as substitution-mechanistic aspects.224 The mononuclear compounds have also been
applied in biochemical and biochemistry related studies as DNA intercalators225–227 or metal probes
for the histidine228–230 and arginine residues.231 The interaction of [(terpy)PdCl] with model nucleo-
bases such as 1-methylcytosine (Hmcyt) was studied.232 Formation of mononuclear [(terpy)Pd(Hm-
cyt-N3 )]

2þ as well as dinuclear {(terpy)Pd}2(mcyt-N3, N4 )]
3þ was clearly evident from

potentiometric and proton NMR studies, but there was contradicting evidence as to the spatial
orientation of the two metal entities in the dinuclear complex. Mono- and dinuclear (terpy)MII

(M=Pd, Pt) complexes containing the model nucleobase 1-methylcytosine have been prepared,
X-ray structurally characterized and their solution behavior studied by spectroscopy.233 Evidence
points to a stacked conformation rather than an anti orientation of the two (terpy)M entities, and
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the visible spectrum is likewise in agreement with such a structure. The solid state structures further
confirm that a stacked conformation is possible, in principle.233

Recently, variably substituted oligonitriles became available for the first time in monodisperse,
well-defined form. Although these substances are isoelectronic with polyacetylenes (polyenes),
their structural and electronic properties are entirely different. Of special interest is their behavior
in complexation and redox reactions as well as their electrical conductivity and the NLO (non-
linear optical) properties. The complexation ability of oligonitriles was studied using palladium(II)
as the metal counterpart. Oligonitriles are expected to serve as potent polydentate ligands
since each imine nitrogen atom is a potential � donor. Furthermore, the numerous C¼N
bonds may give rise to � complexation. High molecular flexibility due to low barriers of rotation
around the C�N single bonds is expected to facilitate complexation.234

The tetraazaporphyrin (porphyrazine) macrocycle is a structural template for rigid organization of
the metal centers, with the potential to mediate electron transfer or magnetic exchange between metal
ions. Peripherally functionalized porphyrazines are prepared by the template cyclization of maleoni-
trile derivatives and have the formM[pz(An;B4�n)], where A and B symbolize functional groups fused
directly to the �-positions of the pyrroles, andM represents a metal ion coordinated in themacrocyclic
core. The peripheralAmoieties generally involve heteroatoms (S, N, O) appended to the porphyrazine
ring and can be designed to bind an exocyclic metal ion. The B groups can be designed to:

(i) optimize the yields;
(ii) introduce novel electronic, optical, or redox properties; or
(iii) to confer a desired solubility.

In octakis(dimethylamino)porphyrazine235,236 the peripheral (NMe2)2 moiety is analogous to the
metal-binding chelates tetramethylethylenediamine (tmen) and tetramethyl-o-phenylenediamine
(tmopda). This new ligand will coordinate PdCl2. The chlorine ligands were substituted by
dithiolato ligands and the first stable heteroleptic bis(amine)dithiolene palladium(II) complex
was synthesized and structurally characterized.237 As a step toward the synthesis of metal-linked
multiporphyrazine arrays, the bis(palladium)(btt)-bridged porphyrazine dimers were assembled
(btt=1,2,4,5-tetra(benzylthio)benzene).237 The heteroleptic palladium(II) complexes with electron
rich dithiolene ligands were unstable toward disproportionation.237

Present methods for the cyclization of peptides generally require a completely protected peptide
precursor, which is cyclized in solution or at a solid phase by using a coupling agent, as well as a
strongly activated acyl component. A facile, metal-mediated synthesis of 12-, 14-, 16-, and 18-
membered cyclic tetrapeptides or macrolactams is possible from readily accessible nonactivated
dipeptide ester precursors. The reaction of PdII salts with two equivalents of dipeptide ester in
methanol in the presence of NaOMe as base results in dianionic complexes, which can be isolated
by precipitation with suitable cations (see Figure 15).238

The crucial step is the same as that assumed for the oligomerization of peptides at metal
centers,239–241 namely the nucleophilic attack of a coordinated terminal amino group on the
carbonyl group of the neighboring trans-coordinated dipeptide ester.238 The cyclic tetrapeptide
is bound to the metal through the four deprotonated amide nitrogen atoms. The palladium center
and the N atoms lie in a plane.238 Tetrapeptide ester can be employed instead of two dipeptide
esters (see Figure 16).238 This synthesis of cyclotetrapeptides requires neither a protecting group
nor an activated group or a coupling reagent. It can be performed as a one-pot process. High
dilution of the reaction mixture is also not necessary (see Figure 16).238
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Figure 15 The reaction of PdII salts with two equivalents of dipeptide ester in methanol in the presence of
NaOMe as base results in dianionic complexes, which can be isolated by precipitation with suitable cations.
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6.4.6.4 Phosphorus

Several amphiphilic and water-soluble phosphine ligands have been reported with the aim of
anchoring the metallic center to a surfactant molecule to obtain a microheterogeneous arrange-
ment of the catalyst in the reaction media. A new water-soluble phosphine family with surfactant
properties was synthesized; their complexing properties toward PdII and the aggregation proper-
ties of these ligands and their metallic complexes were studied.242

Calix[4]arenes possessing the PIII functionality are receiving considerable attention as the ligands
of transition-metal complexes.243 Matt and co-workers reported the preparation of calix[4]arene
propyl ether having two diphenylphosphino groups at distal positions.244 They studied its com-
plexation with PdII and other transition metals to obtain the corresponding complexes with a trans
configuration. A bis(diphenylphosphino)calix[4]arene ligand has the benzyl ether group245 at the
lower rim, which fixes the cone conformation.245 PtII and PdII complexes bearing the bis(diphenyl-
phosphino)calix[4]arene as a ligand involve trans-dinuclear and cis-mononuclear derivatives. Espe-
cially, the latter show unique fluxional behavior caused by two simultaneous motions.246

In-plane bis(dipolar) assemblies were synthesized by stereoselective coordination of P,N-chromo-
phores on a d8-square-planar Pd-center.247 These are the first NLO-phores based on phosphole rings.
Trans-effect offers a simple synthetic methodology for controlling the in-plane parallel arrangement of
1D-P,N-dipoles in a molecular assembly.
Phosphine ligands based on the ferrocene backbone are very efficient in many palladium-

catalyzed reactions, e.g., cross-coupling reactions,248 Heck reaction,249 amination reaction,250

and enantioselective synthesis.251 A particularly interesting example of an unusual coordination
mode of the 1,10-bis(diphenylphosphino)ferrocene (dppf) ligand has been reported. Dicationic
palladium(II) complexes, such as [(dppf)Pd(PPh3)]

2þ[BF4
�]2, were shown to contain a palladium–

iron bond.252,253 Palladium–iron bonds occur also in monocationic methyl and acylpalladium(II)
complexes.254 A palladium–iron interaction is favored by bulky alkyl substituents on phosphorus
and a lower electron density at palladium.
The first catalytic dihydroamination of a phosphaalkyne was confirmed when the product

diaminophosphine was formed, the complex trans-[PdCl2{P(Pr
iNH)2CH2(Bu

t)}2].
255

Palladium complexes of inexpensive, easily synthesized bis(phosphinite) ‘‘PCP’’-pincer ligands
show good activity in the Suzuki coupling of deactivated and sterically hindered aryl bromides.256

The first heterodifunctional ligand derived from a tetradentate phosphine was made in a study
concerning synthesis and characterization of cis,trans,cis-1,3-bis(diphenylphosphino)-2,4-bis-
(diphenylphosphinothioyl)cyclobutane and its complex with PdCl2.
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Deprotonation of [Pd(dppe)(Me)(PH2Mes*)][BF4] (dppe=Ph2PCH2CH2PPh2, Mes*= 2,4,6-
(But)3C6H2) gave Pd(dppe)(Me)(PHMes*), which underwent reductive elimination to give
PH(Me)(Mes*) and Pd0. Since this type of P�C bond-forming step is important in Pd-catalyzed
cross-coupling reactions used for synthesis of tertiary phosphines, the authors have investigated
its generality and mechanism. Several complexes [Pd(diphos)(R)(PR0

2H)]
þ could be prepared by

the reaction of Pd(diphos)(R)(X) (diphos= dppe or dcpe (Cy2PCH2CH2PCy2, Cy= cyclo-C6H11);
R=Me, Ph, Mes (2,4,6-Me3C6H2); R

0 =Ph, Cy, Mes; X=Cl, Br, I) with Agþ and secondary
phosphines.258 However, attempts to extend these syntheses to complexes with diphosphines
having different bite angles and/or steric bulk did not give analogous products.259

The susceptibility of phosphites to hydrolysis limits their application as ligands for homoge-
neous catalysis. The fused tricyclic monophosphites derived from calix[4]arenes260–262 form coord-
ination complexes with palladium.263

Very little work has been devoted to cholesteryl-derived phosphines. The cholesteryl fragment
offers many advantages in terms of chirality, liquid crystalline behavior, lipophilicity, optical and
molecular recognition. Novel optically pure cholesteryl-phosphine ligands (3�-PPh2chol and 3�-
PMe2chol) have been synthesized and were shown to form stable and highly soluble Pd

II and PtII

complexes; as revealed by an X-ray analysis, the (chol)-P���P(chol) fragment of the square planar
trans-[PtI2(3-�-PMe2chol)2] complex adopts a staggered arrangement (V-shape), see Figure 17.

264

Cocrystals composed of two different neutral molecules are very rare and most can be classified
as those which have two or more very similar molecules, often differing in a substituent on a
ligand or by the presence of slightly different ligand such as replacement of one halide for
another. The reaction of [Pd(cod)Cl2] (cod= cycloocta-1,5-diene) with rac-diphenyl[2.2]paracyclo-
phanylphosphine PPh2(C16H15) affords trans-[Pd{PPh2(C16H15)}2Cl2] and [Pd{PPh2(C16H15)}Cl2]2
in approximately equal yield which cocrystallize to form an unusual solid-state material.265 The
crystal is composed of alternating layers of the two complexes intercalated with dichloromethane
solvent molecules (see Figure 18).265

The transformation of carbon dioxide into useful chemical derivatives is an attractive goal in
chemistry. Electroreduction of Pd2(dppm)2Cl2 and Pd(dppm)Cl2 (dppm= bis(diphenylphosphino)-
methane) in an aprotic medium under carbon dioxide produces Pd3(�3-CO)(�-dppm)3.

266

6.4.5.5 Oxygen

Cationic palladium(II) complexes are homogeneous catalysts for both intramolecular and inter-
molecular hydroamination reactions.267 Palladium species immobilized on silica can be prepared
by the simple addition of alkyl- or hydroxopalladium(II) complexes to partially dehydroxylated
silica. The silica-bound species are more stable than their molecular precursors and are efficient
catalysts for the cyclization of aminoalkynes.268
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Figure 17 The (chol)-P� � �P(chol) fragment of the square planar trans-[PtI2(3-�-PMe2chol)2] complex adopts
a staggered arrangement (V-shape).
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The majority of reported palladium hydroxo complexes are formed by the reaction of hydro-
xide with a metal–halide species by a simple metathesis reaction.269 Direct observation of proto-
nation of a hydrocarbyl ligand (M-R) on a d8 square planar metal by water to form R-H and a
M-OH species is extremely rare.270–274 However, this type of protonation reaction with water has
been proposed as the product release step in catalytic reactions that involve d8 square planar
hydroxo complexes.275,276 Preparation of a new potentially tridentate ligand, o,o0-
Ph2PC6H4C¼NCH2C6H4Br (PNC-Br), and a Pd

II-Br complex, (PNC)PdBr, of this new ligand
were reported. Abstraction of a bromide ion from the complex with AgBF4 in the presence of H2O
leads to protonation of the benzyl group of the PNC ligand, resulting in formation of a palladium bis-
�-hydroxo dimer, [(PN)Pd(�-OH)]2[BF4]2.

277

Dehydrative condensation of transition metal hydroxo complexes is a versatile synthetic
method, when the conjugated acid of the incoming ligand (H-A) is a protic compound. There
are reports of the synthesis of two types of square-planar hydroxopalladium complexes, mono-

nuclear [TpiPr2,X(L)Pd-OH] (X=H, Br) and dinuclear complexes [TpiPr2Pd(H2O)(�-OH)2
(H2O)PdTp

iPr2] (TpiPr2= hydrotris(3,5-diisopropylpyrazolyl)borate), and some dehydrative con-
densations of them.278

Gas-phase photolysis of metal-containing molecules readily causes photofragmentation to
produce metal atoms and ions. More recently it has been shown by luminescence spectroscopy
that photolysis of these molecules also readily produces diatomic metal-containing molecules in
the gas phase. These discoveries have assisted in the elucidation of the photolytic decomposition
pathways relevant to laser-assisted chemical vapor deposition (LCVD). Both desired fragments
and undesirable fragments containing heteroatoms that contaminate the final films have been
identified. The fluorinated acetylacetonate ligands (1,1,1,5,5,5-hexafluoro-2-4-pentanediona-
te= hfac) that were used in the latter studies provide good precursor volatility and allow for
facile transport in the gas phase, but they may also result in fluorine and/or carbon contamination
of the final deposit. The formation of diatomic metal fluorides can be easily eliminated by
removing the fluorine substituents from the precursor, but the carbon that leads to metal carbide
molecules cannot be so easily eliminated. Studies of the gas-phase photolysis of Pd(hfac)2, showed
that PdCþ is a common photoproduct over a wide range of irradiation wavelengths, but that the
ratio of Pdþ to PdCþ is very sensitive to the wavelength. Changing the wavelength by a few
angstroms can cause the formation of PdCþ to decrease below the detection limit. The photo-
products are monitored by using time-of-flight mass spectroscopy.279 The energy level diagram
(Figure 19) illustrates the photochemical events leading to Pdþ and PdCþ formation.279 These
types of wavelength dependence studies of chemical vapor deposition precursors are leading to a

Figure 18 trans-[Pd{PPh2(C16H15)}2Cl2] and [Pd{PPh2(C16H15)}Cl2]2.
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fuller understanding of the gas-phase photochemical components of the LCVD process and may
be helpful toward designing strategies for obtaining higher quality thin films.279

The coordination and catalytic chemistry of 1,10-bis(diphenylphosphino) ferrocene (dppf) has
been reviewed.280,281 It can be readily oxidized to its mono- and di-oxide (dppfO2) forms. Interest
in PdII–dppf chemistry stems from the rich catalytic activities shown by many dppf complexes of
PdII.282–286 Some of these complexes are susceptible to oxidation in solution and the decomposi-
tion product is generally assumed to be chiefly free dppfO2.287 There is a report of the isolation of
a simple PdII–dppfO2 complex with a rare mononuclear tetrahedral PdII center which, to our
knowledge, has not previously been reported in the literature.288 It is well known that d8 platinum
metals overwhelmingly favour square planar structures and only NiII forms a significant number
of tetrahedral complexes. The magnetic moment (2.48�B) is lower than that of a typical Ni

II

tetrahedral complex (ca. 3.2�B) but still consistent with paramagnetic Pd
II with two unpaired

electrons. The cyclic voltammogram shows a reversible one-electron couple.288 Crystallographic
analysis confirmed a mononuclear neutral complex with a chelating dppfO2 and two terminal
chlorides (see Figure 20). The near-ideal tetrahedral geometry at the PdII center is exemplified by
the large intra- and inter-ligand angles (O1—Pd1—O2, Cl1—Pd1—Cl2 and O—Pd—Cl angles of
104.3(3)�, 120.4(2)�, and 107.8� (av.), respectively).288

Reaction control with transition metal catalysis is largely underdeveloped in the carbohydrate
field. One of the most important reasons for the limited use of metal catalysis is the lack of
knowledge of the bonding mode of carbohydrates towards transition metal ions. An aqueous
solution of cis-[Pd(en)(OH)2] is a versatile agent for the analysis of carbohydrate–metal inter-
actions in alkaline aqueous media. In the presence of carbohydrate-based 1,2- and 1,3-diol
groups, the hydroxo ligands of cis-[Pd(en)(OH)2], are replaced by a dianionic diolato ligand.
The ligating alkoxo O atoms are acceptors in hydrogen bonds, which are established as intramo-
lecular bonds whenever possible. Pd-en is a coordinating solvent for polysaccharides, including
cellulose, which is molecularly dispersed to give entirely metallated single strands.289

A columnar mesophase consisting of chiral molecules tilted with respect to the column axis can
be ferroelectrically switched. The possibility of achieving ferroelectric switching in a columnar
liquid crystal comes from the appearance of a macroscopic polarization perpendicular to the
column axis. Ferroelectric columnar metallomesogens can be designed by taking advantage of the
possibility of obtaining disklike molecules by means of metal complexation, for metal bis(1,3-
diphenyl-1,3-propanedionates) bearing 10 peripheral tails.290 Two pentasubstituted 1,3-diphenyl-
propanedione ligands can be complexed to palladium(II), thus giving rise to a disklike core
surrounded by 10 chiral tails derived from L-(�)-lactic acid. A combination of different char-
acterization techniques—optical microscopy, differential scanning calorimetry, X-ray diffraction,
circular dichroism, and dielectric spectroscopy—has allowed a rigorous analysis of the mesophase
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Figure 19 Energy level diagram illustrating the photochemical events leading to Pdþ and PdCþ formation.
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structure and the switching process of these compounds.290 A single mesophase is stable at room
temperature. The mesophase has been identified as rectangular columnar by X-ray diffraction.
Circular dichroism has demonstrated the existence of helical order within the column. By
application of an alternating electric field, an electrooptic effect was observed. The response of
the material to the field is in accordance with a strong tilting of the molecules with respect to the
column axis.290

6.4.5.6 Sulfur

Hydrosulfido palladium complexes are rare. Only some terminal hydrosulfido compounds of the
type [PdL2(SH)2] (L2= 2 PPh3, 2 PEt3, 2 PBu

i
3, or diphos) (diphos= [1,2 bis(diphenylphosphi-

no)ethane]),291–293 have been reported and no examples of bridging hydrosulfido ligands on
palladium were known until recently. The �-hydroxo complexes of palladium are excellent
precursors in synthetic work.294–296 Their reactions with H2S gas gives the first bridging hydro-
sulfido palladium complexes. The mononuclear hydrosulfido complexes [Pd(C6F5)2(SH)(PPh3)]

�

prepared from the corresponding dimers by addition of PPh3 in the molar ratio 1:2, can be used
as metalloligands toward M0(PPh3)

þ (M0 =Ag or Au), yielding heterobinuclear or heterotrinu-
clear complexes.297

Potentially coordinatively unsaturated dithiolene-metal complexes are rare,298–306 and 1:1
dithiolene-transition-metal complexes with no other ligands are, to our knowledge, unprece-
dented.307 The neutral complex [PdS2C2(COOMe)2]6,

308 is homoleptic containing one dithiolene
unit for each palladium atom and no other ligands. Electrochemical reduction of the compound
depicted in Figue 21 proceeds in four reversible steps.
As nucleobases can bind metal ions, base-pairing interactions can be used directly in their

complexes. For the adenine–thymine (AT) pair, there are numerous possibilities for interactions
which involve two hydrogen bonds. The thermodynamically favored arrangement is the Hoogs-
teen AT pattern, which involves A-N7. However, since this is also the preferred site for metal-ion
binding, this pairing mode is often unavailable. The dithioether, shown in Figure 22, reacts with
PdII to give cationic A-N3-bonded complex.309 The dithioether group and the A-N3 site coord-
inate to the metal ion. The molecular structure of the complex cation is presented in Figure 23.
There is Hoogsteen base pairing between complex cations. Infinite base-paired chains are
formed by translational symmetry. The crystal symmetry produces antiparallel alignment of
neighboring chains. Further interactions between the nucleobases involve dimers of stacked AT
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Figure 20 A mononuclear tetrahedral complex with a chelating dppfO2 and two terminal chlorides.
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Figure 21 The neutral complex containing one dithiolene unit for each palladium atom and no other
ligands.
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Figure 22 The dithioether that reacts with PdII to give cationic A-N3-bonded complex in Figure 23.
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pairs that are slipped so as to form ATTA sequence runs with typical separations for �–� stacking,
as depicted in Figure 24. Evidently, controlling the metal ion nucleobase binding pattern by using
a chelating group enables the synthesis of base-pairing complexes that assemble in a predictable
arrangement.
Early/late heterobimetallics can be prepared from so-called metalloligands, in which a bifunc-

tional ligand is coordinated to a transition metal. In a second step, a second transition metal is
introduced. When the zirconocene metalloligand was treated with [PdCl2(PBu

n
3)2], the octanu-

clear ZrIV�PdII complex was formed unexpectedly, albeit in low yield (see Figure 25).310 There is
no Pd�Pd interaction [Pd1���Pd2 3.141(1) Å]. The cavity of the central 20-membered ring (Zr1—
Pd1—Zr1a—Pd1a) is filled by the n-butyl groups of the phosphine ligands. Additionally, two 10-
membered rings are formed by Zr2, Pd2, and the monodentate sulfidoacetato ligands. The
formation of this unprecedented large ring-like molecule is apparently preferred over the forma-
tion of simple heterodinuclear complexes.
Palladium dimethylsilanedithiolato complex is a precursor for Ti�Pd and Ti�Pd2 heterometal-

lic complexes.311 The bis-silyl sulfides (R3Si)2S have been widely used to prepare a variety of
metal sulfide clusters, because these reagents exploit the strength of the Si�O and Si�Cl bond to

Figure 24 Interactions between the nucleobases involve dimers of stacked AT pairs that are slipped so as to
form ATTA sequence.
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replace a halide, alkoxide, acetate, or oxide with a sulfido ligand under very mild and controlled
conditions. Therefore, a metal–silanethiolato complex (e.g., M—SSiR3) would be expected to
serve as a synthetic precursor for homo- and hetero-metallic sulfido clusters.312,313 The synthesis
of a palladium dimethylsilanedithiolato complex and its cluster forming reactions with
(C5H5)TiCl3 and TiCl4(THF)2 are shown in Figure 26.

311

The formation of mesogenic materials from functionalized macrocyclic ligands is the subject of
considerable current interest. On complexation to PdII, the macrocyclic ring becomes conform-
ationally locked and acts as a rigid spacer which couples the terminal mesogenic groups together.314

This demonstrated the ability of a metal ion to induce mesomorphism (liquid crystallinity) in
non-mesomorphic ligands, and thus to define a sensing function for the ligands.
Pelletier and Reber315 present new luminescence and low-energy excitation spectra of

Pd(SCN)4
2� in three different crystalline environments, K2Pd(SCN)4, [K(18-crown-

6)]2Pd(SCN)4, and (2-diethylammonium N-(2,6-dimethylphenyl)acetamide)2Pd(SCN)4, and ana-
lyze the vibronic structure of the luminescence spectra, their intensities, and lifetimes as a function
of temperature. The spectroscopic results are compared to the HOMO and LUMO orbitals
obtained from density functional calculations to qualitatively illustrate the importance of the
bending modes in the vibronic structure of the luminescence spectra.
The best known dithiolenes are those derived from the dmit ligand (dmit=C3S5

2�, 1,3-dithiole-
2-thione-4,5-dithiolate) with d8 transition-metal ions316–325 because of their interesting electrical
conduction properties. At present, several superconductors deriving from the dmit ligand, such as
�-TTF[Pd(dmit)2],

326 (TTF= tetrathiafulvalene) are known. Some neutral [Ni(S2C2R,R
0)2] dithio-

lenes could be used as Q-switching dyes for NIR-lasers because of their high photochemical
stability and intense vis-NIR absorption.327 This absorption, attributed to a �–�* electronic
transition between the HOMO and the LUMO, occurs at energy values depending on the nature
of the R and R0 substituents. For the simplest dithiolenes (R=R0 =H, often reported as ‘‘parent
dithiolenes’’) this absorption was observed at 785 nm for [Pd(S2C2H2)2].

328 The more recently
reported [Pd(Et2timdt)2]

329 shows the NIR absorption band at 1010 nm with a molar extinction
coefficient of 70,000M�1 cm�1. The wavelength and the high intensity of the NIR absorption
band also propose this new class of dithiolenes as candidates for Q-switching the Nd:YAG laser
(excitation wavelength 1,064 nm). To obtain dithiolenes characterized by the NIR absorption as
close as possible to the excitation wavelength of the Nd:YAG laser, the authors have system-
atically varied either the central metal or the substituents R and R0 in the [M(R,R0timdt)2]
dithiolene unit. Therefore, dithiolenes with M=Pd have been synthesized (see Scheme 4).330

The interaction of palladium(II) complexes with sulfur-containing peptides was studied by
electrospray mass spectrometry.331

Ferrocene compounds containing heteroelements are versatile building blocks for polynuclear
complexes. They possess electrochemically active iron centers as well as unique cylindrical shapes.
An example of ferrocene-substituted thiolato ligands is 1,10-ferrocenedithiolate (S2fc). Its complex
with Pd(II) lacks a Pd�Fe bond.
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Metal dithiolenes can exist in well defined oxidation states. The intense vis–NIR absorption is
assigned to a �! �* transition between HOMO and LUMO and depends on the nature of the
substituents R1 on the carbon atoms of the [S2C2R

1
2 ]
2� moiety. Accepting substituents shift this

absorption to lower energies. The aim is to prepare complexes of this class having the NIR
absorption as close as possible to the Nd–YAG laser excitation energy. The first Pd complex
belonging to this new class of dithiolenes, [Pd(Et2timdt)2], is fully characterized.

329 In order to
obtain mixed-valence compounds which might have interesting conducting properties, the authors
treated it with diiodine in several molar ratios.329

6.4.5.7 Selenium and Tellurium

The preparation of transition metal complexes with organoselenide and -telluride ligands char-
acteristically involves the oxidative addition of the organochalcogen compounds to low-valent
transition metal centers most often resulting in the cleavage of the chalcogen–chalcogen bond and
the formation of mono- or dinuclear complexes with anionic bridging or terminal RE� (E= Se,
Te) ligands, as shown in Figure 27.
It has, however, also been reported that the reaction of aryl ditellurides with Ni0, Pd0, and Pt0

may result in the cleavage of the carbon–chalcogen bond.332–335 The oxidative addition of
organochalcogen compounds to low-valent transition metal centers is considered a key step in
homogeneous catalysis.336 Complex [Pd2(SePh)4(PPh3)2] forms from Ph2Se2 and [Pd(PPh3)4] in
benzene.337 Analogous dinuclear complexes in which two bridging RE� (E= S, Se) ligands link
two palladium centers together are exemplified by [Pd2(C3H5)2{Ph2P(O)NP(Se)Ph2-
Se}2]�2CHCl3,338 [Pd2{Se2C8H12}2(PPh3)2],

339 and [Pd2Cl2(SeMe)2{SeMe(C4H2O)}2CMe2].
340

The oxidative addition of bis(thienyl) diselenide to [Pd(PPh3)4] results in the cleavage of the
Se�Se bond. The main products in the reaction of [Pd(PPh3)4]and Th2Se2 are dinuclear cis- and
trans-[Pd2(SeTh)4(PPh3)2], which could be identified by 31P- and 77Se-NMR spectroscopy.
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Recrystallization afforded trans-[Pd2(SeTh)4(PPh3)2], which could be characterized by X-ray
crystallography. When the reaction is carried out in dichloromethane, a small amount of
[PdCl(Th)(PPh3)2] is formed. This implies that the solvent plays an active role in the reaction
and that the cleavage of a C�Se bond may also occur during the oxidative addition.341 The
different behavior of analogous palladium and platinum complexes has been noted for the
reactions of [MCl2(PhCN)2] (M=Pd, Pt) with cyclohepteno-1,4-diselenin.339,342 The reaction
with [PdCl2(PhCN)2] is a simple ligand substitution reaction whereas with [PtCl2(PhCN)2] an
oxidative addition of a C�Se bond to a PtII center takes place with the formation of a dinuclear
platinum(IV) complex.341 The oxidative addition reactions involving aromatic ditellurides are
significantly more complicated than those involving diselenides. They also depend on the choice
of the aromatic substituent, and are sensitive to the choice of the solvent.341

The complex bis(tetraphenylphosphonium)[bis(1,2-diselenosquarato)palladate(II)], (Ph4P)2
[Pd(dssq)2], is the first coordination compound of the new ligand 1,2-diselenosquarate.

343

6.4.5.8 Halogens

Neutral palladium(II) complexes containing carboxylic acid groups can give supramolecular
structures through intermolecular hydrogen bonding, but in cationic complexes the desired
hydrogen bonding between carboxylic acid groups did not occur because H-bonding of the
carboxylic acid groups to the anions or to solvent molecules was generally preferred.344,345

Amides form stronger hydrogen bonds. Both neutral and cationic palladium(II) complexes con-
taining carboxamide groups are readily prepared, and they self-assemble to form interesting
supramolecular arrays. The neutral complex trans-[PdCl2(NC5H4-3-CONHMe)2] forms an infinite
two-dimensional sheet structure in the solid state. The sheets are further connected by weaker
Pd���Cl bonds and O���H�O hydrogen bonds to form a three-dimensional network.346

For halide ligands, a coordination number of four (�4-X) is rare. Self-assembly of d
8 metal

centers and halides around a pyramidal halide gives tetrapalladium complexes. In this unprece-
dented case the metallamacrocycle owes its formation to the halide acting as a template.347 The
complexes (PPN)[Pd4(Fmes)4] (Fmes= 2,4,6-tris(trisfluoromethyl)phenyl) display fluxional behav-
ior in solution in noncoordinating solvents.347

Only eight transition-metal species containing a terminal FHF (FHF=Fluorine-Hydrogen-
Fluorine) ligand have been described in the literature. Of those, only six have been isolated in
pure form and only four have been structurally characterized. A palladium bifluoride complex,
[(Ph3P)2Pd(Ph)(FHF)], has been studied by X-ray diffraction, IR, and VT (variable temperature),
1H-, 19F-, and 31P-NMR spectroscopy, and 19F-NMR magnetization transfer.349 The Pd bifluor-
ide is fluxional in solution at room temperature due to F/F interchange. When the latter is frozen
at �60 �C, the structure in solution is similar to the solid-state X-ray structure. Although all
structural and spectroscopic data point to MF���HF rather than M���FHF character, 19F-NMR
magnetization transfer experiments have demonstrated a minor contribution of HF dissociation
to the exchange. The main process that governs F/F exchange is intramolecular
(�H‡= 33.7
 2.1 kJmol�1; �S‡=�56.1
 9.6 Jmol�1K�1), which is proposed to occur via the
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Figure 27 Oxidative addition of the organochalcogen compounds to low-valent transition metal centers
most often resulting in the cleavage of the chalcogen–chalcogen bond and the formation of mono- or

dinuclear complexes with anionic bridging or terminal RE� (E= Se, Te) ligands.
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pentacoordinate intermediate [(Ph3P)2Pd(Ph)(�
2-FHF)]. DFT calculations for two model Pd

bifluoride complexes [(R3P)2Pd(Me)(FHF)] (R=H, Me) indicate virtually unrestricted rotation
around the Pd-FHF bond.349

One way to investigate the effect of halide ions on the structure and reactivity of palladium(0)
complexes in oxidative addition with aryl halides350–353 was to generate them by electrochemical
reduction of PdX2(PPh3)2 in the presence of various amounts of halides X

� (X=Cl,350,351 Br,351

I351) in THF. Reinvestigation of this reaction led the authors to reject their first tentative
hypothesis and to establish that reactions of halides X� with PdX2(PPh3)2 result in substitution
of one phosphane ligand with formation of an anionic PdX3(PPh3)

� species; this palladium(II)
complex is more difficult to reduce. In other words, the two peaks represent the reduction of two
different palladium(II) complexes. Halide ions can substitute a phosphane ligand in PdX2(PPh3)2
complexes to afford anionic species PdX3(PPh3)

� by an equilibrium. The phosphane substitution
is easier for chloride ions which reveals the higher nucleophilic affinity of Cl� for the palla-
dium(II) center than that of Br� or I�. This can be understood as an interaction between ‘‘hard’’
Lewis acids and bases.354 Conversely, we have reported that the affinity of Cl� for palladium(0)
centers is less than that of Br� or I� which can be rationalized as an interaction between ‘‘soft’’
centers.351 Those results are evidence of the ability of halide ions to coordinate both palladium(0)
and palladium(II) complexes. The ligation of palladium(0) complexes by halide351–353 or acetate
ions353,355 affects the mechanism of palladium-catalyzed reactions. Although palladium(II) diha-
lide complexes are less involved as promoters of catalytic reactions than palladium(0) complexes,
arylpalladium(II) halide complexes are postulated to be crucial intermediates in palladium(0)
catalyzed reactions involving aryl halides. Reactions of halide ions X0� with ArPdX(PPh3)2
complexes do not result in a substitution of one phosphane ligand but rather substitution of
the halide X� to form neutral ArPdX0(PPh3)2 complexes.

356 In fact, ArPdX(PPh3)2 complexes are
not reactive intermediates in cross-coupling351,353 or Heck353,355 reactions, and the effect of
chloride or acetate anions on the course of these reactions is to produce new anionic or neutral
complexes such as ArPdX(Cl)(PPh3)2

�, ArPdX(OAc)(PPh3)2
�, ArPd(OAc)(PPh3)2, where the two

phosphane ligands remain attached to the palladium(II) center.354

6.4.5.9 Hydrogen

Rate constants for H2 activation vary with Pdn cluster size.
357 This is in accord with theoretical

studies, which have predicted that the minimum-energy structure is a side-bonded atom-molecule
complex,7,358–364 but that Pd2 can form a stable ring (PdH)2 species with no H�H bond.13,14 Evidence
for naked metal–H2 complexes in a krypton and xenon matrix study with Pd was interpreted in terms
of both end- and side-bonded complexes;362,365 however, theoretical investigations find a stable
minimum only for the side-bonded structure. The complete infrared spectrum of Pd(H2) in solid
argon, is in very good agreement with the density functional theory (DFT) calculated vibrational
spectrum. The novel bis- and tris-H2 complexes, the related Pd�Pd(H2) complex, and the stable
(PdH)2 reaction product containing dissociated dihydrogen are identified.

366

Many palladium-catalyzed reactions are initiated by the reaction of a palladium(0) complex
with an acidic derivative.367 The catalytic cycle is considered to be induced by a hydridopalladium
complex. When the acidic derivatives are strong acids (e.g., HBF4, HCl, CF3CO2H, HOTs), the
hydridopalladium formation may be regarded as the protonation of basic Pd0 to afford complexes
HPdL3

þ368–374 or HPdL2S
þ,375 in which S= solvent (see Equation (1)):

H+  +  Pd0Ln' HPdLn
+  +  (n'–n)L ð1Þ

The palladium may then be considered as either Pd0 ligated by a proton or as PdII ligated by a
hydride,376 albeit that the very negative shift of the 1H-NMR signal is more indicative of a
hydride linked to a palladium(II) center. This is why this reaction is also considered as an
oxidative addition.376 When weak carboxylic acids are involved (e.g., acetic acid, formic acid),
the reaction is regarded as an oxidative addition, i.e., insertion of palladium(0) into the H�X
bond (see Equation (2)):367,376

HX  +  Pd0Ln' HPdIIXLn'  +  (n'–n)L ð2Þ
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It is not clear whether the X anion remains ligated to the palladium(II) center. For example, for
acetic acid, the palladium hydride was initially postulated as being HPd(OAc)Ln,

377,378 but more
recently as HPdLn

þ.367 To date, none of these complexes has been characterized.367 Oxidative
addition of acetic acid or formic acid to a palladium(0) complex in DMF affords a cationic
palladium hydride trans-HPd(PPh3)2(DMF)

þ, with an acetate or a formate counter-anion. Both
reactions are reversible and involve an unfavorable equilibrium so that a large excess of acid is
required for the quantitative formation of the palladium hydride complex.379 This allows us to
conclude that the catalytic reactions initiated by reaction of palladium(0) and acetic acid (or
formic acid) proceed via a cationic palladium hydride trans-HPd(PPh3)2(DMF)

þ, when they are
performed in DMF.379

6.4.5.10 Mixed Donor Atoms

The palladium(II) chemistry of the tri-linked macrocycles of the type shown in Figure 28, parallels
that of the related single ring macrocycles.380

There has been considerable interest in the study of multinuclear d8 metal complexes with
bridging sulfide ligands.381 The first examples of triangulo palladium(II) are the complexes
containing substituted 2,20-bipyridine and triply bridging sulfide ligands, namely
[Pd3(diimine)3(�3-S)2][ClO4]2.

382

Carbon disulfide undergoes 1,3-dipolar cycloaddition to the coordinated azide in the cyclopal-
ladated PdII complex.383

The authors synthesized three amino acid substituted calix[4]arenes and investigated their
coordination reactions towards PdII using electrospray mass spectrometry.384

By linking metal-binding domains to estrogen through the 17�-position, strong affinity for the
estrogen receptor is achieved. The palladium(II) metallo–estrogen shows transport and subse-
quent binding affinity that is of the same order as estradiol itself. Despite their monocationic
nature, the palladium(II) complexes have exhibited similar (and even enhanced) receptor binding
affinities compared to their corresponding neutral free ligands.385

Many bis-chelate PdII complexes possessing a cis-arrangement of the phosphinoalkylsilyl
ligands have been synthesized,386–389 but comparatively few trans-bis-chelates are known. The
kinetic stability of trans-bis-chelates can be greatly enhanced by placing a bulky o-carborane unit
in the ligand backbone.390

Hydrothermal synthesis using hard and soft acids and bases gave the metal hydroxide-based
phases M3Pd2(OH)2[NC5H3(CO2)2-2,4]4(H2O)4 (M=Co, Ni, Zn).391 A crystal structure is shown
in Figure 29.
The C2-symmetric 1,1-binaphthyl unit and tetradentate Schiff bases (salen) constitute two of

the most important types of chiral auxiliaries in metal-mediated asymmetric catalysis. Their
‘‘hybridized’’ forms, i.e., binaphthyl Schiff bases, have been developed. One palladium(II) tetra-
dentate Schiff base complex, characterized by X-ray crystallography, contains N3O rather than
N2O2 chelating atoms.

392 These ligands, shown in Figure 30, favor the nonplanar N2O2 arrange-
ment in binding metal ions.
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Figure 28 A tri-linked macrocycle of the type used in palladium(II) chemistry.
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The synthesis, structure, and catalytic properties of a PdII complex with a partially hydrogen-
ated ligand, shown in Figure 31, are described.393 This study provides the first asymmetric
epoxidation of alkenes catalyzed by a palladium complex.393

In many reactions catalyzed by late transition metals, the precatalyst is stabilized by ligands
having phosphorus donor atoms which are compatible with a wide variety of metal oxidation

Figure 29 Crystal structure of the basic building block for M3Pd2(OH)2[NC5H3(CO2)2-2,4]4(H2O)4
(M=Co, Ni, Zn).
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states and therefore with redox changes that may occur. Ligands which bear both phosphorus and
nitrogen donors confer high reactivity and selectivity in some catalytic reactions. The first P,N
ligand shown in Figure 32 can form five-membered ring chelates, in allylic alkylation with Pd.394

A study reports the synthesis and structure of PdII complexes containing chelating (phosphino-
methyl)oxazoline P,N-type ligands, the second shown in Figure 32. These complexes catalyze the
copolymerization of ethylene/CO.395

The new arsino(phosphino)methanes with bulky substituents at the two donor centers can behave
both as chelating and bridging ligands toward palladium(II). Besides neutral and mono- as well as
di-nuclear cationic compounds, in which these ligands are bonded in a chelating fashion, a di-nuclear
complex of the A-frame type could also be generated (see Scheme 5).396
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Figure 32 The first P,N-ligand shown in Figure 32 can form five-membered ring chelates, in allylic
alkylation with Pd; the second is a chelating (phosphinomethyl)oxazoline P,N-type ligand, that catalyzes

the copolymerization of ethylene/CO.
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An optical-microwave double resonance study131 of a metal–organic chelate compound Pd(2-
thpy)2 ((2-thpy)

�= 2-thienylpyridinate) in the lowest excited triplet state demonstrated the com-
plementary nature of time-resolved emission spectroscopy and phosphorescence microwave
double-resonance spectroscopy. Interestingly, both methods131,397 can reveal a spin selectivity in
the vibrational satellite lines of the emission spectrum. The complex Pd(qol)2 (qol

�= 8-quinoli-
nolato-N,O= oxinate) is investigated by means of high-resolution and site-selective emission
spectroscopy as well as by methods involving microwave double-resonance spectroscopy to
develop a detailed understanding of the properties of the lowest excited states, presumably of
the intraligand charge-transfer type.398

Phosphinothiolato chelate ligands place phosphorus and sulfur in a cis configuration, and this
should imprint electronic asymmetry on the metal center to be transmitted to any trans groups.
An important difference in bulk between coordinating atoms is also characteristic of this type of
ligands. Asymmetry in size and electronic influence should be important to the stability of the key
intermediates that control the stereochemistry of the products of interesting reactions that are
thought to depend on two adjacent coordination sites, such as catalytic palladium mediated
carbonylations. Furthermore, more recent reports point to the particular nature of catalytic
carbonylation systems that incorporate thiolato ligands. Aminothiolato complexes of palladium
with triphenylphosphine catalyze the conversion of styrene to 2-phenylpropionic acid in high yield
and excellent regioselectivity.399,400 While these systems could only be acting with an open P,S-
coordination, phosphinothiolato complexes could act with a closed P,S-coordination. Synthetic
routes were found to hitherto unknown stable compounds containing palladium(II), the simple
phosphinothiolato ligands 2-(diphenylphosphino)ethanethiol (HSCH2CH2PPh2, Hdppet) and
3-(diphenylphosphino)propanethiol (HS(CH2)3PPh2, Hdpppt), and also triphenylphosphine in
an effort to contain the tendency of thiolato ligands to form bridged species.401 Complexes of the
type [PdCl(S-E)(PPh3)] with E=P, contain the chelating dppet and dpppt ligands. Mononuclear
complexes of this class with E=N are the aminothiolato-S,N complexes [PdCl(S-N)(PPh3)], where
S-N are the ligands derived from cisteamine, cysteine ethyl ester, and penicillamine methyl ester.399

Phosphinothiolato complexes of palladium have never been tested in any carbonylation reaction,
and catalysis reports on open P,S-coordinated thiolato phosphine palladium systems are rare.402

In phosphinothiolato complexes, the phosphorus side is bulkier, so that trans complexes are
expected for the square planar coordination of d8 ions. Complexes of palladium with the ligand
o-(diphenylphosphino)benzenethiolato, such as trans-[Pd(SC6H4PPh2)2] and [Pd2I2(SC6H4PPh2-
P,�-S)2], have been obtained from the corresponding thioether complexes.403–405 In a series of
studies on the resolution of ligands with chirality at phosphorus involving metal complexation, a
series of group 10 metal complexes with 2-(methylphenylphosphino)ethanethiol have been
reported, including the palladium bischelate Pd(SC2H4PMePh)2.

406–409 Palladium complexes
with a ferrocenyl phosphinothiolato ligand410 and with a phosphacyclic thiolato ligand411 have
been recently described. Curiously, the anion bis(ethane-1,2-dithiolato)palladate [Pd(edt)2]

2� 412

evolves into anionic [Pd2(edt)3]
2�. Structural diversity makes it difficult to predict the precise

nature of dppet and dpppt palladium species of 1:1 stoichiometry.401

The imidazole unit coordinates to transition-metal ions, such as palladium(II) and platinum(II),
predominantly via one of its nitrogen atoms. In some rare cases, however, the cyclic unit may also
coordinate as a carbene or an amidine ligand via its C2 carbon atom.413 Palladium complexes
containing C-bound imidazole ligands are efficient catalysts for cross-coupling reactions.414 There
is a report of the palladium-template synthesis of the first imidazole-substituted tertiary phos-
phine bidentate ligand in which the C2 carbon of the imidazole unit is involved in metal
chelation.415 An organopalladium-complex-promoted Diels–Alder reaction between 1-phenyl-
3,4-dimethylphosphole and 1-vinylimidazole gave a novel imidazole-substituted phosphanorbor-
nene bidentate ligand which coordinated to the palladium template via the C2 carbon atom of the
imidazole group and the bridgehead phosphorus donor atom (see Scheme 6).415

The insertion of unsaturated molecules into metal–carbon bonds is a critically important step in
many transition-metal catalyzed organic transformations. The difference in insertion propensity
of carbon–carbon and carbon–nitrogen multiple bonds can be attributed to the coordination
characteristics of the respective molecules. The difficulty in achieving � to � isomerization may be
the reason for the paucity of imine insertions. The synthesis of amides by the insertion of imines
into palladium(II)-acyl bonds is the first direct observation of the insertion of imines into bonds
between transition metals and carbon (see Scheme 7). The alternating copolymerization of imines
with carbon monoxide (in which the insertion of the imine into palladium-acyl bonds would be
the key step in the chain growth sequence), if successful, should constitute a new procedure for
the synthesis of polypeptides (see Scheme 7).348
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Anionic, nonzeolitic inorganic supramolecular architectures are very rare, and the only exam-
ples known involve iodine-rich compounds.416–418 Reaction of the binuclear complex
[Pd2Cl2([18]ane-N2S4)](PF6)2

70 with Bun4NI and I2 in a 1:2:4 molar ratio in acetonitrile, followed
by several days of slow evaporation of the solvent, affords black prismatic crystals in 90% yield.
The asymmetric unit consists of one I5

� and two I3
� ions and one and a half binuclear

[Pd2Cl2([18]aneN2S4)]
2þ dications. The PdII ions are each coordinated to one N- and two S-

donor atoms, and a Cl� ligand completes the square-planar coordination. The two coordination
planes lie parallel to each other but the overall binuclear dication adopts a stepped conformation
in order to minimize steric interactions, see Figure 33.419 The dications are linked pairwise by
hydrogen bonds. The intracation Pd���Pd distances are 4.055(2) Å and 4.155(2) Å, while the
Pd���Pd distances between adjacent cations are significantly shorter. The infinite chains of
binuclear dications are embedded in a unique matrix of polyiodides whose fundamental units
are one ‘‘L’’-shaped I5

� ion consisting of an asymmetric I3
� ion interacting with a I2 molecule and

two slightly asymmetric I3
� ions.419 These results confirm the general principle of template
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condensation of three-dimensional polyiodide networks at metal cations complexed by macro-
cycles. The formation of polyiodide architectures may be regarded as a template reaction in the
second coordination sphere of complex cations in which the unique topology of the resultant
polyanionic networks depends upon the shape and charge of the template cations.419

6.4.5.10.1 Promoters and catalysts for hydrolysis and related reactions

Complexes of palladium(II) can bind to the thioether group in methionine (Met) and to the
imidazole group in histidine (His) residues. In the dipeptides of general formula Ac-His-Aa and
Ac-Met-Aa (in which Ac is N-acetyl group and Aa is a leaving amino acid), the anchored PdII ion
hydrolyzes the peptide bond involving the carboxylic group of the anchoring amino acid, that is,
the first peptide bond downstream from the anchor.4,420–425 The cleavage of dipeptides Ac-His-Aa
is moderately catalytic;423,425 a turnover as high as 14 was achieved with a binuclear PdII complex
as a catalyst.426

Palladium(II) complexes act with different regioselectivity in cleaving dipeptides and proteins,
as shown in Figure 34. The sites of cleavage are highlighted. The anchoring side chain is
coordinated to the PdII ion via the group L; the remaining three ligands are not specified. The
direction of the cleavage is defined with the anchor as the reference point. A study involving a
histidine-containing 19-residue fragment of the protein myohemerythrin, which can exist as an

HN
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Figure 33 The two coordination planes lie parallel to each other but the overall binuclear dication adopts a
stepped conformation in order to minimize steric interactions.
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Figure 34 Palladium(II) complexes act with different regioselectivity in cleaving dipeptides and proteins.
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�-helix or a random coil, showed that the regioselectivity and the rate of cleavage are independent
of the overall conformation.427 In this long substrate, the only cleaved site was the second peptide
bond from the N-terminal side of one of the two histidine residues, that is, the second bond
upstream from the anchor. Palladium(II) complexes proved remarkably effective in promoting
fairly regioselective cleavage of cytochrome c,428 myoglobin,429 three albumins,430 and several
other proteins. Because histidine and methionine residues have a combined average abundance in
proteins of only 5.5%, the cleavage usually will give large fragments, convenient for sequencing
and other biochemical applications. Upon removal of PdII ions by precipitation or chelation, the
peptides (protein fragments) should remain pristine and can be used further. Simple and readily
available PdII complexes act with unprecedented and useful regioselectivity in promoting the
hydrolytic cleavage of peptides and proteins. In acidic aqueous solution, these reagents hydrolyze
the peptide bond involving the amino group of the residue preceding the methionine or histidine
side chain in the sequence, that is, the second peptide bond upstream of these anchoring residues
(see Figure 34).431 The ability of PdII complexes to cleave proteins at relatively few sites, with
explicable selectivity, and with good yields bodes well for their growing use in biochemical and
bioanalytical practice.
Kostić et al. showed that palladium(II) complexes spontaneously bind to the side chains of

methionine and histidine residues and effect hydrolytic cleavage of short peptides with half-lives
that range from several hours to several minutes.4,231,420–449 Because palladium(II) complexes are
diamagnetic, kinetic experiments are easily done by 1H-NMR spectroscopy. Because the cleavage
reactions sometimes occur with turnover,424–426 the simple palladium(II) complexes that catalyze
them can be considered primitive artificial peptidases. The successes in selective cleavage of
cytochrome c,422 myoglobin,429 and other proteins4,431 bode well for the general applicability of
these new reagents in biochemistry and allied disciplines. A study showed for the first time that
peptide bonds can be cleaved with commercially available salts of [PdCl4]

2� anion; no chemical
derivatization or modification of this simple complex is required. Aquation of this complex,
however, causes a remarkable difference in reactivity; the complex [Pd(H2O)4]

2þ cleaves peptides
more rapidly and with different regioselectivity than its chloro precursor does. Experimental
kinetics and theoretical molecular dynamics were combined to study how simple substitution of
ancillary ligands affects hydrolytic cleavage of peptides by palladium(II) complexes and to
determine the stereochemical basis for the regioselectivity of cleavage.444

Palladium(II) complexes, as cleavage agents, differ from the well known complexes of other
transition metals because their attachment to substrates is achieved simply by mixing; the hydro-
lysis reactions have half-lives as short as 15min, and the complexes are easily removed from the
cleaved substrates. Longer peptides and proteins are readily cleaved by PdII complexes, but with a
different regioselectivity.4,431 A better knowledge of the coordination chemistry of histidine-
containing peptides with palladium(II) complexes is necessary for understanding the regioselect-
ivity of peptide and protein cleavage promoted by such complexes. A paper reports an 1H-NMR
investigation of the hydrolysis reaction of a model histidine-containing dipeptide, N-acetylated L-
histidylglycine, catalyzed by a series of palladium(II) complex cations of the type cis-
[Pd(L)(H2O)2]

2þ in which L is a chelating diamine ligand, which differ in the number of methyl
groups at the nitrogen or carbon atom, or S,N-coordinated amino acid. The observed rates of
reaction are explained in terms of steric hindrance of the chelating ligand on the palladium(II)
complexes.447 The results of this study of dipeptides are not pertinent to study of cleavage of
longer peptides and proteins by PdII complexes.
A monodentate palladium(II) complex trans-[Pd(py)2(H2O2)]

2þ hydrolyzes Met-Aa amide
bonds with a rate comparable with that promoted by [Pd(H2O)3(OH)]

þ. Unlike [Pd(H2O)3(OH)]
þ,

trans-[Pd(py)2(H2O2)]
2þ is relatively stable and easy to prepare. An N,N-chelated complex con-

taining temed (N,N,N0,N0-tetramethylethylenediamine) hydrolyzes Met-Aa amide bonds with
hydrolytic rate controlled by temed release. The action of the other two complexes, cis-[Pd(ED-
TA)Cl2] (EDTA= ethylene diaminetetraacetic acid) and cis-1,2-bis(2-formylglycinebenzene-
sulfenyl)ethane PdII chloride differs from the action of similar complexes of cis-[Pd(en)Cl2] and
cis-[Pd(dtco-3-OH)Cl2] (dtco-3-OH= 1,5-dithiacycooctan-3-ol).448

A promising method for protein cleavage consists of spontaneous attachment, without tether-
ing, of preformed PdII complexes to nucleophilic side chains, followed by cleavage of proximate
amide bonds. To investigate possible effects of the secondary structure (conformation) on the
cleavage promoted by palladium(II) complexes, Kostić et al. compared the reactivity of the same
nonadecapeptide in predominantly �-helical and essentially random-coil conformations. This
study indicates that cleavage is probably unaffected by the overall conformation of the substrate,
at least in the polypeptide examined.427
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Most of the palladium hydrolysis reagents used to date must be applied in aqueous solution.
This requirement is incompatible with the cleavage of lipophilic peptides and proteins, which are
insoluble or sparingly soluble in water. During the hydrolysis of methionine-containing dipeptides
the most active mononuclear complexes, [Pd(OH2)4]

2þ and cis-[Pd(en)(OH2)2]
2þ, form dinuclear

active species bridged by methionine side chains.421,449,450 An important advantage of dimerization
is the possibility of cooperation between metals. These considerations suggested to Kostić et al.
that polynuclear complexes should be good reagents for peptide hydrolysis. The thiolate-bridged
complex (Me4N)2[Pd2(�-SPh)2Cl4], is expected to be stable in solution. The bridging thiolate
ligands should not be displaced by methionine side chains or other donor groups in peptides
and proteins. In addition, the trans effect of the thiolate sulfur atoms should allow for especially
weak and potentially reversible binding of methionine to palladium(II). Indeed, this complex is an
effective catalyst for rapid cleavage of methionine-containing dipeptides in nonaqueous solvents.
Selective cleavage of peptides and proteins is an important procedure in biochemistry and

molecular biology. The half-life for the uncatalyzed hydrolysis of amide bonds is 350–500 years at
room temperature and pH 4–8. Clearly, efficient methods of cleavage are needed. Despite their
great catalytic power and selectivity to sequence, proteinases have some disadvantages. Peptides
420,423,424,426 and proteins428,429 can be hydrolytically cleaved near histidine and methionine
residues with several palladium(II) aqua complexes, often with catalytic turnover.
Kostić et al. reported that palladium(II) complexes bind to N-acetylated tryptophan-containing

peptides AcTrp-Ala, AcTrp-Val, and AcTrp-ValOMe in acetone solution and regioselectively cleave
them upon addition of an equivalent of water.436 Upon mixing of N-acetyl-L-tryptophanamide
(AcTrp-NH2) and cis-[Pd(en)(sol)2]

2þ in acetone solution, the complex shown in Figure 35 appears.436

In the presence of the palladium(II) complexes and one equivalent of water in an acetone-d6
solution, peptides are completely cleaved in less than a day. The active intermediates are complexes
of the type shown in Figure 35. As Scheme 8 shows, the products are the C-terminal amino acid and
palladium(II) complex of N-acetyl-L-tryptophan. Acetic acid is not detected. In control experiments
with AcAla-Trp, which lacks a C-terminal amide bond adjacent to the tryptophanyl residue, neither
amide bond is cleaved. Evidently, palladium(II) regioselectively cleaves on the C-terminal side of
tryptophan, not on the N-terminal side. In aqueous solution coordination of the tryptophanyl
residue to palladium(II) completely ceases, and the peptides do not hydrolyze.436

Absence of aqua ligands in the hydrolytically active complexes of the type shown in Figure 35
rules out the internal attack of a PdII-bound nucleophile at the amide carbon. Coordination of the
amide oxygen renders the amide carbon more electrophilic and susceptible to external attack of
solvent water, which causes the hydrolytic cleavage on the C-terminal side of tryptophan (see
Scheme (8)). There is no cleavage on the N-terminal side, presumably because that amide bond is
not activated by the palladium(II) atom.436 To our knowledge, this is the first report that
coordination of the tryptophan side chain is followed by hydrolysis of a nearby peptide bond.
Unlike methionine and histidine, which coordinate to palladium(II) in aqueous as well as acetone
solutions,420,423,424,426 tryptophan coordinates only in acetone solution.436 Therefore, the overall
selectivity of cleavage can be altered simply by changing the solvent or the concentration of the
palladium(II) promoter. Cleavage will occur near histidine and methionine in aqueous solution,
and near histidine, methionine, and tryptophan in acetone solution, if the promoter is present in
excess. The fine selectivity, preference for the C-terminal over the N-terminal amide bond of
tryptophan, is due to the stereochemistry of chelate rings. Further studies will show whether
proteins and longer peptides are cleaved with the same regioselectivity. A prospect for cleaving
hydrophobic or membrane-bound proteins in nonaqueous solutions, by palladium(II) complexes,
has emerged.
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Figure 35 Complex formed by mixing N-acetyl-L-tryptophanamide (AcTrp-NH2) and cis-[Pd(en)(sol)2]
2þ in

acetone solution.
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Kostić et al. discovered that PdII complexes, when attached to tryptophan residues, can rapidly
cleave peptides in acetone solutions to which a stoichiometric amount of water is added, for
hydrolysis.436 The indole tautomer in which a hydrogen has moved from the nitrogen to C(3) is
named indolenine. Its palladium(II) complexes that are coordinated via the nitrogen atom have
been characterized by X-ray crystallography and spectroscopic methods.451 Binuclear dimeric
complexes between palladium(II) and indole-3-acetate involve cyclopalladation.452 Bidentate
coordination to palladium(II) through the N(1) and the C(2) atoms occurs in binuclear com-
plexes.453 Reactions of palladium(II) complexes with indole-3-acetamide and its derivatives pro-
duced new complexes of unusual structure. Various NMR, UV, IR, and mass spectral analyses
have revealed bidentate coordination via the indole carbon C(3) and the amide oxygen.437

Selective cleavage of peptides and proteins is one of the most common and most important
procedures in biochemistry. The extreme inertness of the amide bond makes this reaction inter-
esting from the chemical point of view. Several proteolytic enzymes are used for cleavage, but
application of enzymes is limited by their rather narrow requirements for temperature and pH.
Therefore, new methods for selective hydrolysis of peptides and proteins are required. Kostić and
coworkers have shown that palladium(II)420–424,432,438,440 aqua complexes are promising reagents
for hydrolytic cleavage of peptides and proteins. These complexes bind to the heteroatom in the
side-chain of methionine420–422,432,438,440 or histidine423,424,432,438,440 in dipeptides and promote
cleavage of the amide bond involving the carboxylic group of this anchoring amino acid. This
regioselectivity in the cleavage is clearly demonstrated in the reaction of cis-[Pd(en)(H2O)2]

2þ with
a series of MeCO His-X dipeptides, in which X is Gly, Ala, Leu, Ser, Thr, Tyr or Phe.424 In this
reaction, the amide bond involving the carboxylic group of histidine is completely hydrolyzed at
relatively mild and unrestrictive conditions (60 �C and 1.5 pH 2.5) in less than two days, while
the amide bond involving the amino group of histidine is not cleaved. It was found that only
catalyst monodentally bound to the N-3 atom of imidazole can effect this reaction; none of the
other modes of coordination is effective.423,424 The reaction is unimolecular with respect to the
palladium(II)–peptide complex. However, when the carboxylic group of histidine is free, as in
MeCO-Gly-His, cis-[Pd(en)(H2O)2]

2þ does not effect hydrolysis. Another study dealt with stoi-
chiometric hydrolysis of inactivated amide bonds in histidine-containing peptides promoted by
cis-[Pd(L-Ala-N,O)Cl2]

� and cis-[Pd(L-Ala-N,O)(H2O)2]
þ complexes (L-Ala is amino acid alanine

coordinated via N and O atoms). There are interesting differences between the active form of the
palladium(II) complex and the reagent that is initially added.454

The highly regioselective hydrolysis of tryptophan-containing peptides with the [Pd(en)]2þ

(en=H2NC2H4NH2) complex has been reported by Kostić and co-workers.
436 The hydrolysis

does not proceed without the palladium(II) complex. However, when equimolar amounts of a
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peptide and a palladium(II) complex are mixed in acetone solution at 50 �C with a stoichiometric
amount of H2O, the reaction is remarkably promoted and occurs selectively on the N-terminal
side of the peptide, producing the N-terminal amino acid and the palladium(II) complex of
N-acetyltryptophan, as shown in Scheme 9.
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The origin of the regioselectivity and the promotion effect of the palladium(II) complex
[Pd(en)]2þ on the hydrolysis of a tryptophan-containing peptide was theoretically examined by
means of the density functional method B3LYP using the model peptide N-formyltryptophana-
mide.455 The calculations confirmed the explanations by Kostić et al. The N-formyltryptophana-
mide easily binds to the [Pd(en)]2þ complex to form the stereochemically stable compound with
the six-membered ring, where not only the carbonyl oxygen but also the indole carbon interact
with the Pd atom, and its binding is kept during the hydrolysis reaction, to stabilize the energy
surface and reduce the energy barrier. The positive charge of the N-terminal amide carbon is
remarkably enhanced by the formation of cis-[Pd(en)C,O-FmTrp-NH2)]

2þ, and thereby, the water
oxygen selectively attacks the N-terminal amide carbon and the electron is transferred from the
water to the electron acceptor [Pd(en)]2þ complex along the O3(water)—C1—O1—Pd linkage.
The largely positively charged water hydrogen migrates as a proton to the amide nitrogen to
break the C�N bond of the amide. The good correlation found between the energy barrier and
the strength of the electron donation of the ligand suggested that the ligand plays a key role in the
reaction, and the less electron donative ligand is more efficient for the hydrolysis.455

Kostić et al. reported the use of various palladium(II) aqua complexes as catalysts for the
hydration and alcoholysis of nitriles,435,456 decomposition of urea to carbon dioxide and ammo-
nia, and alcoholysis of urea to ammonia and various carbamate esters.457 Labile aqua or other
solvent ligands can be displaced by a substrate. In many cases, the coordinated substrate thus
becomes activated toward nucleophilic addition of water or alcohols.
Hydrolysis of oximes catalyzed by transition-metal complexes has not been studied prior to a

report by Kostić et al. They have reported kinetics of hydrolysis of acetoxime to acetone catalyzed
by two palladium(II) complexes, identified active species in the hydrolysis reaction, proposed a
reaction mechanism, and fully characterized a bis(acetoxime) complex that is relatively stable
toward hydrolysis.458

Kostić et al. recently reported the use of various palladium(II) aqua complexes as catalysts for the
hydration of nitriles.456 crossref:1.34 Reactivity of coordination These complexes, some of which are
shown in Figure 36, also catalyze hydrolytic cleavage of peptides, decomposition of urea to carbon
dioxide and ammonia, and alcoholysis of urea to ammonia and various carbamate esters.420–424,
427,429,456,457 Clearly, palladium(II) aqua complexes are versatile catalysts for hydrolytic reac-
tions. Their catalytic properties arise from the presence of labile water or other solvent ligands
which can be displaced by a substrate. In many cases the coordinated substrate becomes activated
toward nucleophilic additions of water/hydroxide or alcohols. New palladium(II) complexes cis-
[Pd(dtod)Cl2] and cis-[Pd(dtod)(sol)2]

2þ contain the bidentate ligand 3,6-dithiaoctane-1,8-diol (dtod)
and unidentate ligands, chloride anions, or the solvent (sol) molecules. The latter complex is an
efficient catalyst for the hydration and methanolysis of nitriles, reactions shown in Equation (3):435

CR N R C
O

NH2

+ H2O
Pd(II) CR N R C

OCH3

NH
+ CH3OH

Pd(II) ð3Þ
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The complex cis-[Pd(dtod)(sol)2]
2þ also promotes the stoichiometric alcoholysis of urea by the

hydroxyl groups within the ligand dtod.435

6.4.5.11 Five-coordinate Complexes

Five-coordinate complexes of PdII are so distinctive that they are grouped together and not
classified according to the ligand atoms.
Palladium(II) coordination and organometallic compounds usually are square-planar; five- and

six-coordinate species are less common.459 Cyclometalated palladium(II) complexes with mono-
and diphosphine ligands invariably are square-planar.460 Tri- and tetradentate polyphosphine
ligands are known to promote the formation of stable complexes with uncommon coordination
numbers and geometries. The first pentacoordinated cyclometalated palladium(II) complex was
prepared by reaction of a monodentate Schiff base cyclometalated derivative and the triphosphine
(triphos), in which the coordination geometry of the palladium atom is a distorted trigonal
bipyramid.461 The reaction of four cyclometalated PdII complexes with triphos gives four new
pentacoordinated species, three of which have been characterized by X-ray crystallography.462

The stereochemistry of divalent palladium is characterized by the square-planar arrangement in
the majority of its coordination and organometallic compounds. Coordination number six has
been reported for a few unusual complexes whose structures have been investigated, generally
showing two weaker interactions on the metal atom.463,464 Five-coordinate PdII complexes have
been more extensively investigated, probably due to the interest in clarifying the kinetic properties
for substitution and exchange reactions for palladium complexes in solution and in biological
systems.465 Treatment of cyclometalated halide-bridged palladium(II) dimer complexes with
tertiary mono- and diphosphines, gave only four-coordinate compounds with a square-planar
environment for the palladium atom.466–468 Polyphosphine ligands offer a number of special
characteristics, among which are the formation of stable complexes with different oxidation states
and coordination numbers and the stereoselective occupation of center of the cooordination
polyhedron.469–471 Five-coordinate cyclometalated palladium(II) compounds may be synthesized
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Figure 36 Complexes catalyzing hydrolytic cleavage of peptides, hydrolysis and alcoholysis of nitriles,
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with ligands such as tridentate phosphines that control the geometry and coordination number at
the metal center. This is the first example of a ‘‘true’’ five-coordinate example of its kind, by
formation of three five-membered rings at palladium: two comprising the triphos ligand and the
palladacycle from the C,N-bonded organic ligand.461

Palladium(II) pentacoordinate complexes472–474 are mechanistically and synthetically relevant
in organometallic chemistry. Complexes of substituted phenanthrolines with pentacoordinate
palladium halides475 and cyanide476,477 were studied. They can be synthesized either by treating
a four-coordinate complex with an olefin478–480 or by oxidative addition of an alkyl halide to
three-coordinate palladium(0) olefin complexes.481 Steric hindrance of the N�N0 chelating ligand
is a demanding requirement for the stabilization of five-coordinate palladium complexes.482 The
reaction of palladium 1,10-phenanthroline bis(carbomethoxy) complex Pd(phen)(CO2CH3)2, with
HCl gave Pd(phen)Cl(CO2CH3). Surprisingly, the reaction with the nonconventional acid phe-
nanthrolinium hexafluorophosphate gives the new five-coordinate complex [Pd(phen)2
(CO2CH3)](PF6), whose structure is shown in Figure 37.

483

6.4.5.12 Polynuclear Compounds

Metallodendrimers are emerging as efficient and recyclable catalysts in many chemical reactions. 484–486

Generally, metal centers involved in chemical reactions are placed either at the periphery or
within the dendrimers. When the active site is located at the core, the dendritic superstructure
around it can provide a shielding which generates a microenvironment reminiscent of those found
in biological systems.487,488 A series of dendritic pyridyl ligands, and the corresponding PdII

complexes were synthesized.489 Mechanistic studies on the reactivity of the �3-allyl complexes
containing such ligands toward amination with piperidine were reported.490

Dendrimers having nanoscopic dimensions can be molecularly dissolved. Thus, soluble den-
drimers carrying a defined number of catalytic sites can be removed from homogeneous reaction
mixtures by simple nanofiltration techniques. The combination of these properties makes them
suitable to bridge the gap between homo- and heterogeneous catalysts. Moreover, the use of
dendrimers instead of polymers for anchoring catalytic sites leads to well-defined nanosized
species in which the number and location of the catalytic sites can be controlled. The synthesis
of the compound depicted in Figure 38 and utilization of its aqua complexes as homogeneous
catalysts for an aldol condensation reaction were presented.
Numerous dendrimers, which contain coordination sites on the outer surface, within the

macrostructure throughout all layers, and at the inner core have been prepared. In contrast,
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Figure 37 Structure of the five-coordinate complex [Pd(phen)2(CO2CH3)](PF6).
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except for scant coordination studies, very little has been done about the construction of
dendrimers with specific coordination centers within the dendritic wedges and their reaction
with metal substrates. In particular, only one report has yet appeared on the synthesis of
dendrimers with a pyridine based skeleton incorporating a specific coordination site for plati-
num-group metals.489 The 2,6-di(thiomethyl)pyridine subunit, has been shown to form very stable
PdII complexes.492 The complexation of PdII with dendrons gives metallodendrons, shown in
Figure 39.489

Dendrimers are attractive nanosize model compounds because of their globular architecture
and their highly functionalized surface. These hyperbranched compounds are synthesized in a
repetitive reaction sequence of nearly quantitative reactions. The synthetic route can either be
divergent, starting from the nucleus toward the surface, or convergent, where ‘‘dendrons’’ or
‘‘wedges’’ are covalently linked to a polyfunctional nucleus. The number of metallodendrimers is
still limited.493–506

Metallodendrimers can have a metal in the core, in every generation, or only at the outside.
A noncovalent, divergent synthesis toward nanosize metallodendrimers has been developed.507,508

The ‘‘controlled assembly’’ is based on the activation of the nucleus, containing three Pd�Cl
pincer complexes, by removing the chloride ion with AgBF4. Subsequent addition of three
equivalents of nitrile-containing building blocks yields a first generation metallodendrimer by
coordination of the nitrile ligands to the palladium centers. Using controlled assembly the authors
were able to synthesize metallodendrimers up to generation five.508 With the combination of two
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different ligands one can construct metallodendrimers not only via a divergent but also via a
convergent route.507 The combination of pyridine- with cyano-based building blocks allowed the
assembly of dendrons up to the third generation. It has been possible to attach these dendrons to
an activated nucleus. This is an example of the assembly of metallodendrimers via a convergent
route.507

One of the main applications of dendrimers is in catalysis allowing easy recycling of the
homogeneous catalyst by means of nanofiltration. Carbosilane dendrimers functionalized with
diphenylphosphine groups at the periphery have been synthesized and characterized. Palladium
complexes of these dendrimers have been used as catalysts in the allylic alkylation reaction. These
dendrimeric catalysts can be used in a continuous process using a membrane reactor.509

Architectural control of transition metal-directed assembly to construct well-arranged metallo-
macrocycles is one of the current research areas to create organized nanostructures for advanced
materials.510–513

A conjugated homobimetallic palladium(II) complex (see Figure 40) was formed by one-pot
oxidative complexation of 1,4-phenylenediamine with a palladium(II) complex bearing the tri-
dentate ligand shown. In the absence of 1,4-phenylenediamine this palladium(II) complex under-
goes controlled formation of a macrocyclic tetramer via removal of a labile solvent ligand, as
shown in Figure 41.514

It is possible to prepare coordination polymers not requiring the presence of counterions, if
suitable negatively charged ligands (obtained from deprotonated stable polyazaheterocycles) are
used with metal cations.515 The synthesis of M(im)2 species containing rigorously square-planar
MN4 systems, exploited the well-known tendency of group-10 metal ions (in their þ2 oxidation
state) to afford local D4h symmetry. Hydrogen-bonded polymers of general M(Him)2(im)2 for-
mula (M=Pd, Pt; Him= imidazole) were completely characterized.516 The imidazole/imidazolate
Pd and Pt derivatives sharing the same formula are not isostructural nor, obviously, isomorphous.
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Figure 40 A conjugated homobimetallic palladium(II) complex, formed by one-pot oxidative complexation
of 1,4-phenylenediamine with a palladium(II) complex bearing the tridentate ligand.
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Fullerenes are spontaneously attracted to porphyrins and metalloporphyrins. The palladium-
linked m-pyridyl dimer (shown in Figure 42) has a high binding constant in solution. Addition of
C60 or C70 to solutions of these palladium-linked bis-porphyrins gave complexes that were
chromatographically distinct from their individual components. This indication of tight binding
was also seen in MALDI mass spectra.517

Covalently linked multiporphyrin arrays are interesting because of their unique photoelectronic
properties and potential applications as mimics of light-harvesting systems in photosynthesis and
as electron transfer moieties in molecular wires. Among these, fused oligoporphyrins sharing a
common extended �-electron network are of particular interest. The electrochemical oxidation of
the PdII complex gave a meso-�-linked diporphyrin.518 The reaction mechanism involves the
reaction of a radical cation with a neutral metalloporphyrin. Oxidation reactions of metallopor-
phyrins with a strong oxidant tris(4-bromophenyl)ammonium hexachloroantimonate (BAHA)
facilitated the instantaneous generation of a porphyrin radical cation.519 Doubly meso-b-linked
diporphyrin products were obtained in the reaction of PdII-porphyrin with 1.2 equivalents of
BAHA (see Figure 43). Their most notable feature is a red-shifted, intense Q-band. The oxidation
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Figure 41 Controlled formation of a macrocyclic tetramer via removal of a labile solvent ligand.
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of 5,10-diaryl- and 5,10,15-triaryl- PdII- porphyrins with BAHA constitutes a new, facile synthetic
route to doubly meso-�-linked diporphyrins that exhibit unique optical and electrochemical
properties stemming from their full �-conjugation. The lower oxidation potentials of the doubly
meso-�-linked diporphyrins than that of the starting metalloporphyrin suggest an extension of
this synthetic strategy to higher oligoporphyrins.519

A new type of tweezer complex involving a rhenium–rhenium multiple bond enforces an
unusual structure in a dipalladium(II) unit. The coordination of the P atoms of cis-Re2(�-
O2CC6H4-4-PPh2)2Cl2(�-dppm)2 to a [Pd2(�-Cl)2Cl2] unit creates a Re2Pd2 assembly in cis-
Re2(�-O2CC6H4-4-PPh2)2Cl2(�-dppm)2(Pd2Cl4) (shown in Figure 44).

520

The structure of a non-hydrolyzed dimer, {cis-[(2,20-bipyridine)palladium(II)]2(�-1,3-NO3)2}
2þ

is shown in Figure 45.521 The dimerized cis-(2,2-bipyridine)PdII units aggregate into a dimer-to-
dimer linear conformation through direct metal–-metal interaction522 and �–� stacking.523 Nota-
bly, the dimer was first reported to be linked by double nitrato-bridges (�-1,3-NO3)2 in a cofacial
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Figure 43 Doubly meso-�-linked diporphyrin products obtained in the reaction of PdII-porphyrin with 1.2
equivalents of BAHA.
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arrangement, similar to the amido- or carboxylato-bridged platinum blue-type dimeric or poly-
meric Pt and Pd complexes.524–527 It has been mentioned that there is a coordination mode of (�-1,3-
NO3)2 bonded to two metals,

528 which is scarcely seen in platinum group metals.524–529 The two
dimers aggregate alternately along the linear chain consisting of the four PdII atoms with Pd���Pd
distances of 2.848(3) Å (intradimer) and 3.117(3) Å (interdimer), showing quite strong metal–metal
interactions.
Dithiolene complexes [{Pd(PPh3)2}n{S2C¼CCHC(O)R}] are mononuclear or homodinuclear

derivatives of ferrocenyl-substituted dithiolene ligands.530 2,2-Diacetyl-1,1-ethylenedithiolato com-
plexes of palladium can be used to prepare dinuclear PdAg and PdAu complexes.531

In a polythiophene derivative conjugated chains are linked by Pd bridges in which the metal is
�-bonded to a C of the backbone.532 Interesting materials are formed by electropolymerization of
PdII complexes containing phosphinoterthiophene ligands exhibiting several different bonding
modes.533 The largest degree of interaction between the dimethylterthienyl groups is seen in a
complex where the metal is both P,C- and P,S-coordinated. The conductivity appears to involve a
contribution from cross-metal delocalization.533

A dinuclear complex of PdII was obtained by the reactions of [Pd(bpm)(H2O)2]
2þ (bpm= bis

(pyridine-2-yl)methane) with model nucleobases as constituents of DNA.534

In the homodinuclear complex [{Pd(dppp)}2(�-biim)](OTf)2 (dppp= bis(diphenylphosphino)-
propane, biim= 2,20-biimidazole, OTf=OSO2CF3) a biim

2� ligand spans the two palladium(II)
centers.535

Many metal-containing liquid crystals (metallomesogens) contain coordination compounds;
there are fewer liquid crystals of the organometallic type. Among the latter, there are many
dinuclear and mononuclear orthometallated complexes. The dinuclear complexes [Pd(�-X)Ln]2
permit one to induce thermotropic changes not only by modifying terminal alkyl or alkoxy chains
in Ln,536–539 but also by modifying the bridging system X, which can be bridging thiolates.540,541

Reactions of dinuclear compounds [Pd(�-OH)Ln]2 with protic substrates like amines, thiols, and
carboxylic acids give other dinuclear complexes with double and mixed bridges: air stable amido–
hydroxo, anilido–hydroxo, bis-amido, amido–thiolato, and amido–carboxylato complexes.542

Noteworthy is the thermal stability of those with amido ligands containing �-hydrogens: the
number of known dinuclear amido–bridged palladium complexes is limited296,543–554, and even
fewer possess �-hydrogens,543,544,547 because there is a strong tendency for the late transition
metal amido complexes to undergo �-hydrogen elimination, usually followed by decomposition.
A trinuclear system, whose structure was published,555 was formed in high yield by the

cyclometalation of a 1,3-bis(alkylbenzimidazol-2-yl)benzene ligand, followed by the trimerization
of the unit, which possesses a vacant coordination site on the palladium atom and a pendant
noncoordinated benzimidazole moiety. The resulting product forms a cup-shaped trimer or
tricorn, presented in Figure 46, that includes a molecule of acetonitrile in the crystal structure.556

Binuclear �-hydroxo-�-amido palladium(II) complexes of the type [{Pd(C6F5)(PPh3)}2(�-
OH)(�-NHC6H4X-p)] have been prepared by reaction of [{Pd(C6F5)(PPh3)(�-OH)}2] with the
corresponding aromatic amine, and the bis(amido) complexes [{Pd(C6F5)(Bu

tNC)(�-NHC6H4X-
p)}2] by the reaction of [{Pd(C6F5)(Bu

tNC)(�-Cl)}2] with [NBu4]OH and the arylamine (1:2:2mol
ratio).550 Although the reductive elimination chemistry of the mononuclear methyleneamido
palladium complex [(DPPF)Pd(C6H4)-Bu

t)(N¼CPh2)] (DPPF= (1,10-diphenylphosphino)ferro-
cene), which contains one unsaturated nitrogen bound to palladium, has been reported,557
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Figure 45 Structure of {cis-[(2,2-bipyridine)palladium(II)]2(�-1,3-NO3)2}
2þ.
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it could not be isolated. Little is known about methyleneamido (or azavinylidene)-bridged
compounds. The first synthesis of a stable azavinylidene-bridged palladium complex,
[{Pd(C6F5)(Bu

tNC)(�-N¼CPh2)}2], and its structural elucidation by an X-ray diffraction analysis
have been reported.558

Trifluorophosphane can behave as a �3 donor towards a triangular palladium core.559,560 The
symmetrically bridging �2-coordination mode has little precedent for tertiary ligands based on
Group 15 atoms. The synthesis of a PdI dimer featuring a strongly bonded symmetrically bridging
�2-phosphole unit, which is the first example of this coordination mode for a tertiary phosphane,
has been reported.561

Dinuclear PdI complexes involving six two-electron donors arranged about the Pd�Pd bond
are well-known,203,562 but the new complex, shown in Figure 47, exhibits two striking features:
(i) In contrast to most PdI dimers,203,562,563 the Pd2

2þ core has an edge-bridged planar
structure imposed by the topology of ligand; and (ii) the phosphorus atoms of both coordin-
ated phospholes bridge almost symmetrically the Pd�Pd vector (Pd�P: 2.349(2) Å and
2.358(2) Å).561

A possible way to achieve more robust coordination polymer frameworks is to put the power-
fully stabilizing chelate effect to use in the bridging ligands. If appropriate donor centers
are introduced into the three substituents on the CN3 core, then it may be possible to chelate
three metal centers strongly and symmetrically, in a roughly planar fashion, and providing a close
metal–metal contact. Tris(2-hydroxybenzylidene)triaminoguanidine LH5 is very easily made from
triaminoguanidine and salicylaldehyde. Reaction of LH6Cl with (Et4N)2[PdCl4] in acetonitrile in
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Figure 46 A trinuclear system, formed in high yield by the cyclometalation of a 1,3-bis(alkylbenzimidazol-2-
yl)benzene ligand.
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the presence of Et4NOH yielded dark red crystals of (Et4N)2[LPd3Cl3]CH3CN. The chiral pro-
peller-like structure of the [LPd3Cl3]

2� ion is shown in Figure 48.564 The wide scope offered by
these types of LM3 species as 3-connecting building blocks in the construction of networks is
immediately apparent. One possibility would be to substitute the Cl ligands in the LPd3 system by
appropriate bridging ligands linking one LM3 unit to another.
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Figure 47 The new dinuclear Pd(I) complex.
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Figure 48 The chiral propeller-like structure of the [LPd3Cl3]
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Octahedral metal complexes assemble with simple thiolate ligands, such as 2-aminoethanethio-
late (aet) and l-cysteinate (l-cys). The assembly of these types of complexes can be achieved by
facile reactions with a variety of metal ions, M, which utilize the binding ability of a coordinated
thiolato sulfur atom toward a second metal ion, M0. One way to do this is to introduce a four-
coordinate metal ion, such as M0¼PdII, PtII, at the center of the linear trinuclear structure in
[M0{M(aet)3}2]

2þ. The reaction of fac(S)-[Co(aet)3] with [PdCl4]
2� in a 1:1 ratio produced a sulfur-

bridged Co2‘‘Pd3’’ pentanuclear complex, [Pd2{Pd(aet)2}{Co(aet)3}2]
4þ, in which all of the eight

thiolato sulfur atoms from two fac(S)-[Co(aet)3] and one cis(S)-[Pd(aet)2] units are bound to two
square-planar PdII ions.565 The corresponding 2:1 reaction under milder conditions gives the
desired trinuclear complex [Pd{Co(aet)3}2]

2þ, which readily reacts with AgI or AuI as M0 to
afford cyclic sulfur-bridged octanuclear complexes [M2

0{Pd[Co(aet)3]2}2]
6þ(see Figure 49). This

is the first example of chiral metallacycles composed of three kinds of metal ions with different
oxidation states and coordination geometries: octahedral CoIII, square-planar PdII, and linear AgI

or AuI ions.566 Synthesis, reactivity, and X-ray crystallographic characterization of mono-, di-,
and tetranuclear palladium(II)-metalated species were reported.567

The compound {Pd[�2-(C6H4)PPh2]Br}4 has [(C6H4)PPh2]
� anions bridging two palladium

atoms in a tetranuclear structure. This tetranuclear frame was cleaved with phosphines to form
mononuclear compounds.568 Intermediate products of the frame degradation were detected (see
Figure 50).567

An example of the modified 7-azaindolyl ligands is the novel starburst molecule, 1,3,5-tris(7-
azaindol-1-yl)benzene (tabH). The complex [Pd3(tab)2Cl4] has three Pd

II ions in two different
environments.569 The tab ligand acts both as a chelating and a bridging ligand (see Figure 51).
Although two closed-shell metal cations with the same charge would normally be expected to

repel each other, evidence has been obtained for an entire family of cation–cation interactions in
d10 or s2 systems.570 This attraction is now shown to originate from dispersion (van der Waals)
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interactions. It is comparable in strength with typical hydrogen bonds, and it is especially
strengthened by relativistic effects for heavy elements such as gold.571–573 Also, because of the
large crystal-field splitting, d8 ions are, in a sense, closed-shell atoms and can be involved in
similar attractions. Regarding d8�d10 systems, a number of structurally characterized complexes
in which metallophilic attraction appears are known, but although heterometallic gold-palladium
complexes have been characterized,574 no examples of AuI���PdII interactions seem to have been
reported before year 2000.575 The main contribution to the PdII–AuI attraction is dispersion.
Charge-transfer type contributions are about half as important, but the two contributions
Pd!Au and Au!Pd are energetically comparable.575

Dinuclear complexes with bridging phosphido, hydrido, and diphosphine ligands were formed
via some interesting transformations, such as P�C bond formation, P�H bond activation, and
conversion of a chelate diphosphine to one bridging two metal centers.259

The 2,20-bipyrazine (2,20-bpz) complexes [L2Pd(2,2
0-bpz-N1,N1)]2þ in which (L2= en and

L=H2O) represent useful angular units for the generation of larger cationic aggregates. There
are two principal ways by which this can be achieved: (i) When additional metal ions M bind to the
available N(4) positions of the chelating 2,20-bpz ligand and cross-link to other cations, depending
on the geometry of M0, flat triangles (M0 = trans-(NH3)2Pt

II),576 loop structures (M0 =Agþ), or
hexanuclear vases (M0 = enPdII)577 can form. (ii) The aqua compound can likewise act as an angular
unit upon substitution of the aqua ligands by other bridging ligands L. These may be small (OH�)
or large (4,40-bpy) and may themselves be angular (OH�) or linear units (4,40-bpy). Of course,
variations of these motifs are possible, e.g., upon use of M0—L—M0 fragments in (i) or L—M0—L
linear units in (ii). Finally there is, in principle, also the possibility of combining (i) and (ii) in such a
way as to use as a cross-element in molecular architecture (option (iii) in Figure 52).578

Owing to the high affinity of palladium for sulfur, the palladium complexes with phosphine
ligands readily react with organosulfur compounds579–587 to give very stable sulfide and thiolate
complexes, which are probably responsible for the poisoning of palladium catalysts by organo-
sulfur impurities in feedstocks. The palladium(II) complexes blending both phosphine and thio-
late ligands have received attention only in the 1990s.136,588–590 A tetranuclear complex [Pd4(�3-
Se)2(�-SCH2Ph)2(�-dppm)2Cl2] is formed via the reaction of [Pd2(�-dppm)2Cl2] with selenium
powder in the presence of NaSCH2Ph in DMF.

591 The features of this complex are its novel
structure arising from the asymmetric coordination by phosphorus, selenium, sulfur, and chlorine
atoms and its formation involving considerable rearrangement of the initial components. A study
reports the condensation reactions of mononuclear palladium(II) complexes with mixed diphos-
phine and thiolate ligands, [Pd(dppp)(SRS)] (SRS2�= edt2� or propane-1,3-dithiolate), through
oxidation of the ligands with oxygen or elemental Se, and the crystal structures of a series of
polynuclear palladium complexes isolated from the condensation reactions along with their
spectroscopic properties are presented.592
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Reactions of PdCl2(PhCN)2 with (S)- N,N
0-bis[2-(diphenylphosphino)benzylidene]-2,20diimino-

1,10-binaphthylene and (S,S0)-N,N0-bis[2-(diphenylphosphino)benzylidene]-1,2-diimino-1,2-diphenyl-
ethane give unexpected results, as shown in Scheme 10:593

Palladium(II) complexes possessing bidentate ligands are known to efficiently catalyze the
copolymerization of olefins with carbon monoxide to form polyketones.594–596 Sulfur dioxide is
an attractive monomer for catalytic copolymerizations with olefins since SO2, like CO, is known
to undergo facile insertion reactions into a variety of transition metal-alkyl bonds. Indeed, Drent
has patented alternating copolymerization of ethylene with SO2 using various palladium(II)
complexes.597 In 1998, Sen and coworkers also reported that [(dppp)PdMe(NCMe)]BF4 was an
effective catalyst for the copolymerization of SO2 with ethylene, propylene, and cyclopentene.

598

There is a report of the insertion reactions of SO2 into Pd
II-methyl bonds and the attempted

spectroscopic detection of the copolymerization of ethylene and SO2.
599

The cationic 1,3-bis(diphenylphosphino)propane (dppp) palladium(II) complex (see Figure 53)
can be prepared by the low temperature reaction of (dppp)PdMe2 with H(OEt2)2[BAr

0
4]

[Ar0 =C6H3(CF3)2-3,5].
600 Reaction of this complex with an excess of SO2 (�25 equivalents) at

193K produces an unusual dinuclear complex, shown in Figure 54.599 The eight-membered ring
consists of a plane of palladium and oxygen atoms, with the sulfur atoms located above and below
the plane. The six-membered rings formed by the dppp ligand are in the chair conformation.
The cyclooctapyrroles shown in Figure 55 appear predestined to form binuclear metal complexes

since the loop-shaped conformation of these macrocycles exhibits two structurally identical, helical
N4 cavities. Enantiomers of such complexes, which are presumably generally very stable towards
racemization owing to the rigidity of the molecule imposed by the incorporation of the metal, are of
interest as possible models for binuclear metalloenzymes and as potential catalysts in asymmetric
synthesis. The first two ligands as well as their recently obtained palladium complexes601 were
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investigated as examples to effect enantiomeric separation.601 The molecular frameworks of the
cyclooctapyrroles show the figure eight conformation previously derived from the NMR studies.601

The ability of the first two cyclooctapyrroles shown, to form binuclear chelates was confirmed by
the preparation of the homobinuclear palladium(II) complexes.
X-ray structure analysis shows that on incorporation of two PdII ions into the two N4 cavities the

molecular symmetry remains unaffected, but there are marked conformational changes in the ligand
framework, as shown in Figure 56. The intramolecular separations of the metal centers are not
conducive to significant intermetal interactions. Figure eight cyclooctapyrroles and—presumably in
general—their binuclear metal complexes are amenable to preparative enantiomeric separation by
chromatography on suitable phases (here a CDMPC (CDMPC= cellulose tris(3,5-dimethylphenyl-
carbamate)) coated silica gel proved suitable). They hold promise for a symmetric catalysis.601

Many examples are known of edge-sharing square planar bimetallic complexes formed by d8

transition-metal centers. A recent report tentatively classified the structures of such complexes
bridged with two X ligands (X= halogen anion, RO�, RS�, S2�, or R2P

�) into two possible
groups, that is, flat and bent forms (see Figure 57).602 Of these two structures, the bent form is of
interest, particularly because axial orbitals of the two metals are in close proximity under the
hinged planes and interact cooperatively with a substrate. Such an interaction is expected to play
a significant role in binding a substrate to a bimetallic complex. A study reports the preparation
and X-ray structure of unprecedented linked-bisphosphido dipalladium-(II) complexes with a
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formula [Pd2(�-RPCH2CH2PR)(DPPE)2]Cl2 (R=Me and Ph), in which the linked-bisphosphido
groups are employed as ligands to enforce them sterically to adopt a bent structure.603

Trinuclear clusters [Pd3(�3-E)2(L)3]
2þ (E= S, Se or Te; L= bis(diphenylphosphino)methane

(dppm), 1,2-bis(diphenylphosphino)ethane (dppe), 1,3-bis(diphenylphosphino)propane (dppp) or
1,4-bis(diphenylphosphino)butane (dppb)) were made and studied by cyclic voltammetry. The
extent of chemical reversibility of the reduction process clusters depends on the chelate ring size
and varies in the order L= dppe> dppp> dppb= dppm for the clusters. For the [Pd3(�3-
E)2(dppe)3]

2þ clusters, the extent of reversibility improves in the order Te> Se> S. The ease of
reduction follows the order Te> Se> S regarding the chalcogenido ligands.604–606 The ligand 1,2-
bis(diphenylarsino)ethane (dpae) was used to synthesize trinuclear [Pd3(�3-E)2(dpae)3]

2þ (E= S, Se
or Te) clusters. The dpae ligand chelates to a metal ion through its two arsenic atoms. The synthesis
and cyclic voltammetry and X-ray structure of [Pd3(�3-S)2(dpae)3][BPh4]2 are described.

607

Metallacrown ethers are a class of molecular receptors with both crown ether- and transition
metal-receptor sites. The metallacrown ether [PdCl2{PPh2-(CH2CH2O)4CH2CH2PPh2-P,P

0}]m,
608

exhibits a unique mode of molecular recognition in which the metallacrown ether ring is expanded
by the incorporation of a PdCl2 moiety. The product of this reaction is the first reported example
of a dimetallacrown ether, see Scheme 11.609
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Figure 56 Conformational changes in the ligand framework of cyclooctapyrroles.
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The X-ray crystal structure shown in Figure 58 suggests that this dimetallacrown ether could have
quite different receptor properties from those of the previously reported metallacrown ethers. The
average cross-ring oxygen–oxygen distance (O33–O36A and O33A–O36, 5.27 Å), provides a mea-
sure of the ring size.609 A bifunctional molecule, such as CO, could easily coordinate to both the Pd
and the alkali metal cation in the dimetallacrown ether.609

Syntheses and reactivities of noble metal-sulfur clusters are still poorly understood. The mixed-
metal sulfido cluster containing a cubane-type PdMo3(�3-S)4 core is capable of catalyzing the
stereo- and regioselective addition of alcohols611 or carboxylic acids611 to the alkynes with
electron-withdrawing substituents as well as the intramolecular cyclization of alkynoic acids.612

Two versatile synthetic routes lead to metal sulfido clusters containing Pd. One involves the
reactions of the hydrosulfido-bridged dinuclear complexes [Cp*MCl(�2-SH)2MCp*Cl] (Cp*= �5-
C5Me5; M=Ru, Rh, Ir) with various metal complexes affording an enormous body of M2M

0(�3-
S)2 clusters,

613,614 while the other is the incorporation of one or two noble metals into the
dinuclear complexes [M2S2(�2-S)2(S2CNEt2)2] (M=Mo, W) affording the mixed-metal clusters
with the M2Pd(�2-S)4 or Mo2Pd2(�3-S)4 core.

615Most of the metal–sulfido cluster cores have been
constructed by the use of self-assembly systems, and the rational and reliable methods to form the
desired metal-sulfur frameworks in satisfactory yields are still rare.615

The ability to switch a molecular unit on and off is a key component of an efficient molecular
device, since it allows modulation of the physical response of such a device by external physical or
chemical triggers. A molecular device, based on a trinuclear metal complex, shown in Figure 59,
functions as an electroswitchable-photoinduced-electron-transfer (ESPET) device.616 Electrochem-
ical switching of the redox state of a spacer intervening between a donor–acceptor pair can
dictate the type of the observable charge separation and the lifetime of the resulting ion pair.616

The insertion of an S or Se bridge into [Pd2(�-dppm)2X2] (X= halogen) to give rise to
complexes [Pd2(�-E)(�-dppm)2X2] (E= S, Se) with a change of the oxidation state of palladium
from þ1 to þ2 has been reported,582,617,618 whilst reports on the palladium complexes with mixed
thiolate and diphosphine ligands, especially those having a palladium formal oxidation state of
þ2 and containing both dppm and thiolate ligands, are very rare. A metal–thiolate–diphosphine
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complex [Pd(SR)2(dppx)] [dppx=Ph2PCH2PPh2, Ph2P(CH2)2PPh2]
619–621 is known. The oxida-

tion of [Pd2(dppm)2Cl2] with selenium in the presence of NaSCH2Ph in DMF (see Equation (4))
gives rise to a novel polynuclear complex [Pd4(�3-Se)2(�-SCH2Ph)2(�-dppm)2Cl2]; all the palla-
dium(II) atoms in the compound are tetracoordinated with distorted square-planar geometry, of
which two are asymmetrically coordinated with selenium, sulfur, chlorine, and phosphorus
atoms:591

[Pd2(dppm)2Cl2] [Pd2Se(dppm)2Cl2]

[Pd4Se2(SCH2Ph)2(dppm)2Cl2]  +  dppmSe  + NaCl

Se Se

NaSCH2Ph ð4Þ

For heterobinuclear complexes which contain an early and a late transition metal and in which
the metal centers can ‘‘communicate’’ with one another, interesting properties have been pre-
dicted, such as multifunctionality and cooperative effects. However, the problems encountered in
the realization of the differing coordination chemical requirements of both metals in close
proximity to one another are just as great as the expectations. There is a report on the synthesis
and structure of heterobinuclear complexes in which interactions of palladium with a lanthanide
(Nd) are possible.622–624 A decisive factor for this enlargement of the class of ‘‘early-late hetero-
bimetallics’’(ELHB) is a novel ligand system incorporating bisaminopyridinato (bis(Ap))
ligands.625 The Nd�Pd-alkyl complex is isolated as a light yellow powder. The molecular
structure (see Figure 60) shows a planar coordination geometry, characteristic of PdII compounds,
and a Nd�Pd distance of 3.0345(12) Å. The two metal centers are bridged by only one ligand.625
Decisive for the preparation as well as the stabilization of the heterobimetallic compound is that
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Figure 60 A novel complex incorporating bisaminopyridinato (bis(Ap)) ligands.
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the lanthanide ‘‘ate’’ complexes react with chlorides of electron-rich transition metals, such as Pd
by salt elimination and that bisaminopyridinato ligands can prevent the ligand transfer from early
to late transition metals and thus the decomposition of the bimetallic complex. The flexible
coordination mode of the bis(Ap) ligands allows a coordinative saturation of the lanthanide
metal center, leaving two or three nitrogen donor groups for a square-planar coordination
geometry at the late transition metal as well as an interaction between the two metals.625

6.4.5.12.1 Supramolecular assemblies (see Chapters 7.7 and 7.8)

A considerable variety of frequently predesigned molecular polygons and polyhedra have been
established, and a methodology exists on how to combine angular and linear building blocks to
generate a particular ensemble. As far as the smallest possible polygon, the triangle, is concerned,
it should be formed most readily by combining three 60� angular fragments and three linear ones,
see Figure 61.626–628

However, a triangle with a 60o turning angle at the metal was unknown because of the
impossibility of generating such an angle in a metal fragment of common coordination numbers.
Virtually all molecular triangles, with metal entities at the corners display 80–90o angles. It is the
flexibility of the organic ligand, shown in Figure 62 that in essence enables formation of the
triangle.
Complex formation of enPtII with 2,20-bipyrazine (bpz) leads in a kinetically controlled reaction

and in reasonable yield to a cyclic trimer of composition [{enPt(bpz-N4,N40)}3]
6þ. Due to the low

barrier of rotation about the central C2—C20 bond of the bpz ligand and because of monodentate
binding of each pyrazine half to the heavy metal, the molecular triangle is rather flexible.577 It has
been crystallized in two distinctly different forms, with an all-trans orientation of the two pyrazine
entities (C2 molecular symmetry) and an all-cis arrangement of the pyrazine rings (approximately
C3 symmetry). The trimer in its all-cis form behaves as an efficient ligand toward additional metal
electrophiles such as enPdII, affording highly charged multinuclear species of different topologies,
with vases, a paddle wheel, and a barrel crystallographically characterized.577 The building block
[enPd(bpz-N1, N10)]2þ, is the starting material for another type of molecular triangles,576 contain-
ing metal ions at the corners and at the centers of the sides.
Self-assembled metallomacrocycles have attracted a great amount of attention because of their

shape- and size-selective encapsulating properties, with potential applications in catalysis, sensing
devices, molecular electronics, and small molecule transport. For example, cis-blocked, square-
planar palladium(II) and platinum(II) complexes with bidentate or tridentate pyridine-based
ligands have been used to prepare molecular boxes and cages that are soluble in either water or
organic solvents.511,628–634 It is established that 4(3H)-pyrimidone is a versatile ligand, either in
the neutral or deprotonated form. A neutral palladium(II) complex and cationic complexes with
diphosphine ligands contain the neutral ligand while the cationic tripalladium complexes contain
the deprotonated ligand acting as a bridging group. The Pd3 complex can act as a host for
anions.635

Construction of discrete and well-defined molecular architectures using organic ligands and
metal ions through the self-assembly route has received much attention. A dinuclear PdII cage,636

includes a hexafluorophosphate ion inside the cavity. Self-assembly of a novel macrotricyclic cage

+ 33

60° 180°

metal

ligands

or

Figure 61 Formation of a triangle by combining three 60� angular fragments and three linear ones.
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molecule from the ligand and Pd(NO3)2, shown in Figure 63, was directly monitored using NMR
spectroscopy.513

Capsules are instantly formed by simple addition of two equivalents of Pd(dppp)(OTf)2
(dppp= 1,3-bis(diphenylphosphino)propane) to acetone, CH2Cl2 or CHCl3 solutions of resorcin
[4]arene derivatives having four pyridine units as pendent groups, see Figure 64.637

One of the most successful approaches to the synthesis of metalla-supramolecular systems has
been by templated self-assembly processes. Most of the templating agents used by synthetic
chemists are either cationic or neutral species. Anions, on the other hand, have only fairly recently
been successfully utilized as templates. The new metalla-macrocycles [Pd2Ni2(atu)4(PPh3)4X]

3þ

(atu= deprotonated amidinothiourea, X=Cl, Br, I) have been prepared using anion templated
syntheses. Only in the presence of each of these three halides are the metalla-macrocycles
formed.638

Transition metal-directed self-assembly of macrocycles and cage compounds has received
considerable attention lately, leading to more and more complex architectures.511 Numerous
examples for square structures but considerably less for triangular structures are given in the
literature.576,577,639–644 Equilibria between molecular squares and triangles have been
reported.13,517,577,645–648 One of the most useful corner units is cis-dpppPdII.649 These corners
are reported to form almost exclusively molecular squares with linear diazaligands.646,650 Self-
assembly of substituted diazadibenzoperylene bridging ligands with PdII-phosphane corners
resulted in unexpected equilibria between molecular triangles and molecular squares. Owing to
complex dynamics on the NMR time scale, identification and characterization of the species could
only be accomplished by a combination of variable-temperature 1H-and 31P{1H}-NMR spectro-
scopy and ESI-FTICR mass spectrometry.651

Since the first self-assembly of a molecular square based on a labile PdII complex,652 many self-
assembly molecular squares utilizing PdII as corners have been reported.511,512 Strategies of self-
assembly and ‘‘complexes as ligands’’ were combined in the preparation of the octanuclear
molecular square {(dppf)Pd[�-(pyterpy)2Ru]}4(PF6)8(OTf)8, where pyterpy is 40-(4000-pyridyl)-
2,20:60,20-terpyridine and dppf= 1,10-bis(diphenylphosphino)ferrocene. The dimensions of this
large square are about 21.8� 21.8 Å, probably the largest reported in the literature to 2003.
The complex exhibits multielectron redox processes, indicating negligible electronic communica-
tions between the individual chromophores. The observed photophysical properties are
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dominated by the bridging metal–complex ligands with minimum influence from the corner
chromophores.653

Two homooxacalix[3]arenes dimerize with three PdII(Ph2PCH2CH2CH2PPh2)�(OTf �)2 into a
molecular capsule,654,655 which can specifically include C60 fullerene, the selectivity of C60 full-
erene versus C70 fullerene being nearly ‘‘perfect.’’

655,656 A new molecular capsule is composed of
two homooxacalix[3]arene with 3-pyridyl substituents at the para-positions and three PdII com-
plexes. According to computational studies and examination of CPK molecular models, this
capsule should be ‘‘chirally’’ twisted into either a right-handed (P) or a left-handed (M) form
because of the asymmetrical structural characteristic of the 3-pyridyl substituents, and the ratio
should be controlled by ‘‘chiral’’ guest molecules included in the cavity.657–660 Indeed this
molecular capsule has a chiral factor and the (P) versus (M) equilibrium is readily controlled
by the inclusion of Pirkle’s reagent or chiral R*NH3

þ ions.661

The method developed by Fujita662,663 and Stang626,627 has proved to be remarkably successful
in that predictable supramolecular structures are formed in essentially quantitative yield under
thermodynamic control (see Figure 65). It employs a square-planar complex of Pd2þ or Pt2þ

bearing an inert bidentate ligand and easily displaceable ligands, L, in the remaining cis-disposed
coordination sites. If a linear linker, such as 4,40-dipyridyl is used, a quantitative yield of the
square is slowly formed.652 In a similar way, by using, the PdII complex and the tripyridyl linker,
the three-dimensional triangular structure is isolated.664,665
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Figure 63 A dinuclear PdII cage.
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Many of the larger supramolecular structures have been shown to incarcerate multiple guest
molecules.662 Square planar d8 transition metal complexes formed from planar aromatic ligands
are known to form stacked crystal structures which have weak metal–metal bonding and attractive
�–�-stacking.125,219,666–669 The metal–metal separations are about 3.5 Å which is similar to the separa-
tion between stacked aromatic molecules. Consequently, to provide a receptor for square planar d8

complexes with planar aromatic ligands and also purely organic aromatic molecules, a spacer-chelator
molecule is required which holds the chelators cofacially at a separation of about 7 Å. Two cofacial
tridentate chelators bound to a square planar metal are shown in Figure 66.
Provided the unidentate ligand, L, is a good leaving group, addition of a linear linker should

generate the molecular rectangle. Similarly, a triangular linker should generate a molecular
triangle, and so on. Because complexes may carry charge, the cofacial disposition of the metals
should allow for the incorporation of negatively charged ligands and complexes into the
molecular clefts as illustrated in Figure 67. The synthesis of a spacer-terpyridyl chelator, the
formation of molecular rectangles with PdII, and the stabilities of various guests in the cofacial
molecular cleft have been reported.670
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The simple combination of square-planar coordination geometry of PdII or PtII with pyridine-
based ligands offers an efficient method for the self-assembly of nanometer-sized frameworks such
as macrocycles, cages, catenanes, tubes, and capsules.511,663,671 To expand the structures of
pyridyl-coordinated PdII complexes into more rigid and bigger coordination frameworks, one
can replace a mono-coordinating 4-pyridyl group by a doubly ligating 3,5-bis(3-pyridyl)phenyl
unit. According to this idea, 4,40-bipyridine, which is the simplest pyridine-based bridging ligand,
is modified into a tetradentate ligand. This ligand is expected to take a panel-like conformation
and, on complexation with (en)Pd(NO3)2, assemble into large discrete box structures in analogy
to the assembly of trinuclear and tetranuclear cyclic complexes from (en)Pd(NO3)2 and 4,4

0-
bipyridine.626,627,649,652,672–676 These expected box structures are efficiently formed in a dynamic
fashion. Namely, the boxes are in equilibrium and smoothly interconvertable. Cold-spray ioniza-
tion mass spectroscopy (CSI–MS)677 is very effective to study both kinetic and thermodynamic
products in the assembly process shown in Figure 68.678

The propeller-like [M(L-L)3]

z structural motif in supramolecular chemistry has been exploited

to introduce chirality at both the local and global structural level in these assemblies. Evidence is
presented to support the self-assembly of molecular hexagons of large dimension (>5 nm).679 Six
inert, chiral transition metal complexes [(bpy)Ru(tpphz)2]

2þ or [(bpy)Os(tpphz)2]
2þ are joined by

six labile PdII ions. The Ru6Pd6, Os6Pd6, and Ru3Os3Pd6 structures (shown in Figure 69) form due
to the torsional restraints imposed by the Ru or Os stereochemistry along with the entropic factors
which favor rings systems over polymeric structures. The metals alternate in a Ru�Pd, Os�Pd,
and Ru�Pd�Os�Pd fashion.680
A number of supramolecular aggregates of the cubic cluster Pd6Cl12 with methylated benzenes

(i.e., durene and mesitylene), the fullerene C60, and polynuclear aromatic hydrocarbons
(i.e., naphthalene and 1,2:5,6-dibenzanthracene) can be isolated in crystalline form.681,682 Compounds
of this type, which include Pd6Cl12�(durene), Pd6Cl12�1.5(naphthalene), Pd6Cl12�0.5C60�1.5(benzene),
and Pd6Cl12�0.5(1,2:5,6-dibenzanthracene)�0.5(benzene), consist of individual molecules
of Pd6Cl12 and the flat aromatic molecules arranged in close, face-to-face proximity. These
molecules are formed by simply mixing the appropriate hydrocarbon or fullerene (as a solution in
benzene if it is not a liquid) with the labile complex, bis(benzonitrile)palladium(II) dichloride, and
allowing the mixture to stand over a prolonged period. Eventually, deep red, air-stable crystals of
the aggregates crystallize from solution. The Pd6Cl12 cluster itself is soluble in aromatic solvents.
Spectroscopic studies on solutions of Pd6Cl12 in various methylated benzenes (i.e., mesitylene,
xylene, and toluene) are consistent with charge-transfer interactions between the aromatic donors
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and the palladium cluster. The new clusters Pd6Br12 and Pd6I12 are made from the corresponding
bis(benzonitrile)palladium(II) dihalides. Additionally, two new compounds contain the Pd6Cl12
cluster cocrystallized with its precursor, bis(benzonitrile)palladium(II) dichloride, and with a
potential ligand, (E )-stilbene.683

A dynamic receptor library is an equilibrium mixture of several receptors from which the
appropriate one is selected by an optimal guest. It is particularly important to study the dynamic
features of guest–selected receptor formation from the library because the phenomenon is closely
related to biological receptor systems. Shown in Figure 70 is the guest-controlled assembly of
PdII-linked cage-like receptors from a dynamic library generated from a PdII complex and two
different tridentate ligands. The library contains two classes of receptors: homoleptic and hetero-
leptic. The homoleptic receptor contains two identical ligands and, hence, is termed a ‘‘self-
recognized’’ receptor while the heteroleptic receptor contains two different ligands and is termed
‘‘hetero-recognized.’’ The equilibration between the receptors is very efficiently controlled by the
addition of appropriate guests which selectively stabilize their optimal receptors.684
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Triangular exo-polydentate ligands have been frequently employed for the metal-directed
assembly of coordination polyhedra. By linking triangles at their corners or edges, a family of
polyhedral structures can, in principle, be made. A triangular panel-like ligand was designed, with
four donor sites on the two edges of the triangle (two donor sites on each edge); see the Figure 71.
Having two-point binding sites on its two edges, this triangular unit is expected to assemble into
edge-sharing polyhedral entity upon complexation with (en)Pd(NO3)2, which is a versatile 90

�

coordination unit for metal-directed assembly. Whereas previous triangular ligands all possess C3
symmetry, this panel is C2-symmetric and hence can be linked in two different ways: parallel and
antiparallel links. Interestingly, these two options were perfectly controlled by the guests.685

A new study showed that some large guests induce the parallel link of the triangles leading to open
cone (tetragonal pyramidal) structure, whereas antiparallel link is selected by some small tetra-
hedral guests giving closed tetrahedron structure, see Figure 71. Both assemblies have the same
M8L4 composition and, therefore, constitute a dynamic receptor library

646,657,658,664,686–692 from
which each receptor is selected by its optimal guests.693 The structure of the lower right complex
was finally determined by an X-ray crystallographic analysis.
Several complexes were derived from enPdII and enPtII entities and the 2-hydroxypyrimidine

ligand. By making use of a combination of 120� and 90� bond angles provided by the
2-hydroxypyrimidine ligand and enPd metal entities, respectively, the direct synthesis of metalla-
calix[4]arenes by a self-assembly process is possible. These compounds are analogous to classic
organic calix[4]arenes in both their structure and conformational dynamics. Despite the positive
charge of these metallacalix[4]arenes, interactions with positively charged species are possible.
Multiple H-bonding interactions between metallacalix[4]arenes and guest molecules are the driv-
ing force in the molecular recognition process.632

Figure 69 The molecular hexagons Ru6Pd6, Os6Pd6, and Ru3Os3Pd6.
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Cyclic frameworks of calixarenes associated with the presence of phenol oxygen atoms afford
efficient complexing agents for metal ions, while their hydrophobic cavities allow the inclusion of
guest molecules. Formation of analogous inorganic macrocycles, metallacalixarenes, can be
achieved by combining 120� and 90� bond angles provided, respectively, by an appropriate ligand
and a suitable metal entity.632,672,694 Other angle combinations lead to molecular triangles,576,643

squares,652,695 and other structures of higher complexity.696,697 Reaction of [(en)Pd(H2O)2]
2þ with

4,6-dimethyl-2-hydroxypyrimidine (Hdmpymo) generates the cyclic species [(en)-Pd(dmpymo-
N1,N3) ]4

4þ, by a self-assembly process, shown in Figure 72.698 The presence of four exocyclic
oxygen atoms of the pyrimidine moieties, suggested the possible coordination of additional metal
atoms. Lanthanide metal ions were thought to be ideally suited in terms of both size and oxygen
affinity. Addition of an excess of Gd(NO3)3�6H2O to an aqueous solution of the tetramer affords
{Gd(NO3)2(H2O)[(en)Pd(dmpymo)]4 }

5þ which has been structurally characterized and has been
proved to be a metallacalix[4]arene of Cs symmetry, see Figure 73. The four Pd centers lie in a plane
forming an almost perfect square with ca. 5.7 Å sides. The pyrimidine rings A, B and C, are not
coplanar to the Pd4 plane, which results in the formation of a molecular vase, see Figure 73.

699

Self-assembly via dative bonding of bidentate nitrogen-containing ligands with transition metal
complexes is a widely used methodology in supramolecular chemistry.627,699,700 Such systems as
helicates,636 catenanes,701 cylinders,702 and other three-dimensional cage compounds663 have been
prepared. Much progress has been made in the design of molecules that can act as host molecules
for organic guests,663,703 and the physical basis of self-assembly macrocyclizations is the subject of
current research.704 Over the past few years, the synthesis of diverse molecular squares and
rectangles has been reported,663,705–709 but only a few publications show the design of parallelo-
grams with other than 90� angles at the corners.710–712 The synthesis of new silicon-containing
pyridine-based linker units with tetrahedral angles of 109o may allow the self-assembly of hitherto
unknown silicon-containing supramolecular parallelograms. The larger atomic size of silicon
compared to carbon is especially important for the synthesis of cyclic compounds and possible
host–guest chemistry within the cavities of these molecules. Cationic dinuclear rhomboids have
been isolated via modular self-assembly of silicon- and carbon-based tectons with cis square-
planar palladium bistriflate complexes. The versatility of the coordination paradigm was shown
by the use of diverse angular linkers to form similar rhomboid-like systems.713 Entropy plays an
important role in the formation of these macrocyclic systems, favoring the formation of the
smallest cycle even though the hydration is thermodynamically disfavored. X-ray crystal structure
analysis showed planar rhomboids with small internal cavities of approximately 10 Å� 8 Å.713
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Biological receptors modulate the shape and size of their recognition sites to bind substrate
molecules, generating numerous receptor structures from which the most suitable one is selected
(or induced-fit) by their substrates. Modeling such a system is particularly important to develop a
new receptor design wherein artificial receptors are constructed through a selection process by
their own guests. In Figure 74 PdII-linked cages, and some oligomeric compounds658 accessible
from the same components are in equilibrium. From this thermodynamic mixture, each cage
structure is selected upon the addition of appropriate guest molecules. The phenomenon described
herein is a prototype for a ‘‘dynamic receptor library,’’ which represents one of the important
goals in the field of molecular recognition.658 An asymmetric cage complex was selectively formed
from a mixture of oligomeric compounds upon the addition of 1,3,5-benzenetricarboxylic acid.
The selective formation of a symmetrical host was induced by the addition of spherical guests

such as CBrCl3 and CBr4. Molecular modeling, refined by Cerius program, explains the origin of
the selectivity in the formation of the two hosts shown in Figure 75. The host frameworks should
be organized so that maximum hydrophobic interaction can be gained. Therefore, flat guests
select the asymmetric host, whereas spherical guests prefer the symmetric host.658

Supermolecules consisting of interlinked ring-like molecules (catenanes)714 are an interesting
target for chemical synthesis both for their intrinsic interest as noncovalently bound but robust
assemblies and because of the perspective they offer on materials chemistry.715 Catenanes have
been prepared by metal-ion templating716,717 and self-assembly through other noncovalent inter-
actions. Fujita et al. report the synthesis of a catenane composed not of two interlocking rings but
of two cages.665 This structure is prepared by metal-mediated self-assembly.662,665,718 The

O

O O

O
O

O

O

(en)Pd Gd(H2O)(NO3)2

O

Figure 72 Generation of the cyclic species [(en)-Pd(dmpymo-N1,N3) ]4
4þ, by a self-assembly process.
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framework of each cage is assembled from five components: two tridentate ligands held together
with three metal ions (see Figure 76). A cage-like complex is designed, in which the interplanar
surface-to-surface distance between the ‘‘floor’’ and the ‘‘ceiling’’ is �3.5 Å, an ideal distance for
binding an aromatic ring. Because each cage framework can bind an aromatic ring, two cage units
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Figure 75 Selectivity in the formation of the two hosts. Flat guests select the asymmetric host, whereas
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will bind one another during their assembly process through the formation of a quadruple
aromatic stack, giving rise to the ten-component interlocked supermolecule (see Figure 77).665

Rectangular molecular boxes with interplanar separation of �3.5 Å were shown to effectively
self-assemble into catenated dimers.719 X-ray crystallographic analysis shows that the catenane
consists of two identical cage frameworks interlocking with each other. From the side view the
efficient quadruple stacking of aromatic rings is observed. This stacking makes the interlocked
structure the most stable of any possible structures.665 The interlocked cages are further stacked in
an intermolecular fashion, leading to one-dimensional infinite stacking of triazine �-systems. The
structure of the catenane in solution was determined by NMR studies. Both 1H and 13C NMR
agree well with the structure.665 A striking observation is that two preformed PdII cage com-
pounds are reorganized into the three-dimensionally interlocked catenane in high yield when they
are mixed in an aqueous solution (see Figure 78). The 12þ cage M6L4 type is a very stable cage
compound which assembles from ten components. The 6þ cage is also found to assemble from
five components. These cage compounds were independently prepared in D2O and then combined
in 1:2 ratio so that the component ratio became 6:2:2. After the solution was allowed to stand at
room temperature, all components were completely reorganized into an interlocked-cage catenane
compound. At an elevated temperature (80 �C), the reorganization was completed within 10
minutes.665
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Molecular capsules consist of closed, hollow frameworks within which encapsulated molecules
are isolated from interaction with external molecules. In this environment, otherwise reactive
molecules can be stabilized. An exo-hexadentate ligand, 1,3,5-tris(3,5-pyrimidyl)benzene, is used
as a triangular assembly unit. This ligand is an almost planar triangle and is expected to give
edge-sharing polyhedra when its aromatic nitrogens are ligated at the cis-coordination site of a
metal ion. A cis-protected palladium(II), Pd(NO3)2(en), provides a 90

� coordination angle, and
has been shown to be useful for constructing well-defined discrete structures on complexation
with a variety of exo-polydentate ligands.13,652,720 Because the angles between the planes of tetra-,
hexa-, and octahedra do not significantly deviate from 90�, the assembly of such a polyhedron
was achieved on complexation of this ligand with PdII unit (see Figure 79).630 Of the several
possibilities, the assembly of a molecular hexahedron trigonal bipyramidal actually occurred.630

The by-product formation was completely suppressed by employing a small excess amount of
Pd(NO3)2(en). The crystal structure shown in Figure 80 clearly demonstrates that the assembly is
a trigonal bipyramidal coordination capsule with the chemical formula C144H216N108Pd18, a
molecular mass of 7,103 Da, and a dimension of 3� 2.5� 2.5 nm.630 Each equatorial corner of
the hexahedron is made up by the assembly of four triangle units, where a (PdII-pym)4 cyclic
framework gives a small ‘‘pinhole’’ (2� 2 Å). Through these holes, only small molecules such as
water and molecular oxygen may pass, but ordinary organic molecules cannot enter or escape.
Not even such a ‘‘pinhole’’ exists at the apical corners. The free volume inside the capsule, into
which guests can be accommodated, is �900 Å3, implying that the complex can host large
molecules such as buckminsterfullerene, C60.

630 The thermodynamic stability is explained by a
strong positive cooperative effect of 36 PdII–pym coordination bonds involved in the framework.
The metal-linked dimer and trimer (see Figure 81) may be involved as intermediates in the
assembly process, because these species were observed when the triangular ligand was titrated
with PdII complex.
These results complement Fujita’s previous synthesis of a corner-sharing octahedron assem-

bling from an exo-tridentate ligand, 1,3,5-tris(4-pyridyl)triazine, and the same PdII complex.720,721

The framework of this octahedron complex has large windows and encloses large guest molecules
(for example, as many as four carborane molecules) which can enter or exit through the openings.
In contrast, the edge-sharing hexahedron complex has a closed shell structure, and it should be
able to encage large molecules.630
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Various molecular devices based on oligoporphyrins have recently been engineered and pre-
pared. The porphyrin oligomers have been synthesized by either covalent attachment of the
monomers or methods of self-assembly. Porphyrin arrays consisting of up to nine units have
been reported.722 Preparation of the porphyrin arrays in high yields and significant quantities is
still problematic. One of the major obstacles for synthesizing porphyrin derivatives is low
solubility.723 Macrocyclic assemblies, containing two or four porphyrin units, are readily obtained
on a preparative scale via self-assembly with use of PdII- or PtII-containing auxiliary modules. The
bisphosphine ligands coordinated to transition metals provide an enhanced solubility of
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macrocycles. The porphyrin cores are not coplanar when used as parts of the linear modules in
the tetramers.723 Chiral macrocycles are formed upon employment of the BINAP�PdII angular
building block. The chiral tetramers have a puckered structure of D2 symmetry at ambient
temperature.723 The high solubility and ease of synthesis of self-assembled porphyrin macrocycles,
based on PtII and PdII phosphine bistriflates, provides tetramers that are excellent ensembles for the
study of porphyrin exciton coupling interactions and induced circular dichroism.723

Rapid progress in molecular enclathration chemistry has been partly the result of the develop-
ment of the facile preparation of cage compounds by noncovalent synthesis exploiting hydrogen
and coordination bonds.724–730 Transition metal-mediated self-assembly720 has recently allowed
the highly effective construction of hollow, nanosized coordination cage (shown in Figure 82),
which enclathrates large neutral guest molecules at a fixed position of the cavity in a 1:4 host-
guest ratio.721 Fujita et al. report the remarkable ability of the cage for the selective enclathration
of ‘‘C-shaped’’ molecules such as cis-azobenzene and cis-stilbene derivatives. These guest mol-
ecules are enclathrated in the cavity through the ‘‘ship-in-a-bottle’’ formation of a hydrophobic
dimer of the guest, (see Figure 83). The hydrophobic dimer of azobenzene derivative is consider-
ably stabilized and does not undergo cis–trans isomerization.731
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Transition-metal-mediated self-assembly and metal–ligand interactions are becoming increas-
ingly popular in the construction of a variety of nanoscale-sized entities. The basic appeal of this
method is in its highly convergent synthetic protocol, the fast and facile formation of the final
product, as such metal–donor ligand interactions are established very rapidly, and most import-
antly, the great versatility of this method, as a large number of nanostructures can be prepared
via the combination of a relatively small number of building blocks.718,732 Among these assem-
blies, chiral structures (shown in Figure 84) occupy an important place, as they are the first
examples of transition-metal-based discrete supramolecular assemblies with controlled stereo-
chemistry. A first step in their study is the careful determination of rotational barriers and a
detailed study of the fluxional behavior of various heteroaryl complexes of PdII and PtII bis(phos-
phanes), as they are directly responsible for the existence of different rotational isomers in these
chiral assemblies.733

The interaction between chelated PdII triflates with various heteroaryl complexes results in the
formation of diastereomeric, square-planar, cationic complexes. For reaction with [Pd(R-(þ)-
BINAP)[OTf]2 (BINAP= 2,2

0-Bis(Diphenylphosphino-)-1,10-Binapthyl) and 2-bromo-5-methyl-
pyridine the formation of a diastereoisomeric mixture of three rotamers and a complex with a
single heteroaryl group is observed. Reaction of 3-methylisoquinoline with the above bis(triflates)
also yielded similar results, whereas in the case of the more sterically demanding 2-methylquino-
line, the mono(heteroaryl) complexes [Pd(R-(þ)-BINAP)(2-methylquinoline)][OTf]2 are observed
exclusively. Steric effects of the substituents located in close proximity to the transition metal are
responsible for such remarkable control of the stoichiometry of the products.733 The restricted
rotation about the metal–nitrogen heteroaryl bond in the complex [Pd(R-(þ)-BINAP)(3-picoli-
ne)2][OTf]2 was investigated by temperature-dependent

1H-NMR spectroscopy. The free energy of

Figure 80 Trigonal bipyramidal coordination capsule with a chemical formula of C144H216N108Pd18,
a molecular mass of 7,103 Da, and a dimension of 3� 2.5� 2.5 nm.
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activation �G‡ is 12
 0.5 kcalmol�1 for the Pd complex.733 Ab initio calculations (HF/lanl2dz) of
model complex [dpe]Pd(HN¼CH2)2

2þ (dpe= diphosphinoethylene) support the interpretation
of experimental results.733 The rotation of the heteroaryl ligand is hindered, therefore making
these assemblies stable to interconversion even at elevated temperatures. Since these assemblies
are formed in near-quantitative yield, probably there are some additional factors that influence
the formation and high thermodynamic stability of these macrocycles besides their conforma-
tional rigidity and the lability of the metal-heteroaryl bond. There are indirect indications that the
degree of �-stacking between the phenyl ring of the bis(phosphane) (BINAP) and the coordinated
heteroaryl plays an important role in the stabilization of these assemblies.733

Although single-, double- and triple-stranded helicates have been well documented,734–737

quadruply stranded helicates are rare. One type are pentanuclear metal complexes bridged by a
pentadentate ligand.738 These species contain metal –metal bonds with terminal ancillary ligands
on octahedral metal centers and, as such, can be classified as unsaturated helicates.734 It was
predicted734 that the synthesis of a saturated quadruply stranded helicate might be achieved by
employing a combination of square-planar metal centers with oligomonodentate bridging ligands.
There is a report on the successful realization of this challenge, with the synthesis and X-ray
crystal structure of a quadruply stranded helicate that encapsulates a hexafluorophosphate
anion.636 Its synthesis is shown in Figure 85. The dimeric complexes contain PPh3 or pyridine
as ligand. Diffusion of diethylether into an acetonitrile solution of the pyridine complex contain-
ing ammonium hexafluorophosphate resulted in a reorganization of the components and the
assembly of a helicate species, which deposited from the solution as a tetrakis(hexafluorophos-
phate) salt and as a bis(acetonitrile) solvate. The compound contains a full M2L4 helical cage that
has each square-planar palladium atom coordinated to the four bridging ligands and within which
resides a well-ordered PF6

� ion (see Figure 86). External to the cage are three other PF6
� anions

and two acetonitrile solvate molecules. The dimensions of the cage are defined by the Pd���Pd
separation (8.8402(8) Å) and the distance between the centroids of the cofacial benzene rings
(8.849(7) Å and 8.925(7) Å).636

A remarkable feature of the stucture is the encapsulation of the hexafluorophosphate anion. In
contrast to the many molecular hosts capable of recognizing and complexing cationic guests, the
search for similar species capable of complexing anionic guests has proved considerably more
difficult. Although PF6

� ions normally act as noncoordinating anions, the encapsulated anion
within cage makes weak contacts with the palladium centers (Pd1—F11= 2.789(5) Å; Pd2—
F12= 2.911(5) Å). This structure is maintained in solution.636

A coordination cage, shown in Figure 87, with a diameter of approximately 2 nm was constructed
through transition metal mediated self-assembly from six metal ions and four ligands.720,739,740 The
remarkable ability of this complex to encapsulate large, neutral molecules was explored.721 It
encapsulated four molecules of o-carborane, an icosahedral carbon–boron cage molecule with a
diameter of 8 Å. This large, neutral molecule is nonpolar and immiscible with water. However, when
a hexane solution of it was stirred with a D2O solution of the cage, four equivalents were rapidly
transferred into the aqueous phase and the stoichiometric formation of the complex was observed.
Adamantane was also encapsulated by the cage to form a 1:4 complex.721 The cage and the two
guests are shown in Figure 87.When 1- or 2-adamantanol was employed as a guest, the formation of
a stable 1:4 complex was again observed. The interior of the host is highly hydrophobic and the
guest molecule is located in the cage such that the hydroxyl group is pointed outward. Significant

+ 2

Figure 83 Guest molecules are enclathrated in the cavity through the ‘‘ship-in-a-bottle’’ formation of a
hydrophobic dimer of the guest.
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�-donor–acceptor interactions were observed when 1,3,5-trimethoxybenzene was employed as a
guest.721 The complexation is much faster when the guest molecules are smaller. Tri-t-butylbenzene,
which is slightly larger than the portal of the cage, is very slowly encapsulated by the cage through
thermally induced slippage at 80 oC. Once encapsulated, this oversized guest did not escape from the
cavity within two hours at room temperature even when the solution was treated with an organic
solvent.721

Organic and organometallic polynitriles are polytopic organic ligands for the self-assembly of
coordination polymers and supramolecular metal complexes. Transition metal complexes of
arylisocyanides bearing nitrile groups in peripheral locations can be employed in a similar
fashion.741 The solid formed from trans-diiodobis(4-isocyanobenzonitrile)palladium and two
equivalents of bis(hexafluoroacetylacetonate)copper, was found to possess a one-dimensional
structure, which can be described as a string of 20-membered rings, each consisting of two
I–Pd–CN–C6H4–CN subunits that are joined by copper bridges, whereby the palladium atoms are

N

OH
2

Br Br+

NN

O O

N N

OO

Pd Pd
L L

L L

NN

O O

O

OO

NN

Pd Pd N
N

N

O

O

OO

N
N

O

N

4+

4+

L = PPh3 L = Py

Figure 85 A quadruply stranded helicate that can encapsulate a hexafluorophosphate anion.
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shared by adjacent rings. As a consequence of the linear nature of the Pd–CN–C6H4–CN– portion
within the rings, the copper-nitrile linkages are strongly bent.742 The analogous solid, formed
from trans-diiodobis(3-isocyanobenzonitrile)palladium and bis(hexafluoroacetylacetonate)copper,
contains the same type of rings but with linear copper–nitrile linkages. The observation of end-on-
and side-on-bonded nitrile ligands in the two isomeric coordination polymers suggests that metal–
nitrile bonds may not generally be relied upon as rigid structural links in coordination polymers.742

In the synthesis of discrete ordered arrays of covalently linked porphyrins, there now seems to
be a practical limit of about 10 macrocycles. To create ever larger arrays in reasonable yields, a
supramolecular approach has been employed to design a variety of discrete porphyrin arrays. The
largest designed discrete assemblies containing six or more components have been squares made
up of four porphyrins assembled by four transition metal ions,743–746 and a rosette containing six
porphyrins assembled by hydrogen bonding. A discrete supramolecular array of nine porphyrins
has been made. Self-assembly is accomplished by coordination of exocyclic pyridyl groups on
three different porphyrin derivatives to 12 palladium(II) dichloride units: Four different types of
molecules self-assemble to a 21-membered array that is 25 nm2 large.722 These types of systems are
expected to: further our understanding of photonic communication between chromophores
mediated by noncovalent interactions; serve as guides for the formation of molecular channels
or receptors; and be a foundation for the development of molecular photonic materials for use in
nonlinear optics. The well-characterized photophysical behavior of these macrocycles provides a
tool for the examination of the kinetics, mechanism, and thermodynamics of self-assembly. The
nonameric arrays were designed by appropriate choice of trans coordination by the relatively
labile square planar bis(benzonitrile)palladium(II) dichloride, the correct stoichiometries of the
components, and the correct substitution patterns of three different porphyrins: one central
X-shaped unit, four T-shaped units on the sides, and four L-shaped units in the corners (see
Figure 88). The ‘‘molecular information’’ inherent in the individual molecules and the stoichio-
metry (12Pd, 100X00, 400L00, and 400T00) favors the formation of the desired arrays, but the reversi-
bility of pyridyl – palladium bond formation is also crucial for reaching what appears to be the
thermodynamic product. Thus, the desired arrays are formed in approximately 90% yield at room
temperature in less than 30 minutes.722 There are three different porphyrins, so any combination
of free base and metallo compounds may be used to make the supramolecular arrays. This results
in arrays with metallo derivatives in predictable positions. Only the all-free base or all-zinc
complexes are presented to avoid the kinetic and spectroscopic complications that arise from
axial coordination by the pyridyl groups to other metalloporphyrins (homocoordination).722

Pd1

F11

F12

Pd2

Figure 86 Compound containing a full M2L4 helical cage that has each square-planar palladium atom
coordinated to the four bridging ligands and within which resides a well-ordered PF6

�ion.
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Porphyrin tapes (see Figure 89) are made in a manner similar to that of the nonamers. For
example, addition of two porphyrins (‘‘O’’) to two ‘‘I’’-shaped porphyrins and two equivalents
of [PdCl2(NCPh)2] results in the palladium-based tape as a mixture of the dimer, the trimer, and
the tetramer in a ratio of about 3:8:2.722 The substantial broadening, concomitant decrease in
intensity, and red shift of the Soret band are typical for electronically coupled porphyrins. It is
observed to a lesser extent for the Pd-mediated dimer and tetramer arrays and other squares.743–746

There is a consistent red shift of about 2 nm (and broadening) per porphyrin. The excited
state lifetime for a mixture of porphyrins in toluene at room temperature is 12 ns, and that of
the array is less than 1 ns.722 The substantial additional quenching for the arrays is likely due to
energy transfer from one porphyrin moiety to another, and to some � stacking of the non-
amers.722 The 1H-NMR titrations exhibit similar trends as those observed for other porphyrin
squares,743–746 namely, there is a highly characteristic shift in the pyridyl protons upon coord-
ination of a metal ion.722 Light-scattering results suggest that clusters with a radius of 5–7 nm
are present in solution. Depending on solution conditions, deposition of nonameric arrays on
polished glass substrates results in the formation of nanoparticle clusters. Characterization of
the three-dimensional arrangement of these clusters by atomic force microscopy (AFM), shown
in Figure 90, suggests that the nonameric arrays deposit as columnar structures on the glass
surface, potentially as nanocrystals. The clusters range in height from 1.3 nm to 39 nm with over
75% between 4.5–6.5 nm, which is consistent with the light-scattering data.722 Such sharp, clear
images of the tip structure (shown in Figure 90) strongly suggest the nonamers deposit as stacks
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on the order of 5� 5� 5 nm3. These arrangements are induced by a significant intermolecular
� stacking energy per porphyrin face (�5 kcalmol�1) depending on solvent and concentration.
Other evidence for the formation of the arrays and tapes comes from a variety of methods:
dynamic light scattering and size-exclusion chromatography; ESMS; and vapor phase osmome-
try.722 The data taken together indicate formation of nonamer arrays that are about 25 nm2

large, objects that are between discrete chemical species and polymeric materials. This work
demonstrates that it is possible to design and self-assemble large, complex arrays of rigid dye
molecules such as porphyrins by choosing the appropriate geometry of the building blocks and
metal ions.722
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A number of chiral transition-metal-based infinite structures and smaller chiral systems, such as
helices and helicates,747–760 have been reported. It is important to understand the function of
chiral elements in supramolecular structures in an effort to unravel the intricacies of biological
systems and the subtle functions respective chiral components introduce.761 Bisphosphines such as
2,20-bis(diphenylphosphino)-1,10-binaphthyl (BINAP) and its derivatives have been most exten-
sively utilized as chiral transition-metal-chelating reagents. The BINAP PdII and PtII bistriflate
complexes762 are fairly pliant and have been shown to be suitable building blocks for the
preparation of chiral macrocyclic molecular squares.763 DIOP (2,3-O-isopropylidene-2,3-dihy-
droxy-1,4-bis(diphenylphosphino)-butane) is also widely used. Stang et al. reported the
preparation of all transition metal and mixed Pt and Pd-iodonium, fully charged, cationic systems
and the asymmetric induction resulting in these complexes using metal centers with chiral chelat-
ing ligands and helicity.763,764 A new chiral tetranuclear molecular Pt�Pd square was made using
the simplest approach, that of a chiral chelating ligand, to access chirality. The resulting chir-
optical properties of the chiral assemblies were studied. Optical rotation and CD spectra of the
chiral starting material are reported; their set of intrinsic properties is being compared to those of
the resulting macrocycles. The coordination of silver via �-interaction with the acetylenes is
detected by CD, as well as the capture of neutral diheteroatomic aromatic guests by the resulting
Lewis acid/base receptors.761 NMR spectroscopy, circular dichroism (CD), and UV spectroscopy
were used to observe tetramer formation, silver coordination, and guest inclusion. The DIOP
moiety was most useful when used in conjuction with the achiral triethyl phosphine palladium
bistriflate. However, the BINAP moiety allowed for the observation of larger Cotton effects,
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Figure 90 Characterization of the three-dimensional arrangement of porphyrin arrays by atomic force
microscopy.
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which proved particularly useful for monitoring the formation of the chiral tetramers as well as
the inclusion of neutral guests.761

Rigid complexes can be synthesized in which the overall structure is dictated by a combination
of the binding constraints of the ligand and the geometrical requirements of the metal ions. There
is a report of the self-assembly of a rigid, cyclic structure that contains 4,7-phenanthroline and the
linear organopalladium complex fragments, shown in Figure 91, as building blocks. Self-assembly
of these complementary molecular building blocks with angular requirements of 60� and 180�

results in a six-component [3þ 3] cyclic array.639
In attempts to observe intermediates in the self-assembly process, experiments involving

stepwise addition of metal to ligand and ligand to metal were monitored by 1H-NMR
spectroscopy. In no case were species other than the cyclic product and the component in
excess observed. This is consistent with rapid formation of the thermodynamically favored
cyclic product. An X-ray structural study confirmed the postulated hexanuclear structure (see
Figure 92).639 4,7-Phenanthroline is a simple, commercially available ligand that favors
bridging over chelation and provides a rigid 60� corner for creating unique metal–ligand
arrays. An advantage of employing the organopalladium complex fragments described here
is the readily variable substituent on the sulfur atom, which allows the modification of the
physical properties.639
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6.4.6 PALLADIUM(I)

6.4.6.1 Carbon

Tetrapyrrole ligands, including porphyrins, porphyrinogens, and bilindiones, can coordinate
metal ions in a �-fashion as well as in the usual �-fashion through the nitrogen lone pairs. In
Pd4(OEB)2, a [Pd2]

2þ unit is bound in �-fashion to olefinic sites that are exocyclic to pyrrole rings
of the octaethylbilindione (H3OEB) ligand.

203 An unprecedented rearrangement of the framework
of the bilindione occurs as a direct consequence of the �-coordination of the palladium. This
complex, multistep process involves cleavage of the Pd�Pd and Pd�C bonds, oxidation of
palladium, migration of the nitrogen atom from one carbon to another, and introduction of the
oxygen atom via a hydrolytic process, not necessarily in this particular sequence.765

6.4.6.2 Phosphorus

Palladium triphenylphosphine complexes are important because of their numerous applications in
organic synthesis and catalysis. A new binary palladium triphenylphosphine complex shows an
unprecedented triphenylphosphine bonding mode.766 Yellow [(PPh3)2Pd(�-OH)]2(BF4)2

767 is only
slightly soluble in CH2Cl2 but rapidly dissolves to give a red solution when ethanol is added. The
[Pd3(PPh3)4]

2þ cation consists of a Ph3P—Pd—Pd—Pd—PPh3 linear chain sandwiched by two
head-to-tail Ph2P–C6H6 groups each bonded through the P atom to one Pd atom and to two Pd atoms
through a phenyl ring.768Although PPh3 has been observed to bridge two metal centers through the P
atom and a Ph ring,769–777 a three-metal-center bridge is without precedent; see Figure 93.766

The arene rings bind to the Pd centers through four carbon atoms, bridging the two Pd atoms
as �-�2:�2-diene units. Arene bonding similar to that in the complex has been observed in Pd2
complexes.778–780 Pd oxidation states in the chain may be described as PdI—Pd0—PdI.766 The
formation of this complex involves PdII reduction. The alcohol is the reducing agent and free
PPh3 is scavenged by air oxidation, thereby improving the yield of the new complex. The novel
triphenylphosphine bridging to three metal centers is surprisingly robust and resists degradation
at ambient temperatures. The low PPh3/Pd ratio does, however, suggest that [Pd3(PPh3)4]

2þ may
be a useful precursor in stoichiometric and catalytic reactions.766

6.4.6.3 Hydrogen

Although a number of mono- and binuclear palladium hydrides have been successfully identified
structurally and spectroscopically,375,781–786 very rare are the hydrido polynuclear Pd complexes
that have been convincingly characterized. To our knowledge there is no X-ray structure of

Figure 92 Hexanuclear structure of the [3þ 3] cyclic array.
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Pd3(H)x or of hydride Pdn (n� 4) complexes in the literature. Puddephatt et al.787,788 prepared the
unstable compound [Pd3(dppm)3(�

3-S)(H)]PF6 which was characterized by NMR and IR and by
comparison with the X-ray crystallographically characterized Pt analogue. Furthermore, attempts
to prepare [Pd3(dppm)3(�

3-H)]þ were unsuccessful. One group studied the reaction between
Pd2(dppm)2Cl2 and NaBH4 which produced putative ‘‘Pd2(dppm)2(H)x.’’

789 Another group rein-
vestigated the reaction between Pd2(dppm)2X2, where X=Cl, Br, or I, and NaBH4 under the
same experimental conditions. While no reaction is observed for the I derivative, they have
obtained the same diamagnetic product according to color, spectra, and chemical behavior, except
that both compounds contain halides (Cl or Br). They report the characterization of the first
tetrapalladium hydride cluster, formulated as [Pd4(dppm)4(H)2]X2 (X=Cl, Br), along with some
of its electrochemical properties in relation to electrocatalysis.790

6.4.6.4 Polynuclear Compounds and Polymers (see Chapter 7.6)

Homoleptic transition metal complexes containing weakly coordinated ligands have long been
recognized as versatile sources of active catalysts or inorganic functional materials.791,792 For
example, the combination of an electrophilic PdII complex [Pd(CH3CN)4][BF4]2

793,794 and appro-
priate auxiliary ligands has been frequently used as a pre-catalyst for olefin oligomerization,
aromatic substitution, Wacker type oxidation, or alkyne hydroamination reaction.795–802 Prepara-
tion of the first homoleptic nitrile dipalladium(I) complex is shown in Figure 94.803

The dipalladium complex underwent facile ligand-substitution reaction with the Pd�Pd bond
remaining intact under moderate conditions.803 The reaction with two equivalents of bidentate
phosphine, dppm (diphenylphosphinomethane), in CD3CN afforded a known complex
[Pd2(dppm)2(CH3CN)2][BF4 ]2

804 quantitatively. The reaction with two equivalents of 1,10-phen-
anthroline (phen) afforded [Pd2(phen)2(CH3CN)2][BF4]2.

805

C63
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C66C65
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Pd2 Pd1
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Figure 93 A three-metal-center bridge in [Pd3(PPh3)4]
2þ ion.
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Figure 94 Preparation of the first homoleptic nitrile dipalladium(I) complex.

Palladium 639



The design of efficient molecular catalysts for proton reduction to H2 has recently become a
subject of increasing interest.806–809 The identification and electrochemical characterization of a
tetrapalladium dihydride cluster [Pd4(dppm)4(H)2](X)2 (X

�=Cl�, Br�) was reported.790 Because
this cluster exhibits hydrides and an electrochemically reversible (two-electron) reduction sys-
tem,790 one can hope for hydrogen evolution electrocatalysis. Another work810 reports the first
homogeneous electrocatalytic hydrogen evolution reaction induced by a cluster compound.
Experimental results indicate that the intermediate is another polyhydride species,
Pd4(dppm)4(H)3

þ, that is relatively stable. This study810 also reports the one electron electro-
catalytic decomposition of the formate ion to CO2 and 1/2H2 by this same intermediate. The
dihydrido cluster can be prepared chemically and electrochemically by various methods using the
starting Pd2(dppm)2Cl2 material. The dihydrido cluster is sensitive to nucleophiles such as Cl

�,
Br�, and CN�, but the [Pd4(dppm)4(H)2](X)2 salts (X

�=BF4
�, PF6

�, BPh4
�) proved to be

particularly stable, even for weeks in solution. Its preparation in two general ways is shown in
Figure 95: The first being the addition of ‘‘Hþ’’ to a chemically or electrochemically generated
Pd2(dppm)2 species (d

10�d10); and the second being the addition of ‘‘H�’’ to Pd2(dppm)2Cl2
(d 9�d 9).810

The studies on palladium-phosphine complexes, especially those with diphosphine ligands, have
mainly been focused on the complexes of palladium in lower oxidation state of 0 and
þ1,84,580,581,583,766,787,788,811–816 such as [Pd2(dppm)2]

2þ, [Pd2(dppm)3],
815 [Pd3(dppm)3(�3-

S)H]PF6,
787,788 [Pd4(dppm)4(H)2]X2,

814 and {[Pd(�-SC6F5)(�-dppm)Pd](�-SC6F5)}4.
813

Until recently, only a few examples of clusters containing [MSe4]
2� units and non-d10 metal

atoms were known.817,818 In order to obtain such a cluster, the reaction of palladium(I) complex
[Pd2(�-dppm)2Cl2]

819 with [Et4N]2[WSe4] in a CH2Cl2–DMF mixture solvent was carried out. The
neutral heterohexanuclear cluster [(�3-WSe4)2(Pd2)2(�-dppm)2]�2DMF was formed by displace-
ment of two chlorides and one dppm ligand in the complex, with two [WSe4]

2� groups coord-
inated to the two [Pd2(dppm)]

2þ species, see Figure 96.820

In this reaction, the [WSe4]
2� anion is employed as a tridentate ligand and resembles a triseleno

acid or four electron ligand, thus the synthesis entails the metathetical reactions of palladium
chlorides and [WSe4]

2� anion. Moreover, perhaps more significantly, electrically neutral poly-
nuclear heterometallic clusters with an open d-shell metal center appear to be promising pre-
cursors to new inorganic solids. The synthesis, structural characterization, and spectroscopic
properties of the hexanuclear W-Se-Pd cluster [(�3-WSe4)2(Pd2)2(�-dppm)2]�2DMF are presented,
see Figure 97.820

The quadruply bonded dinuclear dimolybdenum(II) complex, Mo2(pyphos)4 (shown as the
upper left structure in Figure 98(a)) (pyphos= 6-diphenylphosphino-2-pyridonate), binds two
palladium(I) species at both of the axial positions of the Mo2 core to form the metal–metal-
bonded tetranuclear complex Mo2Pd2Cl2(pyphos)4 (shown as the middle structure in Figure 98(b)),
which has two single PdI—MoII bonds and one triple Mo�Mo bond.821,822 This reaction
involves the coordination of two PdII at the axial positions of the Mo2 core to form Mo2Pd2Cl4

2 Pd2(dppm)2Cl2

2 HCO2
–

–2 CO2

–4 Cl–

+4 e–, –4 Cl –

E1/2 = –1.18 V
2"Pd2(dppm)2"

2 H+

+2 e–

E1/2= –1.35 V
"Pd4(dppm)4(H)2" Pd4(dppm)4 (H)2

HCO2
–

–CO2
(slow)

4 Pd4(dppm)4(H)3
+

H+

2+

Figure 95 Preparation of [Pd4(dppm)4(H)2](X)2 salts (X
�=BF4

�, PF6
�, BPh4

�) in two general ways.
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(pyphos)4 (shown as the upper right structure in Figure 98(c)) and then the reduction of Pd
II to

PdI as a result of the formation of Mo�Pd � bonds.
Bis(diphenylphosphine)methane (dppm), as a constraining ligand, prefers to lock two metal

atoms together in close proximity and favors unusual oxidation states; thus, most palladium
complexes containing dppm are binuclear complexes doubly bridged by dppm and related ligands,
such as [Pd2(�-dppm)2X2] (X= halogen),579,580,583,823 and the oxidation state of palladium is
mainly þ1. Many studies have been carried out on the insertion of small molecules, such as
CO, SO2, RCN, etc., into the Pd�Pd bond in [Pd2(�-dppm)2X2] to yield the so-called A-frame
complexes with the maintenance of the oxidation state of palladium.824–827 In the octanuclear
{[Pd(�-SC6F5)(�-dppm)Pd](�-SC6F5)}4, the oxidation state of palladium remains þ1.828,829
Up to a few years ago, a common viewpoint was that monodentate phosphines act exclusively

as two-electron terminally bonded donors. The structure of [Pd2(dppp)2][CF3SO3]2 [dppp= 1,3-

Pd

P

C
P

Pd

PP

C

ClCl W

Se

Se

Se
Se

Se
W

Se

Pd
Se

Pd

Pd Pd

Se

Se Se

P

C

P

P

P

C
CH2Cl2

DMF

Se

Se

2–

+
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Palladium 641



bis(diphenylphosphino)propane]768 contains a dinuclear palladium(I) cation, surviving thanks to a
metal–metal bonding interaction, and two bridging phosphines. The cation can in fact be viewed
as the dimer of the bent (dppp)Pdþ moiety; within each dppp molecule one phosphorus binds
terminally one of the metals and the remaining one bridges the Pd�Pd bond, as shown in Figure 99.768
The complex [Pd2(�-PBu

t
2)(�-PBu

t
2H)(PBu

t
2H)2]BF4

830 contains a secondary phosphine as
bridging ligand, see Figure 100. With respect to most of the bridges described above, which
involve orbitals centered on single phosphorus atoms, the bridging secondary phosphine differs
substantially because of the active role played by the P�H �-bond. This furnishes two extra
electrons, involved in an unprecedented Pd–H–P agostic interaction, to the dimetallic system. The
PBut2H molecule can therefore be formally considered as a four-electron donor, or, in other
words, a bidentate ligand,830 as for example the bridging diphenylvinylphosphine in the cation
[{Pd[�-Ph2(CH]]CH2)][PPh2(CH]]CH2)]}2]

2þ, shown in Figure 101.831

The bridging PBut2H molecule is not as tightly bonded as other bridging bidentate ligands. This
can easily be confirmed by comparing the reactivities of monodentate phosphines.832 The strength
of the overall Pd2(m-PBu

t
2H) interaction is greater than that of a terminal Pd�But2H bond.832
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6.4.7 PALLADIUM(0)

6.4.7.1 Carbon

Many research groups have employed Pd catalysis to prepare a variety of covalently-linked
multiporphyrin arrays. Couplings of the Heck, Suzuki, Sonogashira, and Stille types, amongst
others, have so far been used.833–841. In couplings of the meso-haloporphyrin using Pd0 and
phosphines, an essential step is the oxidative addition to form a meso-�1-palladioporphyrin.839

Synthesis and spectra of peripherally-palladated porphyrins have been reported.842

Isolated mononuclear Pd0–carbonyl complexes are rare. Examples include (Ph3P)3Pd(CO),
which on reversible phosphine dissociation gives rise to (Ph3P)2Pd(CO), which itself has not
been isolated,843,844 {N(C2H4PPh2)3}Pd(CO),

845 and {MeC(CH2PPh2)3}Pd(CO);
846 the last com-

pound has been structurally characterized. Matrix isolation techniques have allowed the spectro-
scopic characterization of the highly unstable homoleptic complexes Pd(CO)n (n= 1–4).

847–849 The
dinuclear Pd0-carbonyl complexes {(bpy)Pd(�-CO)}2 and {(o-phen)Pd(�-CO)}2

850 and trinuclear
clusters LnPd3(CO)3 (L=PPh3: n= 3, 4; L=PtBu3, PPh

tBu2: n= 3)
851 have been reported, but

without structural data. The molecular structures of larger clusters such as (Ph2MeP)4Pd4(�2-
CO)5,

852 (Bun3P)4Pd4(�2-CO)6,
853 (Me3P)7Pd6(�3-CO)4,

854 and (Me3P)7Pd7(�2-CO)3(�3-CO)4
855

have, however, been established.856 Dinuclear Pd2(�-CO) bonding has been suggested for adsorp-
tion of CO on a Pd(100) surface,857,858 but interestingly no examples of dinuclear Pd0-mono-
carbonyl complexes were known until recently.859 The synthesis and properties of the novel
mononuclear complexes (R2PC2H4PR2)Pd(CO)2 (R=Pri, But), with terminal CO ligands, and
the dinuclear {(dtbpe)Pd}2(�-CO), containing a single CO bridge were reported.

859 It appears that
for the Pd0–CO system the Pd2(�-CO) entity is strongly favored over other possible coordination
modes (e.g., Pd–�-CO and Pd2(�-CO)2).

859

There is a growing class of metal carbonyl compounds with unusually high �(CO) values. These
and other high �(CO) values are due to greatly diminished � backbonding for late transition metal
[M(CO)n]

mþ species. A �(CO) value greater than 2,143 cm�1 can occur for two distinguishable
situations: (i) negligible or relatively minor M!CO � backbonding (i.e., nonclassical behavior)
or (ii) � backbonding that is significant (i.e., classical behavior) but insufficient to lower � (CO)
below 2,143 cm�1.860 There is computational evidence that the metal-carbon bonds in the d10 D1h

species such as [Pd(CO)2], are fundamentally different than the metal–carbon bonds in the
isoelectronic, isoleptic, and isostructural species [Ag(CO)2]

þ, [Zn(CO)2]
2þ, [Cd(CO)2]

2þ, and
[Hg(CO)2]

2þ.861

6.4.7.2 Nitrogen

The simplest carbohydrates are easily available, chiral, and may afford both lipo- and hydro-
soluble ligands862–867 depending on whether or not the hydroxyl groups are protected. There are
new nitrogen chelates based on �-D-mannose and �-D-glucose, where the sugar residue was
bound to the N-donor through the C6 atom. Their coordination properties were investigated by
preparing lypo- and hydro-soluble complexes of Pd0 with general formula [Pd0(N,N-chelate)(ole-
fin)]. A significant diastereoselectivity in the coordination of both dimethyl fumarate and fumar-
odinitrile (fdn) was obtained with ligands of the type shown in Figure 102.868

Improved N,N-ligands, shown in Figure 103, have a chiral carbon closer to the coordinating
atoms, i.e., a linkage between the carbohydrate C1 carbon and the N donor. This feature
enhances the ability of the ligands to induce enantioselective coordination of prochiral olefins.

P Pd Pd

P

P

P

2+

Figure 101 The cation [{Pd[�-Ph2(CH]]CH2)][PPh2(CH]]CH2)]}2]
2þ.
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A new water soluble palladium(0) complex was also prepared. This compound and a previously
reported related species were examined as catalysts in the hydrogenation of unsaturated nitriles in
water. It was found that the pH of the solvent plays a crucial role in determining both yield and
reaction course.869

6.4.7.3 Phosphorus

Determination of the rate constant of the oxidative addition of aryl halides with Pd0(PPh3)4 or
with the Pd0 complexes generated from Pd0(dba)2 and one equivalent of dppp shows that the
oxidative addition is slower for ortho-substituted aryl halides than for the corresponding non-
substituted or meta-substituted aryl halides.870

Sources of catalytically active palladium(0) typically arise from ligand dissociation from coord-
inatively more saturated Pd0 complexes871–880 or from reduction of a PdII species.353,881 Another
route to catalytically active (P�P)Pd fragments is the dissociation of the dinuclear complexes [(�-
P�P)Pd]2.882Complexes [(�-dcpm)Pd]2 and [(�-dtbpm)Pd]2 were obtained from the reductive elimina-
tion of ethane from dimethylpalladium(II) complexes (dippm= bis(diisopropylphosphino)methane;
dcpm= bis(dicyclohexylphosphino)methane; dcpm= bis(di-t-butylphosphino)methane).883

During the 1990s the interest in the complexating properties of calixarenes shifted toward
transition metal complexation. This shift has resulted in the synthesis of an appreciable number
of phosphorus-containing calix[4]- and calix[6]arenes. Calix[4]arene diphosphite is shown in
Figure 104. The ligand shows a tendency to form cis-coordinated complexes with palladium(II)
in which it has an almost ideal bite angle of 94�. Furthermore it can stabilize palladium(0). The
geometry of this complex is presumably a (distorted) tetrahedron. This complex is successful in
palladium-catalyzed copolymerization of carbon monoxide and ethene.884

Tetracoordinate Pd0–phosphine complexes are widely used as catalysts in organic synthesis.
Interesting among the several routes to these compounds is the formation of a Pd0 complex in
quantitative conversion via a redox transmetalation involving PdII and Pt0.885 In more traditional
preparations, PdII–halide complexes are reduced to the corresponding bis(diphosphine)Pd0 or
tetrakis(phosphine)Pd0 analogues in the presence of the phosphine or diphosphine. In the redox
reaction shown in Equation (5) PdII bis-phosphine complexes are reduced to tetrakis(phosphine)Pd0
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complexes while part of the excess phosphine is oxidized to R3P¼O.887 This reaction is catalytic
in fluoride in the presence of very strong nonionic bases:887

(R3P)2PdCl2 + 2F– + H2O + 3PR3

(R3P)4Pd + 2Cl– + 2HF + R3P O
ð5Þ

6.4.7.4 Hydrogen

The family of solid-state hydrides now comprises the members Li2(PdH2), Na2(PdH2),
NaBa(PdH3), Sr2(PdH4), and Ba2(PdH4).

888–891 Also these hydrides can be made fairly conveni-
ently by hot sintering compacted powder mixtures of the binary alkali or alkaline earth hydrides
with Pd in hydrogen. The existence of these complexes is interesting as such low oxidation states
of the transition metal are usually associated with ligands having good electron-accepting proper-
ties. This conventional stabilization by ‘‘back-donation’’ to ligand orbitals is, however, not
available in homoleptic hydrido complexes. Some of the hydrides show metallic electric conduct-
ivity, indicating that the cations are required to participate more in the bonding, beyond the role
of a conventional undeformed cation. Thus it seems likely that a stabilization mechanism for
these electron dense low formal oxidation states is to be found in the interaction of the hydrogen
ligands with the cations surrounding the complexes. This could correspond to a somewhat
indirect ‘‘back-bonding’’ mechanism where electron density from the d-orbitals of the transition
metals are distributed to the cations via bonding with the hydrogen atoms. Such a mechanism
could also be of interest for applications as it may offer a way to influence the stability of a
complex and thus the hydrogen release pressure by manipulating the ‘‘electropositive matrix’’
surrounding the complexes. The stabilization of four palladium-hydrido complexes, a square-
planar [PdIIH4]

2�, a linear [Pd0H2]
2�, a trigonal [Pd0H3]

3�, and a slightly distorted [Pd0H4]
4�, in

the solid-state hydrides K2[Pd
IIH4], Li2[Pd

0H2], Na2[Pd
0H2], NaBa[Pd

0H3], and Ba2[Pd
0H4] has

been studied by investigating the palladium–hydrogen bond strength with inelastic neutron
scattering and by performing self-consistent linear muffin-tin orbital calculations on the corres-
ponding solid-state structures.892 The capacity of the easily polarizable H� ion for redistributing
electron density has thus probably a somewhat neglected importance for complex chemistry in
general, but the effect has not been elucidated until the work with homoleptic hydrido com-
plexes.892 In hydrides where the interactions between neighbors become so large that electrons
become itinerant, we might further find new interesting electric phenomena relating conductivity
with the crystal lattice modes.892

Metal hydrides containing transition metal (TM)–hydrogen complexes, with the transition
metal in a formally low oxidation state, are of fundamental interest for clarifying how an
electron-rich metal atom can be stabilized without access to the conventional mechanism for
relieving the electron density by ‘‘back-donation’’ to suitable ligand orbitals. By reacting electro-
positive alkali or alkaline earth metals (s-elements) with group 7, 8, 9, and 10 transition metals in
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Figure 104 Calix[4]arene diphosphite.
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the presence of hydrogen, a large number of interesting ternary and quaternary complex transi-
tion metal hydrides have been synthesized. Although none of the transition metals form stable
binary hydrides, except for palladium, the hydrides based on the hydrogen-rich TM complexes
have a considerably higher storage capacity than the hydrogen storage alloys commercially
available in the early twenty-first century. In the synthesis of these new hydrides, the electro-
positive s-elements are supplying their valence electrons to allow for the formation of usually 18-
electron homoleptic TM-hydrogen complexes. A small number of electron-dense Pd–H complexes
have already been found, namely Li2PdH2 and Na2PdH2.

889,890 The flexibility inherent in the
polarizable TM�H bond and lattice-induced effect seems to offer enough relief of the high
electron density in the d10 state of the central atom, helping to stabilize a formal oxidation
state that is usually found only with good electron-accepting ligands. Palladium seems to even
favor such a low oxidation state, as it has been found with a formal oxidation state of zero in two
complexes: a linear PdH2 complex in Li2PdH2 and Na2PdH2 and a planar trigonal PdH3 complex
in NaBaPdH3.

891 For comparison, an assumedly more conventional square-planar PdIIH4 com-
plex was synthesized in Na2PdH4, but at an extreme 2,000 bar H2 pressure.

893 The addition of a
third zerovalent-palladium hydrido complex in the series A2PdH2, namely A2PdH4 (A= Sr,
Ba),894 shows that hydrogen as a ligand can participate in the stabilization of such a formally
low oxidation state, where one would only expect good electron accepting ligands to be involved.
The large variation in hydrogen coordination numbers and geometries in response to the s-metal
counter ion charge distribution implies that the unique chemical softness of H� permits stabiliza-
tion of a number of probably energetically similar structural configurations in these systems. It
also indicates the need to consider the total metal lattice when explaining the stability of the
different complexes.894

For the palladium hydrides, the formation of [Pd0H2] complexes is favored over that of a more
common square planar arrangement in [PdIIH4]�Na2PdH4, containing the latter four-coordinated
complex, has been synthesized but could only be obtained at an extreme 2 kbar H2 pressure.

893

K2PdH4, containing the larger and more electropositive potassium ion, was synthesized at a more
moderate pressure.895 Both hydrides are nonmetallic, and the Pd�H distances are short, 1.61 Å
and 1.63 Å, respectively, indicating more conventional covalent bonding than the longer Pd�H
distances, 1.68 Å, in the metallic Li2PdH2 and Na2PdH2 hydrides. The quaternary hydride
NaBaPdH3, contains unprecedented 16-electron [PdH3] complexes that contain formally zero-
valent palladium with planar trigonal D3h symmetry. The crystal structure was determined and
refined from single-crystal X-ray diffraction data and was verified by a neutron powder diffraction
experiment on a deuterated sample.896

6.4.7.5 Mixed Donor Atoms

Ligands with mixed donor atoms have been the subject of many studies. Particularly interesting
are the hemilabile ligands, in which ‘‘soft’’ and ‘‘hard’’ donor atoms are combined to give flexible
coordination modes. This behavior has been exploited to maximize the stability of a metal
complex and has been implicated in a number of catalytic reactions. Although the coordination
chemistry of phosphorus–nitrogen–phosphorus donors (PNP ligands) to transition metals has been
widely reported, their application to catalysis is fairly recent, where in most cases the nitrogen is
used either as a means of tethering the ligand to solid supports, and chiral or hydrophilic groups.
As nitrogen is inherently a weaker donor toward later transition metals than phosphines, it is
conceivable that the complex could isomerize between cis and trans configurations as the ligand
alters between the bi- and terdentate modes (see Equation (6)). As this isomerization process does
not necessarily entail a cleavage of the M�P bond, it is envisaged that ligand dissociation and
decomposition during a catalytic reaction should be minimized:897
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NR M
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General routes for the synthesis of a number of PNP ligands of the general formula
R-N(CH2CH2PPh2)2 (R= acyl, alkyl, aryl) have been developed. Their coordination chemistry
with palladium has been explored and was found to be capable of PP–dimeric, PNP–monomeric,
and PP–monomeric modes of coordination, depending on the substituents on palladium, as well
as on the nature of the R group on the nitrogen donor. Different substitutions on nitrogen have
an appreciable effect on the rates of the oxidative addition reaction on palladium(0).897

6.4.7.6 Polynuclear Compounds

Ruthenium–ruthenium bonds form adducts to the Lewis acid palladium grouping Pd(PBut3).
898

The tripalladium complex Ru3(CO)12[Pd(PBu
t
3)]3, shown in Figure 105, was obtained from the

reaction of Pd(PBut3)2 with Ru3(CO)12. The compound consists of a central triruthenium triangle
with three Ru�Ru bonds. Each Ru�Ru bond contains a bridging Pd(PBut3) grouping. Each
palladium atom is bonded to two ruthenium atoms. The cluster of six metal atoms is not planar,
but has a dish-like shape. The reaction of Pd(PBut3)2 with Ru6(CO)17(C) yielded two isomers of
the dipalladium complex Ru6(CO)17(C)[Pd(PBu

t
3)]2. In one isomer the Pd(PBu

t
3) groups bridge

two edges of the Ru6 octahedron; in the other isomer, one Pd(PBu
t
3) group bridges an edge of the

Ru6 octahedron while the other Pd(PBu
t
3) group serves as a triple bridge. The reaction of
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Ru(CO)5 with Pd(PBu
t
3)2 gives Ru2(CO)9[Pd(PBu

t
3)]2, depicted in Figure 105, which can be

viewed as a dipalladium adduct of the elusive compound Ru2(CO)9.
There has been great interest in the preparation of bimetallic transition metal cluster complexes

containing palladium.899–902 Bimetallic palladium–ruthenium clusters have been shown to be good
precursors to supported bimetallic catalysts.903,904

Since the first report on the synthesis and characterization of the Pd3(dppm)3(CO)
2þ cluster

(dppm= bis(diphenylphosphino)methane), by Puddephatt et al.905,906 numerous and exhaustive
works on its reactivity and properties have appeared.22,907,908 This cluster exhibits a triangular Pd3
frame with three dppm-supported M�M single bonds. While one M3 face is capped by a CO
group (see Figure 106), the other one is unsaturated, giving rise to rich coordination chemis-
try.22,907–909 The dppm-phenyl groups form a cavity above this M3 plane, limiting access to
smaller substrates only.907,908 The binding of halide ions onto this Pd3

2þ species leads to very
stable architectures,909 and the approximated binding constants indicate that the stability varies as
I�Br�Cl.910–912

This cationic cluster exhibits a two-electron-reduction process, and depending upon the counter
anion or the solvent, this event can appear either as a single two-electron step or two one-electron
peaks on the cyclic voltammogram. The two-electron transfer reaction, which can be discrim-
inated into its one-electron individual steps, has been the topic of many studies.913,914 The
electrochemically induced R�Br and R�I bond cleavage by the generated paramagnetic
Pd3(dppm)3(CO)

þ intermediate cluster occurs by a pathway producing ‘‘Rþ’’ and ‘‘X�.’’915 One
of the driving forces of this reactivity is the great affinity of the unsaturated Pd3

2þ center toward
Br� and I�, leading to the final inorganic products Pd3(dppm)3(CO)(X)

þ (X=Br�, I�).916

Relatively few investigations involving palladium carbonyl clusters have been carried out,
partly because palladium per se does not form stable, discrete homometallic carbonyl clusters at
room temperature in either solid or solution states.114,917–922 Nevertheless, solution-phase palladium
carbonyl complexes have been synthesized with other stabilizing ligands (e.g., phosphines),105,923

and carbon monoxide readily absorbs on palladium surfaces.924Moreover, gas-phase [Pd3(CO)n]
�

anions (n= 1–6) have been generated and their binding energies determined via the collision-
induced dissociation method.925

Many intriguing palladium carbonyl phosphine clusters have been prepared and their stereochemistry
extensively investigated; however, the number of high-nuclearity homopalladium carbonyl clusters
characterized by X-ray diffraction analysis is still limited: namely, Pd10(CO)14(PBu

n
3)4,

926 Pd10(CO)12-
(PBun3)6,

927Pd12(CO)12(PBu
n
3)6,

928 Pd16(CO)13(PEt3)9,
929Pd23(CO)22(PEt3)10,930 Pd23(CO)20 (PEt3)8,931

Pd34(CO)24(PEt3)12,
932 and Pd38(CO)28(PEt3)12.

932,933 Synthetic pathways to these large clusters usually
involve the elimination of ligands from smaller palladium clusters thereby resulting in aggregation. The
products of such reactions are unpredictable, and consequently X-ray crystallography is normally
utilized to establish the composition as well as atomic arrangement.
High-nuclearity homopalladium carbonyl clusters Pd16(CO)13(PMe3)9, Pd35(CO)23(PMe3)15,

Pd39(CO)23(PMe3)16, and Pd59(CO)32(PMe3)21 were obtained in moderate yields from a highly
reproducible synthesis involving the initial preparation of a heterometallic Pd�Ni carbonyl
cluster without phosphine ligand followed by its reaction with PMe3 under acidic conditions.

935

Nanosized Pd145(CO)x(PEt3)30 contains a capped three-shell 145-atom metal-core geometry of
pseudo icosahedral symmetry. The pseudo-Ih metal core (see Figure 107) consists of a central Pd
atom surrounded by 12 Pd atoms (shell 1), which in turn are encapsulated by 42 Pd atoms (shell 2),
which in turn are encapsulated by 60 Pd atoms (shell 3). Thirty additional Pd atoms cap the 30
square polygons of the third-shell polyhedron with a triethylphosphane ligand attached to each
capping Pd atom. It is currently presumed that 60 CO groups (crystal-disordered) edge-bridge the
30 capping Pd atoms with one-half of the square basal Pd atoms. The diameter of the entire Pd145

Pd Pd

Pd

O
C

PP

PP

P P

2+

Figure 106 The complex ion [Pd3(dppm)3(CO)]
2þ.
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core of is 1.65 nm; the geometry of the centered three-shell Pd115 kernel (that is, without the 30
capping Pd atoms) is spheroidal.934

This remarkable Pd145 nanocluster, whose metal-core geometry was unambiguously character-
ized, was isolated from the reduction of a monomeric square-planar palladium precursor,
[Pd(PEt3)2Cl2].

934 A preliminary investigation has already indicated the existence of PMe3 and
PPh3 analogues.

934

Since the early 1980s a variety of high-nuclearity neutral homopalladium carbonyl phosphine
clusters have been prepared and characterized from X-ray crystallography.926,927,930,932 Analyses
of the stereochemistry and prominent bonding features of several of these clusters have been
presented.21,936,937 Moreover, N,O-ligated palladium nanoclusters possessing idealized formula-
tions based upon concentric closed-shell palladium cores have been reported, namely, five-shell
Pd561 clusters

25,938–940 and mixtures of seven-shell Pd1415 and eight-shell Pd2057 clusters.
941

Zero-valent Pd complexes in organic solutions (e.g., THF) decomposed under CO in the
presence of PPh3 to give novel PPh3/CO-stabilized Pd particles which were studied by spectro-
scopic methods;942 although the Pd particles were relatively unstable and were subject to size
variations in solution, three distinct size-selected distributions were obtained with observed mean

Figure 107 The pseudo-Ih metal core showing three shell layers and 145-atom metal-core geometry in
Pd145(CO)x(PEt3)30.
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diameters determined from TEM to correspond to idealized two-shell Pd55, three-shell Pd147, and
five-shell Pd561 cores.

942 The well-defined neutral cluster Pd59(CO)32(PMe3) possesses the largest
crystallographically determined metal-atom core with direct metal–metal bonding. Furthermore,
it contains a nanosized metal core with 11 interior atoms. The ellipsoidal-shaped architecture of
its Pd59 core may be formally considered as a trigonal deformation of a spheroidal-like geom-
etry.856 The new cluster was obtained in moderate yields (�40%) from a highly reproducible
synthesis involving the initial preparation of a heterometallic Pd�Ni carbonyl cluster (without
phosphine ligands) followed by its reaction with PMe3 under acidic conditions. Although it was
presumed that the latter reaction would result in PMe3 substitution for CO ligands and/or other
large Pd�Ni carbonyl clusters via phosphine stabilization, the reaction instead gave rise to several
new high-nuclearity homopalladium clusters with Pd59(CO)32(PMe3) as the major product.

856 The
trimethyl phosphine ligands are distributed about the metal core as six Pd (�3-CO)2PMe3, nine
Pd(�2-CO)2PMe3, and six Pd(�3-CO)PMe3 moieties. The

1H-NMR measurements showed no
detectable high-field signals characteristic of hydride-like atoms.856

An efficient synthesis of the dinuclear palladium(0) complexes has been devised.169

The bonding interaction between closed-shell, heavy metal atoms or ions is gaining increasing
attention.570 The complex [Pd(PPh2py)3Tl]

þ (PPh2py= diphenyl-2-pyridylphosphine) contains the
first example of unsupported Pt0—TlI bond.943 In situ addition of TlI salts to some Pd0-catalyzed
reactions is an efficient method for controlling the regioselectivity and rate of catalysis.944,945

Catalano et al. reported the synthesis and characterization of a new series of Pd0-based
metallocrypates that bind TlI ion in the absence of attractive ligand interactions through metal-
lophilic connections. The cationic species have been characterized by a variety of methods and
have considerable stability. From the solid-state structural data it is apparent that interaction of
the metal atoms with one another is the dominant bonding interaction within the metallocryptate
cavity. The characterization of complexes supports the concept of ‘‘metallophilic’’ behavior as a
fundamental component of bonding in closed-shell systems. These materials may ultimately serve
as prototypical systems for detection of closed-shell ions.946

Synthesis and characterization of the Pd0-based metallocryptates with exceptionally short
Pd0�PbII interactions has been reported. This seems to be the first report of an unsupported
Pd0�PbII bond.948 Further, these metallocryptands represent a new type of host complex that
employ attractive metallophilic interactions for metal ion binding rather than Lewis acid–base
interactions. The deep green–brown, air-stable [Pd2(P2phen)3Pb](ClO4)2 [P2phen= 2,9-bis(diphenyl-
phosphino)-1,10-phenanthroline], shown in Equation (7), is easily synthesized in good yield in
acetonitrile. The PbII can be replaced by addition of an excess of TlI ion:

Pd2(dba)3
.CHCl3 + 3 P2phen + Pb(ClO4)2 [Pd2(P2phen)3Pb](ClO4)2 + 3dba + CHCl3 ð7Þ

The Pb atom resides in the center of the D3 symmetric cavity formed by the P2phen ligands
coordinated to the two trigonal Pd0 centers. The Pd(1)�Pb(1) and Pd(2)�Pb(1) separations are
nearly identical, and a Pb center is nearly linearly bonded in Pd(1)�Pb(1)�Pd(2), indicating that
the lone pair is stereochemically inactive (see Figure 108).
The attractive metal–metal interactions observed here can be rationalized by employing a

qualitative MO diagram similar to that proposed by Balch et al.948 by combining the filled dz2
and empty pz-orbitals on the transition metals with the filled Pb 6s and empty Pb 6pz-orbitals.
Mixing between levels stabilizes the filled orbitals relative to their unfilled counterparts leading to
an attractive interaction between these metals.947 The compounds reported here are examples of a
rapidly expanding class of easily synthesized inorganic host complexes that employ strong, closed-
shell attractive interactions for metal ion binding. By eliminating ligand–ion interactions these
metallocryptands provide a simple probe to the metal–metal bonding both in solution and in the

solid state. Substitution of PbII for other heavy metal ions should provide numerous combin-
ations of heavy metal interactions for further study.947

The Ph2P(CS2Me) ligand can transfer between [Pd(PPh3)4] and [W(CO)5[PPh2(CS2Me)]], form-
ing anti-[(Ph3P)2Pd[�-�

1,�2-(CS2Me)PPh2]W(CO)5] as an intermediate.
949 Next, the existence of

configurational isomers in complexes between [diphenyl(dithioalkoxycarbonyl)phosphine]tung-
sten(0) compounds and Pd(PPh3)4 was studied.

950 PPh2(CS2R) acts as a bridging ligand through
phosphorus �-bonding and C¼S �-bonding and forms syn- and anti-configurational dimetallic
complexes. The diphenyl(dithiomethoxycarbonyl)phosphine transfer reaction between [Pd(PPh3)4]
and [W(CO)5[PPh2(CS2Me)]] forms [[(Ph3P)Pd[�-�

1,�2-(CS2Me)PPh2]]2] as the ultimate product.
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The reaction proceeds via a �2-coordination of the C¼S fragment to Pd, giving anti-
[(Ph3P)2Pd[�-�

1,�2-(CS2Me)PPh2]W(CO)5] as an intermediate. Increased hindrance of the
thioalkoxy groups exerts stereospecific control leading to the formation of syn configurational
complexes. Useful 31P{1H}-NMR patterns are able to differentiate configurational compounds.950

The reactions of cluster anions with cation or halide of Group 10 transition metals give clusters
comprising two different transition metals, for example, [Pd33Ni9(CO)41(PPh3)6]

4�951 and
[Fe6Pd6(CO)24H]

3�.952 In these examples, considerable fragmentation and recombination of the
original cluster component appear to be the important factors. The coupling of ruthenium carbide
carbonyl clusters through palladium species gives high-nuclearity Ru/Pd mixed-metal complexes
of ‘‘sandwich cluster’’ type structure. Treatment of the pentanuclear ruthenium carbido anion
[Ru5C(CO)14]

2� (cation: PPN=N(PPh3)2
þ) with two equivalents of [Pd(C3H5)Cl]2 in THF at

room temperature for 12 h gave dark red crystals of a neutral cluster with the composition
[Pd8Ru10C2(CO)27(C3H5)4] in 52% yield. The molecule has two pseudomirror planes.900 The Pd8
core is flanked on each side by a squarepyramidal Ru5 core (shown in Figure 109(a)). Refluxing
[PPN]2[Ru6C(CO)16] in CH2Cl2 with about one equivalent of [Pd(CH3CN)4][BF4]2 for four hours
under air and subsequent treatment with CH2Cl2/MeOH resulted in crystals of
[PPN]2[Pd2Ru12C2(CO)30] (see Figure 109(b)) in 33% yield. Reaction of the same reactants in
the same feeding ratio in THF at room temperature for 12 hours but under argon gave dark red
crystals of the composition [PPN]2[Pd4Ru12C2(CO)32], shown in Figure 109(c). The yield of this
reaction was 34% based on the starting ruthenium complex and 68% based on the palladium
cation used.900

In the second cluster, the two Ru6 octahedra are linked through two palladium atoms. The
third cluster contains two additional palladium atoms. The Pd4 skeleton adopts the form of a bent
square. The two Ru6 octahedra have local structures similar to those in the second cluster, but
their relative orientation is now twisted. Apparently, formation of these heterometallic cluster
complexes does not result from a simple combination reaction between cationic and anionic
complexes but is accompanied by partial redox reactions.900
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The short-bite ligand bis(diphenylphosphinoamine) (Ph2PNHPPh2, dppa) has received atten-
tion for assembling metal centers in bi- or polynuclear metal complexes owing to both its
isoelectronic relationship with the more popular bis(diphenylphosphinomethane) ligand
(Ph2PCH2PPh2, dppm) and the increased reactivity of its N�H group compared with that of
the CH2 unit in dppm.

580,953–957 Thus, the greater acidity of the NH proton versus the CH2
protons may facilitate subsequent functionalization reactions that would require too drastic
conditions in the case of dppm. The synthesis of Co2Pd and MoPd2 mixed-metal clusters contain-
ing the dppa ligand958 was reported. Heterometallic triangular clusters containing two dppa
ligands or dppa and dppm (mixed ligand sets) have been prepared by direct incorporation of
the second diphosphine ligand.958

The tetrametal complex Mo2Pd2(pyphos)4 (pyphos= 6-diphenylphosphino-2-pyridonate), (see
Figure 110), has a Pd0�MoII�MoII�Pd0 skeleton.959
The existence of a Pd0!MoII dative bond elongates the quadruple Mo2 bond to some extent.

This complex has two Pd0 centers that can react with a variety of olefinic compounds, shown
schematically in Figure 111; such reactions give Mo2Pd2(pyphos)4(L)2 [L= acrylonitrile, fumar-
onitrile, tetracyanoethylene] in moderate yields. Unlike the previous compounds which have a
strictly trans arrangement of the P-donor atoms, the last compound has a cis arrangement and
thus the four metals are not linear.959

The palladium(0) complex with dative Pd0!MoII bonds is very reactive toward oxidative addition
reaction. Its treatment with dichloromethane at room temperature results in the formation of a
palladium(II) complex, Mo2Pd2Cl2(CH2Cl)2(pyphos)4 (shown in Figure 112), which is a rare example
of the oxidative addition of dichloromethane to a Pd0 center, e.g., mononuclear Pd0 complexes960,961

and a dinuclear Pd0 complex, Pd2(dpm)3 (dpm= bis(diphenylphosphino)methane).585,781 The metal
atoms, Pd, Mo, Mo, and Pd, are aligned linearly. Each of the palladium atoms is coordinated to a
chlorine atom and a chloromethyl group in square-planar geometry.959

The palladium(I) complex [Pd2(�-dppm)2Cl2] is used to generate mixed-metal systems. Most
investigations have been concerned with the formation of A-frame complexes via insertion of
small molecules, e.g., CO, SO2, or RCN, into the M�M bond, or their reactivity towards
nucleophilic metal reagents, such as carbonylmetalates.824–827 For example, the reaction of
[Pd2(�-dppm)2Cl2] with the dianion [Fe(CO)4]

2� yielded the neutral heterotrinuclear complex
[Pd2Fe(dppm)2(CO)4] by displacement of the two chloride ligands and the insertion of the iron
group into one of the Pd�P bonds. Two Fe�Pd bonds were formed in the process.827
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The reaction with [Mn(CO)5]2 or [Co(CO)4]2 also led to mixed-metal clusters.
962,963 Osmium–palla-

dium mixed-metal carbonyl clusters were made using the unsaturated cluster [Os3(CO)10(�-H)2]
and the carbido cluster [Os5(�5-C)(CO)15].

964–970 Treatment of [Os3(CO)10(�-H)2] with
[Pd2(�-dppm)2Cl2] afforded the novel high-nuclearity osmium–palladium mixed-metal carbonyl
clusters [Os5Pd6(CO)13(�-CO)5(�-H)2(�-dppm)2], [Os5Pd6(CO)13(�-CO)6(�-dppm)2], and
[Os4Pd6(CO)8(�-CO)8(�-dppm)2] in low yields, while the reaction of [Os5(�5-C)(CO)15] with
[Pd2(�-dppm)2Cl2] afforded [Os5Pd4(�6-C)(CO)12(�-CO)3(�-dppm)2] and [Os5(�5-C)(CO)13(�-
dppm)] in moderate yields.289 The electron counts found in these osmium–palladium clusters
do not always agree with those predicted by skeletal electron counting rules. This may simply
be ascribed to the ability of Pd to be satisfied with both 16- and 18-electron counts.289

6.4.7.7 Nanoparticles

Transition metal nanoparticles have attracted a great deal of attention in the 1990s.971–977 The
method most generally used is the chemical or electrochemical reduction of a metal salt by a
suitable reducing agent in the presence of stabilizers, which adsorb to the particle surface thus
preventing agglomeration and controlling the particle size. Palladium nanoparticles were encap-
sulated in a dendrimer with a periphery featuring amino groups which interact with polyfluori-
nated carboxylic acids, the total architecture being soluble in perfluorinated phases.978,979 These
architectures catalyze the hydrogenation of alkenes.1,5-Bis(4,40-bis(perfluorooctyl)-1,4-pentadien-
3-one stabilizes palladium nanoparticles of 4–5 nanometers in diameter.980 These nanoparticles
are active in Heck and Suzuki reactions. Other compounds highly loaded with fluorine possess the
same property.981 In all cases a solution of Na2[Pd2Cl6] was reduced in methanol at 60

�C.
Giant noncrystalline N,O-ligated nanosized palladium clusters possess idealized formulations

based upon concentric closed-shell metal cores: namely, five-shell Pd561 clusters
982–985 and mix-

tures of seven-shell Pd1415 and eight-shell Pd2057 clusters.
941 Zerovalent Pd complexes in organic

solutions (e.g., THF) decompose under CO in the presence of PPh3 to give PPh3/CO-stabilized Pd
nanosized particles that were investigated by spectroscopic methods; although the Pd particles
were subject to size variations in solution, three distinct size-selected distributions were obtained
with observed mean diameters determined from TEM indicating idealized two-shell Pd55, three-
shell Pd147, and five-shell Pd561 cores.

942

Metal nanowires have attracted much attention due to their potential magnetic, optical,
electrical, and catalytic properties. The synthesis and characterization of novel necklace-shaped
Pt�Pd nanowire in hybrid organic–inorganic mesoporous material was reported. The dry hybrid
organic–inorganic mesoporous material was impregnated with an aqueous solution of
H2PtCl6�6H2O and H2PdCl4. The unique magnetic property of the Pt�Pd nanowires is also
reported.986

Nanoparticles modified with organic monolayers may exhibit combined properties from their
inorganic nuclei and their organic surfaces. The surface attachment of cyclodextrins (CDs) to
palladium nanoparticles that catalyze the hydrogenation of allylamine has been reported. As
opposed to classical Pd catalytic materials, these novel nanocomposites are soluble in aqueous
media and can be easily recovered by precipitation with ethanol.987 Solutions of PdCl4

2� sodium
salts in DMSO–H2O were readily reduced with BH4

� in the presence of per-6-thio-�-cyclodex-
trin988 (see Figure 113), leading to the isolation of dark precipitates. IR spectra show conversion
of the H�S bonds in HS-�-CD to metal–thiolate bonds as the CD host chemisorbs on the surface
of the metal nanoparticles. 1H-NMR spectroscopy also provides experimental evidence that
supports the presence of cyclodextrin in the dark precipitates.987 TEM measurements verified

O

HO OH

O HS-β-CD

SH

Figure 113 Structure of per-6-thio-�-cyclodextrin.
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that these solid materials are composed of metal particles with dimensions in the nanometer
range. The surface modified Pd colloidal particles reported in this work are active catalysts for the
hydrogenation of allylamine in aqueous solution.987

The general approach to biphasic catalysis is illustrated in Figure 114.989 The system consists of
organic and fluorous layers. The catalyst is selectively soluble in the fluorous phase, while the
reactants are preferentially soluble in the organic solvent. Stirring, sonicating, and/or heating of
the mixture leads to formation of a fine emulsion and partial homogenization, and the catalytic
reaction proceeds at the interface between the two liquids. When the reaction is over, the liquid
phases are separated, the product is isolated from the organic phase, and the catalyst-containing
fluorous layer is recycled. Many fluorous phase-soluble catalysts have been reported in the
literature, including some based on metal complexes. Preparation of fluorous phase-soluble
metal nanoparticles, however, has not been reported, prior to the study in reference.978 Remark-
ably, the Pd/dendrimer nanocomposites are catalytically active in fluorous biphasic systems.978

These new catalysts can be used for hydrogenation of a range of unsaturated compounds, and
also for isomerization of terminal alkenes. The reaction selectivity resembles that of colloidal,
rather than bulk, Pd catalysts.978 The methodology is very simple to implement and the catalysts
are easy to separate from the product and recycle. Taken together, these factors suggest that these
materials are promising candidates for selective, environmentally friendly catalysis applications.978

6.4.8 PALLADIUM IN NEGATIVE AND FRACTIONAL OXIDATION STATES

6.4.8.1 Phosphorus

Balch et al.560 prepared the cluster [Pd3(�-dppm)3(�3-I)(�3-PF3)]PF6 [dppm= bis-(diphenylphos-
phino)methane] (shown in Figure 115), which contains a PF3 molecule triply bridging a central
triangular Pd3 core. However, exceptions are not limited to PF3, an atypical phosphine often
considered closer to carbon monoxide. For further examples, see the section on polynuclear PdI

complexes.
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Figure 114 Biphasic catalysis in an organic/fluorous solvent system by Pd/dendrimer nanocomposites.
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Figure 115 The cluster [Pd3(�-dppm)3(�3-I)(�3-PF3)]PF6 [dppm= bis-(diphenylphosphino)methane].
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6.4.8.2 Polynuclear Compounds and Polymers

Recent collision-induced dissociation studies on the gas phase [Pd3(CO)6]
� cluster925 supplement

other experimental observations,923,924,990–992 which seem to suggest the feasibility of derivatives.
The synthesis of Ni�Pd homoleptic carbonyl bimetallic clusters (HCBCs) has been reported.993
So far, only the related phosphane substituted derivative [Ni9Pd33(CO)41(PPh3)6]

4�951 and the
trimetallic derivative [Au6Ni6(Pd6�x Nix)Ni20(CO)44]

6�994 have been reported. To our knowledge,
the only Ni�Pd HCBC cited in the literature is the incompletely characterized [Ni30-x
Pdx(CO)y]

4� (x� 16, y� 36) species, which has been used as a precursor for the synthesis of
the giant complex [Pd59(CO)32(PMe3)21].

856 Investigation of the reaction of [Ni6(CO)12]
2� with

PdII compounds in miscellaneous molar ratio and reaction solvents displayed the existence of
wide series of Ni�Pd HCBCs. There is a report993 on the synthesis, chemical properties, and
X-ray structural characterization of the tetranion [Ni16Pd16(CO)40]

4�, as well as preliminary details
of the closely related hexaanion [Ni26Pd20(CO)54]

6�. The structure of [Ni16Pd16(CO)40]
4� is shown

in Figure 116. The black spheres represent the palladium atoms. The range of M�M bonds (Å)
is: Ni�Ni 2.426(1)–2.473(1) Å, Ni�Pd 2.582(1)–2.825(1) Å, Pd�Pd 2.674(1)–2.930(1) Å. The
Ni�Ni interlayer separations of the outer pair of layers are outside of the above range.993
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55. Kläui, W.; Glaum, M.; Wagner, T.; Bennett, M. A. J. Organomet. Chem. 1994, 472, 355.
56. van Asselt, R.; Rijnberg, E.; Elsevier, C. J. Organometallics 1994, 13, 706.
57. van Belzen, R.; Hoffmann, H.; J., E. C. Angew. Chem., Int. Ed. Engl. 1997, 36, 1743.
58. Byers, P. K.; Canty, A. J.; Skelton, B. W.; White, A. H. Organometallics 1990, 9, 826.
59. Byers, P. K.; Canty, A. J.; Crespo, M.; Puddephatt, R. J.; Scott, J. D. Organometallics 1988, 7, 136.
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427. Parac, T. N.; Kostić, N. M. Inorg. Chem. 1998, 37, 2141.
428. Zhu, L.; Qin, L.; Parac, T. N.; Kostić, N. M. J. Am. Chem. Soc. 1994, 116, 5218.
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460. Vila, J. M.; Gayoso, M.; Pereira, M. T.; Suárez, A.; Fernández, J. J.; Ortigueira, J. M.; Fernández, A.; López-Torres, M.
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467. Vila, J. M.; Gayoso, M.; López-Torres, M.; Fernández, J. J.; Fernández, A.; Ortigueira, J. M.; Bailey, N. A.; H., A.

J. Organomet. Chem. 1996, 511, 129.
468. Vila, J. M.; Gayoso, M.; Pereira, M. T.; Ortigueira, J. M.; López-Torres, M.; Castiñeiras, A.; Suárez, A.; Fernández,
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488. Hetch, S.; Fréchet, J. M. J. Angew. Chem., Int. Ed. 2001, 40, 74.
489. Chessa, G.; Scrivanti, A.; Canovese, L.; Visentin, F.; Uguagliati, P. Chem. Commun. 1999, 959.
490. Canovese, L.; Chessa, G.; Santo, C.; Visentin, F.; Uguagliati, P. Organometallics 2002, 21, 4342.
491. Rodriguez, G.; Lutz, M.; Spek, A. L.; Van Koten, G. Chem. Eur. J. 2002, 8, 45.
492. Canovese, L.; Chessa, G.; Marangoni, G.; Pitteri, B.; Visentin, F.; Uguagliati, P. Inorg. Chim. Acta 1991, 186, 79.
493. Balzani, V.; Campagna, S.; Denti, G.; Juris, A.; Serroni, S.; Venturi, M. Acc. Chem. Res. 1998, 31, 26.
494. Frey, H.; Lach, C.; Lorenz, K. Adv. Mater. 1998, 10, 279.
495. Gorman, C. Adv. Mater. 1998, 10, 295.
496. Serroni, S.; Denti, G.; Campagna, S.; Juris, A.; Ciamo, M.; Balzani, V. Angew. Chem., Int. Ed. Engl. 1992, 31, 1493.
497. Campagna, S.; Denti, G.; Serroni, S.; Juris, A.; Venturi, M.; Ricevuto, V.; Balzani, V. Chem. Eur. J. 1995, 1, 211.
498. Serroni, S.; Juris, A.; Venturi, M.; Campagna, S.; Resino, I. R.; Denti, G.; Credi, A.; Balzani, V. L. Mater. Chem.

1997, 7, 1227.
499. Achar, S.; Puddephatt, R. J. Angew. Chem., Int. Ed. Engl. 1994, 33, 847.
500. Constable, E. C. Chem. Commun. 1997, 1073.
501. Constable, E. C.; Harverson, P.; Oberholzer, M. Chem. Commun. 1996, 1821.
502. Newkome, G. R.; He, E. J. Mater. Chem. 1997, 7, 1237.
503. Newkome, G. R.; Gross, J.; Moorefield, C. N.; Woosley, B. D. Chem. Commun. 1997, 515.
504. Achar, S.; Immoos, C. E.; Hill, M. G.; Catalano, V. J. Inorg. Chem. 1997, 36, 2314.
505. Ohshiro, N.; Kiyotake, F.; Onitsuka, K.; Takahashi, S. Chem. Lett. 1996, 871.
506. Miedaner, A.; Curtis, C. J.; Barkley, R. M.; DuBois, D. L. Inorg. Chem. 1994, 33, 5482.
507. Huck, W. T. S.; Prins, L. J.; Fokkens, R. H.; Nibbering, N. M. M.; van Veggel, F. C. J. M.; Reinhoudt, D. N. J. Am.

Chem. Soc. 1998, 120, 6240.
508. Huck, W. T. S.; Hulst, R.; Timmerman, P.; van Veggel, F. C. J. M.; Reinhoudt, D. N. Angew. Chem., Int. Ed. Engl.

1997, 36, 1006.
509. de Groot, D.; de Wilde, J. C.; van Haaren, R. J.; Reek, J. N. H.; Kamer, P. C. J.; van Leeuwen, P. W. N. M.;

Eggeling, E. B.; Vogt, D.; Kooijman, H.; Spek, A. L.; van der Made, A. W. Chem. Commun. 1999, 1623.
510. Slone, R. V.; Benkstein, K. D.; Bélanger, S.; Hupp, J. T.; Guzei, Rheingold, A. L. Coord. Chem. Rev. 1998, 171, 221.
511. Leininger, S.; Olenyuk, B.; Stang, P. J. Chem. Rev. 2000, 100, 853.
512. Swiegers, G. F.; Malefetse, T. J. Chem. Rev. 2000, 100, 3483.
513. Chand, D. K.; Biradha, K.; Fujita, M. Chem. Commun. 2001, 1652.
514. Moriuchi, T.; Kamikawa, M.; Bandoh, S.; Hirao, T. Chem. Commun. 2002, 1476.
515. Rettig, S. J.; Sanchez, V.; Storr, A.; Thompson, R. C.; Trotter, J. J. Chem. Soc., Dalton Trans. 2000, 3931.
516. Masciocchi, N.; Ardizzoia, G. A.; LaMonica, G.; Maspero, A.; Galli, S.; Sironi, A. Inorg. Chem. 2001, 40, 6983.
517. Sun, D.; Tham, F. S.; Reed, C. A.; Chaker, L.; Burgess, M.; Boyd, P. D. W. J. Am. Chem. Soc. 2000, 122, 10704.

664 Palladium



518. Ogawa, T.; Nishimoto, Y.; Yoshida, N.; Ono, N.; Osuka, A. Angew. Chem., Int. Ed. 1999, 38, 176.
519. Tsuda, A.; Nakano, A.; Furuta, H.; Yamochi, H.; Osuka, A. Angew. Chem., Int. Ed. 2000, 39, 558.
520. Kuang, S.-M.; Fanwick, P. E.; Walton, R. A. Inorg. Chem. 2002, 41, 1036.
521. Yu, S.-Y.; Fujita, M.; Yamaguchi, K. J. Chem. Soc., Dalton Trans. 2001, 3415.
522. Chen, C.-T.; Suslick, K. S. Coord. Chem. Rev. 1993, 128, 293.
523. Janiak, C. J. Chem. Soc., Dalton Trans. 2000, 3885.
524. Matsumoto, K.; Sakai, K. Adv. Inorg. Chem. 2000, 49, 375.
525. Hartley, F. R. The Chemistry of Platinum and Palladium 1973, Applied Science Publishers: London.
526. Micklitz, W.; Sheldrick, W. S.; Lippert, B. Inorg. Chem. 1990, 29, 211.
527. Oskui, B.; Sheldrick, W. S. Eur. J. Inorg. Chem. 1999, 1325.
528. Yang, L.-W.; Liu, S.; Rettig, S. J.; Orvig, C. Inorg. Chem. 1995, 34, 4921.
529. Cotton, F. A.; Walton, R. A. Multiple Bonds between Metal Atoms; Oxford University Press: Oxford, UK, 1993.
530. Buchweitz, J.; Gompper, R.; Polborn, K.; Robl, C.; Sailer, M.-T.; Weigand, W. Chem. Ber. 1996, 127, 23.
531. Vicente, J.; Chicote, M. T.; Huertas, S.; Jones, P. G.; Fischer, A. K. Inorg. Chem. 2001, 40, 6193.
532. Clot, O.; Wolf, M. O.; Patrick, B. O. J. Am. Chem. Soc. 2000, 122, 10456.
533. Clot, O.; Wolf, M. O.; Patrick, B. O. J. Am. Chem. Soc. 2001, 124, 9963.
534. Mock, C.; Puscasu, I.; Rauterkus, M. J.; Tallen, G.; Wolff, J. E. A.; Krebs, B. Inorg. Chim. Acta 2001, 319, 109.
535. Maiboroda, A.; Rheinwald, G.; Lang, H. Inorg. Chem. Commun. 2001, 4, 381.
536. Baena, M. J.; Buey, J.; Espinet, P.; Kitzerow, H. S.; Heppke, G. Angew. Chem. 1993, 105, 1238.
537. Baena, M. J.; Barbera, J.; Espinet, P.; Ezcurra, A.; Ros, M. B.; Serrano, J. L. J. Am. Chem. Soc. 1994, 116, 1899.
538. Ros, M. B.; Ruiz, N.; Serrano, J. L. Liq. Cryst. 1991, 9, 77.
539. Marcos, M.; Ros, M. B.; Serrano, J. L. Liq. Cryst. 1988, 8, 1129.
540. Buey, J.; Espinet, P. G.; Diez, A.; Garcı́a-Granda, S.; Pérez-Carreño, E. Eur. J. Inorg. Chem. 1998, 1235.
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551. Ruiz, J.; Cutillas, N.; Torregrosa, J.; Garcı́a, G.; López, G.; Chaloner, P. A.; Hitchcock, P. B.; Harrinson, R. M. J.

Chem. Soc., Dalton Trans. 1994, 2353.
552. Villanueva, L. A.; Abboud, K. A.; Boncella, J. M. Organometallics 1994, 13, 3291.
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806. Bhughun, I.; Lexa, D.; Savéant, J. M. J. Am. Chem. Soc. 1996, 118, 3982.
807. Collman, J. P.; Ha, Y.; Wagenknecht, P. S.; Lopez, M.-A.; Guilard, R. J. Am. Chem. Soc. 1993, 115, 9080.
808. Collman, J. P.; Ha, Y.; Wagenknecht, P. S.; Lewis, N. S. J. Am. Chem. Soc. 1992, 114, 5665.
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6.5.1 INTRODUCTION

The coordination chemistry of platinum is a massive field and a thorough survey of its coordin-
ation chemistry in a limited number of pages was simply impossible. Instead, what we have
attempted to do is provide a flavor of this enormous range of chemistry.

6.5.2 PLATINUM(0)

The chemistry of platinum(0) is overwhelmingly dominated by phosphine complexes with the
general formula [Pt(PR3)n] (n= 2–4). These complexes undergo various types of oxidative addition
reactions, activating a wide variety of bonds. The stability of the complexes depends on the steric
bulk of the phosphine ligand with the bulkier ligands stabilizing the lower coordination numbers.

6.5.2.1 Platinum(0) Complexes with Phosphorus Donor Ligands

6.5.2.1.1 Synthesis

A variety of methods have been reported for synthesizing platinum(0) tertiary phosphine
complexes and a range of standard methods have been described in a series of reports in
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Inorganic Syntheses.1–5 In addition, a number of novel methods have been reported for
preparing such complexes, particularly those that are more unstable and cannot be prepared
by the standard methods. For example, in contrast to bulkier analogues, the two-coordinate,
14-electron complex [Pt(PPh3)2] is not stable, but can be prepared by bulk reductive electrolysis
of cis-[PtCl2(PPh3)2].

6 The ethyl analogue [Pt(PEt3)2] can also be produced by electrolysis.7

These complexes are too reactive to be isolated, but they can be trapped by reaction with O2,
HCl,8,9 MeI, PhCOCl, or alkynes.7 [Pt(PEt3)2] can also be prepared photochemically by UV
irradiation of [Pt(C2O4)(PEt3)2] via reductive elimination of oxalate as CO2.

8,9 The generation
of [Pt(PPh3)2] under phase transfer conditions (benzene/60% KOH-18-crown-6) has been
reported,10 and its subsequent reaction with a variety of ligands ranging from CO, phosphines,
and alkenes gives products in high yield.

6.5.2.1.2 Platinum(0) dimers

The characterization and crystal structure of the dimer [Pt2(�-dppm)3] (dppm= bis(diphenyl-
phosphino)methane), first reported as a deep red complex in 1978, was described by Manojlović-
Muir et al. in 1986.11 The structure, the first of its type, is made up of two parallel and almost
eclipsed trigonal-planar platinum moieties bridged by three diphosphine ligands. The Pt���Pt
separation is 3.0225(3) Å, too long to be considered a bond.11 [Pt2(�-dppm)3] catalyzes the
hydrogenation/reduction of carbon dioxide with dimethylamine to give dimethylformamide12

(Equation (1)) and the reverse reaction.13

CO2 þH2 þMe2NHÐHCð¼OÞNMe2 ð1Þ

The characterization of two other types of novel platinum(0) dimer was reported at about the
same time. Reaction of [Pt(PPh3)3] with a bidentate diphosphine produced either [Pt2-
(�-R2PCH2PR3)3(PPh3)] (R=Me or Et) or [Pt2(�-R2PCH2PR3)3(PPh3)2] (R=Ph or OEt).14

Both structures can be thought of as deriving from the [Pt2(�-dppm)3] dimer by the addition of
a PPh3 to one or both platinum centers. Thus, one has one three-coordinate and one four-
coordinate platinum and the other two four-coordinate platinum atoms (1).

PP

PP PP

Pt Pt

PP

PP PP

Pt Pt PPh3Ph3P

PP

PP P
P

Pt Pt PPh3

(1)

6.5.2.1.3 Platinum(0) trimers

Numerous examples of 42-electron trinuclear platinum(0) clusters of the type [Pt3(�-L
2)3L

1
3] (2)

have been reported,15,16 including recent examples with polyaromatic phosphine ligands incorpor-
ating naphthyl groups.17 However, there have been few studies of their properties and reactions.
Their electronic spectra are dominated by metal-to-ligand charge transfer (MLCT) transitions.18

The terminal ligands in [Pt3(�-CO)3L3] (L= bulky phosphine) undergo facile ligand exchange on a
time scale of seconds to minutes.19 Scrambling of the carbonyl ligands also occurs, but on a time
scale of hours. Reaction with CS2, OCS, and SO2 results in fragmentation to dimeric species such
as [Pt2(�-CS2)2(phosphine)2].

19 Reaction of [Pt3(�-CO)3(PCy3)3] with 3 or 5 mole-equivalents of
2,6-xylylisocyanide results in displacement of two or three of the bridging carbonyl ligands and
one or two of the terminal phosphine ligands to give [Pt3(�-CO)(�-CNC8H9)2(CNC8H9)(PCy3)2]
and [Pt3(�-CNC8H9)2(CNC8H9)2(PCy3)].

20
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Pt Pt

L2
L2

L2

L1

L1
L1

(2)

Reaction of [Pt3(�-SO2)3{P(Cy)3}3] with 2,6-xylyl isocyanide results in displacement of one or at
most two of the SO2 ligands by the isocyanide.21 Similarly, carbon monoxide usually only
partially displaces the SO2, but the addition of trimethylamine N-oxide (Me3NO) facilitates the
substitution leading to formation of [Pt3(�-CO)3{P(Cy)3}3].

22 Me3NO also facilitates substitution
of one SO2 ligand by halides and azide.22

The propensity of [Pt3(�-CO)3(CO)3] clusters to oligomerize into chains of the type [Pt3-
(�-CO)3(CO)3]n

2� (n= 2–6, 10) has been analyzed and the need for the additional two electrons
is discussed in terms of the electronic structure of the oligomers.23

6.5.2.1.4 Hydrides

The [Pt(PR3)n] (n= 2–4) complexes are quite basic and will react with protic acids, generally
yielding platinum(II) hydride complexes. For example, [Pt(PR3)2] (R3= (But)3 and (But)2Ph) react
with the ammonium cation to give platinum(II) complexes trans-[PtH(NH3)(PR3)2]X (X=PF6

�

or ClO4
�).24 Protonation of the dimeric platinum(0) complexes [Pt2(�-R2PCH2PR2)3(PPh3)n]

(n= 0, R=Ph or Et; n= 1, R=Me; n= 2, R=EtO) gives rise to the dimeric platinum(I) species
[Pt2H(�1-dppm)(�-dppm)2] when R is phenyl and different structural forms of the dimeric
platinum(II) complexes [Pt2H2(�-R2PCH2PR2)2] when R is one of the smaller groups, Me, Et,
or EtO.25 Reaction of [Pt(Cy2P(CH2)nPCy2)] (n= 2–4) with hydrogen gives rise to complexes
[PtH2(Cy2P(CH2)nPCy2)] that can be described as either cis platinum(II) dihydrides or plat-
inum(0) �2-dihydrogen complexes.26 Interchange of the hydrogen atom positions and the ready
loss of dihydrogen on heating are consistent with a dynamic process involving an exchange
between these two alternatives. The dihydrides give rise to bridged platinum(I) species
[Pt(�-H2)(Cy2P(CH2)nPCy2)] on standing.26

Protonation of [Pt(PR3)3] complexes is known to be reversible because they have been used to
activate H2O for hydrogen–deuterium exchange. However, it has recently been shown that the
protonation state and oxidation state can be readily controlled by adjusting the pH.27 Thus,
adding acid to a solution of the platinum(0) complex [Pt(TPPTS)3] (TPPTS=P(m-C6H4SO3Na)3)
gives the platinum(II) hydride [PtH(TPPTS)3], and addition of base results in reversion to the
platinum(0) complex. These reactions are slow indicating a substantial activation barrier, perhaps
due to the energy needed to convert from the tetrahedral platinum(0) to the square-planar
platinum(II).27 A novel platinum(0)–platinum(II) hydride (4) has been reported to result from
the reversible decomposition of the platinum(II) hydride (3) (Scheme 1).28 (RP)-phenylphosphi-
nate adds to [Pt(PEt3)4] to give the platinum(II) hydride [PtH{P(¼O)Ph(OR)}(PEt3)2] with
retention of the configuration at the phosphorus.29

6.5.2.1.5 Unusual platinum(0) complexes

The first monometallic anionic platinum(0) complex, [Pt(Me2NCS2)(PEt3)]
� was prepared in situ

by hydrogen abstraction from the platinum(II) hydride, [PtH(Me2NCS2)(PEt3)].
30 This complex

has not been isolated, but it has been trapped by reaction with Ph3SnCl, MeI, and I2 giving a
range of platinum(II) complexes.30

676 Platinum



P

Pt

P

Pt

P P
P

P

HH H

P

Pt

P

Pt

P P
P

P

H

–H2

+ +

–70  °C

(3) (4)

Scheme 1

H

P(CH

Pt

2OH)3

(HOCH2)3P

P(CH2OH)3

P(CH2OH)3

(4)

The first platinum complex of buckminsterfullerene (C60) was prepared by reacting the ethene
complex [Pt(�2-C2H4)(PPh3)2] with C60 in toluene solution yielding black crystals of [Pt(�2-
C60)(PPh3)2] in 2 hours.31 Reaction of [Pt(PEt3)4] with C60 in benzene yielded the hexasubstituted
complex [{Pt(PEt3)2}6(�

2-C60)].
32 Reaction of [Pt(�2-C2H4)(PPh3)2] with C70 in benzene in appropriate

ratios yielded mono-, di-, tri-, and tetra-substituted complexes, but higher levels of substitution could
not be achieved.33 In all complexes, the bonding between the platinum and the fullerene is very similar
to that in platinum(0) ethene complexes. Coordination to platinum shifts the reduction potentials of
the C60 to more negative potentials and the reduction is accompanied by loss of the diphosphineplat-
inum(0) moieties.34 More recently, a platinum moiety with a chelating diphosphine ligand has been
coordinated to C60 by first reacting the fullerene with [Pt(COD)2], giving [PtC60] in quantitative yield,
and then reacting this species with the diphosphine.35 [PtC60] had been reported previously, obtained
by reaction of the fullerene with [Pt(dba)2] (dba= 1,5-diphenylpenta-1,4-dien-3-one).36

Platinum(0) complexes of monodentate and bidentate dendrimer–phosphine ligands were pre-
pared by reaction with [PtCl2(COD)] (COD= cyclooctadienes) followed by borohydride reduc-
tion.37 The monodentate ligands gave [PtL3] complexes and the bidentate [Pt(L-L)2]. The former
complexes readily underwent oxidative addition reactions indicating that the metal centers
remained accessible in the dendrimeric structure. Molecular modeling of these complexes revealed
nanoscale structures with approximate diameters of 4.4 nm.37

Tri-n-butylphosphite, tri-n-butylarsine, and tri-n-butylstibine complexes of platinum(0) have
been prepared by the reaction of the ligand with [Pt(COD)2] or, in the case of the phosphite,
by reaction with [Pt(PPh3)4].

38 All form four-coordinate complexes when 4 mole-equivalents of
ligand are used, but when 2 or 3 mole-equivalents of the phosphite ligand are used, mixtures of
three- and four-coordinate complexes are observed.38

The first reported example of an �2-bonded nitroso ligand was in the complex [Pt(PPh3)2(PhNO)].39

6.5.2.1.6 Unusual phosphine ligands

The effectiveness of platinum(0) complexes of phosphines as catalysts has led to the synthesis of a
wide variety of complexes with phosphines that confer solubility in a range of solvents or have
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unusual electronic properties. Water-soluble complexes are of particular interest because of their
potential as immobilized homogeneous catalysts. Tris(hydroxymethyl)phosphine forms a water
soluble platinum(0) complex, [Pt{P(CH2OH)3}4], which is a catalyst for the addition of PH3 to
formaldehyde.40,41 In aqueous solution [Pt{P(CH2OH)3}4] exists in an equilibrium with a five-
coordinate platinum(II) hydride (4). [Pt{P(CH2OH)3}4] can be formed by the reaction of these
reagents with K2[PtCl4] or Na2[PtCl6] in a self-replicating reaction.40 A similar example of self-
replication has been reported for the synthesis of tris(cyanoethyl)phosphine (tcep) from PH3 and
CH2¼CHCN, catalyzed by [Pt(tcep)3].

42 The platinum complex is a more effective catalyst for
this process than are either the nickel or palladium analogues.

The replacement of one or all of the phenyl groups in triphenylphosphine with pyridine confers
water solubility on the platinum(0) complexes, but has interesting effects on their properties.43 For
instance, the trispyridylphosphine ligand forms the tetrakis complex [Pt(Ppy3)4], but not the
analogous tris complex. The reverse reaction is observed for the pyridyldiphenylphosphine ligand
with only [Pt(PPh2py)3] observed.43 Both complexes undergo oxidative addition with MeI, but
only the latter reacts with gaseous HCl.43

Phosphite complexes of platinum(0) have received substantially less attention than have phos-
phine complexes.44 [Pt{P(OC6H4OMe-2)3}3] can be prepared by reduction of the [PtCl2{P-
(OC6H4OMe-2)3}2] complex in the presence of the phosphite or by the reaction of the phosphite
with tris(�2-norbornene)platinum(II).44 Alkene complexes of bis(phosphite)platinum(II) can be
prepared in a similar manner to the analogous phosphine complexes.44

6.5.2.1.7 Oxidative addition reactions of platinum(0) complexes

Platinum(0) phosphine complexes undergo a variety of oxidative addition reactions with com-
pounds containing Group 14 elements. These reactions are of widespread interest because similar
processes are probably involved in the catalysis by platinum complexes of reactions such as the
hydrosilation of alkenes and the disilylation of dienes and alkenes.

(i) Tellurides

Silyl, germyl, and stanyl tellurides, (RTeMMe3), react readily with [Pt(PEt3)3] in hexane at 25 �C
to give trans-[Pt(RTe)(MMe3)(PEt3)2] (M= Si, Ge, Sn; R=Ph, 4-biphenyl, Bu, Me3Sn).

45

A slower reaction was observed for the selenide (PhSeTMS), but no reaction was observed with
the analogous sulfide.45

(ii) M—M (M = Si, Ge, Sn)

[Pt(PEt3)3] cleaves the Si—Si bond in the halodisilanes, XMe2Si—SiMe2Y (X, Y=F, F; Cl, Cl;
Cl, Me; Br, Me), yielding cis-[Pt(XMe2Si)(YMe2Si)(PEt3)2] whereas IMe2Si—TMS oxidatively
adds at the Si—I bond to give trans-[PtI(TMS—SiMe2)(PEt3)2].

46 The 1,2-dihydrosilane,
HMe2Si—SiMe2H similarly reacts with [Pt(PEt3)3] to give cis-[Pt(HMe2Si)2(PEt3)2] as well as
oligosilanes.47 HMe2Si—TMS and TMS—TMS gave oligomeric species, but no silicon bonded
Pt complexes.47 The products of these reactions are probably the catalytically active intermediates
in the addition of Si—Si bonds to unsaturated complexes.48 Pham and West reported that
platinum(0) diphosphines reacted with 1,2-dihydrosilanes to give disilene platinum complexes.49,50

The Ge—Ge bond in ClMe2Ge–GeMe2Cl oxidatively adds to [Pt(PEt3)3] to give cis- and trans-
[Pt(ClMe2Ge)2(PEt3)2].

51 Similarly, the organodistannane Me3Sn–SnMe3 reacts with [Pt(PR3)4] to
give cis- and trans-[Pt(Me3Sn)2(PR3)2], R3=Ph3, p-Tol3, Ph2Me.52 The crystal structure of the
complex with R3= p-Tol3 reveals a highly twisted square-planar structure with the cis geometry,
presumably brought about by the steric bulk of the ligands.52

The trimeric platinum(0) complex [Pt3(CNBut)6] undergoes a double oxidative addition reac-
tion with 2,2-bis(disilanyl)dithiane to give tetrakis(organosilyl)bis(t-butylisocyanide)platinum(IV)
complexes.53 The Si—Ge bonds in bis(silylgermyl)dithiane are also cleaved by [Pt3(CNBut)6]
giving analogous platinum(IV) complexes with Pt—Si and Pt—Ge bonds.53
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(iii) Si¼Si

Disilenes are generally unstable with respect to polymerization. However, if very bulky groups are
attached to the silicon atoms then they can be obtained as stable compounds.54 Such disilenes
react with in situ generated [Pt(PR3)2] to give disilene complexes analogous to alkene complexes.50

(iv) M�X (M = Si, Ge, Sn, X = halide)

Early attempts at the oxidative addition of Si—X bonds to transition-metal complexes failed, but
Tanaka and co-workers showed that when X=Br or I, the reactions are quite facile.55,56 For
instance, TMS–Br reacts with [Pt(PEt3)3] in benzene solution at 90 �C to give trans-
[PtBr(TMS)(PEt3)2].

55 However, there is no reaction with [Pt(PPh3)4] nor do chlorosilanes react.
In general, the order of reactivity for the silanes TMSX were X=Cl (no reaction) 	 Br < I and
for the platinum complexes [Pt(PPh3)4], [Pt(dppe)2] (no reaction) 	 [Pt(PMe2Ph)4] < [Pt(PMe3)4]
< [Pt(PEt3)3].

56 As mentioned above (Section 6.5.2.1.7(ii)), cleavage of the Si—I bond is favored
over cleavage of the Si—Si bond.46 In contrast, the Ge—Cl bond in Me2GeCl2 is cleaved by
[Pt(PEt3)3] to give trans-[PtCl(ClMe2Ge)(PEt3)2].

51

In alcohols, [Pt(PPh3)4] undergoes a double oxidative addition reaction with SnCl2�2H2O to
give the octahedral platinum(IV) complex [PtCl(H)(OEt)(SnCl3)(PPh3)2].

57 When SnCl4�5H2O is
used, a similar product, believed to be a different isomer, is observed. Similar reactions are also
observed in 1-propanol and 1-butanol, but in isopropanol the product is a binuclear nonhydrido
complex [PtCl(OPri)(SnCl3)2(PPh3)2]2 with bridging chloro ligands.57

6.5.2.1.8 Addition reactions of silanes

Many catalytic reactions involve the activation of Si—H bonds and consequently the reaction of
silanes with platinum(0) has been studied extensively. The reactions of hydrosilanes with transi-
tion-metal complexes, including platinum, has been extensively reviewed by Corey and Braddock-
Wilking.58

(i) SiRH3

1,2-Disilylbenzene reacts with [Pt(PEt3)3] to give a tetrakis(silyl)platinum(IV) complex (5a), which
when reacted with additional amounts of [Pt(PEt3)3], gave a novel platinum(II)/platinum(IV)
complex (5b).59 [Pt(PEt3)3] reacts with SiArH3 (Ar=Ph, mesityl, p-toluene) in a 2:1 ratio to
give the dimeric complex shown in (6) and in a 1:3 ratio to give monomeric cis-[Pt(SiH2Ar)2-

Pt

PEt3H2Si

PEt3H2Si

SiiH2

SiH2

(5a)

Pt

Si

PEt3

PEt3

Si

SiH2

SiH2

Pt

Et3P

Et3P

H

H

(5b)
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(PEt3)2].
60 When [Pt(PEt3)3] or [Pt(PPr3)3] reacts with the bulkier silane Si(n-hexyl)H3, two

dimeric products are observed, one with a short Si���Si contact analogous to that shown in (6)
and the other with a short Pt���Pt contact (7).61
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Et3P
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Cy

H

H

Cy

H

H

(7)

(ii) SiR2H2

Reaction of SiAr2H2 (Ar=Ph or p-C6H4F) with [Pt(PEt3)4] yields cis-[Pt(SiH2Ar)2(PEt3)2] in
contrast to reaction with cis-[PtEt2(PMe3)2], which yields the unstable trans isomer.62

The dimeric complex [Pt2(�-CO)(CO)2(�-dppm)2] reacts with the secondary silanes SiMe2H2,
SiEt2H2, SiPh2H2, and SiMePhH2 to give complexes of the type [Pt2(�-SiR2)(CO)2(�-dppm)2] (8).

63

Pt Pt

P P
P P

COOC
Si

RR

(8)
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(iii) SiR3H

There are relatively few examples of the reaction of platinum(0) with tertiary silanes. A novel
example is the reaction of [Pt(PEt3)4] with the rhodium complex [RhCl(H)(SiAr3)(P(Pr

i)3)2], which
results in silane transfer to give the platinum(II) complex cis-[PtH(SiAr3)(P(Pr

i)3)2].
64

6.5.2.1.9 Other reactions

The alkenylphosphine oxide Ph2P(O)H reacts with [Pt(PEt)3] at room temperature to give cis-
[PtH(P(O)Ph2)(P(OH)Ph2)(PEt3)] (9), the crystal structure of which reveals a novel intramolecular
hydrogen bond.65

PPh2

Pt

H

PEt3

P
Ph2

O

O

H

(9)

The complex, [Pt(np3)(PPh3)] (np3=N(CH2CH2PPh2)3) with a tripodal ligand, dechlorinates
ClPEt2, undergoing oxidative addition to give a five-coordinate platinum(II) complex
[Pt(PEt2)(np3)]

þ.66 The PEt2 ligand in this complex can be protonated by HCl or methylated
with methyl iodide to give [Pt(PHEt2)(np3)]

2þ or [Pt(PMeEt2)(np3)]
2þ, respectively.66

The bis(�-diketone) 2,2,4,4-tetraacetyl-1,3-diselenetane reacts with [Pt(PPh3)4], undergoing
cleavage of the Se—Se bond to give the platinum(II) complex [Pt(2,4-pentanedione-3-seleno-
late)(PPh3)2].

67 [Pt(PEt3)3] and [Pt(PEt3)4] insert into the Te—C bond of Ph2Te to give trans-
[PtPh(PhTe)(PEt3)2].

68 When mixed tellurides, R1–Te–R2, are used, mixtures of complexes are
obtained with either R1 or R2 bound directly to the platinum.68

6.5.2.1.10 Reactions with chalcogens

Elemental sulfur reacts with [Pt(PPh)4] in ratios of three to six to give mixtures of [Pt2(�-
S)2(PPh)4] (10a) and [PtS4(PPh3)2] (10b).69 The former complex is alkylated at one bridging
sulfido ligand by dichloromethane and chloroform to give [Pt2(�-S)(�-SR)(PPh)4], R=CH2Cl
and CHCl2, respectively.

69

Sulfur dioxide and carbon disulfide react with bis(bulky phosphine)platinum complexes to give
monomeric trigonal planar [Pt(PR3)2(SO2)] and trimeric complexes such as [Pt3(�-SO2)(PR3)2]
and [Pt3(�-CS2)(PR3)2] where R=Cy or But.70,71
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6.5.2.2 Platinum(0) Interactions with Other Metals

There are many examples of platinum(II) interacting with metals such as lead(II) or thallium(I)
but few where the same metals interact with platinum(0). Catalano et al. have reported a series of
metallocryptands such as the one shown in (11) that act as hosts for thallium(I)72 and lead(II).73

They have also reported an unsupported thallium(I) interaction with the platinum in [Pt(PR3)3]
(R=Ph or R3=Ph2py).

74 The Pt���Tl separations in the cryptands (2.791–2.795 Å) are slightly
shorter than those in the unsupported complexes (2.865–2.889 Å).72,74

N

Ph2HP

Ph2HP Ph2HP

N
N N

PHPh2 PHPh2

PHPh2

N

N

(11)

6.5.2.3 Spectroscopy

The electronic absorption and MCD spectra of [Pt(P(But
3)2)] can be explained in terms of 5d! 1�u

MLCT transitions.75,76 The 5dz orbital is not strongly involved in the P!M � bonding. There is some
M!P back bonding in these systems, but it does not add a lot to the stabilization. Thus, there is
minimal 5d orbital involvement in the bonding and it mostly involves the 6s and 6pz orbitals.

75,76

The electronic absorption and emission bands of [Pt2(dppm)2] are attributable to d! p� bond-
ing.77 The Pt–Pt stretching vibrations in the resonance Raman spectra are indicative of weak Pt—Pt
bonds with a metal–metal separation of 3.024 Å and a force constant of 0.6 mdyne Å�1.

6.5.2.3.1 Other platinum(0)complexes

Bis(amido)-germylene and -stannylene react with [Pt(COD)2] to give the platinum(0) complexes
[Pt(M{NTMS}2)3], M=Ge or Sn.78 The stannylene complex has a trigonal-planar structure with
Pt—Sn bond lengths of 2.47–2.50 Å.79

6.5.3 PLATINUM(I)

The chemistry of platinum(I) is overwhelmingly dominated by the formation of Pt—Pt bonded
dimers. In addition, there are mixed oxidation state clusters and these are dealt with in Section
6.5.6.
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6.5.3.1 Unsupported Dimers

The great majority of platinum(I) complexes are binuclear with monofunctional or bifunctional
bridging groups. However, there is also a series of unsupported dimers with the general structure
shown in (12). These are generally stabilized by phosphine, carbonyl, and isocyanide ligands.17

Dimeric hydride complexes can have terminal or bridging hydrides and these are discussed above
in Section 6.5.2.1.4.

Pt Pt

(12)

6.5.3.1.1 Preparations

Among the simplest of the unsupported dimers are the anions [Pt2X4(CO)2]
2� (X=Cl�, Br�, I�).

A high yielding method for preparing these complexes involves reaction of [PtX3(CO)]� with
controlled amounts of formic acid and NPri3 in THF.80 NMR studies revealed intramolecular
exchange of CO and X, probably via a mechanism involving CO bridging. Asymmetrically
bridging carbonyls have been reported in the structure of [Pt2Br2(�-CO)(PPh3)3], derived from
[Pt2Br4(CO)2]

2� by reaction with PPh3
81 and in the structure of the chloro analogue.82

The neutral dimer [Pt2Cl2(RNC)4], R= 2,4-But
2-6-MeC6H2, or 2,4,6-But

3-C6H2, has been pre-
pared both by electrochemical reduction of cis-[PtCl2(RNC)2] and by its reaction with zerovalent
[Pt3(RNC)6].

83,84 A similar reaction between divalent cis-[Pt(C6X5)2L2] (X=F, L=CO,
p=MeC6H4NC, C6H11NC, or ButNC; X=Cl, L=CO or p–MeC6H4NC) and zerovalent
[Pt(�2-C2H4)(PPh3)2] produced the platinum(I) complexes [Pt2(C6X5)2L2(PPh3)2].

85 Controlled
potential electrolysis of [Pt(2,6-Me2C6H3NC)4] gives dimeric [Pt2(2,6-Me2C6H3NC)6]

86 and
electrolysis of [Pt(diphos)(RNC)2](PF6)2 (diphos=Ph2P-(CH2)n-PPh2 (n= 2�4) or But

2P-
(CH2)n-PBut

2, R= 2,6-dimethylphenyl or 2,4,6-trimethylphenyl) gives dinuclear [Pt2(di-
phos)2(RNC)2](PF6)2 (13).87,88 Electrochemical reduction of [Pt(RNC)4]

2þ (R= 2,6-Me2C6H3, or
2,4-But

2-6-MeC6H2) and [Pt(RNC)2(dppm)]2þ (R= 2,6-Me2C6H3) gives the cationic dimer
[Pt2(RNC)6]

2þ along with trimeric and mixed metal complexes.89

Pt Pt

CNR

P

P

P

CNR

P

2+

(13)

Chemical reduction of [PtCl2(COD)] using LiBHEt3 in the presence of CO and a phosphine
yields [Pt2Cl2(CO)2(PR3)2] (PR3=PNpPh2 and PFc2Ph; Np= naphthyl, Fc= ferrocenyl).17 The
triflate complexes [Pt(SO3CF3)2(PP)] (PP= dppm or dppe; dppe= 1,2-bis(diphenylphosphino)
ethane) are reduced in the presence of CO to give [Pt2(CO)2(�-dppm)2]

2þ or
[Pt2(CO)2(dppe)2]

2þ.90 Reaction of [Pt3(CO)3(P-But
2Ph)3] with HCl at �50 �C initially results in
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the formation of platinum(II) complexes, but these slowly convert to the dimeric platinum(I)
complex [Pt2Cl2(CO)2(P-But

2Ph)2].
91

The first homoleptic, dinuclear platinum(I) carbonyl complex [Pt2(CO)6]
2þ has been prepared

by dissolving PtO2 in concentrated sulfuric acid under a CO atmosphere.92,93 The structure is
rigid on the NMR time scale at room temperature. DFT studies suggested a staggered structure
for the dimer.92,93

6.5.3.1.2 Reactions

The hexakis(methyl isocyanide) dimers, [Pt2(CNMe)6], undergo photolytic cleavage of the Pt—Pt
bond to give 15-electron radicals, Pt(CNMe)3.

94 Mixtures of platinum and palladium dimers give
rise to heteronuclear complexes under photolytic conditions. Mixtures of normal and deuterium-
labeled methyl isocyanide complexes reveal that the metal–ligand bonds undergo thermal redis-
tribution.94

6.5.3.2 Hydride Complexes

6.5.3.2.1 Structures

The hydride complexes of platinum(I) fall naturally between the supported and unsupported
dimers because they range from one to the other. On going from nickel to platinum, there is a
decreasing tendency for hydride ligands to bridge,95 although there are examples of both
bridging and terminal hydrides. bisDihydride diphosphine platinum(II) complexes have a
tendency to decompose to give dimeric platinum(I) complexes. For example, [Pt(�-
H)(Cy2P(CH2)nPCy2)]2 (n= 2–4) is formed from the cis-dihydride on standing.26 It is also
formed by reaction of the ethylene complex with hydrogen gas.26 A similar complex, [Pt(�-
H)(dppe)]2 is obtained by reacting [PtCl2(dppe)] with LiBEt3H, a reaction that proceeds via the
cis-dihydride.96 [Pt(�-H)(dppe)]2 is a strong base and reacts with protic solvents such as
methanol to give the hydride bridged platinum(II) complex ([PtH(dppe)(�-H)2Pt(dppe)]

þ.96

Schwartz and Anderson similarly found that the cis-dihydrides [PtH2(PP)] (PP=Pri2P(CH2)2
PPri2, Cy2P(CH2)2PCy2, or But

2P(CH2)2PBut
2) formed dimeric platinum(I) complexes in solu-

tion and established that the hydrides are terminal rather than bridging.95 Fryzuk et al. also
found terminal hydrides in the closely related complex [PtH(PP)]2 (PP=Pri2P(CH2)3PPr

i
2).

97 In
contrast, Bennett and Roddick reported that the hydrides in [PtH(dfepe)]2 are bridging and the
Pt—Pt distances (2.7–2.8 Å) are more consistent with this description than those in the complexes
mentioned above (2.5–2.6 Å).98

6.5.3.2.2 Reactions

The A-frame hydride [Pt2H2(�-H)(�-dppm)2] undergoes reductive elimination of H2 in the pre-
sence of tertiary phosphine ligands, L, to give the platinum(I) dimer, [Pt2HL(�-dppm)2]. Hill and
Puddephatt have shown that this occurs via the intermediate [Pt2H2(�-H)L(�-dppm)2] (14).99

Carbon monoxide reacts rapidly and reversibly with [PtH(�-PP)2Pt(CO)]þ, PP=R2P–CH2–PR2,
R=Et or Ph, to give [PtH(�-PP)2Pt(CO)2]

þ and [PtH(CO)(�-PP)2Pt(CO)2]
þ, the first reported

mixed valence, platinum(0)–platinum(II) complexes.100

6.5.3.3 Phosphine-bridged Dimers

Phosphine-bridged dimers form the largest group of platinum(I) complexes. The most efficient
bridging phosphines are those with a single central atom, R2P–CH2–PR2 and the tendencies of
these and longer chain phosphines are exemplified by the reactions of [Pt(triflate)2(PP)]
(PP=Ph2P–(CH2)n–PPh2, n= 1 or 2) with carbon monoxide. When n= 2, the product is the
unbridged complex, (15a), and when n= 1 it is the bridged complex, (15b).
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6.5.3.3.1 Preparation of phosphine-bridged dimers

The asymmetric platinum(I) dimer [Pt2Cl(PPh3)(�-dppm)2]
þ is the only product of the reaction of

[Pt2Cl2(�-dppm)2] with PPh3 in relatively nonpolar solvents.101 Only in more polar solvents such
as methanol are both chloro ligands replaced by the phosphine and the product, [Pt2(PPh3)2(�-
dppm)2]

2þ, reacts with halides (Cl�, Br�, I�) in dichloromethane to give the asymmetric dimer.101

An intermediate in these processes is the complex shown in (16), which has both bridging and
chelating dppm ligands. The X-ray crystal structure of the PF6

� salt of the asymmetric dimer
reveals that the PPh3 coordinated platinum is tetrahedrally distorted as a result of steric clashes
between the phosphine ligands.102
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A mixed palladium/platinum dimer, [PtX(�-dppm)2Pd(C6F5)] (X=Cl, Br, or C6F5) has been
prepared by the reaction of [PdX(C6F5)(�

1-dppm)2] with [Pt(COD)2] or [Pt(PPh3)4].
103

6.5.3.3.2 Reactions of phosphine-bridged dimers

Bridged phosphine complexes of the type [Pt2X2(�-dppm)2] undergo reactions with a variety of
substrates to give either the A-frame complexes [Pt2X2(�-Y)(�-dppm)2]

nþ, and/or the substituted
platinum(I) dimers, [Pt2XY(�-dppm)2]

nþ and [Pt2Y2(�-dppm)2]
nþ, depending on the nature and

proportion of the substrate used. Isocyanides in particular, give rise to a range of products. For
instance, [Pt2X2(�-dppm)2] (X=Cl or I) reacts with p-tolylisocyanide (CNR) to give [Pt2X2-
(�-CNR)(�-dppm)2], [Pt2X(CNR)(�-dppm)2]

þ, and [Pt2(CNR)2(�-dppm)2]
2þ.104 Reaction of

[Pt2Cl2(�-dppm)2] with NOþ gives the stable cationic A-frame complex [Pt2Cl2(�-NO)-
(�-dppm)2]

þ.105 Similar reactions are observed for the bromo and iodo complexes.
[Pt2(PPh3)2(�-dppm)2]

2þ reacts with CH2N2, CO, S, and SO2 in dichloromethane to give
[Pt2(PPh3)2(�-Y)(�-dppm)2]

2þ (Y=CH2, CO, S, and SO2).
106 The reaction has pseudo first-

order kinetics that are consistent with pre-association between the reactants or with formation
of a common intermediate, probably one with a dangling dppm ligand.106 The reaction of
[Pt2Cl2(�-dppm)2] with S8 is second-order, whereas that with SO2 involves pre-association of
the reactants.107 When the chloro ligands are replaced by uncharged ligands such as pyridine,
NH3 or CO, the reactions are much slower.107 The chloro ligand in the unsymmetrical complex
[PtCl(�-dppm)2Pt(C6F5)] can be replaced by Br�, SCN�, PPh3, AsPh3, pyridine, or CO to give
platinum(I) dimers.108 Other agents such as alkynes, SO2, [N2C6H4Me-p]þ, and Hþ insert in the
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Pt—Pt bond to give A-frame complexes.108 The related mixed-metal complex [PtCl(�-
dppm)2Pd(C6F5)] also reacts with R2N

þ, SO2, and alkynes to give A-frame complexes.
Both chloro ligands of [Pt2Cl2(�-dppm)2] are replaced by quinoline, 1-methylimidazole, and

4-t-butylpyridine, but only one is replaced by 2,4,6-trimethylpyridine.109 All of these platinum(I)
dimers and [Pt2(PPh3)2(�-dppm)2] display solid-state luminescence at room temperature and long
emission lifetimes at 77K.109

The [Pt2L
1L2(�-dppm)2] series of complexes has been used to study the trans influence of the ligands

L1 and L2 on both the Pt—Pt bond and on each other. Platinum(195)�31P NMR coupling constants
are influenced by the ligands and correlate with the Pt—P bond lengths in both platinum(I) dimers
and platinum(II) complexes.110 The Pt—Pt bond exerts cis and trans influences similar to those of a
hydride ligand and the cis and trans coupling constants can be used to estimate the Pt—Pt bond
length.110The 1H and 31PNMR spectra reveal that the ligands L1 and L2 primarily influence the Pt—Pt
bond, but ligands that exert a very strong trans influence can also affect each other.111 Two-
dimensional 31P COSY (Correlation Spectroscopy) spectroscopy can be used to determine the sign
and magnitude of 2JPt–P coupling constants that were unobtainable in complex spectra.112

6.5.3.4 Dimers Bridged by Unsymmetric Ligands

There is a range of complexes, analogous to the diphosphine-bridged dimers, in which one arm of
the diphosphine is replaced by a nonphosphine donor. These complexes can exist as head-to-head
(HH) or head-to-tail (HT) isomers as illustrated in (17) for the most widely studied group, where
the bridging ligands are either 2-diphenyl- or 2-dimethyl-phosphinopyridine. The HT isomer is
obtained only in the reactions of [Pt(Ph2Ppy)2Cl2] with either [Pd2(dba)3]�CHCl3 or [Pt(dba)3] to
give [PtPdCl2(�-Ph2Ppy)2] and [Pt2Cl2(�-Ph2Ppy)2], respectively.113 In contrast, reaction of the
iodo equivalent gives the HH isomer which undergoes isomerization on heating, the difference
arising because [Pt(Ph2Ppy)2Cl2] exists as the cis isomer in solution whereas [Pt(Ph2Ppy)2I2] exists
as the trans isomer.113 Similar conproportionation reactions involving the less bulky 2-dimethyl-
phosphinopyridine ligand and Cl�, Br�, or I� also give the HH isomer followed by isomerization
to the HT isomer.114 The structures of these complexes and those of the diphenyl analogue were
confirmed by X-ray crystallography,115 and revealed Pt—Pt bonds ranging from 2.56 Å to 2.59 Å,
significantly shorter than those found in diphosphine bridged complexes.

X Pt Pt

P N

P N

X

R

R

R
R

X Pt Pt

P N

PN

X

R

R

R

R

HH HT
(17)

The diarsine and arsine/phosphine analogues of dppm have been used to prepare bridged
diplatinum(I) complexes, in both cases with terminal chloro ligands.116,117 Both complexes react
with carbon monoxide to produce carbonyl-bridged species. The mixed thio/phosphine ligand
Ph2PCH2SMe (PS) also forms a diplatinum(I) complex by conproportionation of its dichloroplat-
inum(II) complex with [Pt(dba)2].

118 This dimer reacts with carbon monoxide to produce an
unsupported dimer [PtCl(PS)(CO)]2 with the thioether arm of the Ph2PCH2SMe unbound.

6.5.3.5 Dimers Bridged by Monodentate Ligands

A number of complexes with carbonyl and hydride bridges have been discussed above and
phosphido bridges are discussed below. The most common of the other bridges are sulfur and

Platinum 687



selenium, either in elemental form or as SR� or CSR�. For example, [Pt(CSE)(dppe)] (E= S or
Se) reacts with [Pt(PPh3)4] to give [Pt2(�-E)(dppe)(PPh3)CS] as a result of cleavage of CS2 or
CSSe.119 Addition of dppe or dpmb (dpmb=Ph2PCH2-o-C6H4-CH2PPh2) results in reformation
of the CSE to give the bridged complex [Pt2(�

2-EC=S)(diphos)2] (diphos= dppe or dpmb, E= S
or Se).119 A similar cleavage of CS2 occurs on reaction of [Pt(�2-CS2)(dppe)] with [Pt(�2-
C2H4)(PPh3)2] to give [Pt2(�-S)(dppe)(PPh3)CS].120

6.5.3.6 Phosphido-bridged Dimers

The trinuclear clusters [Pt3(�-X)(�-PPh2)2(PPh3)3]
nþ (X=H, Cl, S, SR, PPh2) react with dppm to

give a dinuclear cation, [Pt2(�-PPh2)(�-dppm)(PPh3)2]
þ, with bridging phosphido and dppm

ligands.121 Unlike its palladium analogue, the platinum(II) dihydride, [Pt(�-PBut
2)(H)(PBut

2H)]2,
does not undergo elimination of molecular hydrogen to give a platinum(I) dimer.122 However,
oxidant-induced hydride abstraction gives [Pt2(�-PBut

2)2(H)(PBut
2H)2]

þ and this can be depro-
tonated with a strong base to give [Pt(�-PBut

2)(PBut
2H)]2.

122 This complex reacts with CO,
resulting in displacement of one of the phosphines to give the monocarbonyl complex, [Pt2(�-
PBut

2)2(PBut
2H)(CO)].122 Thermally initiated degradation of a variety of platinum(0) complexes

such as [Pt(PPh3)2(C2H4)], [Pt(PPh3)4] or [Pt(PPh3)2(alkyne)] in toluene gives a platinum(I) dimer
with bridging phosphido and deprotonated triphenylphosphine [Pt2(�-C6H4(PPh2)(�-
PPh2)(PPh3)2] (18).123 Reaction of cis-[Pt(C6F5)2(PPh2H)2], [Pt(norbornene)3], and PPh3 in a
1:1:1 ratio results in platinum(II) dimers, but in 1:1:2 ratio results in the phosphido bridged
platinum(I) dimer [Pt(C6F5)(PPh3)(�-PPh2)Pt(PPh3)2].

124

Pt Pt

P

P

Ph3P PPh3

Ph

Ph

Ph Ph

(18)

6.5.3.7 Electrochemical Reduction and Linear Chain Complexes

The reduction of [Pt(bipy)2]
2þ in water by metallic iron or at a platinum electrode gives mono-

meric [Pt(bipy)2]NO3�2H2O that forms as black–green needles.125 The needles have a relatively
high electrical conductivity and a Pt���Pt separation of 3.563(1) Å.125 In contrast, reduction in
aprotic solvents such as DMF or DMSO results in the formation of dimeric [Pt2(bipy)2(�-bipy)]

2þ

(bipy= 2,20-bipyridine) with a Pt���Pt separation of 2.527,2(5) Å.126

6.5.4 PLATINUM(II)

6.5.4.1 Platinum(II) Complexes with Carbonyl and Silicon-donor Ligands

6.5.4.1.1 Carbonyl ligands

Platinum(II)–carbonyl complexes have a long history. Indeed, chloro derivatives such as cis-
[PtCl2(CO)2] were among the first transition metal carbonyl complexes to be prepared. Novel
high-yielding, preparative routes to cis-[PtCl2(CO)2] have been described, in addition to its X-ray
structure.127 Methods of synthesis have included the reaction of [NBu4]2[PtCl4] with 1 atm of CO
in CH2Cl2 solution at room temperature in the presence of AlCl3, which is added to the solution
in order to scavenge free chloride. Another method involves the reaction of PtI2 with 1 atm of CO
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to afford [PtI2(CO)2]–[Pt2I4(CO)2], which is then treated with SO2Cl2 under a CO atmosphere.
The third method involves the treatment of anhydrous PtCl2, suspended in CH2Cl2, with 1 atm of
CO over a period of 2 d.

Highly electrophilic platinum(II) complexes containing the electron-poor perfluorinated phos-
phine ligand 1,2-bis(pentafluoroethylphosphino)ethane have been generated in superacidic media.128

In polar aprotic solvents, the reaction of [PtX2(dfepe)] (X=OTf, SO3F; dfepe= 1,2-bis(penta-
fluoroethylphosphino)ethane) with 1 atm of CO does not occur. In fluorosulfonic acid, however,
the reaction proceeds smoothly to generate the monocarbonyl species [Pt(SO3F)(CO)(dfepe)]þ

(19). At higher pressures of CO (>6 atm), the bis(carbonyl) derivative [Pt(CO)2(dfepe)]
2þ (20) is

obtained. When CF3SO3H is used as the solvent, only the monocarbonyl species
[Pt(CF3SO3)(CO)(dfepe)]þ was observed. Loss of CO from the complexes ensues after several
days at room temperature in the absence of a CO atmosphere.

CO

Pt

P SO3F

P

+
(C2F5)2

(C2F5)2

(19) (20)

CO
Pt

P CO

P

2+
(C2F5)2

(C2F5)2

Treatment of the trinuclear cluster [Pt3(CO)3(PBu
t
2Ph)3] with HCl gas (or its MeCONMe2

adduct) affords the mononuclear species [Pt(H)Cl(CO)(PBut
2Ph)] in which the CO is located trans

to the hydrido ligand.91 The complex undergoes an isomerization reaction at elevated temperatures
(>50 �C) to afford the thermodynamic product in which the CO ligand is located trans to the
tertiary phosphine. Treatment of [Pt3(CO)3(PBut

2Ph)3] with an excess of Cl2 affords [PtCl2(CO)
(PBut

2Ph)], which is formed via the diplatinum(I) intermediate [Pt2Cl2(CO)2(PBut
2Ph)2].

The bis(carbonyl)platinum(II) complex cis-[Pt(SO3F)2(CO)2] has been prepared by the reductive
carbonylation of the platinum(IV) precursor [Pt(SO3F)4] in fluorosulfuric acid,129 and its structure
has been determined by X-ray diffraction.130 The key intermediate in this reaction is the mixed-
valence salt [Pt(CO)4][Pt(SO3F)6].

131 Carbonylation of cis-[Pt(SO3F)2(CO)2] in liquid SbF5 quanti-
tatively affords the tetrakis(carbonyl)platinum(II) species [Pt(CO)4][Sb2F11]2, the structure of which
was confirmed by X-ray crystallography.132 An alternative route to this product is the reductive
carbonylation of PtF6 in SbF5.

130 When HF is used as a solvent, [Pt(CO)4][PtF6] is formed instead.

6.5.4.1.2 Si-Donor ligands

Mono- and bis(silyl)platinum(II) complexes are believed to play important catalytic roles in
hydrosilylation, dehydrocoupling, and double silylation reactions with disilanes and hydrosilanes.
A stable, mono(silyl)platinum(II) complex has been prepared by the oxidative addition reaction of
the sterically hindered, primary arylsilane 2,6-Mes2C6H3SiH3 (Mes= 2,4,6-trimethylbenzene) to
the platinum(0) species [Pt(PPr3)3] in hexane solution at room temperature.133 The colorless
product cis-[PtH(2,6-Mes2C6H3(H)2Si)(PPr3)2] (21) was isolated as the OPPr3 adduct, and its

Pr3P
Pt

H

Pr3P
H2
Si

(21)

SiH2SiH3

Pt

PCy2

SiH2SiH3Cy2P

(22)
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structure was determined by means of X-ray crystallography. The related species trans-[PtH(SiH-
Mes2)(PCy3)2] (Cy= cyclohexyl) has also been reported.134

H2
Si

Pt
P
Cy2

Si
H2

Cy2
P

H2
Si

Pt
P
Cy2

Si
H2

Cy2
P

(23)

H2
Si

Pt
P
Cy2

Si
H2

Cy2
P

Pt
P
Cy2

Cy2
P

(24)

The reactions of the dihydrido complex [PtH2(dcpe)] (dcpe= 1,2-bis(dicyclohexylphosphino)
ethane) with silanes have been reported.135 Treatment of [PtH2(dcpe)] with H3SiSiH3 in toluene
solution at room temperature rapidly leads to the formation of [Pt(SiH2SiH3)2(dcpe)] (22) and
the unusual dinuclear species [{Pt(dcpe)}2(�-SiH2SiH2)2] (23), the ratio of which depends upon the
rate of addition of the disilane to the platinum precursor. If the addition is carried out very
slowly, however, another dinuclear species [{Pt(dcpe)}2(�-SiH2)2] (24) is also formed, probably via
the bis(silyl) intermediate [Pt(SiH3)2(dcpe)]. Indeed, the use of one equivalent of the methyl-
substituted disilane MeH2SiSiH2Me in the reaction with [PtH2(dcpe)] affords the bis(silyl) analo-
gue [Pt(SiH2Me)2(dcpe)] in quantitative yield; an analogous product is also obtained in the
reaction of [Pt(PEt3)3] with PhH2SiSiH2Ph.

60 bis(silyl)platinum(II) complexes can also be formed
by the hydrogenolysis of corresponding �2-disilene complexes.136 The complexes [Pt(SiH2-
SiH3)2(dcpe)] and [{Pt(dcpe)}2(�-SiH2SiH2)2] are the first isolated examples of platinum(II) com-
plexes containing terminal and bridging disilanyl ligands, respectively. Even though both the
mono- and dinuclear species can be isolated as white, crystalline solids, only the latter is stable to
air both in solution and as a solid. The X-ray structures of both complexes were also determined,
but only that of the dinuclear species was reported.

The preparation of various platinum–silyl complexes, including a platinum(II), platinum(IV),
and mixed-valence platinum(II)–(IV) species, has been described.59 The treatment of one
equivalent of 1,2-disilylbenzene with [Pt(PEt3)3] in toluene solution at 0 �C affords [Pt(C6H4Si2H4)-
(PEt3)2] (25) as a white powder; the use of excess 1,2-disilylbenzene in the reaction leads to the
formation of various platinum(IV) derivatives.

PEt3
Pt

Si
H2

PEt3

H2
Si

(25)

6.5.4.2 Platinum(II) Complexes with Nitrogen-donor Ligands

6.5.4.2.1 Ammine and alkylamine ligands

The affinity of platinum(II) for N-donor ligands is well established. There are numerous examples
in the literature of mono-, di-, and trinuclear platinum(II)–ammine and alkylamine complexes,
most of which are structural analogues of the anticancer agent, cisplatin (cis-[PtCl2(NH3)2]), and
the corresponding trans isomer. Selected novel complexes and synthetic methods are presented
below.

A 15N and 195Pt NMR study of the solution chemistry of trans-diammineplatinum(II) com-
plexes containing water, chloro, nitrato, sulfato, acetato, and dihydrogenphosphato ligands has
been described.137 A convenient small-scale (0.1–5.0 g) preparation of trans-[PtCl2(

15NH3)2] that
involved the heating of anhydrous, solid [Pt(15NH3)4]Cl2 under vacuum for 5 h at 190–195 �C has
also been reported.

A versatile synthesis of monoamine platinum(II) complexes of the type [PtCl3(amine)]�,
where the nature of the amine ligand can be varied readily, involves treatment of the iodo-bridged
dimer [PtI(�-I)L]2 (L=NH3, methylamine, ethylamine, isopropylamine, cyclobutylamine, and
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cyclopentylamine) with an excess of AgNO3.
138 Pt–I–Pt bridge cleavage and subsequent hydrolysis

followed by the addition of chloride affords [PtCl3(amine)]� in reasonable-to-high yields.
The preparation of the first phosphodiester complexes of platinum(II), in particular those

containing the diphenylphosphato ligand, has been reported.139 Treatment of [PtCl2(en)] with
Ag2O in DMF with two equivalents of diphenylphosphate gives [Pt(dpp)2(en)] ((26); dpp=
diphenylphosphato, en= ethylene-1,2-diamine), the first example of a bis(phosphodiester) com-
plex of platinum(II). The complex is stable as a monomer, and it does not undergo dimerization
or oligomerization reactions.

O
Pt

N
H2

O

H2
N P(OPh)2

P(OPh)2

O

O
(26)

Cl
Pt
Cl

H2
NCl

NH3

+

–

(27)

The reaction of [PtCl(Me2S)(en)]Cl with concentrated HCl results in the formation of the
zwitterionic complex [PtCl3(enH)] (27), where the en no longer acts as a chelating ligand owing
to protonation of one of the amine groups.140 The X-ray structure of the complex confirms the
unusual coordination mode of the en ligand.

Bulk electrochemical reduction of the platinum(IV) complex of the tridentate ligand
1,1,1-tris(aminomethyl)ethane(tame), [Pt(tame)2]

4þ, leads to the quantitative formation of
[Pt(tame)2]

2þ (28), in which one of the amine donor groups in tame remains noncoordinated.141

The X-ray structure of the diprotonated complex [Pt(Htame)2]
4þ, as its tetrachlorozincate(II) salt,

is also reported.

NH2

Pt
H2N

H2N

NH2

H2N

NH2

2+

(28)

The synthesis and neutron diffraction study of the double-salt complex [NPrn4]2[PtCl4]
.cis-

[PtCl2(NH2Me)2] at 20K has been reported.142,143 The molecular structure of the complex
shows strong N—H���Pt and N—H���Cl hydrogen bonds that link the two platinum(II) com-
plexes. The structure confirms that transition metal centers can act as H-bond acceptors, and that
a new three-center, four-electron hydrogen bridge model best describes the N—H���Pt interaction.

The detailed photophysics have been reported for the 1:1 supramolecular complex of
[Pt(NH3)2(bipy)]

2þ and a cylindrical macrocyclic receptor comprising of two [18]-N2O4 moieties
linked to two 2,6-dimethylnaphthalene bridges.144 The adduct is stabilized by the formation of an
extensive network of H-bonds between the O-atoms of the macrocycles and the H-atoms of the
ammine ligands. The electron-deficient bipy ligand and electron-rich naphthalene moieties also
undergo �–� stacking interactions, allowing for facile charge-transfer interactions to occur.145

One of the most active research areas in bio-inorganic chemistry at the present time is the study
of di- and trinuclear platinum complexes as potential anticancer drugs and as probes of DNA
structure and function. Notably, a series of dinuclear complexes based on cisplatin and the
corresponding trans isomer, linked by variable-length primary amines, have been studied in
great detail by Farrell and co-workers.146 The general formula of the complexes is
[{PtClm(NH3)3�m}-�-H2N–R–NH2-{PtCln(NH3)3�n}]

{(2�m)þ(2�n)}þ(m and n= 0–3; R= linear or
substituted aliphatic group). Spermine- and spermidine-bridged complexes have also been
studied.147,148

The preparation of the dinuclear complexes is readily achieved by taking advantage of the well-
established trans effect in square-planar complexes. For example, the treatment of two equivalents
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of [PtCl3(NH3)]
� with 1,4-diaminobutane leads to the formation of the dinuclear species cis-

[{PtCl2(NH3)}2{�-H2N(CH2)4NH2}] (29), in which the diaminoalkane acts as bridging bidentate
ligand.149 Tetraamine complexes of the type [{Pt(NH3)3}2{�-H2N–R–NH2}]

4þ(30) can be pre-
pared by the reaction of cis-[{PtCl2(NH3)}2{�-H2N–R–NH2}] with aqueous ammonia. Another
class of tetraamine complexes is prepared by the reaction of cis-[PtCl2(NH3)2] with the diamino-
alkane to afford the doubly bridged species cis-[{Pt(NH3)2}2{�-H2N�R�NH2}2]

4þ (31). Further
reaction of this species with aqueous HCl (6M) affords trans-[{PtCl2(NH3)}2 {�-H2N�R�NH2}]
(32). The mononuclear species trans-[PtCl2(NH3){H2N�R�NH3}]

þ (33), containing a dangling
protonated amine, is also formed in the reaction mixture.150 This species has proved to be
very useful in the synthesis of the mixed cis–trans species [{cis-PtCl2(NH3)} �-H2N�R�NH2-
{trans-PtCl2(NH3)}] (34) upon reaction with [PtCl3(NH3)]

�.151 The dinuclear trichloro species
including [{trans-PtCl(NH3)2}�-NH2�R�NH2{cis-PtCl2(NH3)}]

þ (35) and [{cis-PtCl(NH3)2}�-
NH2�R�NH2{cis-PtCl2(NH3)}]

þ (36) have also been reported,152 as have related structural
types,153,154 including the first examples of platinum(II)–amine complexes containing a carborane
(dicarba-closo-dodecaborane(12)) ligand (37) and (38).155
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(39)

Farrell has noted that the types of products formed in the reaction of two equivalents of trans-
[PtCl2(NH3)2] with diaminoalkanes of the type NH2(CH2)nNH2 (n= 2–8) depend on the poly-
methylene chain length.156 For example, the use of amines with n= 2–4 affords the dinuclear
complexes [{trans-[PtCl(NH3)2]}2{�-NH2(CH2)nNH2}]

2þ, even when the chelating en ligand is
used. In contrast, when n= 5, the amine acts as a trans-chelating bidentate ligand and the
resulting complex has the formulation trans-[Pt(NH3)2{NH2(CH2)5NH2}]

2þ (39). With longer
chain length amines (n= 6–8), mixtures of products were observed, but the desired dinuclear
complexes can be prepared in high yield and purity by the use of the labile species trans-
[PtCl(dmf)(NH3)2]

þ instead of the corresponding dichloro precursor.
The chemistry of dinuclear platinum(II) species linked by bridging diaminoalkane ligands can

also be extended to related trinuclear species.157 In general, the synthesis of a suitable mono-
nuclear precursor complex containing two monoprotected amine ligands (by means of an amine
hydrochloride salt, or a suitable blocking agent such as t-butoxycarbonyl that is readily removed
by the addition of strong acid) is used as a source for further reactions with two equivalents of an
appropriate platinum(II) complex in the presence of base. For example, the trinuclear species
[{cis-PtCl2(NH3)}2{�-cis-PtCl2(NH2�R�NH2)2}] (40) can be prepared in three steps. First, treat-
ment of [PtCl4]

2� with two equivalents of a BOC-monoprotected diaminoalkane ligand affords
cis-[PtCl2{NH2�R�NH(BOC)}2]. Second, treatment of the cis-dichloro species with concentrated
HCl affords the deprotected complex cis-[PtCl2(NH2�R�NH3)2]

2þ. Finally, the triplatinum
species is prepared by the reaction of the BOC deprotected cis-dichloro intermediate with two
equivalents of [PtCl3(NH3)]

� in the presence of base. More complicated complexes with
two inequivalent coordination spheres can also be prepared as follows. First, treatment of
cis-[PtCl2(NH3)2] with two equivalents of a BOC-monoprotected diaminoalkane ligand affords
cis-[Pt(NH3)2{NH2�R�NH(BOC)}2]

2þ. Second, treatment of the cis-dichloro species with con-
centrated HCl affords the deprotected complex cis-[Pt(NH3)2(NH2�R�NH3)2]

4þ. Finally, the
triplatinum species [{cis-PtCl2(NH3)(�-NH2�R�NH2)}2{cis-Pt(NH3)2}]

2þ (41) can be prepared
by treatment of cis-[Pt(NH3)2(NH2–R–NH3)2]

4þ with two equivalents of [PtCl3(NH3)]
� in the

presence of base.
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A comprehensive series of mono- and dinuclear iodoplatinum(II) complexes [PtI(dien)]þ and
[{PtI(dien)}2(�-CH2)n] (42) (dien= parent or substituted diethylenetriamine; n= 2–9), respectively,
have been synthesized as potential probes of nucleic acid structure.158 Both chiral and achiral
species were prepared. In general, the complexes are synthesized by the reaction of trans-
[PtI2(DMSO)2] with the dien ligand in DMF solution.
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(42)
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The synthesis and DNA-binding properties of a [PtCl2(en)] complex tethered to an intercalating
acridine orange (3,6-bis(dimethylamino)acridine) via a polymethylene chain (n= 3 or 6; (43)) have
been reported.159,160 The solution aggregation behavior of these complexes was also studied in
great detail. Both complexes are capable of binding to calf-thymus DNA, as determined by
UV–visible spectroscopy. The hexamethylene-tethered complex is also capable of unwinding
and rewinding supercoiled plasmid DNA. However, it does not shorten the DNA helix like its
parent complex [PtCl2(en)], probably due to the inhibition of the platinum binding mode that is
responsible for the shortening effect by the nearby intercalator. Upon irradiation with a visible-
light source, photonicking of the DNA was observed.159

N NMe2Me2N
(CH2)n

HN

PtCl
Cl

NH2

+

(43)

Chloroplatinum(II) complexes linked to DNA intercalators such as proflavine (3,6-diamino-
acridine, dac) and 3,6-bis(dimethylamino)acridine (AO) may lead to enhanced DNA interactions
when compared to cisplatin and other platinum drugs. Such complexes can be prepared by the
direct reaction of the electrophilic coordinated alkene in [PtCl(C2H4)(tmen)]þ (tmen=N,N,N0,N0-
tetramethylethane-1,2-diamine) with the endocyclic N-atom or the exocyclic amino groups of the
acridine.161 The endocyclic N-atom of AO is involved in the reaction with the platinum(II)
complex to afford the mononuclear species [PtCl{CH2CH2-AO}(tmen)]þ (44), in which the
platinum(II) moiety is linked to the AO via an ethylene chain; the product structure was
confirmed by means of X-ray diffraction. In the case of proflavine, the two exocyclic amino
groups react with [PtCl(C2H4)(tmen)] to afford the dinuclear platinum(II) species
[{PtCl(tmen)}2{CH2CH2NH–C13H7NH–NHCH2CH2}]

þ (45).

N NMe2Me2N
CH2

CH2

Pt ClMe2N
NMe2

+

(44)

Hambley and co-workers have reported the synthesis, DNA cross-linking, and in vitro anti-
cancer properties of a platinum(II) complex that was designed to bind the macromolecule in an
interstrand rather than intrastrand manner,162 the latter being the dominant mode of DNA-
binding by platinum anticancer drugs such as cisplatin. The complex [PtCl2(hpip)] ((46);
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hpip= homopiperazine) was shown to cross-link linearized plasmid DNA in a bifunctional
manner. Indeed, at low Pt/DNA nucleotide ratios, the complex was found to be equally effective
at forming interstrand cross-links when compared to cisplatin, but at higher Pt/DNA ratios
cisplatin was found to be more effective. Furthermore, the complex proved to form very few
intrastrand cross-links, but monofunctional adducts were clearly dominant, accounting for over
90% of the total DNA interactions. Studies of the interaction of [PtCl2(hpip)] with a d(GpG)
dinucleotide have also been reported.163

Pt
N
H

Cl

NHCl .

(46)

6.5.4.2.2 Amide ligands

The coordination modes of acetamide and formamide toward platinum(II) complexes containing
diethylenetriamine have been reported.164 The complexes were prepared by treatment of the labile
aqua species [Pt(OH2)(dien)]

2þ with the amide in acetone solution. In both cases, two linkage
isomers were isolated, in which the amides are O- or N-bonded to the metal center. The latter was
found to exist in solution as the imidol [Pt{NHC(OH)R}(dien)]2þ (R=H, Me) (47) form instead
of the tautomeric amide [Pt{NH2COR}(dien)]2þ (48) and, furthermore, it adopted only a cis
geometry with respect to the C—N bond, which possesses restricted rotation. The O-bonded
isomers are the kinetic products, and very slowly (t1/2 = ca. 30 h at 293K) convert to the
thermodynamically favored N-bonded species in an intramolecular manner. Alternatively, base-
catalyzed hydrolysis of the acetonitrile complex [Pt(MeCN)(dien)]2þ in water leads to the
N-bonded acetamide complex [Pt(NHCOMe)(dien)]þ, which can be protonated by strong Brönsted
acids such as CF3SO3H to afford the iminol species [Pt{NHC(OH)Me}(dien)]2þ. The free-energy
difference between the two isomeric forms was determined to be 8.3 kJmol�1 in all cases. In a
related study, the coordination chemistry of 1,1-dimethylurea in platinum(II)-dien complexes was
also explored.165 Once again, both O- and N-bound linkage isomers were isolated and character-
ized, with the latter being slightly thermodynamically favored (Keq(N-isomer/O-isomer)� 3). Interest-
ingly, in the N-bound complex, the 1,1-dimethylurea exists in the amide rather than iminol
tautomeric form.

NH

Pt

NH

NH2H2N

HO R

2+

(47)

2+
NH

Pt

NH2

NH2H2N

O R
(48)

In a study of the hydrolysis of platinum(II)-nitrile complexes to afford the corresponding
amides, the first well-characterized examples of platinum(II) complexes that dimerize sponta-
neously to form weakly bonded Pt–Pt dimers with an unsupported intermetallic bond have been
described.166 For example, treatment of cis-[PtCl2(NCBut)2] with excess KOH affords the amide
species cis-[PtCl2{HN¼C(OH)But}2], which exists as a dimer (49) both in solution and in the
solid state, with a Pt–Pt bond length of 3.165(1) Å, as determined by X-ray crystallography. Four

N N
H

N
H H

C
H2

Pt NMe2

Me2N

Cl

C
H2

Pt
NMe2

Cl
Me2N +

(45)
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interfacial N—H���Cl. H-bonds are also evident in the dimeric structure. An intermediate complex
cis-[PtCl2{HN¼C(OH)But}2{H2NC(¼O)But}], containing three amide ligands, two of which are
N-bonded and one O-bonded to the platinum(II) center, was also isolated from the reaction
mixture. It also dimerizes spontaneously both in solution and in the solid state with the formation
of a weak intermetallic bond (d(Pt—Pt)= 3.399(1) Å). The propensity of these complexes to form
Pt–Pt dimers is reminiscent of the ‘‘aurophilic’’ interactions observed in many types of gold
complexes, and it appears to stem from the intermetallic bonding that can result from the mixing
of filled platinum 5dz

2�5dz
2 orbitals with the higher-energy 6pz�6pz orbitals. The structural

details of linear-chain complexes of the type [PtX2(NN)] (X=Cl, NN= 2,20-bipyrimidine;
X=CN, NN= 1,10-phenanthroline; X=NCS, NN= bipy) have also been reported, with weak
intermetallic bonding (d(Pt–Pt)= 3.24–3.49 Å) playing an important role in the solid-state stack-
ing of monomers.167 Theoretical calculations on the nature of the intermetallic bonding in
unsupported d8 dimers have complemented these studies.
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The dimer cis-[{PtCl2{HN¼C(OH)But}2}2] (49) isomerizes to trans-[PtCl2{HN¼C(OH)But}2]
in CH2Cl2 and other chlorinated solvents.168 When large amounts of n-hexane are present in the
solution, two products are formed. One product is formulated as the dimeric cis-
[PtCl2{HN¼C(OH)But}2{H2NC(¼O)But}] described above, and the other was identified by
X-ray crystallography as the trinuclear species cyclo-[(PtCl2{HN¼C(OH)But})3] (50). In this
unusual complex, each platinum atom is surrounded by two bridging chloro ligands in a cis
geometry, with the N-bonded amide and terminal chloro ligands completing the coordination
sphere around each platinum atom. Another trinuclear chloro-bridged complex, cyclo-
[(PtCl2{(Me)2NH})3] (51), was prepared by the treatment of [PtCl3{(Me)2NH}]� with HClO4.

169

6.5.4.2.3 Amido, imido, and nitrido ligands

Amido complexes of platinum(II) are not easily prepared,170,171 but the syntheses of the mono-
and diplatinum(II) complexes trans-[PtX(NH2)(PCy3)2] (X=H, Me), [Pt2(�-NH2)2L4] (L=PEt3,
PPh2Me, PMe2Ph, PMe3) (52) and [Pt2H2(�-NH2)2L2] (L=PPh3, PEt3), respectively, have been
described.172–174 The dinuclear species cis- and trans-[Pt2(�-NH2)2(POPh2)2(PMePh2)2] ((53) and
(54), respectively) can be obtained by the treatment of [PtCl2(dppm)] and NaOH in liquid or
aqueous ammonia solution.175 The authors proposed that the reaction proceeds via a �-hydroxo
intermediate. Indeed, the direct conversion of a �-hydroxo ligand to an amido ligand was also
reported for the first time. For example, treatment of [Pt2(�-OH)2(PPh3)4]

2þ with aqueous
ammonia leads to the rapid and quantitative formation of [Pt2(�-NH2)2(PPh3)4]

2þ.
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A comprehensive study of aminolysis reactions involving dinuclear platinum(II)–hydroxo
complexes has been described.176 Treatment of the di-�-hydroxo complexes of the type [Pt2-
(�-OH)2(L2)2]

2þ with an excess of aryl amine RNH2 (L=PPh3, R=Ph, p-tolyl, p-ButC6H4,
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p-NO2C6H4; L2= 1,3-bis(diphenylphosphino)propane (dppp), R=Ph, p-tolyl) affords the mixed
hydroxo-amido species [Pt2(�-OH)(�-NHR)(L2)2]

2þ. In some cases, the di-�-amido complexes of
the type [Pt2(�-NHR)2(L2)2]

2þ are obtained (R=H, L2= dppm, dppe, dppp, 2PMe2Ph; R=Ph,
p-tolyl, L2= dppm, dppe; R=NH2, L2= dppm, dppp, dppb). When the mixed hydroxo-amido
species [Pt2(�-OH)(�-NHR)(L2)2]

2þ (55) are treated with strong bases such as LiNPri2, deprotona-
tion of the bridging hydroxo group occurs exclusively to afford the mixed oxo-amido species of the
type [Pt2(�-O)(�-NHR)(L2)2]

þ (56), and deprotonation of the amido ligand is never observed. In
the [Pt2(�-NHR)2(dppm)2]

2þ (57) complexes, however, deprotonation of the dppm methylene group
occurs with LiN(TMS)2 to give complexes of the type [Pt2(�-NHR)2(dppm-H)2]; R=H, NH2, Ph,
p-tolyl) (58); the di-�-hydrazido complex was crystallized as the [Li(THF)2] adduct, in which the Liþ

ion is strongly associated with the two hydrazido NH2 groups. In another study, Sharp and
co-workers have reported several other examples of related �-hydrazidodiplatinum(II) deriva-
tives.177 Finally, treatment of the di-�-amido species of the type [Pt2(�-NHR)2(dppm-H)2]
(R=H, Ph, p-tolyl) with strong bases such as MeLi results in the deprotonation of the amido
ligands to afford the di-�-imido complexes [Pt2(�-NR)2(dppm-H)2]

2� (59).176
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The phenylamidoplatinum(II) complex trans-[PtH(NHPh)(PEt3)2] can be obtained by the reac-
tion of trans-[PtH(NO3)(PEt3)2] with NaNHPh in C6H6/THF solution.178 In the solid state, the
complex is unstable and decomposes within a matter of hours at room temperature, but in
solution it is stable for indefinite periods at ambient temperatures. Despite its instability in the
solid state, the X-ray structure of the complex was determined at �100 �C. Addition of CO or
PEt3 to the complex results in the rapid formation of the platinum(0) species [Pt(CO)2(PEt3)2] or
[Pt(PEt3)4], respectively, by the reductive elimination of aniline. Treatment of the complex with
H2 gives [PtH2(PEt3)2] and aniline. The reaction of trans-[PtH(NHPh)(PEt3)2] with acrylonitrile
generates the hydrido(alkyl) species trans-[PtH{C(CN)CH2NHPh}(PEt3)2], formed by regioselec-
tive insertion of the activated alkene into the Pt—N bond, thus modeling one of the key steps that
would be required in a catalytic cycle for alkene amination.178,179 Other electrophilic substrates
such as CO2, COS, and PhNCO also insert into the Pt—N bond, with no insertion into the Pt—H
bond ever observed. In a related reaction, trans-[PtH(OPh)(PEt3)2] is prepared by the reaction of
trans-[PtH(NO3)(PEt3)2] with NaOPh in C6H6/MeOH solution.178 Its reactivity toward electro-
philic substrates, for example, is similar to that of the amido analogue, although the reactions
occur much more rapidly. The relative strength of the Pt—O bond vs. the Pt—N bond appears to
govern the reactivity of the complexes.

Numerous sulfur nitrido derivatives of platinum(II) have been reported. Treatment of
(TMSN)2S with the platinum(0) complex [Pt(C2H4)(PPh3)2] affords cis-[Pt(NSN-TMS)2(PPh3)2]
by oxidative addition, the first example of a metal complex containing the RNSN� ligand.180 X-ray
crystallography confirms that the ligand is �-bonded to the platinum(II) center via the terminal
N-atom. Disulfur dinitrido derivatives of platinum(II) have been prepared by the reaction of
Na(S3N3) with [PtCl2L2] (L=PMe3, PMe2Ph, PMePh2, PPh3, PEt3, PPr

n
3, PBun

3; L2= dppe) to
afford complexes of the type [Pt(S2N2)L2].

181 The molecular structure of [Pt(S2N2)(PMe3)2] was
confirmed by X-ray crystallography. In a related study, treatment of cis-[PtCl2(PMe3)2] with
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[Me2Sn(S2N2)]2 and NH4PF6 in CH2Cl2 solution affords the N-protonated metallacycle
[Pt(S2N2H)(PMe3)2]PF6 and Me2SnCl2.

182 Another method of preparation involves protonation
of disulfur dinitride complexes with strong acids. For example, treatment of [Pt(S2N2)(PMe2Ph)2]
with HBF4 affords [Pt(S2N2H)(PMe2Ph)2]BF4. Treatment of [Pt(S2N2H)L2]

þ (L=PMe2Ph,
PMe3, PPrn3) with Br2 gives the platinum(IV) complex trans-[PtBr2(S2N2H)L2]

þ, which rapidly
undergoes isomerization to the corresponding cis isomer, followed by an unusual reductive
elimination reaction to give [PtBr(S2N2H)L]. The analogous iodo complex [PtI(S2N2H)(PMe2Ph)]
can be prepared by the reaction of [Pt(S2N2H)(PMe2Ph)2]

þ with I2.
183 The first example of a six-

membered PtS2N3 metallacycle was prepared by the reaction of [PtCl2(PMe2Ph)2] with S4N4O2 in
liquid ammonia to afford [Pt{S2N3(SO2)(NH2)}(PMe2Ph)2].

184 The X-ray structure of the product
was also reported, confirming the puckered nature of the PtS2N3 ring. The complex trans-
[Pt(NSO)2(PPh3)2] can be obtained by the reaction of the platinum(0) species [Pt(C2H4)(PPh3)2]
with Hg(NSO)2.

185

6.5.4.2.4 Nitroso ligands

The platinum(0) complex [Pt(PhNO)(PPh3)2] reacts with CO2 to afford the metallacyclic nitroso
species [Pt{ON(Ph)C(O)O}(PPh3)2] (60), the first example of insertion of CO2 into a Pt—N
bond.186 Other unsaturated carbon compounds such as CS2 and electrophilic alkenes and alkynes
react similarly. The diradical perfluoro-N,N0-dimethylethane-1,2-bis(amino-oxyl) reacts readily by
oxidative addition to the platinum(0) precursor Pt(PPh3)4 to afford the corresponding
platinum(II)–nitroso complex containing a seven-membered chelate ring (61). The resulting complex
is stable in air for several days at room temperature.187

Pt
O

O
PPh3

PPh3

N
O

(60)

O
Pt

O N
CF2

CF2
N

Ph3P

Ph3P

CF3

CF3
(61)

A dinuclear platinum(II) species containing three distinct linkage isomers of nitrosobenzene can
be prepared by the treatment of [PtH2(PMe3)2] with a large excess of nitrobenzene to afford black
crystals of [Pt2(PhNO)3(PMe3)3] (62) in low yield.188 The X-ray structure of the product shows
that the two platinum(II) centers and two bridging, dianionic nitroso groups are arranged in a
puckered five-membered ring, with one of the nitroso ligands bridging the two metal centers in a
unusual �2-manner and the other ligand bridging via the N-atom only. The third nitroso group
acts as an uncharged N-donor ligand to one of the platinum atoms, formed by displacing one of
the PMe3 ligands.
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6.5.4.2.5 Heterocyclic N-donor ligands

Nitrogen heterocycles have a strong affinity for platinum(II), and complexes of these ligands,
particularly pyridine and related diimines such as bipy, are ubiquitous.189,190 The favorable
electronic (strong �-donor/weak �-acceptor) and steric properties of such ligands lead to the
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formation of many distinct classes of stable complexes, with many of these exhibiting strong
luminescence owing to favorable MLCT processes.191

The cationic ligand 10-methyl-2,40-bipyridinium (mbpy) ion reacts with [PtCl4]
2� to afford the

zwitterionic complex [PtCl3(mbpy)] (63) in which the mbpy ligand is coordinated to the metal
center in a monodentate manner via the N-1 atom.192 Refluxing the complex in water for several
hours yields the cyclometallated species [PtCl2(mbpy)], in which the platinum(II) center is coord-
inated to the pyridyl N-1 and C-50 atoms of the chelating mbpy ligand.

Cl
Pt
Cl

NCl

N

–

+

(63)

Me

The orange–yellow complex [Pt(CN)2(5,5
0-Me2bipy)] is intensely luminescent in MeCN solution

(�emission= 502 nm, with a lifetime (	0) of 6.3�s) at room temperature.193 The excited triplet state
arising from a �–�* transition is a potent one-electron oxidizing agent and also a useful reductant,
with numerous substrates such as alkyl iodides being able to quench the excited state. The intense
solution and solid-state emission properties of related diimineplatinum(II) complexes of the type
[PtL2(5,6-Me2phen)]

194 and [Pt(CN)2(NN)] (NN= 4,40-dimethyl-2,20-bipyridine; bipy; 1,10-
phenanthroline),195 respectively, have also been reported.

Herber and co-workers198 have described the detailed FT-IR, UV–visible and EXAFS study
into the origin of the polychromism of [PtCl2(bipy)] which is known to exist in both red and
yellow crystalline forms.196,197 The predominant difference between the two modifications is the
considerable differences in the stacking interactions of the monomers in the solid state.198

Temperature-dependent X-ray diffraction and emission spectroscopy studies of the red form
have also been reported.199 The related complexes [Pt(CSN)2(bipy)]

200 and [Pt(CSN)2(4,4
0-

Me2bipy)]
201 were also studied. Both complexes display linkage isomerism where the thiocyanato

ligand is coordinated to the metal center by either the S- or N-atom. Interestingly, the mixed
linkage isomer [Pt(SCN)(NCS)(4,40-Me2bipy)] can be isolated by the careful heating of solid
[Pt(SCN)2(4,4

0-Me2bipy)] under vacuum.
Langmuir-Blodgett films of luminescent platinum(II) complexes such as [Pt(dppe)(5,6-

Me2phen)]
2þ ((64); phen= 1,10-phenanthroline) are of great interest.202 Both monolayer and

multilayer films can be prepared and manipulated on a water surface when the complexes are
mixed with stearic acid in either a 1:1 or 1:2 ratio. The pressure–area isotherms of the films have
been analyzed, and the monolayer-transferred films were studied by means of scanning tunneling
microscopy. Luminescent Langmuir-Blodgett films of the amphiphilic complex [PtClL]þ (L= 2,6-
bis(1-octadecylbenzimidazol-2-yl)pyridine) have also been reported.203

Platinum(II) complexes of the type [PtI2(2,9-Me2phen)L]; L=C2H4, CO, PPh3, ONPh) can be
prepared by the facile addition of L to [PtI2(2,9-Me2phen)].

204,205 The X-ray structure for each of
the complexes was determined. In the case of strong �-accepting ligands such as CO, the ground-
state geometry of the complex is close to five-coordinate, but in the case of ONPh and PPh3, the
rigid 2,9-Me2phen ligand becomes monodentate and the complex is four-coordinate. Ab initio
Hartree-Fock SCF MO calculations were performed in order to rationalize this behavior. In later
work, the synthesis and detailed dynamic behavior of complexes of the type cis- and trans-
[PtX2(2,9-Me2phen)(PPh3)], trans-[PtX(2,9-Me2phen)(PPh3)2]

þ, and trans-[PtX(2,9-Me2phen)-
(PBun

3)2]
þ (X=Cl, Br, I), where the Me2phen ligand acts as a monodentate ligand, were also

reported.206

A series of diastereomeric platinum(II) complexes of the type cis-[PtL2Y2]
2þ (L= 3-bromopyr-

idine, quinoline, isoquinoline; Y=PEt3, Y2= dppp, (R)-(þ)-2,20-bis(diphenylphosphino)-1,
10-binaphthyl (R-(þ)-binap)) have been prepared by the reaction of cis-[PtY2(OTf)2] (OTf= tri-
trifluoromethanesulfonate) with two equivalents of the N-donor ligand.207 Related complexes
have also been studied, for example when L= pyridine.208 Restricted rotation about the Pt—N
bonds in many of the complexes is usually detected by NMR spectroscopy, with only
[Pt(dppp)(isoquinoline)2]

2þ (65) exhibiting dynamic behavior at ambient temperatures. The PEt3
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complexes are found to restrict the rotation of the N-donor ligand to the greatest extent, with the
quinoline complexes undergoing the slowest interconversion. The X-ray structure of
[Pt(dppp)(quinoline)2](OTf)2 (66) and its 31P NMR solution spectrum confirm that the complex
exists in the syn conformation. In contrast, the major rotamer of [Pt{(R)-(þ)-binap}(isoquino-
line)2] (67) exists in one of the two anti (C2-symmetrical) forms.207 In a related study, the Pt—N
rotational barriers in complexes of the type [Pt{R-(þ)-binap}L2]

2þ (L= 3-picoline, 2-bromo-
5-methylpyridine, 2-methylquinoline, 3-methylisoquinoline) were determined by means of
variable-temperature NMR spectroscopy.209
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Platinum(II) complexes of 1-methyluracil, 9-ethylguanine, 9-methyladenine, and several other
nucleobase derivatives have been reviewed extensively,210,211 and the following examples serve to
highlight this rich and diverse area of coordination chemistry. The molecular structure of cis-
[Pt(NH3)2(1-MeU)2]�4H2O has been determined by X-ray diffraction, confirming the coordin-
ation of 1-MeU to the metal center via N-3 of the pyrimidine base.212 The reaction of
[Pt(NH3)3(H2O)]2þ with 9-EtGH affords three products, the mononuclear species [Pt(NH3)3(9-
EtGH)]2þ (68) where the platinum(II) center is bonded toN-7, the dinuclear species [Pt(NH3)3(9-EtG)-
Pt(NH3)3]

3þ (69) where one platinum(II) center is bonded to N-7, and the other bonded to
(deprotonated) N-1 and, finally, the trinuclear species [{Pt(NH3)3}3(9-EtG)]5þ (70) where the
sites of platination occur at (deprotonated) N-1, N-3, and N-7.213 The triplatinated species is
the first example of a guanine complex containing three metal centers. The synthesis and structure
of a dinuclear platinum(II) derivative of 9-EtG bridged by pyrazolate (pz), cis-[{Pt(NH3)2(9-
EtG)}2 (�-pz)]3þ (71), has been reported.214 The unusual but facile intramolecular migration of
trans-diammineplatinum(II) from the endocyclic N-1 (or N-7) site to the exocyclic NH2 group in
9-MeA has been demonstrated.215,216 A platinum(II) derivative of 30,50-diacetylthymidine
(Ac2(dT)) has been prepared by the treatment of cis-[PtCl2(dppf)] (dppf= 1,10-bis(diphenylphos-
phino)ferrocene-P1,P2) with Ac2(dT) in dimethylsulfoxide or N,N-DMF solution to rapidly afford
the species cis-[PtL{Ac2(dT)}(dppf)] (L=DMSO, DMF). The Ac2(dT) ligand is coordinated to
the platinum(II) center via the (deprotonated) N-3 atom of thymidine.217
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Farrell and Skov have reported the synthesis and properties of the two- and five-substituted
nitroimidazole complexes cis- and trans-[PtCl2(NH3)(ImNO2)], which may be useful as potential
radiosensitizers and hypoxic cytotoxins.218,219 Treatment of [PtCl3(NH3)]

� with one equivalent of
the nitroimidazole derivatives etanidazole, misonidazole, and metronidazole affords the cis iso-
mers. Heating the complexes for several hours leads to the formation of the corresponding trans
isomers when misonidazole or metronidazole is used. The X-ray structure of cis-[PtCl2(NH3)
(etanidazole)] (73) and the reduction potentials of all new complexes were also determined.
Interestingly, the reduction potential of all nitroimidazole ligands increased by 0.15–0.25V
upon coordination to the metal. The complexes have also been shown to bind to DNA.218

Cl

Pt
NH3

Cl N N CH2CO(NH)CH2CH2OH

NO2

(73)

The preparation and DNA-binding properties of platinum(II) complexes of the type [Pt(bi-
py)(n-R-py)2]

2þ (R=CN, Cl, H, Ph, Me, NH2; n= 2–4), prepared by the reaction of excess
pyridine with [PtCl2(bipy)], have been reported.220 The related [Pt(Ph2bipy)(4-R-py)2]

2þ com-
plexes were also studied.221

The synthesis and X-ray structure of a platinum(II) complex containing the well-known anti-
viral nucleoside acyclovir (9-(2-hydroxyethoxymethyl)guanine, acv) have been described.222 Treat-
ment of acyclovir with [PtCl(DMSO)(en)]þ results in the formation of [Pt(en)(acv)2]

2þ (74),
whereby two acv molecules are coordinated to the platinum(II) center via their N-7 atoms. The
related complex cis-[PtCl(NH3)2(acv)]

þ (75) has also been reported.223

Numerous examples of nucleophilic attack on coordinated nitrile ligands are found in the
literature, particularly when the transition metal is platinum(II).224 The nucleophilic attack of two
equivalents of ClCH2CH2O

� on the electrophilic nitrile carbon atoms of both nitrile ligands in cis-
or trans-[PtCl2(RCN)2] (R=Et, Prn, Pri, But, p-CF3C6H4, p- and o-MeC6H4) affords the corres-
ponding �2-1,3-oxazoline complexes ((76) and (77), respectively), in which the heterocycle acts as a
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N-donor ligand. The reaction appears to proceed via an acyclic iminoplatinum(II) intermediate that
undergoes a subsequent intramolecular cyclization. Some mechanistic aspects of this versatile
reaction have been elucidated.225,226 �4-1,2,4-oxadiazolines have been prepared by the [2þ3]
cycloaddition of various nitrones to coordinated benzonitrile in cis-[PtCl2(DMSO)(PhCN)] pre-
cursors.227,228 Racemic and chiral [PtCl2(PhMeSO)(PhCN)] complexes have also been used in order
to introduce a degree of stereoselectivity into the reaction, resulting in the first enantioselective
synthesis of �4-1,2,4-oxadiazolines, which can be liberated from the complexes by the addition of
excess ethane-1,2-diamine.

Liquid–crystalline complexes (metallomesogens) containing platinum(II) are new types of mate-
rials that have been the subject of several studies. These have largely included complexes of the type
trans-[PtX2L2] (X=Cl, L= cyanobiphenyls;229 X=Cl, carboxylate, L= 4-alkoxy-40stilbazoles;230

X=Cl, L= 2,4-, 3,4-, or 3,5-dialkoxystilbazoles, 2,3,4-, 2,4,5-, or 3,4,5-trialkoxystilbazoles).231,232

Their liquid–crystalline properties have also been reported.
The first examples of transition metal complexes containing 4,9-dichloroquino[7,8-h]quinoline,

also known as a ‘‘proton sponge’’, have been described.233 Treatment of Zeise’s dimer,
[Pt2(C2H4)2Cl4], with 4,9-dichloroquino[7,8-h]quinoline (dcqq) in CH2Cl2 solution leads to the
formation of [PtCl2(dcqq)] (78). The X-ray structure of the complex reveals a highly distorted
aromatic system, with the platinum atom lying 1.43 Å out of an idealized square plane.
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Fujita et al. have reported the synthesis of a remarkable ‘‘molecular lock’’ comprising of two
dinuclear platinum(II) complexes that form a mechanically interlocked [2]-catenane structure.234

Heating the monomeric platinum(II) species (79) in highly polar media such as a concentrated
aqueous solution of NaNO3 (5M) results in the cleavage of at least one of the Pt—N bonds, and a
subsequent equilibrium results between the monomer and catenated dimer, with the self-assembly of
the latter favored under these conditions. Cooling and crystallization from the solution allowed the
[2]-catenane species to be isolated, the structure of which was confirmed by X-ray diffraction. The
mechanically interlocked species was stable to 100 �C in aqueous solution. This example is only one of
several that have highlighted the great versatility of the Pt—N bond in the construction of nanomo-
lecular polygons and polyhedra by self-assembly, an area that has been reviewed extensively.235–249

Furthermore, supramolecular coordination chemistry is comprehensively reviewed in Volume 6 of
Comprehensive Coordination Chemistry II. Two major classes of precursor platinum(II) complexes
containing labile ligands have been utilized in these studies, namely the mononuclear complexes
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[Pt(en)(NO3)2] and [Pt(OTf)2L2] (L=mono- or 1=2 bidentate tertiary phosphine) or dinuclear com-
plexes of the type [Pt2(OTf)2(�-�-aryl)L2] (L=monodentate tertiary phosphine; �-aryl= 4,40-biphe-
nyl, p-terphenyl, 4,40-benzophenone, etc.); other structural motifs employing platinum(II) have also
been reported.250 The addition of bridging, multidentate N-donor ligands of various shapes and sizes
to the labile complexes in a suitable solvent system has afforded several classes of discrete, plat-
inum(II)-containing polygons, polyhedra, and catenanes.

H2
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Pt
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N

N
H2

N
H2

Pt
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N

H2
N

4+

(79)

6.5.4.2.6 Macrocyclic N-donor ligands

The first structurally characterized example of a platinum(II) derivative containing a saturated
tetraamine macrocycle, 6,13-dimethyl-1,4,8,11-tetraazacyclotetradecane-6,13-diamine has been
reported (80).251 The species crystallizes as the colorless tetra-cationic complex from dilute
HClO4 solution by slow evaporation, where the two pendant primary amines are protonated.
Other macrocyclic tetraamine complexes including [Pt([14]aneN4)]Cl2 have also been described.252

NH

NH

NH

NH

NH3

H3N

Pt

4+

(80)

A lipophilic dioxocyclam derivative has proved to be very efficient at the selective extraction of
platinum(II) from complexes such as cis-[PtCl2(NH3)2] or [PtCl4]

2� at pH > 3.253 Addition of the
reducing agent S2O3

2� to the solution assists with metal complexation, possibly by reductive
weakening of the Pt—X bond prior to complexation by the macrocycle. Indeed, the absence of a
reducing agent leads to very little complexation. The macrocycle can also selectively remove
platinum(II) from a mixture of metal ions including copper(II) and nickel(II). The method
described in this work may have potential applicability in chelation therapy and in analytical
and mineralogical systems. The first X-ray structures of dioxocyclam- and 6-methyldioxocyclam-
platinum(II) complexes ((81) and (82), respectively) have also been reported.254

The reaction of trans-[PtCl2(NH3)(PEt3)] with the aza-crown ethers [12]aneNO3, [15]aneNO4, and
[18]aneNO5 in CHCl3 solution has been reported.255 Substitution of the ammine ligand by the
secondary amine of the crown ether ensues to give complexes of the type trans-[PtCl2(aza-crown)
(PEt3)]. When the 4,13-diaza[18]crown-6 ether [18]aneN2O4 is used, a dinuclear complex
[{[PtCl2(PEt3)]}2([18]aneN2O4)] (83) is obtained. If equimolar amounts of trans-[PtCl2(NH3)(PEt3)]
and trans-[PtCl2([18]aneNO5)(PEt3)] are allowed to crystallize from CHCl3 solution then yellow
crystals of the second-sphere adduct trans-[PtCl2(NH3)(PEt3)]�[PtCl2([18]aneNO5)(PEt3)] (84) are
formed, the first example of a metalloreceptor in which both the host and guest are transition metal
complexes. X-ray analysis of the adduct reveals extensive H-bonding interactions of the ammine
ligand in the trans-[PtCl2(NH3)(PEt3)] guest with the crown ether O-atoms in the trans-[PtCl2([18]
aneNO5)(PEt3)] host. The same authors have also reported that the dicationic tetrakis(n-butylnico-
tinamide)platinum(II) species is a useful receptor for oxoanions such as nitrate.256
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Platinum(II) derivatives of the mono- and trimacrocylic N2S2-donor ligands based upon 1,9-
dithia-5,13-diazacyclohexadecane have been reported.257 Treatment of the ligands with cis-
[PtCl2(PhCN)2] in MeCN solution under reflux conditions afforded the mono- and trinuclear
complexes ((85) and (86), respectively) in good yield.

6.5.4.2.7 Amino acid and peptide ligands

The interaction of platinum(II) complexes with various amino acids and simple peptides is
relevant to understanding the biological fate of platinum anticancer agents such as cisplatin,
and this area has been reviewed extensively.258–261

Treatment of the simplest amino acid glycine, with cis-[Pt(NH3)2(H2O)2]
2þ in aqueous solution

affords cis-[Pt(NH3)2(O-glyH)(H2O)]2þ (87), in which the glycine is coordinated to the metal
center via the O-atom only.262 The product subsequently converts to the thermodynamically
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favored chelate complex [Pt(NH3)2(N,O-gly)]þ (88). The slow rate of the ring closure reaction is
considerably enhanced if base is added to the solution in order to deprotonate the ammonium
group of the glycine. Alternatively, gentle heating of the solution enhances the rate of ring closure
also. Similar reactions were also observed with N-acetylglycine.263 In a related study, treatment of
cis-[Pt(NH3)2(H2O)2]

2þ with L-methionine and S-methyl-L-cysteine at pH= 5 affords the chelate
complexes [Pt(NH3)2(N,S-met)]þ (89) and [Pt(NH3)2(N,S-mecys)]þ (90), respectively, as slowly
interconverting diastereomers owing to the different configurations about the sulfur atom.264 At
low pH values (0.5), the first product that is formed in the reaction with S-methyl-L-cysteine is
the O-bonded chelate complex [Pt(NH3)2(O,S-mecysH)]2þ (91), which is slowly converted to the
thermodynamically preferred N,S-chelate species (92). A similar type of reaction occurs with
L-methionine, but cis-[Pt(NH3)2(S-metH)2]

2þ (93) is also formed in competition with cis-
[Pt(NH3)2(O,S-metH)]2þ (94). Loss of ammonia occurs in all complexes upon standing, most
probably due to the strong trans-effect of the S-donor ligand. In another study involving the
reaction of cis-[Pt(NH3)2(H2O)2]

2þ with the thiol-containing amino acids N-acetyl-L-cysteine,
D,L-homocysteine and the peptide glutathione, a dinuclear complex containing a four-membered
Pt2S2 ring is formed, with slow loss of ammonia from the complexes again being observed.265

L-Cysteine affords a related complex in addition to two minor components,
cis-[Pt(NH3)2{(SCH2CH(NH3)(CO2H)}2]

2þ and [Pt(NH3)2(N,S-cysH)]þ. Finally, the use of
D-penicillamine at low pH (<0.5) leads to the initial formation of a dinuclear platinum(II) species
[{Pt(NH3)2}2(penH)]3þ in which it appears that the two metal centers are bridged by both the
sulfur atom and the carboxylato group. Within a few hours at room temperature, the complex
converts to a new isomeric species in which the two metal centers are still bridged by the sulfur
atom, but the D-penicillamine amino group is coordinated to one of the platinum(II) centers, and
the carboxylate group is bound to the other metal center.
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The use of luminescent complexes such as [PtCl(terpy)]þ (terpy= 2,20:60,200-terpyridine) and its
derivatives as reporter probes for biomolecules is now well-established.266,267 As part of a number
of studies involving the labeling of specific protein sites with metal complexes,268–271 Kostic and
co-workers have investigated the reactions of [PtCl(terpy)]þ with arginine, guanidine, N-acetylar-
ginine, canavanine, and methylguanidine.272 The platinum(II) precursor reacts with ArgH, CanH,
and MeGua to afford the yellow, mononuclear species of the type [PtL(terpy)]2þ (L=ArgH,
CanH, and MeGua, respectively). In these reactions, a red dinuclear species [{Pt(terpy)}2L]4þ was
also formed, and the two species were readily separated from each other by means of cation-
exchange chromatography. In the mononuclear complexes, the guanidine ligand coordinates to
the metal center by means of the trigonal imino-type N atom. In contrast, the guanidine ligand
bridges two metal centers in the dinuclear complexes via the amino- and imino-type N-atoms. The
X-ray structure of [{Pt(terpy)}2(Can)]4þ (95) confirms the unusual bonding mode of the guanidine
ligand.
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The 1H, 13C, and 195Pt NMR and CD spectroscopic characterization of platinum(II) complexes
containing the triglycine (trg) peptide has been reported. Treatment of triglycine with [PtCl4]

2� in
aqueous solution (pH= 6–7) affords three distinct 1:1 peptide complexes, namely [PtCl(trg)]2�

(96), [Pt(trg)]� (97), and [Pt(OH)(trg)]2� (98) with the chloro species present in greatest abundance
(ca. 70% of total platinum). In all cases, two deprotonated N-peptide ligands are arranged in a cis
geometry.273
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6.5.4.3 Platinum(II) Complexes with Phosphorus-, Arsenic-, and Antimony-donor Ligands

6.5.4.3.1 Mono-, bi-, and tridentate P-donor ligands

Studies of the conductivity behavior of [Pt(dppm)2]X2 (X=Cl, Br, I, PF6, BF4) in solution have
been reported.274 Both conductivity and NMR studies of the halide complexes are consistent with
the five-coordinate adduct [Pt(dppm)2X]þ being present in chlorinated hydrocarbon and ethane-
nitrile solutions.

The various factors that influence the formation of cis and trans complexes of platinum(II)
containing long-chain diphosphine ligands of the type Ph2P(CH2)nPPh2 (n= 2, 6–12, 16) have
been investigated.275 The formation of individual isomers appears to be highly dependent on the
nature of the precursor complex. In the case of [PtCl4]

2�, the cis isomer is formed exclusively,
whereas the trans isomer is formed when K[PtCl3(C2H4)]�H2O (Zeise’s salt) is employed in the
synthesis. The thermodynamically more stable cis isomer is formed if a strong trans-labilizing
ligand is not present in the precursor complex. Indeed, the trans isomer is readily converted to the
cis form by the application of heat or the addition of excess phosphine ligand to the solution.
The presence of bulky R groups on the phosphorus atoms is not a necessary criterion for the
formation of the trans isomer. For the cis complexes, a dimeric form whereby the two phosphine
ligands bridge two platinum(II) centers, is generally preferred over the monomeric, chelated
species. A related study involving the 1,8-bis(diphenylphosphino)-3,6-dioxaoctane ligand involved
parallel syntheses to those described above, with cis-[Pt(dpdo)Cl2] (dpdo= 1,8-bis(diphenylphos-
phino)-3,6-dioxaoctane) prepared from [PtCl4]

2� and the corresponding trans isomer (99) pre-
pared from Zeise’s salt.276
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The mechanism of ‘‘A’’-frame inversion for dinuclear platinum(II) complexes of the type [Pt2(�-
Y)X2(�-dppm)2]

þ (Y=H, Cl, SMe, PPh2; X=H, Cl, Me) (100) has been studied in great
detail.277 All of the complexes that undergo an inversion process on the NMR time scale possess
a bridging hydrido ligand or are capable of rapidly isomerizing to a complex possessing a bridging
hydride. The key step in the process appears to involve an intermediate with a linear Pt–H–Pt
group. An elucidation of the mechanism and reaction energetics for the ligand-induced reductive
elimination of H2 from the parent ‘‘A’’-frame species [Pt2(�-H)H2(�-dppm)2]

þ by various tertiary
phosphines to afford a species containing a Pt—Pt bond has also been reported.99 In this process,
the key intermediate [Pt2L(�-H)H2(�-dppm)2]

þ (L= tertiary phosphine) is formed, and is fol-
lowed by intramolecular loss of H2.

The reactions of the dinuclear platinum(I) species [Pt2(PPh3)2(�-dppm)2]
2þ with CH2N2, CO,

SO2, and S8 to afford the corresponding ‘‘A’’-frame complexes of the type [Pt2(PPh3)2(�-Y)(�-
dppm)2]

2þ (Y=CH2, CO, SO2, and S, respectively) (101) have been described.106 The results of
comprehensive kinetic experiments are consistent with the unimolecular formation of a common
intermediate possessing a dangling dppm ligand, which is then attacked by the inserting reagent to
form the final product.
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An extremely rare example of a six-coordinate platinum(II) complex has been prepared by the
reaction of [Pt(dmpe)2]

2þ with three equivalents of I2 in H2O/EtOH solution which affords
black crystals of [PtI(dmpe)2(�-I2)]I3 (102). X-ray crystallography reveals a neutral I2 ligand
that is coordinated to the metal center through one of the iodine atoms.278 XPS (X-ray
photoelectron spectroscopy) measurements are consistent with the platinum center having a
þ2 oxidation state.

The coordination chemistry of tertiary phosphine-functionalized calix[4]arenes have been
described.279 Treatment of a bis(diphenylphosphino) or bis(dimethylphosphino) derivative of
calix[4]arene with [PtCl2(COD)] leads to the formation of the corresponding dichloroplatinum(II)
complex. The related diplatinum(II) species has also been reported with the tetrafunctionalized
calix[4]arene.280 The mononuclear derivative is susceptible to oligomerization if the two free
phosphine ligands are not oxidized or complexed to another metal center such as gold(I).279

The platinum(II) coordination chemistry of a mono-281 and diphosphite282 derived calix[n]arene
(n= 4 and 6, respectively) has also been described.

The first examples of platinum(II) complexes of the steroid 5-cholestene have been reported.283

Treatment of two equivalents of 5-cholestene-3n-diphenylphosphine (n=�) or -dimethylphos-
phine (n= �) with [PtCl2(PhCN)2] or [PtCl2(SEt2)2], respectively, affords the corresponding
trans-dichloroplatinum(II) derivatives (103) in high yield.
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The first examples of five-coordinate platinum(II) complexes of the type [Pt(PR3)L]2þ

(L= tris(2-(diphenylphosphino)ethyl)phosphine; R=Et, OMe, OEt) (104) containing only
P-donor atoms have been prepared by the reaction of [PtClL]þ with an appropriate monodentate
tertiary phosphine or phosphite ligand.284 Triaryl phosphines and phosphites do not react with
the precursor complex, even at elevated temperatures, most probably due to the considerable
steric interactions that would occur upon the approach of the P-donor ligand to the platinum(II)
center.

A study of sequential Arbuzov-type demethylation reactions of the platinum(II)–phosphite
complex [Pt{P(OMe)3}4]

2þ, in which the phosphite ligands are converted to phosphonates, has
been described.285 Many of the products of the reaction were characterized by NMR spectroscopy
and X-ray crystallography.286 The X-ray structures are the first reported for trialkylphosphite
complexes of platinum(II).

A rare example of the resolution of a planar-chiral platinum(II) complex has been described.287

Treatment of the ligand with [PtCl2(COD)] in CH2Cl2 solution affords the meso complex [PtCl2-
(achiraphos)] (achiraphos= (R*,S*)-2,3-bis(diphenylphosphino)butane) (105) in high yield. The
addition of one equivalent of Agþ to remove one of the two enantiotopic chloro ligands, followed
by the addition of the homochiral resolving ligand R-diphenylmenthylphosphine (R-PMenPh2)
and NH4PF6 affords the diastereomeric complexes [PtCl(R-PMenPh2)(achiraphos)]PF6 in which
the monodentate phosphine ligand is located trans to the diphenylphosphino group attached to
either the R or S carbon atom of the chelating achiraphos. The homochiral epimer in which the
R-PMenPh2 ligand is bonded trans to the diphenylphosphino group attached to the S carbon
atom of the achiraphos ligand is crystallized from the concentrated mother liquor containing
a mixture of the two epimers. X-ray crystallography confirmed the structure of the planar-chiral
complex.

PPh2

Ph2P

Me

Me

Pt Cl
Cl

(105)

A variable-temperature 19F NMR spectroscopic study of pentafluorophenylphosphine com-
plexes of the type trans-[PtCl2(PEt3)L] (L=P(C6F5)3, PPh(C6F5)2, PPh2(C6F5)) has been
reported.288 Hindered rotation occurs about the P—C6F5 bonds in trans-[PtCl2(PEt3){P(C6F5)3}],
but no such phenomena were observed in the other complexes.
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6.5.4.3.2 Macrocyclic P-donor ligands

The synthesis and X-ray structure of the platinum(II) derivative of a tetradentate macrocycle
Me4[14]aneP4 has been described.289 The ligand is the phosphorus analogue of tetramethylcyclam,
and it was preparedbymeans of a template reaction employing [Pt(MeHPCH2CH2PHMe)2]

2þ and 1,3-
dibromopropane in the presence of a weak base. The resulting complex [Pt(Me4[14]aneP4)]

2þ (106),
with a trans III (RRSS) configuration of the four asymmetric P-atoms, was obtained in low yield.
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The platinum(II) derivative of a 14-membered P2S2-macrocycle containing the 1-thio-2-(phenyl-
phosphino)benzene moiety (107) has been described.290 X-ray crystallography confirms the
square-planar geometry of the coordination sphere, with the Pt—S and Pt—P bond lengths
being almost identical. The low-yielding metal-templated preparation of another 14-membered
trans-P2S2 macrocycle has also been described.291 Both the R*,R* and R*,S* forms of the
macrocycle were isolated by the reaction of (�)-(2-thioethyl)(2-methoxybenzyl)methylphosphine
with [PtCl4]

2� in the presence of base, followed by fractional crystallization of the mixture of cis and
trans diastereomers, to afford trans-[Pt(tmbmp)2] (tmbmpH= (�)-(2-thioethyl)(2-methoxybenzyl)-
methylphosphine) as lemon–yellow crystals. Treatment of the complex with BBr3 allowed cycliza-
tion at sulfur to occur and thus generate the desired macrocyclic complex (108).

6.5.4.3.3 As- and Sb-donor ligands

In the first examples of terminal arsenido derivatives of platinum, treatment of
[Pt{N(CH2CH2PPh2)3}(PPh3)] with one equivalent of R2AsX (R=Me, X= I; R=Ph, X=Cl) in
C6H6/EtOH solution affords the species [Pt{N(CH2CH2PPh2)3}AsR2]

þ (109) in high yield. X-ray
diffraction studies of the R=Ph derivative confirm that the platinum(II) center is five-coordinate.292

Ph2P Pt
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+
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Wendt and co-workers have reported the synthesis of platinum(II) complexes of the type
[PtI3(EPh3)]

� (E=P, Sb, As).293,294 A systematic mechanistic study demonstrated that the trans
effect for the Group 15 ligands follows the order Ph3Sb > Ph3P > Ph3As. From X-ray data, the
trans influence of the ligands is found to follow the order Ph3P�Ph3As > Ph3Sb.

6.5.4.4 Platinum(II) Complexes with Oxygen-donor Ligands

6.5.4.4.1 Aqua, hydroxo, and oxo ligands

The reactions of the [Pt(H2O)4]
2þ ion with various anionic (Am�) ligands have been studied by

means of 195Pt NMR spectroscopy.295 The formation of complexes of the type
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[PtAn(H2O)4�n]
(2�mn)þ was reported for Cl� (n= 1–4), ONO2

� (n= 1–3), OSO3
2� (n= 1, 2),

OPO3H2
� (n= 1–4), OH� (n= 4), and MeCO2

� (n= 1). No evidence of a reaction with the
weakly coordinating ClO4

� was observed.
The original synthesis296 of [Pt(H2O)(PEt3)3](PF6)2 has been improved by the reaction of

equimolar amounts of [PtCl2(PEt3)2] and Ag2SO4 to afford [Pt(SO4)(PEt3)2].
297 The addition of

one equivalent of triethylphosphine to the sulfato complex in dilute H2SO4 solution results in the
quantitative formation of [Pt(H2O)(PEt3)3]

2þ. FAB-MS evidence is consistent with the proposed
structure of the complex. The labile aqua ligand can be displaced by a variety of other ligands,
e.g., chloride, nitrate, perchlorate, acetate, and tertiary phosphines.296 Furthermore, fluoride ion
is abstracted from hexafluorophosphate in acetone solution to afford [PtF(PEt3)3]

þ, a rare
example of a fluoroplatinum(II) species.

The aqua-sulfato complex [Pt(SO4)(H2O)(dmen)] (dmen=N,N0-dimethylethane-1,2-diamine)
has been prepared by the reaction of [PtI2(dmen)] with Ag2SO4 in aqueous solution.298 The
complex is the first example of a platinum(II) species containing a monodentate sulfato ligand,
as determined by X-ray diffraction. In a related study, treatment of [PtCl2(en)] with AgNO3 in
aqueous solution, followed by adjustment of the pH of the solution to 5.8 by the addition of 1M
NaOH affords crystals of the unusual tetranuclear complex cyclo-[Pt4(�-OH)4(en)4](NO3)4 (110),
the structure of which was confirmed by X-crystallography.299

The yellow–orange, di-�-hydroxo species [(NN)Pt(�-OH)2Pt(NN)]2þ (NN= bipy or phen)
((111) and (112), respectively) can either be prepared by the reaction of [PtCl2(NN)] with
AgNO3 in aqueous solution, or by the reaction of [PtI2(NN)] with AgNO3 in acetone, followed
by dissolution of the resulting nitrato species [Pt(NO3)2(NN)] in water.300 Treatment of the
dinuclear products with one equivalent of hydroxide ion affords the stable, deep-red tri-
�-hydroxo species [(NN)Pt(�-OH)3Pt(NN)]þ ((113) and (114)). Alternatively, the reaction of
[Pt(OH)2(NN)] with HX (X=ClO4, NO3) affords [(NN)Pt(�-OH)3Pt(NN)]þ, [(NN)Pt(�-
OH)2Pt(NN)]2þ, and [Pt(NO3)2(NN)] at pH 8, 4, and 1, respectively.
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Platinum(II)–oxo intermediates have been implicated in the reactions of bis(alkoxo) and
carbonato complexes with ligands such as CO and tertiary phosphines,301 but there are few
examples of stable platinum(II)–oxo species in the literature. Sharp and co-workers have reported
the synthesis and characterization of several diplatinum(II)–hydroxo and –oxo complexes.302–304

Treatment of [PtCl2L2] (L2 = dppm, dppe, dppp, dppb, 2PMe2Ph, 4,4
0-But

2bipy) with AgBF4 in
the presence of small amounts of water affords [Pt2(�-OH)2(L2)2]

2þ; the analogous [Pt2(�-
OH)2(PMe3)4]

2þ species has also been reported.305 Most of the reactions are sensitive to the
nature of the solvent and the amount of water present. Addition of excess LiN(TMS)2 to [Pt2
(�-OH)2(L2)2]

2þ leads to the deprotonation of the bridging hydroxo groups to afford the corres-
ponding di-�-oxo species. In all cases, the platinum(II)–oxo complexes are strongly basic.
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The triphenylphosphine derivative [Pt2(�-O)2(PPh3)4] crystallizes with one equivalent of LiBF4, in
which the lithium ion of a LiBF4 ion pair is strongly associated with both of the �-oxo groups.
The dppe, dppp, dppb, and But

2bipy complexes react similarly, but the resulting di-�-oxo species
crystallize with two equivalents of LiBF4. In the case of PMePh2, the deprotonation reaction is
more complicated, as the initially formed [Pt2(�-O)2(PMePh2)2]�LiBF4 undergoes further reaction
to afford the trinuclear di-�3-oxo species [Pt3(�3-O)2(PMePh2)6]

2þ. Interestingly, treatment of
LiN(TMS)2 with the dppm complex [Pt2(�-OH)2(dppm)2]

2þ results in the deprotonation of the
dppm methylene groups rather than the hydroxo ligands to afford [Pt2(�-OH)2(dppm-H)2].
Further deprotonation occurs in THF solution to afford the anionic di-�-oxo species
[Pt2(�-O)2(dppm-H)2][Li(THF)2]2.

6.5.4.4.2 Peroxo ligands

The preparation, characterization, and reactivity of novel platinum(II) complexes containing
hydroperoxo and alkylperoxo ligands, [PtR1(OOR2)L2] (L=monodentate phosphine,
L2= bidentate phosphine; R1=CF3, CH2CF3, CH2CN; R2=H, But) have been reported.306 The
complexes have been prepared by a condensation reaction of the corresponding hydroxo pre-
cursors [PtR1(OH)L2] with R2O2H. The complexes are capable of acting as effective O-atom
transfer reagents toward compounds such as CO, PPh3, and NO. In related work, complexes of
the type trans-[PtR(OO-But)L2] (L=mono- or bidentate tertiary phosphine; R=CF3, Ph-o-CN,
Ph) have been prepared by a similar condensation route to that described above, and the X-ray
structure of trans-[PtPh(OO-But)(PPh3)2] (115) was reported. Most of the complexes are capable
of stoichiometrically oxidizing 1-octene to 2-octanone under anhydrous conditions.307 Interest-
ingly, related complexes with a cis geometry and those with the hydroperoxo ligand are found to
be incapable of the oxidation reaction. The epoxidation of 1-octene takes place in the presence of
H2O2 and catalytic amounts of [PtR(OH)L2] when L2= bidentate tertiary phosphine; the forma-
tion of the catalytically active hydroperoxo species [PtR(OOH)L] was inferred.308,309 Further
kinetic studies of this reaction suggest a bimetallic mechanism in which the hydroperoxo complex
interacts with a platinum(II)–alkene intermediate in the O-atom transfer step.310
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A rare example of the activation of O2 and CO by platinum involves the treatment of the
nucleophilic dioxygen species [Pt(O2)(PPh3)2] with the electrophilic carbonyl ligand in
[PtCl(CO)(PPh3)2]

þ to afford a dinuclear cycloperoxycarbonyl adduct (116) in high yield.311

6.5.4.4.3 Alcohol, alkoxo, and ether ligands

There are several studies describing the synthesis of stable alcohol, alkoxo, and ether complexes of
platinum(II) that have the O-donor functionality incorporated into a phosphine ligand. The
reaction of Ph2PCH2CMe2OH with [PtCl2(COD)] or Zeise’s salt forms the cis and trans isomers
of [PtCl2{Ph2PCH2CMe2OH}2], respectively, which can be readily interconverted.312 The bis(alk-
oxo) chelate complex cis-[Pt{Ph2PCH2CMe2O}2] (117) is formed upon the addition of a base such
as NEt3 or NaOH to the cis-dichloro species. Alternatively, treatment of the trans-dichloro
species with NEt3 affords the species trans-[Pt{Ph2PCH2CMe2O}{Ph2PCH2CMe2OH}] (118),
possessing one chelated alkoxo ligand and one dangling alcohol group; its conversion to the
bis(alkoxo) chelate species is realized by the addition of NaOH in refluxing ethanol solution.
A number of stable platinum(II)–alcohol intermediates were also characterized in this work, and
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the X-ray structure of the bis(alkoxo) chelate complex was determined. In a related study, the
chelate-stabilized primary and secondary alcohol and alkoxo complexes containing the less bulky
ligands Ph2PCH2CHROH (R=H or Me) were also studied.313
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Treatment of the tetrahydrofuran phosphine ligand, PPh2CH2C4H7O, with [PtCl2(NCBut)2] in
acetone solution affords cis- and trans-[PtCl2(PPh2CH2C4H7O)2] ((119) and (120), respectively).314

Subsequent treatment of the cis isomer with KPF6 in MeCN solution yields the chelate-stabilized
THF complex cis-[PtCl(PPh2CH2C4H7O)2]PF6 (121), containing one pendant THF group and
one THF group coordinated to the metal center through the O-atom. If AgClO4 is used instead of
KPF6, then the bischelated THF product [Pt(PPh2CH2C4H7O)2](ClO4)2 (122) is formed instead.
The X-ray structure of the monochelate complex cis-[PtCl(PPh2CH2C4H7O)2]PF6 is consistent
with its solution NMR structure, with no evidence of fluxionality observed in solution. From this
and earlier data, the trans influence of neutral O-donor ligands was deduced to follow the order:
alcohols > THF > alkyl ethers.314 From 31P NMR data, the trans influence of alkoxo ligands was
found to follow the order: 3�> 2�> 1�, even through the relative differences are quite small.313

The isolation of air- and moisture-stable platinum(II)-alkoxo complexes supports the notion that
the observed instability of several types of alkoxo complexes is probably the result of kinetic
phenomena rather than inherently weak Pt—O bonds.171
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The use of a chiral platinum(II) auxiliary for the discrimination of the terminal hydroxy groups
of glycerol in diastereomeric O,O-glycerolato chelate complexes has been described.315 Treatment
of (R*,R*)-(�)-[Pt(OMe2){1,2-C6H4(PMePh2)2}] with glycerol in C6H6/MeOH solution affords a
3:2 equilibrium mixture of [(R*,R*),(R*)]- and [(R*,R*),(S*)]-(�)-[PtOCH2CH(O)CH2OH{1,2-
C6H4(PMePh2)2}] ((123) and (124)), respectively. The product [(R*,R*),(R*)]-(�)-[PtOCH2CH(O)
CH2OH{1,2-C6H4(PMePh2)2}]�2MeOH crystallizes from CD2Cl2 solution as an (externally)
H-bonded centrosymmetric dimer consisting of asymmetric monomers of opposite helicity.

Well-characterized transition metal complexes of vitamin C (ascorbic acid) are rare, and a select
number of these exhibit anticancer properties. Hollis et al. have described the first examples to be
fully characterized by X-ray crystallography.316 Treatment of [Pt(H2O)2L2]

2þ (L=NH3, MeNH2;
L2= en, 1,2-chxn) with ascorbic acid gives either the mono- or bisascorbate species of the type cis-
[PtL2(C

2,O5-ascorbate)] (e.g., (125)) or cis-[PtL2(C
2-ascorbate)(O3-ascorbate)], respectively. Inter-

estingly, in both types of complexes, platinum(II) forms a bond with the C-2 atom of ascorbic
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acid. NMR studies317 of the solution chemistry of these complexes and the reaction chemistry of
the chelate complexes in the presence of various protic acids have also been reported.318 The
phosphorus-containing chelate analogues [Pt(Asc-O2,O3)L2] (L2= dppm, dppe, dppp) have also
been described.319 The reaction of [Pt(H2O)2L2]

2þ (L2= en, dmen, tmen) with sodium ascorbate
(AscH), results in the formation of mixtures containing ascorbate bound to platinum in several
distinct modes.319 The first involves monodentate coordination of one or two ascorbate ligands to
the metal center via the O-3 atom to afford [Pt(HAsc-O3)(H2O)L2]

þ or [Pt(HAsc-O3)2L2], respect-
ively. The ascorbate is also found to coordinate via the C-2 atom to give the mixed complex
[Pt(HAsc-O3)(HAsc-C2)L2]. Finally, the ascorbate can act as a chelating ligand to afford [Pt(Asc-
O2,O3)L2] and [Pt(Asc-C2,O5)L2]; the structure of the latter (L2= en) was determined by X-ray
diffraction. In all cases, the O-bound complexes are formed first and then slowly re-arrange to the
C-bound ligand, with the relative rates of conversion dependent upon the degree of methyl
substitution of the N-donor ligand. Indeed, the re-arrangement process was not observed for
the bulky tmen ligand, in accordance with previous work.320
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Carbohydrate derivatives of tertiary phosphine ligands have been prepared as new types of chiral
ligands for transition metals such as platinum(II).321 Treatment of [PtCl2(COD)] with methyl-4,6-
O-benzylidene-2-deoxy-2-(diphenylphosphino)-�-D-altropyranoside affords [PtCl2(2-Hmbpa)2] ((126);
2-Hmbpa=methyl-4,6-O-benzylidene-2-deoxy-2-(diphenylphosphino)-�-D-altropyranoside).322 In the
presence of NEt3, cis-[PtCl(2-Hmbpa)(2-mbpa)] (127) is formed, in which two phosphine ligands
and one deprotonated 3-OH group of the sugar moiety are coordinated to the platinum(II) center.
Addition of NaOMe generates the P,O-chelated, bis(alkoxo) species cis-[Pt(2-mbpa)2] (128), the
structure of which was determined by X-ray crystallography. Finally, the 4,6-O-benzylidene
groups can be removed from the sugar moieties by the addition of 5% HClO4 solution to afford
cis-[Pt(2-mpa)2] (129) (mpa=methyl-2-deoxy-2-(diphenylphosphino)-�-D-altropyranoside).

The reaction of [Pt(CO3)(dppp)] with a modest excess of vicinal diols in CH2Cl2 solution
affords the corresponding [Pt(�,�-diolato)(dppp)] species under equilibrium conditions, a reaction
that is readily reversed by the addition of dry ice to the product. The reaction with triols such as
glycerol and alditol carbohydrates also affords the corresponding diolato species, with the reac-
tion exhibiting excellent equilibrium regioselectivities for a number of isomers, of which the ,
�-threo diols are the most favored.
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6.5.4.4.4 Carboxylato and carbonato ligands

A remarkably versatile synthesis of symmetrical and nonsymmetrical dicarboxylatoplatinum(II)
complexes of the type [Pt(O2CRCO2)L

1L2] (R=CH2, cyclobutyl; L
1 and L2= same or different

amine) that allows one to systematically vary the nature of the amine ligands in a facile manner
has been described.323 This method greatly expands the number of potential third-generation
platinum anticancer drugs that can be prepared and studied. In general, the method utilizes the
dimethylsulfoxide precursor complexes [Pt(O2CRCO2)(DMSO)2], which are readily prepared
from cis-[PtCl2(DMSO)2] and the disilver salt of a dicarboxylic acid, e.g., malonic acid. If this
precursor is treated with two equivalents of amine at 100 �C in aqueous solution, then the
symmetrical complexes [Pt(O2CRCO2)L2] are prepared in high yields. Alternatively, the reaction
of [Pt(O2CRCO2)(DMSO)2] with one equivalent of amine at 40 �C in water affords the mono-
sulfoxide complex [Pt(O2CRCO2)(DMSO)L1]. When this intermediate is treated with an equiva-
lent of a different amine ligand L2 at 100 �C, then the unsymmetrical mixed-amine complex
[Pt(O2CRCO2)L

1L2] is conveniently generated in good yield.
The first example of a stable geminal enediol derivative of a carboxylic acid, isolated as its

platinum(II) complex, has been reported.324 Treatment of [Pt(OH2)2(en)]
2þ with N,N-bis(phos-

phonomethyl)aminoacetic acid yields zwitterionic [Pt(bpmaa)(en)] (bpmaaH=N,N-bis(phosphono-
methyl)aminoacetic acid), which upon crystallization from water (pH 1) affords the corresponding
enol tautomer (130), as determined by X-ray crystallography and IR spectroscopy.
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Stein and co-workers have reported the structure of an unusual tetranuclear platinum(II)
complex possessing both ammine and carbonato ligands.325 During a study of the reaction of
cisplatin with Agþ, followed by the addition of 20-deoxyuridine to afford ‘‘platinum blue’’-like
products from aqueous solution (pH< 2), a colorless minor product was isolated from the
reaction mixture. X-ray crystallography confirmed that the product was a cyclo tetra-cation
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consisting of four cis-diammineplatinum(II) units bridged by two �4-carbonato ligands, [{cis-
Pt(NH3)2}4{�4-CO3}2]

4þ (131). The source of the carbonato ligand was probably adventitious
CO2 present in the original reaction mixture that was used to prepare the blue complexes.

New reproducible syntheses of platinum(II) carbonato complexes of the type [Pt(CO3)L2]
(L=mono- or bidentate tertiary phosphine) involve the reaction of Ag2CO3 with [PtCl2L2] in
water-saturated CH2Cl2 solution.326 Other methods of preparation include the conversion of the
dichloroplatinum(II) complexes to the corresponding bis(alkoxo)- or bis(phenoxo)-platinum(II)
species, followed by hydrolysis in the presence of CO2.

6.5.4.5 Platinum(II) Complexes with Sulfur- and Selenium-donor Ligands

6.5.4.5.1 Sn and Sen ligands

The first X-ray and molecular structure of a metallacyclic platinum(II) complex containing a
chelating S4

2� ligand, [Pt(S4)(PPh3)2] (132), has been reported.327 The complex can be prepared by
treating the platinum(IV) species [Pt(S5)3]

2� with an excess of PPh3. The X-ray structure of the
complex shows some notable features that are not apparent in other MS4 (M=Mo, W) species,
notably the absence of alternating S—S bond lengths and the asymmetric puckering of the PtS4

ring, with one of the sulfur atoms lying significantly out of the plane of the remaining PtS3 atoms.
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The [Pt(Se4)2]
2� complex (133) has been prepared by the reduction of the platinum(IV) species

[Pt(Se4)3]
2� with excess borohydride.328 The X-ray structure of the complex shows that each of

the five-membered rings adopts a half-chair conformation, with the platinum coordination sphere
exhibiting slight distortion from a square-planar geometry.329

The first examples of mononuclear disulfur and diselenium complexes of platinum have been
described.330 Reduction of the sterically hindered complex trans-[PtCl2(PMe2Ar)2] (Ar= 2,4,
6-tris[bis(trimethylsilyl)methyl]phenyl, 2,6-bis[bis(trimethylsilyl)-methyl]-4-[tris(trimethylsilyl) methyl]-
phenyl) with lithium naphthalide in THF solution affords the platinum(0) species [Pt(PMe2Ar)2].
Oxidative addition of elemental sulfur or selenium yields the dichalcogenatoplatinum(II) com-
plexes of the type [PtE2(PMe2Ar)2] (E= S, Se) containing a unique PtE2 ring system. The com-
plexes are stable to air in the solid state, but slowly decompose in solution after several days at
room temperature.

The luminescent, dinuclear platinum(II) species [Pt2(�-S)2(dppy)4] (134) can be prepared by
treating [PtCl2(dppy)2] with NaSH in the presence of NEt3 under anaerobic conditions.331 When
the complex is dissolved in CH2Cl2 solution, pale-yellow crystals of [Pt(S2CH2)(dppy)2] (135) are
formed, the first example of a four-membered, saturated dithiolato platinacycle.
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Treatment of [PtCl2L2] (L2= 4,40-But
2bipy, 4,40-dmc2bipy= 4,40-dimethylcarboxylate-2,20-

bipyridine [dmc2bipy], dppm) with Na2S affords novel trinuclear platinum(II) complexes of the
type cyclo-[Pt3L2(�3-S)2]

2þ, with a triply bridging sulfido ligand.332 The solid-state luminescence
properties of the complexes and the X-ray structure of the But

2bipy complex have also been
determined.

6.5.4.5.2 Sulfoxide, thiourea, and thiolato ligands

Numerous sulfoxide complexes of the type trans-[PtCl(R1R2SO)L2]
þ (L=NH3, pyridine, picoline;

R1=R2=Me; R1=Me, R2=Ph; R1=Me, R2= benzyl) and [PtCl(R1R2SO)(NN)]þ (NN=
cyclohexane-1,2-diamine [1,2-chxn], 1,1-bis(aminomethyl)cyclohexane [damch]; R1=R2=Me,
Ph, benzyl; R1=Me, R2=Ph; R1=Me, R2= benzyl) have been reported.333,334 The preparation
of the chelate complexes [PtCl(R1R2SO)(NN)]þ is best accomplished by the addition of
[PtCl2(NN)] to R1R2SO.334 The preparation of trans-[PtCl(R1R2SO)L2]

þ involves the treatment
of trans-[PtCl2L2] with Agþ in the presence of R1R2SO.333

The synthesis of mono- and dinuclear complexes containing thiourea derivatives have been
described.335 Treatment of [PtCl2(en)] or [PtCl2(1,2-chxn)] with one equivalent of Agþ in DMF
solution, followed by the addition of 1,1,3,3-tetramethylthiourea (tmtu) affords [PtCl(en)(tmtu)]þ

(136) and [PtCl(1,2-chxn)(tmtu)]þ (137), respectively, in which the tmtu ligand acts as a S-donor
ligand. Dinuclear platinum(II) species containing the novel, bridging-bidentate thiourea deriva-
tives C2H4(NMeCSNMe2)2 and C6H12(NMeCSNMe2)2 can also be prepared in a similar manner.
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There are numerous examples of platinum(II)–dithiolato complexes that exhibit remarkable
luminescence properties. Eisenberg and co-workers have reported a novel class of maleonitrile-
dithiolato complexes of the type [PtL2(mnt)] (L=P(OEt)3 and P(OPh3)3; L2=COD and dppm;
mnt=maleodinitriledithiolate) that exhibit luminescence in the solid-state and in rigid glasses at
low temperature, with highly structured emission and excitation spectra.336 The solvent and
temperature dependence of the emission process for a series of related [Pt(NN)(SS)] (NN= 4,40-
dimethyl-2,20-bipyridine, 4,7-diphenyl-1,10-phenanthroline; SS= 1-(ethoxycarbonyl)-1-cyanoethy-
lene-2,2-dithiolate [ecda], 1-(t-butoxycarbonyl)-1-cyanoethylene-2,2-dithiolate) complexes was
also reported.337 Strong luminescence and solvatochromism were also observed at room tempera-
ture for related diimine complexes possessing a variety of chelating dithiocarbamato or dithiolato
ligands,338,339 and the luminescence properties of such complexes have been reviewed.191,340 The
analogous complexes [PtL2(SS)] (L2=mono- or bidentate tertiary phosphine ligands; SS=mnt,
ecda) have also been studied, with strong emissions being observed in the solid state and in rigid
media at low temperature, with emission lifetimes for the latter being in the microsecond range.341

The photooxidation reactions of [Pt(bdt)(bipy)] (bdt= 1,2-benzenedithiolate; (138)) have been
reported.342 The complex reacts with O2 in the presence of light to form the mono- and
disulfinated products [Pt(bdtO2)(bipy)] (139) and [Pt(bdtO4)(bipy)] (140), respectively. The oxi-
dant is likely to be photogenerated singlet O2. The photochemically stable platinum(II)–diimine
complexes [Pt(dip)(1-S-C2B10H11)2] and [Pt(dip)(1,2-S2-C2B10H10)2] (dip= 4,1-diphenyl-1,10-phe-
manthroline) containing the 1-thiolato-1,2-carborane and 1,2-dithiolato-1,2-carborane ligands,
respectively, exhibit remarkable photoluminescence and excited-state oxidation characteristics.343

The preparation of the orange [Pt(pyridine-4-thiolato)2(But
2bipy)] with two free pyridyl groups

for further coordination to transition metals allows for the study of supramolecular materials
containing a highly luminescent chromophore.344

The donor-acceptor complex (TTF)[Pt(dmit)2]3 (dmit= 4,5-dimercapto-1,3-dithiol-2-thione)
and its Group 10 congeners have been reported, and their electrical conductivities have been

716 Platinum



examined.345 The platinum(II) complex is semi-conducting in the 100–300K temperature range.
Its X-ray structure shows aggregates of monomers and dimers (connected by a Pt—Pt bond)
alternately stacked in columns, with an adjacent layer of TTF molecules. In related work, the
electrochemical synthesis and characterization of a salt comprising of the bis(ethylenedithio)-
tetrathiafulvalene (bedt-ttfþ) radical cation and the bis(dithiosquarato)platinate(II) (bis(3,4-
dithio-1,2-cyclobutenedione)platinate(II)) complex has been described. Black hexagonal crystals of
[bedt-ttfþ]2[Pt(S2C4O2)2] consist of bedt-ttfþ dimers and complex anions alternating along one
axis of the unit cell.346
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An unusal hexanuclear complex of platinum(II) has been isolated from the reaction of [PtBr2(en)]
with 2-aminoethanethiol under basic conditions.347 The product [Pt6(SCH2CH2NH2)8]Br4�6H2O
was characterized fully by X-ray crystallography. The structure of the tetra-cation comprises of a
central, eight-membered Pt4S4 ring fused onto two outer, six-membered Pt3S3 rings. The mechanism
of product formation was not studied, but clearly it is very complicated.

The cyclic thiolato complex [Pt{SCH2C(O)CH2}(PPh3)2] readily reacts with electrophiles such as
alkyl halides to afford the platinum(II)–thioether complexes [Pt{RSCH2C(O)CH2}X(PPh3)2] (R=Me,
X= I; R=Et, X=Br; R=PhCH2, X=Cl) (141) and [RPPh3]X rather than the products of oxidative
addition to the platinum(II) center.348 The reaction appears to proceed via the unstable cationic
intermediate [Pt{RSCH2C(O)CH2}(PPh3)2]

þX� (142), as determined by 31P NMR spectroscopy.
The first examples of DNA metallointercalators containing a 1,2- or 1,7-carborane thiolato

ligand have been reported.349 For example, treatment of [Pt(OTf)(terpy)]þ (terpy= 2,20:60,2’’-terpyr-
idine) with 1-HSCH2-1,2-C2B10H11 leads to the formation of [Pt(1-SCH2-1,2-C2B10H11)(terpy)]

þ

(143). The DNA-binding properties of several complexes have also been described.
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6.5.4.5.3 Macrocyclic S-donor ligands

The synthesis, X-ray structure, NMR, and UV–visible spectroscopy, and electrochemistry of a
macrocyclic platinum(II) complex containing the tetradentate 1,4,7,10-tetrathiacyclodecane
ligand, [12]aneS4 (144) have been reported.350 Related complexes including [Pt([13]aneS4)]

2þ and
[Pt([16]aneS4)]

2þ have also been prepared, and molecular mechanics calculations complemented
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the study. The related complexes [Pt([14]aneS4)]
2þ and [Pt([15]aneS4)]

2þ have been reported else-
where.252 Schröder and co-workers have independently reported the synthesis and electrochem-
istry of a series of [Pt([n]aneS4)]

2þ (n= 12, 14, 16) complexes.351 The dinuclear species
[Pt2([28]aneS8)]

4þ (145) was also prepared and characterized.
The macrocyclic thioethers 1,4,7-trithiacyclononane and 1,4,7-trithiacyclodecane form complexes

of the type [Pt([n]aneS3)L2]
2þ (n= 9 or 10; L=PPh3; L2= dppm, dppe, dppp, 1,4-bis(diphenylphos-

phino)butane, 1,5-bis(diphenylphosphino)pentane, 1,2-bis(diphenylphosphino)benzene, cis-1,2-bis
(diphenylphosphino)ethene), e.g., [Pt([9]aneS3)(dppe)]

2þ (146).352,353 All complexes were shown to
possess a cis arrangement of the S2 and P2 donor atoms, with only two of the three S-atoms in the
macrocycle coordinated to the platinum(II) center. In contrast, when diimine ligands are used in
place of the chelating tertiary phosphines, five-coordinate platinum(II) complexes are formed. For
example, the synthesis, NMR, and X-ray study of [Pt([9]aneS3)(phen)]

2þ (phen= 1,10-phenanthro-
line; (147)) has been described.354 The X-ray structure confirms the distorted square-pyramidal
geometry of the complex, with the phen ligand and two of the three S atoms of the [9]aneS3 ligand
occupying the square plane; the remaining S atom is located at the apical position of the square-
pyramid. Variable-temperature NMR spectroscopy demonstrates that the complex is fluxional, with
the macrocylic ligand undergoing rapid, intramolecular 1,4-metallatropic shifts.

Pt
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Ph2

S

S
Ph2
P

S 2+

(146)
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N

Pt
S

S
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Treatment of [PtCl4]
2� with the macrocyclic oxathiaethers 1-oxa-4,7-dithiacyclononane

([9]aneS2O) and 1,10-dioxa-4,7,13,16-tetrathiacyclooctadecane ([18]aneS4O2) results in the forma-
tion of [Pt([9]aneS2O)2]

2þ and [Pt([18]aneS4O2)2]
2þ, respectively.355 The X-ray structures of the hexa-

fluorophosphate salts were also reported, confirming the square-planar geometry of the PtS4 unit.

6.5.4.6 Platinum(II) Complexes with Hydrido and Dihydrogen Ligands

6.5.4.6.1 Hydrido ligands

The stable dihydridoplatinum(II) complexes cis- and trans-[PtH2(PR3)2] (R=Me, Et) have been
isolated and characterized.356 Their preparation involves the formal oxidative addition of dihy-
drogen gas to the platinum(0) precursor [Pt(C2H4)(PR3)2] at room temperature to afford an
equilibrium mixture of the two isomeric products, the position of which is dependent upon a
number of factors. For example, the ratio of cis:trans isomers depends upon the nature of the
solvent and the phosphine ligand. When the trimethylphosphine ligand is used, the conversion of
the trans to the cis isomer in toluene and acetone solution occurs with Keq= 0.3 and 2.2mol�1

dm3 at 298K, respectively, reflecting the greater degree of solvation of the cis isomer in acetone
solution owing to its greater dipole moment. Furthermore, the value of Keq is approximately one
order of magnitude smaller when the bulkier triethylphosphine ligand is present in the complex.
Under certain conditions, analytically pure trans-[PtH2(PEt3)2] can be isolated as unstable, off-
white crystals. However, the complex is indefinitely stable both as a solid and in solution under an
atmosphere of dihydrogen at ambient temperatures. A detailed study of the kinetics of cis–trans
isomerization and reductive elimination of H2 in [PtH2(PMe3)2] has also been reported.357

When a toluene solution of [PtH2(PEt3)2] is exposed to a CO2 atmosphere (1 atm), an equili-
brium mixture (Keq= 2 atm�1 at 298K) containing both the corresponding formato species trans-
[PtH(O2CH)(PEt3)2] and the precursor complex is formed.358 In polar solvents such as acetonitrile
or acetone, the cationic diplatinum(II) species [Pt2(�-H)2(H)(PEt3)4]

þ (148) and free formate ion
are formed rapidly and quantitatively. The reaction appears to be completely reversible as
bubbling H2 gas through a solution of the dinuclear complex regenerates the [PtH2(PEt3)2] with
loss of CO2. In a related study, UV-irradiation of the oxalato complex [Pt(ox)(PEt3)2]
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(ox= oxalate) in MeCN solution under 1 atm of H2 affords [Pt2(�-H)2H(PEt3)4]
þ with the

liberation of CO2.
359 Another transient species formed when [PtH2(PEt3)2] was treated with

formic acid or CO2 in acetone solution, and it was identified to be the isomeric dinuclear species
[Pt2(�-H)H2(PEt3)4]

þ (149). The same complex can be prepared exclusively by UV-irradiation of
[Pt(ox)(PEt3)2] in MeOH solution at 298K to afford trans-[PtH(OMe)(PEt3)2],

8 which converts to
[Pt2(�-H)H2(PEt3)4]

þ; slow isomerization to the thermodynamically favored [Pt2(�-H)2H(PEt3)4]
þ

occurs upon heating. Alternatively, the addition of small amounts of pyridine or iodide ion to
[Pt2(�-H)H2(PEt3)4]

þ catalyzes the isomerization reaction. 359
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The highly reactive mono- and dihydrido platinum(II) complexes trans-[PtClH(PMe3)2] and cis/
trans-[PtH2(PMe3)2] can be prepared by the reaction of cis-[PtCl2(PMe3)2] with one and two equiva-
lents, respectively, of sodium naphthalide in THF solution under a H2 atmosphere.360 The source of
hydride in these reactions is H2, as confirmed by deuterium-labeling studies, with sodium naphtha-
lide acting only as an electron-transfer reagent. The X-ray structures of trans-[PtClH(PMe3)2] and
trans-[PtH2(PMe3)2] (as its naphthalene adduct) were also reported. The latter complex is extremely
unstable, losing H2 under a N2 atmosphere, but crystals of the complex are indefinitely stable under
a H2 atmosphere at room temperature. In solution, [PtH2(PMe3)2] exists as an equilibrium mixture
of trans and cis isomers with the latter favored in polar solvents owing to its higher dipole moment.
The energetics of the cis–trans isomerization process were also reported.

A series of cis-dihydridoplatinum complexes of the type [PtH2{Cy2P(CH2)nPCy2}] (n= 2–4)
have been prepared by the exposure of the platinum(0) species [PtCy2P(CH2)nPCy2] or
[Pt(C2H4){Cy2P(CH2)nPCy2}] to a pressurized H2 atmosphere.26 NMR studies in C6D6 solution
provide strong evidence of a dynamic process involving cis-dihydride to �2-dihydrogen exchange,
i.e., involving platinum(II) and platinum(0), respectively.

Five-coordinate hydrido complexes of platinum(II) containing the tetradentate tertiary phos-
phine ligand 1,1,4,7,10,10-hexaphenyl-1,4,7,10-tetraphosphadecane have been reported (150).361

Both chiral and meso derivatives of the flexible phosphine ligand were used, and a number of
coordination geometries were observed that appeared to depend upon the nature of the counter-
ion. Five-coordinate hydridoplatinum(II) complexes containing the bidentate tertiary phosphine
ligands dmpe and 1,2-bis(diethylphosphino)ethane (depe) have also been reported.362 Treatment
of [Pt(dmpe)2]

2þ or [Pt(depe)2]
2þ with NaBH4 on alumina affords [PtH(dmpe)2]

þ or
[PtH(depe)2]

þ, respectively, in good yields. The depe complex can also be generated electrochem-
ically. Other five-coordinate hydridoplatinum(II) complexes have also been reported, including
[PtH(PP3)]

þ (PP3= tris(2-(diphenylphosphino)ethyl)phosphine)363 and [PtHL(PP2)]
þ (PP2= bis(2-

(diphenylphosphino)ethyl)phenylphosphine; L=PPh3, PBu3, PPh2H, PCy2H, dppm).364

The synthesis, characterization, and the relative thermodynamic hydricities of
hydridoplatinum(II) species-containing bidentate phosphine ligands [PtHL2]

þ (L2= dppe, depe,
dmpe, 1,3-bis(dimethylphosphino)propane [dmpp]) have been determined, with the best hydride
donor found to be [PtH(dmpe)2]

þ.365

Dinuclear hydridoplatinum(II) species containing secondary phosphine ligands, cis-
[Pt2H2(PHBut

2)2(�-H)(�-PBut
2)] (151) and trans-[{PtH(PHBut

2)(�–PBut
2)}2] (152), have been

prepared by the reaction of trans-[PtCl2(PHBut
2)2] with NaBH4 in THF solution under reflux

conditions.366 If the reaction is conducted in the presence of free PHBut
2, then cis-

[Pt2H2(PHBut
2)2(�-H)(�-PBut

2)] is selectively formed in high yield.
The protonation of the cis-dihydridomethylplatinum(IV) derivative of hydridotris(3,5-dimethyl-

pyrazolyl)borate, [Pt(H)2Me(Tp0)] (Tp0 = hydridotris(3,5-dimethylpyrazolyl)borate), with [H(OEt2)2]
[BArf4] (BArf4= tetrakis(3,5-trifluoromethylphenyl)borate) occurs in the presence of MeCN at
�78 �C to afford the platinum(II) species [PtH(MeCN)(Tp0þH)]þ (153) containing a bidentate
Tp0 ligand that is protonated at the nitrogen atom of the free pyrazolyl ring.367 When suitable
donor ligands are absent from solution, the red–purple, dinuclear species [Pt2 (�-H)2(Tp

0þH)2]
2þ

(154) is formed instead, again with the protonated Tp0 acting as a bidentate ligand. The latter is a
rare example of a dinuclear �-hydridoplatinum species that is stabilized by N-donor ligands.
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Protonation of [Pt(SO2)(PPr
i
3)2] with [H(OEt2)2]BArf4 in diethyl ether solution affords the

labile hydrido species trans-[PtH(OEt2)(PPr
i
3)2]

þ in high yield.368 The addition of alkyl and aryl
halocarbon (RXn) compounds to the complex leads to the formation of isolable, air-stable
complexes of the type trans-[PtH(�1-XRXn�1)(PPr

i
3)2]

þ (R=CH2, X=Cl, n= 2; R=Ph, X=Br
or I, n= 1), in which the halogen acts as a donor atom to the platinum(II) center. The halocarbon
ligands are readily displaced by donor solvents such as THF to afford trans-[PtH(THF)(PPri3)2]

þ.

6.5.4.6.2 Dihydrogen ligands

The first example of a platinum(II)–dihydrogen complex, [PtH(�2-H2)(PBut
3)2]

þ (157), has been
prepared by the protonation of trans-[Pt(H)2(PBut

3)2] with CF3SO3H or, alternatively, by the
reaction of [PtH(PBut

3)2]
þ with H2.

369 Deuteration experiments and NMR spectroscopy confirm
the formulation of the product as a dihydrogen complex. Hydrogen-2 NMR studies reveal both
Pt–D and Pt(DH) resonances for the deuterated complex, including the first report of a metal–H2

spin–spin interaction. Other NMR experiments confirm that no intramolecular scrambling of the
H/H2 ligands occurs on the NMR time-scale. Ab initio calculations complemented this work. The
preparation of the related complex trans-[PtH(�2-H2)(PPr

i
3)2]

þ has also been described.368
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P tBu 3

H
H
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Protonation of complexes of the type trans-[Pt(H)X(PCy3)2] (X= SiH3, H, Me, Ph, Cl, Br, I, CN,
CF3SO3) and trans-[Pt(H)L(PCy3)2](BArf4) (L=CO, 4-picoline) using strong acids such as [H(OEt2)2]
[BArf4] at low temperatures results in the three reaction outcomes depending on the site of proton
attack, i.e., the hydrido ligand, the ligand located trans to the hydrido ligand, or the metal center.370 All
of the complexes that form the unstable dihydrogen adduct, trans-[Pt(H2)X(PCy3)2], have a strong
�-donor ligand located trans to the hydrido ligand, i.e., X=H, Me, and Ph. The enhanced basicity of
the trans hydrido ligand appears to make it more amenable to protonation.

6.5.4.7 Platinum(II) Complexes with Mixed Donor-atom Ligands

6.5.4.7.1 Bidentate NO and OS ligands

Platinum-195 NMR spectroscopy has been used to probe the reversible and intramolecular
HH to HT isomerization of the �-pyridonato-bridged diplatinum(II) complex [Pt2(en)2L2]

2þ
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(L=�-pyridonate, C5H4NO�).371 At 312K and pH 6.5, the kinetic parameters for the isomer-
ization process were determined to be kf= 7.4(2)� 10�5 s�1, kr= 13.9(2)� 10�5 s�1, and
Keq= 0.53. The values of �H‡ (114(5) kJ mol�1) and �S‡ (40(10) J mol�1 K�1) were determined
by means of an Eyring plot. The mechanistic data are consistent with cleavage of the �-pyridonato
Pt—N bond during the isomerization process.

5-Aminoorotic acid can exhibit up to three coordination modes with platinum(II).372 Treatment
of [PtCl2(COD)] with two equivalents of PPh3 and an excess of 5-aminoorotic acid in the presence
of Agþ affords two isomers of [Pt(aoaH2)(PPh3)2] ((156) and (157)), where 5-aminoorotic acid
acts as a dianionic bidentate ligand. Only one isomer is formed when dppe was used instead of
PPh3. Further reaction of complex (157) with NaBF4 results in the formation of the dinuclear
species [Pt2(aoaH)(PPh3)4]

þ (aoaH4= 5-aminoorotic acid; (158)), in which the 5-aminoorotic acid
acts as a trianionic ligand. The presence of several H-bonding groups on the periphery of the
complexes leads to various supramolecular structures being formed in the solid state, with dimers
and cyclic tetramers elucidated by X-ray crystallography.
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The preparation and characterization of diastereomeric N-iminodiacetatoplatinum(II) com-
plexes of (R,S)- and (R,R)-1,2-chxn have been reported,373 where the substituted iminodi-
carboxylato ligand is bonded to the metal center in a tridentate manner (159). One arm of the
ligand forms a stable five-membered N,O-chelate, and the remaining carboxylate group interacts
with the positively charged metal center to form a zwitterionic species. Unequal proportions of
the diastereomers are formed in solution.

O

PtH2N

NH2

N CH3

OO

O

-

(159)

Treatment of the bischelating ligands 3,3,30,30-tetra(But)-1,10-terephthaloylbis(thiourea)
({H2L

1}2) or 3,3,30,30-tetraethyl-1,10-isophthaloylbis(thiourea) ({H2L
2}2) with [PtCl4]

2� results in
the formation of the tri- or dinuclear metallacyclic species, cis-[Pt(L1-S,O)]3 (160) or cis-[Pt(L2-
S,O)]2 (161), respectively.374 The stoichiometry of the reaction appears to depend upon the
relative positions of the chelating S,O moieties around the arene ring.

A series of mixed-ligand thiosalicylato complexes of the type [PtL(PPh3)Y2]
(Y2= thiosalicylate; L= pyridine, 4-methylpyridine, picolinic acid hydrazide, imidazole) have
been prepared by the reaction of [PtCl2(COD)] with PPh3, thiosalicylic acid, and N-donor ligand
in MeOH solution.375 The X-ray structure of the pyridine derivative (162) was determined, the
first example of where a platinum atom is coordinated to a N, O, P, and S donor atom set.

6.5.4.7.2 Bidentate PO, PS, and PN ligands

Treatment of [PtX2(COD)] (X=Cl, I) with the unsymmetrical ligands Ph2P(CH2)nR (n= 2,
R=OMe, NMe2, SMe; n= 3, R=NMe2) leads to the formation of the chelate complexes
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[PtX{Ph2P(CH2)nR}2]
þ and [Pt{Ph2P(CH2)nR}2]

2þ, a process that is dependent upon the nature of
the nonphosphorus donor atom and on the size of the chelate ring that is formed.376 Halide
abstraction by the use of one or two equivalents of Agþ is required for the formation of the
chelated species in the case of R=OMe and NMe2 (n= 3), otherwise the nonchelated complex cis-
[PtX2{Ph2P(CH2)nR}2] is formed exclusively. In contrast, when Ph2P(CH2)2NMe2 is added to
[PtCl2(COD)], the chelate complex [PtCl{Ph2P(CH2)2NMe2}2]

þ is formed in the absence of Agþ,
indicating the stability of the final complex is determined by the ‘‘bite’’ of the chelating ligand
with the sufficiently nucleophilic NMe2 group. When one equivalent of Ph2P(CH2)2SMe is used,
the chelate complex [PtX2{Ph2P(CH2)2SMe}] is formed, but the addition of a second equivalent of
ligand gives a mixture of products, and the involvement of ion-paired species has been inferred.

Sadler and co-workers have prepared a series of bischelated aminophosphine complexes of the
type [Pt(R1R2N(CH2)nPPh2)2]

2þ (n= 2, 3; R1 and R2=H, Me, Bz, Cy) (163).377 The N-donor
atoms of the chelate can become dissociated from the metal center and thus generate up to two
vacant coordination sites that can allow rapid reaction of the complex with potential biological
ligands such as nucleobases. This process is influenced by a number of factors, including the
nature of the R1 and R2 groups, pH, chloride ion concentration, and even the value of n. The
ring-opening process was observed both in the solid state377 and in solution.378
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6.5.5 PLATINUM(III)

Platinum(III) complexes are remarkably rare and most examples date from less than 30 years ago.
The great majority are dimeric species with only a few authenticated stable monomers reported.
Most of the dimers are bridged by bidentate ligands and are almost exclusively doubly or
quadruply bridged, the latter giving rise to the classic ‘‘lantern’’ structure.
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6.5.5.1 Monomeric Platinum(III)

The first example of an isolated monomeric platinum(III) complex was reported by Uson et al. in
1984.379 [NBu4][Pt(C6Cl5)4] was obtained by oxidation of [NBu4]2[Pt(C6Cl5)4] with halogens or
TlCl3 and was characterized by X-ray crystallographic, spectroscopic, and magnetic methods. The
Pt—C bond lengths are indistinguishable in the platinum(III) 2.086(14) Å and platinum(II)
2.094(8) Å oxidation states.

Bond et al. showed that electrochemical oxidation of [Pt(�1-S2CNEt2)(�
3-P2P

0)]þ (P2P=Ph2P
(CH2)2P(Ph)(CH2)2Ph2) gives the moderately stable platinum(III) complex [Pt(�1-S2CNEt2)
(�3-P2P

0)]2þ.380 ESR spectroscopy was used to confirm the presence of paramagnetic platinum(III)
and it was suggested that bulky ligands are needed to stabilize monomeric platinum(III).380

Caseric and co-workers have reported that [Pt(NH2Octyl)4][Pt(mnt)2] can be oxidized with
iodine to give [Pt(NH2Octyl)4][Pt(mnt)2]2 in which the anion [Pt(mnt)2]2

� has platinum in the
formal oxidation state III.381 There has been some debate about whether mnt should be described
as a dinegative dithiolate or a neutral dithioketone, but its structure is more consistent with the
former. Thus, the description of the metal as platinum(III) is sound, though the additional
positive charge is probably distributed throughout the complex.

Monomeric platinum(III) complexes have been observed frequently as transient species in
electrochemical or pulse radiolysis studies and they are proposed as an intermediates in reductive
elimination and oxidative addition reactions of platinum(IV) and platinum(II) respectively.382–388

6.5.5.2 Unbridged Dimers

The first unbridged platinum(III) dimer, [PtCl3{(Z)-HN=C(OH)But}2]2, was reported by Natile
and co-workers in 1991389 and arose from the oxidation of cis-[PtCl2{(Z)-HN=C(OH)But}2] with
chlorine. The Pt—Cl bonds trans to the Pt—Pt bond are 2.458(2) Å long, significantly longer than
those in the equatorial planes (2.306(3), 2.328(3) Å), consistent with the metal–metal bond exert-
ing a strong trans influence. Prolonged exposure of the platinum(III) complex to chlorine yields
the platinum(IV) complex cis-[PtCl4{(Z)-HN=C(OH)But}2].

Soon after, Heath and co-workers reported an unsupported dimer with �-dioximato ligands
([PtCl2(C8doH)2] (C8doH is shown in (164)) obtained by controlled oxidation of [Pt(C8doH)2] with
either PhICl2 or p-ClC6H4ICl2.

390 Addition of further oxidant produced the platinum(IV) complex
[PtCl2(C8doH)2]. The Pt—Pt bond length (2.696,4(5) Å)390 is similar to that observed in the first
reported example, 2.694(1) Å389 indicating that this is a normal value for an unsupported PtIII—PtIII

bond. The Pt—Cl bond length (2.386(2) Å) is shorter than the axial Pt—Cl bond length in
[PtCl3{(Z)-HN=C(OH)But}2]2, suggesting that steric strain contributes to the latter, but consistent
with a strong trans influence from the Pt—Pt bond. The same group obtained an unsupported
dimer, [Pt2Cl2(acac)4] (acac= acetylacetonate), by oxidation of [Pt(acac)2] with chlorine.391
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C

6.5.5.3 O,O-Bridged Dimers

6.5.5.3.1 Sulfate and hydrogenphosphate-bridged dimers

The sulfate bridged dimer K2[Pt2(SO4)4(H2O)2] was among the first platinum(III) compounds
prepared and the analogous hydrogenphosphate bridged complexes [Pt2(HPO4)4(L)2]

2þ are
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equally well known.392 The structures of a number of these complexes have been determined as a
variety of salts and with a variety of ligands (L) in the axial sites.393–396 As with other dimeric
systems, the Pt—Pt bond exerts a significant trans influence on the axial ligand and vice versa.
Appleton and co-workers have examined the 195Pt, 15N, and 13C NMR spectra of sulfate- and
phosphate-bridged dimers, showing that the J(Pt—Pt) coupling constants decrease with increasing
trans influence of the axial ligands.397 They concluded from these and other observations that
both Pt atoms undergo rehybridization when the axial ligand on one of the metals is replaced.397

They also used 195Pt NMR spectroscopy to follow the reactions of sulfate- and hydrogen
phosphate-bridged complexes with halides.398 Stranger et al. have assigned the electronic spectros-
copy of such complexes, assigning the intense UV band at about 45,000 cm�1 to predominantly
SO4 or HPO4!�*(PtOb) LMCT transitions.399

6.5.5.3.2 Pyrophosphito-bridged dimers

The pyrophosphito-bridged dimers, [Pt2(pop)4XY]n� (pop=P2O5H2
2�; (165)), form one of the

largest and most widely studied groups of platinum(III) dimers. Crystal structures have been deter-
mined for a wide variety of complexes including X=Y=Cl, Br, I, NO2, MeCN, SCN, imidazole, and
SEt2, and X=Me, Y= I.400–406 The trans influence of these axial ligands follows the usual trend with
the Pt—Pt bond lengths ranging from 2.676 Å to 2.782 Å, the shortest being for X=Y=MeCNand the
longest being for the complex with X=Me, Y= I. The UV–Vis, IR, and Raman spectra also reflect
the trans influences of the axial ligands.404,407,408 The rates of aquation and substitution at the axial
ligand sites have been studied and been found to be suggestive of an interchange mechanism.409,410
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6.5.5.3.3 Acetato-bridged dimers

Bisacetato-bridged platinum(III) dimers have been known of for many years, but surprisingly, the
first ‘‘lantern-shaped’’ tetrakis-acetatodiplatinum(III) complex was only reported in 1992.
[Pt2(�-CH2CO2-O,O0)4(H2O)2]

2þ was obtained from a solution of K2[Pt(NO2)4] in a mixture of
glacial acetic acid and perchloric acid.411,412 The Pt—Pt bond in this complex is remarkably short
at 2.390(2) Å.411,413 In aqueous solution one of the acetate ligands is rapidly lost.411,413 The
electronic structure of [Pt2(�-CH2CO2-O,O0)4(H2O)2]

2þ has been analyzed using X�-SW MO
calculations and indicates a Pt—Pt single bond.414

6.5.5.4 N,S and S,S-bridged Dimers

Goodgame and co-workers have described a series of dinuclear platinum(III) complexes with four
bridging pyrimidine-2-thione or 2-thiouracil ligands [Pt2(pyrmS)4XY] (pyrmS= pyrimidine-
2-thione).415–417 Somewhat unusually, these were first prepared by direct reaction between the ligand
and [PtI4]

2�,415,416 but were also prepared by reduction of the platinum(IV) precursor [PtCl6]
2�.417

Structures were determined for pyrmS, X=Y=Cl, I; X=Cl, Br, Y= pyrimidine-2-thione, and
pyrmS= 2-thiouracil, X=Y= I.415–417 The Pt—Pt bond lengths range from 2.518(1) Å in the
dichloro complex to 2.554(1) Å in the complex with mixed bromo and pyrimidine-2-thione ligands
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in the axial positions. Similar complexes with bridging pyridine-2-thiol and 4-methylpyridine-2-thiol
ligands were obtained by Ooi and co-workers by reacting these ligands with cis-[PtCl2(NH3)2] and
cis-[PtCl2(MeCN)2], respectively, and then stirring the bridged platinum(II) products in chloro-
form.418 The complexes were obtained with axial chloro ligands and these were readily substituted
with other halides or thiocyanate. The structure of the dichloro complex [Pt2Cl2(pyt)4]
(pyt= pyridine-2-thiol) revealed a Pt—Pt bond length of 2.532(1) Å.418 In all structures in these
series, the coordination geometry about the platinum(III) centers is cis-N2S2.

415–418

There are very few example of S,S-bridged dimers, though tetrakisdithiocarboxylatoplatinum(III)
dimers were reported before their carboxylato analogues. [Pt2I2(R2CS2)4], R=Me, PhCH2 or
Me2CH, were obtained by iodine oxidation of dimeric platinum(II) complexes.419,420 The Pt—Pt
bond lengths in the latter two compounds are 2.598(1) Å and 2.578(1) Å respectively,420 substantially
longer than that in the acetate analogue.

6.5.5.5 N,O-bridged Dimers

Modern platinum blue chemistry arose serendipitously from the study of the interaction between
cisplatin and pyrimidines. The anticancer activity of these platinum blues, coupled with their
often intractable nature led Lippard and co-workers to study the analogous �-pyridone (�-pyr)
complexes and in the process they found a convenient route to dinuclear platinum(II) com-
plexes.421–424 Nitric acid and nitrous acid oxidation of the platinum(II) dimer [Pt2(�-
pyr)2(NH3)4]

2þ gave the nitrate and nitrite capped complexes [Pt2XY(�-pyr)2(NH3)4]
2þ,

X=Y=NO3
� or NO2

�, respectively.421 In the presence of halide anions, these axial ligands are
replaced.423 Oxidation of the cis-diamminepyridone blue with nitric acid gave a HH dimer with
X=NO3

�, Y=H2O (166).422 Nitric acid oxidation of the platinum(II) dimer in which the
ammine ligands had been replaced by en also gave a HH dimer with X=NO3

�, Y=NO2
�.424

Matsumoto et al. report similar syntheses of the ammine analogues of these complexes.425,426 The
HH dimers were found to be more reactive than the HT.424
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Lippert and co-workers have reported a similar series of N,O-bridged platinum(III) dimers in
which the bridging ligands are the pyrimidines, 1-methyluracil, 1-methylthymine, or 1-ethylthy-
mine. Chemical oxidation of dimeric platinum(II) complexes gave [Pt2XY(L)2(NH3)4]

2þ,
X,Y=NO3

�, NO2
�, H2O, Cl�, or Br�, L= 1-MeU, 1-MeT, 1-EtT.427–430 They too found that

the HT dimers are more stable than the HH.430

6.5.6 PLATINUM(IV)

6.5.6.1 Five-coordinate Platinum(IV) Complexes

Five-coordinate or 16-electron platinum(IV) complexes have been avidly sought for many years
because of their relevance as intermediates in catalytic processes. However, the first two structurally
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characterized five-coordinate platinum(IV) complexes have only recently been described.431 One
of these, [PtMe3{(NArCMe)2CH}] (Ar= 2,6-Pri2C6H3),

432 is an organometallic complex and
hence beyond the scope of this review. The other, [PtH2(SiEt3)(Tp0þH)]þ, was prepared both
by protonation of one of the arms of the Tp0 ligand in the six-coordinate platinum(IV) complex
[PtH2(SiEt3)(Tp0)] or by treatment of the platinum(II) intermediate [PtH(solvent)(Tp0þH)]þ with
SiEt3H.431 The structure of this complex was not unequivocally established because the hydride
ligands could not be located. However, the combination of the structure with the NMR data is
sufficient to provide strong evidence for a five-coordinate platinum(IV) complex, stabilized by the
strong trans-influence of the silyl ligand and the bulkiness of the Tp0 ligand.

6.5.6.2 Group IV Complexes

Si—Si and Si—Ge bonds oxidatively add to platinum(0) to give platinum(II) silyl complexes
as described in Section 6.5.2.1.7(iii), and 2,2-bis(disilanyl)dithiane double-oxidatively adds to
[Pt3(CNBut)6] to give the platinum(IV) complex shown in (167a).53 The related 2,2-bis(silylger-
myl)dithiane produces a mixture of germyl- and silylgermyl-platinum(IV) complexes shown in
(167b) and (167c).53
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6.5.6.3 Group V Complexes

There are numerous platinum(IV) complexes with nitrogen donors, most of which have been
prepared as potential anticancer drugs or in the study of the reactions of such drugs. These
compounds are described below in Section 6.5.6.5.

Platinum(IV) complexes of phosphine and arsine ligands formed by oxidation with chlorine or
bromine are well known. Chloro complexes such as cis-[PtCl2(PEt3)4]

2þ can be generated by
electrolysis of the platinum(II) complex cis-[PtCl2(PEt3)2].

433 Similar platinum(IV) complexes
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have been studied by 195Pt NMR spectroscopy.434 In contrast, analogous iodo complexes are less
well known and reaction with iodine frequently yields platinum(II) polyiodides, platinum(IV)
polyiodides or mixed valence complexes. However, oxidation of [Pt(L–L)2]I2, (L–L= dmpe
or o-C6H4(AsMe2)2) with concentrated nitric acid gives the platinum(IV) complex
[Pt(L–L)2I2](NO3)2.

435

Platinum(II) and platinum(IV) complexes have been prepared using the constrained diphos-
phine ligands, 1,2-bis(diphenylphosphino)ethyne, and cis- and trans-1,2-bis(diphenylphosphino)-
ethene.412,436,437 The ethyne and trans-ethene ligands are unable to form chelate rings and act as
bridging ligands in dinuclear platinum complexes.437,438 However, the cis-ethene ligand can form
a chelate and produces mononuclear complexes of the type [PtCl2(P=P)2]

2þ.436

6.5.6.4 Group VI Complexes

Platinum(IV) complexes with six oxygen donors are rare but K6Na2[Pt(OH)2(HTeO6)2]�12H2O with
chelating tellurato ligands and axial hydroxo ligands was obtained by reaction of K2[PtCl6] with
telluric acid in KOH.439 The axial and equatorial Pt—O bond lengths are indistinguishable.439

Oxidative addition of the disulfide like salt [{SC(NMe2)2}2]Cl2�2H2O to am(m)inechloroplati-
num(II) complexes gives rise to platinum(IV) complexes with thiourea and chloro ligands added
in trans positions.440 For example, oxidation of [PtCl3(NH3)]

� gives cis-[PtCl4(NH3)(tmtu)].
Oxidation of trans-[PtCl2(NH3)2] and [PtCl(dien)]þ gives similar complexes, but they undergo
light dependent isomerizations to fac and trans, mer configurations.440 cis-[PtCl2(dmimt)2]
(dmimt= 1,3-dimethylimidazoline-2-thione) undergoes a similar trans addition of dmimt and
chloro ligands, evidently as a result of spontaneous aerial oxidation.441 Tetrasulfurtetranitride
(S4N4) reacts with [PtCl2(PMe2Ph)]2 to give a platinum(IV) complex with the S4N4 coordinated as
a tridentate via two sulfur donors and one nitrogen donor.442 Refluxing in chloroform results in
isomerization such that the coordination is via one sulfur donor and two nitrogen donors.443

Similarly, S2N2H forms a bidentate complex with platinum(II) [Pt(S2N2H)(PR3)2]
þ which is

oxidized by bromine to the platinum(IV) complex trans-[PtBr2(S2N2H)(PR3)2]
þ.183 This latter

complex undergoes isomerization at room temperature to give the cis complex.183 Ammonium
polysulfide reacts directly with [PtCl6]

2� to give the optically active (NH4)2[Pt(S5)3]�2H2O which
reacts with concentrated hydrochloric acid to give a complex that was formulated as
(NH4)2[PtS17]�2H2O.444

Chlorine or bromine oxidation of [Pt([16]aneSe4)]
2þ gives the platinum(IV) complexes, trans-

[Pt([16]aneSe4)X2]
2þ (X=Cl or Br) with Pt—Se bond lengths of 2.496 Å to 2.502 Å.442 Similarly,

halogen oxidation of [PtX2(L–L)] (X=Cl or Br, L–L= o-C6H4(SeMe)2) gives the platinum(IV)
complexes [PtX4(L–L)] with Pt—Se bond lengths of 2.432 Å to 2.441 Å.445 The novel cage compound
P3Se4C3Bu

t
3 undergoes a surprising reaction with [PtCl2(PMe3)]2, oxidatively adding to the metal via

cleavage of the Se—Se bond to give a facially coordinated tridentate ligand with three selenium
donors in the platinum(IV) complex [PtCl2(PMe3)(P3Se4C3Bu

t
3)] (168).

446

Se

Pt

Se

PMe3

P

P

Se

Se

P

tBu

tBu

But

Cl

Cl

(168)

6.5.6.5 Am(m)ine Complexes

Platinum(IV) complexes have been known to be anticancer active since the original studies in this
area by Rosenberg.447 Consequently numerous platinum(IV) complexes have been prepared for
biological testing. Until recently, the great bulk of these were trans-dihydroxo complexes prepared
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by peroxide oxidation of platinum(II) or trans-dihalo complexes prepared by halogen oxidation
or by haloacid treatment of the dihydroxo complexes. However, workers at Johnson Matthey
extended the range of complexes available greatly by developing new reactions of the trans-
dihydroxo complexes.448,449 In particular, they showed that the hydroxo ligands react with
anhydrides to give trans-dicarboxylato complexes.448,449 Many of these new complexes have
demonstrated excellent antitumor activity437 and one, cis,trans, cis-[PtCl2(COOMe)2(cyclohexyl-
amine)(NH3)] (JM216), underwent extensive clinical trials as an orally administered anticancer
agent.450 Other groups have produced related compounds and characterized them crystallogra-
phically, establishing that the Pt—O bond lengths to the axial carboxylates are similar to those to
hydroxide ligands.451–454 Beck and co-workers showed that acyl chlorides also react with the
hydroxo ligands to produce similar compounds.455 Sohn and co-workers have prepared a large set
of complexes with axial and equatorial hydroxo ligands and reacted these with anhydrides to
produce di-, tri- and tetracarboxylatoplatinum(IV) complexes.456–460 The same group has shown
that the axial hydroxo ligands react with trimethylsilylchloride to give SiOMe3

� bound in these
positions.461 Oxidation of platinum(II) in methanol has been shown to lead to mixed trans-
methoxo, hydroxoplatinum(IV) complexes and subsequent boiling in methanol leads to the
trans-dimethoxo complexes.462 Peroxide oxidation of dihydroxo bridged platinum(II) complexes
yields the equivalent hydroxo bridged platinum(IV) dimers with axial hydroxo ligands.463

6.5.6.6 Amino Acid and Peptide Complexes

There are remarkably few platinum(IV) complexes of amino acids and peptides but a number
have emerged in recent years. Early attempts to produce glycylglycine complexes of platinum(IV)
by hydrogen peroxide oxidation of the platinum(II) complex trans-[PtCl2(glycylglycine)2] resulted
in hydrolysis of the peptide and formation of the amino acid complex trans,trans-[PtCl2(gly)2]
with the glycine ligands coordinated via the amine and carboxylate groups.464 Direct reaction of
the platinum(IV) precursor Na2[PtCl6] with glycine yielded cis-[PtCl2(gly)2] whereas reaction of
glycine or D-alanine with the crown ether salt [Na(18-crown-6)]2[PtCl6]�3H2O gives the anionic
complexes [PtCl4(gly)]

� and [PtCl4(D-ala)]�.465 When the latter reactions mixtures are exposed to
light from a halogen lamp the neutral complexes [PtCl4(glyH)2] and [PtCl4(D-alaH)] are obtained
instead.465,466 Addition of dipeptides to solutions of KI and H2[PtCl6] yielded anionic complexes
with tridentate and bidentate dipeptide ligands: K[Pt(dipep)Cl3] and K[Pt(dipepH)Cl4] (dipep=
glycylglycine, glycyl-L-alanine, L-alanylglycine and L-alanyl-L-alanine).467 The same group pre-
pared complexes of the type [PtCl(dipep)(OH)2]

� and [PtCl2(Hdipep)(OH)2]
� (dipep as above) by

hydrogen peroxide oxidation of the platinum(II) complexes.468 Halogen oxidation of [PtX2L2]
(X=Cl, Br; L= glyOEt, glygly-OEt) generated the platinum(IV) complexes [PtX4L2].

469

6.5.6.7 Nucleobase Complexes

A range of platinum(IV) nucleobases complexes have been prepared by the oxidation of plati-
num(II) complexes with nucleobases already bound. For example, Lippert and co-workers have
reported a uracil complex obtained by chlorine oxidation,470 guanine and adenine complexes by
hydrogen peroxide oxidation,471,472 and a 1-methylthymine complex by gold(III) oxidation.473

Hydrogen peroxide oxidation of a platinum(II) complex of 1-methylcytosine gave the expected
trans-dihydroxoplatinum(IV) complex which was stable under strongly acidic conditions.474 How-
ever, at higher pH values ring closure occurred with displacement of the hydroxo ligands to give
N3,N4-bound 1-methylcytosine ligands which formed four-membered chelate rings (169).474 Other
workers reported a similar complex of 1-methylcytosine and suggested on the basis of spectro-
scopic evidence that following ring closure, the Pt–N3 bond was displaced by a water ligand.475

6.5.6.8 Macrocyclic and Macrobicyclic Complexes

Halogen oxidation of platinum(II) complexes of macrocyclic ligands generally gives rise to trans-
dihaloplatinum(IV) complexes. In a case reported by Lawrance and co-workers, this occurred but
pendant amine groups of the ligand were also completely chlorinated to give dichloroamino
groups.476

728 Platinum



Sargeson and co-workers have reported the use of [Pt(en)3]
4þ in template reactions to produce

the platinum(IV) complexes of the macrobicyclic ligands sep and (NO2)2sar (170).477

These reactions are analogous to those that occur around cobalt(III). However, in contrast to
the [Co((NO2)2sar)]

3þ system, reduction of the pendant dinitro groups did not yield amines, but
hydroxyamine groups.478
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6.5.6.9 Porphyrin Complexes

The first reported porphyrin complexes of platinum(IV) date from 1980 and were obtained by
hydrogen peroxide oxidation of platinum(II) porphyrin complexes in an acidic medium (HCl).479

Since then oxidation of platinum(II) complexes of other porphyrins has been achieved by the
same method,480 and by chlorine,481 or bromine482 oxidation. Reaction with iodine did not lead to
oxidation and treatment of platinum(IV) porphyrin complexes with iodide resulted in reduction to
platinum(II).

The Soret, � and � bands in the visible spectra of platinum(IV) porphyrin complexes occur at
longer wavelengths than their platinum(II) analogues,482 1H NMR resonances are all shifted
downfield,482 the 13C resonances of the � carbons are shifted upfield, and the 1H–195Pt and
13C–195Pt coupling constants are reduced.480 Whereas excitation of platinum(II) porphyrin complexes
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by 35ps flashes at 355nm and 532nm persists for more than 10ns, that of the platinum(IV) complexes
decays with a time constant of about 45ps, an effect that has been attributed to a low-lying ring-to-
metal charge transfer state.483

6.5.6.10 Reactions of Coordinated Ligands

Ligands coordinated to platinum(IV) undergo a variety of reactions. For example, Freeman has
reported the nitrosation of ethane-1,2-diamine to N,N0-dinitroso-ethane-1,2-diamine by reaction
of [PtCl2(bipy)(en)]

2þ with KNO2.
484 Oxidation of cis- and trans-[PtCl2(Me2C¼NOH)2] with

chlorine results in the expected trans-dichloroplatinum(IV) complexes.485 The trans isomer is
stable but the cis undergoes a novel coupling of the oxime ligands to give the complex shown
in (171).485 Sargeson and co-workers have shown that template formation of macrobicyclic
ligands, developed firstly on cobalt(III), can also be achieved on platinum(IV).141 The most
extensively studied reactions are those of coordinated organonitriles. Kukushkin and Pombeiro
have reported an extensive series of studies of the reactions of complexes of the type trans-
[PtCl4(RCN)2] (R=Me, Et, CH2Ph, Ph). Reaction with ketoximes, aldoximes, dialkylhydroxy-
amines, vic-dioximes, or chloro- and amidooximes results in iminoacylation,486–489 reaction with
alcohols produces imino ester ligands,490 and reaction with water generates nitriles.491
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An important class of reactions are those involving the axial hydroxo ligands of platinum(IV)
complexes, typically obtained by hydrogen peroxide oxidation. For example, reaction of
[Pt(NH3)5(OH)]3þ with SO2 or HSO3

� results in the formation of the sulfito complex
[Pt(NH3)5(OSO2)]

2þ.492 This reaction is believed to occur by direct attack on the coordinated
hydroxide rather than displacement of this ligand. Reactions with carboxylate anhydrides and
acyl halides to produce bound carboxylates described above in Section 6.5.6.5 similarly take place
by attack on the coordinated hydroxide.447,448,455 Multidentate ligands with unbound carboxylate
and alcohol arms undergo reactions with axial hydroxides resulting in ring closure,493–496

although it is not known in this case whether the reaction occurs via displacement of, or attack
on, the hydroxide.

6.5.6.11 Ligand Exchange Reactions

Platinum(IV) complexes are highly inert and therefore undergo unassisted ligand-exchange reac-
tions only very slowly. The presence of even trace amounts of platinum(II) can dramatically
increase the rate of such reactions as a result of ligand-bridging mechanisms as proposed by
Pearson and co-workers.497 Ligand exchange can also be accelerated by reductive–elimination–
oxidative–addition (REOA) processes and ligand-assisted mechanisms, the former occurring via a
platinum(II) intermediate and the latter via a X–X–Pt bridge labilizing the trans ligand.498

The interest in platinum(IV) complexes as anticancer agents has increased the interest in the
reactions of platinum(IV), particularly those with reducing agents (Section 6.5.6.12) and those
with nucleobases. A number of groups have demonstrated that platinum(IV) complexes can
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undergo slow ligand exchange reactions with nucleobases such as 9-methylxanthine, 9-methylhy-
poxanthine, and guanosine-50-monophosphate.499–504 These reactions have half-lives of the order
of a few days, but the presence of 10% of the corresponding platinum(II) complex increases the
rate of reaction with 9-methylxanthine by 30-fold.500 It has been argued that as a result of such
reactions it is possible that platinum(IV) complexes are themselves anticancer active and do
not require reduction to platinum(II). However, the slowness of the unassisted reactions and
the low likelihood of platinum(II) catalysis in high dilution biological environments suggests that
significant biological effects are unlikely. Choi and co-workers have shown that the readily
reduced platinum(IV) complex [PtCl4(1,2-chxn)] oxidizes guanine to 8-oxoguanine.505,506 The
8-oxoguanine ligand can be displaced from the platinum center by an excess of guanine.505,506

Dunham and Abbott have studied ligand exchange in cis- and trans-[Pt(ox)2(H2O)2] and shown
that it occurs too slowly to be involved in the formation of metal–metal bonded polymers.507 They
also observed a trans to cis isomerization that occurred without ligand exchange and proposed a
Bailar or Ray-Dutt twist process.507

The reaction of platinum(IV) complexes with ascorbate results in very slow reduction and for
[PtCl2(OH)2(N,N-dmen)], in the formation of the oxalate complex [Pt(C2O4)Cl(OH)(N,N-
dmen)].508

6.5.6.12 Kinetics and Mechanism of Platinum(IV) Reduction

The anticancer activity of platinum(IV) complexes, and the belief that reduction is needed to
initiate this activity, had generated substantial interest in the rates and mechanism of reduction by
biologically relevant reductants such as thiols, ascorbic acid, and methionine. Reduction of
platinum(IV) to platinum(II) usually proceeds as a single two-electron step and is usually first-
order with respect to both platinum(IV) and reductant concentrations.

Studies of the reduction of the tetracyanoplatinum(IV) complexes trans-[Pt(CN)4X2]
2� (X=Cl

or Br) by SCN�, S2O3
2�, CN�, and SO3

2� led to the conclusion that the mechanism involved Xþ

transfer to the reducing agents.509,510 Elding and co-workers have undertaken extensive studies of
the same complexes as models for anticancer active complexes.511–513 Reduction by thiols occurs
with a [RSH]:[PtIV] stoichiometry of 2:1, is first order with respect to each reactant and yields
RSSR and [Pt(CN)4]

2�.511 A halide-bridged electron transfer was postulated with both RSH and
RS� contributing, though the latter being far more reactive.511 Oxidation by methionine, though
occurring with a 1:1 stoichiometry, was via a similar mechanism.512 It was suggested that
reduction by methionine may be competitive with reduction by thiols, particularly in acidic
conditions.512 Reduction by the platinum(II) complexes [Pt(NH3)4]

2þ and [Pt(en)2]
2þ also

occurred via halide bridged mechanisms.513 The same group have studied the reduction of
trans,trans,trans-[PtCl2(OH)2(c-C6H11NH2)(NH3)] by thiols, finding similar reaction mechanisms
to those suggested for the tetracyano complexes.514 Others have similarly proposed outer-sphere
activated complexes in the reduction of hexachloro and ammine/chloro complexes by ascorbic
acid and hydroxyamine and a variety of �-hydroxy acids,515,516 but in the case of reduction by
SnII and FeII have suggested an inner sphere mechanism.515 Sadler and co-workers have shown
that iodoplatinum(IV) complexes react with thiols more rapidly than expected, and substantially
more rapidly than chloro analogues.517 For example, cis,trans-[PtI2(OH)2(en)] reacts with the
cysteine of albumin giving a sulfenic acid derivative.517

The platinum(II) catalyzed reduction of cis,cis,trans-diaminedihalodihydroxoplatinum(IV)
complexes by ascorbate has been reported to proceed via a long-lived platinum(IV)–ascorbate
radical.518 Ascorbate reduction of complexes with halides in the axial sites has been reported to
proceed via reductive attack on one of these halides.519 This group also showed that reduction by
Asc2� occurred seven orders of magnitude more rapidly than reduction by HAsc� and that H2Asc
is unreactive.519 Reduction by thiols and methionine is strongly dependent on pH because of a
similar variation in reactivity of the protonated and unprotonated forms of the reductants.505,514

The reduction potentials of platinum(IV) complexes have been shown to depend most on the
nature of the axial ligands; those with axial chloro ligands are most readily reduced, those with
axial carboxylato ligands are intermediate and those with axial hydroxo ligands are the most
difficult to reduce.452,520,521 Choi et al. have shown that the rates of reduction follow the same
trends.522 The rates of reduction of diaminetetrachloro- or tetraaminedichloro-platinum(IV)
complexes has been shown to depend on the steric bulk of the amine ligands, with bulkier
substituents promoting reduction.523,524
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6.5.6.13 Novel Mechanisms of Platinum(II) Oxidation to Platinum(IV)

Platinum(II) oxidation to platinum(IV) usually occurs via oxidative addition of oxidants such as
the halogens and hydrogen peroxide. Aerial oxidation is rare, but has recently been reported for
platinum(II) complexes with one or two tridentate ligands that position additional coordinating
groups above and below the coordination plane. For example, complexes of the tridentate
[9]aneN3 are oxidized by molecular oxygen to platinum(IV).525,526 In one case, a novel peroxo
intermediate was obtained and crystallographically characterized.526 The deprotonated amide
ligand N,N,N 0,N 0-tetra(N-methylacetamide)ethane-1,2-diamine similarly facilitates aerial oxida-
tion of platinum(II) to platinum(IV).527

6.5.6.14 Hydride Complexes

Platinum(IV) hydrides are relatively rare, with monohydride, dihydrides, and only recently
trihydrides being reported as reviewed by Puddephatt.528 The tripodal ligands triphos and Tp0

allow the formation of a stable trihydrides.529,530 [PtCl2(triphos-P,P0)] reacts with sodium boro-
hydride to give the trihydride [PtH3(triphos)].

529 [Pt(H)(Me)2(Tp0)] reacts with Et3SiH to give
the dihydride [Pt(H)2(SiEt3)(Tp0)] which in turn reacts with methanol to give the trihydride
[Pt(H)3(Tp0)].530 A salt like hexahydride complex complex K2[PtH6] has been prepared by
the reaction of potassium hydride and platinum sponge under high-pressure conditions and has
been characterized by X-ray powder diffractometry.531

6.5.7 MIXED OXIDATION AND MIXED METAL COMPLEXES

Platinum is unusual in the extraordinary variety of mixed-valence compounds that it forms. Many
of these have novel spectroscopic, electronic, and structural properties.

6.5.7.1 Platinum(0)/Platinum(I)

Reaction of the platinum(0) complex, [Pt(C2H4)(PPh3)2], with either of the platinum(II) com-
plexes, [PtCl2(PPh3)2] or [Pt(CN-xylyl)4]

2þ, yields the linear trinuclear cluster [Pt3(PPh3)2(CN-
xylyl)6]

2þ (172) with an average oxidation state of 2/3.532 The same complex was obtained by
controlled potential electrolysis of [Pt(CN-xylyl)4]

2þ, giving [Pt3(CN-xylyl)8]
2þ, followed by reac-

tion with PPh3.
86 Reaction of [Pt3(CN-xylyl)8]

2þ with dppm gave the A-frame complex
[Pt3(dppm)2(CN-xylyl)4]

2þ (173), a complex that could also be obtained by reaction of
[Pt2(dppm)2(CN-xylyl)2]

2þ with Hg[Pt3(CN-xylyl)6]2.
86
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Clusters of platinum atoms are of interest as models for the adsorption of species onto the
surface of metallic platinum. Models for terminal and two-fold (�2) binding are plentiful, but are
rare for three-fold (�3) binding. However, the preparation of [Pt3(�3-CO)(�-dppm)3]

2þ (174) by
reaction of [Pt(O2CCF3)2(dppm)3] with CO, provides a carbonyl bridging three Pt atoms as model
for this type of binding.533 The Pt—Pt bond lengths range from 2.613 Å to 2.650 Å,533 similar to
those in the linear (2.639 Å) and A-frame (2.593 Å) complexes described above.86,532 This complex
undergoes a variety of reactions and these have been reviewed extensively by Puddephatt et al.534
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For example, it adds one or two carbonyls to give [Pt3(�3-CO)(CO)(�-dppm)3]
2þ and [Pt3(�-

CO)(CO)2(�-dppm)3]
2þ, respectively.535 In contrast, the halide bridged complex does not add

carbonyl even though the halide is only weakly bound.535 It also adds one isocyanide ligand to
give the intermediate [Pt3(�-CO)(CNMe)(�-dppm)3]

2þ and a second resulting in displacement of
the carbonyl to give [Pt3(CNMe)2(�-dppm)3]

2þ.536 Other reactions include those with hydride,
halides, SnX3

�, and phosphines.534
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Pt

Pt Pt

P P Ph

Ph

Ph

Ph

P

P

Ph
Ph

Ph

Ph

P

P

PhPh

Ph

Ph

CO

2+

All of these trinuclear clusters are 42e and this is the most common electron count. However, a
46e cluster, [Pt3(�-CO)(�-dppm)4]

2þ has been obtained by reacting [Pt3(�-dppm)3(PPh3)] with
CO.537 The Pt—Pt bond lengths (2.620–2.648 Å) are remarkably similar to those in the 42e
clusters.537

Mixed palladium/platinum analogues of these trinuclear clusters have also been reported. The
first of these, [PtPd2Cl(PPh2)2(PPh3)3]

þ, was prepared by the reaction of [PdCl(PPh3)3]
þ with

[PtCl(PPh3)3]
þ.538

6.5.7.2 Platinum Blues

The compounds known as the ‘‘platinum blues’’ are in fact a series of compounds with colors
ranging from violet through blue and green to tan or dark red and have average oxidation states
ranging from 2.18 to 2.5.539 Their structures and activities have been reviewed thoroughly by
Matsumoto and Sakai539 and here we limit our comments to the general principles. Although the
discovery of the platinum blues dates from nearly 100 years ago, the recent interest arose from
their incidental discovery in the study of the reactions of cisplatin with pyrimidines and the
subsequent discovery of the anticancer activity of these new platinum blues.539 The difficulty in
characterizing these compounds led the study of �-pyridonates by Lippard and co-workers and
the first structural characterizations of the platinum blues as tetrameric systems.539,539a Since then
a variety of systems have been structurally characterized including octameric complexes, the first of
which was [Pt8(NH3)16(C2H4NO)8]

10þ with an average oxidation state of 2.25.540 The relationship
between geometric parameters and the average platinum oxidation state has been examined in
detail in a recent study by Sakai et al.541

6.5.7.3 Linear Chain Complexes

The localized-valence halogen-bridged platinum(II)/platinum(IV) complexes (175) are of interest
because of their highly anisotropic electrical and optical properties. The complexes are character-
ized by broad and intense intervalence bands in their electronic spectra.542 Partial oxidation of
[PtCl(dien)]Cl with iodine yields the mixed valence species [PtI(dien)][PtI3(dien)]I2,

543 but when
4Me-dien is used, the mixed valence compound is only obtained if it is trapped quickly, before
isomerization of the meridional platinum(IV) complex to a facial form.544 Although these species
nominally have localized valences, the extent of delocalization increases as the bridging halide

Platinum 733



goes from chloride to bromide to iodide.545 This trend has been attributed to the decrease in
electronegativity and a consequent decrease in the effective atomic charge on the platinum(IV)
center. When mixtures of chloride and bromide are used, the anions are essentially distributed
randomly along the chains.546
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L
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Pt
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X X X X

Partial oxidation of [Pt2(pop)4]
4� with halogen (X2, X=Cl, Br, I) leads to the formation of

K4[Pt2X(pop)4]�nH2O.547 The structure of the bromide revealed linear PtPtBrPtPtBr chains with
equal Pt—Br distances, consistent with a fully delocalized platinum(2.5) system (spin density wave
state, SDW).547 Clark and co-workers, on the basis of spectroscopic data on these and related
complexes, suggested that the Pt—X bond lengths are not equal and that the chains consist of
platinum(II) and platinum(III) complexes.548,549 The crystal structure of the chloride revealed
different Pt—Cl distances, consistent with the spectroscopic evidence.550 The difference between the
bromide and chloride systems was subsequently confirmed by low temperature crystal structures
though both can be described as having charge density wave (CDW) states.551 These complexes
exhibit the electronic spectra of the oxidized and reduced forms and have an intervalence charge-
transfer band.552 The effects of pressure on the spectra of these complexes were attributed to
increased orbital overlap on increased ligand field interactions.552 Yamashita et al. have recently
shown that the iodide analogue exists in either the SDW or CDW state depending on the counter-
ion present and on the temperature.553 The related complex [Pt2I(dta)4] (dta=MeCS2

�) exhibits
semiconducting behavior below 300K, attributed to a IPt2þ–Pt3þ–I–Pt2þ–Pt3þ–I– state, and a
metallic phase above this temperature attributed to a –I–Pt2.5þ–Pt2.5þ–I–Pt2.5þ–Pt2.5þ–I–
state.554,555

6.5.7.4 Mixed Metal Systems

Halide bridged nickel(II)/platinum(IV) and palladium(II)/platinum(IV) complexes with one-
dimensional linear-chain structures have been studied extensively.556–559 These are analogous to
the linear-chain platinum(II)/platinum(IV) systems described in Section 6.5.7.3 and have similar
broad and intense intervalence bands.556–559 However, they have weaker metal–metal interactions
resulting in more localized valences than the all platinum analogues.556–559

The first copper(II)/platinum(IV) analogue, [Cu(en)2][PtX2(en)2](ClO4)4 (X=Cl, Br) was
reported by Oshio et al. and they reported that these compounds too had an intense intervalence
band.560 Clark et al. questioned this and showed that the intense colors were due to the presence
of a proportion of the platinum(II)/platinum(IV) compound and that they were more accurately
formulated as [CuxPt1�x(en)2][PtX2(en)2](ClO4)4.

561 When x= 1, the compounds are pale in color,
are not dichroic and there is no resonance enhancement of the ClPtCl stretching mode.561

Subsequently, a method was reported for preparing stoichiometric [Cu(1,2-chxn)2][PtX2(1,2-
chxn)2]X4 (X=Cl, Br) in high purity allowing more complete studies of the properties of these
mixed metal species.562

Trimeric cyanide bridged iron(II)/platinum(IV) complexes of the type [(CN)5Fe-(�-CN)-PtL4-
(�-NC)-Fe(CN)5]

4� (L4= (en)2 or (NH3)4) have been described by Bocarsly and co-workers.563,564

These complexes have intervalence charge transfer bands in the visible region and are novel
because they undergo two-electron charge transfer following irradiation into these bands resulting
in the formation of [PtL4]

2þ and two equivalents of [Fe(CN)6]
3�.563,565,566 A dimeric analogue

[(NH3)5PtL4-(�-NC)-Fe(CN)5]�6H2O, has been prepared and exhibits similar spectroscopy and
electrochemistry to the trimeric complexes.567 Polymeric and oligomeric analogues have been
prepared from [(CN)5Fe-(�-CN)-Pt(NH3)4] units, the growth of which is controlled by the
oxidation state of the iron center.568 Related molybdenum species, [(CN)7Mo-(�-CN)-PtL4-
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(�-NC)-Mo(CN)7]
4� (L4= (en)2 or (NH3)4), have been reported recently,569 as has a thallium

complex, [(CN)5PtTl(CN)]�.570 All of these complexes are of interest for the storage and conversion
of solar energy and for the construction of molecular wires.

6.5.7.5 Mixed Oxidation State Clusters

Platinum forms a wide variety of clusters and these are of interest as models for metallic platinum
surfaces and catalysis on such surfaces. Many of these clusters are based on stacked triangles23,571

or bicapped pentagonal prisms.571 Many smaller clusters are also derived from triplatinum
building blocks.16

Only large clusters usually adopt the face-centered cubic structure of metallic platinum. A novel
cuboctahedral cluster [Pt15Hx(CO)8(PBut

3)6] has been reported by Spencer et al.572 and the first
octahedral cluster [Pt6(CO)6(�-dppm)3]

2þ was only reported recently.573

Large platinum carbonyl clusters have been investigated as models for the adsorption of carbon
monoxide on platinum surfaces and on platinum electrodes. An issue is how large the clusters
must be before they adopt the properties of the bulk metal. Teo et al. have investigated the
magnetic properties of the clusters [Pt6(CO)12]

2þ, [Pt9(CO)18]
2þ, [Pt19(CO)22]

2þ, and
[Pt38(CO)44Hx]

2þ and found that they have properties very similar to those of small crystallites.574

Dahl and co-workers have investigated the vibrational spectroscopy of seven redox forms of the
cluster [Pt24(CO)30]

n (n= 0 to �6) as models for CO adsorption on platinum electrodes and
observed that the frequency of the CO vibration decreased almost linearly with n.575 The same
group has investigated the similar cluster [Pt26(CO)32]

2� using 252Cf-plasma desorption mass
spectrometry.576

6.5.7.6 Mixed Metal Clusters

There is an enormous variety of mixed metal clusters, the great majority of which are organo-
metallic and, therefore, beyond the scope of this review. Werner-type examples generally have
combinations of phosphine, carbonyl, and hydride ligands and have the platinum in low or zero
oxidation states. For example, complexes of the type [M(CO)4(�-PPh2)(�-H)Pt(PR3)2] have been
reported for M=Cr, Mo, and W and for R=Et.577 [Pt(C2H4)(PPh3)2] adds one PtPPh3 unit to
[Re2(�-H)2(CO)8] to give three isomeric forms of [Re2Pt(�-H)2(CO)8(PPh3)2]

578 and adds up to
three PtPPh3 units to [Re2(CO)10] to give [Re2Ptn(�-CO)2n(CO)10–2n(PPh3)2] (n= 2, 3).579 [Re2(�-
H)(CO)8] reacts with [Pt(COD)2] to give the bow tie geometry [Re4Pt(�-H)6(CO)16] which can be
deprotonated in base,580 and the same group has reported rhenium/platinum clusters with
phosphine and carbonyl ligands.

Many mixed metal clusters are derived from triplatinum units and these have been reviewed
extensively by Imhof and Venanzi.16 As an example, gold forms a variety of cluster compounds
with platinum including [Pt3Au(�-CO)3{P(Cy)3}4]

þ which reacts with sulfur dioxide to give SO2-
bridged species.581 Higher nuclearity clusters involving gold and copper have been reported more
recently including complexes of the type [Pt(AuPPh3)8(CuCl)]2þ, [Pt(CO)(AuPPh3)8(CuCl)]2þ,
[Pt(CO)(AuPPh3)7(CuCl)2]

þ, [Pt(CO)(Ag)2(AuPPh3)7]
3þ,582 [PtAg(AuPPh3)8]

3þ, [Pt(CO)Ag
(AuPPh3)8]

3þ,583 [Pt(PPh3)(AuPPh3)6(Cu4Cl3PPh3)]
þ, and [Pt(PPh3)(AuPPh3)6(Cu4I3)]

þ.584

Very high nuclearity clusters have been widely sought. For example, the series of complexes
[Ni38Pt6(CO)48H6�n]

n� (n= 4, 5) have been investigated as molecular models for bimetallic
‘‘cherry’’ crystallites.585 There has been a recent report of the binding of platinum to the E9

3�/4�

Zintl ions (E=Ge, Sn, or Pb).586 [Pt(PPh3)4] reacts with K4Sn9 to yield [Sn9Pt2(PPh3)]
2�.586
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6.6.1 INTRODUCTION: PURPOSE AND SCOPE

The chapter on copper in the first edition ofComprehensive Coordination Chemistry (CCC), published
in 1987,1 presented a contemporary overview of the field. Since then there has been an explosion of
growth in the coordination chemistry of copper in both the nonbiological and biological areas. As part
of an ongoing series, this article attempts to provide an overview of the major developments in the
field since 1982, allowing a certain degree of overlap in order to preserve continuity.
The properties of metal-coordinated compounds, whether in classical inorganic coordination com-

plexes, in organometallic compounds, or in bioinorganic model compounds, are determined in large
measure by the nature of ligands bound to the metal ion. Focus is therefore placed on the design of
chelating ligands whose metal-binding sites differ in the nature of the donor atom. The purpose of this
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article is to update the progress made (i) in the design of chelating ligands, and (ii) in the development of
systematic coordination chemistry of copper thereof. A large amount of structural data for coordin-
ation complexes of copper with various ligand types has been accumulated, giving rise to an opportunity
to look into their structural varieties in a systematic manner. This chapter addresses at the appropriate
point the importance and relevance of coordination chemistry in the context of bioinorganic chemistry.
It is worth mentioning here that the coordination chemistry of metal ions, including copper, in the
biosphere and geosphere is covered in Volume 8.
The material included in this chapter has been organized by oxidation state, with further subdiv-

ision into ligand donor type, and was obtained from reports published in primary research journals.
The article will cover coordination complexes of copper in three oxidation states: CuIII, CuII, and CuI.
The sections dealing with specific ligand donor types cut across several structural types. In view of the
all-inclusive nature of the previous review of CCC(1987), no effort will be made here to present a
comprehensive account. Instead, specific cases will be chosen for discussion because they exemplify
important concepts concerning the relationship of ligand structure to metal complex properties.
This chapter deals mainly with structural aspects of compounds; magnetic behavior of ligand-

bridged dinuclear/polynuclear copper(II) centers has also been emphasized. Only those structures
that exist as discrete molecules, as opposed to a polymeric network extending throughout the
crystal lattice, will be considered. Specifically excluded are kinetic and mechanistic work and work
related to stability constants, as is purely magnetic work, except where some direct relationship to
coordination chemistry is involved. The present review also does not cover categorically multi-
nuclear copper cluster compounds, neither does it attempt to explore organometallic compounds
involving copper, extensive supramolecular networks, and work of an essentially catalytic nature.
Understandably, every reference cannot be cited and selection has had to be severely limited.

Priority is given mainly to work since about the mid-1980s, but frequent references to reviews are
provided in the text, both to those which are mainly comprehensive listings of papers and to those
which deal critically with a particular topic leading back into earlier work. Whenever possible,
references have been chosen with the latter feature in mind, particularly where several reports on
one topic have appeared at about the same time. It is suggested that readers take note of two review
articles from the late 1990s on copper.2,3 Owing to limitations of space the references given here are to
the more frequently cited journals and review journals, and preference has been given to those
published in English before October 2001. In order to illustrate more clearly how each ligand molecule
is coordinated to the copper center(s), a diagrammatic representation of the structures has been made.

6.6.2 COORDINATION COMPOUNDS OF COPPER(III)

6.6.2.1 Amine Ligands

The activation of molecular oxygen by copper plays a central role in synthetically useful stoichio-
metric and catalytic oxidative conversions of organic molecules and in biological systems.4–26

In 1996 Stack and co-workers reported an unusual 3:1 (copper:O2 stoichiometry) reaction
between a mononuclear copper(I) complex of a N-permethylated (1R,2R)-cyclohexanediamine
ligand with dioxygen. The end product of this reaction, stable at only low temperatures (X-ray
structure at �40 �C) is a discrete, mixed-valence trinuclear copper cluster (1), with two CuII and a
CuIII center (Cu–Cu: 2.641 and 2.704 Å).27 Its spectroscopic and magnetic behavior were also
investigated in detail. The relevance of this synthetic complex to the reduction of O2 at the
trinuclear active sites of multicopper oxidases4–8 was discussed. Once formed, it exhibits moderate
thermal stability, decomposed by a non-first-order process in about 3 h at �10 �C. In the presence
of trace water, the major isolated product was the bis(�-hydroxo)dicopper(II) dimer (2).
Continuing their efforts with similar ligands, they prepared a thermally sensitive crystal of a

bis(�-oxo)dicopper(III) compound (3).28 Average Cu–O bond distance and Cu–Cu distance are
1.806 Å and 2.743 Å, respectively. Spectroscopic and kinetic parameters for this compound were
also investigated. They also studied the reactivity properties of the copper–dioxygen complexes.25

6.6.2.2 Pyridine-based Ligand

In a major breakthrough, Suzuki and co-workers29 demonstrated that a tetradentate ligand
produced the bis(�-oxo)dicopper(III) complex (4) (each copper ion has a square planar structure,
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composed of a N2O2 donor set with two 6-methyl-2-pyridylmethyl sidearms which interact weakly
with each copper ion in the axial positions; Cu–Cu: 2.758 Å), that can be reversibly converted to
the copper(I) species (Section 6.6.4.2.2 (iv)) at �80 �C in CH2Cl2 by the bubbling through of N2.
Absorption spectral and resonance Raman studies were also done. They structurally characterized
the corresponding bis(�-hydroxo)dicopper(II) complex [(L)Cu(OH)]2[ClO4]2 (Cu–Cu: 2.9368 Å)
as well.

6.6.2.3 Deprotonated Amide Ligands

Amide groups are well known to offer two potential binding sites for metal-ion complexation
(O vs. N-coordination).30 For neutral amides complexation occurs generally at the oxygen atom,
which is the most basic site. Amide deprotonation makes the nitrogen more basic than the oxygen
atom, and complexation at nitrogen can be observed. The crystal structure of the complexes
presented in this section and those presented in Section 6.6.3.4 are in agreement with these results.
Interest in copper compounds of the rare III oxidation state has mounted substantially since

about 1980. Quite a few copper(III)-compatible ligand environments have been discovered.
Collins et al.31 designed a series of polyanionic chelating (PAC) ligands containing N-amido
and oxido donors to demonstrate that this family of ligands is a source for stabilizing
the copper(III) state. The structure of complex (5) revealed a square-planar environment for the
metal center. The Cu�Namido bond distances are 1.813(4) Å and 1.804(4) Å, very similar to those
found for the copper(III) tripeptide complex of tri-�-aminoisobutyric acid (1.801(4) Å and
1.804(5) Å).31,32 As a further matter of general interest, the CuIII/CuII couple provides an excellent
analytical tool for assessing the relative donor capacities of ligand complements. The property
that CuIII/CuII couples have of being highly sensitive to ligand environments has been exploited
to assess the relative donor properties of a series of ligands containing N-amido, phenolato, and
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alkoxido donors. The possible noninnocence of these ligands that contain aromatic groups was
considered, and an approach for determining the best formal oxidation-state assignments for the
metal centers in potentially ambiguous cases was introduced.
Using a deprotonated hydroxyiminoamide ligand, Krüger and co-workers33 structurally char-

acterized a discrete copper(III) compound (6). The square-planar structure is retained even in
solution. Absorption and redox properties of this complex were also investigated.
In 2000 Hofmann and co-workers34 demonstrated that their copper(I) ethylene complex

(Section 6.6.4.1) could be oxidized by O2 irreversibly, yielding a bis(�-oxo)dicopper(III) complex (7).
The anionic iminophosphanamide ligand [But2P(NSiMe3)2]

� is highly basic and, because the small
N–Cu–N bite angle of the neutral copper(I) complex leads to increased Lewis acidity of the
copper center, provides better back-bonding capability, therefore stabilizing the copper(III)
oxidation state.

6.6.2.4 Thiol Ligand

Krüger and co-workers35 were successful in stabilizing remarkably a discrete copper(III) complex
(8) containing aliphatic thiolate as the supporting ligand. They established the point that thiolate
ligands can lower CuIII/CuII redox potential. A very interesting paramagnetic copper(III) com-
plex containing an octahedral CuS6 coordination polyhedron was synthesized by Wieghardt
and co-workers.36 They first synthesized and structurally characterized a copper(II) complex,
[(L)CoIIICuIICoIII(L)][PF6]2 (Section 6.6.3.5) (L is the hexadentate macrocyclic trianion 1,4,7-tris(4-
tert-butyl-2-sulfidobenzyl)-1,4,7-triazacyclononane). One-electron oxidation of this compound yielded
[(L)CoIIICuIIICoIII(L)] [ClO4]3�2Me2CO. EXAFS (extended X-ray absorption spectroscopy) clearly
established the copper(III) state in this complex. Temperature-dependent magnetism and EPR spectral
parameters established the S¼ 1 ground state of the copper(III) center. It is worth mentioning here
the inherent problem associated with thiol oxidation37 by copper(II) (Section 6.6.3.3.1).
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6.6.2.5 Macrocyclic Ligands

Tolman and co-workers discovered a novel phenomenon: that when the copper(I) complex of
1,4,7-triisopropyl-triazacyclononane38 is oxygenated at �78 �C there exists an equilibrium
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between the two oxygenated species [CuII2(�-�
2:�2-O2)]

2þ(side-on peroxodicopper(II)) and
[CuIII2(�-O)2]

2þ[bis(�-oxo)dicopper(III)], depending on the solvent chosen, with CH2Cl2 favoring
the former species and THF favoring the latter.39 They structurally characterized the bis-
(�-oxo)dicopper(III) compound (9), supported by tribenzyl-substituted ligand. They investigated
absorption and resonance Raman features of such species and also carried out kinetic studies.
The core geometry is contracted, compared to those of the bis(�-hydroxo)dicopper(II) com-
pounds that result from decomposition of the bis(�-oxo) complexes upon warming.40 Structural
analyses of the decomposition products (complexes (10)–(12)) showed that they arise from
N-dealkylation of the original capping macrocycles. Using a sterically hindered dinucleating
bis(triazacyclononane) ligand they characterized one more bis(�-oxo)dicopper(III) compound41 (13),
and investigated how supporting ligand topology influences the structure and reactivity of
copper–dioxygen complexes.21,22,24
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6.6.3 COORDINATION COMPOUNDS OF COPPER(II)

6.6.3.1 Nitrogen Donor Ligands

6.6.3.1.1 Polydentate aliphatic amine ligands

In the case of cytochrome c oxidases42–44 (which catalyze the reduction of dioxygen to water, the final
step in aerobic metabolism), a binuclear iron–copper assembly is the site of dioxygen binding and
subsequent reduction. As a part of providing synthetic examples for heme FeIII-bridging ligand–CuII

systems for this enzyme, Holm and co-workers45–49 structurally characterized an extensive series of
monomeric copper(II) (aswell as copper(I); Section 6.6.4.2.1) complexes of tetradentate ligands (Figure 1
and Table 1). These ligands coordinate in a tripodal manner, enforcing trigonal bipyramidal geometry
at the metal; each arm of the ligand forms a puckered, five-membered chelate ring, with the ring
conformations synchronized to impart an axial C3 twist to the bound ligand. By use of these ligands,
(distorted) trigonal bipyramidal (TBP) and tetragonal pyramidal (TP) arrangements, respectively, were
stabilized with attendant axial and equatorial coordination. In many places throughout this chapter
the geometry of a five-coordinate species has been defined in terms of a structural index parameter �
(� ¼ 0 for square-pyramidal/tetragonal-pyramidal, and � ¼ 1 for trigonal-bipyramidal geometries).50

As a part of their ongoing investigations into the reaction of dioxygen with copper(I) complexes
to identify copper–superoxo/peroxo intermediate species, Schindler and co-workers51–53 have also
provided examples of a number of mononuclear copper(II) complexes (Table 1) (as well as
copper(I); Section 6.6.4.2.1).
Comba and co-workers described a simple and efficient method for the determination of

solution structures of weakly coupled binuclear copper(II) complexes.54 The technique involves
the combination of molecular mechanics55,56 and EPR spectroscopy. From this standpoint they
reported the structure of the complex (29). Using an acyclic tertiary tetraamine ligand, Bernhardt
reported57 crystal structure of the complex (30), along with its redox properties.

6.6.3.1.2 Heterocyclic nitrogen donor ligands

In the blue, Type I copper proteins plastocyanin and azurin, the active-site structure comprises
the trigonal array [CuN2S] of two histidine ligands and one cysteine ligand about the copper,

N

N N

R

R R R R

R = H;  dien
R = Me;  Me5dien

N N

N N

Me6trien

N N

Me4en

N

N N N R'

R RR'R'
R

R = R' = H;  tren
R = R' = Me;  Me6tren
R = H, R' = CH2Ph;  Bz3tren

Figure 1 Monomeric copper complexes of tetradentate ligands.
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Table 1 Stereochemistries of copper(II) complexes of aliphatic tripodal ligands.

Complex Geometry � References

[(tren)Cu(MeCN)][CF3SO3]2 (14) TBP 1.01 45
[(Me6tren)Cu(OH2)][ClO4]2 (15) TBP 0.965 46
[(Me6tren)Cu(OH)][ClO4]�H2O (16) TBP 0.94 46,47
[(Me6tren)Cu(MeCN)][CF3SO3]2 (17) TBP 0.968 45
[(Me6tren)Cu(OSO2CF3)][CF3SO3] (18) TBP 0.90 45
[(Me6tren)Cu(CN)][ClO4] (19) TBP 1.02 48
[(Cu(Me6tren))2(CN)][ClO4]3�3MeNO2 (20) TBP 1.02 45
[(Me6tren)CuCl][ClO4] (21) 51
[(Bz3tren)CuCl]Cl (22) TBP 0.968 52
[(Bz3tren)Cu(H2O)][ClO4]2 (23) TBP 0.968 52
[(Me5dien)Cu(OH2)(OCMe2)][ClO4]2�H2O (24) TP 0.22 49
[(Me5dien)Cu(MeCN)2][BF4]2 (25) TP 0.33 45
[(Me5dien)Cu(OSO2CF3)2] (26) TP 0.21 45
[(Me6trien)CuCl][ClO4] (27) TP 0.21 53
[Cu(Me4en)2(OH)2][ClO4]2 (28) (structural type: 2) 53
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together with a weak axial methionine interaction.4,5,8,19,58–60 This coordination geometry is
largely retained in the oxidized and reduced forms of these proteins. Furthermore, in both
forms the active-site geometry is considerably removed from the normally preferred geometries
of CuII(tetragonal/square planar) and CuI(tetrahedral). Investigations of the coordination chem-
istry of copper(II) with chelating ligands incorporating pyridine, pyrazole, imidazole, and benzi-
midazole continue to be stimulated by interest in developing models for copper proteins, and in
understanding the factors which give rise to the relationship between the coordination geometry
and the nature of the donor atoms and redox potentials.37,61,62

(i) Imidazole-containing ligands

Imidazole is a ubiquitous ligand for copper in proteins, as the coordinating side-chain of the
amino-acid histidine. The presence of imidazole ligation has been confirmed crystallographically
in several proteins and enzymes having mono-, bi-, and trinuclear copper centers.58 The ubiquity
of copper–imidazole bonding in copper-containing biomolecules has stimulated the synthesis and
characterization of many imidazole-based ligands, where imidazole is present solely as, or as a
part of, multidentate ligands and their copper complexes, in order to relate the spectroscopic
properties of low-molecular-weight complexes to the natural systems. The complexes considered
in this section are compiled in Table 2.
Nearly tetrahedral CuI/CuII model complexes that are well defined, approximately isostruc-

tural, and that contain biologically relevant ligation can be used to probe important questions
about the active sites of copper metalloproteins that embody this structural feature. Schugar
and co-workers characterized complexes (31)–(34) and studied their absoption and EPR
spectral properties.63–66 Using a sterically demanding bidentate ligand, both CuI (Section
6.6.4.2.2(i)) and CuII complexes were prepared. X-ray structural analyses of compound (34)

Table 2 Stereochemistries of copper(II) complexes of imidazole-based chelating ligands.

Compound No. Geometry � References

(31) Square planar 63
(32) SP 0.24 64
(33) Square planar 65
(34) Distorted tetrahedral 66
(35) Square planar 67
(36) Distorted tetrahedral 68
(37) SP 0.25 69
(38) Distorted octahedra 69
(39) Distorted TBP 0.85 70
(40) Distorted TBP 0.94 70
(41) Distorted TBP 0.93 71
(42) Distorted TBP 0.89 71
(43,44) DSP 73,74
(45) TBP 0.96 77
(46) SP 0.15 77
(47) TBP 0.65 77
(48) TBP 0.92,0.87 78
(49) TBP 0.84 (Zn,0.91) 78
(50) DSP 0.53,0.51 78
(51) Distorted octahedral 65
(52) TBP 0.99 79
(53) TBP 0.76 79
(54) DSP 0.46 79
(55) Compressed TBP 80
(56) Compressed octahedral 81
(57) Compressed TBP 81
(58) Elongated octahedral 80
(59) Elongated octahedral 80
(60) SP 0.05 82
(61) SP 0.04 83
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revealed a pseudotetrahedral CuN(imH)4 chromophore, with approximate D2d point symmetry.
The ligand exerts an unprecedented degree of geometric control of the coordination spheres for
complexes of this type. The CuN2/CuN

0
2 dihedral angle is close to the ideal tetrahedral angle of

90�. Geometric constraints within the nine-membered chelate rings cause intraligand N–Cu–N
angles to exceed the tetrahedral value, flattening (D2d) the otherwise tetrahedral CuN4 units;
additional ligand-field effects result in a larger angle. Electrochemical measurements for the
[CuL2]

2þ/[CuL2]
þ couple in MeCN revealed a reversible redox reaction at a fairly positive

potential. Using CuI and CuII complexes, as their BF4
� salts of the N-methyl derivative of

the ligand present in complex (34), the electron self-exchange rate in MeCN was determined by
1H NMR techniques.66 Garner and co-workers synthesized a series of sterically hindered
imidazole proligands and investigated their copper coordination chemistry. Complex (35) is
an example.67 Electrochemical and EPR spectroscopic studies have also been done. The new
diimidazole ligand was also synthesized by them and was shown to form a four-coordinate
bis(diimidazole) CuII complex (36), as well as a CuI complex (Section 6.6.4.2.2(i)). The struc-
tural analysis revealed that the N–Cu–N angles are constrained by (i) the bite angle of the
ligand to 94� 2�; and (ii) the interligand steric interactions, which lead to the dihedral angle of
the interligand planes of 68.2�. The steric bulk of the ligand, through interligand interactions
between the phenyl groups substituted at the 4-positions of the imidazole rings, prevents the
adoption of square-planar geometry. The dihedral angles observed for both structures reveal
that in each case the CuN4 geometry is intermediate between tetrahedral and square planar. The
X-band EPR spectrum for the powdered complex is typical of an approximately D2 CuN4 center
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possessing a dxy ground state. Charge-transfer bands dominate the UV–vis spectra, and the
complex is intensely colored. The EPR and electronic spectra indicate that the complex has a
very similar structure in the solid state and in solution. The redox properties were also
examined. In MeCN, electron self-exchange rate was also determined.68 Using a variety of
tridentate and tetradentate ligands with mixed donor sets (amine–imidazole, imidazole–pyri-
dine), a number of mononuclear complexes (37)–(42) have been studied.69–71 EPR spectroscopic
and cyclic voltammetric studies of these complexes were also made. Hydrogen bonding between
bromide and the imidazole-NH atoms in compound (37) tie the individual molecules into an
infinite two-dimensional network.69 The structure of complex (38) reveals that the two nitrite
anions are oriented differently, with one NO2

� ion acting as a monodentate ligand and the
other as (pseudo)didentate (one O atom behaving as semi-coordinate).69 The potential of
complexes (37) and (38) as active-site analogues of copper nitrite reductases (reduction of
nitrite, to produce nitric oxide)72 has also been studied. Interestingly, the alcoholic O atom
of the Schiff base ligand is not coordinated in complex (43)/(44).73,74
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Copper–zinc superoxide dismutase (SOD) contains an imidazolate-bridged CuII–ZnII heterodi-
nuclear metal center in its active site.4,8,19,75,76 The copper ion is coordinated to four imidazole N
atoms of histidine residues and a solvent (water) in distorted square-pyramidal geometry, while
the zinc ion, located at a distance of 6.2 Å from the copper ion, is coordinated to a carboxylato O
atom of an aspartic acid residue and three imidazole N atoms of histidine residues in a distorted
tetrahedral structure. New dinucleating ligands having two metal-binding sites bridged by an
imidazole binding have been designed and synthesized as model ligands for copper–zinc SOD by
Fukuzumi and co-workers.77,78 The corresponding mononucleating ligand has also been synthe-
sized for comparison (complexes (45)–(47)).77 The copper ions in the imidazolate-bridged CuII–
CuII homodinuclear complexes ((48) and (50)) and CuII–ZnII heterodinuclear complex (49) have
pentacoordinate geometries.78 The coordination site occupied by a solvent can be susceptible to
ligand substitution, providing a binding site for substrate superoxide. Magnetic measurements of
complexes (48) and (50) have shown an antiferromagnetic (AF) exchange interaction with a
coupling constant of 2J (singlet–triplet energy gap)¼�73.4 cm�1 and �145.9 cm�1, respectively.
The CuII–ZnII distance of 6.197(2) Å agrees well with that of native enzyme. The EPR spectrum
of complex (49) showed a signal which is characteristic of mononuclear trigonal-bypyramidal CuII

complexes. The cyclic voltammetric behavior of these complexes was investigated in detail. The
complexes catalyzed the dismutation of superoxide at biological pH; the SOD activity increased in
the order (50)< (48)<(49). These monomeric, homodinuclear, and heterodinuclear complexes
react with H2O2 in the presence of a base at �80 �C yielding hydroperoxo CuII species (absorption
and resonance Raman studies). The EPR spectral behavior of such species was also investigated.
From the standpoint of modeling Type I copper proteins,4,5,59,60 a variety of imidazole-based

ligands containing thioether sulfurs and imidazole groups have been synthesized.61,62 The struc-
tures and spectroscopic properties of their copper(II) complexes (51)–(53) and (55)–(60) were
investigated.65,79–82 To characterize apical copper(II)–thioether bonding, the complex (51) was
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investigated, to reveal discrete CuII monomers having tetragonal N4S2 ligand donor sets with
equatorial CuN4 and axial CuS2 coordination.

65 Electronic and EPR spectral studies were also
done. The compound (54) has a Cu2Cl2 core with bis(�-chloro) bridges. The Cu–Cu separation is
3.552 Å.79 All these compounds were characterized further by EPR and absorption spectroscopy.
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Using a new tripodal ligand, Sorrell and co-workers synthesized compound (61).83 The dioxygen
reactivity of the pseudotetrahedral complex of this ligand of composition [(L)Cu(MeCN)][BF4]
(not structurally characterized) was examined. In MeOH at �78 �C, the thermal decomposition of
the side-on peroxodicopper(II) adduct in the presence of water yields a bis(hydroxide)-bridged
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dicopper(II) dimer (not structurally characterized), [(L)Cu(OH)]2[BF4]2, which further reacts with
atmospheric CO2 to produce a carbonato-bridged compound (62).
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Dopamine �-hydroxylase (D�H) is a copper-containing glycoprotein that hydroxylates dopa-
mine at the benzylic position to norepinephrine.84 During the attempted crystallization of the
bis(hydroxide)-bridged dicopper(II) dimer, a side product was subsequently isolated (complex
(63)), revealing intramolecular hydroxylation at a formally benzylic position of the tris(imidazo-
lyl)phosphine ligand.85 The copper(II) center has an axially compressed TBP structure.
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A dinucleating ligand containing imidazoles and pyrazoles was designed and synthesized.86 The
synthesis and characterization of the copper(II) complexes were described, with the study aimed
at modeling the active site of copper–zinc superoxide dismutase (SOD).4,8,19,75,76 Both non-
imidazolato-bridged complex (64) (Cu–Cu distance: 6.104(1) Å) and imidazolato-bridged complex
(65) (Cu–Cu distance: 5.566(1) Å) were obtained. Both structures show two copper centers in
two different coordination environments: a distorted square pyramid (� ¼ 0.13 for the imidazole-
bridged complex, and � ¼ 0.12 for the non-imidazole-bridged complex) and a distorted tetra-
hedron. Temperature-dependent magnetic susceptibility study of complex (65) shows AF
behavior with 2J¼�96 cm�1. From pH-dependent EPR and electronic spectra, this complex
has been demonstrated to be stable over quite a wide pH range, including the physiological pH
values. A low concentration of complex (65) catalyzes the dismutation of superoxide at physio-
logical pH.
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(ii) Benzimidazole-containing ligands

The incorporation of benzimidazole, in addition to mimicking the imidazole donor function,
would result in distortions in coordination geometries, owing to its steric bulk. From this
standpoint a number of complexes have been reported (Table 3).87–89

From the standpoint of modeling copper nitrite reductases72 using benzimidazole-containing
chelating ligands, Casella and co-workers90 synthesized a number of mononuclear copper com-
plexes; quite a few of them had nitrite bound ligands. The copper(I) complexes exhibited such
activity and reacted rapidly with NO2

� in the presence of stoichiometric amounts of acid to give
NO and the corresponding copper(II) complexes. Under the same conditions, the reactions
between the copper(I) complexes and NOþ yielded the same amount of NO, indicating that
protonation and dehydration of bound nitrite are faster than its reduction.
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N

H
N

N

NHCu

HN

N

HN

N

NH

2+

[Cu(L)2][ClO4]2.2H2O (70)

N

H
N

N

H
NR

R = Me, R' = H; [(L)CuCl2] (66)
R = Me, R' = H; [(L)CuBr2] (67)
R = H, R' = Me; [(L)CuCl2] (68)
R = H, R' = Me; [(L)CuBr2] (69)

R'

Hemocyanin and tyrosinase are dinuclear copper-containing proteins that bind or activate
dioxygen.4,5,7–26 Hemocyanin functions as a dioxygen carrier, and tyrosinase, as a monooxygen-
ase, which hydroxylates monophenols (tyrosine) and further oxidizes the o-diphenol to an
o-quinone. The ubiquitous plant enzyme catechol oxidases,91 in contrast to tyrosinases, catalyze
exclusively the oxidation of catechols to the corresponding o-quinone by molecular oxygen,
without acting on monophenols. The resulting highly reactive quinones autopolymerize to form
brown polyphenolic catechol melanins, a process thought to protect the damaged plant from
pathogens or insects. In the course of their investigations on functional modeling of tyrosinase

Table 3 Stereochemistries of copper(II) complexes of benzimidazole-based chelating ligands.

Compound No. Geometry � References

(66) Distorted tetrahedral 87
(67) Distorted tetrahedral 87
(68) Distorted tetrahedral 87
(69) Distorted tetrahedral 87
(70) Elongated octahedral 88
(71) Square planar 89
(72/73)a Distorted SP (DSP) 90
(74) DSP 0.27 90
(75) Compressed TBP 90
(76)b Four-coordinate 90
(77)b,c Four-coordinate 90
(78) Distorted TBP and SP 92
(79) Distorted square planar 93
(80) DSP 94
(81) DSP 0.46 95
(82) DSP 0.41 96
(83) Distorted TBP 96
(84 DSP 97
(85) DSP 97
(86) DSP 0.48 50
(87) Pseudo octahedral 98
(88) Pseudo octahedral 98
(89) DSP 0.49 99
(90) DSP 0.49 99
(91) DSP 0.38 99
(92) Square planar 100

a ClO4
� and BF4

� salt, respectively; � 0.13. b In between square planar and tetrahedral. c As NO2
� bite angle is very small it is like

that of (76).
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and catechol oxidase, Casella and co-workers synthesized dinuclear complexes (78) (Cu–Cu:
8.02 Å)92 and (79) (Cu–Cu: 2.988 Å).93 Voltammetric experiments on (78) revealed a 230 mV
higher redox potential for the CuN3(H2O)2 center than for the CuN5 center. The complexes
exhibit good catecholase activity. Using a tetraamino-tetrabenzimidazole ligand,94 the structure of
a dinuclear copper(II) complex (80) with a protonated piperazine ring has been solved. It is
catalytically active in the air oxidation of di-tert-butylcatechol.

N
NHHN

N
Cu

NHNH

2+

[Cu(L)]Br2
.2H2O  (71)

NN

N N

N

Cu

OSMe2

OSMe2H

NN

N N

N

Cu

ONO

OSMe2H

2+

[(L)Cu(OSMe2)2][ClO4]2 (72)

[(L)Cu(OSMe2)2][BF4]2 (73)

2+

[(L)Cu(OSMe2)(ONO)][ClO4] (74)

N

N N

N

Cu

H
N

HOMeOClO3

[(L)Cu(MeOH)(OClO3)][ClO4] (75)

+

N

N N

N

Cu

H
N

N3

[(L)Cu(N3)][ClO4] (76)

+

N

N N

N

Cu

H
N

O O

N

[(L)Cu(ONO)][ClO4)].MeCN (77)
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N
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H2O

[(L)Cu2(H2O)2][ClO4]4 (78)

4+

N N

Cu
N

N
N

N
N

Cu
N

N
N

O
H

O
H

2+

[(L)Cu(OH)2][PF6]2 (79)

N

N N

N
N

NH NH

N

N

N

N

N

Cu

MeCN

NCMeCu

MeCN

MeCN
HOH

HOH

6+

[(LH2)Cu2(MeCN)4][ClO4]6.2H2O.3MeCN (80)
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During the last two decades a large number of chelate ligands comprising heterocyclic N-donor,
thiolate, and/or thioether S-donor centers have been studied,37,61,62 in connection with attempts to
mimic the structure, spectroscopy, and redox behavior of ‘‘Type I’’ copper centers in ‘‘blue’’
copper proteins.4,5,8,19,59–61 Using a mixed benzimidazole/thioether bidentate ligand, Kaim and
co-workers95 synthesized a copper(I) (Section 6.6.4.2.2(ii)) and a copper(II) complex (81). Using
bridged bis(benzimidazole)–thioether-containing ligands capable of providing N2S donor sets, two
distinct environments have been found in the crystal structures of (82) and (83).96 As a part of
their sustained efforts to model ‘‘Type I’’ copper centers, using two tridentate ligands, Addison
and co-workers97 recently investigated two compounds (84) and (85). Using a linear quadridentate
N2S2donor ligand,Addison et al. reported the structureof complex (86).50Along the same lines,Reedijk
and co-workers98 investigated the coordination chemistry of complexes (87) and (88), and Palanian-
davar and co-workers99,100 prepared a number of copper(I) (Section 6.6.4.2.2(ii)) and copper(II)
complexes (89)–(92) with bis(benzimidazole)–thioether-containing ligands.

N

N

S

[(L)2Cu(OClO3)][ClO4].0.5MeOH (81)

S

N NHHN N
Cu

O

N
O

O

ONO2

S

N NHHN N
Cu

Br Br

[(L)CuBr2] (82)

[(L)Cu(ONO2)(ONO2)].MeOH (83)

N
HN

S

N

CH2

N

N

Cu
S

S

N
N

O

O3ClO

H

O3ClO

H

n = 1; [(L)Cu][CF3SO3]2.0.5toluene.H2O (84

n

n = 2; [(L)Cu][CF3SO3]2.2H2O (85)
)

[(L)Cu(H2O)(OClO3)2] (86)

The synthesis and coordination chemistry of an asymmetric multidentate ligand designed for
modeling coordination-number asymmetry at metal sites in binuclear metalloproteins were
reported.101 A dinuclear copper complex of this ligand demonstrates proof-of-concept for
inducing coordinative unsaturation at one metal of the binuclear pair, and subsequent reaction
with N3

� illustrates site-directed reactivity. The copper ion in mononuclear complex (93) is
present in distorted square-pyramidal geometry (� ¼ 0.43). The hydroxo oxygen of the ligand
does not participate in metal coordination. On the other hand, a structural analysis of the
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binuclear complex (94) reveals that as a result of the inherent asymmetry of the ligand, one
copper ion has distorted trigonal-bipyramidal (� ¼ 0.83) geometry, while the other copper ion
has distorted square-planar geometry. The potential for site-directed reactivity at a square-
planar site was demonstrated by adding 0.5 equivalent of N3

� ion to the binuclear copper
complex in MeCN. The structure of the resulting azido-bridged complex (95) shows that the two
copper ions within the binuclear unit are still coordinated by the ligand nitrogens, the acetate,
and the ligand alkoxy oxygen.

N

N

NN

N

Cu

N N

N

N

N

O3ClO

[(L)2Cu(OClO3)][ClO4] (88)

+

N

N

H
N

H
N

N
Cu

NCCH3

OClO3

O3ClO

[(L)Cu(MeCN)(OClO3)2] (87)

N
HN

Cu

S

N
N

NH

Cl OH2

+

[(L)CuCl(H2O)]Cl (89)
HN

N

S

HN

N

S

Cu ONO2

+

[(L)Cu(ONO2)][NO3] (90)

N

NH

Cu

S

N

S N

HN

2+

[(L)Cu][ClO4]2.2MeCN (91)
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Cu
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N

N

N

N

N

OH

[(L)Cu][ClO4]2.MeCN (93)

2+

N N

O

N

N
Cu

N

N

Cu
N N O O

[(L)Cu2(O2CMe)][ClO4]2.2H2O (94)

2+

Müller et al.102 designed a new dinucleating ligand which allows for the ‘‘tuning’’ of the metal–
metal distance, to provide a tentative coordination chemical modeling of hemocyanin and tyrosi-
nase. The complex (96) of the unrestricted ligand presents an open conformation with discrete
(4þ 2) copper coordination environments. The two halves of the ligand are rotated out of the cis-
coplanar conformation by 116.6�, resulting in a relatively long Cu–Cu distance of 6.16 Å. Two
oxygenation products of the dicopper(I) complex of a restricted ligand, which best approaches the
geometry of a ‘‘Type III’’ site, were isolated. One is a tetranuclear copper(II) cluster (97), best
described as a symmetric Cu4O4 eight-membered ring (Cu–Cu distances of 3.05 Å, 3.50 Å, and
6.30 Å). The other one is a dicopper(I) complex (Section 6.6.4.2.2(ii)).

N

SS

N

NHN

N

H
Cu

[(L)Cu(ONO2)][NO3] (92)

ONO2

+
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Cu

Cu

N

N
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[{(L)Cu2(O2CMe)}2(N3)][ClO4]3.8.5H2O  (95)

NNN

N

N
N

N
N

N

Cu

DMF

Cu

DMF
N

N

OH2
OH2

DMF

[(L)Cu2(DMF)3(H2O)2][CF3SO3]4 (96)

4+

(iii) Pyrazole-containing ligands

A wide range of pyrazole-containing chelating ligands103–107 have been designed, and their copper
compounds have been studied as models for copper proteins.18–20,62,105,106 Among them, tris(pyr-
azol-1-yl)borate or ‘‘scorpionate’’ ligands by Trofimenko and co-workers103,104 have become
increasingly important in the development of biomimetic coordination chemistry, with three
histidine-like donors that can hold three cis sites fixed while leaving other coordination sites
open. Notable successes include the work of Kitajima et al. with the hindered ligand hydro-
tris(3,5-diisopropyl-pyrazol-1-yl)borate in the syntheses of biomimetic copper(I) (Section
6.6.4.2.2(iii)), and copper(II) complexes. Kitajima et al. reported108 the structure of complex
(98), revealing an elongated rhombic octahedron with a CuN6 chromophore. Very interestingly,
Trofimenko et al. reported the structure of complex (99) (distorted tetrahedral). This is the first
instance of a scorpionate free acid, acting as ligand.109 Although this complex decomposed when
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chromatographed, it reacted cleanly with aqueous NaHCO3 solution to yield the carbonato-
bridged dicopper(II) complex [{Cu(L)}2(OCO2)] (100) (the core is similar to complex (62);
Cu–Cu distance 4.058 Å). In 2001, structures of two new complexes ((101) (� ¼ 0.34) and (102)
(� ¼ 0.30)) were reported.110

N

N

B N

N

NN

Cu

H

N

N

BN

N

N NH

[Cu(L)2] (98)

N
N

B
Cu

NN
N

NCl Cl

[(L)CuCl2] (99)

H

H

From the standpoint of modeling copper–dioxygen chemistry of relevance to Hc/Tyr,
Murray et al. reported in 2001111 the results of their investigation of the reactivity towards
dioxygen for two copper(I) complexes of the ligand tris(pyrazolyl)methane. One copper(I)
complex was slowly oxidized in CH2Cl2 to form a bis-ligand complex (103). For the other
complex, reversible oxygenation occurred in CH2Cl2 solution at �7 �C to yield a side-on
peroxo complex (structural type (108): see below). Thermal decomposition of this species
generated a strongly antiferromagnetically coupled di-�-hydroxo bridged complex (104) (struc-
tural type: (10) to (12)).
In their pursuit of modeling ‘‘Type I’’ copper proteins, Kitajima et al. reported112 a rare,

tetrahedrally coordinated complex (105), which displayed an EPR spectrum consistent with the
presence of the unpaired electron in the dz

2 orbital.1 They also isolated a square-pyramidal DMF
adduct (complex (106)). They were successful in providing structural proof of a copper(II)
complex (trigonal pyramidal) with C6F5S

�-coordinated complex (107), with CuN3S chromo-
phore.113 The X-ray analysis (poor data set) of a closely similar complex with Ph3CS

� as the

N N

N N

NH

CH

O

NH

HC
O

N

Cu

Cu

Cu

NN

NN

HN

CH

ON

N
H

CH
O

Cu
N

N

4+

[{H2(L)O2}2Cu4][ClO4]4 (97)
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thiolate ligand was also achieved. Tolman and co-workers characterized the first three-coordinate
complexes of CuII ((107a) and (107b)), including a close structural analogue of the trigonal ‘Type I’
copper protein active sites.114

During the course of modeling copper–dioxygen chemistry, Kitajima et al. reported the
synthesis of a �-peroxo dinuclear complex with a 3,5-dimethyl-substituted tris(pyrazolyl)borate
ligand, which showed remarkable physicochemical similarities to oxy-Hc and oxy-Tyr. Using a
3,5-di-isopropyl-substituted terminal ligand, they provided the first structural proof of the
existence of �-�2:�2 peroxo dicopper(II) core (108) (copper geometry: distorted square pyrami-
dal; Cu–Cu: 3.560 Å),115,116 and reported detailed characterization properties, which eventually
led to the structural characterization of oxy-Hc.117 They were successful in preparing a similar
core with a 3,5-di-phenyl-substituted ligand.116 They also synthesized and thoroughly characterized

N N

HB

N

N Cu

N
NH

Cl

[(L)CuCl(L')Cl] (101)
[(L)CuCl(L')(NCS)] (102)
L' =  5-phenylpyrazole

N
N

Cu

N
N

CHN

N

Br

Br

NN

Br

N N

HC N

N

Br

Br

N N

Br
2+

[Cu(L)2][PF6]2.2CH2Cl2 (103)
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di-�-hydroxo bridged complexes (109) (Cu–Cu: 2.937 Å)115,118 and (110) (Cu–Cu: 3.059 Å).119

The importance of �-�2:�2 peroxide was highlighted.120 In this endeavor they characterized a
number of very interesting complexes: (111)118, two carbonato-bridged complexes [(112),
Cu–Cu: 4.044 Å,121,122 and (113), Cu–Cu: 4.140 Å119], an alkylperoxo complex (114),123 and
a �-hydroxo-/�-azido-bridged complex (115) (Cu–Cu: 3.713 Å).124 Kitajima and co-workers
were also successful in providing the first example of a side-on superoxocopper(II)
complex (116).125
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N

N N

N
N

R

R

R
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R

R

Cu Cu
O

O

Me

_

R = Me, L
R = iPr, L

[Cu(L   )]2(O)2
.6CH2Cl2 (108)
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N NB

N N

Cu ClN N

H N NB

N N

Cu
Cl

N N

H

[(L)CuCl] (105) [(L)CuCl)(DMF)] (106)

OC(H)NMe2

N NHB

N N

CuN N S

F

F

F

F

F

[(L)Cu(SC6F5)] (107)

N N
Ar ArCu

X
[(L)CuX]

X = Cl (107a)

X = SCPh3 (107b)

Ar = 2,6-iPr2C6H3
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[(L)Cu(O2)] (116)
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CF3

N
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N N

CF3

CF3
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[(L)Cu(O2CMe)] (117)
[Cu(L)]2O2 (118)
[(L)Cu(OH)]2 (119)

Using a fluorinated tris(pyrazolyl)borate ligand, Gorun and co-workers126 synthesized a com-
plex (117) (� ¼ 0.06). This group very successfully isolated and structurally characterized a
dinuclear oxygenated complex, revealing that the crystal contains about 80% �-�2:�2 peroxo
complex (118) (structural type: (108)) and 20% bis(�-hydroxo) complex, (119) (structural type:
(109)/(110)).127

From the viewpoint of modeling nitrite reductases,72 Tolman and co-workers provided a
number of structurally characterized complexes: (120) (� ¼ 0.73),128 (121) (tetrahedral),128 and
(122) (approximately tetrahedral).128,129 Detailed structure and bonding aspects of coordinated
NO were investigated, and its relevance to biology and heterogeneous catalysis was discussed.130

In an elegant manner, they modeled N2O generation by copper proteins and heterogeneous
catalysts, through reductive disproportionation of Cu–NO species. To prove the reaction
sequence, they isolated a nitrite-bound square-pyramidal complex (123).131

N

N
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H

N
N

N

N Cu

OSO2CF3

[(L)Cu(OSO2CF3)] (121)

N

NB
H

N

N
N

N Cu

O
O

N

[(L)Cu(ONO)] (120)

As a part of designing new, pyrazole-based ligands and exploring their copper coordination
chemistry, Reedijk and co-workers synthesized two new complexes (124) (distorted octahedral)
and (125) (tetrahedral), with two didentate bispyrazole ligands having an aliphatic spacer.132

Along the same lines, Pons et al. synthesized phenyl/pyridyl/pyrazole-based ligands and investi-
gated their copper coordination chemistry: (126) (distorted square planar).133 A large number of
pyrazole-containing, nonplanar chelating ligands with additional donor sites (aliphatic amine,
pyridyl groups, etc.) have been synthesized107 to have a variable copper stereochemistry. A few
representative examples with tridentate ligands include: (127) (� ¼ 0.40),134 (128) (� ¼ 0.12),135

(129) (� ¼ 0.10),136 (130) (distorted tetrahedral) and (131) (distorted tetrahedral),137 (132)
(� ¼ 0.54),138 (133) (� ¼ 0.35), and (134) (� ¼ 0.18).139 Using two tridentate ligands, Feiters and
co-workers have structurally characterized six copper(II) complexes ((135)–(140))140 with vari-
able molecular structure and, as a consequence, varying electronic environment. The purpose of this
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R = Et, R'  = H; [(L)CuBr2] (128)
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R = H, [(L)CuCl]2[CuCl4] (130)
            [(L)CuCl][BF4] (131)
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[(L)Cu(ONO2)2] (135) [(L)Cu(ONO2)][NO3] (136) )[(L)Cu(C2H5OH)(OClO3)][ClO4] (137

HO
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investigation was to elucidate the factors that control the geometry, redox behavior, and reactivity
properties of copper(I) complexes with dioxygen. Using tetradentate ligands, Driessen and
co-workers characterized five complexes with variable geometry: (141) (distorted octahedral),141 (142)
(square planar) and (143) (square planar),142 (144) (� ¼ 0.65),143 and (145) (distorted square
planar).144
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N N

N
Ph

Cu
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OC2H5H
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OO2N

O2N

Cu

OC2H5H

OClO3

[(L)Cu(ONO2)2] (138) [(L)Cu(C2H5OH)(OClO3)][ClO4]  
                    (139)

[(L)Cu(EtOH)(H2O)][ClO4]2
                   (140)

N

N

N N

N
N

[(L)Cu(NCS)2] (141)

N NN N NN

[(L)Cu][BF4]2.H2O (143)

N NN N NN

[(L)Cu][BF4]2 (142)

In 2000 Meyer and co-workers reported a novel example of unusual �4-peroxo coordination
(complex (146)), as well as of a structurally analogous complex in which the O–O linkage is
formally cleaved and replaced by two OH units (147), while at the same time the overall tetra-
nuclear framework is fully conserved.145

Using a tripodal ligand, Driessen and co-workers characterized a complex with CuN4O coord-
ination (148), (� ¼ 0.465).146 Using a sterically hindered analogue of this tripod, Sorrell et al.
prepared a complex with a CuN4O chromophore (complex (149)).147 The higher CuII/CuI redox
potential value for the methyl derivative relative to unsubstituted ligand was explained as due to
‘‘environment’’ effects. Colbran and co-workers designed a bulkier ligand and characterized three
copper(II) complexes [(150) (� ¼ 0.06), (151) (� ¼ 0.16), and (152) (� ¼ 0.17)].148 A o-xylyl-based
ligand gave two complexes: a monomeric (153) (strongly distorted tetrahedral) and a dimeric
(154) (� ¼ 0.11; Cu–Cu: 3.480 Å).149 When 1,3,5-tris(pyrazol-1-ylmethyl)benzene was used as
ligand, complex (155) was obtained.150 Using the bidentate ligand 2-(3,5-dimethylpyrazol-
1-ylmethyl)pyridine, Mukherjee and co-workers characterized a nitrite-bound complex (156)
(� ¼ 0.13).151 Using a chiral tridentate ligand of similar class, complex (157) (� ¼ 0.13) was
reported.152 Using the combination of a tridentate and a bidentate ligand, Mukherjee and
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co-workers reported complex (158) (� ¼ 0.14).153 Using the tridentate ligand 2,6-(3,5-dimethylpyra-
zol-1-ylmethyl)pyridine, six anion-bound complexes of predominantly square-pyramidal geometry
[(159) (� ¼ 0.16),154 (160) (� ¼ 0.14),154 (161) (� ¼ 0.26),155 (162) (� ¼ 0.10),154 (163) (� ¼ 0.37),156 and
(164) (� ¼ 0.29)156] were reported. An unsymmetrical ligand afforded the tetragonally distorted
CuN6 complex (165).

157

N

N

N

N
N

N

OMe OMe

N

OMe

Cu
Cl Cl

N N(pz)
N Cu

ClN

N
N

N
Cu

N

NH2O N

N(pz)

(pz)

N(pz)

[(L)CuCl2] (150)

(pz)

(pz) (pz)

(pz)

[(L)Cu(H2O)][SbF6]2.MeOH (152)

2+
+

(pz)

[(L)CuCl][SbF6] (151)

N N
N N

Cu Cu
Cl

Cl
Cl

Cl
[(L)CuCl2]2 (154)

[(L)CuCl2].0.5MeOH (153)

N

N

OClO3
OH2

OH2

N

N

Cu

N N

NN

N

N

N
N

[(L)Cu(OClO3)(H2O)2][ClO4] (155)

2+

776 Copper



N
N

N

N
N

N

Cu

ONO

+

[(L )2Cu(ONO)][ClO4] (156)

N

N N

N

N

Cu

NCS

NCS

[(L)Cu(NCS)] (157)

N

N

N

N

N
Cu

N

2+

[(L)Cu(L')][ClO4]2 (158)

N

N
N

N N

N N

[(L)CuCl2] (159)
[(L)CuBr2] (160)
[(L)Cu(NCS)2] (161)
[(L)Cu(ONO2)2] (162)
[(L)Cu(N3)2] (163)
[(L)Cu(ONO)(OClO3)] (164)

Cu

N

N
N

N

N
N

N
N

HC

N
N

CH

2+

[Cu(L)2][NO3]2 (165)

X = OH; [(L)Cu2(OMe)][PF6]2 (166)
X = OMe; [(L)Cu2)(OH)][PF6]2.MeOH  (167)
X = OMe; [(L)Cu2(OMe)][BPh4]2 (168)
X = Cl; [(L)Cu2Cl][BPh4]2.Me2CO  (169)
X = Br; [(L)Cu2Br][PF6]2.0.5CH2Cl2 (170)

N NO
Cu Cu

XN N

N N

2+

Copper 777



(iv) Pyridine-containing ligands

Karlin and co-workers were the first to demonstrate the binding and activation of molecular
oxygen with dinuclear copper complexes of m-xylyl-bridged bis-2-(2-pyridyl)ethylamine ligands.4,9–17

This result attracted a large number of inorganic chemists to model tyrosinase activity. Reaction
of O2 with a dinuclear copper(I) compound resulted in hydroxylation of the ligand
(C�H!C�OH) to produce the dinuclear copper(II) complex (166) (Cu–Cu: 3.121 Å)158 and
(167) (Cu–Cu: 3.082 Å).159 Using the endogenous bridge (phenolate), they varied the exogenous
bridge and characterized complexes (168) (Cu–Cu:3.128 Å), (169) (Cu–Cu:3.265 Å), and (170)
(Cu–Cu: 3.348 Å).160 This gave them a unique opportunity to study their magnetostructural
properties. During this endeavor they reported a mononuclear azido complex (171),161 as well as
a dinuclear complex (172) (Cu–Cu: 3.185 Å).161,162 As part of ongoing investigations of copper(I)
dioxygen reactivity, they modified their original ligand system and demonstrated the feasibility of
such aromatic-ring-hydroxylation reactions in a quite general manner: (173) (Cu–Cu: 3.108 Å)163

and (174) (Cu–Cu: 3.091 Å).164 They proposed a mechanism of aromatic hydroxylation
by demonstrating novel 1,2-methyl migrations and the NIH shift in copper chemistry.165

During the course of their systematic investigations to pinpoint the ligand’s conformational
aspects necessary to bring about such reactions, they provided many more examples: (175) (Cu–
Cu: 3.060 Å),166 (176) (Cu–Cu: 3.037 Å),167 (177) (Cu–Cu: 3.6517 Å), and (178) (Cu–Cu:
3.7413 Å).168 The hydrolysis reaction of complex (178) with DMF, to generate complex (177),
provides an example of the stoichiometric hydrolysis of an unactivated secondary amide under
mild conditions.
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Inspired by the results of aromatic-ring hydroxylation from the laboratory of Karlin and
co-workers, a few groups provided further examples of such reactivity, including some structurally
characterized complexes of modified m-xylyl-based pyridine-donor ligands (Schiff base and
non-Schiff base acyclic ligands), as well as aliphatic amine donor ligands: (179) (Cu–Cu:
2.990 Å),169 (180) (Cu–Cu: 3.015 Å),170 and (181) (Cu–Cu: 2.999 Å).171,172 A m-xylyl-based
ligand system that was used by Mukherjee and co-workers in the formation of complex (181)
also resulted in the isolation of a bis(�-hydroxo)dicopper(II) complex (182) (Cu–Cu:
3.004 Å).171,172 Casella and co-workers demonstrated that when their dicopper(I) complex
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reacted with dioxygen, a partial aromatic hydroxylation of the ligand occurred. Definitive
evidence of the monooxygenase activity resulted from the structure of the hydroxylated dicar-
baldehyde product (compound (183)).173 Fenton, Schindler, and their co-workers also provided
examples of intramolecular ligand hydroxylation and conducted mechanistic studies on their
Schiff base systems: (184) (Cu–Cu: 3.0294 Å) and (185) (Cu–Cu: 3.0309 Å).174 In all these
aromatic-ring hydroxylation studies copper(I) complexes of designed ligands react with molecu-
lar oxygen, which becomes activated and transfers one O atom to the ring (electrophilic attack
of the peroxo-copper(II) intermediate); the other O atom ends up as hydroxide ion and is
coordinated to the resulting dicopper(II) center.175–177

During the course of this investigation Solomon et al. have thoroughly investigated spectro-
scopic properties, electronic structural properties, and kinetic aspects of these systems.7,12,14,16

Karlin and co-workers provided examples of the (acylperoxo)dicopper complex (186) (Cu–Cu:
3.197 Å)178 and the catecholato-bound complex (187) (Cu–Cu: 3.248 Å).179 Reaction of a phe-
noxo-bridged dicopper(I) complex (Section 6.6.4.2.2(iv)) with NOPF6 resulted in the addition of a
nitrosyl ligand to the dinuclear center to give complex (188) (Cu–Cu: 3.08 Å).180 This compound
has relevance to nitrite reductase model studies.72 Using various xylyl-based ligands, many
compounds have been characterized with different nuclearities: (189) (Cu–Cu: 5.873 Å),181 (190)
(Cu–Cu: 7.520 Å),181 (191) (Cu–Cu: 11.71 Å),182 (192) (it has, however, a mesityl-based ligand)
(Cu–Cu distances: 3.106 Å, 3.119 Å, 7.458 Å, and 7.777 Å),183 and (193) (it has, however, a
tripodal ligand) (Cu–Cu distances: 5.834 Å, 6.239 Å, and 8.774 Å).184 Using a mesityl-based new
ligand, Kim and co-workers characterized a trinuclear mixed-valent compound (194), due to
oxidation of a copper(I) compound (Section 6.6.4.2.2(iv)).185
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Using a designed ligand, Itoh, Fukuzumi, and their co-workers provided a well-characterized
functional model of D�H:84 a mononuclear precursor complex (195) and a ligand hydroxylated
complex (196).186,187 This report inspired many groups to investigate aliphatic hydroxylation
reactions. Réglier and co-workers have contributed substantially to providing suitable functional
models of this enzyme. During the course of their investigation they characterized the complexes:
(197) and (198),188 (199),189 and (200).190 Using a copper(I) complex (Section 6.6.4.2.2(iv)) of a
designed ligand, Tolman and co-workers demonstrated that the bis(�-oxo)dicopper(III) species is
capable of hydroxylating aromatic rings.191 This work invited a re-examination of the mechanism of
aromatic-ring hydroxylation reactions of relevance to tyrosinase activity.192

To investigate copper coordination chemistry with the bidentate, non-planar di-pyridylmethane
ligand, complexes (201) (monomeric) and (202) (dimeric; structural type: (154))193 and–-using a
sterically hindered variety of this ligand—complex (203)194 were characterized. To study the basic
chemistry of relevance to the active site of phenylalanine hydroxylase,13 which effects the hydro-
xylation of phenylalanine to give tyrosine, Karlin and co-workers structurally characterized
complexes (204)195 and (205).196 Using a tridentate ligand, Karlin and co-workers characterized
a solid of composition [{[Cu(L)}2O2][BArF]2 (206). In contrast to the crystal structure, which
shows an ‘‘intermediate’’ Cu2O2 core (Cu–Cu: 3.45 Å), spectroscopic studies (EXAFS and reson-
ance Raman) revealed that it is a mixture of primarily side-on peroxo (core structure: (108)) and
5–20% of bis(�-oxo) (core structure: (4)).197 The dioxygen adduct is most stable as a cold solution
in CH2Cl2, but decomposes on warming to generate a bis(�-hydroxo)dicopper(II) complex (207)
(Cu–Cu: 3.012 Å).198 Using a closely similar tridentate ligand, they reported a chloro-bridged
complex (208).199 To address a fundamental question of structural ambiguity (hydroxide or
fluoride bridges?), Holm and co-workers reported the structure of (209) (Cu–Cu: 3.137 Å)200 of
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a previously reported complex of Karlin et al.201 During the course of their investigation they
observed a novel ligand oxygenation reaction (complex (210); Cu–Cu: 3.011 Å), which had a
resemblance to that catalyzed by D�H.84

Using a well-known tridentate ligand, dipicolylamine, Addison and co-workers reported their
novel observation: two different coordination geometries ((211) and (212): � ¼ 0.38) in the same
unit cell of [Cu(L)2][BF4]2.

202 Palaniandavar et al. reported the structural pathways of complex
(213) (� ¼ 0.33): an example of the uncommon ‘‘see-saw’’ stereochemistry.203 Using a bridged
ligand system with aliphatic spacer, Karlin et al. reported the structure of the product (214) (Cu–Cu:
3.070 Å) from oxidation of a dicopper(I) complex.204 Using a designed ligand, Karlin and
co-workers demonstrated catalytic oxygenation and oxo-transfer to a ketone, by characterizing a
�-1,3-bridged gem-diolate unsymmetrical dicopper(II) complex (215) (Cu–Cu: 5.583 Å).205

Using a strapped tridentate ligand, Kodera et al. reported the structure of complex (216) (Cu–Cu:
2.989 Å) and studied the oxidation of various phenols with H2O2 catalyzed by the triflate salt
of this compound.206 In a major breakthrough, this group reported reversible O2 binding of a
room-temperature-stable �-�2:�2 peroxo dicopper(II) complex (217) (structural core:(108);stereo-
chemistry at the copper center: square pyramidal; Cu–Cu: 3.477 Å).207 Interestingly, the Cu–Cu
distance is slightly longer than that of complex (108); however, the O–O bond length, 1.485 Å, of
this complex is slightly longer than the 1.412 Å of (108). They reasoned that the observed result is
attained owing to the large distortion of the Cu2O2 core.
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To better understand copper–dioxygen coordination chemistry with varying ligand type, Karlin
and co-workers synthesized and investigated spectroscopic and redox properties of many com-
plexes: (218) (� ¼ 1.005) and (219) (� ¼ 0.19),208 (220) (� ¼ 0.50),209 (221) (� ¼ 0.19) and (222)
(� ¼ 0.06),210 (223) (� ¼ 0.91) and (224) (Cu–Cu: 3.444 Å).211 In a major breakthrough, this group
provided the first structurally characterized (�90 � C) example of a trans-(�-1,2-peroxo)dicop-
per(II) complex (225) (Cu–Cu: 4.359 Å),212,213 supported by two tripodal ligands. The system
exhibited reversible binding of dioxygen.
To provide a model for nitrite reductases72 Karlin and co-workers characterized a nitrite-bound

complex (226) (� ¼ 0.05).214 In an endeavor to model nitrite reductase activity, Tanaka and
co-workers prepared a few mononuclear complexes: (227) (� ¼ 0.74)215 (228) (� ¼ 0.82),216 (229)
(� ¼ 0.97),217 (230) (� ¼ 0.16),217 (231) (� ¼ 0.07),217 and (232) (� ¼ 0.43 and � ¼ 0.53)217 and studied
the electrochemical reduction of NO2

�. As a part of their activity on modeling heme–copper
terminal oxidases, Holm and co-workers prepared complex (233) (� ¼ 0.96).218 Using a sterically
hindered tris(pyridylmethyl)amine, Canary et al. prepared a complex (234) (� ¼ 1.00), studied its
redox behavior, and discussed various factors that may contribute to the difference (higher potential
for the new complex) in the redox potential of a CuII/CuI couple between substituted and unsub-
stituted ligands.219

As a part of their work on copper(I)-dioxygen chemistry, Schindler and co-workers220 synthe-
sized copper(I) (Section 6.6.4.2.2(iv)) and copper(II) complexes ((235): � ¼ 0.12, and (236):
� ¼ 0.08) of a few tetradentate ligands, varying in their flexibility due to the presence of different
chelate ring-forming arms, and studied their redox properties. Karlin and co-workers observed a
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reaction between a dicopper(I) complex with dioxygen/CO2 which resulted in the formation of a
carbonato-bridged complex (237) (Cu–Cu: 5.375 Å).221

Complexes with ligands bearing alkylpyridine pendant arms attached to an ethylenediamine
framework were prepared, and their spectral and redox properties were studied: (238), (239), and
(240) (� ¼ 0.10).222
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In an elegant approach, Comba and co-workers initiated molecular-mechanics-based models
that allow the rational design of ligand systems which are able to stabilize copper–dioxygen
compounds. As a part of this investigation, complexes (241) (� ¼ 0.12),223 (242) (� ¼ 0.31),224 and
(243) (� ¼ 0.85)224 were synthesized and the reactivity of copper(I) complexes (Section 6.6.4.2.2(iv))
with dioxygen was investigated.
Using two pentadentate ligands derived from tris(2-pyridylethyl)amine, Spiccia and co-workers

reported complexes (244) (� ¼ 0.17) and (245) (� ¼ 0.45).225 Scheidt and co-workers reported
structures of two five-coordinate complexes, copper(I) (Section 6.6.4.2.2(iv)) and copper(II)
(246) of the same ligand, and studied their electron-transfer kinetics.226 To confirm the synthesis
of a novel unsymmetrical geometrical isomer, the complex (247) (� ¼ 0.51) was structurally
characterized.227 Using a potentially hexadentate ligand, complex (248) (� ¼ 0.10) was reported.228

Using a 2,20-dipyridylamine-based ligand, complex (249) was reported.229 Mixed amine/pyridine
tridentates exhibiting facial coordination are rare, so using a tridentate di-2-pyridylmethanamine
ligand, complex (250) with CuN6 coordination was characterized and its redox property investi-
gated.230 Along a similar line of thought, complex (251) was characterized.231,232 Stack and
co-workers233 developed an efficient modular protocol for synthesizing a series of facial-capping
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tris-pyridyl ligands. This group of ligands allowed systematic variations of the steric demands at
the periphery of the ligand. This ligand series generated bis-chelate complexes ((252)–(255)), with
the copper(II) ligated in a tetragonally distorted octahedral coordination environment. For the
ligand present in (255), the complex—due to its moisture sensitivity—gave a monoligated tris-
aqua complex (256). Using a new ligand, tris(2-pyridyl)methylamine, Durrant and co-workers
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characterized234 a six-coordinate CuN6 complex (257); one pyridyl arm from each ligand remained
non-coordinated. Two sterically hindered tris-pyridylmethane ligands were designed by Kodera et al.
Using an unsubstituted ligand, they prepared complex (258) (� ¼ 0.15). Under aerobic conditions, the
ligands reacted with CuX2 (X¼Cl or Br), became oxygenated at the methane position, and char-
acterized a mononuclear complex (259) (� ¼ 0.05) and four triangular copper(II) complexes ((260) is a
prototypical example; � ¼ 0.57, Cu–Cu: 3.302 Å; weakly antiferromagnetically coupled).235

(v) Bipyridine-containing ligands

To impose a coordination environment around copper, Müller et al. reported structures of
a copper(I) (Section 6.6.4.2.2(v)) as well as a copper(II) complex (261) (� ¼ 0.73) with their designed
ligand, and studied their spectral and redox properties.236 Using nonplanar tetradentate ligands,
complexes (262) (square planar),237 (263) (� ¼ 0.66),238 and (264) (square pyramidal)239 were char-
acterized. Using various 2,20-bipyridine-based ligands, dinuclear (noninteracting) complexes (265)
(Cu–Cu: 7.718 Å),240 (266) (Cu–Cu: 5.81 Å),241 and (267) (Cu–Cu: 8.020 Å)241 were characterized.
In complex (265) each copper atom is bound to three N atoms of the ligand and to one O atom of
the sulfato group, giving square-planar coordination. However, the structure is disordered, with
some of the copper atoms being hydrated. Using a �-hydroxo-/�-aqua-/ �-acetato-bridged dicop-
per(II) complex (Section 6.6.3.6.2), Chakravarty and co-workers demonstrated242 ascorbate
oxidation, leading to the formation of a catalytically active oxalate-bridged dicopper(II) complex
(268). This chemistry has relevance to D�H.84
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In a continuation of their earlier work,1 Hathaway and co-workers investigated crystal struc-
tures, electronic properties, and structural pathways for a series of five-coordinate complexes with
two 1,10-phenanthroline (phen) ligands and axial ligands: [(phen)2CuCl]Y [Y¼BF4

��0.5H2O
(269), PF6

�(270), CF3SO3
��H2O (271) or BPh4

� (272)],243 [(phen)2Cu(H2O)][Y]2
[Y¼CF3SO3

�(273) or ClO4
�(274)],244 and [(phen)2CuBr]Y [Y¼Br��H2O (275), ClO4

�(276),
NO3

��H2O (277), PF6
�(278), and BPh4

�(279)].245

A series of copper(II) complexes with ring-substituted phen-ligands have been synthesized and
their molecular structural and electronic structural properties have been investigated.246 Each
structure ((280): � ¼ 0.72, (281): � ¼ 0.81, (282): � ¼ 0.88, (283): � ¼ 0.83, and (284): � ¼ 0.68) is
characterized by a distorted trigonal-bipyramidal arrangement of ligands around copper.
In an effort to investigate the kinetics of nitrite reductase activity,72 Ford and co-workers247

investigated NO reduction with complex (285). Using a phen-/pyrazole-based ligand, Hodgson
and co-workers248 characterized the complex (286) (� ¼ 0.30) and studied its redox property.
Interestingly, the first alumina-supported syntheses of chiral bipyridines and of a chiral C2-
symmetric terpyridine were conducted under microwave irradiation. The structure of complex
(287) (� ¼ 0.58) proved the claim.249

(vi) Other heterocycle-containing ligands

Using a triazole-/pyrimidine-containing hybrid ligand, terminally coordinated in a thiocyanate-
bridged copper(II) dimer, Haasnoot et al. reported250 the structure of the � isomer of complex
(288), revealing that the Cu–SCN distance is relatively short compared to other Cu–SCN
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N N
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R''

R = R' = R'' = H; [(L)Cu(H2O)][ClO4]2 (229)
R = R' = H, R''' = Me; [(L)CuCl][ClO4] (230)
R = R' = Me, R'' = H; [(L)Cu(H2O)][ClO4]2 (231)
R = R' = R'' = Me; [(L)CuCl][(L)CuCl2][ClO4] (232) 
R = R' = R'' = H; [(L)Cu(MeCN)][ClO4]2.MeCN (233)
R = R' = R'' = Ph; [(L)Cu(MeCN)][ClO4]2 (234)
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Cl
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distances. This originates from the fact that in this compound the Cu�SCN bond is in an
equatorial position, which is uncommon for copper(II)–thiocyanate complexes.251

Oshio et al. reported252 the structures of two dicopper(II) complexes (289) (� ¼ 0.72) and (290)
(� ¼ 0.44) supported by a pyrazine-bridged ligand and differing only in solvent of crystallization.
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They also investigated the redox properties in detail. With a ligand varying in chelate ring size,
they reported the complex (291) (� ¼ 0.07) and demonstrated that increased chelate ring size is the
dominant factor in determining the stability of copper(I) rela-tive to copper(II). A more flexible
(six-membered chelate ring formation) ligand is capable of modifying the coordination structure
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[Cu(L)][ClO4]2 (244)

N

NH

N

H2N

H2N

Cu

[Cu(L)][ClO4]2 (245)

2+

N

N N

N N

[Cu(L)][BF4]2 (246)

N

N

N NH3

Cu

Cl

Cl
+

+

[(L)CuCl2][ClO4] (247)

N

N Cu
N

NN

N

[(L)Cu][PF6]2.1.5Me2CO (248)

2+

Copper 795



as the copper is reduced, and therefore is reduced more easily than a five-membered chelate ring-
forming ligand.253

The study of exchange interactions between transition-metal ions and copper(II) in parti-
cular has been an active field of research (Section 6.6.3.6).254–256 In this context, Verdaguer
and co-workers investigated complexes (292) and (293), supported by flexible 2,20-
bipyrimidine.257
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Using another pyridyl-/triazole-containing hybrid ligand, Müller and co-workers258 reported
the structure of a complex (294), with flattened tetrahedral geometry at the copper center. They
compared structural differences with a copper(I) compound (Section 6.6.4.2.2(vi)). Along
similar lines of thought, complex (295), supported by a pyridyl/triazine hybrid ligand, was
investigated.259
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6.6.3.2 Oxygen Donor Ligands

6.6.3.2.1 Phenol-based ligands

Copper(II) complexes with phenoxo ligands have attracted great interest, in order to develop
basic coordination chemistry for their possible use as models for tyrosinase activity (dimeric
complexes) and fungal enzyme galactose oxidase (GO) (monomeric complexes). The latter enzyme
catalyzes the two-electron oxidation of primary alcohols with dioxygen to yield aldehyde and

N N2

3

4 7

8

9

Position

 5         6

5-NO2-phen

Abbreviation

NO2 H
Cl H 5-Cl-phen
H          H               phen 
Me        H               5-Me-phen
Me        Me             5, 6-Me2-phen

[(5-NO2-phen)2Cu(MeCN)][BF4]2  (280)
[(5-Cl-phen)2Cu(MeCN)][BF4]2  (281)
[(o-phen)2Cu(MeCN)][BF4]2  (282)
[(5-Me-phen)2Cu(MeCN)][BF4]2  (283)
[(5,6-Me2-phen)2Cu(MeCN)][BF4]2  (284)

5 6
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N N

N
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2+

[(L)Cu(H2O)][CF3SO3]2 (285)
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N
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N

Cu

N

N

H2O

2+

[(L)Cu(H2O)][ClO4]2 (286)

N

NN

Cu
Cl Cl

[(L)CuCl2] (287)
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hydrogen peroxide.260–262 In the tyrosinase–cresolase activity, a monophenol binds to the axial
position of one of the two copper centers of the oxy-site prior to catalytic activation. In the
galactose oxidase in resting form, the copper(II) ion is square pyramidal, weakly bonded to a
tyrosinate in the axial position and to another tyrosinate, two histidine residues, and a water (pH 7)
or an acetate (from buffer, pH 4.5) ligand in the equatorial sites. Evidence has been provided
for the same type of active site in glyoxal oxidase, which catalyzes the oxidation of aldehydes to
carboxylic acids.262 Quite a few excellent reviews are available on phenoxo-bridged dicopper(II)
systems.175–177,263,264

Sorrell et al. provided a number of structurally characterized examples of dimeric complexes of
pyrazole-phenol-based ligands: (296) (one Cu square pyramidal and the other distorted TBP;
Cu–Cu: 3.054 Å; 2J¼�420 cm�1),265 (297) (one Cu square pyramidal and the other distorted TBP;
Cu–Cu: 3.562 Å; 2J¼�0)266 and (298) (both Cu tetragonal; Cu–Cu: 3.765 Å; 2J¼�1,800 cm�1).266

Using a tridentate, mixed-functionality ligand, Carrano and co-workers267 characterized three
complexes (299) (mononuclear: no phenol coordination), (300) (mononuclear: one phenol coordin-
ates, the other does not; Cu–Cu: 3.000 Å), and (301) (dinuclear, with one four-coordinate and the
other five-coordinate; one phenol coordinate in a bridging mode, the other does not coordinate).
Nag and co-workers reported268 the structure of a dinuclear system (302), comprising of acetylac-
etonate and a pyrazole-phenol-based ligand (both Cu square planar; Cu–Cu: 3.03 Å;
2J¼�110 cm�1). Structure and reactivity of novel tetrahedral phenoxo copper(II) complexes
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were reported269 by Fujisawa et al. as models for the reaction intermediates of the
tyrosinase-catalyzed oxidation of phenols. A representative complex [{HB(3,5-iPr2pz)3}-
Cu(OC6H4-4-F)] (303) was structurally characterized. Halcrow et al.270 were able to stabilize, in
solution, an antiferromagnetically coupled copper(II)–phenoxy radical species of relevance to

N N
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GO.260–262 During this investigation they characterized three complexes: (304) (� ¼ 0.08), (305)
(� ¼ 0.38), and (306) (� ¼ 0.30) (they structurally characterized a closely related copper(II) system
(� ¼ 0.07)),271 that when oxidized by one-electron showed absorption spectral features similar to that
of the active form of GO). Using a dinucleating phenolate-based ligand with terminal pyrazole
groups, Mukherjee and co-workers reported complex (307) (� ¼ 0.06; Cu–Cu: 3.0983 Å;
2J¼�1204 cm�1).272 Palaniandavar reported an axially coordinated phenolate ligand in the com-
plex (308) (� ¼ 0.16), which has structural relevance to GO.273,274 They also reported complexes
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(309) (� ¼ 0.24),275 (310) (� ¼ 0.29),276 (311) (Cu–Cu: 3.09 Å),275 and (312) (� ¼ 0.55, Cu–Cu:
3.24 Å).276 In an independent effort, Fenton and co-workers investigated a series of interesting
complexes: (313) (� ¼ 0.17; 2J¼�660 cm�1),277 (314) (� ¼ 0.08),278 (315) (� ¼ 0.11),278 (316) (square
pyramidal),279 and (317) (this has a similar structure to that of complex (311), with a water molecule
as solvent of crystallization and without the NO2 substituent in the ligand; � ¼ 0.31,

CuN
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Cu–Cu: 3.153 Å).279 They also structurally characterized a complex similar to complex (310)
(� ¼ 0.17), with a water molecule as solvent of crystallization and without the NO2 substituent in
the ligand.279 Neves et al.280 reported an interesting structure (complex (318)) in which the
two phenol oxygen atoms remain protonated and coordinate to copper in an axial fashion.
To explore the coordination abilities of mixed phenol-bpy/phen/terpy polydentate chelating

ligands, Ward et al. investigated complexes (319) (Cu–Cu: 3.050 Å; moderate AF coupling),281,282

(320) (moderate AF coupling),283 and (321) (Cu–Cu: 3.324 Å; weak AF coupling).284

In a major breakthrough, Stack and co-workers reported285,286 biomimetic functional models of
GO that catalytically oxidize benzylic and allylic alcohols to aldehydes with O2 under mild
conditions. They demonstrated that modest structural mimicry is sufficient to transfer an unusual,
ligand-based radical mechanism to a simple chemical system (complex (322)). Krüger very nicely
highlighted this work.287 Chaudhuri, Wieghardt, and their co-workers were successful in bringing
structural models of GO to homogeneous catalysis and reported structures of a few very interesting
complexes: (323),288 (324),289 and (325).290 They thoroughly investigated their electronic structural
properties.262 Garner and co-workers291 also reported their success story in preparing phenoxyl
radical complexes of copper(II): (326) and (327). Structural and spectroscopic models for GO
have also been provided from the groups of Whittaker (complex (328); � ¼ 0.47/0.42, Cu–Cu:
3.05 Å);292 Itoh (complexes (329): � ¼ 0.35/0.06, Cu–Cu: 3.16 Å, and (330): � ¼ 0.33/0.20, Cu–Cu:
3.14 Å);293 and Hahn (complex (331a) � ¼ 0.20/0.10, Cu–Cu: 3.2729 Å).294 Pierpont and Ruf
provided a simple model for the GO and reported295 structures of two copper(II) complexes: a
linear arrangement of three CuII ions (complex (331b); at the center of the molecule, a planar
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[Cu(OMe)4]
2� anion is bridged to outer square-pyramidal {Cu(L)}þ cations) and a mononuclear

square-pyramidal complex (331c).
As a part of their activity on magnetic and electrochemical studies on dinuclear copper(II)

complexes, Fenton and co-workers reported complex (332) (Cu–Cu: 2.957 Å; 2J¼�493 cm�1).296

It should be mentioned here that the magnetic properties of copper pairs are satisfactorily
accounted for by considering the symmetry of the magnetic orbitals of the two interacting metallic
fragments. Direct electronic communication is necessary for antiferromagnetic interaction, and so
the overlap between metal magnetic orbitals (Cu–O–Cu bridge angle, Cu–Cu distance, displace-
ment of Cu atoms from the coordination plane, etc.) and the highest occupied orbital(s) of the
intervening atom(s) is the major determining factor for antiferromagnetic (AF) coupling (singlet–
triplet gap (2J) is expressed in cm�1; the value is negative for AF coupled systems and positive for
ferromagnetic (F) coupled systems).254–256,297–299

In dinuclear transition-metal bio-sites the metal ions are often found in chemically or geomet-
rically distinct environments.101,264 For example, the unsymmetrical nature of the dicopper site in
Hc is demonstrated in the X-ray crystal structure of deoxyHc,58 and sequence homology studies
on tyrosinases have shown that whilst one of the copper sites has been highly conserved
throughout evolution, the structure of the second copper site has been quite variable. Inspired
by this fact, the design of unsymmetric dinucleating ligands came into being. From this back-
ground many interesting dicopper(II) systems were reported: (333) (one Cu is square pyramidal
and the other one distorted TBP; Cu–Cu: 3.24 Å; 2J¼�42 cm�1),300,301 (334) (it is however,
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monomeric),302 (335) (� ¼ 0.03/0.74; Cu–Cu: 2.938 Å; 2J¼�85 cm�1),303 (336) (� ¼ 0.05/0.34;
Cu–Cu: 3.221 Å; no magnetic interaction),304 (337) (� ¼ 0.03/0.13; Cu–Cu: 2.9596 Å;
2J¼�430 cm�1),304 (338) (square pyramidal; Cu–Cu: 3.297 Å; 2J¼�126 cm�1),305 and (339)
(irregular square pyramid; Cu–Cu: 3.0107 Å).306 As a part of their direct involvent in tyrosinase
modeling, Feringa et al. reported complexes (340) (� ¼ 0.02/0.09; Cu–Cu: 2.991 Å)307 and (341)
(� ¼ 0.03/0.13; Cu–Cu: 3.0293 Å; 2J¼�15 cm�1).308
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Kahn and co-workers and Murray and co-workers carried out pioneering magnetostructural
correlations work in phenolato-bridged dicopper(II) systems: (342) (Cu–Cu: 2.993 Å;
2J¼�161 cm�1),309 (343) (Cu–Cu: 2.977 Å; 2J¼ 43 cm�1),309 (344) (square-pyramidal; Cu–Cu:
2.872 Å; weak ferromagnetic coupling),310 (345) (distorted SP; Cu–Cu: 3.263 Å;
2J¼�72 cm�1),310 (346) (Cu–Cu: 3.603 Å; 2J¼�244 cm�1),310 and (347) (Cu–Cu: 3.655 Å;
2J¼�280 cm�1).310 Many workers investigated similar systems and studied their chemistry as
well: (348) (distorted SP; Cu–Cu: 3.265 Å; 2J¼�93 cm�1),311 (349) (distorted SP; Cu–Cu:
3.030 Å; 2J¼�299 cm�1),312 (350) (distorted square planar and SP; Cu–Cu: 2.9708 Å;
2J¼�113 cm�1; 1H NMR studies were also done),313 (351a) (SP and distorted TBP; Cu–Cu:
3.011 Å; 1H NMR studies were also done),314 (351b) (sixfold coordination and distorted tetrag-
onal pyramid with the water molecule as its apex; Cu–Cu: 3.014 Å; dimeric units linked by
perchlorate groups to one-dimensional infinite chains along the c-axis),315 (352) (distorted SP;
Cu–Cu: 4.090 Å),316 (353) (distorted TBP; Cu–Cu: 3.026 Å; 2J¼�94 cm�1),316 (354) (distorted SP;
Cu–Cu: 3.785 Å; 2J¼ 4.2 cm�1),317,318 (355) (distorted five-coordinate geometry; Cu–Cu: 3.348 Å;
uncoupled; EPR active (rhombic spectrum) both at room temperature and at 77K),319 (356) (SP;
Cu–Cu: 3.549 Å; 2J¼�80 cm�1),320 (357) (SP; Cu–Cu: 4.128 Å; uncoupled),320 (358) (SP; Cu–Cu:
3.020 Å; 2J¼�675 cm�1),320 (359) (Cu–Cu: 2.924 Å),321 (360) (TBP; Cu–Cu: 2.989 Å),322 (using the
ligand present in complex (360), Torelli et al. reported pH-controlled change of the copper(II)
coordination; they structurally characterized three complexes: �-phenoxo-/�-hydroxo-bridged:
Cu–Cu 2.96 Å; diaqua-�-phenoxo-bridged: Cu–Cu 4.32 Å; and an unusual unbridged
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dimeric complex; and they carried out temperature-dependent magnetic and redox studies. The
�-phenoxo-/�-hydroxo-bridged complex exhibited catecholase activity),323 (361) (distorted SP and
distorted TBP; Cu–Cu: 3.255 Å; 2J¼�443 cm�1),324 (362) (distorted SP; Cu–Cu: 2.994 Å;
2J¼�809 cm�1),324 (363) (distorted TBP; Cu–Cu: 3.131 Å; 2J¼�388 cm�1),324 and (364) (dis-
torted SP; Cu–Cu: 3.726 Å; uncoupled).325

Krebs and co-workers synthesized a series of dinuclear copper(II) complexes as models for
catechol oxidase:91 (365) (distorted SP; Cu–Cu: 2.902 Å), (366) (distorted five-coordinate geome-
try; Cu–Cu: 3.002 Å), (367) (distorted SP; Cu–Cu: 2.995 Å), (368) (distorted five-coordinate
geometry; Cu–Cu: 2.938 Å), and (369) (distorted SP; Cu–Cu: 2.874 Å). These complexes were
characterized by spectroscopic and electrochemical methods. From kinetic analysis, a catalytic
order for catecholase activity (aerial oxidation of 3,5-di-tert-butylcatechol) was obtained.326

In a major development, this group327 reported a thermally stable peroxocopper(II) complex
(370) (Cu–Cu: 2.994 and 3.030 Å; 2J¼�510 cm�1). An interesting tetranuclear oxo-bridged
complex (371) (Cu–Cu: 2.749 Å and 2.862 Å; 2J¼�720 cm�1)328 was also reported. For both
these systems, detailed spectroscopic investigation was carried out. Investigations in MeOH
solution provided evidence that the latter complex (oxo-bridged) can be converted into the
former, peroxo-bridged complex. They also provided examples of oxo-bridged copper tetrameric
complexes: (372) (all coppers have TBP geometry; by copper pairing, two of the Cu–Cu distances
(average 3.000 Å) are significantly shorter than the other four (average 3.193 Å)), and (373) (with
the corresponding distances: 2.992 Å and 3.216 Å, respectively).329 They also analyzed, in detail,
their magnetic behavior.
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Using 2,6-diformyl-4-methylphenol dioxime, Tasker, Schröder, and their co-workers conducted
a magnetostructural study on complex (374) (pseudo macrocyclic structure; Cu–Cu: 2.994 Å;
2J¼�904 cm�1).330 Using 2-hydroxy-5-nitro-benzaldehyde benzoylhydrazone as ligand, complex
(375) (Cu–Cu: 3.041 Å; 2J¼�372 cm�1) was reported.331 Using 3-formylsalicylic acid oxime
Õkawa and co-workers reported complex (376) (square-planar and SP geometry; Cu–Cu:
2.961 Å).332
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Partial hydrolysis of a potentially heptadentate Schiff-base tripodal ligand derived from tris-
(2-aminoethyl)amine and 2-hydroxyacetophenone, induced by copper(II) salts, was reported and
the final copper(II) complex (377) was characterized.333 Using salicylaldehyde as a co-ligand,
with a copper(II) complex (378), catalytic epoxidation was demonstrated.334

6.6.3.2.2 Alcohol-based ligands

As a part of their efforts to model dinuclear copper active sites, Reed and co-workers reported,
using alkoxo-based dinucleating ligands, a few very interesting systems from the viewpoint of
magnetostructural correlations: (379) (TBP; Cu–Cu: 3.325 Å; 2J¼�278 cm�1), (380) (TBP;
Cu–Cu: 3.459 Å; 2J¼ 24 cm�1) and (381) (SP; Cu–Cu: 3.615 Å; diamagnetic).335–337 They used
the concept of ‘ligand orbital complementarity’ to explain the magnetic properties of these
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complexes, despite their very close structural similarity. By independently applying the same concept,
Kida et al.338 also contributed to magnetostructural correlation studies: complexes (382) (dis-
torted SP; Cu–Cu: 3.0463 Å; 2J¼�745 cm�1) and (383) (distorted SP; Cu–Cu: 2.998 Å). Mazurek
et al.339,340 conducted similar studies: complexes (384) (SP; Cu–Cu: 2.928 Å; 2J¼�284 cm�1) and
(385) (planar coordination; Cu–Cu: 3.359 Å; 2J¼�240 cm�1). Buchanan, Hendrickson and their
co-workers reported complex (386) (planar coordination; Cu–Cu: 3.349 Å; 2J¼�545.6 cm�1).341

Nishida et al. also contributed to magnetostructural correlation work by reporting a large number
of systematically varied complexes: (387) (planar coordination; Cu–Cu: 3.502 Å; 2J¼�165 cm�1),
(388) (planar coordination; Cu–Cu: 3.495 Å; 2J¼�170 cm�1), (389) (planar coordination;
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Cu–Cu: 3.482 Å; 2J¼�160 cm�1), (390) (planar coordination; Cu–Cu: 3.129 Å; uncoupled), and (391)
(planar coordination; Cu–Cu: 3.644 Å; 2J¼�635 cm�1);342–344 (392) (planar coordination; Cu–Cu:
3.502 Å; 2J¼�95 cm�1), (393) (planar coordination; Cu–Cu: 3.502 Å; 2J¼�165 cm�1), (394)
(planar coordination; Cu–Cu: 3.495 Å; 2J¼�170 cm�1), (395) (planar coordination; Cu–Cu:
3.482 Å; 2J¼�160 cm�1) and (396) (planar coordination; Cu–Cu: 3.644 Å; 2J¼�635 cm�1);345

(397) (planar coordination; Cu–Cu: 3.401 Å; 2J¼�595 cm�1; a complex almost identical to (385)
but without water of crystallization was reported: planar coordination; Cu–Cu: 3.349 Å;
2J¼�310 cm�1).346 From this standpoint, two more complexes (398) (distorted SP; Cu–Cu:
3.320 Å; 2J¼�260 cm�1) and (399) (distorted TBP; Cu–Cu: 3.359 Å; 2J¼ 32.8 cm�1) were
reported.347 Differences in the magnetic behavior of the two copper centers were rationalized
using the ‘‘ligand orbital complementary’’ concept.
Kodera and co-workers demonstrated348 that complex (400) (distorted TBP; Cu–Cu: 2.926 Å;

2J¼�148 cm�1; they also characterized a closely similar ethoxy-bridged complex with two
molecules of MeCN) catalyzes the quantitative oxidation of 2,4-di-tert-butylphenol to 3,30,5,50-
tetra-tert-butyl-2,20-dihydroxybiphenyl with H2O2. Krebs and co-workers provided models for the
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catechol oxidases:91 complexes (401) (distorted square planar; Cu–Cu: 3.033 Å; 2J¼�1020 cm�1)
and (402) (one of the two copper atoms is coordinated by the O atom of the disordered MeOH:
one Cu has a distorted square planar and the other a distorted SP geometry; Cu–Cu: 3.017 Å;
2J¼�630 cm�1).349 The latter complex was able to oxidize 3,5-di-tert-butylcatechol (3,5-DTBC)
to the corresponding quinone. Reedijk and co-workers reported350 complex (403) (distorted
square planar coordination; Cu–Cu: 2.9896 Å; 2J¼�773 cm�1), and demonstrated that the
compound is catalytically active in the oxidative coupling of 2,6-dimethylphenol and leads to a
high selectivity in poly(1,4-ethylene ether) over the unwanted side product. Using a potential
dinucleating ligand, Malachowski et al. reported351 a mononuclear complex (404), which showed
catalytic properties towards the aerial oxidation of 3,5-DTBC.
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As a part of their continued activity in the modeling of Hc and/or Tyr, Karlin et al. reported
complex (405) (Cu–Cu: 2.995 Å).352 The same group demonstrated the hydrolysis of unactivated
esters and MeCN hydration by a hydroxo-dicopper(II) complex (406) (Cu–Cu: 3.685 and
5.192 Å).353 Mukherjee and co-workers reported an endogenous alkoxide and an exogenous
pyrazolate bridged dicopper(II) complex (407) (� ¼ 0.07/0.24; Cu–Cu: 3.377 Å;
2J¼�550 cm�1).354 Neves et al. reported355 a very interesting complex (408), in which each
copper(II) center has a phenol group coordinated axially without deprotonation. It is worth
mentioning here that a mononuclear copper(II)–phenol complex was reported by Masuda
et al.356 This might have implications for substrate binding at the active site of tyrosinase.
Krebs reported357 complex (409) (distorted SP; Cu–Cu: 3.382 Å). This complex exhibits catecho-
lase activity; however, the activity is low. Hahn and co-workers reported complex (410)
(� ¼ 0.18; Cu–Cu: 3.001 Å).294 Magnetostructural correlations and catecholase-like activities
were reported with complexes (411) (distorted square planar; Cu–Cu: 2.8067 Å; 2J¼ 81 cm�1),
(412) (distorted square planar; Cu–Cu: 2.8690 Å; 2J¼ 25 cm�1), (413) (distorted square planar;
Cu–Cu: 2.9279 Å; 2J¼�42 cm�1) and (414) (distorted square planar; Cu–Cu: 2.975 Å;
2J¼�86 cm�1).358

6.6.3.3 Sulfur Donor Ligands

6.6.3.3.1 Thiol and thioether-containing ligands

Reaction of a CuII salt with a thiol is known to lead to a redox decomposition
(CuIIþRSH!CuIþRSSR).37 Therefore, the number of structurally characterized copper(II)–
thiolate complexes will definitely be less. The structure of the first stable CuII complex (415)
(CuN2S2 coordination), that incorporates deprotonated thiol ligation, was reported by Schugar
and co-workers in 1986.359 They conducted spectroscopic studies as well. Kitajima and co-workers
reported113 a CuN3S system (complex (107); Section 6.6.3.1.2(iii)). Using a nonmacrocylic
ligands, Krüger and co-workers reported35 complex [Et4N]2[Cu(L)]�H2O (416) (structural type:
(8)), again with CuN2S2 coordination.
A few thioether-ligated copper(II) complexes have been reported, however (cf. Section

6.6.3.1.2): (417) (essentially square planar),360 (418) (two crystalline forms: one TBP and other
SP),361 (419) (SP),362 (420) (SP),362 (421) (TBP),362 (422) (SP),363 (423) (SP),363 (424) (two inde-
pendent complexes: SP and octahedral),364 (425) (TBP).364 In the complexes (420) and (421),
EPR spectra revealed that the interaction between the unpaired electron and the nuclear spin of
the halogen atom is dependent on the character of the ligand present. For (424) and (425),
spectral and redox properties were also investigated. Rorabacher et al.365 nicely demonstrated
the influence of coordination geometry upon CuII/CuI redox potentials, and reported structures
of complexes (426) and (427). Both the CuI (Section 6.6.4.5.1) and CuII complexes have virtual C3v

symmetry.
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As part of their activity to provide models for the CuB center of D�H,84 Réglier and
co-workers366 reported the structure of complex (428) (SP). An oxidation of the sulfide ligand was
observed when this complex reacted with H2O2. Kodera et al. spectroscopically demonstrated367

stabilization of the hydroperoxo-copper(II) species, which is a key intermediate in O2 activation
by D�H,84 when complex (429) (� ¼ 0.39; also structurally characterized a di-hydroxo-bridged
complex [(L)Cu(OH)]2[ClO4]2�2MeCN�H2O) was reacted with H2O2 at �40 �C. Chakravarty
and co-workers368 provided a structural model for this enzyme: complex (430). Interestingly,
the complex is catalytically active in the oxidation of ascorbic acid by dioxygen mediated by a
copper(I) species.

6.6.3.4 Amide Ligands

In their pursuit of determining solution structures of dinuclear copper complexes as carried out
for complex (29) (Section 6.6.3.1.1), Comba reported complex (431) (� ¼ 0.02; Cu–Cu: 6.9 Å,
comparable with the values of 7.2 Å predicted by molecular mechanics calculations and 6.7 Å
obtained from the simulated EPR spectrum).54 They reported369 complexes (432) (square planar)
and (433) (Cu–Cu: 3.35 Å) as well. As part of studying magnetic properties of mono-, di-, and
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trinuclear copper(II) complexes, Costes et al.370 reported complex (434) (tetrahedrally distorted
square planar). Interestingly, the sodium atoms and the water molecules play an important part in
stabilizing the structure, since they are simultaneously bonded to atoms belonging to different unit
cells. In their pursuit of stabilizing copper(III) Julve, Journaux, and their co-workers371,372 reported
primarily square-planar complexes (435)–(437a). To demonstrate oxidations of C�H and O�H
bonds by isolated copper(III) complexes, Mayer and co-workers reported the structure of copper(II)

N

N

Cu

S

N

N

N

S

N

N

2+

[(L)Cu(L')][PF6]2.0.5Me2CO (417)

L' = 1,2-dimethylimidazole

CuN
N

S

N

N
S

S

N
N

2+

[Cu(L)3][BF4]2 (418)

NCu

N

S

SI

N
Cu

N

S
N

N3

[(L)Cu(N3)][ClO4]  (419)

+

N

N N

Cu

S
Br

+

[(L)CuBr][ClO4] (420)

[(L)CuI][ClO4] (421)

+

N

S SCu
Cl

Cl

[(L)CuCl2] (422)

N

S SCu
Cl

Cl

[(L)CuCl2] (423)

Copper 829



N

Cu

NH

S

NH

N N

Cu

NH

NH
N

OClO3

2+
+

[Cu(L)][(L)Cu(OClO3)][ClO4]3 (424)

N

SS

S

Cu

ONO2

O2NO
S

[(L)Cu(ONO2)2]  (425)

N

S
S

S

N

S
S

S

[(L)CuBr][ClO4] (426) [(L)CuCl][ClO4]  (427)

N

N

N

Cu SMe

NCMe

[Cu(L)][ClO4]2.MeCN  (428)

2+

N

N

S

Cu

Ph

N

Cl

+

[(L)CuCl][ClO4]  (429)

830 Copper



complex (437b).373 The redox properties were also investigated. Krüger and co-workers reported33

square-planar copper(II) complexes [Et4N][Cu(L)] (438) (cf. complex (6)) and (439). The spectro-
scopic and redox properties were studied in detail.
As part of a synthetic analogue approach to metallobleomycins (a family of glycopeptide

antibiotics, which in the presence of metal ions like Fe2þ and Cu2þ and molecular oxygen become
activated and subsequently cleave double-stranded DNA),374–376 a large number of copper(II)
complexes of deprotonated peptide ligands resembling fragments of the metal-chelating sections
of bleomycins have been synthesized by Mascharak and co-workers.377–383 In these studies they
not only characterized mononuclear and dinuclear complexes with variable stereochemistry ((440)
to (457); complex (440) (Cu–Cu: 3.542 Å);377 complex (448) (Cu–Cu: 3.2235 Å);381 complex (449)
(Cu–Cu: 3.0943 Å);381 complex (451) (Cu–Cu: 5.3433 Å);382 complexes [(L)Cu(py)(H2O)] (453),
[(L)Cu(bpy)] (bpy¼ 2,20-bipyridine) (454), [(L)Cu(Me2bpy)].NaClO4.MeCN (Me2bpy¼
6,60-dimethyl-2,20-dipyridyl) (455), and [(L)Cu(Me2phen)]�NaClO4�1.2MeCN�0.4C6H5Me (Me2phen¼
2,9-dimethyl-1,10-phenanthroline); (457) has a similar structure to that of (456)), but also
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investigated in a systematic manner their spectral and redox properties. In some cases they did DNA
nicking experiments to examine the potential of the complexes as a functional model of the
bleomycins. Along similar lines, Kimura and co-workers reported384,385 complexes (458)–(460).
From the same perspective, Shepherd et al.386 characterized complex (461) and also studied DNA
nicking experiments. Réglier and co-workers achieved387,388 hydroxylation of aliphatic C�H bonds
by copper(I) complexes and dioxygen (modeling of D�H84) and characterized a number of copper(I)
complexes ((462)–(466)) with amide O coordination. Using a bidentate, deprotonated pyridinecar-
boxamide ligand, Mukherjee and co-workers reported a tetrahedrally distorted CuN4 complex
(467).389 It was neatly demonstrated from cyclic voltammetric experiments that for the CuII/CuI

couple, an anodic shift of 0.6–0.7V could be observed by merely changing the copper stereochem-
istry from square planar to distorted tetrahedral. Using a substituted variety of this ligand, this
group reported a copper(II) complex (468) with a TBP geometry (� ¼ 0.69).390 Spectroscopic and
redox properties were studied in detail. Using a tridentate pyridinecarboxamido ligand, Mukherjee
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and co-workers reported two singly hydroxo-bridged dicopper(II) complexes (469) (distorted square
planar; Cu–Cu: 3.437 Å; Cu–OH–Cu angle: 131.6 �; 2J¼�334 cm�1) and (470) (distorted square
planar; Cu–Cu: 3.370 Å; Cu–OH–Cu angle: 126.6 �; 2J¼�296 cm�1).391 In each molecule in their
crystal lattices, sodium or potassium ions are tetrahedrally coordinated by four amido oxygen atoms
from four different dimeric units. Using a similar tridentate ligand with additional coordination
groups, Borovik and co-workers, in their target of assembling supramolecular structures in crystal
lattices, reported complex (471).392Kajikawa et al. reported an interesting complex (472) (the structure
of a closely similar complex of composition [{(L)CuCl}2]SO4�8H2O was also reported).393,394
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In order to construct new types of binding and activating models of dioxygen molecules,
Jitsukawa, Masuda and their co-workers have synthesized a novel group of tripodal tetradentate
ligands and successfully utilized them in the formation of mononuclear copper(II) complexes
with novel structural features (complexes (473)–(488)).395–403 This group of ligands has four
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characteristic functional groups, i.e., four coordination sites for metal ions, two/three NH groups
for hydrogen bonds to fix a small molecule such as dioxygen, two/three hydrophobic tert-butyl
groups to protect the small bound molecule and to prevent dimerization of coordinated metal
centers, and electron-withdrawing pivaloylamino groups to stabilize the copper(I) state. These
complexes (TBP geometry) have also been characterized by electronic absorption, EPR and NMR
spectral, and cyclic voltammetry. The structure of complex (473) was originally wrongly
reported,395 which was pinpointed by Tolman and co-workers396 and eventually realized by this
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group as well.397 Complexes [(L)CuCl][ClO4] (474), [(L)Cu(OH)]�2H2O�Me2CO (476),
[(L)Cu(N3)][ClO4]�H2O (482), [(L)Cu(OH)][PF6]�H2O (483) and [(L)Cu2Cl4]�2MeOH (488) have
structures similar to complexes (473), (477) (however, in the place of amide oxygen coordination
there is hydroxide ion coordination), (481) (however, now uncoordinated pyridine is coordinated;
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amide oxygen is no longer coordinated; and the azide ion is coordinated), (481) (however, now
uncoordinated pyridine is coordinated; amide oxygen is no longer coordinated; hydroxide ion is
coordinated) and (487) (however, the amide oxygen is no longer coordinated and each Cu atom
has two chloride ions), respectively.
Using the pyrazinecarboxamide ligand, complexes (489) and (490) were reported.404 Using a

tridentate ligand, complex (491) was reported.405 In this complex the crystal packing is achieved by
intermolecular hydrogen bonding. Mathur and co-workers reported406 the structure of a complex
(492) (� ¼ 0.59) and demonstrated its catechol oxidase activity.91 The two complexes (493) (� ¼ 0.33)
and (494) (� ¼ 0.55) were reported407 and their spectroscopic and redox properties investigated.
The concept of ‘‘ligand complex’’ was nicely demonstrated in the structures of complexes (495)

(Cu–Cu: 3.1172 Å; 2J¼�164 cm�1)408 and (496) (Cu–Cu: 3.097 Å, 4.984 Å, and 5.108 Å).409 For
both the complexes, spectroscopic and redox properties were also studied.
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6.6.3.5 Macrocyclic Ligands

It is to be mentioned here that the coordination chemistry of macrocyclic ligands is covered in
Volume 7. Therefore only selected systems having some direct relevance to the bioinorganic
chemistry of copper will be discussed. Readers are recommended to consult review articles.2,3
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In their pursuit of modeling substrate adduct to the reduced active site of nitrite reductases,
Tolman et al. thoroughly characterized410–412 complexes (497) (nitrite-bridged, mixed-valent
complex), [(i-Pr3TACN)Cu(O2CMe)2] (498), [(i-Pr3TACN)Cu(OSO2CF3)(H2O)][CF3SO3] (499)
and demonstrated associated chemistry. Synthesis and characterization of a copper complex of
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[Et2N(N2O2)]
�(500), stabilized with respect to NO release in aqueous solution, was also docu-

mented. During this endeavor, complex [(i-Pr3TACN)Cu(O2CMe)] (bidentate acetate coordin-
ation) (501) and a carbonato-bridged complex (502) were characterized.413

From their continued activity from the standpoint of dioxygen activation by copper(I)
complexes of relevance to Hc/Tyr modeling, Tolman’s group demonstrated an unusual ligand
oxidation by a (�-�2:�2-peroxo)dicopper(II) species and structurally characterized a complex (503)
(Cu–Cu: 3.0392 Å),414 via the intermediacy of a novel bis(�-alkylperoxo)dicopper intermediate.
To investigate the reactivity of peroxo- and bis(�-oxo)dicopper complexes with catechols, this
group characterized a catechol-bound complex (504), as well as a semiquinone-bound complex
(505).415 With the goal of understanding how the nature of the tridentate macrocyclic supporting
ligand influences the relative stability of isomeric (�-�2:�2-peroxo- and bis(�-oxo)dicopper com-
plexes, a comparative study of the O2 reactivity of CuI compounds supported by the 10- and
12-membered macrocycles was made by Tolman, Alvarez, and their co-workers.416 In addition to
structurally characterizing CuI complexes (cf. Section 6.6.4.6), they characterized a dihydroxo-
bridged dicopper(II) complex (506) (structural type: (10)), a carbonato-bridged complex (507)
(structural type: (112)), and a new peroxo-dicopper(II) complex (508) (structural type: (108)).416

As a part of their activity on modeling GO,260–262 they characterized complexes (509) to
(514).417,418 In an attempt to answer why the active form of GO possesses a diamagnetic ground
state, Wieghardt and co-workers characterized complex (515).419 In 2001, Halfen et al. demon-
strated enhanced reactivity of copper catalysts for olefin aziridination and characterized the
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mononuclear complex (516) and a dichloro-bridged complex [(L)CuCl]2[PF6]2 (517) (structural
type: (54)).420

Chaudhuri et al. reported two novel isomeric tautomeric bridging complexes (518) (Cu–Cu:
2.97 Å; Cu–OH–Cu angle: 100.1 �; 2J¼�90 cm�1) and (519) (Cu–Cu: 3.03 Å; Cu–O–Cu angle:
88.6 �; 2J¼ 74 cm�1).421 Using complex (520), static and dynamic Jahn–Teller distortions in the
CuN6 polyhedron were nicely demonstrated.422 Using a functionalized TACN ligand, Wieghardt
and co-workers characterized complex (521) (distorted SP).423 Using a 3-tert-butyl-substituted
variety of phenol-appended ligand, they structurally characterized complex [Cu(H2L)][ClO4] (522)
(distorted SP; out of three phenol groups one remained uncoordinated, one coordinated as
phenolate, and one as phenol).423 Chaudhuri et al. characterized a spin-frustrated, imidazolate-
bridged trinuclear copper(II) complex (523).424 Wieghardt and co-workers also characterized
complexes (524)425 and (525) (cf. Section 6.6.2.4).36 As part of their activity (see below), Spiccia
and co-workers reported complex (526).426

Selective derivatization of parent TACN427 and particularly syntheses of a large number of
linked-TACN428,429 resulted in the isolation of interesting complexes: (527) (the solid-state struc-
ture of this complex also contains an aggregate of [Na(BF4)2]

� units which form a polymeric
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chain structure);427 (528);427 (529) (pseudo-square pyramidal; Cu–Cu: 2.947 Å; Cu–OH–Cu angle:
99.6 �; 2J¼�318 cm�1);430 (530) (� ¼ 0.05/0.07; Cu–Cu: 2.940 Å; 2J¼�54 cm�1);431 (531)
(� ¼ 0.0/0.06; Cu–Cu: 2.962 Å; 2J¼�538 cm�1);431 and (532) (� ¼ 0.07; Cu–Cu: 3.006 Å;
2J¼ 188 cm�1).431 Using 1,3,5-tris(1,4,7-triazacyclonon-1-ylmethyl)benzene, Spiccia et al. structur-
ally characterized432 complex {(L)Cu3(�-OH)(�3-HPO4)(H2O)][PF6]3�3H2O}n (533), the polymeric
lattice of which contains trinuclear copper(II) sites with structural similarities to laccase and
ascorbate oxidase.4–7,433 These trinuclear sites consist of two ‘Type III’ copper(II) centers, at a
separation of 3.557 Å, linked by a hydroxo bridge and two phosphate oxygens; while another
phosphate oxygen links these two centers to the further removed ‘Type II’ copper(II) center,
establishing separations of 4.561 Å and 5.474 Å. The molecule has an S¼ 1/2 molecular ground
state arising from antiferromagnetic coupling. The biological existence of trinuclear metal centers
has been highlighted by Fenton and Õkawa.433

From structural studies (complex (534) and Section 6.6.4.6) on both the oxidation states, Addison
and co-workers nicely provided evidence of the role of ligand framework conformability in CuII/
CuI redox potentials.434 Using a very rigid bis-bispidine tetraazamacrocycle which is highly
preorganized for coordination to copper(II) (complex (535)), Comba and co-workers provided
evidence435 that this ligand induces extremely high ligand fields for the copper(II) center. Using
pyrazole-based macrocyclic ligands, Driessen and co-workers characterized complexes (536)
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(SP; Cu–Cu: 7.14 Å),436 (537) (� ¼ 0.20; Cu–Cu: 8.668 Å),437 and (538) (� ¼ 0.25; Cu–Cu: 6.814 Å).437

The complex (539) (� ¼ 0.17; Cu–Cu: 7.24 Å) catalyzes the oxidative polymerization of 2,6-dimethyl-
phenol.438Using an imidazolato-bridged dicopper(II) complex (540) (square planar N4 environment
for each copper with axial positions occupied by a water molecule on one Cu and two weakly bound
triflates on the other Cu; Cu–Cu: 5.92 Å) of a macrocyclic Schiff base ligand, Burrows and
co-workers provided a model for a hydrolytic enzyme (hydrolysis of p-nitrophenyl acetate). EPR
and magnetic measurements in the solid state showed antiferromagnetic coupling between the metal
ions. Interestingly, electrochemical studies indicated a single, quasi-reversible, two-electron reduc-
tion of CuII at E1/2¼�0.435V vs. SCE (saturated calomel electrode).439 Two imidazolate-bridged
complexes CuIICuII((541): 2J¼�88 cm�1; Cu–Cu: 5.95 Å) and CuIIZnII((542); Cu–Zn: 5.93 Å) of a
macrobicyclic ligand (cryptand) were also synthesized and their redox properties investigated. All the
results indicated that these complexes act as good models for SOD.440
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From the standpoint of modeling Hc/Tyr oxygenation of a copper(I) complex of a binucleating
macrocyclic Schiff base ligand, Martell and co-workers reported a bridged dicopper(II) complex
(543) (distorted square planar; Cu–Cu: 2.958 Å).441 Along the same line of thought, using a
macrobicyclic cryptand, this group reported complex (544) (the bridging CO3

2� ion was taken
up from atmospheric CO2).

442

Comba et al. reported structural properties (in the solid state and in solution) and molecular
modeling studies on a dicopper(II) complex (545) (SP) of a macrocyclic amide ligand.443 In 1993
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Fenton and co-workers reported444 the first-generation model for the trinuclear copper site in
ascorbate oxidase4–7,433 by reporting the complex (546) (a single CuII atom 4.9 and 5.9 Å distant
from a pair of CuII atoms that are 3.6 Å apart and hydroxy-bridged). A study of the magnetic
properties shows that the trinuclear copper(II) can be regarded as a mononuclear site, non-
interacting with a moderately coupled copper pair (2J¼�202 cm�1). As a part of their activity
in the coordination chemistry with cryptand ligands, Fenton and co-workers reported445 the
structure of the complex (547) (distorted TBP; Cu–Cu: 4.6 Å).
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To gain insight into electron-transfer kinetics of copper(II/I) complexes of macrocyclic
thioethers,446,447 Rorabacher and co-workers reported448,449 structures of five complexes (com-
plexes (548)–(552)).
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From the standpoint of magnetostructural correlations in bis(�2-phenoxide)-bridged macro-
cyclic dinuclear copper(II) complexes,450 Thompson et al. reported complexes (553) (SP; Cu–Cu:
3.1184 Å; Cu–O–Cu 103.65 �; 2J¼�784 cm�1), (554) (� ¼ 0.34/0.41, Cu–Cu: 3.115 Å; distorted SP,
Cu–Cu: 3.102 Å; Cu–O–Cu 102.4 �, 107.5 �, 102.9 �, 106.1 �; 2J¼�801 cm�1) and (555) (SP; Cu–Cu:
2.997 Å; Cu–O–Cu 98.8 �; 2J¼�689 cm�1).451 Nolte and co-workers reported452,453 a dihydroxo-
bridged complex (556) (one of the coppers is pentacoordinated and the other is hexacoordinated;
Cu–Cu: 3.542/3.778 Å).452 Two molecules are linked by hydroxo ligands, forming a tetranuclear
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complex. Magnetic susceptibility and EPR measurements suggested that it has a triplet ground
state (2J¼ 16 cm�1). This group also reported a mononuclear complex (557) (� ¼ 0.51) and a
dinuclear complex (558) (� ¼ 0.62; Cu–Cu: 3.4592 Å).453 Wang et al. reported the first bridged
dicopper(II) complex (559) (distorted SP; Cu–Cu: 3.526 Å) of a bibracchial lariat ether.454 As a
part of their activity on heteroditopic cryptand chemistry,455 Bharadwaj and co-workers provided
an example of the imposition of distorted geometry (complex (560)).456 In this complex the O
atom of the water molecule is strongly bonded to the CuII ion, while its H atoms are H-bonded to
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the nearest benzene rings. Using a group of diazamesocyclic ligands, Bu et al. reported three
complexes: (561) (� ¼ 0.02), (562) (� ¼ 0.30; Cu–Cu: 3.494 Å; 2J¼ 1.16 cm�1), (563a) (� ¼ 0.30; Cu–Cu:
3.0324 Å; 2J¼�574 cm�1),457 (563b) (� ¼ 0.38), (563c) (� ¼ 0.29), and (563d) (� ¼ 0.34; Cu–Cu:
3.396 Å; 2J¼ 2.24 cm�1).458
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6.6.3.6 Ligand-bridged Systems

Dinuclear and multinuclear transition-metal complexes comprising two or more metal centers
bridged by multidentate ligands have been the subject of an enormous amount of work, particu-
larly in the latter years of the twentieth century. Such complexes can exhibit metal–metal
interactions, such as energy or electron transfer, magnetic coupling, and intervalence transfer.
These interactions are mediated by the bridging ligand. Such compounds are used to model
important bioinorganic systems. It is to be mentioned here that the coordination chemistry of
such systems is covered in Volume 7. Therefore only selected systems having some relevance to
the bioinorganic chemistry of copper will be discussed. Readers are suggested to consult review
articles.2,3,459–461

6.6.3.6.1 Carbonate ligands

Studies on di- and trinuclear metal complexes bridged by carbonate or hydrogencarbonate are
mainly noted from three areas: (i) fixation and activation of CO2 from the viewpoint of environ-
mental protection;462–464 (ii) functional models for zinc-containing carbonic anhydrase (Volume 8 );
and (iii) the relationship between the bridging modes of carbonate and magnetic properties.
From this background, many carbonato-bridged polynuclear compounds of varying nuclearity,

with many different terminal ligands (Figure 2), have been reported: [(Et4dien)2Cu2(H2O)-
(OCO2)][ClO4]2�H2O (564)465 (TBP; Cu–Cu: 5.233 Å; 2J¼�17.8 cm�1); [Cu(EtMe4dien)2Cu2-
(H2O)2(OCO2)][ClO4]2�2H2O (565)465 [SP; hydrogen bonds form a tetranuclear copper(II) unit;
Cu–Cu: 5.937 Å; 2J¼�125.5 cm�1]; [(Cu(petdien))2(OCO2)][ClO4]2 (566)

466 (TBP; Cu–Cu: 4.601
(structure at 294K) and 4.494 (structure at 92K) Å; 2J¼�215 cm�1); [(bapma)3Cu3(OClO3)3-
(OCO2)][ClO4] (567)

467 (SP; Cu–Cu: 4.87 Å; 3J¼ 12.6 cm�1); [(bapa)4Cu4Br2(OCO2)]Br4 (568)
468

(�4-carbonate ligand disordered; 2J¼�275 cm�1, �8 cm�1, �57 cm�1, and �31 cm�1); [(bapma)4-
Cu4Cl2(OCO2)]Cl4�12H2O (569)468 (�4-carbonate ligand disordered; 2J¼�390cm�1, 22cm�1, �10cm�1,
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Figure 2 Carbonato-bridged polynuclear compounds of varying nuclearity with different terminal ligands.
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and �26cm�1); [(Cu(tren))3(OCO2)][ClO4]4�H2O (570)469 (TBP); [bpy)4Cu2(OCO2)][PF6]2�2DMF (571)470

(SP; Cu–Cu: 5.16 Å; 2J¼�140.4 cm�1); [(bpy)10Cu6(OH)2(OCO2)2][ClO4]6�4H2O (572)470

(� ¼ 0.41, 0.23, 0.05; Cu–Cu (hydroxo bridge): 2.845 Å; S¼ 3 ground state); [(bpy)6Cu3
(OCO2)][BF4]4�2H2O�EtOH (573) (structural type: (570); distorted SP; Cu–Cu: 4.64 Å, 4.72 Å, and
5.00 Å; 3J¼ 10.6 cm�1).471 It is worth mentioning here that van Eldik and co-workers reported472 two
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very interesting mononuclear, bicarbonate-bound (both monodentate and bidentate) complexes ((574)
and (575)). Youngme et al. reported two carbonato-bridged complexes [(576) (� ¼ 0.13, 0.30; Cu–Cu:
5.555 Å; 2J¼�90.4 cm�1) and (577) (� ¼ 0.20, 0.22; Cu–Cu: 3.247 Å; 2J¼�9.9 cm�1)].473 Many
such complexes have been reported: [(Cu(tpa))3(OCO2)][ClO4]4 ((578), structural type: (570); TBP;
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Cu–Cu: 4.91, 4.96, and 5.06 Å; 3J¼�1.19 cm�1),474 (579) (distorted SP; Cu–Cu: 3.440 Å;
2J¼ 36.3 cm�1),475 (580) (distorted SP; Cu–Cu: 3.446 Å; 2J¼�90.4 cm�1; exhibits reversible
CO2 fixation).476 Using macrocyclic terminal ligands (Figure 2), complexes [{Cu(L)}3(OCO2)]-
[ClO4]4 (L¼ [15]aneN3O2) (581) (� ¼ 0.19; 3J¼ 8.2 cm�1),477,478 [{Cu(L)}3(OCO2)][ClO4]4
(L¼ [24.31]adamanzane) (582) (� ¼ 0.57; Cu–Cu: 4.64, 4.72, and 5.00 Å; 3J¼ 17.2 cm�1),479 and
(583) (elongated octahedral; Cu–Cu: 3.240 and 4.601 Å)480 ((581)–(583); structural type: (570))
were reported. Using a natural cyclic peptide, complex (584) (distorted SP; Cu–Cu: 4.43Å;
2J¼ 1.6 cm�1) was thoroughly characterized.481

6.6.3.6.2 Other bridged systems

Lippard and co-workers synthesized482 a hexaimidazole ligand to encapsulate two copper ions in
a biomimetic environment, and reported a very interesting dicopper(II) complex (585) (D2d
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distorted square planar; dihedral angle between the best least-squares planes through the two
copper coordination spheres is 62.5 �). The most interesting feature of this structure is that a
methanol solvent molecule, used to grow crystals, is inserted into the cavity defined by the
bis(imidazolyl)benzene linker. Solid-state, temperature-dependent (6–300K) measurements
revealed the presence of a weak ferromagnetic coupling (2J¼þ2.6(2) cm�1) in this compound.
EPR spectral properties were also studied. Comba and co-workers reported483 structural models
of substrate-bound catechol oxidase91 (complexes (586)–(589)). The compound with a bridging
catecholate was shown to be catalytically the most active.
From the viewpoint of molecular magnetism,484,485 Julve et al. reported486 complex (590)

(elonagated tetragonal octahedral; Cu–Cu: 3.435 Å; 2J¼�374 cm�1). Escuer et al. demonstrated
the versatility of the cyanato ligand by doing magnetostructural studies on dimeric complexes:
[(Et5dien)Cu(NCO)][ClO4] (591) (square planar), (592) (axially elongated SP; Cu–Cu: 5.397 Å;
2J¼ 0.5 cm�1), and (593) (� ¼ 0.27; Cu–Cu: 3.216 Å; 2J¼�4.6 cm�1).487 Continuing with their
activity, this group also investigated complexes (594) (axially elongated SP; Cu–Cu: 6.89 Å;
2J¼�7.5 cm�1), (595) (distorted SP; Cu–Cu: 7.569 Å; 2J¼�28 cm�1) and (596) (axially elongated
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SP; Cu–Cu: 5.289 Å; 2J¼�3.6 cm�1).488 Spiccia and co-workers studied a mononuclear complex
[(tpa)Cu(CN)][ClO4]�0.5H2O (Figure 2) ((597); TBP), as well as two cyanide-bridged complexes
[(598) (TBP; Cu–Cu: 5.084 Å; 2J¼�106.4 cm�1) and (599) (TBP; Cu–Cu: 4.982 Å;
2J¼�174.2 cm�1)].489 McCleverty, Ward, and co-workers reported structural, magnetic, and
EPR spectroscopic properties of tetranuclear grid-like copper(II) complexes with pyrazolate
bridges:490 (600) (SP; Cu–Cu: 3.963 and 4.080 Å), (601) (MeOH is coordinated like DMF in
complex (600): SP, Cu–Cu: 3.939 and 3.984 Å) and (602) (SP; Cu–Cu: 3.216 Å).491 Tokii and
co-workers investivated magnetostructural studies on bis-(�-pyrazolato)-bridged dicopper(II)
complexes: (603)–(606) (distorted TBP); (607) (distorted square bipyramidal). They structurally
characterized a complex [(bpy)2Cu2(4-Mepz)2(H2O)2][NO3]2 as well, having a structure closely
similar to that of (607). Magnetic susceptibility data conform to 2J values in the range �143 to
�268 cm�1.492 Chou et al. reported three pyrazolato-bridged complexes (608)–(610). In these
complexes with additional bridges, redox and magnetic studies were also performed.493 Pons
et al. provided example (complex (611))494 of an unexpected chlorination of a pyrazole ligand
during crystallization of a mononuclear precursor. McKenzie and co-workers reported495
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a p-phenylenediamine-bridged complex (612) (SP; weak antiferromagnetic coupling). Spodine et al.
reported496 a monohydroxo-bridged complex (613) (SP; Cu–Cu: 3.663 Å; 2J¼�360 cm�1). Reedijk
and co-workers reported two interesting dihydroxo-bridged complexes (614) (distorted tetra-
gonal; Cu–O–Cu: 99.3 �; Cu–Cu: 2.9414 Å; 2J¼�68.1 cm�1)497 and (615) (distorted octahedral;
Cu–O–Cu: 94.5 �; Cu–Cu: 2.8383 Å; 2J¼ 148 cm�1).498
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Thompson and co-workers systematically studied499,500 magnetostructural correlations with
many interesting azido-bridged complexes, with endogenous equatorial diazine bridge exhibiting
both ferromagnetic and antiferromagnetic coupling between the CuII centers. A few representative
examples are complexes (616)–(624). Axial sites at both coppers involve a disordered array of
partial waters and partial chloride ions (complex (624a)). From these studies they demonstrated
that the �2-1,1-azido bridge can propagate antiferromagnetic coupling if the bridge angle is large
enough, and that the critical angle for accidental orthogonality (ferromagnetic coupling) for the
azido bridge is 
108.5 �.
From the viewpoint of molecular-based magnetic materials,484,485 Ray Chaudhuri and

co-workers reported the end-to-end azide-bridged complex (625).501 Manoharan and co-workers
systematically investigated molecular and electronic structural aspects of azido-bridged complexes
(626) (distorted SP; Cu–Cu: 5.632 Å), (627) (contrary to (626), in this complex each copper has a
weak perchlorate O coordination; Cu–Cu: 5.410 Å) and ([(dpt)Cu(��N3)]2[ClO4]2 (628) (struc-
tural type: (593)); dpt¼ dipropylenetriamine (Figure 2); Cu–Cu: 3.416 Å).502 Akagi et al. reported
a linear trinuclear copper(II) complex (629), bridged by oximato and azido groups (elongated
octahedral; Cu(central)–Cu(terminal): 3.4008 Å; 2J¼�532 cm�1).503

Christou, Hendrickson, and co-workers reported triply bridged, ferromagnetically coupled
dicopper(II) complexes (630) and (631).504–506 Perlepes et al. reported alkoxo-/carboxylato-bridged
complexes (632) and (633).506 Using hydroxo-/carboxylato-bridged dicopper(II) complexes,
Chakravarty and co-workers investigated magnetostructural correlations; complexes (634) and (635)
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represent prototypical examples.507 Tokii et al. studied closely similar complexes, (636) and
(637).508 Using a single-pot reaction, Walton and co-workers reported a complex (638) (SP;
Cu–Cu: 3.491 Å; 2J¼�152.1 cm�1) of a m-xylyl-based Schiff base ligand.509

To address the role of the apical donor in the decomposition of copper(II) benzoate under the
DOW-phenol process, Comba and co-workers reported complex (639).510 Ruiz, Journaux, and
co-workers demonstrated511 ferromagnetic coupling through spin polarization in a dinuclear
copper(II) metallacyclophane complex (640). Actually, the structure affords an intricate two-
dimensional network. Sletten and co-workers reported weak, antiferromagnetically coupled
dicopper(II) complexes (641) and (642), with thiocyanato bridges.512 Rodríguez et al. reported a
chloro-bridged dimer (643) with an unusual structure (distorted SP; the two pyramids share a
base-to-apex edge, with the basal planes being perpendicular) and ferromagnetic coupling.513

Using a macrocyclic ligand, an interesting �-chloro- and �-hydroxo-bridged complex (644)
(TBP; Cu–Cu: 3.223 Å) was reported.514 Wieghardt, Chaudhuri, and co-workers reported a very
weakly antiferromagnetically coupled complex (645), with two chloro bridges and a carboxylato
bridge. Applying magnetostructural concepts, they rationalized their result.515 They investigated
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exchange coupling across multiple-atom bridges (complex (646) (SP; Cu–Cu: 7.679 Å;
2J¼�24.6 cm�1)),516 as well as intramolecular long-range exchange coupling in dinuclear cop-
per(II) complexes with Cu–Cu separations greater than 10 Å (complexes (647)–(651)).517 The
latter studies demonstrated that intramolecular antiferromagnetic exchange coupling of consider-
able magnitude is possible, provided that the effective magnetic orbitals are favorably aligned.
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6.6.4 COORDINATION COMPOUNDS OF COPPER(I)

6.6.4.1 Carbon Donor Ligands

Copper–olefin bonding is of both practical and theoretical interest in view of the catalytic activity
of copper(I) toward olefin activation and its role in biological systems.
Munakata et al. determined the molecular structures of the complexes (652) (quasi-tetrahedral)

and (653) (distorted tetrahedron) and determined the nature of the bonding.518 Warren and
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co-workers reported519 two thermally stable neutral �-diketiminato copper(I) olefin complexes
(654) and (655), and with the same ligand a bis-hydroxo-copper(II) dimer [(L)Cu(OH)]2 (complex
(656); structural type: (2)). The dimer results from the reaction of the CuI ethylene complex with
O2 via the proposed intermediacy of a CuIII2O2 species (structure (4)). With the ligand that is
present in complex (7), Hofmann and co-workers reported520 a remarkably stable copper(I)
ethylene complex (657), which catalyzes cyclopropanation of styrene with �-carbonyl diazoalk-
anes at room temperature. They also structurally characterized an analogous norbornene com-
plex. Arnold et al. demonstrated521 the incorporation of an alkoxide functional group into an
N-heterocyclic carbene ligand. Using this anionic chelating ligand, they reported the first non-
macrocyclic, square-planar CuI centers (complex (658)). It should be mentioned here that these
strong �-donor ligands can significantly increase the reactivity of many homogeneous catalysts.
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6.6.4.2 Nitrogen Donor Ligands

Copper proteins present interesting problems of structure for the copper(I) oxidation state. They
are difficult to probe in detail, and what we do know of them suggests they are rarely regular or
predictable.58 In plastocyanin the copper(I) coordination sphere is made up of three strongly
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binding ligands (two histidines and one cysteine) and a weak interaction at 2.9 Å with methio-
nine. The stereochemistry is sufficiently far from ideality that describing it in terms of a
distorted tetrahedron that is tending toward an elongated trigonal pyramid has a rather limited
utility.
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6.6.4.2.1 Polydentate aliphatic amine ligands

A list of structurally characterized copper(I) complexes of tripodal aliphatic amines is provided in
Table 4 (cf. Section 6.6.3.1.1 for corresponding mononuclear or dinuclear copper(II) complexes).
Copper(II) complexes [(L)CuCl]Cl (664) and [(L)Cu(MeCN)][ClO4]2 (665) with the ligand that is
present in complex (662) were also structurally characterized.522
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N

N

N

N

N

N

N

[Cu(L)][ClO4] (663)

6.6.4.2.2 Heterocyclic nitrogen donor ligands

(i) Imidazole-containing ligands

Sorrell et al. reported the complex (668) (distorted trigonal; Cu–Cu, 3.139 Å).523 Schugar and
co-workers reported complex (669) (pseudotetrahedral; corresponding copper(II) complex, structural
type: (34)).66 Garner and co-workers reported complex (670), intermediate between tetrahedral
and square planar; (corresponding copper(II) complex, structural type: (36)).68 Sorrell et al.
reported complex (671) (T-shape) and investigated its oxygenation behavior.524 Along similar
lines, Kurtz et al. reported complex (672). Moreover, they were successful in isolating and
characterizing a side-on copper(II)-peroxo complex.525 Riordan and co-workers designed two
cavitand-based imidazolyl ligands and reported their copper(I) complexes: (673) (trigonal planar)
and (674) (trigonal planar).526

Table 4 Stereochemistries of copper(I) complexes of aliphatic tripodal ligands.

Complex/Complex no. Geometry References

[(Me5dien)Cu(MeCN)][ClO4] (659) Irregular 49
[(L)2Cu2(CN)][ClO4] (660) (L as that in complex (206)) Distorted tetrahedral 218
[(L)2Cu2(CN)][ClO4] (661) (L as that in complex (218)) Distorted tetrahedral 218
(662)a Trigonal pyramidal 522
(663)a Trigonal pyramidal 522
[(L)Cu(OClO3)](666); (L as that in complex (21)) Trigonal pyramidal 51
[Cu(L)][CuCl2](667); (L as that in complex (27)) Distorted tetrahedral 53

a Ligand structures are presented in this article.
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(ii) Benzimidazole-containing ligands

Using benzimidazole ligands, Reed and co-workers provided examples of variable coordination
number and distorted geometries: (675) (distorted trigonal pyramid; Cu–Cu: 5.35 Å), (676) (dis-
torted trigonal pyramid), (677) (trigonal pyramid; Cu–Cu: 7.99 Å) and (678) (trigonal planar;
Cu–Cu: 12.46 Å).527 With a bidentate imidazole/thioether ligand, Kaim and co-workers reported
a copper(I) complex [(L)Cu(PPh3)2][BF4] (679) (corresponding copper(II) complex, structural
type: (81)).95 Palaniandavar et al. also provided examples of trigonal planar copper(I) complexes
(corresponding copper(II) complex: structural type (92)): [Cu(L)][NO3] (680) and [Cu(L)Cl]
(681).100 Using a potentially tridentate benzimidazolylpyridine ligand, Williams et al. reported
an unusual double-helical copper(I) complex (682) (linearly coordinated by benzimidazoles,
with a slight distortion toward a tetrahedral structure resulting from the weak interaction
with the pyridines).528 Müller et al. reported a dinuclear copper(I) complex (683) (distorted
tetrahedral; Cu–Cu: 4.59 Å), resulting from the oxygenation of a dicopper(I) complex (cf. (96)
and (97)).102

N

N

N

N

N

Cu CO

HO
N

N

N

N

NCu

C
O

2+

[(L)Cu2(CO)2][CF3SO3]2 (675)

N

N

Cu

N

N

N

OH

N

Cu

N

N

N

N

MeCN

NCMe

2+

[(L)Cu2(MeCN)2][CF3SO3]2 (676)

876 Copper



OH
N

N
N

Cu

N

N

NCMe

N
Cu

N

N

N

N

MeCN

2+

[(L)Cu2(MeCN)2][CF3SO3]2 (677)

N
NH

N

N NH

CuMeCN

OH

N

N
HN

HN N

Cu
NCMe

2+

[(L)Cu2(MeCN)2][ClO4]2.1/3Et2O (678)

(iii) Pyrazole-containing ligands

From the standpoint of mimicking Hc/Tyr activity using substituted hydrotris(pyrazolyl)borates
as capping ligands, Kitajima et al. reported distorted tetrahedral complexes (684)118 and (685).115 In
order to provide a structural/functional model of nitrite reductases72 Tolman et al. thoroughly
characterized quite a few substrate-bound copper(I) complexes: (686) (linear; Cu–Cu: 3.284 Å),129

(687) (distorted trigonal planar; Cu–Cu: 2.544 Å)529 and (688) (highly distorted geometry).529

Gorun and co-workers demonstrated530 reversible binding of dioxygen (copper(II)–
peroxo species) at ambient conditions with the complex (689).
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With pyrazole-based chelating ligands, Sorrell and co-workers structurally characterized mono-
meric as well as dimeric copper(I) complexes: monomeric (690) (distorted trigonal pyramid)147

and (691) (T-shaped structure);531 and dimeric (692) (linear; Cu–Cu: 6.350 Å)532 and (693)
(T-shaped; Cu–Cu: 5.100 Å).533 This group also investigated the redox properties of these complexes.
Using a similar kind of ligand, Driessen and co-workers reported structures of copper(I) com-
plexes (694) (distorted trigonal pyramid),534 (695) (distorted tetrahedral; Cu–Cu: 2.9511 Å) and
(696) (distorted tetrahedral).535 Using a sterically hindered tris(pyrazolylmethyl)amine ligand,
Colbran and co-workers reported complex (697) (ligand as that in complexes ((150)–(152))
(trigonal pyramid).148 Using a tridentate pyrazolylmethylpyridine ligand, Manoharan and
co-workers characterized the complexes (698) (distorted tetrahedron) and (699).536 Using the ligand
present in the complex (129), a dicopper(I) complex (700) (Cu–Cu: 3.028 Å) with Cu2I2 unit was
reported.136
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(iv) Pyridine-containing ligands

The structure of a copper(I) complex [Cu(L)][BPh4] (trigonal pyramidal: three pyridyl groups in
the trigonal plane and tertiary amine at the apex; ligand as that in complex (4)) was also
determined.29 The structure of complex [Cu2(L)(MeCN)2][BF4]2 (ligand as that in complex
(179))169 and complex [Cu(L)][BPh]4 (ligand as that in complex (220))209 were also reported.
Using the ligand present in copper(II) complex (246), the corresponding copper(I) complex

[Cu(L)][BF4] (701) (TBP geometry) was also structurally characterized.226 Using a systematically
varied set of tris(2-pyridyl)methoxymethane ligands used in the syntheses of copper(II) complexes
((252)–(256)), corresponding copper(I) complexes [(L)Cu(MeCN)][CF3SO3] [(702) (L as in
(252)); (703) (L as in (255)/(256))]; [(L)Cu(PPh3)][CF3SO3] [(704) (L as in (253))];
[(L)Cu(PPh3)][CF3SO3]�0.5Me2CO [(705) (L as in (255)/(256))]; [Cu(L)2][CF3SO3].Me2CO [(706)
(L as in (252))]; [Cu(L)2][CF3SO3] [(707) (L as in (253))]; and [Cu(L)2][CF3SO3]�0.5Me2CO [(708)
(L as in (254))] were also thoroughly characterized. Two distinct coordination modes were
observed for the CuI complexes, both in solution and the solid state. One is a pseudotetrahedral
coordination comprised of the facial-capping, tris-pyridyl ligand and a monodentate ligand. The
other structural type is also a pseudotetrahedral CuI monomer formed by two tris-pyridyl ligands
coordinated in a bidentate manner, with preferable binding by the non-methoxy pyridyl subunits.
With the exception of the most sterically hindered ligand, which displays only monoligation to
CuI, all ligands form both types of CuI complexes, and the formation is controlled by stoichio-
metry.233
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Karlin and co-workers synthesized a large number of mononuclear and dinuclear copper(I)
complexes in their pursuit to understand the oxygenation behavior of copper(I) complexes (cf.
Section 6.6.3.1.2(iv)). A listing of such complexes is provided in Table 5 . Tolman and co-workers
provided the answer to the question of bis(�-oxo)dicopper(III) core being capable of hydroxylating
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an arene ring. To prove it, they synthesized a copper(I) complex (734) (T-shaped geometry) and
investigated its oxygenation behavior spectroscopically.191 Yamauchi and co-workers studied555

the effects of a side-chain aromatic ring on the dioxygen reactivity of copper(I) complexes. They
reported two complexes (735) (distorted tetrahedral) and (736) (tetrahedral). They were able to
stabilize the CuIII2(�-O)2 species. Recently, using a tailor-made 1,8-naphthyridine-based ligand,
Lippard and co-workers reported556 an interesting dicopper(I) complex (737) with Cu–Cu interaction

Table 5 Stereochemistries of copper(I) complexes of pyridine-based ligands.a

Complex/Complex no Geometry References

(709) Distorted trigonal planar 537
(710) T-shaped 538
(711) Pseudotetrahedral (Cu–Cu: 6.986 Å) 539
(712) Distorted trigonal planar (Cu–Cu: 6.262 Å) 540
(713) Pseudotetrahedral (Cu–Cu: 7.449 Å) 541
(714)b Distorted trigonal planar (Cu–Cu: 6.181 Å) 541
[(L)Cu(PPh3)][PF6]

c,d(715) Distorted tetrahedral 213
[(L

0
)Cu(MeCN)][PF6]

e(716) Distorted tetrahedral 213
(717) Pseudotetrahedral 542
(718)f Distorted tetrahedralf 542
[Cu(L)][BPh4] (719)
(L as that in complex (234))

Distorted trigonal pyramidal 219

[Cu(L)][PF6] (720)
(L as that in complex (235))

Trigonal pyramidal 220

[Cu(L)][PF6] (721)
(L as that in complex (236))

Distorted trigonal pyramidal 220

(722) Trigonal pyramidal (Cu–Cu: 3.229 Å) 543
(723) Distorted tetrahedral (Cu–Cu: 11.705 Å) 544,545
(724) Distorted tetrahedral (Cu–Cu: 5.43 Å) 546
(725) Distorted trigonal planar (Cu–Cu: 8.94 Å) 547
(726) Distorted trigonal planar/T-shape (Cu–Cu:

8.904 Å)
548

(727) Pseudotetrahedral (Cu–Cu: 9.944 Å) 549
(728) Trigonal pyramidal (Cu–Cu: 3.715 Å) 550
(729) Pseudotetrahedral (Cu–Cu: 3.992 Å) 550
(730) Trigonal pyramidal (Cu–Cu: 3.569 Å) 551
(731) Distorted tetrahedral (Cu–Cu: 3.587 Å) 552
(732) Trigonal/Pseudotetrahedral (Cu–Cu: 5.654Å) 553
(733) Distorted tetrahedral/distorted trigonal pyra-

midal (Cu–Cu: 6.056Å, 7.433Å, and 7.671 Å)
554

a When only complex number is indicated, structures along with chemical formula are presented in this article. b The bonding
parameters are closer to those observed for purely tricoordinate structures, with closely similar ligands. c [(L)Cu(MeCN)][ClO4]
(L¼ tris(2-pyridylmethyl)amine) assumes distorted tetrahedral geometry.218 d L¼ tris(2-pyridylmethyl)amine; dangling uncoordinated
pyridyl arm from the ligand. e One pyridyl group carries a -CO2Me substituent. f Dangling uncoordinated quinolyl group from the
ligand.
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(distorted TBP; Cu–Cu: 2.5947 Å). On exposure to O2 they provided spectroscopic evidence of the
existence of (�-1,2-peroxo)dicopper(II) species.
Using 1,3-bis[bis(2-pyridylmethyl)amino]benzene, Schindler et al. investigated the structures

and properties of complexes (738) linear (weak interaction with the tertiary amine)/distorted
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trigonal planar; Cu–Cu: 4.156 Å) and (739) (distorted trigonal planar; Cu–Cu: 8.157 Å). This
group thoroughly characterized these complexes, along with their redox properties.181 Using a
tridentate ligand with pyrazine spacer, Oshio reported253 the complex [Cu2(L)][ClO4]2 (740) (L as
that in (291); trigonal pyramidal; Cu–Cu: 6.743 Å) and also studied its redox properties.
Using a mesityl-based ligand (cf. complex (194)), Kim and co-workers structurally character-

ized complexes (741) (distorted trigonal; Cu–Cu: 7.162 Å, 7.823 Å, and 7.949 Å), (742) (distorted
trigonal planar; Cu–Cu: 7.2371 Å, 7.3418 Å, and 7.8659 Å), and (743) (trigonal; Cu–Cu: 7.986 Å).185

The copper(I) analogue [Cu(L)][ClO4] (744) (distorted tetrahedral) of copper(II) complex (201)
was also synthesized and its redox property investigated.193 Structures of complex (745) (distorted
tetrahedral)557 and complex (746) (pseudotetrahedral; Cu–Cu: 4.764 Å)558 were also reported.
Copper(I) analogues [(L)Cu(MeCN)][CF3SO3] (747) [yellow, four-coordinate (two amine

donors, one of the two pyridinyl groups and an MeCN] and [(L)Cu(MeCN)][BF4] (748) [red,
five-coordinate (two tertiary amine, two pyridinyl and an MeCN] [L as that in copper(II) complex
(241)] were structurally characterized and redox properties of these complexes were also investi-
gated.224

(v) Bipyridine/phenanthroline-containing ligands

The structures of [Cu(bpy)2][ClO4] (bpy¼ 2,20-bipyridyl) (749) (pseudotetrahedral),559

[(L)Cu(MeCN)][ClO4] (L¼ 2,9-dimethyl-1,10-phenanthroline) (750) (Y-shaped planar)560 were
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also reported. The corresponding PF6
� salt (751) (Y-shaped planar)560 was also structurally

characterized. From a series of 2,9-dialkyl-1,10-phenanthrolines, complexes of several structures
were made with copper(I) chloride. The complexes: [(L)CuCl] (L¼ 2,9-di-tert-butyl-1,10-phenan-
throline) (752) (distorted trigonal), [(L)CuCl] (L¼ 2,9-dineopentyl-1,10-phenanthroline) (753) (dis-
torted trigonal), and [Cu(L)2][CuCl2] (L¼ 2,9-di-n-pentyl-1,10-phenanthroline) (754) (distorted
tetrahedral)] were examined in detail by 1H NMR and X-ray crystallography.561 Using the ligand
present in the CuII complex (261), pseudotetrahedral CuI complex [Cu(L)][ClO4]�2MeCN was
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structurally characterized.236 Rillema and co-workers investigated properties of a dimeric
copper(I) complex (755) (L as in (263)) (distorted tetrahedral; Cu–Cu: 6.629 Å).238

Using a tetrahedrally enforcing ligand, containing two bipyridyl binding sites linked by
a diphenyl disulfide bridge, Ward and co-workers reported the structure of complex (756)
(pseudotetrahedral).562 Using a biphenyl-based ligand enforcing geometrical constraints on
metal complexes, Malachowski et al. investigated the properties of complex (757) (distorted
tetrahedral).563
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(vi) Other heterocycle-containing ligands

The copper(I) analogue [Cu(L)][ClO4] (758) (distorted pseudotetrahedral) of complex (294) was
prepared and its properties investigated.258 Using a bis(diazine) heterocyclic ligand structure of
the complex (759) was determined.564

6.6.4.3 Phosphorus Donor Ligands

The first copper(I) complex of tris(hydroxymethyl)phosphine ((760); tetrahedral) has been
reported by Samuelson and co-workers.565 This group addressed the question of anion-controlled
nuclearity and metal–metal distances in copper(I)-bis(diphenylphosphino)methane complexes,
and in this endeavor they reported the structures of complexes (761) (Cu–Cu separation: 3.005–
3.128 Å), (762) (Cu–Cu separation: 3.165 Å) and (763) (tetrahedral; Cu–Cu: 3.293 Å).566 They synthe-
sized and provided structural evidence of oxyanion- encapsulated copper(I) complexes of this ligand.
The complexes (764) (distorted tetrahedral; Cu–Cu: 3.143 Å), (765) (distorted tetrahedral; Cu–Cu:
3.424 Å), (766) (distorted trigonal; Cu–Cu: 3.170 Å), and (767) (Cu–Cu: 3.032–3.077 Å) were
reported. They studied solid-state emission spectra of these complexes.567 During this pursuit they

N N

N N N N

N N

Cu Cu

[Cu(L)]2[ClO4]2 (755)

2+

N

N N

N

Cu

+

S S
[Cu(L)][PF6] (756)

N

S S

N

Cu

+

[Cu(L)][ClO4].MeCN (757)

890 Copper



synthesized and characterized complex (768).568 The structure of a copper(I) complex (769)
(distorted tetrahedral) of polydentate phosphinoamines has been reported.569

6.6.4.4 Oxygen Donor Ligands

As part of their activity in investigating the oxygenation behavior of dicopper(I) complexes with
m-xylyl-based ligands, using a dinucleating ligand with amine and pyrazole as terminal donor
sites, Sorrell et al.570 reported the first copper(I) dimer ((770): distorted tetrahedral; Cu–Cu:
3.825 Å) having only a single phenolate bridge. This group also reported the structure of a
monomeric copper(I) phenolate complex ((771): distorted trigonal pyramidal).571
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The copper-alkoxo unit, which is usually synthesized in situ, plays a significant role in metal-
promoted transformations of organic substrates by copper(I). To determine the reaction form of
the Cu–OPh unit, Floriani and co-workers structurally characterized four complexes: (772)
(pseudotetrahedral; Cu–Cu: 3.223 Å), (773) (pseudotetrahedral), (774) ( anion: linear coordin-
ation) and (775) (planar trigonal).572 Using 3,3,6,6-tetramethyl-1-thia-4-cycloheptyne as terminal
ligand the structural characterization of a copper(I)–alkyne complex (776) (Cu–Cu: 2.940 Å) was
reported.573

Reactions of copper(I) aryloxides with PhNCS were investigated by Samuelson and co-work-
ers,574 who characterized three complexes: (777) (tetrahedral), (778) (trigonal; 2.829 Å), and (779)
(trigonal; average Cu–Cu: 2.6895 Å). Mono- ((780): tetrahedral) and dinuclear ((781): pseudote-
trahedral; Cu–Cu: 3.242 Å) alkoxide–copper complexes with PPh3 ligands were reported.575

In 2001 Cotton and co-workers reported structures of two copper(I) complexes ((782): trigonal;
Cu–Cu: 2.707 Å, and (783): trigonal; Cu–Cu: 2.833 Å) bridged by dicarboxylates.576

Using a low-spin, tris-chelate iron(II) complex (coordinated by three bidentate azo-oxime
ligands providing FeIIN6 coordination) as a facially capping tridentate ligand (the oxime oxygens
function as donor sites), Chakravorty and co-workers characterized copper(I) complex (784)
(distorted tetrahedral) [also copper(II) complex (785a): elongated octahedral] and investigated
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their properties.577 Similarly, Chaudhuri and co-workers characterized a trinuclear complex
(785b) (tris(nioximato)-bridged MnIVCuIIMnIV tetracation; niox¼ cyclohexane-1,2-dione dioxi-
mate dianions; each MnIV ion is terminally coordinated by 1,4,7-trimethyl-1,4,7-triazacyclono-
nane).578
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6.6.4.5 Sulfur Donor Ligands

6.6.4.5.1 Thiol- and thioether-containing ligands

The copper(I) complexes [Cu(L)] (786) [L as in CuII complex (426)], and (787) (L as in CuII

complex (427)], were also structurally characterized.365 From the standpoint of aggregation
behavior of copper(I) thiolates579 through substituent size and ancillary chelate ligands, Kaim
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and co-workers reported crystal structure of complex (788) (distorted trigonal pyramidal and
linear; Cu–Cu: 2.715 Å, 3.014 Å, and 3.733 Å).580 Using a silylpyridine-2-thionate as ligand, Sousa
and co-workers reported the structure and physicochemical properties of a dimeric copper(I)
complex (789) (distorted trigonal planar; Cu–Cu: 3.733 Å).581

6.6.4.6 Macrocyclic Ligands/Cryptands

Tolman and co-workers investigated the oxygenation behavior of a copper(I) complex (790)
(trigonal pyramidal) and demonstrated the formation of end-on peroxo-dicopper(II) species.582
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From this perspective they reported the structure (complex (791); Cu–Cu: 10.061 Å) of a m-xylyl-
based TACN ligand.583 Structures of four mononuclear copper(I) complexes ((792)–(795)),
supported by tridentate macrocycle, were also reported by this group. They investigated their
oxygenation behavior and in each case clean formation of side-on peroxo-dicopper(II) species was
demonstrated.416

In their effort to model nitrite reductases,72 Tolman and co-workers reported410–412 structures
of substrate-bound copper(I) complexes (796) (distorted tetrahedral) and (797) (distorted tetra-
hedral). Using hybrid triazacyclononane (TACN)-pyridyl ligands, this group reported584 struc-
tural and properties of complexes (798) and its 6-phenyl-substituted pyridyl derivative
[Cu(L)][SbF6]. The copper(I) geometry in both complexes is distorted trigonal pyramidal. They
structurally characterized a copper(II) complex [(L)Cu(ONO)][CF3SO3]�CH2Cl2 (L as that in
(798); however, without the phenyl substituent in the pyridyl ring) (799) as well. Low-temperature
oxygenation experiments demonstrated the formation of trans-1,2-peroxo species.
Using 1,4,8,11-tetraazacyclotetradecane, the structure of complex (800) (distorted trigonal

planar; Cu–Cu: 6.739 Å) was determined. Reactivity with O2 was investigated to demonstrate
the formation of trans-1,2-peroxo species.585 As part of their work with copper(I) complexes with
O2, the structure of a dicopper(I) complex ((801): distorted tetrahedral; 7.04 Å), supported by
macrocyclic ligand environment, was reported by Comba and co-workers.586 Tolman and
co-workers structurally characterized a three-coordinate copper(I)–phenoxide complex (802) (planar
T-shaped) that models the reduced form of GO.587 The copper(I) analogue [Cu(L)][CF3-
SO3]�0.43MeOH (803) of a copper(II) complex (534) was also reported to demonstrate the role of
ligand framework conformability in CuII/CuI redox potentials.434 Wilson and co-workers
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reported the structure of a copper(I) complex (804) having CuS4 coordination.
588 Rorabacher and

co-workers reported the structure of a complex [Cu(L)][ClO4]�0.25H2O (805) (flattened tetrahe-
dral; L as that in complexes (551)/(552)).449 Using a Schiff-base cryptand, Fenton and
co-workers structurally characterized a dicopper(I) complex (806) (trigonal pyramidal; Cu–Cu:
6.25 Å).445
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137. van Berkel, P. M.; Driessen, W. L.; Hämäläinen, R.; Reedijk, J.; Turpeinen, U. Inorg. Chem. 1994, 33, 5920–5926.
138. Riklin, M.; Tran, D.; Bu, X.; Laverman, L. E.; Ford, P. C. J. Chem. Soc., Dalton Trans. 2001, 1813–1819.
139. Driessen, W. L.; deGraaff, R. A. G.; Parlevliet, F. J.; Reedijk, J.; deVos, R. M. Inorg. Chim. Acta 1994, 216, 43–49.
140. Martens, C. F.; Schenning, A. P. H. J.; Feiters, M. C.; Berens, H. W.; van der Linden, J. G. M.; Admiraal, G.;

Beurskens, P. T.; Kooijman, H.; Spek, A. L.; Nolte, R. J. M. Inorg. Chem. 1995, 34, 4735–4744.
141. Paap, F.; Driessen, W. L.; Reedijk, J.; Dartmann, M.; Krebs, B. Inorg. Chim. Acta 1986, 121, 185–189.
142. Haanstra, W. G.; Driessen, W. L.; de Graaff, R. A. G; Sebregts, G. C.; Suriano, J.; Reedijk, J.; Turpeinen, U.;
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194. Csöregh, I.; Elman, B.; Högberg, K.; Moberg, C.; Nygren, M. Inorg. Chem. 1988, 27, 235–240.
195. Nasir, M. S.; Karlin, K. D.; Chen, Q.; Zubieta, J. J. Am. Chem. Soc. 1992, 114, 2264–2265.
196. Lee, D.-H.; Murthy, N. N.; Lin, Y.; Nasir, N. S.; Karlin, K. D. Inorg. Chem. 1997, 36, 6328–6334.
197. Pidcock, E.; DeBeer, S.; Obias, H. V.; Hedman, B.; Hodgson, K. O.; Karlin, K. D.; Solomon, E. I. J. Am. Chem. Soc.

1999, 121, 1870–1878.
198. Obias, H. V.; Lin, Y.; Murthy, N. N.; Pidcock, E.; Solomon, E. I.; Ralle, M.; Blackburn, N. J; Neuhold, Y.-M.;

Zuberbühler, A. D.; Karlin, K. D. J. Am. Chem. Soc. 1998, 120, 12960–12961.
199. Karlin, K. D.; McKown, J. W.; Hayes, J. C.; Hutchinson, J. P.; Zubieta, J. Transition Met. Chem. 1984, 9, 405–406.
200. Lee, S. C.; Holm, R. H. Inorg. Chem. 1993, 32, 4745–4753.
201. Karlin, K. D.; Gultneh, Y.; Hayes, J. C.; Zubieta, J. Inorg. Chem. 1984, 23, 519–521.
202. Palaniandavar, M.; Butcher, R. J.; Addison, A. W. Inorg. Chem. 1996, 35, 467–471.
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6.7.1 INTRODUCTION

In spite of the similarity of electronic structures and ionization potentials, the chemistries of Ag
and Au differ more than might be expected. Main differences between silver and gold are
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consequence of the relativistic effects, which are especially important for gold. There is a
contraction of the 6s-orbitals and this stabilization diminishes the energy gap between these and
the 5d-orbitals, which also undergo an expansion. Both of these effects are much less pronounced
in silver, with the result that the energetic separation of the valence d and s shells of gold is
significantly smaller than that in silver.

(i) The first consequence of these effects is the color of gold. Gold has an absorption beginning
at 2.4 eV, attributed to a transition from the filled 5d band to the Fermi level (essentially the
6s band). It therefore reflects red and yellow light and strongly absorbs blue and violet. The
analogous absorption for silver, however, lies in the ultraviolet, at around 3.7 eV.

(ii) A marked reduction in the lengths of covalent bonds involving gold atoms is often found
and the covalent radius of gold is smaller than that of silver. Schmidbaur has recently
confirmed this in the isomorphous di-coordinated complexes [M(PMes3)2]BF4 (M=Ag,
Au; Mes=mesityl).1 The estimated covalent radius for silver and gold is 1.33 Å and
1.25 Å, respectively, so di-coordinated gold is smaller than silver in about 0.09(1) Å.

(iii) In gold, more than in silver, both states are now available for bonding. The closed shell
5d10 is no longer chemically inert and can interact with other elements, i.e., with other
gold atoms in molecules or clusters. It also becomes possible to rationalize bonding
between two gold(I) centers with equal charge and a closed shell 5d10 configuration,
which is a very difficult fact to explain in terms of classical bonding. The metal atoms
approach each other to an equilibrium distance of between 2.7 Å and 3.3 Å. This range
includes the distance between gold atoms in gold metal and approaches, or even overlaps
with, the range of distances established for the few authentic Au—Au single bonds. This
effect has been called by Schmidbaur as aurophillic attraction or aurophilicity.2

(iv) The small difference of energy among the s, p, or d-orbitals leads to the efficient
formation of linear two-coordinate complexes in gold(I). However, silver(I) prefers the
formation of three- and four-coordinate derivatives.

(v) The destabilization of the 5d-orbitals permits explanation of the ease of formation of the
oxidation state III in gold, which is almost absent in silver; and the stabilization of the 6s-
orbitals, the formation of a gold(I) oxidation state which is unknown in silver.

Theoretical calculations play a key role in understanding the origin of these differences and also in
the development of gold and silver chemistry. Bonding between closed-shell atoms was successfully
traced in several early theoretical investigations by extended Hückel quantum chemical calcula-
tions.3–6 Based on the hybridization concept, the nature of the bonding interaction could be
qualitatively rationalized in the language of chemists. The introduction of relativistic effects in
more advance calculations has shown that bonding between closed-shell metal atoms or ions may be
strongly enhanced by these effects.7–16 Since relativistic effects have been known to reach a local
maximum for gold in particular, aurophilicity was accepted as a logical consequence of these
contributions. Actually aurophilic bonding is considered as an effect based largely on electron
correlation of the closed-shell components, somewhat similar to van der Waals interactions but
unusually strong.14 All of these studies have consistently shown that calculations will reproduce the
attractive forces between the gold atoms really well only if relativistic affects are included.
Studies carried out with silver proved that compounds can be found which show convincing

evidence for such closed-shell interactions.15–19 In many of the examples the metal–metal contacts
are enforced by the ligands to give what is called ‘‘ligand-supported interactions.’’ The number of
unsupported contacts is extremely limited17 and estimations of the energies involved gives values
of only a few kilocalories, close to those of standard van der Waals interactions. Nevertheless it is
clear that there are small contributions from metallophilic bonding which should not be ignored.
Since the early 1980s the chemistry of gold and silver has been in a continuous expansion, not

only well-established areas of research have developed but also new innovative approaches have
allowed a great diversification of the research interests.
The chemistry of silver in high oxidation states is not much abundant and is limited to

complexes with very electronegative ligands such as [AgIIIF6]
3�, [AgIII(OH)4]

�, etc. or with special
ligands, such as porphyrins and N-donor macrocycles.20 Recently, the trivalent fluoride AgF3 or
the oxides Ag2O3 or Ag3O4 (Ag

II/AgIII) have been reported.21–23 Oxidation of silver(I) salts in the
presence of nitrogen ligands gives the corresponding silver(II) complexes, they are paramagnetic
and their electronic spectra are in agreement with square coordination.20

Silver(I) coordination chemistry produces a stream of unusual structures, and a great number
of complexes with all type of donor ligands have been prepared. An important feature of the
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chemistry of silver(I) is the great tendency to form supramolecular compounds: polynuclear
species, oligomers, polymers, clusters, etc.
The silver(I) carbonyl complexes [Ag(CO)]þ, [Ag(CO)2]

þ, and the stable [Ag{HB[3,5-
(CF3)2pz]3}(CO)] (where pz= pyrazolyl) have been characterized spectroscopically and crystal-
lographically, they indicate little or no Ag to CO �-back bonding.24–26

Silver(I) forms several complexes with very weakly coordinating ligands such as CH2Cl2 or other
halogenated derivatives.27–29 It has a relatively low affinity for oxygen atoms, although quite a few
complexes with �-diketonates, carboxilate, crown ethers, etc. are known. However, it forms numerous
complexes with the donor atoms S, Se, P, and As. Important sulfur ligands are thiolates, dithiocarba-
mates, thioureas (tu), and thioethers. With thiolates, many oligomers have been described30,31 of the
type [Ag(SR)]n and with other ligands cluster-type complexes are easily obtained, including five- and
six-coordinate complexes with sulfur macrocycles. With phosphines and arsines, many stable com-
pounds are known and their structures depend on the steric requirements of the ligands. A combin-
ation of diphosphine and chalcogenide silver(I) derivatives, [Ag4(�4-E)(�-dppm)4]

2þ (E= S, Se, Te;
dppm= bis(diphenyl phosphino)methane) has been found to be luminescent.32,33 High nuclear silver
chalcogenide clusters stabilized with phosphine ligands have been prepared; they possess interesting
structural frameworks and range from small to very large clusters, e.g., [Ag172Se40 (SeBu

n)92(dppp)4]
34

(where dppp= 1,3-bis(diphenylphosphino)propane). Complexes with nitrogen donor ligands are very
stable and numerous, they also form unusual structures that goes from normal molecular species to
supramolecular 2D and 3D networks. Flexible ligands are typical building elements, rigid rod-like
organic units are used to connect metal centers and long flexible-chain bidentate ligands have shown
the ability to produce unique interwoven extended structural motifs.35

Although the Ag���Ag interactions are not very strong, there are many examples of complexes,
which contain Ag���M contacts. Silver forms very stable heteropolynuclear complexes with
different structural motifs, among them it is worth mentioning the species where silver interacts
with platinum, gold, iron, mercury, etc.
The chemistry of gold has experimented a great advance in all oxidation states. Gold(V) is

limited to the presence of very electronegative groups, [AuF6]
�.36 Gold(IV) complexes are avail-

able by electrochemical oxidation of gold(III) derivatives with ligands able to delocalize electron
density such as dithiolates.
Gold(III) gives stable complexes with N, S, P, and C-donor ligands and also with oxygen-based

ligands. Orthometallated species have been synthesized. The geometry is generally square-planar
but with bidentate ligands pseudo-pentacoordination can be achieved.
The chemistry of mononuclear gold(II) species is not very extensive because most of them are

prepared by reduction of the gold(III) species with ligands able to delocalize electron density. A
rich chemistry on dinuclear diamagnetic gold(II) derivatives have been carried on bis(ylide)
gold(II) species, [Au2X2{�-(CH2)2PPh2}2],

37 they have a great stability that allows a great variety
of substitution reactions. The first metal–xenon compound, [AuXe4](Sb2F11)2 obtained by reduc-
tion of AuX3 with elemental xenon, deserves special mention.

38 The geometry is square-planar
and the bonding between gold and xenon is of the �-donor type, with a charge of approximately
0.4 per xenon atom. Other AuII–Xe and the first AuIII–Xe compounds have been reported.39

Gold(I) is by far the most studied oxidation state of this metal. The most striking phenomenon
was the tendency of the linear gold(I) compounds to associate in dimers, oligomers, or even
polymers via short gold(I)–gold(I) interactions. These attractions are weaker than most covalent
or ionic bonds, but stronger than other van der Waals and comparable in strength to typical
hydrogen bonds, ca. 33 kJmol�1. The most convincing example of aurophilicity is found in
polyaurated molecules. Double auration at halide anions to give V-shaped cations with small
angles are known for chloride and bromide. Oxide anions have shown to accept up to four gold
atoms to give trigonal pyramidal or tetrahedral complexes. Sulfide, selenide, and telluride anions
can reach coordination numbers from two to six, and the resulting complexes have structures
clearly determined by Au–Au interactions. Nitrogen became pentacoordinate, phosphorus hexa-
coordinate, and arsenic tetracoordinate in homoleptic phosphine species. Carbon was one of the
first examples of polyauration and pentacoordinate and hexacoordinate compounds have been
described.2 This work has also been extended to several ligands containing these atoms, such as
alcoxides, thiolates, selenolates, amine, etc.2

Although the [AuCl(CO)] complex has been known since 1925, the linear dicarbonyl cation
[Au(CO)2]

þ has been obtained as thermally stable UF6
2� or Sb2F11

2� salts only recently; in these
compounds back-bonding to CO is almost entirely absent.40,41

Many gold(I) complexes are susceptible of having optical properties and consequently in the last
few years several reports have dealt with luminescence in gold complexes.34,42,43 It has been shown
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that the luminescence has its origin in the nature of the ligands, in the geometry around the metal
center, and in the presence of metal–metal interactions. In this area important development has been
made in gold-heterometal complexes (Cu, Ag, Tl, Ir, etc.).43 Many Au���Au bonded species show
intense photoluminescence in the UV–visible region if investigated in the solid state, although this
effect may vanish in solution. It has also demonstrated that luminescence of gold complexes can be
triggered by solvatation of the donor-free solid substrate either from the vapor phase or by
dissolving the material in a solvent. Bachman et al. have reported the construction of striking
‘‘rotator phases’’ of gold complexes based solely on their metal–metal interactions. The behavior of
gold complexes in these rotator phases could potentially be modified to produce interesting and
useful structures, such as metal-based liquid crystals or photoluminescent materials.44

Gold clusters, where the gold has an oxidation state intermediate between 0 and þ1, have been
synthesized with several nuclearities, from the smallest Au4

2þ units to the largest structurally char-
acterized gold cluster, [Au39Cl6(PPh3)14]

2þ,45 although spectroscopic evidence exist for the cluster
[Au55Cl6(PPh3)12].

46 Important work has been done in the area of high-nuclearity mixed-metal clusters,
mainly of gold and silver, whose metal framework is based on vertex-sharing polyicosahedra.47

Monomeric zerovalent gold complexes are rare; they are thermodynamically too unstable to be
used in chemical transformations. Recently the reduction of gold(I) complexes with the macro-
cyclic silacalix[n]phosphinine ligands has allowed the synthesis of gold(0) derivatives.48 These
ligands possess an adequate electronic balance between �-donating and �-accepting properties in
such a way that they might act as equivalent to carbonyl groups. Gold is unique among the
transition metals in its ability to form isolable nonmetallic compounds that contain a monoatomic
anion. The compounds NMe4Au and CsAu�NH3 are recent examples.49,50

These metals and their complexes also have special characteristics that made them adequate for
several uses. Gold possesses special characteristic features, which make it unique, such as high
chemical and thermal stability, mechanical softness, high electrical conductivity, and beautiful
appearance. All these attributes will rise to many relevant applications. For example, gold is an
indispensable element for nanoscale electronic devices because it is resistant to oxidation and
mechanically robust. The well-known elegant red color in Venetian crystal glass arises from surface
plasmon absorption of blue light by gold nanoparticles a few tens of nm in size. Gold compounds have
already been used successfully for the treatment of rheumatoid arthritis. Also gold is an outstanding
element for use as heterogeneous catalysts operating at ambient temperature because it is catalytically
active at low temperature (200–350K compared with Pd and Pt at 400–800K); in the last few years
several uses in homogeneous catalysis have been found.51–58 Silver(I) exhibits a rich biological
chemistry, serving as a widely used antibacterial agent59,60 and a transcriptional initiator in plants61

and mammals.61–63 �-Diketonate compounds found use as precursors for chemical vapor deposition
(CVD) of silver films.64 Silver stilbazole compounds have liquid crystal behavior.65 Silver clusters in
zeolite host may have found an application for new information storage or optical materials.
The presentation of the material in this review largely follows an order of decreasing oxidation

states and, in each oxidation state, a categorization by donor atom will be presented. It covers the
major developments in coordination chemistry since the early 1980s. Previous literature can be
found in CCC (1987) or Comprehensive Organometallic Chemistry.66–69 Reviews, which have been
published since the early 1980s, include for silver surveys of structural chemistry,70 organosilver
chemistry,71 high oxidation states,21 liquid crystal,59–65 and coordination chemistry.72,76 The reader
is referred to gold surveys on general organogold chemistry71,78,79 and more specialized accounts on
topics such as structural chemistry (X-ray and Mössbauer data),80–86 coordination chemistry,87–91

aurophilicity,92–96 high-coordinated compounds,97 aryl gold chemistry,98,99 luminescence proper-
ties,34,42,43,100 bioinorganic chemistry,101–105 liquid crystals,106 dendrimers,107 cluster chemistry,108–112

and theoretical calculations.14,16,113,114 Also of interest is the book ‘‘Gold, Progress in Chemistry,
Biochemistry and Technology.’’115

6.7.2 SILVER

6.7.2.1 Silver(III)

Silver(III), with a d 8 electronic configuration, forms only a limited number of stable compounds
because of the inaccessibility of a suitable ligand framework to coordinatively bind the unusual,
higher valent central metal while, at the same time, resisting intramolecular electron transfer.
They are thermodynamically and kinetically unstable.
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The long known silver oxide AgO is really a mixed-valence oxide that contains AgIII. Due to its
important use in batteries,116 a new economical and high yield process for its preparation has
been reported.117 It consists of the oxidation of an aqueous, alkaline silver nitrate solution with
mixtures of sulfur dioxide and oxygen in air, or with mixtures of sulfite solutions and oxygen in
air. Another example of well-characterized silver(III) compounds is the stoichiometric Ag2O3,
which is prepared by anodic oxidation of neutral aqueous solutions of AgClO4 or AgBF4.

22 The
structure shows that silver is coordinated by an almost square-planar array of oxygen atoms; the
AgO4 groups are linked via common O-atoms to give a 3D network structure. Oxidation to lower
potentials leads to the silver(II, III) oxide Ag3O4.

23 The silver atoms are exclusively in a square-
planar environment.
Diamagnetic salts of the [AgF4]

� ion were first described by Hoppe in 1957 and they are
isomorphous with their [AuF4]

� relatives.118 More recently the use of krypton fluoride in
anhydrous hydrogen fluoride has allowed the synthesis of [AgF4]

� at room temperature,119 but
this powerful oxidative fluorinator failed in getting any oxidation state beyond AgIII, despite the
relative ease of oxidation by that reagent of [AuF4]

� to [AuF6]
�.120 Another high yield, room

temperature synthesis of K[AgF4] is obtained by reaction of AgF2 in liquid anhydrous hydrogen
fluoride with KF and sunlight or UV-irradiated F2.

121 In addition, a facile route to [AgF4]
� using

O2F, generated in situ, has been described.
122 The 109Ag NMR spectrum of [AgF4]

� has a
chemical shift far from any other silver compound, thus reflecting the extreme chemical properties
of this anion.123 The UV–visible spectra for AgIII fluorides have also been reported.124 The
unstable NO[AgF4] has also been described.

125 The synthesis of AgF3 has been a matter of
controversy. It was first claimed by Bougon, Lance, and Seances in 1983.126 They described a
red–brown, highly reactive solid, made by fluorination of the metal or its mono- or difluoride in
anhydrous HF, by KrF2 at room temperature. The X-ray powder diffraction data

125,126 showed
that the red–brown solid was not structurally related to AuF3. Furthermore, the solid proved to
be weakly paramagnetic,125 thus raising the possibility of some AgIII being in the triplet state.
AgF3 was also claimed by Kiselev et al. to be formed in the interaction of AgF2 with O2F2 in
ClF5.

127 The X-ray powder data showed that the compound was no isomorphous with AuF3.
Recently, red, diamagnetic AgF3 has been obtained by Bartlett and co-workers as a precipitate by
adding to [AgF4]

�, in anhydrous HF solutions, fluoro acids such as BF3, PF5, or AsF5.
24,128 It is

isostructural with AuF3 and the structure consists of a silver atom in a elongated octahedron; the
AgF4 square units are joined by symmetrical fluoro bridges in cis, forming a helical chain. It is
thermodynamically unstable and loses F2 in contact with anhydrous HF at�20 �C, giving Ag3F8,
a mixed-valence compound AgIIAgIII2F8 that is identified as the previously claimed AgF3. Also
another mixed-valence fluoride, AgIIAgIIIF5, is prepared by reaction of AgF

þ with [AgF4]
� in

anhydrous HF.24

The tetrahydroxoargentate(III) ion, [Ag(OH)4]
�, is a strongly oxidizing square-planar system

that can be prepared by the electrochemical oxidation of a silver anode in 1.2M NaOH. It is the
simplest source of tervalent silver in solution. Rush and Kirschenbaum have carried out kinetic
studies upon the substitution reactions of [Ag(OH)4]

� with a variety of substrates including
phosphate, borate, carbonate, and arsenate,129 and its reduction by H2O2,

130 [Mo(CN)8]
4� and

[W(CN)8]
4�,131,132 N3

�,133 S2O3
2�,134 AsO2

�,135 H2PO2
�,136 4-ButPhO�,137 SO3

2�,138 SCN�,139

CN�,140 and EDTA4�141 The results indicate that silver(III) is reduced through a variety of
mechanisms. In the oxidation of azide and thiosulfate, transient AgIII-substrate complexes
could be detected, [Ag(OH)3N3]

� or [Ag(OH)3(S2O3)]
2�. In other cases, the redox occurs within

the five-coordinate intermediate. In the oxidation of oxoanions such as arsenite, sulfite, or
hypophosphite, five-coordinate intermediates are also possible, and a two-electron redox step
(inner sphere) and oxygen atom transfer is involved.
Silver(III) forms stable complexes with biguanide ligands. The kinetics of the oxidation of

formic acid,142 hydrogen peroxide,143 hydrazine,144 H3PO2,
145 NO2

�,146 oxalic acid, and dioxa-
late147 by the ethylenebis(biguanide)silver(III) cation have been investigated. The electron transfer
from organic or metal complex reductants to the silver(III) complex has been studied by stopped-
flow techniques in aqueous media.148 The kinetics of the oxidation of ascorbic acid by a silver(III)
compound with a related tetraaza macrocyclic ligand have been investigated and the mechanism
has been shown to be inner sphere.149 Silver(III) compounds with periodate or tellurate were
reported many years ago, and they were believed to be octahedrally coordinated. The X-ray
structure of K5[Ag(HIO6)2]�2H2O reveals planar four-coordinate silver150 and the spectroscopic
studies of Na5[Ag{TeO4(OH)2}2] and Na5[Ag{IO5(OH)}2] indicates the same coordination for
silver. 151 This type of complexes are strong oxidants, and representative examples of this aspect
of their chemistry are the reactions with aldehydes,152 alcohols,153 amines,154 CH2¼CHX
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(X=CN, CONH2, CO2
�),155 and pyrimidine nucleobases.156 A kinetic study of the oxidation of

azide by [AgIII(H2TeO6)2]
5� shows that the reaction proceeds through the fast formation of a

[AgIII(TeO4)2(OH)3N3]
5� intermediate, followed by a slow reaction with H2O to give

[AgI(TeO4)2(OH)4]
7� and N3

þ, a one-step, two-electron process.157

A relatively long-lived AgIII(solv) species, generated in anhydrous HF solutions of AgF3 in the
presence of strong F� acceptors acids (AsF5, SbF5, BiF3), has been put forward as the most
powerful oxidant known, capable of oxidizing O2 to O2

þ.158

The electrochemistry of silver porphyrin complexes has been reinvestigated in compounds
[Ag{TPP(p-X)}]. Up to four reversible electron reactions were observed for each complex which
corresponds to the formation of [AgIII{TPP(p-X)}]þ, [AgIII{TPP(p-X)}]2þ anion radical, the AgI

complex, and AgI anion radical.159 Also evidence for residual paramagnetism in silver(III)
metalloporphyrin complexes has been reported, this is attributed to the presence of AgII in
small amounts and may have found a use in generating molecular conductors or semiconductors.160

The AgII complex with the 14-membered tetraaza macrocycle ligand undergoes a reversible
one-electron oxidation process to give an authentic AgIII species. The AgIII/AgII redox couple
potential (0.835V vs. Ag/AgCl) is affected by variation in the acidity of the solution, indicating
that the complex behaves as a fairly strong acid (pK= 2.6).161

Silver(III) complexes with polypeptides162 such as triglycine (G3) and tetraglycine (G4) or with
vic-dioximate163 ligands such as dimethylglioximate, diphenylglioximate, and cyclohexane-1,2-
dione dioximate have been obtained by direct reaction of [Ag(OH)4]

� and the ligands in alkaline
solutions. For the polypeptide complexes the kinetics of the formation reactions are complex. In
Equation (1) the proposed structures for the protonated [Ag(H�3G4)]

� and [Ag(H�4G4)]
2� are

shown. The vic-dioximate complexes are intensively colored with two ligand-to-metal charge
transfer bands; they undergo an internal redox within several minutes.

Ag
N N

H
H2

N

C

H2C
C

CH2

O

O

H2C C

O

OOCCH2

Ag
N N

H
H

N

C

H2C
C

CH2

O

O

H2C C

O

OOCCH2

+  OH–
ð1Þ

A mixed valence silver(I)–silver(III) crypate complex (1) has been obtained by condensation of
tris(3-aminopropyl)amine and terephthaldehyde in the presence of AgNO3. The silver(III) center
is coordinated to two imino nitrogens and to one oxygen atom, in a trigonal planar geometry.164

The nature of (1) has been questioned by a subsequent reinvestigation of its crystal structure.
According to this second interpretation the complex has two silver(I) atoms, one four-coordinate
and the other disordered between a tetrahedral AgN4 (22%) and trigonal planar AgN3 (78%, (2))
with a long interaction to the oxygen atom of the perchlorate anion.165 Consequently, the
theoretical studies in the Ag¼O bond length gave a higher value to that found experimentally,
1.59 Å.166

NN

NN

N N

Ag AgN N
O
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NN

NN

N N

Ag AgN N

2+
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OClO3

Oxidation of the complexes [Ag(Py)4][MoF6] and [Ag(Py)2][UF6] in acetonitrile by MoF6 and
UF6, respectively, leads to the silver(III) compounds [Ag(Py)4(NCMe)][MoF6]3 and [Ag(Py)2(NC-
Me)3][UF6]3, which are strong oxidizing agents.

167 Other pyridine silver(III) complexes have been
obtained by oxidation of silver nitrate and ammonia with ammonium peroxydisulfate in aqueous
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ammonia solution. At high pH trans-[Ag(Py)2(N2)2](OH)3 was obtained, which was converted to
[Ag(Py)2(N2)2](ClO4)3, and at lower pH trans-[Ag(Py)4](ClO4)2(NO3) was isolated.

168

(Trifluoromethyl)argentates(III) complexes of the type [Ag(CF3)n(CN)4�n]
� have been prepared

by oxidation of [Ag(CF3)CN]
� with bromine. The stability decreases with an increasing number

of CN groups. Substitution reactions in these complexes give [Ag(CF3)nX4�n]
� (X=Cl, Br) or

[Ag(CF3)3R]
� (R=Me, C2Cy).

169 [Ag(CF3)3(MeCN)] is formed in numerous reactions of
M[Ag(CF3)4] with acidic compounds. This complex reacts with halides to give [Ag(CF3)3X]

�

(X=Cl, Br) or with Cd(C2F5)2 to yield [Ag(CF3)3(C2F5)]
�. Oxidation of trifluoromethylsilver(I)

compounds with tetraethyl thiuram disulfide leads to the neutral silver(III) complex
[Ag(CF3)2(S2CNEt2)].

170 Another related organometallic compound of silver(III),
[N(PPh3)2][Ag(CF2H)4], has been obtained by oxidation of the corresponding silver(I) com-
pound.171 Also the reaction of diethyldithiocarbamate with silver(I) in the presence of hydrogen
peroxide gives [Ag2(S2CNEt2)2(OH)2](ClO4)2.

172

The first example of an air-stable silver(III) complex of an N-confused tetraphenylporphyrin
(5,10,15,20-tetraphenyl-2-aza-21-carboporphyrin argentate(III) (3)) has been described.173 The
complex is diamagnetic and the electrochemistry shows that ring reduction or oxidation is
possible.

C

N

N

N

N Ag

(3)

6.7.2.2 Silver(II)

As d 9 species, silver(II) compounds are expected to be paramagnetic and in practice with the
notable exception of AgF2, the compounds are mostly magnetically dilute with �eff consistent
with one unpaired electron. Many examples of planar four-coordinate compounds are known,
and a smaller number of six-coordinate complexes (with Jahn-Teller distortion). The only simple
silver(II) compound appears to be the fluoride, AgF2, and a wide range of related fluorides has
been characterized. Heterocyclic nitrogen ligands stabilize silver(II) and many examples have been
known for a long time.
The AgII oxidation state is peculiar for fluoro ligand systems. Although, in its ligand-field

effects, oxygen is close to fluorine, AgII does not occur in oxides where AgO is AgIAgIIIO2.
However, the attempts to disproportionate AgF2 did not succeed. The mixed-valence fluoride
AgIAgIIIF4 has been obtained as a red–brown diamagnetic solid by interaction of Ag

þ salts, in
anhydrous liquid hydrogen fluoride (aHF), with AgF4

�. This compound transforms exothermic-
ally to brown, paramagnetic AgF2 below 0

�C.174 Disproportionation of AgII in AgI and AgIII has
been achieved with AgIIFAsF6,

175 which disproportionates in aHF to colorless AgIAsF6 and a
black pseudotrifluoride (AgIIFþ)2Ag

IIIF4
�AsF6

�.174 This type of compound, (AgF)2AgF4MF6, is
also generated by oxidation of AgF2 or AgF

þ salts in aHF with F2 or in solutions of O2
þMF6

�

salts (M=As, Sb, Pt, Au, Ru).174 The reaction of AgF2 with excess of SbF5 in aHF gives the
adduct AgF2�2SbF5, the silver atom is square-planar with two different Ag—F bond lengths and
other two long Ag—F distances.176 Mixed fluoride complexes where the silver atom has a trigonal
bipyramidal geometry are AgMII

3M
IV
3F20 (M

II=Cd, Ca, Hg; MIV=Zr, Hf).177 Other silver(II)
fluorides of the type Ag[MF6]2 (M=Nb, Ta) or Ag[AuF4]2 have been described.

178,179 Blue
solutions of AgF2 in aHF with BF3 or AsF5 oxidize Xe to Xe

II at�20 �C.180 A potent oxidant
AgII(solv) has been generated by treatment of AgFAsF6 with AsF5 or AgAsF6 with O2AsF6 in
aHF; it is capable of oxidizing O2 to O2

þ.158 The reaction of AgMF6 (M= Ir, Ru, Bi, Sb) with F2
in aHF gave (AgFþ)n(MF6

�)n.
158,181 The reaction of UF6 and AgF in aHF has been re-investigated

Silver and Gold 917



and the new results support the formation of an intermediate red solid, proposed to be Ag2UF8,
which subsequently decomposes to AgF2 and AgUF6.

182

Silver(I) in the presence of tetraaza macrocyclic ligands disproportionates to Ag0 and the AgII

derivatives. Recent studies have shown that disproportionation depends upon the ring size of the
macrocycle, thus while 14-, 15-, and 16-ring tetraaza macrocycles cause disproportionation, larger
rings do not.183,184 The smaller ring sizes lead to strong Ag–N interaction, which raises the
antibonding 4d-orbitals sufficiently so that removal of an electron is facilitated. The electrochem-
ical behavior of this type of complexes has been studied. The behavior is complex and both
solvent and ligand dependent.185,186 Also the rate constants for the electron transfer reactions of
these complexes have been determined by pulse radiolysis. The self-exchange rate constants reveal
slow exchanges for d 9/10 couples and fast exchanges for d 8/9 couples.187 The crystal structures for
two silver(II) complexes with macrocycles have been reported, complex (4) and other with the
ligand 5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane.188,189 The environment about
the AgII is approximately square-planar. Two bimetallic AgII coordination polymers,
[Ag(cyclam)M(CN)2(�-CN)2]n (M=Pd, Pt; cyclam= 1,4,8,11-tetraazacyclotetradecane) (5), were
synthesized by reaction of [Ag(cyclam)] (ClO4)2 with K2[M(CN)4]�3H2O.190

N

N

N

N
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Me
N

MeN NMeAg

N
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OClO3

O3ClO
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N

N

N

N
AgN C M

CN

NC

C N

(5) M = Pd, Pt

A mixed-valence complex [AgII(tmc)(BF4)][Ag
I
6(C2)(CF3CO2)5(H2O)]�H2O (tmc= 1,4,8,11-

tetramethyl-1,4,8,11-tetraazacyclotetradecane) has been prepared, in which a [AgII(tmc)(BF4)]
þ

cationic column induces the assembly of a anionic zig-zag chain constructed from edge-sharing
silver(I) triangulated dodecaedra, each enclosing a C2

2� species. The Ag���Ag distances lie in the
range 2.818–3.366(1) Å, which is suggestive of significant argentophilic interaction.191

Another class of nitrogen donor ligands, which favor AgII over AgI, is porphyrins, which like
macrocycles provide strong in-plane ligand fields, which facilitate oxidation of the metal. The
electrochemical reduction of silver(II) porphyrins results in generation of an unstable [AgI(por-
phyrin)] which rapidly demetallates to form Agþ ions and the free porphyrin base;192 also the
oxidation and reduction processes has been investigated.159 The electronic structures of [AgII

(porphyrin)] have been investigated by X�-calculations.193 Water-soluble silver(II) complexes
have been prepared mainly using modified tetraphenylporphyrin, with p-MeþNC5H4

þ, p-Me3
þ

NC6H4
�, or p-O3SC6H4 groups replacing phenyl.

194–197 Silver(II) complexes with tetraphenylpor-
phyrin, octaethylporphyrin, etioporphyrin, and the one-electron oxidation compounds has been
examined by NMR spectroscopy. A metal-centered oxidation occurs for the silver(II) compounds
in contrast with the behavior of copper(II) where the oxidation is porphyrin-centered.198 The
oxidation of the labile silver(I) complex [Ag2(tmptp)] (tmptp= 5,10,15,20-tetra(3

0-N-methylpyr-
idinio)porphyrin with peroxodisulfate to give the silver(II) compound was found to be first order
each in silver(I) and peroxodisulfate ions and zero order in porphyrin.199 Single-crystal EPR
spectra have been obtained for two spin-labeled silver porphyrins doped into zinc tetraphenyl-
porphyrin. For each of the complexes four conformations were obtained.200 The crystal structures
of silver(II) derivatives of meso-tetraphenylporphyrin have been carried out. The Ag—N distances
are found to be statistically nonequivalent, and this probably arises from asymmetric lattice
packing.201 Fast-atom bombardment mass spectrometry has been used to study porphyrins and
their metal complexes; rates of demetallation and inter- and intramolecular electron transfer
processes have been investigated. The one-electron reduction of AgP occurs via an excited state
intermediate and the rate of electron transfer from the porphyrin ring to AgII is 2
 1011 s�1.202

Two AgII complexes of tetra-(30-nitrophenyl)porphyrin and tetra-(30-aminophenyl)porphyrin have
been prepared and their ESR spectra reported.203 A phenanthroline capped porphyrin which
combines in a rigid fashion a 2,9-diphenyl-phen (phen= 1,10-phenanthroline) unit and a meso-
diphenyl porphyrin reacts with AgNO3 with a initial complexation to the phen unit but further
addition of silver produces the oxidation to AgII and coordination to the porphyrin unit.204 When
5,10,10,15,20-tetrakis(4-carboxyphenyl)porphyrin, H2L, is added to a silver colloid, prepared by
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reduction of AgNO3 by NaBH4, in 0.02M phosphate buffer, a complex [AgL] is formed. SERS
(Surface-Enhanced Raman Spectra) spectral data have been collected for the surface complex and
have been compared with the resonance Raman spectrum of [Ag(TTP)].205 The dimer formation
constants for silver porphyrins have been obtained through EPR measurements.206

The preparation and characterization of the silver(II) complex [AgL] (where
H2L= tetraneopentoxyphthalocyanine) has been reported. Electrochemical studies show that
oxidation to stable [AgIIIL]þ occurs followed by further oxidation to the radical cation
[AgL]2þ. Reduction to [AgIL]� leads to demetallation on the electrochemical time scale.207

Silver(II) forms stable complexes with other nitrogen donor ligands such as pyridine,
substituted bipyridine, phenanthroline, or citrazinic acid. They are usually obtained by reac-
tion of a silver(I) salt with peroxodisulfate in the presence of the ligand. The complex
[Ag(Py)4](S2O8) has been used as oxidation reagent in the oxidation of organic compounds.

208

The 6,60-dimethyl-1,20-bipyride and 2,9-dimethyl-phen ligands form complexes of the type
[Ag(NO3L)]PF6�NH4PF6 which ESR spectra indicate extensive delocalization involving the
nitrato ion.209 The silver(II) complex [Ag(H2L)2] (6) with citrazinic acid (H3L) has the ligand
acting as mixed bidentate through the nitrogen and one oxygen atom. It reacts with other
nitrogen donor ligands such as pyridine and picoline to give the complexes [Ag(H2L

1)2L
2
2].

210

The AgII complex (7) of a Schiff base has been proposed to have a dimeric structure based on its
low magnetic moment of 1.63 BM and the presence of Ag–O and Ag–N stretches in the
far-IR.211
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The nature of AgII in solution and the kinetics and mechanisms of AgII oxidations of a variety
of inorganic and organic substrates have been studied, complexes [Ag(Py)4]

2þ and [Ag(bipy)2]
2þ

are typical examples.212–215

Silver(II) complexes in the gas phase have been prepared with several nitrogen- and oxygen-
donor ligands including pyridine, tetrahydrofurane, benzene, CO2, etc. The complexes are of the
type [AgLn]

2þ, and the compound [Ag(CO2)4]
2þ is particularly stable.216

6.7.2.3 Silver(I)

6.7.2.3.1 Complexes with carbon donor ligands

Isolable silver(I) carbonyl complexes have been reported only recently. Previously [Ag(CO)n]
þ

species had been detected in zeolite host or in strongly acidic media at low temperatures and high
CO pressures.217,218 The use of very large weakly coordinating anions such as B(OTeF5)4

�,
Zn(OTeF5)4

2�, Ti(OTeF5)6
2�, and Nb(OTeF5)6

�, has allowed the isolation and structural char-
acterization of the AgI carbonyl complexes [Ag(CO)]þ and [Ag(CO)2]

þ.25,26 They are prepared
under CO pressure at low temperature (Equation (2)):

Ag(OTeF5)  +  B(OTeF5)3 [Ag(CO)2][B(OTeF5)4]excess CO

298 K, 36 h
ð2Þ

This complex rapidly looses one molecule of CO, leaving [Ag(CO)][B(OTeF5)4] and reversibly
takes up another equivalent of CO at high pressure. The latter has a short C—O bond length
(1.077(16) Å), long Ag—C distance (2.10(1) Å), and very high value of �(CO) (2,204 cm�1)
suggested little or no �-backbonding, a situation that is virtually unprecedented in metal carbonyl
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chemistry. The structure shows a trigonal planar geometry for silver bound to the carbonyl and
two oxygen atoms of the anion (Figure 1).
The structure of [Ag(CO)2]

þ is linear and it weakly bonds to two or more B(OTeF5)4
� anions.

These complexes decompose at room temperature giving [Ag(CO)(OTeF5)], CO, and B(OTeF5)3.
The Zn(OTeF5)4

2� and Ti(OTeF5)6
2� adducts are more stable when subjected to subambient

pressures of CO.
A silver tricarbonyl complex [Ag(CO)3][Nb(OTeF5)6] has been prepared from Ag[Nb(OTeF5)6]

under 13 atm of CO for 4 h at 298K. It is stable at 196K and 5–10 torr, but readily looses CO in
toluene solution at 298K.219 An IR spectroscopic study of Ag[Nb(OTeF5)6] in solution as well as
in the solid state under variable CO pressure reveals the stepwise formation of [Ag(CO)]þ,
[Ag(CO)2]

þ, and [Ag(CO)3]
þ, with increasing pressure favoring the higher carbonyl. The �(CO)

IR band for the tricarbonyl species is assigned at 2,192 cm�1.220 An analysis of the Ag�CO
bonding in silver carbonyls has been carried out on the basis of Fenske-Hall calculations. The
nonclassical behavior of the C�O stretching frequency trends has been attributed to uncompen-
sated CO-to-metal �-donations due to the very weak metal-to-ligand �-back donation.221 The
Ag—CO bond dissociation energies for [Ag(CO)n]

þ complexes, n= 1–4, has been found by
collision-induced dissociation mass spectrometry to be 0.92 eV, 1.13 eV, 0.57 eV, and 0.47 eV,
respectively,222 verifying earlier predictions by ab initio calculations. Quantum chemical investiga-
tions at the MP2 and CCSD(T) level with relativistic effective core potentials for the metals have
been reported for homoleptic carbonyl complexes of the group 11 d10 metal cations with up to six
carbonyl ligands. The complexes [Ag(CO)n]

þ are predicted to be bound species for n= 1–6.223

Addition of CO or CNBu to [Ag{HB[3,5-(CF3)2pz]3}] gives the corresponding [Ag{HB[3,5-
(CF3)2 pz]3}(CO)] (8) or [Ag[HB{3,5-(CF3)2pz]3}(CNBu)] complexes.

27 These complexes show
much higher �(CO) and �(CN) values compared with the free ligand and seem to have predom-
inantly �-type Ag–ligand interaction. Similar silver(I) carbonyl or isocyanide complexes with a
tripodal ligand [Co(C5H5){P(O)R2}3]

� (LR) (R=OMe, OEt, OPri) have been obtained and are of
the form [AgLR(CO)] (9) or [AgLR(CNBu

t)]. The �(CO) appears at 2,147 cm�1 which is the closer
value to that found in free CO (2,143 cm�1).224 All the silver(I) carbonyl species are considered to
be nonclassical because of the relatively little �-backbonding present, similar fact is found in
copper carbonyl species.225
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Silver(I) isocyanide complexes have been known for a long time and they were usually prepared
by alkylation of silver cyanide.226 More recent reports include the study of steric effects of ligands
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Figure 1 Structure of [Ag(CO)] [B(OTeF5)4].
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in silver(I) isocyanide complexes. The reaction of AgPF6 with CNR in a 1:2 molar ratio gives
[Ag(CNR)2]PF6 (R= 2,4,6-But3C6H2, 2,4-Bu

t
2-6-MeC6H2, 2,6-Me2C6H3) and further reaction

with CNR yields [Ag(CNR)3]PF6 with the exception of the bulky CN(2,4,6-Bu
t
3C6H2). The

structure of [Ag{CN(2,4,6-But3C6H2)}2] shows a distorted tetrahedral geometry with the PF6
acting as bidentate ligand.227 Other isocyanide silver(I) complexes of stoichiometry [Ag(CNR)4]-
ClO4 (R=Me, Cy, But) and [Ag(CNCy)2]ClO4 have been reported together with substitution
reactions. Phosphine or arsine ligands produce complete isocyanide displacement whereas nitro-
gen donor ligands, polydentate phosphines, or phosphites give complexes of the
type [Ag(CNR)(bipy)]ClO4 (R=Cy, But), [Ag(CNCy)(Py)]ClO4, or [Ag(CNCy)L3]ClO4 (L3= (Ph2
PCH2)3CMe, P(OMe)3).

228

Complexes with bridging cyanide groups have been synthesized. The [Ag(CN)2]
� anion is

used to form additional coordination bonds through the nitrogen atoms of the cyano groups.
It can act as an isolated counterion in structures with ionic character such as [Ni(bipy)3]2
[Ag(CN)2]3�Cl�9H2O;229 as a ligand when bonded via one bridging cyano group in complexes
such as [(PPh3)2N][ClPh3Sn(�-NC)Ag(CN)],

230 [LnMCNAgCN] (LnM= [FeCp(dppe)]þ (dppe= 2-
bis(diphenylphosphino)ethane), [RuCp(PPh3)2]

þ),231 or [Cr(en)2{Ag(CN)2}]ClO4 (en= 1,2-ethyle-
nediamine);232 or as bridging spacer between central atoms giving rise to polymeric structures as in
complexes such as [Cu(bipy)2{Ag(CN)2}2][Ag(CN)2]�2H2O,233 [Zn(en)2{Ag(CN)2}2][Ag(CN)2]

234,
or [Cu(en)2Ag(CN)2][Ag(CN)2].

235 The dicyanodargentate(I) anion is also useful to build up
multidimensional coordination polymers. Cd2þ, [Ag(CN)2]

�, and the monodentate 4-methylpyr-
idine are self-assembled from an aqueous solution to build up the 1D polymer chain complex
[Cd(4-Mepy)4{Ag2(CN)3}][Ag(CN)2] and an interwoven 2D network host clathrate [Cd(4-
Mepy)2{Ag(CN)2}2]�4-MePy.236 When L is an ambidentate bridging ligand such as 4,40-bipyridine
and pyrazine, 3D complexes [Cd(4,40-bipyridine)2{Ag(CN)2}2] with doubly interpenetrating and
[Cd(pyrazine){Ag2(CN)3}{Ag(CN)2}] with triply interpenetrating lattice structures are
obtained.237 The less bulky monodentate NH3 in [Cd(NH3)2{Ag(CN)2}2] gives a 3D warp-and-
woof interwoven structure of two sets of 2D networks.238 Other Cd2þ-[Ag(CN)2]

�-L systems have
been studied (where L= 4-aminopyridine, aminoethanol, imidazole, N-methyl, or 2-methylimida-
zole) and several modes of coordination have been achieved.239,240 The [Ag(CN)2]

� anion has also
been used in the construction of host–guest241,242 and low-dimensional magnetic systems.243

Reaction of AgClO4 with 2,5-dimethyl-2,5-diisocyanohexane (TMB) gives the complex
[Ag2(TMB)3](ClO4)2. The structure consists of pairs of���AgCN�NCAgCN�HCAg���infinite
chains with another TMB ligand is bonded to silver.244 The treatment of (Ph4P)[WCpS3] with
AgCN gives an helical polymer [{W(C5Me5)S3}2Ag3(CN)]n (Figure 2).

245 The complex �-(BEDT-
TTF)2[Ag(CN)2] (BEDT-TTF= bis(ethylenedithio)tetrathiafulvalene) exhibit semiconducting
properties although the band structure calculation predicts metallic behavior.246

Recently the vibrational spectroscopy and determination of the crystal structure of AgCN was
carried out by using powder neutron diffractometer data.247 The structure is composed of a
packing of parallel, linear [AgCN]n chains with Ag���Ag separations that exceed 3.88 Å. AgCN
dissolves in aqueous solutions of a soluble silver salt giving double salts of the type
3AgCN�2AgF�3H2O,248 AgCN�2AgNO3,249 AgCN�2AgClO4�2H2O,249 or AgCN�AgF�4CF3

S
S

W

S
Ag

C
N

Ag

S S
W

SAgN

Figure 2 Structure of the repeating unit of [{W(C5Me5)S3}2Ag3(CN)]n.

Silver and Gold 921



CO2�2L (L=MeCN, H2O).
250 In the nitrate salt the AgCN component essentially retains the

linear [AgCN]n characteristics of neat silver cyanide, whereas in the perchlorate salt the [AgCN]n
chain is significantly perturbed to assume a zig-zag conformation, and breaks up completely into
fragments in 3AgCN�2AgF�3H2O. In the latter the structure consists of a layer-type architecture
of a zig-zag [AgCN]n chain as a building unit, and an interaction of the ordered cyanide group
with two other neighboring AgI ions leads to an unprecedented �4-�

1�C:�1�N coordination mode
(Figure 3). The trifluoroacetate salt has a similar structure. The driving force for dissolving AgCN
in aqueous solutions of a soluble silver salt is attributed to both argentophilicity and the tendency
of the cyanide ligand to achieve its highest ligation number.
Argentophilic attraction has been found in Tl[Ag(CN)2]; this compound displays photolumi-

nescence that has been explained in terms of excited-state Ag�Ag interactions leading to exciplex
formation, *[Ag(CN)2

�]3.
251 Several photochemical studies have been carried out with this type of

compound.252–255

The insoluble alkynylsilver or acetylidesilver complexes are regarded as coordination polymers
[RC�CAg]n with cross-linking between the metal atoms and the ethynyls of adjacent RC�CAg
units. The addition of a ligand can partly break down the polymeric structure. The 1:1 complexes
of alkynyl silver compounds with tertiary phosphines build oligomeric or polymeric structures in
which alternating [Ag(C�CR)2] units �-donate to adjacent [Ag(PMe3)]þ units rather than
monomeric [Ag(C�CR)(PR3)] molecules.256,257 The 1,3-bis(o-propargyl)-t-butylcalyx[4]arene
derivative reacts with AgNO3 to give the alkynyl species that further react with PPh3 to yield
the [Ag(C�CR)(PPh3)] complex.258 Several alkynyl silver(I) compounds with diphosphines have
been synthesized and they exhibit luminescence in both the solid state and in solution.259,260 The
reaction of [PhC�CAg]n with dppm yields [Ag3(�3-�

2-C�CPh)2(dppm)3]þ (10).261 Other tri-
nuclear silver(I) acetylides have been prepared by reaction of the silver diphosphine complexes
[Ag2(�-PP)2(MeCN)2]

2þ with RC�CLi, they are of the stoichiometries [Ag3(�-PP)3(�3-�1-
C�CR)](BF4)2 (PP= dppm, R=Ph (11), 4-NO2C6H4, 4-MeOC6H4; PP=Pr

nN(PPh2)2, R=Ph)
or [Ag3(�-PP)3(�3-�

1-C�CR)2]PF6.262 By reaction of [Ag2(�-dppm)2(MeCN)2](BF4)2 with 1,4-
diethynylbenzene in the presence of LiBun the complex [Ag3(�-dppm)3(�3-�

1-
C�CC6H4C�C)Ag3(�-dppm)3](BF4)4 (12) is obtained.263

The organometallic substituted acetylides LnMC�CR or organometallic bridged 1,4-diynes
RC�CMLnC�CR (R= singly bonded organic ligand; MLn= organometallic building block)
can further coordinate other metal centers as silver.264 There are many complexes that lie in the
organometallic chemistry of silver and which will not be discussed here. The reaction of
[PtCl2(THT)2] (THT= tetrahydrothiophene) with [AgC�CR]n gives the cluster compounds
[Pt2Ag4(C�CR)8] (R=Ph, But) (13).265. This complex reacts with anionic or neutral ligands
(molar ratio 1:4) to give trinuclear compounds such as (Bu4N)2[{Pt(C�CR)4}(AgX)2] (X=Cl,
Br) or [{Pt(C�CR)4}(AgL)2] (L=CNBut, Py). The reaction in a 1:1 molar ratio gives the
hexanuclear species (Bu4N)2[Pt2Ag4(C�CR)8X2] or [Pt2Ag4(C�CR)8(Py)2].266 Also it serves as
a precursor for polymeric materials, thus in the reaction with bipy this ligand bridges the
equatorial silver atoms giving a polymeric complex.267 Also in the reaction with AgClO4 (molar
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Figure 3 Layer structure of 3AgCN�2AgF�3H2O.
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ratio 1:4) the complex acts as an octadentate chelating agent through the external alkynyl
coordination sites, the perchlorate ligands can react further with bipy in different molar ratios
to give polynuclear derivatives.267,268 Other types of complexes are formed by reaction of [Ti(�5-
C5H4TMS)2(C�CR)2] with silver salts and are of the form [Ti(�5-C5H4TMS)2(C�CR)2(AgX)]
(14) (X=Cl, Br, I, CN, SCN, NO2, NO3, ClO4, OTf, S2CNEt2, SC6H2NMe2-2).

269,270 The
complex [Ti(�5-C5H4TMS)2(C�CR)2(AgOTf)] reacts with several ligands such as THT, NCMe,
NCPh, P(OMe)3, PPh3, and P(C�CPh)2(CH2Ph) to give [Ti(�5-C5H4TMS)2(C�CR)2Ag(OTf)L]
(OTf= trifluoromethanesulfonate).271
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Similar complexes are prepared with platinum and are of the type Bu4N[Pt(C6F5)2(C�CR1)2
(AgPR23)] (R

1=Ph, But; R2=Ph, Et) which are obtained by reaction of the tetranuclear
platinum–silver complex (Bu4N)2[Pt2Ag2(C6F5)4(C�CR)4] with phosphine.272 The polynuclear
complexes [PtAg2(C6F5)2(C�CR)2]n (R=Ph, But) must have a polymeric structure with the
silver atoms �2-bonded to the acetylide groups; the t-butylacetylide derivative reacts with acetone
to give [Pt2Ag4(C6F5)4(C�CBut)4(Me2CO)4].273 Both react with neutral ligands to give
[PtAg2(C6F5)2(C�CR)2L2] or [Pt2Ag4(C6F5)4(C�CR)4L2] (L=PPh3, CNBu

t, Py).274 The crystal
structure of [PtAg2(C6F5)2(C�CPh)2(PPh3)2] reveals two different types of unsymmetrical �3-�
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and �-�2,�-edge-bridging alkynyl ligand (Scheme 1). The reaction of trans-[Pt(C�CBut)2
(PMe2Ph)2] with AgClO4 gives trans-[PtAg2(MeCN)x(�-C�CBut)2(PMe2Ph)2](ClO4)2 that reacts
further with Py to give the neutral derivative trans-[PtAg2(ClO4)2(Py)2(�-C�CBut)2
(PMe2Ph)2](ClO4)2.

276 Silver(I) also binds in a �2 fashion to alkynyl manganese complexes
such as [Mn(C�CBut)(CO)3(dppe)] to give [Mn{AgP(2-MeC6H4)3}(�-C�CBut)(CO)3
(dppe)]þ.277
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Various homo- or heteronuclear cluster species which contain both �- and �-bonded alkynyl
groups have been synthesized and characterized, e.g., [Ag5(C�CPh)6]�,278

[Au2Ag2(C�CPh)4(PPh3)2]�,279,280 [Ag6Cu7(C�CPh)14]�,281 [Ag3(C�CBut)2X]n (X= p-
toluenesulfonate, NO3),

282 and [Ag14(C�CBut)12X]BF4 (X=Cl, Br, I).282

Several studies have been carried out with the alkynediide silver compound Ag2C2. This salt
dissolves in aqueous solutions of another soluble silver compound giving double salts of the type
Ag2C2�8AgF,283 Ag2C2�2AgClO4�2H2O,284 Ag2C2�mAgNO3 (m= 1, 5, 5.5, 6),285 2Ag2C2�
12AgCF3CO2�3MeCN,286 Ag2C2�6AgCF3CO2�3MeCN,286 and 4Ag2C2�23AgCF3CO2�
7C2H5CN�2.5H2O;286 triple salts Ag2C2�AgF�4AgCF3SO3�2L (L=CH2CN, C2H5CN);

287 or
quadruple salts 2Ag2C2�3AgCN�15AgCF3CO2�2AgBF4�9H2O.288 In all of these silver(I) multiple
salts, the C2

2� species is always encapsulated inside a Agn (n= 6–9) polyhedral cage or (C2)2@Ag13
double cage and stabilized trough mixed �–� interactions with its vertexes.
The compound trans-perfluoro-1-methyl-1-propenylsilver has been shown to be tetrameric,

[CF3CF¼C(CF3)Ag]4, and it is a suitable precursor to prepare pure silver films by plasma-
enhanced CVD, or to deposit silver films under MOCVD conditions.
Arylsilver compounds are air, moisture, and light sensitive, but are sufficiently thermally stable to

allow isolation and characterization. They are prepared by reaction of a silver salt with the
aryllithium or magnesium compounds. Mesityl silver [Ag(2,4,6-Me3C6H2)]4 (15) has a tetrameric
structure.289–292 The related complex with the bulkier phenyl-substituted ligand 2,4,6-Ph3C6H2 was
originally formulated as monomeric293 but has recently been disproved.294 Di- and trinuclear
gold(I)–silver(I) complexes containing Mes groups acting as bridges between two metal centers
have also been described. The reaction of [Au(Mes)(PPh3)] with [Ag(OTf)L] leads to complexes
[(PPh3)Au(�-Mes)AgL]OTf (L=THT, PPh3).

295 The structure of the complex where L=THT is a
dimer with the THT acting as a bridging ligand. Similarly, the treatment of [Au(Mes)(PPh3)] with
AgOTf in a 2:1 ratio gives the trinuclear Au2Ag derivative [{(PPh3)Au(�-Mes)}2Ag]OTf (16).296

The reaction of N-benzyl-C-imidazolyllithium with [Ag(NO3)(SMe)2] affords the corresponding
C-imidazolylsilver (Equation (3)), which has been proposed by molecular weight determination to
be trimeric.297 N-Functionalized C-imidazolylsilver compounds or carbene-type silver complexes
are obtained by reaction of the imidazolium salt with Ag2O or Ag2CO3; some of these are shown
in Figure 4:298,299

[Ag(NO3)(SMe2)]    +

N

N

Li

CH2Ph

N

N

Ag

CH2Ph

+  LiNO3  +  SMe2 ð3Þ
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Pentafluorophenyl derivatives of the type [AgR] where prepared many years ago. A new
method consists of the reaction of Bu4N[AuR2] with AgClO4 (Equation (4)):

300,301

Bu4N[AgR2]  +  AgClO4  (NBu4)ClO4  +  2 [AgR] ð4Þ

The reaction of AgR (R= 2,4,6-C6F3H2, C6F5, C6Cl5) with neutral ligands L gives the complexes
[Ag2R2L]2 (L=Py, 3-FPy, THT, bipy) for which a tetranuclear structure is proposed.

302 Reaction
of AgCl with the double ylide hexaphenylcarbodiphosphoran C(PPh3)2 gives the complex
[AgCl{C(PPh3)2}].

303

6.7.2.3.2 Complexes with nitrogen donor ligands

(i) Complexes with monodentate ligands

Mononuclear silver(I) complexes with nitrogen ligands can have several coordination numbers,
the simplest is dicoordinated and compounds of the type [AgL2]

þ occur for a variety of ligands
such as NH3,

304–308 1,2-4,triazol-5-one,309 melamine,310 2,6-Me2Py,
311,312 NCCl,313 NCH,314

9-methylhypoxantine,315,316 5-methyl-2-(2,3-diaza-4-(5-methyl-2-thyenyl)buta-1,3-dienyl)thio-
phene,317 succinimide,318,319 pyridine-4-carbonitrile,320 4-benzoylpyridine,320 thiophene-2-carbal-
dehyde imine (17),321 Py,322 benzotriazole,323 9-ethylguanine,324 substituted sulfonylureas,325

2-arylazopyridines,326 (–)-1-phenylethyl-2-quinolyl (18),327 pyrazole,328 nitroimidazole,329 and
methylimidazole.330 The silver(I) compound with the ligand 1-(p-MeOC6H4)-4-(CHNOH)-imida-
zole is highly active in vitro against the growth of epimastigotic forms of Trypanosoma cruzi.331
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Ag
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N

Ag
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X
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R R
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N
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NEt2
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Et2N
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Figure 4 C-imidazolylsilver compounds.
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N CH

Me

Ph

NCH

Me

Ph

Ag

(17) (18)

Alkoxystilbazoles can react with a variety of silver salts, AgX, to yield the two-coordinate
linear complexes (19). They show liquid crystalline behavior that strongly depends on the anion,
the alkoxy chain length, and other substituents which may be present on the stilbazole.59–65

N

R

R

R
N

R

R

R
Ag

X
R = H,  OCnH2n-1

(19)

They have been prepared with several anions,332–335 the tetrafluoroborate salt exhibits SA and SC
phases332,333 but the triflate shows a nematic phase.334 One of the problems in studying these
complexes was the very high temperatures at which the phases existed and the fact that decom-
position was often observed in the upper reaches of the SA phases. Reduction of these tempera-
tures was achieved by changing the small anions for dodecyl sulfate that also make that more
materials exhibit nematic SA and SC phases, and another more viscous phase appeared, named
cubic phase SD. With the anion octyl sulfate

336 the crystal structure of one of the complex with
4-metoxystilbazole could be achieved (20), with this anion the cubic phase was not present.

N
MeO

NAg

N
OMe

N
MeO

Ag

OMe

O

O
S

O

O S

O

O

(20)

Another approach to get new liquid crystals is the lateral fluorination of the stilbazole
ligands,337 which is a common and highly effective tool to exert control over mesomorphism,
crystal phase stability, and physical properties. Other modifications include the use of more
alkoxy substituents and other alkyl sulfate anions.338–344 Ionic silver amino complexes also dis-
play liquid crystalline behavior at rather low temperatures; they are of the form [Ag(NH2n-
CnH2nþ1)2]X (X=NO3, n= 6, 8, 10, 12, 14; X=BF4, n= 8, 10, 12, 14).

345
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Silver(I) is also bonded to two nitrogen atoms in heteropolynuclear complexes such as [Ag
{(�-NC)MnLx}2]PF6 (21) or [Ag{(�-NC)MnLx}2](PF6)3 (Lx= trans-(CO)2[P(OEt)3](dppm) or
trans-(CO)(dppm)2),

346 or in the mixed silver–gold derivative [Ag{Au(2-CH2-6-
RC5H3N)(PPh3)}2]ClO4 (22) (R=H, Me).347 Complexes in which silver is bonded to a nitrogen
ligand as 3-ferrocenylpyridine or 1,10-bis(2-pyridylthio)ferrocene and triphenylphosphine are
[Ag(FcPy)(PPh3)]

348 and [Ag2(PPh3)2{Fc(SPy)2}](OTf)2 (Fc= ferrocenyl).
349 Other complexes

include [Ag(NO3)(2-NCPy)], only characterized by IR and elemental analysis,
350 silver(I) disulfo-

nylamides [Ag{N(SO2)2C6H3-4-X}(NCMe)]
351 and the bridging pyrazolate ligand in complex

[PtCl(PPh3)2(�-3,5-Ph2pz)AgCl].
352

Mn CPh2P

P(OPh)3
OC

CO
PPh2H2C

N MnC PPh2

P(OPh)3
CO

OC
Ph2P CH2

NAg

N R
H2
CAuPh3P

NR C
H2

AuPPh3

Ag

(21) (22)

Three-coordinate silver(I) complexes with nitrogen donor ligands are of the form [AgXL2]
(L= 3-ferrocenylpyridine, X=OTf; L= 3- or 4-NCPy, 2-, 3-, or 4-NCC6H4NH2, X=NO3).
348,350 The model nucleobases (23)–(25) have been synthesized and their interaction with silver(I)
studied; the complexes formed are of the type [Ag(23)(25)(NO3)]2�[(23)(24)(PF6)]�10H2O or
[Ag(23)(24)(H2O)]NO3. An XRD study of the latter complex reveals that ligand (23) bonds
through atom N3 whilst ligand (24) is coordinated through atom N7.353

N

N N

N

O

H2N
Me

Me

N

N N

N

NH2

Me

N

N

NH2

O

Me

(23) (24) 25)(

Other tri-coordinate silver(I) complexes are the bridging pyrazolate complexes such as
[Ir(�5-C5Me5)(pz)3Ag(PPh3)], [Ir(�5-C5Me5)(pz)3{Ag(PPh3)}2]BF4, and [Ir(�5-C5Me5)(PPh3)-
(pz)3Ag (PPh3)]BF4.

354–357 Silver complexes with azooximato ligands [Ag{PhN¼NC(R)¼
N(O)}{PhN¼NC(Me)¼N(OH)}2]2 are dimers through hydrogen bonds.358 The structure of com-
plexes with aminopyridines has been reported for [Ag(4-NH2Py)2]NO3 and [Ag{2,6-(NH2)2
Py}3]NO3.

359 The reaction of Ag(OTf) with N,N0-diphenylformamidine gives the [Ag(OTf)L2] com-
plex where the silver(I) center is three coordinate.360

Homoleptic mononuclear tetra-coordinate silver(I) complexes have also been reported and are
of the type [Ag(Py)4]

þ,361 [Ag(NCMe)4]
þ,362,363 or [Ag(S4N4O2)2]

þ.364 The reaction of polymeric
silver(I) imidazolate [Ag(im)]n, which shows a wide spectrum of excellent antimicrobial activities
against bacteria yeast and mold, with PPh3 gives [Ag(im)(PPh3)3].

365 Another tetra-coordinate
derivative is the bis(acridine)silver(I), [Ag(NO3)(C13H9N)2], with the nitrate acting as bidentate
ligand.366 The heteronuclear complex [{Co(NH3)5(�-pyrazine)}2Ag(H2O)2] has been characterized
structurally.367

Thermodynamics of complex formation of silver with several ligands such amines,368 hindered
pyridine bases,369 nitrogen donor solvents,370 and azoles371 have been carried out. Other studies
include the secondary-ion mass spectra of nonvolatile silver complexes,372 the relationship
between Lewis acid–base behavior in the gas phase and the aqueous solution,373 or the rates of
hydride abstraction from amines via reactions with ground-state Agþ.374
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(ii) Complexes with polydentate ligands

Pyrazoles and imidazoles ligands have a very rich coordination chemistry with many metals.
Silver(I) complexes are known long time ago but this area has been growing. As early as 1889
Büchner375 reported the synthesis of the insoluble silver salt [Ag(pz)]n that always has been
claimed to be polymeric. The ab initio crystal structure determination from powder diffraction
data confirms its polymeric nature and, by changing the synthetic method, a trimeric [Ag(pz)]3
(26) structure has also been isolated.376 The structure for the diphenyl pyrazolate trimer [Ag(3,5-
Ph2pz)]3 has also been reported.

377 The reaction of Ag2O with [3,5-(CF3)2pzH] gives [Ag{3,5-
(CF3)2pz}]3, the complex exists both as trimers and pairs of trimers with a Ag���Ag interaction of
3.307,3(13) Å.378 Treatment of [Ag(pz)]n with PPh3 gives complexes with bridging pyrazolate
ligands [Ag2(�-pz)(PPh3)2] (27) and [Ag2(�-pz)(PPh3)3].

379 The reaction of these complexes with
heterocumulenes such as CS2, COS, CO2, or RNCO produces the insertion of the heterocumulene
in the N—Ag silver bond.379 The coordination of the 3,5-bis(2-pyridyl)pyrazole (HbPypz) ligand
with silver(I) has been studied. In the dinuclear [Ag2(HbPypz)4](ClO4)2 there are two four-
coordinate [Ag(HbPypz)2]

þ units linked by intramolecular hydrogen bonds; while the compound
[Ag(HbPypz)]n(ClO4)n is polymeric where the silver atom is three coordinate, chelated by two
nitrogen atoms of the ligand and the other is bridging with other silver center.380 Heteropoly-
nuclear complexes with bridging pyrazolate complexes have been prepared such as [Pd2Ag4(3,5-
Me2pz)8]

381 and [{(�5-C5H5)Ir(�-pz)(�-N¼C(R)pz)Ag}2](BF4)2 (R=Me, Ph, Bz).382

N N

N

NN

N

Ag Ag

Ag

(26)

N N

NN

AgAg PPh3Ph3P

(27)

N N

NN

H2B Ag

(28)

PPh3

PPh3

Bis(pyrazolyl)borate compounds have also been reported and are of the type [Ag{(pz)2BH2}{P(4-
MeC6H4)3}], [Ag{(pz)2BH2}(PPh3)2] (28), [Ag{(pz)2BPh2}L] (L=P(4-MeC6H4, CNBu

t, P(OPh)3,
0.5 Ph2PCH2PPh2), or [Ag{(3,5-Me2pz)2BH2}L] (L=PEtPh2, PCy3).

383,384

Silver(I) complexes are known with the tris(pyrazolyl)borate [HB(pz)3]
� and the methyl, phenyl,

bromo, or trifluoromethyl-substituted derivatives. The structure of the silver tri(pyrazolyl)borato
species has been a puzzle since it was first reported.385,386 It was suggested that the structure could
be oligomeric, but recently the crystal structure of the compound [Ag{HB(3,5-Me2pz)3}]2 shows that it
has a dimeric structure387 where the silver(I) centers are tricoordinated by a bidentate arm of one
ligand and a monodentate arm of the other ligand (29). The related complexes [Ag{HB(4-Brpz)3}]2,
[Ag{HB(4-Mepz)3}]2, [Ag{HB(3,5-Me2pz)3}]2, [Ag{HB(3-Mepz)3}]n, [Ag{B(pz)4}]n, and
[Ag{B(im)4}]n have also been reported.

388,389 The structure of the [hydrotris(1,2,4-triazolyl)borato]-
silver(I) consist of a 2D coordination polymer (30).390

N N
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HB N N
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N N
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Complexes of the type [Ag{HB(pz)3}(PR3)] are known for a variety of phosphine ligands and it
has been observed that the ligand properties of [HB(pz)3]

� are dependent on the cone angle and
basicity of the phosphine. Also the solution and solid-state behavior differs greatly.391 The
complexes with the related ligands [HB(3,5-Me2pz)3]

�, [HB(3,5-Ph2pz)3]
�, and [HB(4-Brpz)3]

�

have also been described.389,391,392 The reaction of [Ag{HB(3,5-Me2pz)3}(PPh3)] with 1-methyl-
imidazolyl-2-thione (Hmimt) gives the compound [Ag{HB(3,5-Me2pz)3}(Hmimt)(PR3)] in which
the [HB(3,5-Me2pz)3]

� probably acts as a bidentate donor.391 Considerable work has been carried
out with polyfluorinated tris(pyrazolyl)borate ligands, which play an important role in stabilizing
silver(I) complexes with small unsaturated molecules. Examples are the carbonyl complex men-
tioned in Section 6.7.2.3.1 or other adducts with nitriles, ethylenes, alkynes, isocyanides, azides
(31), ethylene oxide, or propylene sulfide ligands.393–395 The complexes with THF or toluene
ligands obtained by reaction of Na[HB{3,5-(CF3)2pz}3] with AgOTf in THF or toluene are useful
starting materials.393,396 Adducts containing phosphine ligands397 or unsupported silver—germa-
nium398 bonds (32) have also been prepared.

N N

NN

HB N N

CF3
F3C

F3C
CF3

CF3F3C

Ag N
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R

N N

NN
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F3C

F3C
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CF3F3C

Ag Ge

HN

OSO2CF3
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(31) (32)

Silver(I) poly(pyrazolyl)borate complexes containing isocyanide ligands have also been pre-
pared for the ligands [HB(3,5-Me2pz)3]

�, [HB(3,5-Ph2pz)3]
�, [HB(3-Mepz)3]

�, and [B(pz)4]
�, the

latter behaves as a tridentate ligand.399 A series of silver(I)-bidentate phosphine adducts with
poly(pyrazolyl)borate ligands have been described. In the solid state they are three- or four-
coordinate with the bidentate donors [HnB(pz)4�n]

� but in solution different species can exist
depending on the chain which links the two phosphorous atoms and also on the stoichiometry
ratio. The structures for the complexes [Ag{(pz)2BX2}(dppf)] (X=H, pz; dppf= 1,10-bis(diphenyl-
phosphino)ferrocene) have been reported.400 The tetrakis(pyrazolyl)borate ligands coordinate in a
bi- or tridentate mode in silver(I) complexes with tertiary phosphine ligands, as in
[Ag{(pz)2B(pz)2}(PPh3)].

401 An interesting derivative [Ag3L2]ClO4 (33) is obtained with the
tris[3-(2-pyridyl)-pyrazol-1-yl]borate. It contains a triangular Ag3

3þ cluster core encapsulated by
two ligands, each AgI being coordinated by a bidentate arm from each of the two ligands.402 An
unprecedented trinucleating bridging mode for a tris(pyrazolyl)borate ligand occurs in the
2-methoxyphenyl-substituted derivative. In the complex [Ag3{(3-MeOPhpz)3BH}2]ClO4 (34), the
silver centers are bonded to one pyrazolyl nitrogen atom of each ligand.403
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The analogue tris(pyrazolyl)methane ligand has also been used to synthesized silver(I)
complexes of the type [Ag(OTf){(pz)3CH}], [Ag{(pz)3CH}(CNBu

t)]OTf, and the six-coordinate
[Ag{(pz)3CH}2]OTf (35).404 Bis(pyrazolyl)methane ligands of the type Me2C(pz)2, H2C(3,5-
Me2pz)2, or H2C(4-NO2pz)2 have been used to form complexes of the type [AgXL] (X=NO3,
OTf) or [AgL2]X (X=BF4, ClO4).

405 Siver(I) nitrate forms the dinuclear complex (36) with a
potentially hexadentate tetrapyrazolyl ligand; the silver atoms are two coordinate.406 The tetra-
kis(pyrazol-1-ylmethyl)methane react with AgNO3 to yield a dinuclear [Ag2L2] complex with the
silver centers three-coordinated to two pyrazolyl units of one ligand and one of the other
ligand.407
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Related ligands are imidazoles. The reaction of AgNO3 or AgBF4 in neutral or weakly acidic
solutions with the nitroimidazole gives the polymeric silver nitroimidazolate [Ag(NO2im)]n,
whereas in strongly acidic solutions yields the complex [Ag(NO2imH)2]

þ.329 Ab initio techniques
have been employed for the structure determination of polymeric silver imidazolate, [Ag(im)]n,
from X-ray powder diffraction data. It consist of parallel chains with alternating cis, trans
arrangement of the imidazolate rings with respect to the polymer backbone.408 Silver(I) complexes
with phosphine ligands and imidazole and the substituted methyl or phenyl derivatives have been
reported. They have several stoichiometries as [Ag(PR3)4�n(im)n]

þ, [AgX(PR3)3�n(im)n], or the
dinuclear complexes [Ag2(�-X)2(PR3)2(im)2]

þ.409 The tris[2-(1-methylimidazolyl)]methoxymethane
(timm) forms the species [Ag(timm)]þ, which has luminescence behavior.410 The reaction of silver
acetate with 2,2-bibenzimidazole (bbimH2) and PPh3 yields the complexes [Ag(bb-
minH2)(PPh3)2](COOMe) and [Ag2(�-bbmin)(PPh3)2] (37).411

The 1,3,5-tris(benzimidazol-2-ylmethyl)benzene (tbid) reacts with AgNO3 to afford the com-
pound [Ag(tbib)(PPh3)]NO3.

412 The reaction of 2-amino-1,3,4-thiadiazole (atdz) reacts with
AgClO4 to yield the complex [Ag4(atdz)6](ClO4)4 (38) in which two metal centers are bridged
by two atdz ligands to form a six-membered N2M2N2 framework, two of these units
are connected by a further bridging ligand.413 N(1)-Alkyl-2(arylazo)imidazoles
p-R1C6H4N¼NC3H2NN(1)R2 (R1=H, Me, OMe, Cl, NO2; R2=Me, Et) yield cationic bis-
chelated complexes with silver(I).414,415 Coordination studies of bis(benzimidazole) ligands with
silver(I) have been carried out and the structure of the complex with the 1,7-bis(benzimidazol-2-
yl)-2,6-dithiaheptane ligand shows the linear coordination mode to the silver center.416 The
reaction of 2,5-dihydro-4,5,5-trimethyl-2,2-di-2-pyridyl-imidazole-1-oxyl with AgSbF6 gives the
complex [Ag2L2](SbF6)2 (39), the compound forms a four-membered ring with a short Ag���Ag
distance of 2.839(2) Å.417 Silver(I) complexes with isothiazole-based ligands bearing substituents
with additional donor sites in the five position of the heterocycle, 3-Me-5-RC3HNS
(R=CH¼N(CH2)2Py, CH¼NCH2Py, CH2N(CH2CH2NEt2)2, (CH2)2SMe) have been synthe-
sized. All the compounds are dinuclear and the silver centers are coordinated to two nitrogen
atoms of the ligands or one nitrogen and one sulfur and to the oxygen atoms of the triflate
anion.418 A dinuclear silver complex with the ligand 1,2,4-triazole, [Ag2(NO3)2(�-C2N3H3)2], has
been described.328

Other polydentate ligands are polyamines and related ligands. Stability constants of silver(I)
complexes with polyamines in dimethyl sulfoxide,419 N-methyl-substituted 4-methyldiethylene-
triamines,420 or ethylene- or N- or C-methylated ethylenediamine in aqueous solution have been
reported.421 The structure of the silver 1,3-diaminopropane complex, [Ag{NH2(CH2)3NH2}]-
ClO4,

422 and complex formation with 1,4-diaminobutane and 1,5-diaminopentane have been
reported.423 A dinuclear silver(I) compound with ethylenediamine [(enH)Ag(en)Ag(enH)2]

4þ has
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been prepared and consist of linear Ag-atoms with bridging en and terminal enH.424 The square-
planar metal site M(en)2 (M=Ag, Cu) in the structure of ethylenediamino CuM-bis(tetraborate)
hydrate has been determined crystallographically to be occupied by 40% Cu2þ and 60% Agþ.425

Silver(I) forms polymeric chain compounds with polydentate nitrogen acyclic ligands such as
diethylenetriamine (dien), 2,20,200-triaminotriethylamine (tren), and N,N0-bis(aminoethyl)propane-
1,3-diamine (tetraen). The addition of monodentate ligands such as phosphines or isocyanides to
these compounds leads to the formation of simpler binuclear species as [Ag2(dien)2
(PMe3)2](PF6)2 (40).426 Thermally stable silver(I) amides [{Ag(�-NR2)}4] (R=TMS (41),
NCMe2(CH2)3CMe2) have been prepared from AgNCO and Sn(NR2)2, there are tetranuclear
compounds comprising a square of Ag-atoms.427 The formation of a [Ag{N(SO2CF3)2}] complex
from Ag2CO3 and HN(SO2CF3)2 and its use as an effective [N(SO2CF3)2]

� transfer agent have
been reported.428
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Silver(I) complexes with bipyridine, dimethylpyridine, or phenanthroline have been synthe-
sized and have shown strong cytotoxicities in vitro to both normal and carcinoma cells.429 This
bis(chelate) complexes with the tetramethyl substituted bipyridine430 and the 2,40-bypiridine431

ligands have been reported. The ligand 1,10-bis(2-pyridylthio)ferrocene, Fc(SPy)2, forms com-
plexes with silver(I) of the type [Ag(OTf){Fc(SPy)2}], [Ag(PPh3){Fc(SPy)2}]OTf, [Ag2{Fc
(SPy)2}3]OTf, or [Ag(L-L){Fc(SPy)2}]OTf (L-L= phen, (SPPh2)2CH2).

349 Similar complexes are
obtained with the 1,2-bis(2-pyridylthio)-1,2-dicarba-closo-dodecaborane ligand.432 The reaction
of 1,10-bis(2-pyridyl)ferrocene with RhCl3�3H2O in the presence of AgNO3 gives the silver
complex [Ag(ClO4)L], which is a dimer with perchlorate bridges.

433 The reaction of the pyr-
idine-imine 6—R1—Py—2—CH¼NR2 ligands with Ag(OTf) or AgClO4 results in the forma-
tion of the bis(chelate) complexes.434,435 The related ligands (R,S)-1,2-(6-R1Py-2-CH¼N)2R2
(R1=H, Me; R2=Cy, Et) react with Ag(OTf) to yield the dinuclear complexes (42).436,437

Similarly, the coordination behavior with the related thienyl ketimine ligands with silver(I)
have been studied and complexes with stoichiometry 2:2 and 2:1 respectively, have been
obtained. The silver atoms are bonded mainly to the imine N-atoms with large contacts to
the sulfur thiophene atoms.438–441
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Other bis(chelate) silver(I) derivatives are obtained with ligands derived of two bipyridine
moieties linked by a bridging unit such as 1,4-bis(50-methyl-2,20-bipyridine-5-ethyl)-benzene,442

bis(60-2,20-bipyridyl)phthalate or terephthalate,443 or 2,20-bis[6-(2,20-bipyridyl)]diphenyldisulfide
(43).444 The compound [Ru(tpy)(�2-tpt)(OH2)](ClO4)2 (tpy= 2,2

0:60,200-terpyridine, tpt= 2,4,6-tri-
pyridyltriazine) reacts with AgClO4 (2:1 ratio) to afford the bis-chelate complex [{Ru(tpy)(�

3-
tpt)}2Ag](ClO4)3.

445 The 1,2-bis(2-pyridylethynyl)benzene ligand coordinates to silver(I) in a
trans-chelating fashion (44).446

The ligands 2-(2-pyridylsulfanyl)quinoline, 2-(2-pyridylsulfanyl)benzothiazole, and dibenzothia-
zolesulfide react with AgNO3 with formation of dinuclear complexes where the ligands bridge the
two silver centers through the nitrogen atoms.447 Similar complexes are obtained with the 1,4-
bis(2-pyridyloxy)benzene ligand.448 The crystal structure of [Ag(NO3)L] in which L is 6,60-
dimethyl-2,30-bypiridine has been determined. In the solid state, dimers are present due to
interactions between symmetry related cations.449 Silver(I) complexes with the new bipyridine
derived ligands (45) and (46) have been prepared and are of the type [Ag2(45)]2þ and [Ag(46)]þ. In
the dinuclear complexes, it is proposed that each silver atom is bound in an N,N0-mode to the
bipyridine moieties, in addition to interactions with O or S-atoms.450

N

YY

N

YY

NNNN
NN NN

X

X = O or S (45)
X = N(tosyl), N(tosyl)(CH2)2N(tosyl)(CH2)2N(tosyl)

(46)

Heteroleptic bis(phenanthroline) silver(I) complexes using 2,9-diarylphenanthrolines as well as
unsubstituted or 4,7-disubstituted phenanthrolines have been prepared.451 The bis(chelate) com-
plexes have also been obtained for the C60-phenanthroline,

452 the 2,9-dimethyl-phen,453 and the
6,60dibromo-2,20-bipyridine derivatives.454 The structure of [AgBr (phen)(PPh3)] has been
reported.455 The coordination of silver(I) with 2,20:60,200-terpyridine (terpy) and 6,600-diphenyl-
2,20:60,200-terpyridine has been investigated. In weakly coordinating solvents there is evidence of
formation of dinuclear double-helical species, but in solvents such as acetonitrile the square-
planar complexes [AgL(MeCN)]BF4 (47) have been isolated. For terpyridine two cations are
associated through a Ag–Ag interaction of 3.1698(12) Å.456 Treatment of AgClO4 with terpy in
acetonitrile gives species of stoichiometry 4AgClO4�5terpy�MeCN, which is shown by X-ray
analysis to contain two independent cations, the four-coordinate [Ag(terpy)(NCMe)]þ and the
five-coordinate [Ag3(�-terpy)2(terpy)2]

3þ.457 Another five-coordinate silver complex [Ag(terpy)
(PPh3)2]ClO4 has been reported. Two phosphorus and a central pyridine occupy the equatorial
sites, while the two distal pyridines occupy the axial sites forming a distorted trigonal bipyramidal
geometry.458 The ligand 2,20:60,200:600,2000:6000,20000-quinquepyridine forms a mononuclear pentacoord-
inate complex [AgL]PF6, in contrast to the double-helical binuclear complexes formed with the
first row transition metal ions.459 The 1,8-naphthyridine (napy) ligand has also been used to
prepare dinuclear silver(I) derivatives of the type [Ag2(napy)2](ClO4)2 (48), which has a Ag—Ag
distance of 2.748(2) Å, shorter than that found in metallic silver.460,461 The NO3

� salt has also
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been reported.462 A dinuclear complex with the phthalazine ligand has been described,
[Ag2(C8H6N2)4](NO3)2, which has two bridging and two monodentate ligands.

460 Bridging bis
(triazenido) groups support a rhombus of silver(I) atoms in the complex [Ag4L4] that results from
the reaction of AgNO3 with Na[PhN3C6H4N3(H)Ph] (NaL).

463 The reaction of [Ag(NH3)2]
þ with

1,2-bis(phenyltriazenido)benzene and ethylenediamine gives the tetranuclear complex
[Ag4{(PhN3)2C6H4}(en)2] (49).464

(47)

N

N N
Ag

NCMe

RR NN

N N

Ag Ag

2+

(48)

Ag
H2N NH2

N
N N

Ag

N N

N
Ph

Ag
N

N
N

Ph
N N

N
AgPh

Ph

NH2

H2N

(49)

Other dinuclear silver(I) complexes with bridging nitrogen ligands are those with 7-azaindo-
late,465 8-amino-quinoline,328 1,10-diazaferrocene,466 and 1,2,4-triazolo-1,5-pyrimidine (50). In the
latter, the nature of the anion appears to play an important role in the stereochemistry of the silver
center.467 Other dinuclear468,469 silver(I) complexes with substituted triazolopyrimidine ligands and
also polymeric species have been obtained.470 With a related ligand, the anionic form of 4,7-
dihydroxo-7-oxo-1,2,4-triazolo-1,5-pyrimidine (7tpO�) and bypyrimidine (bpm) a tetranuclear
AgI–PtII complex, [Pt2Ag2(7tpO)4(bpm)2 (H2O)2](NO3)2 has been described.

471 Silver(I) complexes
with amidinate ligands have been prepared from the reaction of PhC(NTMS)[N(TMS)2] with
AgO2CMe

472 (51) or from more complex amidinate ligands bearing substituents than can coordin-
ate the silver center with silver acetate, e.g. with (52).473 The bis(�-N,N0-�2-N0,O0-di(o-methoxy-
phenyl)-formidinato)disilver(I) complex is the first example of a room temperature fluorescent d10–d10

compound.474 Theoretical studies of the N,N0-di-p-tolylformidinato complex have been carried
out, concluding that there is little or no direct metal–metal bonding in these molecules.475

C
NN

C
N N

Ag Ag

(50)

Ph

Ph

C
NN

C
N N

Ag Ag

H

H

SMe

SMe

MeS

MeS

N

N

N

N

N

N
Ag

Ag

O O
N

O

O O
N
O

(51) (52)

TMS

TMSTMS

TMS

The reaction of silver azide, for which an explosive luminescence has been observed,476 with
AgNO3 in aqueous solution gives the salt AgN3�2AgNO3, in which the azide unit exhibits an
unprecedented bridging hexadentate coordination mode as an encapsulated species inside a
trigonal prism.477 Different products have been obtained from the reaction of silver triflate with
a racemic mixture or with enantiomerically pure (R,R) or (S,S) forms of the ligand 4,5-bis[2-(2-
pyridyl)ethyl]-1,3-dioxolane. With the former, the dimeric meso-complex (53) has been isolated,
while with the latter, the R,R or S,S forms, respectively, of the polymeric [AgL]n

þ have been
characterized.478 The [2-(6-methyl)pyridyl]trimethylsilylamide (Hmpsa) ligand reacts with
AgNO3 and LiBu to give the tetrameric amido complex [Ag4(mpsa)4]. The ligand bridges the
silver(I) centers in a ‘‘head-to-head’’ and ‘‘tail-to-tail’’ fashion to give a cyclic structure.479 The

Silver and Gold 933



1,1,2,3,3-pentacyanopropenide ligand coordinates as bidentate ligand in the complex
[Ag{NCC[C(CN)2]2}(PPh3)2].

480 A similar complex with two phosphine ligands and two nitrogen
atoms is obtained with the ligand 4-(4-methylphenyl-3,5-bis(2-pyridyl)-4H-1,2-4-triazole).481 Het-
erocyclic ligands have been prepared by dimerization of 2-thiouracils and the formation of
complexes with silver have been studied.482 The bicyclic ligand CF3CN5S3 reacts with Ag(AsF6)
to form complexes of the type [Ag(CF3CN5S3)]AsF6 or [Ag(CF3CN5-S3)2]AsF6 (54), the coordin-
ation takes place through the nitrogen atoms.483

N N

NN

Ag Ag

(53)

O
O

O O

N
C

N
S

N

S
N

S

N

F3C

N
C

N
S

N

S
N

S

N

CF3

Ag Ag

N
C

N
S

N

S
N

S

N

F3C

N
C

N
S

N

S
N

S

N

CF3

2+

(54)

2+

The silver cluster with bridging amido ligands [Ag6Cl2(NHPh)4(PPr
n
3)6] have been obtained

from the reaction of silver chloride, tertiary phosphine and litiated aniline.484 The metalla-
cryptand [Ag12(NPEt3)8](SiF6)1.5 has been obtained by reaction of AgF with the silylated phos-
phinoimine TMSNPEt3.

485 In the cation, the silver atoms are located on the edges of a nearly
undistorted cube and the N-atoms of the ligand occupy the vertices, a fluoride atom is in the
center of the cube and has contacts with all the silver atoms.
Silver(I) complexes with macrocyclic nitrogen ligands are also very numerous. Mono- or

homodi-nuclear silver-containing molecular clefts can be synthesized from the cyclocondensation
of functionalized alkanediamines or triamines with 2,6-diacetylpyridine, pyridine-2,6-dicarbalde-
hyde, thiophene-2,5-dicarbaldehyde, furan-2,5-dicarbaldehyde, or pyrrole-2,5-dicarbaldehyde in
the presence of silver(I).486–497 The clefts are derived from bibracchial tetraimine Schiff base
macrocycles and have been used, via transmetallation reactions, to complex other metal centers.
The incorporation of a range of functionalized triamines has provided the conformational flex-
ibility to vary the homodinuclear intermetallic separation from ca. 3 Å to an excess of 6 Å, and
also to incorporate anions as intermetallic spacers. Some examples of the silver(I) complexes
obtained are shown in Figure 5.
Similarly, by Schiff-base condensation reactions have been used to generate free cryptands from

triamines and dicarbonyls in [2þ3] condensation mode. These ligands react with silver(I) com-
pounds to give dinuclear or trinuclear macrocyclic compounds where Ag���Ag interactions may
be present. Thus, with a small azacryptand a dinuclear complex with a short Ag���Ag distance
(55) is found.498 With bigger azacryptand ligands also dinuclear complexes as (56) are achieved
but without silver–silver interaction.165,499–501 A heterobinuclear AgI�CuI cryptate has also been
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N                              N
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N N
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N

N

Ag
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m (H2C)
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Me Me

(CH2)mm (H2C)

R
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S

NN

HH

Ag
OH2
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N N
Ag

H2O

HH
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Figure 5 Some examples of silver complexes with Schiff base macrocycles.
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synthesized.502 Aminocryptand ligands have been less studied but a disilver and a trisilver
derivative (57) have been obtained.503

N N

N N

NN

N

NAg

Ag

Ag

Ag Ag

H
N

HN

H
N

NH

HN NH

N
N

(55)
(56)

N N

N N

NN

N

N

O

O

O

Ag

Ag

(57)

Silver(I) cryptates with a series of (1,kþ2)diazabicyclo[k,l,m]alkanes in which the bridges
contain either alkyne or benzene such as (58), (59), or (60) have been prepared. The incorporation
of a silver ion into the cages results in drastic changes of the conformations of the ligands. The
driving force for this change is a close interaction between the nitrogen centers and the metal. As
a side effect of these conformational changes close contacts between the silver ion and the triple
bonds in the solid state and solution have been observed.504,505

N Ag N N Ag N N Ag N

O O

(58) (59) 60)(

The macrocyclic tris-bipyridine ligand forms a trinuclear silver derivative (61).506 Other macro-
cyclic ligands containing bipyridine or phenanthroline moieties react with AgBF4 to give
[Ag2L2](BF4)2; the crystal structure reveals a dimeric structure with two distinct silver environ-
ments (62).507 The complex formation between silver(I) ions and the macrocyclic ligand 1,4,7-
triazaciclononane (L1) and its tri-N-methylated derivative (L2) has been investigated. Complexes
of the type [AgXL1] (X=Cl, Br, I) or [AgXL2] (X=CN, SCN) and [AgL12]

þ or [AgL22]
þ (63)

have been obtained.508
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Ag
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(61)

N N
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Ag
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N N
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N N
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N

Ag
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Ag

N

N

N

N

N

N
Me

Me

Me
Me

Me

Me

(63)

Several silver(I) complexes of the macrocyclic Schiff base derived from the [2þ2] condensation
of terephthalaldehyde and 3-azapentane-1,5-diamine or N,N0-bis(3-aminopropyl)methylamine
have been described.509,510 The reaction of 2,11-diaza-difluoro-m-[3,3]-cyclophane with 2,6-bis
(bromomethyl)pyridine lead to the 3þ 3 addition product, which gives a complex with two silver
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atoms.511 Complexation studies of the silver(I) cation by catenands have been carried out.
Complex (64) represents a probable structure for one of these complexes.512–514 The synthesis
of heterobimetallic ‘‘face to face’’ dimeric porphyrins (65) is achieved using silver as the protecting
group in one of the coordination centers.515 The structure of hexamethylenetetramine-silver(I)
chloride has been carried out showing three AgI cations with different coordination numbers,
octahedral, tetrahedral, and tetragonal pyramidal.516 A series of differently functionalized all-
homocalixpyridines and their open-chain analogues have been synthesized. These macrocycles
show a pronounced selectivity towards soft metal ions such as AgI, one example is the trinuclear
complex (66).517 Also bis-calix[4]arene with imine units show high selectivity towards Agþ.518
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Host–guest complexes such as (67) have been prepared from molecular squares involving Lewis
base receptor sites, such as {cyclobis[(cis-(dppp)Pt(4-ethynylpyridyl)2)(cis-LM)]Ag2}

6þ(OTf)6,
where M=PdII or PtII and L= dppp or 2PEt3, by reaction with pyridine, pyrazine, phenazine,
or 4,40-dipyridyl ketone.519

Pt

Pt

Pt

Pt

Ph2P PPh2

Et3P

Et3P

PEt3

PEt3

PPh2Ph2P

N

NN

N N

N

Ag

Ag

(67)

6+

(iii) Supramolecular compounds

Recent years have witnessed considerable interest in the development of rational synthetic routes
to supramolecular architecture from self-assembly of component metal complexes. These solid
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materials with well-defined, discrete network topologies are attractive to chemists not only for
aesthetic reasons but also for their potential applications in many areas. Silver(I) complexes with
N-donor ligands give rise to an interesting array of stoichiometries and geometric configurations,
with the coordination numbers of two to six all occurring. They adopt novel structures such as
multidimensional helical, honeycomb channel, interwoven diamondoid, graphite framework, etc.
The majority of silver compounds with helical structures have concentrated on the use of

oligopyridines and oligophenanthrolines. They can be single-, double-, or triple-stranded heli-
cates.520–559 The ligands involved in this type of structure are listed in Figure 6. The silver
complexes with triazolate, tetrazolate [Ag(tetz)(PPh3)2]n, and L-histidine [Ag(Hhis)]n have effect-
ive antibacterial and antifungal activities.536,537,539

N

N
N N

N

N

P
O O

N N

OO

N N
N N

N
N

N

N

N

N N
N N

NN
N N

R

RR

RR

R

N

N N

NHN

Me
N NH

Me

Cl Cl

R = OMe

N
N N

N N

N N
N N

O
N N

O
n

N N
N

O O

N
N

N
NN

N N
N N

N N
OR

N

N
N

N
R

R = H,8-Me,9-Me,10-Me,10-ClR = chiral group

N

N
N

N N
H

OHHO N
H

N NH OHHO HN
N N

HO2C C
H

C
NH

NNH2 N

N

N

N

Ref. 520 Ref. 478 Ref. 521 Ref. 522, 523

Ref. 524

Ref. 529 Ref. 530 Ref. 531

Ref. 532

N

N N

N

Ref. 533 Ref. 534
Ref. 535 Ref. 536

Ref. 537 Ref. 538 Ref. 538

Ref. 539 Ref. 540

N
NN

N

Ref. 541

Ref. 525–527

X X

R
Ref. 528

N

N N

N

H2

R

N

Silver and Gold 937



1D-, 2D-, or 3D polymeric structures have been constructed using rigid nitrile ligands such as
those shown in Figure 7. If the cyano groups have opposite directions they can act as road-like
bridging ligands in the construction of diamondoid frameworks.
Polymeric silver(I) complexes have also been achieved with cyanosulfanes, they react with

silver(I) according to Equation (5).
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Figure 6 Ligands which form silver(I) complexes with helical structures.
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2 Sn(CN)2  +  Ag(AsF6 [Ag{Sn(CN)2}2]AsF6
SO2)

n = 3, 4

ð5Þ

The dicyanosulfanes serve in these complexes as bridging ligands and undergo coordination
through their terminal nitrogen atom, giving a chain polymer (n= 3) or a layer polymer (n= 4).584

The tricyanofluoroborate anion, FB(CN)3
�, forms a network polymer [Ag{BF(CN)3}(NCMe)]n

with silver(I), which exhibits 1D channels along the b-axis.585
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Figure 7 Rigid nitrile ligands which form polymeric silver(I) complexes.
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Planar coordination compounds with aromatic ligands, especially those having extended
�-systems, show �–� interactions in the solid state. The ligands shown in Figure 8 form complexes
with silver(I) which have a supramolecular structure through �–� interactions.586–596

Hydrogen bonding also plays an important role in the construction of metal aggregates. Amide
moieties have a well-established propensity to engage in complementary hydrogen bonds resulting
in either in infinite ribbons (through head-to-head interactions), or in infinite chains via equiv-
alent N—H���O interactions. Figure 9 shows the ligands involved in this type or silver(I)
aggregates.470,597–604

In some of these type of polymeric materials there are two forces that organize the polymer
strands into a supramolecular structure, and are usually hydrogen bonds and �–� interactions,
this happens with the complex [1,2,4,5-C6H2{CH2OCH2C(pz)3}4Ag2(BF4)2]n.
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Figure 8 Ligands which form silver(I) complexes with supramolecular structures through p-p interactions.
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Figure 9 Ligands which form silver(I) complexes with supramolecular structures through hydrogen bond.
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Pyrazines and substituted pyrazines have long been known to act as exo-bidentate ligands to
linearly bridge metal ions, and then have also been employed for the self-assembly of polymeric
materials. With pyrazine (prz) varying the reaction conditions and stoichiometry, 1D, 2D, and 3D
structures containing silver(I) atoms with several coordination modes have been prepared.606–609 A
3D racemate is present in [Ag2(2,3-Me2prz)3](SbF6)2.

610 A sawhorse connection has been achieved
in the compound [Ag(NO2)(pyz)]n.

611 With 2,20-bipyrazine an infinite loop has been obtained.612

Silver(I) complexes with polyamines also form molecular aggregates, thus hexamethylenetetra-
mine yields 2D and 3D coordination networks,613 polymeric chains are obtained with diethylene-
triamine, tris(2-aminoethyl)amine, or N,N0-bis(aminoethyl)propane-1,3-diamine,426 and 2D
networks are formed with thiocyanate and bridging polyamines.614

Pyridine and related ligands gives silver(I) aggregates with different structural motifs. The
complexes [AgBr(3-MePy)]n and [AgBr(4-MePy)]n give a tube and a stair polymer structural
type, respectively.615 The silver adducts with thiocyanate instead of bromo give 2D polymers.616

The adduct of silver(I) chlorine with quinoline gives a polymer comprising Ag5X4 face-centered
motifs linked in a linear polymeric array through the silver atoms of the opposite corners of the
face.617 Polymeric structures have also been described with the ligands trans-1,2-bis(2-pyridyl)
ethane,618 bipyridine, and thiocyanate,619 2-pyridinolate,620 2-pyridylketone,621 4,4-bipyridine,622

1,3-bis(pyridyl)propane,623 N,N0-bis(2-pyridylmethyl)piperazine,624 1,6-bis(40-pyridyl)-2,5-diazahex-
ane,625 and 2-(2-pyridyl)quinoxaline.626 A cylindrical-shaped coordination polymer is formed by
self-assembly of 2,2,4,4,6,6-hexakis(4-pyridylmethoxy)-2	5,4	5,6	5-cyclotris(phosphazene) with
AgNO3.

627 Two more silver(I)-phosphazene polymers have been reported from the reaction of
[�N¼PPh2–]n and [�N¼P(NHCy)2–]n with AgOTf and AgNO3, respectively.628,629 1,2-Bis
(4-pyridyl)ethyne, 1,4-bis(2-pyridyl)butadyine, and 1,4-(4-pyridyl)butadyine give 1D or 2D frame-
works depending on the anion of the silver salt.630–632 Polypyridyl ligands such as 2,3-di-2-
pyridylquinoxaline, 2,3-di-2-pyridyl-5,8-dimethoxyquinoxaline, and 2,3,7,8-tetrakis(2-pyridyl)pyr-
azino[2,3-g] gives box-like dinuclear or chain polymeric silver(I) complexes.633 The mode of
coordination of the multidentate ligand 2,20-dimethyl-4,40-bipyrimidine depends on the metal
ion, anion, metal-to-ligand ratio, and crystallization conditions, with silver(I) 2D and 3D net-
works being obtained.634 A novel synthetic procedure has been reported for the preparation of
soluble, well-defined silver(I) coordination polymers from 4,400-bis((9-aryl)-2-o-phenanthrolinyl)-
20,50-dihexyl-p-terphenyl, which consist of the exclusion of all molecules that might act as com-
petitive ligands for the metal ions of the polymer.635

Self-assembly of azolate ligands and silver cations also leads to supramolecular networks. The
species [Ag(tetrazolate)]n or [Ag(tetrazolate)�AgNO3]n have a 3D structure with a �4-�1:�1:�1:�1
bonding mode.636 The ligands 2,6-bis(pyrazolyl)pyrazine637 and 2-(3-pyridyl)benzimidazole638

form silver(I) complexes with tubular coordination networks or low-dimensional structures,
respectively. The chemical reaction of imidazole with metallic silver has been studied by surface-
enhanced Raman scattering and X-ray photoelectron spectroscopy and show that the product
formed is silver(I) imidazolate, which covers the surface of the metal as a monolayer.639 The 1:1
complex formed by silver(I) and 2,1,3-benzothiadiazole consists of two-coordinate silver atoms
and bridging ligands.640

An spontaneous assembly of 15 components is reported in the synthesis of [Ag9L6](OTf)9 where
L is the hexadentate, tris-chelating 6,6-bis[2-(6-methylpyridine)]-3,30-bipyrazine. The structure
consists of a 3
 3 grid of Ag-atoms (average Ag���Ag= 3.72(3) Å), sandwiched between two
almost perpendicular sets of three parallel L ligands (Figure 10).641

N

N
N

N
N

N
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9+
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Me

Figure 10 Assembly of components in [Ag9L6](OTf)9.
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The reaction of AgOTf with a flexible diimine ligand in 1:2 and 1:1 ratio leads to the mono- or
dinuclear complex, respectively. They further react with AgOTf to give coordination polymers.
These complexes are models for the chain-growth process required in the formation of coordin-
ation polymers (see Scheme 2).642,643 Similar complexes are obtained with the 1,4-di-t-butyldia-
zabut-1,3-diene derivative.644
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Scheme 2

A trinuclear complex with a bridging tridentate cyanide ion and 1.5 molecules of the tetrapodal
ligand 1,2,4,5-tetrakis(pyrazol-1-ylmethyl)benzene has been described. These units assemble
further into large macrocyclic rings, and these rings then interlock to produce a 2D metallo-
polymeric network.645 Another silver(I) polymeric complex has been prepared with the ligand
amidoselenato, Ag2SeO3N�3NH3�2H2O.307

Heterometallic polymers are formed by reaction of [PtI2(PP)] (PP= 1,2-[bis(2-pyridyl)phosphino]
ethane (d(Py)pe) or cyclopentane (d(Py)pcp) with excess of AgNO3, which gives the complexes
[Pt2{d(Py)pe}2Ag4(NO3)8(H2O)2]n or [Pt2{d(Py)pcp}2Ag6(NO3)10]n. These compounds contain the
[Pt2(PP)2]

4þ units, with each diphosphine ligand P,N bonded to platinum, connected via bridging
AgNO3 cluster, the Ag being bound to the pyridyl nitrogen or nitrate oxygen atoms.

646

Bovine copper–zinc superoxide dismutase (Cu2Zn2SOD) is one of the most thoroughly characterized
nonheme metalloproteins. This protein serves as unique ligand in reactions where the native metal ions
are replaced by another as silver to form derivatives such as Ag2Cu2SOD, Ag2Co2SOD, Ag2Ni2SOD,
and Ag2Zn2SOD, in which it is believe that the imidazole bridges are not maintained.

647,648

6.7.2.3.3 Complexes with phosphorus, arsenic, antimony, or bismuth donor ligands

(i) Complexes with monodentate ligands

Numerous phosphine complexes (and some arsine and stibine analogues) are known. With
monophosphines these are mainly of the type [AgX(PR3)n] with n= 1–4. The 1:1 compounds
are tetrameric, with either cubane or chair structures depending on the steric requirements of both
X and PR3. Several studies in solution or in the solid state of the coordination of one to four
phosphine ligands to a silver center have been performed. They reveal that steric effects as well as
electronic effects are important on the coordination behavior of the complexes. For example with
phosphine ligands such as P(NMe2)3, P(NMeCH2)3CMe, or P(–NCH2CH2–)3, only with the
smaller ligand P(–NCH2CH2–)3 coordination number four could be achieved. However, the
ligand P–(OCH2)2CHO– is shown to form only a monoligated Ag

I complex in solution despite
its very small steric requirements, whereas P(OCH2)3CEt and even larger phosphites such
P(OPri)3 form isolable four-coordinate complexes. Other two- and three-coordinate silver(I)
compounds with phosphite ligands have been described, such as [Ag{P(OPri)3}n]

þ (n= 3, 4),
[Ag{P(OPh3)}]

þ, [Ag{P(OBut)3}2]
þ, and [AgX{P(OBut)3}] (X=Cl, Br, BF4).

649,650

By using PR12R
2 or As(C5H9)3 ligands of intermediate size between PCy3, which form two-coordin-

ate species, and PPh3, which form four-coordinate species, several three-coordinate (R1=Ph;
R2=Ph, Cy, C5H9) or two-coordinate (R

1=C5H9, Cy; R
2=Ph) complexes have been obtained.651,652

With the bulky ligand P(Mes)3 only dicoordination, [Ag{P(Mes)3}2]PF6, is achieved.
1,653 With the

related sterically hindered and very basic phosphine ligand P[2,4,6-(MeO)3C6H2]3 the complexes
[AgX{P[2,4,6-(MeO)3C6H2]3}] ( X=Cl or Br) have been obtained. Both are mononuclear and exhibit
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an almost linear silver(I) center. Phosphorus-31 NMR studies show that in solution the reaction with
another equivalent of phosphine takes place to generate the species [Ag{P[2,4,6-(MeO)3C6H2]3}2]X.

654

Two-coordinate species have also been achieved with PPh3; the reaction of AgBF4 with two equivalents
of PPh3 in acetonitrile gives [Ag(NCMe)(PPh3)2]BF4. The acetonitrile ligand is loosely bound and
recrystallization in CH2Cl2/hexane results in the isolation of the low-coordinate phosphine complex
[Ag(PPh3)2]BF4.

655 The crystal structure of [Ag(PPh2Me)2]ClO4 has been reported and shows a linear
geometry for the silver(I) center.656

Silver chloride reacts with triphenylphosphine to give either [AgCl(PPh3)2] or [AgCl(PPh3)3],
depending on the solvent, whereas silver bromide and iodide afford the tris(triphenylphosphine)-
silver(I) halides. These complexes react with SnCl2 to yield the trichlorostanniosilver derivatives.

657

The crystal structures for [AgX(PPh3)3] (X=Cl, Br, I) have been reported.657–660 The structures of
the silver(I) derivatives [AgBr(PPh3)2] and [Ag2X2(PPh3)4] (X=Cl or Br) show discrete monomeric
units for the former and dimeric four-coordinate silver(I) units with bridging halides for the
latter.661 The solid state structures of [AgX(PPh2Bu)] (X=Cl, Br, I) have been determined crystal-
lographically and shown to consist of Ag4X4-cubanes.

662 A 31P NMR study for [AgI(PMe3)] shows
two resonances that are assigned to the tetranuclear and mononuclear forms of the complex.663

Several studies have been carried out with triphenylphosphine–silver complexes with various
anions. They show different structural motifs and most of them have been characterized by XRD
studies and solid-state cross-polarization magic-angle spinning (CPMAS) NMR spectroscopy.
The complexes [Ag(NO3)(PPh3)n] (n= 1–4) have been prepared and characterized structurally by
solid-state 31P NMR or XRD studies. The value of J(AgP) decreases with increasing coordination
number. For n= 1, 2, or 3 the NO3

� groups are weakly coordinated and it is ionic in
[Ag(PPh3)4]NO3.

664 Also the nitrato complexes [Ag(NO3)(PPh3)2], [Ag(NO3){P(3-MeC6H4)3}2],
and [Ag{P(CH2CH2CN)3}2]NO3 (with a linear geometry) have been studied by solid-state magic-
angle spinning (MAS) 31P NMR spectra and XRD.665,666 The complex [Ag(NO3)(PPh3)2] has
been characterized as a mononuclear complex with a bidentate nitrato ligand664,667 (68) or as a
dinuclear complex with a bridging nitrato group (69).668 Trifluoromethanesulfonate(phosphine)
silver(I) complexes of the type [Ag(OTf)(PR3)n] (PR3=PPh3, PPh2Me; n= 1–4) have also been
characterized structurally. The solid-state structures display a wide variety of nuclearities, silver
coordination numbers, and trifluoromethane coordination modes, depending on the phosphine.
Thus, for [Ag(OTf)(PPh3)] (70) the structure is a trimer with bridging triflates, and for
[Ag(OTf)(PPh2Me)] it is a tetramer with a chair geometry, further linked into chains by Ag–
phenyl interactions. The complexes [Ag(OTf)(PR3)2] present a dimer (PPh3) with bridging triflates
or monomer (PPh2Me).669–671
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The structure of [Ag(O2CMe)(PPh3)2] has been reported and consists of a dimer with bridging
acetate groups through only one oxygen atom.672 Other complexes have been reported with
several anions such as formiate, sulfate, selenate, or phosphate. The species [Ag(O2CH)(PPh3)2]
and [Ag(O2CH)(PPh3)3] have been prepared showing a trigonal planar or tetrahedral geometry,
respectively.673,674 The silver complexes with the oxyanions show different stoichiometries. The
compounds [Ag2(EO4)(PPh3)4]�2H2O (E= S, Se) contain the anion bridging the two silver atoms
via two oxygen atoms. The [Ag(HEO4)(PPh3)2] (E= S, Se) derivatives contain two independent
molecules in which the protonated oxyanion is terminally bound to the silver atoms by a single
oxygen atom. In one of them the silver atom makes an extra bond to the oxygen of the water. In
the complex [Ag(H2PO4)(PPh3)2] the silver atom is also three-coordinate.

675

Similar studies have been carried out with AsPh3 and SbPh3. The complexes [Ag(NO3)(AsPh3)n]
(n= 1–3),676 [Ag(NO3)(SbPh3)], and [Ag(NO3)(SbPh3)3] have been prepared and are isomorphous
with the triphenylphosphine analogues.677,678 The 1:1 adducts are polymers with bridging nitrato
groups. The other complexes have the expected four-coordinate geometry with the silver atom
bonded to the nitrato group and to the P/As/Sb ligands.
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The four-coordinate homoleptic complexes [Ag(EPh3)4]
þ (E=P, As, Sb) have been characterized

structurally with several anions; for PPh3, with NO3
�,664 [SnPh2(NO3)2(Cl,NO3)]

� (disordered
distribution between Cl� and NO3

�),679 ClO4
�,680 PF6

�,681,682 and BPh4
�;683 for AsPh3, with

[SnPh2(NO3)3]
�,676 [Sn2Ph4(NO3)4(OH)2]

2�,684 ClO4
�,685 and BF4

�.686 The latter allows compari-
son with the isostructural gold complex reflecting that the covalent radii of gold is found to be 6%
smaller than silver. For SbPh3, with ClO4

� 685 and BF4
� have been characterized.687 Also the

complexes [Ag(SbR3)4]BF4 (R3=Me3, Et3, Ph2Me, PhMe2,Me2(2-BrC6H4)) have been prepared.
687

Spectroscopic and structural studies have been carried out on 1:1 and 1:2 adducts of silver(I)
salts with tricyclohexylphosphine, [AgX(PCy3)] (X=Cl, Br, I) and [AgX(PCy3)2] (X=CN, I, Br,
Cl, SCN, NCO, NO3, ClO4). The 1:1 chlorine and bromine adducts have a dimeric structure with
bridging halide ligands. The iodine derivative is a cubane but recrystallization from pyridine gives
a novel dimer [Ag2I2(Py)(PCy3)2] (71). The 1:2 adducts have the expected three-coordinate planar
geometry.688,689 The complexes [Ag(NO3)(PCy3)2] and [Ag(ClO4)(PCy3)2] have also been
described as tetrahedral or trigonal planar, respectively.690 The analogous [AgX(AsCy3)2]
(X=Cl, Br, I, NO3, NCO, CN) structures have been synthesized and characterized structurally,
the chlorine and nitrate are dimers, the bromine and iodine are cubane tetramers, and the cyanide
is a linear polymer.691 The adducts AgCN:EPh3 (E=P, As, Sb) (1:2) and AgCN:PPh3 (1:1) have
been characterized and show for the 1:2 adducts of PPh3 and AsPh3 complexes of the form
[(Ph3E)3Ag(CN)Ag(EPh3)3][Au(CN)2] (72) and for SbPh3 adduct and the 1:1 of PPh3 the struc-
tures are single-stranded polymers of the form���Ag(EPh3)2(CN)Ag(EPh3)2 (CN)���(E=P, Sb).692

The structure of [Ag(NCS)(PPh3)3] have been reported.
693
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+

With AsPh3 the adducts [AgX(AsPh3)n] (n= 1–3; X=Cl, Br, I, SCN) have been studied and the
1:1 complexes are tetramers,694 the 1:2 dimers,695 and the 1:3 mononuclear complexes.696 The
species [AgX(SbPh3)n] (n= 2, X=Cl, Br, I; n= 3, X=Cl, Br, I, SCN, NCS, CN) present similar
structures.678,698 Another crystal structure determination for [AuCl(AsPh3)3]�0.5Me2CO has been
determined.697

The reaction of Ph3SiLi with PMe3 and AgCl gives [Ag(SiPh3)(PMe3)3], the first Ag–Si complex
reported.699 The stability of compounds in the series [Ag(SiR13)(PR

2
3)n] (n= 1–3; R

1 and R2 aryl
or alkyl), [Ag2(SiR3)2(�-ddpm)] and [Ag2(SiR3)2(�-dppe)] increases in going from monodentate to
bidentate phosphine ligands and for the monodentate examples, complex stability increases with
n.700 Di-t-butyl(trichlorogermyl)phosphine reacts with silver bromide to give [Ag4Br4(Bu

t
2PCl)

(But2PGeCl3)2]; the structure has a cubane-like (AgBr)4 core with two silver atoms coordinated by
a chlorophosphine and the other two by trichlorogermylphosphine.701

Phenyl/2-pyridyl phosphines P(2-Py)nPh3�n (n= 1–3) form 1:1 complexes with AgCl. The insoluble
[AgCl(PPy3)] is probably a coordination polymer, but [AgCl(PPh2Py)] is a tetrameric complex where
the silver and the chlorine atoms form a distorted cube. The coordination of the PPh2Py ligand to
silver is only through the phosphorus atom.702 Similarly with the phosphine ligand PPh2(2-NH2C6H4)
which gives the silver(I) complexes [Ag(EtOH)2{PPh2(2-NH2C6H4)}2]NO3 and [Ag{PPh2(2-
NH2C6H4)}3]NO3, the coordination of the ligand is only through the phosphorus atom.

703 The
tetrahedral species [Ag{PPh2(2-NH2C6H4)}4]PF6 has been also prepared and is a potential anticancer
agent. Preliminary biological studies have shown it to be active against three mouse tumor cell lines in
vitro with cytotoxicities being comparable to those of cisplatin.704

The stepwise formation of [AgLn]PF6 (n= 1–4) for L=PPh3 and 5-phenyldibenzophosphole
has been observed in situ by stopped-exchange solution 31P NMR spectroscopy.705 A series of
phosphole complexes of the type [AgXL]4 or [AgXL2]2 (X=Cl, Br, I; L= 1-phenyl-3,4-dimethyl-
phosphole) or [AgXL2]2 or [AgXL3]4 (X=Cl, Br, I; L= 1-phenyldibenzophosphole) have been
prepared.706 A four-coordinate silver(I) complex is formed with the phosphorus ligand 5-aza-2,8-
dioxa-1-pnictabycyclo[3.3.0]octa-2,4,6-triene. The silver atom is in an unusual square-planar
geometry.707 The reaction of [Ag(NCMe)4]SbF6 with this ligand in a 1:1 ratio gives the polymeric
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complex (73).708 Silver(I) complexes with ferrocenylphosphine ligands have been synthesized.
FcCH2PPh2 or Fc2PhP (Fc= (�5-C5H5)Fe(�

5-C5H4)) react with AgOTf or [Ag(OTf)(PPh3)]
to yield complexes of the type [Ag(OTf)(PFc2Ph)2], [Ag(PPh2CH2Fc)3]OTf, or
[Ag(OTf)(PPh3)L].

709,710 The triflate ligand in [Ag(OTf)(PFc2Ph)2] can be substituted by bidentate
ligands such as S2CNEt2

� or (SPPh2)2CH2.
710 Dibenzotropylidene phosphines (tropp) reacts with

silver(I) trifluoromethanesulfonate to give the complexes [Ag(�-OTf)(tropp)] or [Ag(tropp)2]OTf
(74), the structures show a weak interaction between the metal center and the alkene moiety.711

The treatment of bis(phosphonio)isophosphindolide salts with silver salts gives mono- or dinuc-
lear complexes depending upon the anion; the triflate form both mono- or dinuclear (75).712 The
cyclotetraphosphazene ligands [P4N4Ph4(�-C6H4)2] and [P3(PS)N4Ph4(�-C6H4)2] form mono-
nuclear AgLþ complexes identified by mass spectroscopy.713 The thermodynamics of complex
formation between silver(I) and PPh3, dppm, dppe, or dppp has been investigated in propylene
carbonate. Triphenylphosphine forms successive mononuclear complexes, dppm only poly-
nuclear species, whereas mono- and polynuclear are formed by dppe and dppp.714 Electro-
spray mass spectrometry has been used to investigate the relative ligand properties of the
triphenylpnictogen ligand EPh3 (E=P, As, Sb, Bi)715 or other phosphines716 towards silver(I).
The formed species increases in coordination number from two for PPh3 to four for SbPh3,
with donor ability decreasing and M—E bond length increasing; the BiPh3 species are
unstable.715
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Heteronuclear complexes have been reported in which silver(I) is bound to a phosphine ligand.
Heterobimetallic complexes of platinum, rhodium, or group 6 metals and silver with bridged
dppm have been obtained, e.g., (76)–(79).717–722 The complex [Pt(C�CPh)2(�-PPh2CHMePPh2)2
AgCl] has also been described.723 The compound [Pt(CN)2(�-dppm)2Ag(OTf)] has an absorption
at 317 nm (77K), attributed to a1(d�*! p�) excitation with significant Pt(CN)2P2MLCT
(MLCT=metal to ligand charge transfer) contribution, which generates an emission at 435 nm.724
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Rhodium or iridium complexes with the tridentate ligand bis[(diphenylphosphino)methyl]
phenylarsine (dpma) react with silver ions to give the trimetallic complexes [M2AgCl3(CO)2(�-
dpma)2] (80).725,726 The reactivity of [CoCl2(PR3)2] (PR3=PPh3, PPh2CH2COPh) with AgBF4 has
been tested and gives [Ag(PR3)2]Cl, but the triphenylphosphine derivative in the presence of more
PPh3 gives [Ag2CoCl4(PPh3)4] (81).727 Reaction of the lithium salts of the anionic complexes
[M(�5-C5H4PPh2)(CO)3]

� (M=Cr, Mo, W) with AgBF4 affords the compounds [MAg(�,�
5-

C5H4PPh2)]2 (82). The mixed silver–gold compound can be obtained by mixing solutions of the
silver and the gold complex.728,729 The reaction of [Au(Mes)(dppm)] with AgClO4 in a 1:2 molar
ratio gives [{Au(Mes)}2(�-dppm)2Ag]ClO4.

730
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(ii) Complexes with polydentate ligands

Silver(I) complexes with bidentate diphosphines tend to be dimers or tetramers; however, with
unusual diphosphines, mononuclear complexes have been obtained. With the rigid 2,11-bis[(di-
phenylphosphino)methyl)benzo[c]phenanthrene complexes of the type [AgX(PP)] (83) (X= SnCl3,
NO3, ClO4) have been reported in which the diphosphine is acting as a chelate.

731 A dinuclear
complex with bridging fluoro ligands is obtained with the same ligand.732 Stable bis-chelate
complexes with diphosphines such as dppe, Et2PCH2CH2PPh2, Et2PCH2CH2PEt2,
Ph2PCH¼CHPPh2, and Ph2P(CH)3PPh2 have been detected, and some of them isolated, by
109Ag{31P} INEPT (insensitive nuclei enhancement via polarization transfer) pulse
sequences.733,734 The bis(dppe) silver(I) nitrate, [Ag(dppe)2]NO3, and the cis-1,2-bis(diphenylpho-
sphino)ethylene derivative, [Ag(PPh2CH¼CHPPh2)2][SnPh3(NO3)2] have been prepared and char-
acterized structurally showing a tetrahedral nature.735,736 These bis-chelate complexes have been
shown to exhibit antitumor activity against P388 leukemia in mice, as well as antifungal and modest
antibacterial properties.737–739 Although the mechanism for the cytotoxicity is not known, tumor
cell mitochondria are likely targets for these large lipophilic cations,740,741 and indeed the complex
[Ag{Ph2P(CH2)2PEt2}2]NO3 exhibits selective primary antimitochondrial activity in yeast.

742 Simi-
lar complexes have been synthesized with bidentate pyridyl phosphines which have more hydro-
philic characteristics. The degree of hydrophilicity depends critically on the position of the N atom
in the pyridyl ring. The 1:2 adducts with 1,2-bis(di-n-pyridylphosphino)ethane (dnpype) for n= 2–4
have been prepared and are monomeric for d3pype and d4pype and more water soluble than the
2-pyridyl complex which crystallizes as dimeric [{Ag(d2pype)}2]

2þ. The latter exists in solution as
equilibrium mixtures of monomeric, dimeric, and trimeric species. These complexes show potent
and selective antitumor activity against a panel of human cultured ovarian carcinoma cell
lines.743,744
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Electrocrystallization of 7,7,8,8-tetracyanoquinodimethane (TCNQ) with diphosphaferrocene
(�5-Me4C4P)2Fe with a silver anode affords the complex [Ag{(�

5-Me4C4P)2Fe}2]
þ[TCNQ]�

(84).745 Dppf also gives the bis-chelate compound [Ag(dppf)2]ClO4 (85).746 The 1:1 adducts have
different structures, with the ClO4

� anion a dimeric structure with bridging perchlorate has been
proposed, but with nitrate a dimeric with bridging dppf and chelated NO3

� ligands is
obtained.746,747 Mononuclear silver(I) complexes with dppf acting as chelating ligand can be
achieved by reaction of [Ag(OClO3)(dppf)]2 with monodentate or bidentate ligands to give three
coordinate complexes of the type [Ag(dppf)L]ClO4 (L=PPh3, SPPh3) or four coordinate of the type
[Ag(dppf)(LL)]ClO4 (LL= dppf, phen, bipy, (SPPh2)2CH2) or [Ag(S2CNEt2)(dppf)].

746 The ligand
bis(neopentylidenephosphonito)ferrocene also forms the bis-chelate silver(I) complex.748 A deriva-
tive of the dppf ligand, [Fe{�5-C5H3(PPh2)(CHMeNMeCH2CH2NMe2)(�

5-C5H4PPh2)}], reacts
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with AgOTf and excess of MeO2CCH2NC in CD2Cl2 to yield a tetracoordinated silver(I) complex.
In solution, it has been observed that the NMe2 group lies close to the active hydrogen atoms of the
coordinated isocyanate. There is interest in this reaction in connection with the catalysis of the aldol
reaction.749

The ligand 1,2-bis(diphenylphosphino)-o-carborane possesses a rigid o-carborane moiety that
causes the chelating mode of the diphosphine ligand to be preferred to the bridging mode.
Complexes of the type [Ag{(PPh2)2C2B10H10}2]ClO4, [Ag{(PPh2)2C2B10H10}L]ClO4 (PR3,
AsPh3, SPPh3, PyCO2H), and [Ag{(PPh2)2C2B10H10}(LL)]ClO4 (LL= phen, bipy, (SPPh2)2CH2)
can be easily formed by substitution reactions on [Ag(OClO3){(PPh2)2C2B10H10}], which is
obtained by reaction of AgClO4 with the diphosphine.

750 Similar complexes have been obtained
with the nido diphosphine [7,8-(PPh2)2-7,8-C2B19H10]

� in which the carborane cage has been
partially degraded by removal of one boron atom. The complex
[Ag{(PPh2)2C2B9H10}{(PPh2)2C2B10H10}] (86) with a closo and a nido diphosphine has been
synthesized.751 Silver(I) complexes with diphosphines acting as trans-chelating ligands have been
obtained with Ph2P(CH2)2O(CH2)2O(CH2)2PPh2 (87)752 or with an anthraceno-diphosphine
(88)753 or with 2,11-bis(dialkylphosphinomethyl)benzo[c]phenanthrene.754,755 The anthraceno-
diphosphine has an �6-antracenyl group bonded to silver; the addition of PPh3 breaks this
bond and the new complex shows strong photoluminescence. However, attempts to isolate
these species have been unsuccessful and (88) is recovered.
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The stability in solution of tetrahedral silver(I) complexes of the type [Ag(LL)2]PF6 with
(R*,R*)-()- or (R*,S*)-1,2-phenylenebis(methylphenylphosphine) and their arsenic isosteres
have been studied. They rearrange in solution by intermolecular ligand distribution and by
inversion of the tetrahedral metal stereocenter.756 Crystallization of 1:2 silver(I) halide/pseudo-
halide:dppp mixtures from acetonitrile results in the isolation of the compounds [AgX(dppp-
P,P0)(dppp-P)] (X=Cl, Br, I, CN). However, with SCN� the bis-chelate derivative is obtained,
[Ag(dppp)2]SCN.

757 The azine-diphosphine Z,Z-Ph2PCH2CBu
t¼NN¼CButCH2PPh2 affords

the three-coordinate compound [AgCl(PP)] with the diphosphine acting as a chelating ligand.758

Dppm has been used widely in coordination chemistry. Silver(I)–dppm complexes have been
reported in several ratios and they present different structural frameworks. Due to the bite angle
of dppm this ligand usually acts as bridging ligand. The [Ag2(dppm)2]

2þ core structure is present
in [Ag2X2(dppm)2] (X=NO3 (89), O2CCH2Ph, O2CMe)

759–762 or [Ag2X (Py)2(dppm)2].
763 The tri-

and tetranuclear 1:1 species have been reported in [Ag3Br2(dppm)3]Br,
764,765 [Ag3Cl2(dppm)3]X

(X=ClO4
�, [SnPh2(NO3)2Cl]

�) (90),766,767 or [Ag4(NO3)2(dppm)4](PF6)2 (91).759
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The dinuclear 2:3 species have been characterized in [Ag2(�-dppm)3](OTf)2 and [Ag2(�-
dppm)3](NO3)2 (92), with the silver centers three coordinate by three phosphorus atoms of
different dppm ligands.761,768 A tetranuclear species [Ag2(�-O2CMe-O,O

0)(�-O2CMe-O)(�-
dppm)]2 has been obtained by reaction of dppm with two equivalents of AgOAc.

762 The reaction
of [Ag(Mes)]4 with dppm gives a trinuclear compound [Ag3(dppm-H)3] (93) in which the dppm
ligand has been deprotonated with the formation of mesithylene. In the structure, two of the silver
centers are three coordinate to three different phosphorus atoms and the other silver atoms is
bonded to two carbon atoms.291,292

Ag Ag

Ph2P PPh2

Ph2P PPh2 PPh2Ph2P

2+

Ag Ag

Ph2P
C
H

PPh2

Ph2P

HC

PPh2 PPh2

CH

Ph2P

Ag

(92) (93)

Spectroscopic and structural investigation of dinuclear silver(I) complexes with bis(dicyclohex-
ylphosphino)methane (dcpm) such as [Ag2(�-dcpm)2]X2 (X=OTf, PF6) and [Ag2(�-O2CCF3)2(�-
dcpm)] have been carried out. All the complexes have short Ag�Ag distances and the UV–visible
absorption band at 261 nm is assigned to a 4d�* ! 5p� transition originating from AgI–AgI

interactions. These compounds exhibit photoluminescence in the solid state at room tempera-
ture.769 The reaction of Ph2PNHPPh2 with AgCl yields [Ag2Cl2{�-(PPh2)2NH}] for which in the
solid state the cluster structure [Ag4Cl4{�-(PPh2)2NH}2] is assumed.

770 The treatment of
Ph2PNHPPh2 with the ylide complex [Ag(CH2PPh3)2]ClO4 gives the dinuclear compound
[Ag2{�-(PPh2)2N}2]; this complex can react further with [Au(C6F5)THT] or [Ag(OClO3)(PPh3)]
with coordination of the gold or silver atoms to the nitrogen atoms to give [Ag2{�-
(PPh2)2N}2{Au(C6F5)}2] or [Ag2{�-(PPh2)2N}2{Ag(OClO3)(PPh3)}2].

771 The reaction of
LiN(PPh2)2 with [Ag2Cl2{�-(PPh2)2NH}] leads to a mixture of the dinuclear complexes [Ag2{�-
(PPh2)2N}2] and [Ag2{�-(PPh2)2N}{�-(PPh2)2NH}].

770

Bis(dialkylphosphino)ethane ligands form very stable bis-chelate complexes; however, two
complexes with a [Ag2L4]

2þ core (L= dppe, Me2P(CH2)2PMe2), with two diphosphines bridging
and the silver atoms are also bound to water molecules.772,773 The compound [Ag2{PBu

t
2(CH2)2P-

But2}(H2O)2](BF4)2 has a dinuclear structure with a bridging diphosphine ligand and the silver
atoms are also bound to water molecules.774 Bis(dialkylphosphino)propane forms dinuclear com-
plexes with the [Ag2L2]

2þ core, which have been characterized for dppp with the NO3
� anion and

for But2P(CH2)3PBu
t
2 with the BF4

� anion.774–776 The complex [Ag2(dppb)2]NO3 (dppb= 1,4-
bis(diphenylphosphino)butane) has the same structural framework.776 The thermodynamic para-
meters of the complexation of silver(I) with dppm, dppe, dppp, and triphosphines in DMSO and 31P
NMR studies confirm that very stable complexes of the type [Ag2L2]

2þ are formed.777

In the diphosphines bis(diphenylphosphino)alkyne and trans-1,2-bis(diphenylphosphino)ethy-
lene, due to the rigid backbone, the orientations of the lone pairs are restricted, so that these
ligands cannot point inwards and set up the metals for anion bridging. The reaction of
Ph2PC�CPPh2 with AgSbF6 in a 1:1 molar ratio gives a mixture of the 1:2, 2:2, and 3:2
complexes (Equation (6)):

Ph2P PPh2 + AgSbF6

Ph2P

PPh2

Ag

Ag

Ph2P

Ph2P

Ag
PPh2

PPh2
Ag

Ph2P

Ph2P

AgPh2P

PPh2

PPh2

PPh2Ag

ð6Þ
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The species [Ag2(PPh2C�CPPh2)3]2þ have been prepared with several anions such as OTf�,
BF4

�, NO3
�, and SbF6

�. When crystals of [Ag2(PPh2C�CPPh2)3](OTf)2 are stored in its super-
natant for 16 weeks, conversion occurs to the isostoichiometric [Ag2L3(OTf)2]n coordination
polymer (94). For trans-Ph2PCH¼CHPPh2 evidence for the discrete [Ag2L3]2þ cages has been
found in solution, although crystallization only gives the ring-opened polymeric structure
[Ag2L3X2]n.

778,779
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O
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O
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(94) (95)

The reaction of silver nitrate with R,R-DIOP (4R,5R-trans-4,5-bis[(diphenylphosphino)-
methyl]-2,2-dimethyl-1,3-dioxalane), gives a helical infinite chain complex [Ag(NO3)(R,R-
DIOP)].780 By treatment of this compound with NaX, or by direct reaction of AgX with
R,R-DIOP, the dinuclear derivatives [AgX(R,R-DIOP)]2 (X=Cl, Br, I, SCN) are obtained. The
structure consists of two silver centers bridged by diphosphine and two halide ligands.781 Similar
complexes are obtained with the chiral ditertiary ligand Ph2PCH2CHEtOPPh2 (R,S) which yields
the silver dinuclear compounds [AgX(PP)]2 (X=Cl, Br, ClO4 (95)).782

The complex p-Tol-BINAP�AgF (p-Tol-BINAP= 2,20-bis(di-p-tolylphosphanyl)-1,10-binapthyl)
catalyzes the asymmetric addition of allylic trimethoxysilanes to aldehydes (Equation (7)).783 The
process can provide various optically active homoallylic alcohols with high enantioselectivity
(up to 96% ee) and a remarkable 
 and anti- selectivities are observed for the reaction with
crotylsilanes, irrespective of the configuration of the double bond:

R1 Si(OMe)3 + R2CHO
cat. p-Tol-BINAP·AgF

R2

OH

R1

* * ð7Þ

Linear polymeric silver(I) complexes of the type [Ag(�-L)(MeCN)2]n(ClO4)n (L= 2,6-bis(diphenyl-
phosphino)pyridine) have been synthesized by the self-assembly reaction of the ligand with
[Ag(MeCN)4]ClO4.

784 A dinuclear complex has been obtained with this ligand, [Ag2(�-L)3](ClO4)2,
in which the silver atoms are triply bridged by the phosphine ligand.785 A related complex [Ag2(�

2-
NO3)(�-L)3] (96) has been obtained for L= 3,6-bis(diphenylphosphino)pyrazine.785 2,5-Bis(diphenyl-
phosphinomethyl)thiophene (dpmt) produces various polynuclear silver(I) complexes of the type
[Ag2(�-dpmt)3](BPh4)2, [Ag2Cl2(�-dpmt)], and [Ag3X3(�-dpmt)2] (X=Br, I) (97).786

Ag

Ph2P PPh2

Ag

(97)
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PPh2Ph2P
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(96)

A heterobimetallic compound containing a Cp2Ti
IV unit linked via diphenylphosphinoacetate

to a silver(I) center has been isolated, [TiCp2{�-OCOCH2PPh2)2AgCl].
787 In the complex
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[Mo(CO)4{(Pr
i
2N)4P4O4}] the Mo-atom binds two of the four phosphorus atoms of the P4O4

heterocycle, leaving the other two available for further coordination to silver giving [Mo(CO)4
{(Pri2N)4P4O4}Ag(NO3)].

788 The dinuclear rhenium–silver complexes [ReH3(PCy3)2(�-L)(�-
H2)2AgI] (L=Ph2PC(¼CH2)PPh2, dppm) have been prepared from AgI and [ReH5L(PCy3)2].789

Several silver(I) complexes have been prepared with triphosphine ligands. Bis(diphenylphos-
phinophenylphosphine) reacts with AgOTf in a 3:2 molar ratio to give the luminescent complex
[Ag3L2](OTf)3 (98), the ClO4

� salt was obtained by metathesis.790 The bis[2-(diphenylphosphi-
no)phenyl]phenylphosphine ligand reacts with AgCl to give the mononuclear tetrahedral com-
pound [AgClL]. A dinuclear complex [Ag2L2](BF4)2 (99) is obtained by reaction of AgBF4 with
the triphosphine; it has a very short Ag���Ag distance of 2.8569(8) Å.791 A mononuclear complex,
[AgI(triphos)], has been prepared with the 1,1,1-tris(diphenylphosphinomethyl)ethane ligand.792

In the presence of templating anions such as OTf�, ClO4
�, or NO3

�, 2:3 molar mixtures of
triphos and silver(I) cations give novel hexanuclear cages, which result from an unusual ‘‘endo-
methyl’’ geometry of the ligand (100).793
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The reaction of the cyclic P3-ligand 1,3,5-triphospha-2,4,6-trisilacyclohexane with AgOTf
results in the synthesis of complex (101) with a cyclic P6 ligand.

794 Optically pure (S,S)-(þ)-
(PPh2CH2CH2)2(PPhCH2CH2PPh) spontaneously self-assembles into left-handed double-
stranded D2-double helix (102) and C2-side-by-side helix conformers of the disilver(I) cation.

795

MeHSi

MeHSi SiHMe

SiHMe

P

P

P P

P P

SiHMeMeHSi
Ag

Ag

Cy

CyCy

Cy

CyCy
Ph2P P

P PPh2Ph2P P

Ph

Ph

Ag

Ph

P PPh2

Ag

Ph

(101) (102)

A tetraphosphonitocalixresorcinarene ligand (PhCH2CH2CHC6H2O2PPh)4 (bowl) forms a tetra-
silver(I) complex [Ag4(�-Cl)4(bowl)] and the chlorine inclusion compound [Ag4(�-Cl)4(�4-Cl)
(bowl)]� (103). The chlorine ligands are easily replaced by bromine or iodine.796,797 The anionic
complex acts as host for the selective binding of metal cations.798 A related ligand 5,11,17,23-
tetra-t-butyl-25,26,27,28-tetrakis(diphenylphosphinomethoxy)calix[4]arene reacts with two equiva-
lents of AgBF4 to form complex (104).799

(iii) Phosphide- or arsenide-bridged polynuclear complexes

Silver(I) phosphide or arsenide complexes have been synthesized. The reaction of AgCl with
Ph2PTMS in the presence of a tertiary phosphine gives polynuclear complexes such as
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[Ag3(PPh2)3(PR3)3] (PR3=PBu
n
2Bu

t, PPri3), [Ag4(PPh2)4(PR3)4] (PR3=PMePr
n
2, PPrn3),

[Ag4(PPh2)4(PEt3)4]n, and [Ag6(PPh2)6(PBu
t
3)2].

800,801 The reaction of AgCl with PhP(TMS)2
and a tertiary phosphine provides access to phosphinidine-bridged silver clusters (Scheme 3).802

Similarly the treatment of AgCl with the arsenic derivative PhAs(TMS)2 afford the arsinidine-
bridged silver clusters [Ag14(AsPh)6Cl2(PR3)8] (PR3=PMePr

n
2, PPrn3, PEt3) or

[Ag4(As4Ph4)2(PR3)4] (PR3=PEt3, PPr
n
3).

803

AgCl + m PPrn3 + n PhP(TMS

m = 1

n = 0.5

m = n = 0.4
T = -28 °C

m = n = 0.4

T = -2 °C

[Ag18(PPh)8(PhPTMS)2(P nPr 3)8]

[Ag45(PPh)18(PhPTMS)2 Cl7(P nPr 3)12]

[Ag50(PPh)20Cl7P(P nPr 3)13]

)2

Scheme 3

The treatment of the [MP3(triphos)] compounds (M=Rh, Co) with silver(I) derivatives yields
the complexes [{(triphos)MP3}2Ag] (M=Co; X=ClO4, PF6; M=Rh; X=OTf, PF6) (105).804 The
silver aluminates AgAl[OC(CF3)2(R)]4 (R=H, Me, CF3) react with solutions of white phosphorus
P4 to give complexes that bind one or two almost undistorted tetrahedral P4 molecules in an �

2

fashion such as [Ag(P4)2]
þ[Al{OC(CF3)3}4]

� (106), [Ag(P4){Al{OC(CF3)2}4}], and [Ag(P4){Al
{OC(CF3)2}4}]2. The Ag(P4)2

þ ion has an almost planar coordination environment around the
Agþ ion due to dx2�y2 (Ag)!�*(PP) backbonding.805
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6.7.2.3.4 Complexes with oxygen donor ligands

Silver(I) complexes with oxygen donor ligands have been prepared with three different types of
ligands: �-diketonates, carboxylates, and crown ethers.
Silver(I) �-diketonate derivatives have received significant attention due to the ease with which

they can be converted to the elemental metal by thermal decomposition techniques such as metal
organic chemical vapor deposition (MOCVD).59 The larger cationic radius of silver(I) with
respect to copper(I) has caused problems in achieving both good volatility and adequate stability
of silver(I) complexes for the use in CVD apparatus. These problems have been overcome with
the new techniques such as super critical fluid transport CVD (SFTCVD), aerosol-assisted CVD
(AACVD), and spray pyrolysis, where the requirements for volatile precursors are less stringent.
These type of complexes are generally obtained by reaction of Ag2O with the �-diketone in the

presence of other ligands. Some �-diketone silver(I) compounds have been prepared by treatment of
AgNO3 with the diketone in dry methanol and acetonitrile but only characterized by elemental analysis
and IR spectroscopy.806 Several compounds have been prepared with alkene ligands of the type
[Ag(hfac)(alkene)] (hfac= 1,1,1,5,5,5-hexafluoro-2,4-pentanedionato; alkene=C6H10, C7H12, C8H14,
C8H12, C8H8, CH2¼CHTMS).807–809 Several of these complexes have been patented as precursors
for thermal CVD of silver. However, sublimation of these complexes is generally accompanied by much
decomposition, probably because of the formation of involatile [Ag(hfac)]n.

807 Many such compounds
are actually more complex than indicated by the formula [Ag(hfac)(alkene)], e.g., the complex with 1,5-
cyclooctadiene is properly formulated as [Ag2(�-hfac)2 (COD)2] and with norbornadiene (NBD) it is
[Ag4(�-hfac)4(NBD)2].

810,811 Other compounds with alkene ligands are of the type [Ag(�-diketona-
te)(VTES)] (VTES= vinyltriethylsilane; �-diketonate= hfac, 1,1,1-trifluoro-2,4-pentanedionato (tfac),
2,2-dimethyl-6,6,7,7,8,8,8-hepta-fluoro-3,5-octanedionato (fod) (107)). Hot-wall chemical vapor experi-
ments revealed that complex [Ag(hfac)(VTES)] is suitable as a precursor to deposit pure silver films in
the temperature range 160–280 �C.812 The reaction of hfac with Ag2O in the presence of dimethyl-1,5-
cyclooctadiene (mixture of isomers) gives, after recrystallization, the isomerically pure compound
[Ag(hfac)(1,5-Me2COD)]; the structure is a dimer with a short Ag—Ag distance of 3.0134(3) Å.
Decomposition of this complex in a biphasic HCl/CH2Cl2 mixture liberates 1,5-Me2COD that subse-
quently is used to synthesize [Cu(hfac)(1,5-Me2COD)], which is a useful liquid precursor for CuCVD.

813

Alkyne ligands also form complexes of stoichiometry [{Ag(hfac)}nL] (n= 1, L=PhC�CPh,
TMSC�CTMS; n= 2, L= 2-butyne, 2-hexyne, 3-hexyne, 4-octyne (108)) that have potential use as
CVD precursors.814
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Polyether adducts of hexafluoropentanedionatosilver(I) have also been synthesized and are of
the type [Ag(hfac)(LL)]n (LL= diglyme, tryglyme, tetraglyme) or [Ag(hfac)(tetraglyme)0.5]n. The
products show good solubilities in a range of hydrocarbon solvents and fluids such as super-
critical carbon dioxide (scCO2).

815 The adduct [Ag(hfac)(tetraglyme)] (109) has been successfully
applied to the fabrication of silver-based films through a single-step route involving its thermal
reduction to metallic silver.816 This type of complex can also be stabilized by multidentate amines
such as Me2N(CH2)2NHMe, Me2N(CH2)2NMe(CH2)2NMe2 (110), or Me2N(CH2)2NMe-
(CH2)2NMe(CH2)2NMe2, these complexes also present a good solubility in scCO2.

817 The
methyl-isocyanide complex [Ag(hfac)(C�NMe)], which has a trigonal planar geometry, produces
thermal CVD of silver at 320 �C to give silver films with carbon and oxygen impurities; pure silver
films can be obtained at 250 �C in the presence of hydrogen.818 The reaction of Ag2O with Hhfac
yields the asymmetric dimer (111), with the chelating hfac ligand in both the endo- and exodentate
modes. The water molecule is readily displaced by a variety of ligands to give mononuclear
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[AgL(hfac)] (L= SMe2, SEt2, SPr2, SBu2, 1,4-oxathiane).
811 The use of aerosol vaporization

methods has allowed efficient CVD from complexes [Ag(hfac)(SR2)].
819
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Complexes with phosphine ligands are more stable and although with PPh3 are involatile with
more volatile phosphines, the species [Ag(�-diketonate)(PR3)] (�-diketonate= hfac, fod;
PR3=PMe3, PEt3) are excellent precursors for the thermal CVD of silver films at temperatures
of 250–350 �C.820–822 The valence electronic structures of [Ag(hfac)(PMe3)] and [Ag(fod)(PEt3)]
have been studied by recording their photoelectron spectra and by performing X�-SW calcula-
tions on the model compounds [Ag{(HC(O)CHC(O)H}{PH3}] and have been compared with the
copper ones. The binding energies in analogous compounds follow the sequence Ag 4d > Cu 3d
with an energy difference of almost 2 eV. Hence, decomposition of the silver(I) complexes by
disproportionation is expected to be much less favorable than for the CuI analogs.823

Silver(I) carboxylate compounds are light sensitive which, together with their poor solubility,
makes structural characterization difficult. The structural analogues betaine derivatives
(R3N

þCH2CO2
�) can form stable silver(I) complexes which are soluble in water and ethanol.

Their structures are composed of either discrete dimers or polymeric chain/networks constructed
by the linkage of dimeric subunits, and the structures have been classified into four principal types
(Scheme 4):824,825 type a consists of discrete [Ag2(carboxylate-O,O

0)2] dimers without any axial
ligand (o-HOC6H4CO2, p-HOC6H4CO2, PhCO2, 2,6-(OH)2C6H3CO2, glutarate);

826–830 b and c
have additional oxygens in the terminal positions of the dimer (o-NH2COC6H4OCH2CO2,
NCCH2CO2, HOCH2CO2, N-acetylanthranilate, p-nitrosalicylate, 3,5-(NO2)2C6H3CO2,
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1,2-(O2C)-4,5-(HO2C)C6H2);
824,826,831–836 while in type d dimers, terminal oxygens extend the

structure into a polymer through adjacent carboxyl groups (NH3(CH2)2CO2, o-O2NC6H4CO2,
Ph3P(CH2)2CO2, citrate).

837–840 There is also a modified type D that has an additional axial
ligand attached to each metal atom (PhCO2, Me3NCH2CO2, PyCH2CO2, Py(CH2)2CO2,
Me3(CH2)2CO2, Me2NPyCH2CO2, O2C(CH2)2N(CH2CH2)3CH2CO2, 4-FC6H4CH2CO2,
Et3NCH2CO2, O2CCH(R)(CH2)2CH(R)CO2 (R=Py, NMe3), maleate, N-phthaloglycinate, oxa-
late (ox), cis-butenedioate).841–852 In some cases the ligand can be another carboxylate group that
acts as triply bridging ligands.853 In these compounds there exist short Ag���Ag distances
indicating some degree of metal–metal interaction.
Exceptions to these structures are extremely rare but some have been reported that are not

based on dimeric subunits826,854–856 as the polymeric species [Ag3{MeN(CH2CO2)CH2CO2}2]n
(ClO4)n (112),857 or [Ag(O2CPyCH2CO2)]n�nH2O,858 the tetrameric [Ag2{O2C(CH2)2CO2}2]2
(113),859 the pentameric [Ag5L4]NO3 (LH=N-oxide-2-pyridinecarboxylic acid) with a six-
membered ring of the carboxylate ligand860 or in [Ag10(Me2NpyCH2CO2)12(OTf)2
(H2O)4](OTf)8�4H2O.861
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Water-soluble silver(I) complexes have been prepared with the (R)-(þ)- and (S)-(–)-2-pyrroli-
done-5-carboxylic acid and (R)-(–)- and (S)-(þ)-5-oxo -2-tetrahydrofurancarboxylic acid. They
show effective antibacterial and antifungal activities. The structures consist of left- and right-
handed chiral helical polymers and corresponds to types b or d.862,863 When a neutral donor
ligand is incorporated in the silver carboxylate coordination sphere other structures can be found
as, for example, with phosphine864–874 or ammonia875 ligands which lead to mono- or dimeric
complexes or with phthalazine the compound is a 1D polymer with planar [Ag(�-phthalazine)]2

2þ

dimers which are side-on bridged by the phthalate carboxylates.876 With ammonia, a zig-zag
polymeric chain in [Ag2(p-NO2C6H4CO2)2(NH3)]n

877 or a dinuclear compound in [Ag2
{o-C6H4(CO2)2}(NH3)2]

878 has also been described. The synthesis of several silver(I) complexes
with substituted nicotinic acid derivatives has been carried out, showing the different structural
chemistry types depending of the degree of protonation of the nicotic acid.879 Siver(I) complexes
with the monocarboxylic acid antibiotics monensin, lasalocid, and D-lactobionate have been
reported.880–883 Mixed silver–antimony carboxylates have also been obtained with tartrate and
citric acid such as [AgSb(C4H2O6)(H2O)] or [Ag2Sb2(HL)4] (H3L= citric acid),884,885 or silver–
gadolinium [AgGdL2(OH2)3]�3H2O (H2L= 2,6-(HO2C)Py),

886 or silver–arsenic [Ag5As4(tartra-
te)4(H2O)5X]n (X=ClO4, NO3),

887 or silver–iridium [AgIr(COD)(�-O2CCF3)2]n.
888 New aspects

of the reaction of Agþ cations with the EDTA ion have been reported.889 The compound
[Ag{Cu(EDTA)(H2O)}]�H2O has been prepared.890 A tetrathiacalix[4]arene derivative in 1,3-
alternating conformation and bearing four carboxylic acid groups reacts with AgNO3 to give
the complex [Ag4(L-4H)] which form a 2D coordination network.

891

With the related ox ligand, the 3D complex [FeII(bipy)3]n[Ag
ICrIII(ox)3]n or the tetranuclear

[AgCr(bipy)(�-ox)2(H2O)2]2 have been obtained.
892,893

Several silver(I) complexes with crown-ethers have been synthesized. The reaction of
(CH2O)3 with AgAsF6 in liquid SO2 gives the 12-membered ring [Ag2(OCH2)6](AsF6)2
(114).894 Similarly, the treatment of AgAsF6 with ethylene oxide in liquid SO2 leads to the
formation of the crown-ether complex [Ag(OCH2CH2)8]AsF6 (115).895 The complex formation
of noncyclic polyethers, crown ethers, and large crown ethers in propylene carbonate have
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been reported; the data indicate that in the large crown ethers more than six donor atoms take
part in the interaction with the cation.896,897 The most frequently used crown ether is the
dibenzo-18-crown-6-ether for which several crystal structures have been reported.898–901 The
complexes have been synthesized in different solvents and it is shown that silver(I) prefers an
octahedral coordination and forms close dinuclear complexes based on cation-� interaction in
a �2-fashion (116).901
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Measurements of the standard Gibbs transfer energies, �Gt
�, of the [Ag(18-crown-6)]ClO4

complex at 303K show the transfer from MeOH to MeOH/MeCN solutions to be thermo-
dynamically unfavorable.902 A study of the extraction of the complex K[Ag(CN)2] by dicy-
clohexane-18-crown-6 in various media has been reported.903 In silver(I) complexes with 15-
crown-5 and benzo-15-crown ethers of the type [AgL2]SbF6 there exists weak intermolecular
interactions through C—H���O hydrogen bonds.904 Others such as dibenzo-16-crown-4 shows
high silver(I) ion selectivity over alkaline metals.905 Complexation studies of silver ions with
unsubstituted and dicyclohexane-substituted 3M-crown-M ethers in dipolar aprotic solvents
and alcohols have been studied.906 Also complex formation between the dibenzo-30-crown-10
with silver(I) has been investigated by a conductimeter method in the solvents 1,2-C2Cl2H4,
MeNO2, MeCN, and Me2CO at 298K.

907 A silver(I) derivative of a calix[4]arene bis(crown-6)
[Ag2L(NO3)(H2O)1þx(DMF)0.5] has been prepared; the two silver atoms are coordinated to
the crown ethers.908 Bisphenol-A copolyether and copolyesters carrying calix[4]arene units in
the main chain have been obtained and the binding properties towards silver(I) cations
studied.909

Silver(I) complexes with other O-based ligands have been reported. N,N-Dialkylcarbamato
complexes of the type [Ag(O2CNR2)] have been only recently prepared according to
Equation (8):

Ag2O  +  2 CO2  +  2 R2NH                                  2 [Ag(O2CNR2)]  +  H2O

R = Me, Et
ð8Þ

The structure of the methyl derivative (117) consists of dinuclear eight-membered rings with
slightly distorted linearly two-coordinated Ag-atoms and an intramolecular Ag—Ag distance of
2.837(2) Å; the dinuclear units are joined further by Ag—O bonds to form an infinite array. The
reaction with PPh3 gives the mononuclear [Ag(O2CNEt2)(PPh3)2].

910,911 Silver(I) p-toluenesulfo-
nate (pts) adducts with nitrogen bases such as pyridine, 2-aminopyrimidine, 4,6-dimethyl-2-
aminopyrimidine, and 3- or 4-aminobenzoic acid of the type [Ag(pts)L] have been reported.
The structures are dimeric or polymeric, as for example [Ag(pts)(2-aminopyrimidine)] (118),
with stabilization enhanced by hydrogen bonding.912,913 The urea adduct [{Ag(pts)}2(urea)2]n
has also been synthesized and is a ribbon polymer based on a urea-N,O-bridged cyclic dimer in
which the silver centers have trigonal bipyramidal AgNO4 stereochemistry.

914 The crystal struc-
tures of silver(I) methanesulfonate,915 bromomethanesulfonate,916 2-pyridinesulfonate,917 3-pyridine-
sulfonate,918 aminesulfonate,919 1,4-disulfonatebutane,920 and p-toluenesulfonate913 (119) have
been described. Supramolecular polymers with lamellar structure have been prepared by self-
assembling of 4,40-bipyridine and alkyl sulfonates.921
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The crystal structures of silver(I) arenesulfonyl amides such as [Ag{N(SO2C6H4-4-X)}2]�H2O
(X=Cl, Br) and [Ag{N(SO2Ph)(SO2Me)}] have been reported. The structures consist of infinite
ribbons that are associated by means of hydrogen bonds into lamellar layers.922 Potassium
thiosulfatoargentate(I) is used as an antimicrobial material and its structure has been refined in
the monoclinic system as K10[Ag6(S2O3)8].

923 Silver(I) hydrogen sulfates, [Ag(H3O)(HSO4)2],
[Ag2(HSO4)2]�H2SO4, and [Ag(HSO4)], have been synthesized from Ag2SO4 and sulfuric acid.
The silver atoms are coordinated to more than six oxygen atoms forming a 3D
hydrogen network.924 The crystal structure of disilver(I) sulfoacetate [Ag2(O3SCH2CO2)]
has been determined and has two types of silver(I) atoms, one is octahedral and the other
tetrahedral.925

A series of silver(I) derivatives of pentakis(methoxycarbonyl)cyclopentadiene have been pre-
pared from the diene and silver acetate, including [Ag{C5(CO2Me)5}(OH2)]n�(1.5H2O)n, [Ag
{C5(CO2Me)5}(PPh3)]2 (120), [Ag{C5(CO2Me)5}(PPh3)2], [Ag{C5(CO2Me)5}(dppe)], and [Ag{C5
(CO2Me)5}(triphos)].

926,927 A silver complex with the herbicide glyphosate [N-(phosphono-
methyl)glycine=H3L], [Ag2(H2L)]n (121) has been synthesized.928
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Cyclic or acyclic ligands of the type S3N2O
929 or S(NSO2)2,

930 form silver(I) complexes in which
coordination takes place via nitrogen or oxygen. The complexes [Ag(S3-N2O)2]AsF6 (122) and
[Ag4{S(NSO)2}9](AsF6)4, with two different silver atoms, one octahedral with the ligand coordin-
ated through the oxygen atoms (123) and one unsymmetrically coordinated by the six nitrogen
atoms, have been isolated. Silver triflate reacts with the very stable high polymer MEEP
(polydi{2-(2-methoxyethoxy)ethoxy}-phosphazene prepared from the sodium salt of 2-(2-methoxy-
ethoxy)ethanol and poly(dichlorophosphazene) in the presence of NBu4Br) to give the complexes
[(AgOTf)x�MEEP].931 Pentafluoroorthotellurate (OTeF5

�) or teflate is a bulky and electronegative
pseudohalide that induces coordinative insaturation by means of nonbonded interactions with
other ligands in a metal complex; the crystal structure of Ag(OTeF5) as toluene solvate (124) has
been determined.932 This ligand has allowed the synthesis of silver complexes with very weakly
coordinating ligands (see Section 6.7.2.3.6).
Trinuclear disilver(I)–copper(II) complexes, [Ag(PPh3)2]2[Cu(mtm)2] and [Ag2(dppm)2]

[Cu(mtm)2] (mtm= [bis(methylthio)methylene]malonate), have been prepared (Scheme 5).933
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Several silver(I) complexes in which the metallic center is coordinated to ketone oxygen atoms
of various ligands have been reported. The crystal structure of the 2:1 adduct of the cyclic peptide
N,N-dimethylpyperazine-1,5-dione (cyclosarcosylsarcosine) with silver(I) nitrate shows that the
AgI ion interacts with the carbonyl oxygen atoms of the peptide moiety.934 Complexes of the type
[Ag(ketone)(PPh3)2] (ketone= phenalenone, diphenylcyclopropenone, tropone, bis(phenalenone),
bis(diphenylcyclopropenone) (125), bis(tropone)) have been obtained by reaction of
[Ag(BF4)(PPh3)2] with the ketone.

935,936 The ligand 1-methyluracilato bridges a platinum and
two silver atoms in the complex [PtAg2(C5H5N2O2)2(NO3)2(H2O)]�H2O (126).937 The redox and
cation binding properties of a series of four quinone-functionalized calix[4]arenes have been
studied in acetonitrile. All four compounds when reduced to the monoanion state demonstrate
an interaction with Agþ to varying degrees.938 A comparative analysis of the oxidizing and
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complexing properties of the DMSO-HX (X=Cl, Br, I) and DMSO-HX-ketone (X=Br, I;
ketone= acetone, acetylacetone, acetophenone) systems towards silver has been performed.939

The structure of the tetranuclear Ag�Co complex (127) has been reported.940 A silver(I)
nitrate–urea complex, [Ag2(NO3)2{OC(NH2)2}2]n, has been described, it contains two independent
silver atoms, one three-coordinated to two nitrate ions and one oxygen of the urea, the other is
four-coordinated to two nitrate ions an urea molecule in a N,O-mode.941
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Calixspherands bearing OR substituents form kinetically stable silver(I) complexes.942 Silver(I)
complexes with isoorotate and 2-thioisoorotate ligands as (128) have been synthesized and their
antimicrobial activity tested.943 The synthesis of [AgL(PPh3)2] where HL is 2,4,6-trichlorophenol
and related complexes have been reported, the silver atom is three-coordinated. 944 The reaction of
N,N0-bis(salicylidene)-1,4-diaminobutane (H2L) with AgNO3 or AgClO4 gives the species
[Ag2(H2L)3]n(NO3)2n or [Ag2(H2L)3]n(ClO4)2n. The structures are 3D, noninterpenetrating networks
in which the silver(I) centers are coordinated to three phenol groups; there are unsupported Ag���Ag
contacts of 2.934(2) Å. Both complexes display intense blue photoluminescence in acetonitrile which
may imply that the polymers disaggregate into oligomers.945 A Ag�Rh system results from the
interaction of AgClO4 with a rhodium(III) porphyrin; it activates amides and esters towards alcoho-
lysis reactions under mild and neutral conditions of the two metal ions (Equation (9)):946
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The crystal structure of [Ag(NO3)(OPPh3)] has been reported, consisting of a distorted square-
based pyramid with the silver atom bonded to two OPPh3, two oxygens of the nitrate group and
to an oxygen of the symmetry-related nitrate group.947 The reaction of 1,10-bis(diphenyloxophos-
phoryl)ferrocene (dpopf) with silver(I) salts gives complexes of the type [Ag(OClO3)(dpopf)],
[Ag(dpopf)2]ClO4, and [Ag(dpopf)(PPh3)]ClO4 or the dinuclear [Ag2(PPh3)2(�-dpopf)](ClO4)2.
Substitution reactions of the perchlorate ligand in [Ag(OClO3)(dpopf)] lead to the species
[Ag(LL)(dpopf)] (LL= (PPh3)2 (129), bipy, (SPPh2)2CH2).

948

The crystal structures of [Ag(1,4-dioxane)]AsF6
949 and [Ag2(1,4-oxathiane)](NO3)2

950 have been
reported. Two adducts of the 4-nitropyridine N-oxide with silver nitrate have been characterized,
one is a mononuclear tetracoordinated compound [Ag(NO3)(ONC5H4NO2)2] and the other is a
dinuclear pentacoordinated species [Ag2(NO3)2(�-ONC5H4NO2)2(ONC5H4NO2)2] (130).951,952 In
the mixed compound trans-[RhCl2(py)4]NO3�AgNO3 exists the dinitroargentate(I) ion in a dis-
torted tetrahedral environment.953

The solid-state structure of [Ag2(H2P2O7)] has revealed the presence of infinite [H2P2O7
2�]n units

which run parallel to the crystallographic b-axis; hydrogen bonding is an important structural
feature.954 In the compound Ag4K6P10O30�10H2O the structural moiety [P10O30]10� is present;
four-coordinate silver atoms are incorporated into the Ag4O10 cluster.

955 The compound
Ag20O33H22 (ClO4)4 is formed by electrochemical oxidation of aqueous AgClO4; the solid-state
structure consists of [H22O17]

12� clusters linked together via Ag—O bonds, resulting in a 3D
network.956

6.7.2.3.5 Complexes with sulfur, selenium, and tellurium donor ligands

(i) Thiolates, selenolates, and tellurolate silver(I) complexes

Homoleptic silver(I) thiolates AgSR have been known and used for a long time,957,958 but until
recently with little definitive information about their structures. They are insoluble or slightly
soluble, yielding unreliable high molecular weights in solution, indicative of nonmolecular crystal
structures. These compounds dissolve due to the presence of thiolate ions.
The ring size was found to be dependent on the steric properties of the thiol; thus primary

alkanethiolates give only polymeric [AgSR]n, while some secondary alkanethiolates give [AgSR]12
and tertiary alkanethiolates give [AgSR]8. The AgSCMeEt2 derivative has a 1D nonmolecular
structure which consist of planar zig-zag�S�Ag�S�Ag� chains (Figure 11a).959 However, in
benzene solutions there is an interconversion in the molecular [AgSCMeEt2]8 (Figure 11b).

959

The X-ray structure of [Ag(SCy)]n reveals cyclic molecules, n= 12, with weak linkages across
the ring between sulfur and silver atoms; the silver atoms have a linear coordination.960 The
structures for the AgSR complexes with R= (CH2)2Me, (CH2)3Me, (CH2)5Me, (CH2)7Me, Ph,
4-FC6H4, 4-BrC6H4, 4-MeC6H4, and 4-MeOC6H4 have been obtained by using X-ray powder
diffraction studies. The solid-state structure of each complex exhibits 21[AgSR] layers in which
the substituents are oriented at right angles to the layer of silver and sulfur atoms.961 The increase
of the steric bulk of the thiol substituents has been one approach to overcome the problem of
structural characterization, since they should exhibit a reduced tendency to bridge metal centers,
thereby yielding discrete molecular species. The use of sterically hindered (triorganosilyl)metha-
nethiolates has lead to the characterization of trimeric [AgSC(SiMe2Ph)3]3 (131) and tetrameric
species [AgSC(TMS)3]4 (132). With the less hindered ligands –SCH(TMS)2 an octameric com-
pound or with –SCH2(TMS) a polymeric derivative are obtained.

962 With the ligand –SC6H4-2-
TMS, a Ag4S4 eight-membered cycle of alternating silver and sulfur atoms is formed, but further
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Figure 11 The two structures of [Ag(SCMeEt2)].

Silver and Gold 959



Ag���S interactions produce a bis-cyclic structure [{Ag(SC6H4-2-TMS)}4]2 (133).963 Also the
tetrameric [Ag{SSi(OBut)3}]4 has been described.
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The silver thiolate complex [{Ag(SC6H2Pr
i-2,4,6)}4]n�(CHCl3)n consists of a 1D double (Ag–

SR)n strand belt polymer.
965 This compound reacts with CS2 to give the insertion derivative

[{Ag(S2CSC6H2Pr
i-2,4,6)}2{Ag(SC6H2Pr

i-2,4,6)}6]�8CHCl3 (134).965 This complex reacts with
more CS2 and after recrystallization the decanuclear silver thiolate [Ag(SC6H2Pr

i
3-2,4,6)]10 (135)

is isolated.966 The structure of the 2-dimethylaminoethylthiolatosilver(I) compound
[{AgSCH2CH2NMe2}5�0.5H2O]n shows a ribbon polymer where the repeating unit (136) is a
plane of five silver atoms linked by thiolates sulfurs into two fused six-membered rings.967 The
reaction of AgNO3 with HSR (HSR= 2-(SH)-6-(SiMe2Ph)Py) produces the complex [AgSR]6 in
addition to [Ag8(SR)6][Ag(NO3)2]2�2MeOH�CH2Cl2.968
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The family of primary silver thiolate compounds AgSCnH2nþ1 (n= 4, 6, 8, 10, 12, 16, or 18),
which in the solid state consists of 21[AgSR] layers, behaves as thermotropic liquid crystals. On
heating, they display successively lamellar (smectic A), cubic, and micellar mesophases.969

The structures of some anionic silver thiolate complexes of the type [Ag5(SPh)7]
2�,970,971

[Ag5(SBu
t)6]

�,970 [Ag6(SPh)6]
2�,972 and [Ag12(SPh)16]

4�972 have been determined or are assumed
to be similar to copper structures; [Ag4(SPh)6]

2� has not been crystallized but may exist in
solution.972 Dance proposed a sequence of expanding closo polyhedra with bridging benzenethio-
late ligands only (Figure 12). The structure of Et4N[Ag(SAd)2] (Ad= adamantyl) has been
reported and the M—S (M=Cu, Ag, Au) bond length compared, with the silver distance
0.05 Å shorter than the Au—S one.973 The homoleptic thiolate silver(I) derivatives
(Et4N)2[Ag(SC6H4X-4)3] (X=Cl, Br) and (Et4N)2[Ag4(SC6H4X-4)6] have been characterized
structurally, confirming in the former the three-coordination.974

The introduction of an amine function as a solubilizing group in the thiol group is an
alternative method for obtaining crystalline silver(I) thiolate derivatives. Therefore, complexes
with 3-aminepropane-1-thiol and related ligands975 of the type [Ag5{�2-S(CH2)3 NHMe2}3
{�2-S(CH2)3NMe2}3]

2þ,975–977 (137) {[Ag13(SC5H9NHMe)16]
13þ}n,

978 and [{Ag8(�4-SC2H4NH3)6-
Cl6}Cl2]n

979 have been isolated. Silver–cysteamine complexes with potential biological interest
have been studied.980 Water-soluble thiolate silver(I) complexes which are susceptible to having
antimicrobial activity have been prepared with thiomalic and thiosalicylic acids; the structure
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is proposed to be polymeric and bonded through the S-atoms.981–983 The complex {Na[Ag(SC6H4-
COO)]�2H2O}n has been commercialized as an antimicrobial agent.984 The crystal structure
of K12[Ag8(SC6H4COO)10]�12H2O has been reported.985,986 The ligand 2-dimethylamino-
3,4-dioxo-cyclobut-1-en-thiolate, Me2NC4O2S

� (dimethylaminothiosquarate) forms the complex
[Ag2L3]

�.986
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Other approaches consist of the reaction of silver thiolates with small amounts of bulky and structure-
terminating heteroligands, such as tertiary phosphines. In this manner, complexes of the type
[Ag5(SC6H4Cl)6(PPh3)5] (138), [(AgSCMeEt2)8(PPh3)2], and [(AgSBu

t)14(PPh3)4] have been obtained
by reaction of the corresponding silver thiolate compound with triphenylphosphine.987,988

Treatment of [Ag(PPh3)4]NO3 with benzenethiol in the presence of triethylamine gave the
tetrameric compound [Ag(SPh)(PPh3)]4 (139).19 A series of silver(I) trialkoxysilanethiolates [Ag(S-
SiR13)(PPh3)2] (R1=OBut, OBus, OPri) and triarylsilanethiolates [Ag(SSiR23)(PPh3)]
(2R=C6H4Me-2MeC6H4, Ph) have been synthesized by reaction of [Ag(ACAC)(PPh3)] with
the corresponding thiol (ACAC= acetylacetonate). The structure of [Ag{SSi(C6H4Me-
2)3}(PPh3)]2 (140) is a dimer.989 The reaction of 1-(SH)-1,2-C2B10H11 with [Ag(OTf)(PPh3)] and
Na2CO3 gives [Ag2(SC2B10H11)(OTf)(PPh3)2] (141), which is also a dimer in the solid state.990

Complexes of the type [Ag{S(CH2CHOHCH2OR)}(PPh3)2]2 (R=H, Me, Et) have been also
reported.991 The structure of [Ag(SCN4Ph)(PPh3)2] with the 1-phenyl-1H-1,2,3,4-tetrazole-5-thio-
late ligand has been described.992 The silver(I) complexes with 2-thionicotinic acid (H2mna) and 2-
thiobenzoic acid (H2mba), [Ag(Hmna)(PPh3)n] (n= 2, 3) or [Ag(Hmba)(PPh3)3] have been
obtained and their antimicrobial activities tested.993,994 A similar [Ag(SR)(PPh3)3] compound
with SR= 4-(methylthio)-2-thioxo-1,3-dithiole-5-thiolate has been reported.995

Silver(I) trifluoromethanethiolate (AgSCF3) has been used to prepare trifluoromethyl aryl
sulfides by reaction with iodide.996 A mixed silver–zinc thiolate complex [Ag4Zn2(SC6H2-Pr

i-
2,4,6)6(OTf)2] has been prepared by reaction of AgOTf with Zn[N(TMS)2]2 in the presence of
the thiol.997 Solid-state 109Ag NMR can be a sensitive environment probe for silver thiolates,998

overall for biological thiolates ligands as cysteine,999 or proteins such as metallothionein.1000,1001

Ag4S6 Ag5S7 Ag6S8

Figure 12 Idealized cage polyhedra.
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Far less abundant are selenolate or tellurolate silver(I) complexes. The reaction of AgNO3
with (DME)LiSeC(TMS) yields the compound [Ag{SeC(TMS)3}]4 (142).1003 The tellurolate
complex (Ph4P)2[Ag4(TeC4H3S)6] (143)

1004 and the analogous (Me4N)2[Ag4(SePh)6]
1005 have been

reported.

Se

Se

Se

Se
Ag Ag

AgAg

C(TMS)

C)C

C

Ag

AgAg
Ag

TeR

Te
R

RTe TeR

RTe
RTe

R = C4H3S

(142) (143)

(TMS (TMS)

(TMS)

The homoleptic aryl selenolate complex [Ag(SeC6H2Pr
i
3-2,4,6)]8 (144) has been synthesized by

reaction of AgNO3 with the selenol in acetonitrile and in the presence of NEt3. The cluster
exhibits a strong optical limiting effect with threshold of 0.2 J cm�2, which is about 2.5 times
lower than that of C60 in toluene under identical experimental conditions.

1006 Silver thiolate and
selenolate derivatives of the type [Ag6(�-dppm)4(�3-EAr)4](PF6)2 (145) (EAr= SPh, SC6H4Me-4,
SePh, SeC6H4Cl-4) have been prepared and the luminescence properties studied.

1007 The selenolates
[Ag4(SePr

i)4(dppm)2] and [Ag8(SeEt)8(dppp)]n have been prepared from AgSCN or AgO2CPh in the
presence of the diphosphine and RSeTMS at low temperature.1008 By the same procedure, silver
thiolates and tellurolates of the type [Ag2(SPh)2 (triphos)]n, [Ag7(SPh)7(dppm)3], [Ag22Cl(SPh)10(Ph-
CO2)11(DMF)3]n, or [Ag7(TePh)7(dppp)] have been synthesized.

1009

RSe

Ag

RSe

Ag R
Se

Ag Se
R

Ag
Ag

RSe
Ag SeR

Se
R

Ag
SeR

Ag

R = C6H2
iPr3-2,4,6

Ag

PPh2

Ph2
P

Ag

PPh2

P
Ph2

Ag
SeR

SeRAg

Ag

R
SePh2

P
Ph2P

Ag

Ph2P
PPh2

Se
R

2+

(144) (145)

R = C6H4Cl-4

The complexes [M(�-C7H4NS2)(COD)]2 (M=Rh, Ir) and [Rh(�-C7H4NS2)(CO)(PPh3)]2 react
with silver compounds to give the heterometallic derivatives with the silver(I) atoms bonded to the
thiolate sulfur atoms. The structure of [Rh2Ag2(�3-C7H4NS2)2(ClO4)] shows a short Rh—Ag
distance.1010
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(ii) Sulfide, selenide, telluride, and polychalcogenide silver(I) complexes

Polysulfide silver(I) complexes have been obtained and are of the form (Ph4P)4[Ag2S20]�S8
(145),1011 (Ph4P)2[Ag2(S6)2] (146),1012 and Ph4P[AgS9].

1012 Cyclooctasulfur can act as a ligand in
complexes such as [Ag(S8)2]AsF6 (147).1013

S
S
S

S
S

S S
S

S
S
S
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+
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S S
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S
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S S
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(146) 147)(

By cleavage of the S—C bond in the presence of phosphine silver(I) complexes polynuclear
complexes with bridging sulfido ligands are obtained, such as [Ag11(�5-S)(�4-S2CNEt2)3
(�3-S2CNEt2)6].

1014 Other materials can serve also as a S2� source, as is the case of
MoS4

2� which also gives the species [Ag11(�5-S)(�4-S2CNR2)3(�3-S2CNR2)6]
1015 or

S2P(OEt2)2
� which gives the cluster [Ag8(�6-S){S2P(OEt2)2}6].

1016 Other silver sulfide cluster
as [Ag14(�6-S)(SPh)12(PPh3)8] has been synthesized just leaving solutions of
[Ag(S2CSPh)(PPh3)2] in CH2Cl2.

1017 By the same procedure, decomposition of an CS2 inser-
tion product, the cluster (HNEt3)4[Ag50S7(SC6H4Bu

t-4)40] has been isolated.
1018 A quasi-1D

barium silver(I) sulfide, Ba2Ag8S7, containing mixed S
2�/S2

2� ligands has been prepared by
electrochemical synthesis.1019 Hydrothermal conditions in alkaline solutions were employed
for the preparation of the 3D materials NH4[Ag2(AsS2)3] and (NH4)5[Ag16(AsS3)7].

1020 2D
polychalcogenide materials, AAgTeS3 (A=K, Rb, Cs), have been prepared and their struc-
tures consist of [AgTeS3]n

n� networks (149).1021 Other sulfides are AgLa3GeS7,
1022 BaS-

C3AgS6,
1023 or AgPbBi3S6.

1024
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S
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O3SCF3

NCMe

ButN Cp

Cp N tBu

(149) (150)

The reaction of [Ag2(�-dppm)2](OTf)2 with Na2E or Li2E (E= S, Se, Te) gives the tetranuclear
complexes [Ag4(�4-E)(dppm)4](OTf)2 with a quadruply bridging chalcogenide ligand (Equation
(10)).1025 Excitation of the complexes in the solid state and in fluid solutions with l > 350 nm
results in intense and long-lived green to orange luminescence. The transitions associated with the
emissions of the silver(I) clusters originate essentially from a ligand-to-metal charge-transfer
(E2!Ag4) excited state, with mixing of a metal-centered (d-s/d-p) silver(I) state.

259,260,1026

Mixed silver–metal sulfide complexes have been reported and are of the type [MoCp(NBut)-
S]5[Ag(MeCN)OTf]3[AgOTf]2 (150),1027 [Ag2Pt4(�-S)4(PPh3)8](BF4)2,

1028 [Ag2Pt2Cl2(�3-S)2(PPh3)4]
(151),1029 [Ag2{Pt2Cl2(�3-S)2(PPh3)4}2]

2þ,1029 [AgPt2(�3-S)2 (PPh3)5]
þ,1029 [Ag2Pd2Cl2(�3-S)2
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(dppf)2],
1030 [Ag2Pd4(�3-S)4{cis-(PPh2)2(CH¼CH)}] (152),1031 [{S(AuPPh3)3}2Ag](BF4)3 (153),1032 or

Bu4N[S{Au(C6F5)3}2(AgPPh3)] (154).1034
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C6F5C6F5 Ag

PPh3

-

(154)

Silver(I) complexes with bridging selenide ligands are not as numerous. The reaction of
AgS2CNEt2 with (Et4N)2MoSe4 or Na2Se yields the polynuclear silver cluster [Ag11(�5-Se)(�4-
S2CNEt2)3(�3-S2CNEt2)6] (155).1034 Fenske and co-workers have synthesized several high nucle-
arity silver(I)–selenide clusters using as a selenium source RSeTMS and by reaction with silver
salts and in the presence of phosphines in order to stabilize the compounds (Schemes 6 and
7).34,1008 The silver–platinum cluster [Ag2Pt2(�4-Se)2Cl2(PPh3)4] (156) have been obtained mixing
[PtCl2(PPh3)2], [Ag(O2CR)], and Se(TMS)2.

1035

Ag(O2CPh)[Ag30Se8(Se tBu 14 (PPrn
3)8] [Ag90Se38(Se tBu 14 (PEt3)32

tBu TMS

PPrn
3

SeTMS

PEt3
) )But

]

Scheme 6

Ag(O2CC11H23)

[Ag114Se34(SeBun)46(PBut
3)14] [Ag172Se40(Se nBu 92(dppp)4]

[Ag28Se6(Se nBu 16(dppp)4] [Ag124Se57(Se tBu 4Cl6( tBu 2P(CH2)3P tBu 2)12]

n    SeTMS, P tBu 3
n     SeTMS, dppp t     SeTMS, tBu 2P(CH2)3P tBu 2

n     SeTMS, 1/4dppp

)

Bu 
Bu

Bu

Bu

))

Scheme 7
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Kanatzidis and co-workers have obtained polyselenides of varied stoichiometry depending
upon reaction conditions. The reaction of AgNO3 with Na2Se5 gives different complexes in
function of the cation (Scheme 8).1036,1037 A similar compound (Ph4P)2[Ag4(Se4)2(Se5)] has been
obtained from Na2Se4 generated ‘‘in situ.’’
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Scheme 8

The compound K2Ag12Se7 (157) has been prepared from potassium polyselenide and silver
powder in supercritical ethylene diamine.1039 RbAg2As3Se6 possesses a unique 3D silver–selenoar-
senate framework 3�[Ag2As3Se6]

� which is assembled from [As3Se6]
3� rings and Ag2

2þ dumbbell
units (158).1040 Discrete complexes incorporating heteropolychalcogenide ligands,
[Ag2Te(TeS3)2]

2� and [Ag2Te(TeSe3)2]
2� (159), have also been obtained.1041

The interaction between Agþ and selenium in the bloodstream has been studied in vitro by
means of the HPLC-inductively coupled argon plasma-mass spectrometry (ICPMS) method. The
metal ions and selenide form the unit complex (AgSe)n and then this unit binds to selenoprotein to
form the ternary complex [(AgSe)n]�selenoprotein in the bloodstream.1042

Mixed silver telluride–tellurolate complexes have been prepared in a similar manner to those of
selenium. The reactions of a silver salt with RTeTMS in the presence of phosphines as stabilizing
agents are reported in Scheme 9.1043–1046
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The homoleptic telluride compound (PPh4)2(NEt4)[AgTe7] (160) has been prepared by mixing
Li2Te/Te/Na/[AgI(PMe3)]/PEt3 following by addition of the cations.

1047 If metallic sodium is not
used, the compound (NEt4)4[(Te4)Ag(�-Te4)Ag(Te4)] (161) is obtained.1048 This complex is also
obtained by treatment of Na2Te3 with AgNO3 in DMF and in the presence of (PPh4)Br.

1049 The
reaction of AgBF4 and K2Te in DMF in the presence of (NEt4)Cl leads to the formation of
Me4N[AgTe4].

1050
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Te

Te
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Te

Te
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Te Ag

Te
Te

Te
Te

(160) (161)

3 -
4 -

Ternary and quaternary metal telluride materials have been prepared from the metallic
elements in telluride fluxes, as the compounds CsAg5Te3,

1051 K0.33Ba0.67AgTe2,
1052

CsFe0.72Ag1.28Te2,
1053 and Cs2Ag2ZrTe4. The latter has a structure that comprises 2D slabs of

Ag- and Zr-centered tetrahedral separated by Csþ cations.1054 Gas-phase silver chalcogenide ions
of the type [Ag2n�1En]

� (E= S, Se, Te) with n� 14 have been investigated by laser-ablation
Fourier transform ion cyclotron resonance mass spectrometry.1055

Mixed metal sulfide clusters are those synthesized from MS4
2� (M=Mo, W) and VS4

3� anions
and silver cations in the presence of various ligands. Many of these silver compounds, together
with copper compounds, have been extensively studied because of their relevance to biological
systems and industrial significance.1056 For the W(Mo)/S/Ag system many discrete complexes
have been obtained, such as [(PPh3)2AgS2MS2Ag(PPh3)�0.8CH2Cl2] (162),1057 Et4N[(PPh3)2-
AgS3MECu(CN)] (E= S, O),1058,1059 [{Ag(PPh3)}3MS4{S2P(OEt2)2}],

1060–1062 [(EPh3)4Ag4W2S8]
(E=P, As),1063,1064 (Bu4N)2[M2Ag3(�3-S)2(�-S)4(S2CNEt2)],

1065 [Ag6S6M2(SCMe3)2
O2(PPh3)4],

1066,1067 [WS4Ag3I(AsPh3)3](SAsPh3),
1068 [WAg3OS3(PPh3)3{S2P(PPr

i)2}],
1069

Et4N[AgM2S4(S2C2H4)2(PPh3)] (163),1070 Et4N[AgCuWS4(CN)(PPh3)2],
1071 [{Ag3MoS3Cl}-

(E)(PPh3)3] (E=O, S) (164),1072,1073 [(PPh3)2AgSe2WSe2Ag(PPh3)],
1074,1075 or [MS4X{Ag(PR3)3}]

(X=Cl, Br, IR3=Ph3,Ph2Me)
1076–1080 (M=Mo, W). Some of these complexes display very strong

nonlinear optical properties.1062,1064,1069,1074
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-

Polymeric species have also been described, such as [(PPh4)�AgMoS4]n,1081,1082

[AgMS4�4MePyH]n,1083 [(TMEDAH2�W2Ag2S8�TMEDA�H2O]n,1084 [WS4Ag�NH3C
(CH2OH)3�H2O]n,1085 [WS4Ag�NH3C(CH2OH)3�2DMF]n,1086 [W4S16Ag5�Ln(DMF)8]n (165)
(Ln=Nd, Pr, La)1087,1088 [WS4Ag�HNEt3�DMF]n,1089 [W4S16Ag4�2Ca(DMSO)6]n,1090

[N(C6H5CH2)(C2H5)3�MoAgS4]n,1091 [Mo2Ag2S8�Ca(DMSO)6],1091 or [Mo3Ag3S12�Nd(DM-
Nd(DMSO)8]n.

1091
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With other transition metal sulfides the mixed vanadium–silver cubane-like cluster,
(Et4N)2[Ag2V2S4{S2CN(OC4H8)2}2(SPh)2] (166)1092 and [{�5-C5Me5)WS3}2Ag3 (PPh3)3]NO3
(167), have been reported.1093
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S
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(iii) Thioether silver(I) complexes

The chemistry of silver(I) with crown thioethers has developed in the last years,1094,1095 but now
numerous examples with a great variety of ligands have been reported. The first homoleptic silver
compounds have been described with 1,4,7-trithiacyclononane ([9]aneS3), [Ag([9]aneS3)2]OTf
(168), which is octahedral and shows a reversible oxidation assigned to the AgI/AgII

couple,1096,1097 and the trimeric species [Ag3([9]aneS3)3]
3þ (169).1097 The complexes

[AgX([9]aneS3)] (X=Cl, Br) have also been described.1098 Larger thioethers macrocycles also
binds silver(I) and thus complexes of the type [Ag([12]aneS3)n]OTf (n= 1, 2),1098

[Ag2([15]aneS5)2]
2þ (170),1099 [Ag([16]aneS6)]ClO4 (tetrahedral),

1100 or [Ag([18]aneS6)]
þ,1101 (171)

have been isolated. The latter can be oxidized to the AgII compound that is stabilized under acidic
conditions.
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With larger ring size the complexes tend to be polymeric as [Ag([16]aneS4)(BF4)]n,
1102

[Ag2([14]aneS8)(OTf)2(MeCN)]n,
1102 [AgBr([18]aneS6)],

1098 or [Ag2([24]aneS8)(OTf)2
(MeCN)2]n.

1103 In the compound [Ag2([28]aneS8)](NO3)2 (172), the macrocycle has a sufficiently
large cavity to encapsulate two silver(I) atoms.1103 With [15]aneS5 monomeric [Ag([15]-
aneS5)]B(C6F5)4, dimeric [Ag2([15]aneS5)2](BPh4)2, or polymeric species [Agn([15]aneS5)n](BF4)n
are obtained depending upon the cation.1104 The substituted thiocrown ethers [19]aneS6-OH and
[20]aneS6-OH have been synthesized and the silver complexes [Ag([19]aneS6-OH)]OTf and
[Ag([20]aneS6-OH)]BF4 obtained; the silver centers are bonded to four sulfur atoms in a distorted
tetrahedral geometry.1105 The [16]aneS4-(OH)2 macrocycle coordinates to silver in an exodentate
fashion, with four macrocycles coordinating to each distorted tetrahedral Ag and four Ag-atoms
bound to each macrocycle forming a polymeric structure.1106

These silver(I) crown thioether complexes have been used as templates for the synthesis of
extended polyiodide networks, such as [Ag2([15]aneS5)2]I12, [Ag([18]aneS6)]I7, [Ag([18]aneS6)]I3,
and [Ag([9]aneS3)2]I5,

1107,1108 or as building blocks for the formation of coordination polymers
constructed form Ag(hfac) and [14]aneS4 or [9]aneS3.

1109 The solvent extraction of AgI by
[14]aneS4, [18]aneS6, and related ligands has been described.

1110–1118

Silver(I) derivatives with macrocyclic thioether ligands with different substituents in the
alkyl chain have also been obtained. Several compounds have been reported with macrocyclic
ligands such as thiacyclophane derivatives (Figure 13).1120–1127 With the ligand 2,5,8-
triathia[9]-o-cyclophane (L1) the complex [Ag(L1)2]OTf has been obtained, the silver center
has a tetrahedral coordination to both the free ligand exo- and the fully organized endo-
conformation of the ligand.1119 The ligand L1 forms an octagonal complex with a [Ag4S4]

4þ

cavity (173).1128
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Figure 13 Some thiocyclophane derivatives which form silver(I) complexes.
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The thiophenophane C12H18S4 ligand forms a [Ag2L2]
2þ complex (174) where the silver atoms

are in a distorted trigonal bipyramidal geometry.1129 Crown thioethers complexes containing rigid
1,2-dithioethene units have been described, they are polymers when there is a thione group (175)
or monomers in the case of a carbonyl group.1130,1131

Thia-crown ethers incorporating propan-2-one units and dimeric silver(I) compounds as (176)
and other polymeric species have been prepared.1132,1133 Other substituents can be diisopropyl-
idene groups which form complexes of the type [AgL(PPh3)]OTf (177),1134 pyridazine,1135 or
phthalazine1136 ligands or even organometallic compounds as ferrocene in (178).1137

S O

S

S
S

Ag

S
O

S

S
S
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2+

Ag

S S S
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+

Fe Fe

(178)

S S

SS

Ag

(176) (177)

A zinc phthalocyanine complex with four fused [13]aneS4 functional groups forms the mono-
meric pentanuclear ZnAg4 complex, where each Ag atom is presumably coordinated by a
[13]aneS4 ring.

1138 Nonmesogenic ligands containing an N2S4 macrocycle coordinate to silver(I)
to form mesomorphic structures. It has been proposed that the mesomorphic behavior of the
silver complex (179) is caused by its segregation of its polar and apolar regions, resulting in an
amphiphilic material.1139,1140

S

NN

SS

S

O
C O(CH2)12HH(H2C)12O

+

Ag

(179)

O
C

Macrocyclic thioethers which contain a carborane backbone have also been prepared and the
silver(I) complexes obtained. The reaction of AgNO3 with the sulfur-containing macrocyclic ligand
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[7,8-�-(SCH2CH2S)-7,8-C2B9H10]
� leads to the complex [Ag{7,8-�-(SCH2CH2S)-7,8-C2B9H10}]

�

which is a chain polymer (180). By addition of PPh3 the chain is broken and discrete species
[Ag(PPh3)4][Ag{7,8-�-(SCH2CH2S)-7,8-C2B9H10}(PPh3)] are obtained.

1141 With the cyclic ligands
[7,8-�-{S(CH2)nS}-7,8-C2B9H10]

�, several silver(I) complexes have been prepared with PPh3 or bipy
as auxiliary ligands, such as (181).1142,1143 Reaction of [Co2{�-C2(CH2SCH2CH2)2S}(CO)6] with
AgBF4 and PPh3 gives [Co2{�-C2(CH2S-CH2CH2)2S}(CO)6{Ag(PPh3)}]BF4. The dimeric cobalt
compound produces a 1:1 adduct (182) when treated with AgBF4.

1144

(OC)3Co Co(CO)3

S S

S S

S S
Ag

Co(CO)3(OC)3Co

+

CC S

S

CC
S

S

Ag

S S

S
Ag PPh3CC

(180) (181) (182)

-

Other silver(I) complexes have been reported with cyclic thioethers, such as [Ag2{(CH2S)3}5]
2þ

(183) with the trimeric thioformaldehyde as ligand,1145 or the thianthrene (184),1146 or the 2,11-
dithia[3.3]paracyclophane which forms an infinite network,1147 or with a dithia ligand which form
the polymeric compound (185).1148 The arsathiane ligand cyclo-(EtAsS)n reacts with silver triflate
to form [Ag{cyclo-(EtAsS)2]OTf, in which the silver atom is sandwiched between two crown-
shaped ligands having their S-atoms directed towards the metal.1149 1,4-Thioxane gives two types
of polymeric complexes with silver triflate.1150 The structure of [Ag2(htcod)(pic)](picH)
(htcod= 1,4,7,10,13,16-hexathiacycloctane; pic= picrate) has been reported.1151
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Silver(I) complexes with macrocyclic selenoethers (186) and (187) are not well represented and
have been prepared with the ligands [8]aneSe2 and 3H-1,4,5,7-tetrahydro-2,6-dibenzodiselenonine,
respectively.1152 Another example is the reaction of 1,3-dihydrobenzo[c]tellurophene with AgBF4
which yields the complex [AgL4]BF4, where the ligand coordinates through the tellurium
atom.1153 The thermodynamic parameters and relative cations selectivity for complexation of
some cations with 1,5,14,18-tetraselena-8,11,21,24-tetraoxacyclohexacosane have been studied,
showing high Agþ selectivity.1154 The reaction of AgAsF6 with (CH2Se)3 in liquid SO2 at
�196 �C gives the compound [Ag{(SeCH2)3}2]AsF6 (188).1155

Coordination studies of acyclic thioether ligands to silver(I) centers has also been studied.
Poly(alkylthio)aromatic systems have been used to form supramolecular silver(I) compounds.
With the ligand 2,3,5,6-tetrakis(isopropylthio)benzoquinone the compound has a linear chain
structure in which silver(I) has a tetrahedral coordination.1156 A similar structure has the com-
pound with the hexakis(methylthio)benzene,1157 but with the hexakis(tolylthio)benzene the silver
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prefers a square planar coordination geometry and a zig-zag polymer structure (189).1158 With the
ligand 2,3,4,5-tetrakis(methylthiol)pyridine the compounds [Ag3L4] (ClO4)3 (190) and
[Ag2L2](C2F5CO2)2 have been prepared and they show 2D structures. In (190) the ligands are
positioned face to face by the two Ag atoms and form a box structure; the �–� stacking between
pyridine rings gives the 2D framework.1159
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(189) (190)

The silver(I) complexes with the tetrakis(methylthio)tetrathiafulvalene ligand have been
reported, the nitrate salt presents a 3D structure with an unprecedented 4.16-net porous inorganic
layer of silver nitrate,1160 the triflate salt presents a two interwoven polymeric chain structure.1161

The latter behaves as a semiconductor when doped with iodine. With a similar ligand, 2,5-bis-
(50,50-bis(methylthio)-10,30-dithiol-20-ylidene)-1,3,4,6-tetrathiapentalene, a 3D supramolecular net-
work is constructed via coordination bonds and S���S contacts. The iodine-doped compound is
highly conductive.1162 (Methylthio)methyl-substituted calix[4]arenes have been used as silver-
selective chemically modified field effect transistors and as potential extractants for AgI.1163,1164

The coordination chemistry of a series of bidentate ligands, RE(CH2)nER and o-C6H4(ER)2
(E= S, Se; n= 1–3; E=Te; n= 1 or 3) with silver(I) has been studied and has shown that subtle
ligand variations can have a dramatic influence upon the structures of the compounds produced,
generating simple mononuclear bis(chelate) species, as [Ag{MeSe(CH2)2SeMe}2]

þ (191) or [Ag{o-
C6H4(TeMe)2}2]

þ (192), linear chain polymers, as [Agn{MeS(CH2)3SMe}n]
nþ (193) or 3D networks,

as [Agn{PhSe(CH2)3SePh}n]
nþ.1165–1167 These complexes have been examined by 77Se, 125Te, and

109Ag NMR spectroscopies and showed no 77Se–109Ag or 125Te–109Ag coupling, indicating labile
behavior of those ligands in solution.1168 Related work of the coordination of MeTe(CH2)3TeMe
has been reported and the compound is polymeric with each Ag atom coordinated by four different
ligands which bridge the silver centers in a 2D network.1169With the tripod ligandMeC(CH2SeMe)3
by treatment with AgOTf the compound [Ag{MeC(CH2SeMe)3}]OTf has been isolated; the struc-
ture is a polymeric chain with the silver atoms three-coordinated.1170
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The reactions of 1,4-bis(phenylthio)butane with silver salts in varied conditions leads to the
formation of four 2D coordination polymers with different network structures: [Ag2L3(ClO4)2]n,
[Ag2L3(ClO4)2�MeOH]n, [AgL2]n(ClO4)n, and [AgL(NO3)]n.1171 With 1,3-bis(propylthio)butane
the structure of the adduct 3AgNO3�2L has been described.1172 1,3-(Bis(phenylthio)methyl)ben-
zene forms the complex [AgL(NO3)]n which structure has linear polymeric chains of alternating
trigonal silver(I) cations and bridging ligands bonded trough the sulfur atoms.1173 The silver
complex of the piperazin-2-one derivative with –SMe substituents was prepared and studied as a
model of a nonheme metalloprotein, spectroscopic date indicate coordination to silver through
the S-atoms.1174 Ni-phthalocyanines with four and eight alkylthio functional groups form
[NiL][Ag(NO3)]4 and [NiL][Ag(NO3)]2 complexes, respectively, which have been proposed to be
polymeric.1175,1176 Silver complexation to small molecule cyclotriphosphazenes and high poly-
meric poly(organophosphazenes) with methylthio groups such as [NP(OCH2CH2SMe)2]n,
[NP(OCH2CH2CH2CH2SMe)2]n, [NP(OCH2CH2CH (SMe)CH2CH2SMe)2]n, or
[NP(OCH2C6H4SMe)2]n, have been studied.

1177 Stability constants have been measured for
Agþ with diethylsulfide, ethy(2-chloroethyl)sulfide, and bis(2-chloroethyl)sulfide in acetone,
DMSO, DMF, and methanol.1178 The complexes [Ag(NO3)(SMe2)] and [Ag(SMe2)2]PF6 have
been obtained.1179 The relative effectiveness of Bu2E (E= S, Se, Te) in the extraction of gold and
silver has been studied by using atomic absorption spectrometry; for the extraction of silver(I)
ions the selenium and tellurium derivatives prove to be better than the sulfur analogue.1180 The
crystal structures of the THT derivatives [AgI(THT)]4,

1181 and [Ag(THT)2]BF4,
1182 have been

reported.
Silver(I) complexes with 1,10-bis(alkyl(aryl)thio)ferrocene or 1,1-bis(phenylseleno)ferrocene

have been reported. They are mononuclear as [Ag{Fc(XR)2}2]
þ (X= S, R=Me, Pri, Ph;

X= Se, R=Ph)1183,1184 or dinuclear as [Ag(OTf){Fc(XPh)2}]2 (194) (X= S, Se)1183 complexes
in contrast to those found with dithio- or diselenoether ligands. The compounds
[Ag2(OClO3)2{�-S(CH2COPh)Py}(PPh3)2] and [Ag(OClO3){S(CH2COPh)Py}(PPh3)] (195) have
been described.1185

(194)
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Ag Ag
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O S O

CF3O

O
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N S

Ag Ag
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Ph3P PPh3
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(iv) Silver(I) complexes with polydentate sulfur ligands

Homoleptic dithiolate silver(I) complexes are usually polynuclear species and several have been
prepared, such as [Ag4(SCH2C6H4CH2S)3]

2� (196),1186 [Ag9(SCH2CH2S)6]
3� (197),1187 [Ag6(i-mnt)6]

6�

(198),1188,1189 [Ag8(i-mnt)6]
4�,1189 [Ag4(i-mnt)4]

4�,1190 [Ag2(mnt)],
1191,1192 and [Na([2.2.2]-cryptand]4

[Ag4(mnt)4]
1193 (i-mnt= S2C¼C(CN)2; mnt= S2C2(CN)2). The mixed silver–gold dithiolate

compound [Ag4Au2(SCH2CH2S)4]
2� has also been reported.1187 The electrochemical oxidation

of silver in acetonitrile solutions of R(SH)2 (R= 1,2-C2H4, 1,2-C3H6,1,3-C3H6, 1,4-C4H8, 2,3-
C4H8, 1,5-C5H10, 1,6-C6H12) gives the insoluble homopolymeric Ag2S2R compounds in high
yield.1194 A silver–dmit polymer with a 3D supramolecular network, [(Et4N)2{Ag4
(dmit)3}�DMF]n (dmit= 1,3-dithiole-2-thione-4,5-dithiolate) has been described.1195 A variety of
spectroscopic methods have been used to deduce the solid-state structure of [Ag2{S(CH2)5S}]; the
data is consistent with a layered geometry similar to that adopted for neutral Ag thiolates with
primary, unbranched alkane chains.1196 Stability constants and enthalpies of formation for the
[AgL]2� and [AgL2]

5� complexes, where H3L=HSCH2CH(SH)CH2SO3H, have been derived from
potentiometric and calorimetric measurements.1197

Dithiolate silver(I) compounds with phosphine as auxiliary ligands such as [Ag(PPh3)2]
[Ag(mnt)(PPh3)2],

1198,1199 [Ag8(mnt)6(PPh3)4]
4�,1200 [Ag9(mnt)6(PPh3)6]

3�,1200 [Ag4(�4-i-mnt)2
(�-dppm)] (199),1201 [Ag5{S2CC(CN)P(O)(OEt)2}2(dppm)4]PF6, and [Ag4{S2CC(CN)P(O)(OEt)2}2-
(dppm)4]

1202 have been synthesized.
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The zirconium or titanium dithiolate complexes [Cp2M{�-S(CH2)nS}2MCp2] (M=Zr, Ti) act as
macrocyclic ligands and form 1:1 complexes with silver(I) ions as (200).1203–1205 Maleonitriledithio-
late complexes of Ni, Pd, and Pt of the type [M(mnt)2]

2�react further with silver salts in the
presence of phosphine or diphosphine ligands to give heterometallic complexes such as
[M(mnt)2{Ag(PR3)}2] (M=Ni; PR3=PMe3, PEt3, PCy3; M=Ni, Pd, Pt; PR3=PPh3, PBu

n
3)

or [Ni(mnt)2{Ag(PP)}] (PP= dppf, dppm).
1206,1207 The treatment of [Pd(mnt){O2S2C2(CN)2}2]

2�

with AgClO4 results in the formation of [AgPd(mnt){O2S2C2(CN)2}]2
2�. The structure consists of

a double decker with the silver atom bridging the Pd moieties trough the sulfur atoms.1208 Similar
reactions have been carried out with the complexes [M{S2C¼C{C(O)Me}2}L2] (M=Pd, Pt;
L2=COD, (PPh3)2), which react with AgClO4 to yield [MAg2{S2C¼C[C(O)Me]2}L2](ClO4)2
(201) or with AgClO4 in the presence of PPh3 to give [MAg{S2C¼C[C(O)Me]2}(PPh3)4]ClO4.1209

Maleonitrilediselonate (MNS) silver(I) complexes have been reported and are of the type
[Na([2.2.2]-cryptand]4[Ag4(MNS)4] (202),1193 [M([2.2.2]-cryptand]3[Ag(MNS)2]

1193 (M=Na, K),
or [K([2.2.2]-cryptand]3[Ag(MNS)(Se6)].

1210,1211
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S S
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n+

(203)

Se

4 -

Dithiocarbamates have been used as ligands for a long time. Recently the structure of
[Ag(S2CNEt2)]6 has been reported and the compound is hexanuclear.

1212 Complexes of the type
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[Ag(S2CNR2)(PPh3)2] and [Ag(S2CNR2)(dppe)] (R=Et, EtOH) have been synthesized.1213 The
ligand 1,10-bis(diethyldithiocarbamate)ferrocene forms a polymeric silver(I) species [Ag{Fc(S2C-
NEt2)2}]n(ClO4)n, (203) in which the silver atom is bonded to two sulfur atoms of different
ferrocene moieties and also to the cyclopentadyenil ring in a �2 fashion.1214

Mixed metal–silver dithiocarbamate complexes have been reported. The platinum–silver deri-
vatives [Pt3Ag2(S2CNR2)6]

2þ (R=Et, Pri, Bun) have been obtained by reaction of [Pt(S2CNR2)2]
with AgX (X=ClO4, BF4).

1215,1216 Crystallographic studies of the Pri and Bun species show that
there are discrete cations that are held together by metal–metal bonding and long Ag�S interac-
tions (204); the Et species are polymeric with unsupported Ag�Pt bonds. These cations have been
observed by electrospray mass spectrometry.1217 Other Pt�Ag dithiocarbamate derivatives
have been prepared from [M{CH2C6H4P(C6H4Me-2)2}(S2CNMe2)] by reaction with silver salts
and are of the type [M{CH2C6H4P(C6H4Me-2)2}(S2CNMe2)Ag-(PPh3)]ClO4 (205) or
[M2{CH2C6H4P(C6H4Me-2)2}2(S2CNMe2)2Ag{Ag(OClO3)}]ClO4 (M=Pd, Pt).1218 A mixed
silver–gold dithiocarbamate complex [Au2Ag(S2CNEt2)2{�-(PPh2)2C¼ CH2}]ClO4 has been
obtained.1219
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The oxidation product of the dialkyldithiocarbamate, the tetraalkylthiuramdisulfide has also
been used as ligand in silver(I) chemistry. The complexes [Ag{CH2(S2CNR2)2}]OTf (R=Me, Et,
Bz) have been obtained and probably are oligo- or polymeric species.1220 Desulfonation–fluorina-
tion of thiuramdisulfides with AgF produces a simple route to diorgano(trifluoromethyl) amines,
R2NCF3, thiocarbamoyl fluorides, R2NC(S)F, and Ag(S2CNR2).

1221 Tetramethylthiuram mono-
sulfide(L) forms silver(I) complexes of the type AgX�L (X=Cl, Br, I);1222 the crystal structure of
[Ag(ClO4)L] has been determined.

1223

Several dithiocarboxylate silver(I) complexes have been synthesized and characterized structu-
rally such as [Ag2(S2CPh)2],

1224 [Ag4{S2CC6H3Me3-2,4,6)}6]
2�,1224 [Ag4(S2C-o-Tol)4 Py4],

1225

[Ag4(S3C-o-Tol)4],
1226 [Ag4(S2C-p-Tol)4]n (206),1227 [Ag(S2COEt)(PPh3)2],

1228 and [Ag(S2C-p-
Tol)(PPh3)]2 (207).1229 The reaction of [AgCl(PPh3)]4 with C5Me5Li and an excess of CS2
gives the compound [Ag(S2CC5Me5)(PPh3)2].

1230 Insertion of CS2 in a Ag�S(thiolate) bond
also gives the dithiocarboxylate compound [Ag(S2CSBu

t)(PPh3)2].
1231 Related ligands are phos-

phoniodithiocarboxylates such as S2CPEt3 which forms the silver(I) complex [{Ag(S2CPEt3)2}2]
(ClO4)2 (208),1232 or with the dithiooxalate ligand the compound [Ag(S2C2O2Me)(PPh3)2] is
described.1233

Monothiocarboxylate silver(I) derivatives have been also described and the homoleptic are of
the type Ph4P[Ag{SC(O)Me}2] and Et3NH[Ag{SC(O)Ph}2]; the latter has a dimeric structure in
the solid state (209).1234 Adducts with phosphine or diphosphine ligands have been prepared such
as [Ag4(PPh3)4{SC(O)Me}4] (210) or [Ag3{�-SC(O)R}2(�-dppm)3]X (X=ClO4, NO3; R=Me,
Ph), respectively.1235,1236

Dialkyldithiophosphinates Ag(S2PR2) were reported to be polymeric in 1968.
1237 Complex

formation between silver(I) and R2PS2
� (R=Et, Prn, Ph) has been studied by potentiometric

methods and the stabilities of the complexes determined.1238 However, the crystal structure of the
diisopropyldithiophosphinate silver compound [Ag{S2P(OPr

i)2}]6 (211) shows it as a hexanuclear
derivative.1239 With these type of ligands compounds of the type [Ag{S2P(OEt)2}(PPh3)]2 (212)
and (Me4N)2[Ag{S2P(OEt)2}2]2 have been described.

1240,1241 A similar hexanuclear compound has
been obtained with diselenophosphinate ligands, [Ag{Se2P(OPr

i)2}]6 whereas with (OEt)2PSe2
�the

polymeric species [Ag{Se2P(OEt)2}]n is obtained. The clusters [Ag10(�10-Se){Se2P(OR)2}8] (R=Et,
Pri) have also been obtained; the structure consists of a decasilver cluster with an encapsulated
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selenium atom in a distorted cis-bicapped trapezoidal-prismatic geometry, surrounded by eight
ligands having three different coordination modes.1242
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(v) Silver(I) complexes with other sulfur donor ligands

Silver(I) complexes with heterocyclic thiones are well represented. Many of them possess phos-
phines as auxiliary ligands and are of the type [AgX(PPh3)2L] (X=Cl, Br), [Ag(PPh3)2L]NO3, or
[AgBr(PPh3)L]2 (213) (L= pyridine-2-thione, pyrimidine-2-thione, benz-1,3-imidazoline-2-thione,
1-methyl-1,3-imidazoline-2-thione, 5-methoxyl-benz-1,3-imidazoline-2-thione).1243–1246 Homolep-
tic compounds of the type [Ag(HL)2]NO3 (HL= 4-amino-1,2-4-�2-triazoline-5-thione, 4-amino-3-
ethyl-1,2,4-�2-triazoline-5-thione) have been reported; the structure consists of dimeric (214) and
polymeric species due to the versatile coordination ability of the ligand.1247 Similar polymeric
complexes are formed with pyridine-2-thione (HPyS), [{Ag(HPyS)2}2X2]n (X=BF4, ClO4), or
[{Ag4(HPyS)6}(NO3)4].

1248 1-Azacycloheptane-2-thione reacts with AgNO3 to give the complex
[Ag4(C6H11NS)8](NO3)4.

1249 The ligand 4-amino-6-methyl-1,2,4-triazine-thione-5-one gives the
silver complexes [AgL2]NO3 and [AgL(PPh3)]NO3.

1250 The reaction of Hmimt with AgNO3 has
been studied and the species [Ag(Hmimt)]NO3, [Ag(Hmimt)2]NO3, and [Ag(Hmimt)3]NO3 have
been synthesized.1251 The borate derivative HB(mimt)3 reacts with AgNO3 in the presence of
mono- or bidentate phosphine ligands to give complexes such as [Ag{HB(mimt)3}(PR3)n] (n= 1,
P(m-tolyl)3; n= 2, PMePh2 (215)) or [Ag{HB(mimt)3}(PP)] (PP= dppf, dppe, Ph2P(CH2)3PPh2,
Ph2P(CH2)4PPh2).

1252 The reactions of AgNO3 with imidazoline-2-thione, 1,3-diazinane-2-thione,
and their derivatives lead to the complexes of general formula [Ag(NO3)L].
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Supramolecular compounds are formed by treatment of silver salts and the ligand 4,5-ethyle-
nedithio-1,3-dithiole-2-thione (C5H4S5), such as the polymeric chain [{Ag(C5H4S5)3}�ClO4�MeCN]2
or the 2D [Ag(C5H4S5)OTf]n. All are assembled by S���S contacts.1254

The crystal structures of the complexes [Ag(C12H17N2S)2]NO3,
1255 [Ag(C5H6S5)3]PF6

(C5H6S5= 4,5-di(methylthio)-1,3-dithia-2-thione-4-cyclopentene),
1256 [Ag(C6H7NS)4]BF4

(C6H7NS= 1-methyl-2(1H)-pyridinethione),
1257 [Ag(C7N2S2)2]Br,

1258 and [AgBr(mbi)] (mbi=
methyl-2-thiobenzimidazole) have been reported.1259

Phosphines or diphosphines can be oxidized with elemental sulfur or selenium and the resulting
ligands have been used to coordinate silver(I) centers. The tris(diphenylthiophosphoryl)methanide
ligand (SPPh2)3C

� gives the silver compounds [Ag{(SPPh2)3C}(PR3)] (216) (PR3=PBu
n
3,

PPh3).
1260,1261 1,10-Bis(diphenylthiophosphoryl)ferrocene (dptpf) and 1,10-bis(diphenylselenopho-

sphoryl)ferrocene (dpspf) form the mononuclear complexes [Ag(dptpf)]þ or [Ag(dpspf)]þ with
trans-chelating ligands (217).1262–1265 For the sulfur derivative other linear, three- or four-coordin-
ate silver compounds of the type [Ag2(�-dptpf)(PPh3)2](ClO4)2, [Ag(dptpf)(PPh3)]ClO4, and
[Ag(dptpf)2]ClO4, or the polymeric chain [Ag2(�-dptpf){(SPPh2)2CH2}2]n have been obtained.

1264
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With the selenium derivative complexes of the type [Ag(dpspf)(LL)]OTf (LL= (SPPh2)CH2,
(SePPh2)2CH2, bipy, phen) have been reported.

1265 Other silver complexes with chalcogenide deri-
vatives are those formed with the mixed ligands EPPh2(CH2)2SRS(CH2)2PPh2E (E= S, Se;
R= (CH2)2, (CH2)3, C6H4) that are of the type [AgL]

þ, as, for example, (218).1266 The reaction
of AgAsF6 with (SPMe2)O gives [Ag{(SPMe2)O}2]PF6, which has a tetrahedral geometry.

1267 The
silver(I) derivative with the dithioimidodifosfinato ligand [Ag{(SPPh2)2N}(PPh3)] has been
described.1268 A silver complex with the bis(diphenylselenofosforyl)amine, [Ag{(SePPh2)2NH}2]Br,
has been described.1269 The ligand {SP(2,4,6-But3C6H2)}2(�-CH2)(�-S) forms 1:1 complexes with
Agþ, extracting it from aqueous solutions selectively over Pd2þ, Cu2þ, Ni2þ, Fe3þ, and UO2

2þ; it
is proposed that bind silver using the P¼S atoms.1270 The treatment of (SPPh2)2C¼CH2 with
AgClO4 yields the mono- and dinuclear complexes [Ag2{�-(SPPh2)2C¼CH2}2](ClO4)2 and
[Ag{(SPPh2)2C¼CH2}2]ClO4, respectively.1271

Ag

S S

S
Ph2P PPh2

+

Fe

Ph2
P

P
Ph2

E

E

Ag

+

Ag

S

S

S

PR3

Ph2P

P
Ph2

Ph2P

C

PR3 = P nBu 3, PPh3 E = S, Se

(216) 217) (218)(

S

The coordination modes of the ambident thiocyanate ligand in their metal complexes exhibit a
considerable diversity. The double salts AgSCN�2AgNO3 (219) and AgSCN�AgClO4 feature an
unprecedented �5-1,2,3�S:4,5�N coordination mode of the thiocyanate ligand, which generates a
2D or 3D network.1272 Similar results are obtained with the AgSeCN.1273
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Several crystal structures with thiocyanate as ligands have been reported, such as [Ag(SCN)
(Ettu)]2 (Ettu= ethylthiourea),

1274 [Ag(SCN)(2,6-Me2Py)],
616 �-AgSCN,1275 [{Ag2(SCN)4}C18H36N4]

(C18H36N4= 5,7,7,12,14,14-hexamethyl-1,4,8,11-tetrazatricyclo[9.3.1.1]hexadecane),
1276 Cs3M[Ag2-

(SCN)7] (M=Ba, Sr),1277 Cs2[AgZn(SCN)5],
1278 CaCs2[Ag2(SCN)6],

1279 [Cd(en)1.5Ag(SCN)3],
1280

and Q4[Ag2Fe2(SCN)12] (Q=NBu4, NEt4).
1281 The coordination of silver(I) by thiocyanate,

cyanide, and iodide in molten KSCN, KSCN-KCN, and KSCN-KI mixtures have been
described.1282

Silver(I) complexes with tu, selenourea, or some of their derivatives have been reported. The
formation of Agþ complexes with tus and N-substituted tus has been studied in EtOH, and the
determined thermodynamic parameters for AgLþ, AgL2þ, and AgL3þ were compared to those of
methanol.1283 An N,N0-disubstituted tu has been proposed as a spectrophotometric reagent for
Agþ determination.1284 Complexes of the type [AgXL(PPh3)2] (X=Cl, Br; L= tus, amino-
thiourea, dithiooxamide) have been synthesized.1285 The synthesis and crystal structures of a
family of silver cyanide complexes of thioureas (tus) and substituted tus are reported, they are
of the type (AgCN)(tu), (AgCN)(tu)2, (AgCN)2(Ettu)2, etc. All the structures involve either 1D or
2D polymeric arrays held together by bridging S and CN groups.1286 An helical polymeric chain,
[Ag2(tepytu)3�(ClO4)2]n (220) (tepytu=N,N0,N00,N000-tetraethyl-N,N0-pyridine-2,6-dicarbonyl-bis
(tus)), has been obtained.1287
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Selenourea silver(I) derivatives such as [Ag2{�-SeC(NH2)2}2{SeC(NH2)2}4]Cl2 (221),1288

[Ag(NO3){SeC(NH2)2}], and [Ag(NO3){SeC(NH2)2}2] have been prepared.
1289 The crystal struc-

tures of [AgI(Et2tu)],
1290 [Ag(Me2tu)n]ClO4 (n= 2, 3),

1291 [Ag(Et2btu)]4 (Et2btu= 1,1-diethyl,3-benzoyl-
tu),1292 [Ag(SH)(Et2btu)],

1293 have been determined.

Ag
Se

Ag
Se

H2N NH2

H2N NH2

Se

Se

Se

Se

H2N
NH2

NH2

NH2

H2N

NH2

H2N
NH2

E

Ag
E

E

Ag
E
Ph

Ph

Ph

Ph

E
E

Ph

Ph

EEPh
Ph

2+

E = S, Se

2+

(221) (222)

Ag

Ag Ag

Ag

S

S

N

Ph
SS

(PrOi

(PrOi)2P

)2P N Ph

S

S
P(OiPr)2
N

Ph

S

Ph N P
(OiPr)2

S

(223)

Diphenyldisulfide or diphenyldiselenide react with AgAsF6 in liquid SO2 to give
[Ag2(Ph2E2)4](AsF6)2 (E= S, Se) (222).1294 A dimeric compound has been prepared with the
ditelluride, [Ag2{Te2(p-F-C6H4)}2].

1169

Some complexes with thiosemicarbazide SC(NH2)NHNH2 (tsc) have been prepared, such as
[AgI(tsc)2]2,

1295 [Ag2Br2(tsc)3],
1295 �-Ag(Et2tsc),

1296 [AgL2]
þ (L= 2-methylindole-3-carboxyalde-

hide thiosemicarbazone).1297

Other silver compounds with sulfur donor ligands such as fosforiltioamides, [Ag4{SC(Ph)NP
(OPri)2S}4] (223),1298 N-(thio)phosphorylated bis(thio)ureas,1299,1300 (N,N-diethylthiocarbamoyl-
methyl)diphenylphosphine sulfide [Ag{Ph2P(S)CH2C(S)NEt2}2]NO3,

1301 or N,N0-dimethylthio-
formamide [Ag(SCHNMe2)3]2

2þ,1302 have been reported. Stability constants for member of
series of silver(I) complexes incorporating DMSO, tus, and thiocyanate ligands have been
measured.1303

6.7.2.3.6 Complexes with halide and hydride donor ligands

Homoleptic silver(I) halide complexes have been known for a long time, they have various
stoichiometries and coordination numbers. [AgX2]

� compounds have been reported in complexes
such as [K(crypt-2,2,2)][AgCl2],

1304 Me4N[AgI2],
1305 and [Pd(S2CNEt2)(Ph2PCH2CH2PPh2)]-

[AgCl2],
1306 which depending upon the cation are polymeric species or discrete molecules.

[AgX3]
2� have been described in (PPh3Me)2[AgI3]

1307,1308 and (NH4)2[AgI3],
1309 which have a

trigonal-planar geometry. [Ag2X3]
� (X=Br, I) are polymeric species.1309 [Ag2X4]

2� (224) (X=Cl,
Br, I) are dinuclear with a distorted trigonal planar geometry for silver.1304,1310–1313 The mixed
halide species (AsPh3Me)[Ag3I3X] (X=Cl, Br, I) have been synthesized and the silver is four-
coordinate.1314 Other silver polyhalide anions are [Ag2Cl5]

3�,1311 [Ag4Br8]
4�,1304 and

[Ag4I8]
4�,1311,1315 which has two different structures (225) or (226), [Ag4I5]

�,1316 [Ag3I5]
2�,1317

and [Ag7I11]
4� which has a 1D, twisted double chain,1318 or the polymeric species [Ag5I6]

�,1319,1320

[Ag5I7]
2�,1321 and [Ag5Br8]

3�.1322 The structure of Rb2AgCl3 consists of polymeric [AgCl3]
2�

anions composed of corner-sharing slightly distorted AgCl4 tetrahedra, with Rb
þ ions situated

between the chains.1323 An applied theoretical study has been performed on the conformations of
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polymetal iodide complexes [AgmI]m�1; they have an overall tendency to prefer bent conforma-
tions with short metal–metal separations.1324 Electrochemical studies of silver chloro complex
formation in low-temperature chloroaluminate melts have been carried out.1325 The electronic
structure of silver chloride has been probed by use of ab initio Hartree–Fock methods. The results
support the fact that the bonding in AgCl is strongly (but not exclusively) ionic in nature, and also
confirm the importance of correlation effects.1326 Photoluminescence has been found in mixed
AgCl�AgBr crystals of stoichiometry AgCl0.45Br0.55.1327
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Halocarbons are poor Brönsted bases. Their donor powers as Lewis bases to metal ions are
usually regarded as weak. Recently several silver(I) and other metal complexes with halocar-
bons, even with those as CH2Cl2 which is considered as noncoordinating ligand in Gutmann’s
classic study of solvent donor numbers, have been described.1328,1329 The compound AgOTeF5
is extraordinarily soluble in dichloromethane and 1,2-dichloroethane, the OTeF5

� oxyanion
renders metal ions in MXm compounds very electron poor and open to coordination by
extremely weak donors.932 Thus from saturated chlorocarbon solutions of AgOTeF5 or in
the presence of PdCl2 the complexes [Ag(OTeF5)(CH2Cl2)]2 [Ag(OTeF5)(1,2-C2H4Cl2)]2 (227),
[Ag2(CH2Cl2)4Pd(OTeF5)4] (228), and [Ag2(1,2-C2H4Cl2)4Pd(OTeF5)4], have been iso-
lated.27,28,1330 With larger and more weakly coordinating anions as Ti(OTeF5)6

2�,
Nb(OTeF5)6

�, or Sb(OTeF5)6
� other complexes have been obtained, such as [Ag(CH2Cl2)3]2[-

Ti(OTeF5)6], [Ag(CH2Br2)3][Nb(OTeF5)6], and [Ag(1,2-C2H4Br2)3][Sb(OTeF6)6].
1331,1332 The

silver salts with the weakly coordinating anions polyfluoroalkoxyaluminates AgAl(ORF)4
also form complexes with the weakly basic solvents CH2Cl2 or 1,2-C2H4Cl2, of the type
[Ag(C2H4Cl2)2Al{OCH(CF3)2}4] (229), [Ag(CH2Cl2)Al{OC(Me)(CF3)2}4], [Ag(CH2Cl2)Al
{OC(CF3)3}4], and [Ag(C2H4Cl2)Al{OC(CF3)3}].

1333

Ag

O
Ag

O

TeF5

TeF5

Cl

Cl

Cl

Cl

Ag

O
Pd

O

TeF5

TeF5

Ag

O

O

TeF5

TeF5

Cl
Cl

Cl
Cl

Cl
Cl

Cl
Cl

(227) (228)

Ag
O

O

Cl
Cl

Cl
Cl

Al

(CF3)2CH

(F3C)2HCO

(F3C)2HCO

(CF3)2CH

(229)

Compounds containing iodocarbon–silver(I) bonds have long been suspected as intermediates
in the reactions of the alkyl iodides with the silver salts, but only recently complexes have been
isolated. The reaction of AgPF6 or AgNO3 with diiodomethane, 1,3-diiodopropane, and arylio-
dides has been studied and four-coordinate complexes such as [Ag{I(CH2)3I]}2]PF6 (230), [Ag
(ICH2I)2]PF6, [Ag(1,2-I2C6H4)3]PF6 (231), and [Ag(1,2-BrIC6H4)4]PF6 prepared.

1334,1335 These
reactions have been carried out in organic media using ethylene to help solubilize silver salts
but they have also been carried out in aqueous solutions, where adducts of the type
AgNO3�CnHxIy are obtained; if the silver concentration is high, the inverse compounds
[Ag3I]NO3 are also synthesized.

1336 Silver(I) iodide complexes with carboxylate ligands have
been reported, such as [Ag2(O2CCF3)2(RI2)2]n (R=CH2, C6H4 (232)), [Ag2(O2CCF3)(IC6H5)]n,
[Ag4(O2CCF3)4(H2O)2(p-IC6H4Me)2]n, [Ag2(O2CCCl3)2(HO2CCl3)2(1,2-I2C6H4)]n, [Ag2(O2CCl3)2
(HO2CCl3)(IC6H5)]n, or [Ag4(hfac)4(p-IC6H4Me)2].

1337,1338 Most of them are polymeric species
with dinuclear silver carboxylate units bridged iodocarbon ligands.
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The reaction of AgClO4 with tetraidoethylene in benzene or toluene yields the complexes
[Ag(ClO4)(C2I4)(C6H6)2] or [Ag(ClO4)(C2I4)], the latter has a 2D framework and in both, the
iodocarbon coordinates via �-donation of a halogen lone pair.1339 Silver polymers with iodine–
silver interactions are also obtained in the reaction of silver acetate with triiodobenzoic acid,
tris(4-iodophenyl)amine, and 5,7-diiodo-8-hydroxyquinoline.1340

Other silver–halogen complexes are the heterometallic species. An unusual seven-coordin-
ation has been observed in the structure of AgMnF4�4H2O (233).1341 The reaction of trans-
[PtX2(C6F5)L]

� and Agþ affords polymeric [PtAgX2(C6F5)L]n (X=Cl, L=PPh3, THT,
p-MeC6H4NH2, Py; X=Br, L=PPh3). The structure consists of a polymeric chain with the
silver atoms bridging between chlorine ligands and with a short distance Ag—Pt of 2.855(2) Å.
Addition of PPh3 breaks the Ag�Cl bonds of the chain and forms the dinuclear
[PtAg(C6F5)Cl(�-Cl)(PPh3)2], containing a longer Pt—Ag distance of 2.945(1) Å (234).1342 The
reaction of [Ag(ClO4)(PPh3)] with trans-[PtBr2(C6Cl5)(PPh3)]

� yields the dimeric complex
[(Ph3P)(C6Cl5)BrPt(�-Br)Ag(PPh3)]2, in which the Pt���Ag interaction is supported by a bromine
bridging ligand.1343 Halogen-bridging silver–palladium derivatives, such as [(tmda)(p-tolyl)Pd(�-
I)AgL] (tmda=N,N,N0,N0-tetramethylenediamine; L= [CpCo{P(OR)2O}3]

�; R=Me, Pri) have
been described.1344 Halide abstraction by silver salts is a widely used reaction but sometimes the
intermediate species have been isolated, as in the reaction of [PtClMe(N—N)] with AgBF4 which
gives the compound [Me(N—N)Pt(�-Cl)Ag(�-Cl)Pt(N—N)Me]BF4 (235),1345 or in the reaction of
trans-[RuCl2(PP)2] with silver salts which gives mixtures of Ru—Cl—Ag complexes.
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+

Monoanionic carborane anions based around [closo-1-CB11H12]
� are among the most inert and

least coordinating anions currently known. The high chemical stability and low nucleophilicity
allows the stabilization of cationic species not isolable with other anions. The silver salt of this
compound was crystallized as Ag(CB11H12)�2C6H6 (236), in which the silver is bonded to two

Silver and Gold 981



carborane groups via terminal B—H bonds and to one molecule of benzene in a �1 fashion.1347 Other
silver salts of some of these derivatives such as Ag(7,8,9,10,11,12-Br6CB11H5) or
Ag(7,8,9,10,11,12-Br6CB11H5)2

� (237),1348–1350 Ag(6,7,8,9,10-Br5CB9H5) (�2-C7H8),
1350

Ag[Co(1,2-C2B9H11)2], or Ag[Co(8,9,12-Br3-1,2-C2B10H11)],
1350 Ag(12-BrB11H11),

1351 Ag(12-
FCB11H11)(C6H6)2,

1352 Ag(6,8-F2CB9H8) (C6H6)2,
1353 Ag(CB11H6X6) (X=Cl, Br, I),1354 Ag

(1-Me-CB11H5X6) (X=H, Cl, Br, I),1355 Ag(1-H-CB11Y5X6) (X,Y=Cl, Br, I),1356 have been
described.
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Halide abstraction reactions with these carborane derivatives gives sometimes intermediate
products rather than metathesis, as in the reaction of Ag(6,7,8,9,10-Br5CB9H5)(�

2-C7H8) with
[IrCl(CO)(PPh3)] that yields an Ir�Ag adduct (238),1350 or the reaction of [MoCpI(CO)3] with
Ag(CB11H12) which gives (239).1357,1358
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Silver phosphine or stibine complexes with carborane anions have also been isolated and are of
the type [Ag(C2B8H11)(PPh3)]2,

1359 [Ag(CB11H12)(PPh3)] (240),1360 [Ag(CB11H12)(PPh3)2]2,
1360

[Ag(CB11H6Br6)(PPh3)n] (n= 1, 2),1360 or [9,90-{Ag(SbPh3)2}2-4,9,4
0,90-(�-H)4-7,8,7

0,80-nido-
(C2B9H10)2].

1361 The reaction of Cs[Re(CO)3(�
5-7,8-C2B9H11)] with AgBF4 in the presence of

ligands such as PPh3, dppe, tris(pyrazol-1-yl)methanes, amines, di-, and terpyridyls, affords the
silver complexes of the type [ReAg (�-10-H-�5-7,8-C2B9H10)(CO)3(PPh3)] (241) or [{ReAg(�-10-
H-�5-7,8-C2B9H10)(CO)3}2(�-L-L)] which have B—H—Ag bonds.

1362,1363 In a similar manner the
compound [2,2,2-(CO)3-2-PPh3-7,12-{Ag(PPh3)}-closo-2,1-MoCB10H9] (242) has been
obtained.1364
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Polynuclear complexes associated with transition metal polyhydrides and silver cations have
been described; those which present silver—metal bonds are more numerous and they will be
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discussed in Section 6.7.2.3.6(i). The reaction of [Nb(C5H3R
1R2)2H3] with AgBF4 gives the

adducts [{Nb(C5H3R
1R2)2H3}2Ag]

þ (243) (R1=H, TMS; R2=TMS) in which the silver binds
to two hydrides of each niobium center.1365 Treatment of [MoCpH(CO)2(PMe3)] with AgBF4 in
THF or acetonitrile leads adducts with bridging hydride bonds such as [{MoCp(�-H)(CO)2(P-
Me3)}2Ag]BF4 [MoAgCp(�-H)(CO)2(PMe3)(MeCN)n].

1366 The complexes [Ag(MCp2H2)2]X
(244) (M=W, X ¼BF4; M=Mo, X=PF6) and [MoCp2(�2-H)Ag(�2-H)WCp2] have been
prepared by reaction of [MCp2H2] with the silver salts.

1367–1369 Also the reactivity with silver(I)
halides have been carried out and the compounds [Ag(MoCp2H2)2Cl], [Ag3(MoCp2H2)3X3] (245)
(X=Br, I), and [Ag3(MoCp2H2)4Br2]PF6

1368 have been prepared.
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H
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6.7.2.3.7 Complexes with mixed donor ligands

Mixed donor ligands have attracted a great dealt of interest mainly because of the possibility of
combining soft and hard Lewis bases. This is the case of the P,N-donor ligands, mainly pyridyl
phosphine ligands. Silver complexes with diphenyl(2-pyridyl)phosphine acting as mixed donor
ligand have been prepared and are of the type [Ag2Cl2(PPh2Py)3] (246),1370

[Ag2(NO3)2(PPh2Py)2],
1371 or [Ag2(PPh2Py)n]

2þ (n= 2, 3).1372,1373 The latter complexes are
dinuclear with two P,N bridging ligands and for n= 3 the third ligand is coordinate to one
silver atom through the phosphorus. The thermodynamic parameters for the AgI complexation
with PPh2Py in DMSO and propylene carbonate have been determined, showing that the
mononuclear species are P-coordinated and in the dinuclear the ligand is bridging the silver
atoms.1374 Similar studies have been carried out with other P,N-ligands.1375 The dinuclear
compound [Ag2(PPh2CH2CH2Py)2](PF6)2,

1376 and the mononuclear four-coordinate
[Ag(PPh2CH2CH2Py)2]

þ have been prepared. The latter reacts with more phosphine to give
[AgL3]

þ and [AgL4]
þ species.1377 Dinuclear silver complexes with the ligand (Bzim)Ph2P

(Bzim= 1-benzyl-2-imidazolyldiphenylphosphine), [Ag2{PPh2(Bzim)}2]
2þ (247), have been

obtained.1378,1379 With the methyl-substituted derivative a polymeric compound
[Ag2(NO3){PPh2(Meim)}2]n(NO3)n has been achieved.

1380 A dinuclear compound has been
described with the 2-[bis(diisopropylphosphino)methyl]-1-methyl imidazole, MeimCH(PPri2)2,
in which the ligand is P,P,N bonded.1381 The ligand 3,6-bis(diphenylphosphino)pyridazine self-
assembles with Agþ cations to form the polymeric chain [Ag2(�-PPh2C4H2N2PPh2)
(MeCN)2]n(ClO4)2n (248).784

The polydentate ligands 2-(diphenylphosphino)-6-[3-(20-pyridyl)pyrazol-1-yl)pyridine and
2-(diphenylphosphino)-6-(pyrazol-1-yl)pyridine react with [Ag(NCMe)4]ClO4 to give the
dinuclear complexes where the ligands are P,N,N bonded as in (249).1382 The reaction of
two equivalents of AgBF4 with 6,6-bis(diphenylphosphine)-2,2

0-bipyridyl (P2-bipy) gives the
complex [Ag4(P2-bipy)2](BF4)4. Addition of Br� or I� leads to complexes [Ag4X2(P2-
bipy)2](BF4)2 which are in equilibrium between two species with a �2-X or a �3-X (250) ligand;
these complexes add further solvent molecules. All of them have photoluminescent properties
that can be attributed to structural rearrangements associated with ligand coordination.1383 A
trinuclear compound [Ag3(�-P2-bipy)3](PF6)3 has also been synthesized.1384 The ligands
Ph2PCH2N(R)Py (R=H, Cy) give silver complexes with different coordination modes such
as [Ag(�-PPh2 CH2NHPy) (NCMe)]n(ClO4)n, [Ag(PPh2CH2NHPy)2(2-PyNH2)]ClO4,
[Ag{PPh2CH2N(Cy)Py}2]ClO4, or [Ag2{�-PPh2CH2N(Cy)Py}2](ClO4)2 (251).1385 A similar
ligand 1-[(diphenylphosphino)methyl]-4-(2-pyridyl)piperazine gives also a dinuclear P,N silver(I)
complex.1386

Silver and Gold 983



Ag

Ph2P N N
N

Ag

PPh2
NN

N NCMe

MeCN

2+

N

N

Ph2
P

P
Ph2

Ag

Ag

Ag
N

N

P
Ph2

Ph2
P

AgX
X

2+

Ag

Ph2
P

N N

Ag
P
Ph2

NN Cy

Cy

2+

(249) (250) (251)

A series of bidentate PN and tetradentate P2N2 aminophosphine ligands form stable silver(I)
complexes characterized by NMR spectroscopy and (252) by XRD.1387,1388 P(C6H4NMe2-2)3
yields on treatment with AgX (X=Cl, Br, O2CCF3) the monomeric T-shaped planar silver(I)
complexes (253).1389,1390 The reaction of [Ag(OTf){P(C6H4NMe2-2)3}] with 4,4-bipyridine leads to
the displacement of the triflate ligand; further reaction with [Cu{P(C6H4NMe2-2)3}]PF6 gives the
bimetallic compound [AgCu(4,4-bipy){P(C6H4NMe2-2)3}2](OTf)(PF6) (254).1391
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Treatment of AgOTf, N(CH2CH2NH2)3, and 2-Ph2PC6H4(CHO) lead to the template synthesis
of a trinuclear complex with a heptadentate ligand [Ag3{[(2-Ph2PC6H4)
CH¼NCH2CH2]3N}2](OTf)3; the silver centers are penta P,P,N,N,N or tetra P,P,N,N coordin-
ated.1392 The platinum or iron derivatives with the 2,6-bis(diphenylphosphino)pyridine ligand
act as a host and encapsulate silver atoms to form the complexes [PtAg2Me2(�-
PPh2PyPPh2)2(CNMe)2](BF4)2 or [FeAg2(CO)3(�-PPh2PyPPh2)2(OEt2)](ClO4)2 (255), both con-
taining metal–metal dative Pt!Ag or Fe!Ag bonds which are stabilized by argentophilic
interaction.1393 The trinuclear complex with 2,7-bis(diphenylphosphino)-1,8-naphthyridine ligand
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(256) shows a intraligand emission with lifetime of 5 �s on excitation at 330–370 nm in acetonitrile
at room temperature.1394

Ph2P
Ph2P N

AgAg

N PPh2

Ag

PPh2NNPh2P

N N PPh2

3+

Fe

Ph2P N

Ag

PPh2

PPh2NPh2P

AgOC
CO

CO
OEt2

2+

(255) (256)

Silver complexes with P,S mixed donor ligands have been obtained, such as [Ag{PPh2(CH2)2-
SEt}2]ClO4

1395 or [Ag2{PPh2CH2SPh}2](ClO4)2 (257).
1396 The [AgLn]

þ complex formation for
L=Ph2PCH2SPh, Ph2P(CH2)2SR (R=Me, Et, Ph) has been studied in propylene carbonate, and
shows that Ph2PCH2SPh behaves as a monodentate P-donor but Ph2P(CH2)2SR acts as bidentate
P,S chelates. The structure of [Ag2{�-PPh2(CH2)2SEt}2](ClO4)2 consists of co-crystallized open-chain
and dimeric forms of the complex.1397 The [AgL]BF4 complex where
L=PhP(CH2)2S(CH2)2S(CH2)2PPh2 has been studied by MS, IR, and NMR spectroscopies. The

31P
NMR spectra suggest a static behavior of the phosphines, but fast exchange of the thioether atoms.1398

Silver complexes of the anionic forms of 2-(diphenylphosphino)benzenethiol [2-(Ph2P)C6H4SH] and
2-(diphenylphosphino)-6-(trimethylsilyl)benzenethiol [2-(Ph2P)-6-(TMS)C6H3SH] have been prepared
and are tetrameric (258).1399 [SnR2(SC6H4PPh2)2] (R=Me, Et) reacts with [Ag(OTf)(PR3)]
(PR3=PPh3, PPh2Me) to afford the mixed-complexes [AgSn(�-SC6H4PPh2)R2(PR3)]OTf (259).

1400

Other complexes as (260),1183 the hexanuclear [Ag(2-PPh2C6H4CO2)]6 with P,O-,1401

[Ag2{PPh2(CH2)nPPh2S}2](NO3)2 with P,S-1402 and [Ag(PPh2CH2PPh2Se)2]Cl with P,Se-mixed
donor1403 ligands, have also been reported.
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The most thoroughly studied mixed S,N-ligand is pyridine-2-thiolate because of its versatile
coordination modes. The compound [Ag(SPy)]n has a graphite-like array of silver(I) ions and has
a semiconductor behavior. The PyS� ligand acts as a �3-N,S,S bridge. [Ag5(SPy)(HSPy)BF4]n has
a layered structure with the coordination modes of PyS� showed in Figure 14.1404

Depending upon temperature reaction and solvent used other polymeric species such as
[Ag6(�3-SPy)4(�4-SPy)2]n and [Ag(�2-(HSPy)Cl]n have been obtained.

1405 A related polymeric
compound [Ag6(�3-SC4N2H3)4(�2-SC4N2H3)2]n has been prepared from the assembly reaction of
AgSCN and sodium pyrimidine-2-thiolate.1406 The [Ag(ER)]6 (E= SiSe) complexes have been
obtained with the sterically hindered RMe2SiPyS

�, (RMe2Si)2PyS
�, or 6-TMSPySe� ligands.

Electrochemical oxidation of anodic silver in acetonitrile solution of the RSH or RSeH

N         S

Ag Ag Ag

N S

Ag Ag Ag

N S

Ag Ag Ag
Ag

Figure 14 Coordination modes of pyridine-2-thiolate in [Ag5(Spy)(HSpy)BF4]n.
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compounds is another method to obtain these complexes.1407–1411 The reaction of PySHwith Ag2O
has been reported to give [Ag2(SPy)2]. The ligands PySMe or PySCH2COPh yields the dinuclear
[Ag2(PySMe)2](ClO4)2 or the trinuclear [Ag3(ClO4)3(�3-PySCH2COPh)(PPh3)3].

1185,1412 The tetra-
nuclear butterfly clusters of AgI and the mixed AgI�CuI of the type [Ag2M2(mt)4(PPh3)2] (M=Ag,
Cu) have been obtained by reaction of the metal acetates with 2-mercaptothiazoline (Hmt) in the
presence triphenylphosphine.1413

Several ligands containing pyridine or related groups and sulfur atoms have been synthesized
and the silver complexes studied; the ligands used are shown in Figure 15. Many of the complexes
have a supramolecular structure.
Silver(I) complexes with mixed donor S,O-ligands have been described with 1-hydroxypyridine-

2-thione (261),1437,1438 cyclo-L-methionylglycine,1439 acyclic polyethers (262),1440–1442 dithio- and
trithio-oxalate,1443 or chlorosulfate.1444
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With N,O mixed donor ligands several complexes have been reported with ligands such as 4,5-
dichloro-2-cyano-3,6-dione-1,4-cyclohexen-1-ol,1445 isonicotinic acid,1446 p-aminobenzoic acid,1447

alanine, histidine or histamine derivatives,1448–1450 [N(O)C(CN)2]
�,1451 pyridine-carboxylate deri-

vatives,1452–1454 [N(PPh2O)2]
� (263),1455 bis(sulfonyl)amide derivatives,1456,1457 tris(pyridyl)-

methanoate,1458 pyrazine-carboxylate,1459–1461 2,20-bipyridine-3,30-dicarboxylate,1462 di-2-pyridyl
ketone derivatives,1463,1464 1-But-2-benzoylaziridine,1465 sulfacetamide,1466 nitrite,1467 or
SO3NH2

�.919
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Figure 15 Mixed N,S-donor ligands that form silver(I) complexes.
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Naphthalenedicarboxylates coordinate to silver(I) atoms through the oxygen atoms and an �2-
coordination mode involving the aromatic rings.1468 The reaction of AgNO3 with Li[CH2PPh2S]
yields [Ag(CH2PPh2S)]2 (264) in which the ylide C,S bridges the two silver atoms; in the solid state a
ID chain structure is present with short intramolecular Ag���Ag separations of 2.990(2) Å.1469 The
mixed silver(I)–gold(I) compound [AgAu(CH2PPh2S)2] has also been obtained; it presents a short
Ag�Au interaction of 2.9124(13) Å.1470 The compounds [Ag2{C(TMS)2Py}2] and [Ag(OTf)(Bu

t-
DAB)] (But-DAB= 1,4-di-t-butyldiazabuta-1,3-diene with a N,C mixed ligand have been
reported.644,1471 The silver complexes with mixed S,C or O,C mixed-donor ligands have been
obtained with methanide ligands in [Ag2(SPPh2CHPPh2Me)2](ClO4)2, [Ag(XPPh2CHPPh2Me)2]
(ClO4)2 or [Ag2(XPPh2CHPPh2CHCO2Me)(PPh3)2]ClO4 (265) (X=O, S).1471–1473

Silver(I) complexes with macrocyclic ligands that possess O/N/S as donor atoms have been
studied extensively;1474–1533 in Figure 16 a selection of some silver complexes with this type of
ligands can be seen.

(i) Complexes with silver–metal bonds

Many carbonyl and carbonyl metallate complexes of the second and third row, in low oxidation
states, are basic in nature and, for this reason, adequate intermediates for the formation of metal—
metal bonds of a donor–acceptor nature. Furthermore, the structural similarity and isolobal relation-
ship between the proton and group 11 cations has lead to the synthesis of a high number of cluster
complexes with silver—metal bonds.1534,1535Thus, silver(I) binds to ruthenium,1536–1556 osmium,1557–1560

rhodium,1561,1562 iron,1563–1572 cobalt,1573 chromium, molybdenum, or tungsten,1574–1576 rhe-
nium,1577,1578 niobium or tantalum,1579 or nickel.1580 Some examples are shown in Figure 17.
Complexes with silver(I)—rhodium(I) bonds have been prepared by addition of AgX to

Rh—Rh bonds, as [Rh(�-AgX)(�5-C5Me5)(�-CO)]2,
1581,1582 [Rh2(�

5-C5H5)(�-CO)(�-dppm)(�-
AgX)],1583–1585 or [Rh2{�-Ag(PPh3)}{�-1,8-(NH)2C10H6}(CO)2(PPh3)2]ClO4.

1586 The reaction of
[Rh(�5-C5H5)(CO)(PPh3)] with AgPF6 gives the adduct [Ag{Rh(�

5-C5H5)(CO)(PPh3)}2]PF6.
1587

The complex [Rh3Ag3H9{(PPh2CH2)3CMe}3]
þ (266) has been obtained by treatment of

[RhCl{(PPh2CH2)3CMe}3] with AgOTf in methanol (hydrides not located).
1588 The reaction of

cis-[Rh(C6F5)2L2]
� with [Ag(OClO3)(PPh3)] gives complexes with Ag—Rh unsupported bonds, as

show the structure of cis-[RhAg(C6F5)2(PPh3){P(OPh)3}2] (267).1589 The luminescent 1D hetero-
metallic chain, {[Rh2(dfpma)2(NCMe)4]2[Ag(NCMe)4][PF6]} (dfpma= bis(difluorophosphine)
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Figure 16 Some examples of silver(I) complexes with mixed donor macrocyclic ligands.
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methylamine) has been obtained.1590 Complexes with Ag—Ir bonds such as [AgIr2(dimen)4
(DMSO)2](PF6)3 (268) or [AgIr2(dimen)4(PPh3)2](PF6)3 (dimen= 1,8-diisocyanomenthane) have
been reported.1591–1593 The complexes [Ag{ReH7(PPhPr

i
3)2}n]

þ (n= 1, 2) present a silver rhenium
bond (hydrides not located by XRD).1594 Silver(I)—mercury bonds have been described in
[AgHg2(�-dppm)3]

3þ1595 and [Ag2Hg(Mes)2X2]2 (X=OTf, ClO4).
1596
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Compounds with Ag—Pt bonds are well represented. A method to prepare this type of complexes
developed by Forniés and co-workers is the reaction of electron-rich platinum complexes such as
anionic pentachloro- or pentafluorophenyl species with silver salts.1597–1599 The treatment of mono-
nuclear (Bu4N)2[Pt(C6F5)4�x(C6Cl5)x] or (Bu4N)[Pt(C6F5)3�x(C6Cl5)xL] with [AgXL] or AgX com-
pounds leads to the synthesis of Pt!Ag complexes such as (269) and (270).1600–1603 The use of
(Bu4N)2[PtCl2(C6F5)2] with silver salts also leads to compounds with silver—platinum bonds assisted
by other covalent interactions, as in compound (271).1231,1604–1606

Starting from anionic dimeric complexes such as (Bu4N)2[Pt2(�-X)2(C6X5)4] or (Bu4N)2[Pt2(�-
C6F5)2(C6F5)4] polynuclear complexes as (272) are obtained.1607–1610 Other precursors for the
synthesis of Ag�Pt compounds are the anionic dinuclear complexes with bridging dppm and
halide or hydroxo ligands, [Pt2(C6F5)2(�-X)(�-dppm)]

�,1611,1612 or the acetylacetonate complex
[Pt(C6F5)2(ACAC)]

�.1613,1614
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Figure 17 Some examples of metal carbonyl complexes with M-Ag bonds.
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Other examples of complexes with silver—platinum bonds are (273)–(275),1615–1617 a W—Pt—Ag
cluster,1618 the coordination polymersAg2[Pt(ox)2]�2H2Oand [Ag(H2O)]2[Ag2(OTf)4][Pt (ACAC)2]2,1619
and the helical complex [{Pt(phpy)2}2{Ag(acetone)2]n(ClO4)2n (Hphpy= 2-phenylpyridine).

1620

6.7.3 GOLD

6.7.3.1 High Oxidation States

High oxidation states are known with very electronegative ligands such as fluorine. The yellow
crystalline AuF7 is prepared by disproportionation of AuF6 and can be isolated at �196 �C, it
decomposes in AuF5 and F2 at 100

�C.1621 AuF6 is obtained by oxidation of AuF5 with fluor-
ine.1621 The pentafluoride AuF5 is formed by vacuum pyrolysis of either [KrF][AuF6] (at 60–
65 �C)1622,1623 or [O2][AuF6] (at 160–200

�C).1624 An electron diffraction study of AuF5 has
indicated that the vapor phase consists of di- and trimeric molecules with the gold octahedrally
coordinated.1625

The [AuF6]
� complex anion is known with a variety of simple (Naþ, Kþ, Ca2þ)1623,1626,1627 or

more complex ([KrF]þ, [XeF5]
þ, [Xe2F11]

þ)120,1622,1623,1626 counteranions. They are bright yellow
to green solids, which are extremely sensitive to oxygen and moisture. The compound
[Xe2F11][AuF6] was first prepared by fluorination of AuF3 with XeF2 in the presence of
XeF6.

120,1628 In the solid state the gold is octahedrally surrounded by the fluorine atoms and
bonded to the dimeric xenon cation by two of the fluorine atoms (276).1629,1630 The complex
Ag[AuF6] was also synthesized and the structure was found to be of LiSbF6 type by Synchrotrom
X-ray powder diffraction.1631,1632 The stability of the high oxidation states in group 11 fluorides has
been studied by relativistic Möller-Pleset (MP) and coupled cluster methods. Relativistic effects
stabilize higher metal oxidation states. As a result, the hexafluoro complex of group 11 elements
with nuclear charge 111 and oxidation state þ5 is the most stable compared to the other
congeners.1633
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The evidence for the existence of oxidation state þIV is not yet convincing. Some complexes with
dithiolene or dithiolate systems have been reported such as [Au(dddt)2] (277) (dddt= 5,6-dihydro-1,4-
dithiin-2,3-dithiolate),1634 [Au(1,2-S2C6H4)2],

1635 [Au{S2C2(CN)2}2]�C20H10,1636 and [Au(dtpdt)2]
(dtpdt= 2,3-dihydro-5,6-thiophenedithiolate) or [Au(�-tpdt)2] (�-tpdt= 2,3-dithiophenedithio-
late).1637 They have been prepared by chemical or electrochemical oxidation of the corresponding
gold(III) derivatives. The molecular orbital calculations suggest that the metal ions of the mol-
ecules are best described as d 8 ions as expected for a square planar gold(III) compound, and
therefore the unpaired electron in each molecule resides largely on the ligands.

6.7.3.2 Gold(III) Complexes

6.7.3.2.1 Complexes with carbon donor ligands

The majority of gold(III) complexes with carbon donor ligands are with alkyl or aryl donor
ligands. Monoalkylgold(III) compounds are not well represented, and only a few trifluoromethyl
compounds of the type [Au(CF3)X2(PR3)] (X=Br, I; R=Me, Et, Ph)1638 have been reported.
These are formed by oxidative addition of halogen to the corresponding trifluoromethyl(pho-
sphine)gold(I) derivative. However, monoarylgold(III) species are more abundant and various
methods exist for their synthesis:

(i) oxidative addition of halogen to the respective gold(I) complex,
(ii) transmetallation reaction with HgR2,
(iii) electrophilic substitution by gold(III) of one aromatic ring (metalation), or
(iv) substitution reactions on monoarylgold(III) derivatives.

The first method has been used with haloaryl,1639–1643 ortho-nitrophenyl,1644 mesityl,255 or
ylidegold(I)1645–1648 complexes, which are sufficiently stable to undergo the oxidative addition
without cleavage of the gold–carbon bond, an example can be seen in Equation (11):

[Au(C6F5)(THT)]   +   Cl2                             [Au(C6F5)Cl2(THT)] ð11Þ

The reaction between [Hg(C6F5)2] and Me4N[AuCl4] gives Me4N[Au(C6F5)Cl3] in high yield
(Equation (12)):1643

Hg(C6F5)2  +  Me4N[AuCl4]                  Me4N[Au(C6F5)Cl3]  +  Hg(C6F5)Cl      ð12Þ

Recently the synthesis of arylgold(III) species by C—H bond activation has been re-investi-
gated. The reaction of anhydrous gold(III) chloride [AuCl3]2 with aromatic hydrocarbons (ArH),
such as benzene, toluene, xylenes, mesitylene, cumene, methoxybenzene, and chlorobenzene, and
the following treatment with 2,6-lutidine (lut), gave the complexes [AuArCl2(lut)].

1649 The 1H
NMR spectra revealed that auration towards aromatic compounds take place regiospecifically at
the position with higher electron density and with less steric hindrances.
The THT ligand in [AuRX2(THT)] and in other complexes can be displaced easily for other

neutral or anionic ligands (e.g., phosphine, amines, halide, etc.), and a wide variety of derivatives
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have been obtained. Au Mössbauer spectra of [Au(C6F5)Cl2(phen)] support the existence of a
weak interaction of gold(III) with the second donor atom of the phen, approaching pentacoordin-
ation.1526 This type of complex can further react with AgClO4 to give the four-coordinate cationic
complexes [Au(C6F5)X(phen)]ClO4.

1640

Oxidation of the dinuclear gold(I) complexes, [{Au(C6F5)}2{�-(PPh2)2NH}]
1650

or [{Au(C6F5)}2{�-(AsPh2)2CH2}],
1651 with halogens gives the corresponding gold(II) derivatives,

these are unstable in solution and isomerization to the mixed gold(III)–gold(I) complexes (278,
279) is observed. Similarly, oxidation addition of chlorine to the dinuclear ylidegold(I) complex
[Au2Cl2{�-{CH(PPh3)}2CO}] gave the gold(III) derivative (280).1652
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Usually, the monoarylgold(III) complexes obtained by an arylation or cyclometalation pro-
cesses contain aryl moieties, which act as bidentate C,N or C,S or tridentate C,N,N donor ligands.
Then it will be treated in Section 6.7.3.2.7.
Gold(III) complexes with two gold—carbon bonds are well known and abundant. They are

prepared for one of the main established methods for organometallic gold(III) derivatives:
Oxidation of gold(0) or gold(I) compounds with halogens or thallium reagents, using arylating
or alkylating compounds such as tin, mercury, Gridnard, or lithium compounds, and finally by
substitution reactions. In many cases the unit AuIIIR2

þ is used as ‘‘syntom’’ in order to coordinate
mono- or bidentate ligands to the gold(III) center and the reactivity is not focused on the organic
ligand. These particular cases will be seen in the appropriate sections.
The simplest compounds are of the type [Au2(�-X)2R4] and they have been known for a long

time, the organic ligand being unsubstituted alkyl groups in the majority of the cases.67 An
improved synthesis has been published recently for [Au2(�-Cl)2Me4],

1653 which was previously
obtained in low yield with Grignard agents or MeLi, and uses SnMe4 as alkylating agent
(Equation (13)):

2 HAuCl4  +  4 SnMe4                         [Au2(µ-Cl)2Me4]  +  4 SnMe3Cl  +  2 HCl ð13Þ

Other alkylgold(III) compounds are [Au2(�-X)2(CF3)4] (X=Br, I) synthesized by co-condensa-
tion of gold with CF3Br and CF3I, respectively, and may be sublimed at room temperature.

1654

Trifluoromethylated compounds are potentially useful precursors for CVD studies as they are
expected to show enhanced volatility.1655 cis-[Au(CF3)2I(PMe3)] is formed in quantitative yield by
oxidative addition of trifluoromethyl iodide to [Au(CF3)(PMe3)], the reaction is proposed to
proceed via radical intermediates.1524,1656

Diarylaurate(III) complexes of the type [AuR2X2]
� (R=C6F5, C6Cl5; X=Cl, Br) are known

for a variety of polyhalophenyl ligands. They were first prepared by oxidative addition of halogen
to the corresponding organogold(I) compound [AuR2]

� or by oxidative addition of the corres-
ponding gold(I) complex with [TlR2X]2.

98,99,1641 Reaction of trans-[Au(C6F5)2X2] with a silver salt
results in the abstraction of halide to give the dimeric diarylgold(III) halides cis-[Au2(�-
X)2(C6F5)4] (X=Cl, Br) (Equation (14)):1657

2Bu4N[Au(C6F5)2X2] + 2AgClO4 2(µ-X)2(C6F5)4] + 2AgCl + 2Bu4NClO4Au ð14Þ

Reactivity of these dimeric complexes have been studied for [Au2(�-Cl)2(C6F5)4]; it reacts with
salts of anionic ligands such as sodium azide, potassium thiocyanate, AgCF3COO, or Tl(ACAC)
to give the corresponding dinuclear pseudo-halide derivatives or the monomeric [Au(C6F5)2
(ACAC)]. The cleavage of the chloro bridges by mono- or bidentate neutral ligands yields
>complexes of the type [Au(C6F5)2Cl(L)] (L=Py, PPh3) or [Au(C6F5)2(L-L)][Au(C6F5)2Cl2]
(L-L= bipy, phen, 1,2-(AsMe2)C6H4).

1657 Similar complexes have been obtained with
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pentachlorophenyl as aryl ligand.1641 The reaction of [Au2(�-Cl)2(C6F5)4] with two equivalents
of AgClO4 in solvents (S), such as acetone or diethyl ether, gives stable solutions of [Au(C6F5)2(S)2]ClO4,
that can be used ‘‘in situ’’, after removal of AgCl, to further react with neutral or anionic ligands
affording complexes of the type [Au(C6F5)2(L)2]ClO4 (L=THT, PPh2Me, Ph2PCH2PPh2, bipy)
or [Au(C6F5)2(ACAC)], Bu4N[Au(C6F5)2(CN)2], or [{Au(C6F5)2}2(BiBzIm)] (BiBzIm= 2,20-
bibenzimidazolate).1658 The oxidation of the biaryl complex [Au2(�-C6H4-C6H4)(PPh3)2] with
tetraethylthiuram disulfide produces the mononuclear gold(III) derivative [Au(C6H4-C6H4)(�-
S2CNEt2)].

1659,1660

An alternative synthesis of diarylgold(III) halides uses organomercurials as arylating reagents,
and compounds of the type cis-NMe4[AuR2Cl2] can be obtained where R= 2-NO2C6H4 or 2-Me-
6-NO2C6H3,

1659,1660 or cis-[N(PPh3)2][Au(mes)2Cl2].
1661 The compounds may be derivatized by

substitution of one or both halide ligands with various reagents, thus complexes of the type cis-
NMe4[Au(2-NO2C6H4)2(CN)2], cis-[AuR2Cl(PPh3)], or cis-[AuR2{(PPh2)2CH2}]

þ can be
obtained.1659–1661

Heterocyclic gold(III) derivatives [Au2(�-Cl)2(C4Ph4)2] and [AuCl(C4Ph4)(THT)]
(C4Ph4= 1,2,3,4-tetraphenylbuta-1,3-diene-1,4-dyil) have been obtained by reaction of
SnMe2(C4Ph4) with [AuCl3(THT)]. The treatment of [Au2(�-Cl)2(C4Ph4)2] with various anionic
and neutral ligands leads to cleavage of the chloride bridges, some of the resulting products are
illustrated in Scheme 10. The crystal structure indicates a distorted square-planar geometry for the
metal.1662 The reaction of [AuCl2(L-L)]

þ with two equivalents of Mg(2,4,6-Me3C6H2)X leads to
the diaryl species [Au(2,4,6-Me3C6H2)2(L-L)]

þ (L-L= bipy, phen, dpphen).1663 The treatment of
the biaryl complex [Au2(C6H4C6H4)(PPh3)2] with tetraethylthiuram disulfide gives the gold(III)
diaryl complex [Au(C6H4C6H4)(S2CNEt2)].

1663,1664
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Scheme 10 Reaction of ½Au2ðm-ClÞ2ðC4Ph4Þ2� with mono and bidentate ligands:

Mononuclear gold(III) ylide complexes may be prepared by oxidative addition of halogens
of suitable gold(I) precursors. This approach is exemplified by complexes of general types
trans-[Au(C6F5)Cl2(ylide)] (ylide=CH2PPh3, CH2PPh2Me, CH2PPhMe2)

1645 and
trans-[AuX2{CH(PPh3)COR}2]

þ (R=Me, OMe, OEt; X=Cl, Br).1646,1648 Trans-
[Au(C6F5)Cl2(CH2PPh2Me)] reacts with potassium thiocyanate to give trans-
[Au(C6F5)(SCN)2(CH2PPh2Me)].

1645
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The dinuclear gold(I) ylide complexes, [Au2{(CH2)2PR2}2] (R=Me, Ph), react with two equiva-
lents of halogens or thionyl chloride to give the gold(III) derivatives [Au2X4{(CH2)2PR2}2]
(X=Cl, Br) (Scheme 11).1665–1669 The treatment of [Au2{(CH2)2PPh2}2] with CCl4 in tetrahydro-
furane affords the gold(III) compound with halogens and halomethane as ligands,
[Au2Cl3(CCl3){(CH2)2PPh2}2].

1670 The oxidation of the alkylhalidegold(II) species
[Au2X(CHX2){(CH2)2PPh2}2] or [Au2X(CH2X){(CH2)2PPh2}2] with halogens leads to the cis,cis
and trans,trans gold(III) compounds [Au2X3(CH2X){(CH2)2PPh2}2] (see Scheme 11).

1671
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Scheme 11 GoldðIIIÞ and mixed GoldðIÞ=GoldðIIIÞ ylide complexes:

An interesting gold(III) ylide derivative was obtained as by-product in one of these reactions
and has a bromine bridging ligand, [Au2Br2(�-Br){�-(CH2)2PPh2}2](IBr2) (281). The latter has
been postulated as an intermediate in these types of reactions.1669
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The dinuclear carbonyl-stabilized ylide gold(I) complexes [Au2{�-{CH(PPh3)}2CO}2](ClO4)2
or [Au2{�-[CH(CO2Me)]2PPh2}2] also react with an excess of halogen to give the gold(III)
compounds [Au2Cl4{�-[CH(PPh3)]2CO}2](ClO4)2 or [Au2X4{�-[CH(CO2Me)]2PPh2}2] (X=Cl, I),
respectively.1668,1672 The reaction of 1,2-benzenethiol with the ylide gold(II) complex,
[Au2(O2CPh)2{(CH2)2PPh2}2] does not lead to the substitution of the benzoate ligand, but a
disproportionation reaction occurs and the gold(III) complex [Au2(S2C6H4)2{�-(CH2)2PPh2}2]
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(282) can be isolated.1673 Mixed valent ylide gold(I)–gold(III) compounds have also been
reported. [Au2Br2{�-(CH2)2PPh2}2] can be synthesized both by reduction of the gold(III) species
[Au2Br4{�-(CH2)2PPh2}2] with AgCN or by oxidation of [Au2(CN)2{�-(CH2)2PPh2}2] with Br2,
followed by spontaneous reduction.1674 The dinuclear gold(I) complex with the methylenethio-
phosphinate ligands, [Au2(�-CH2PPh2S)2], can be oxidized with iodine to the asymmetrical
[Au2I2(�-CH2PPh2S)2] (283),1675 this compound is also available from the isomerization of the
corresponding gold(II) derivative in nitromethane and other weakly protonic solvents, such as
acetone.1676

Mixed perhalophenyl-isocyanide gold(III) derivatives of the type [AuRI2(C�
NC6H4C6H4OCnH2nþ1-p)] (R=C6F5; n= 8; R=C6F4Br-o, n= 10) and [(�-4,40-
C6F4C6F4){AuX2C�N(C6H4)mOCnH2nþ1-p)}2] (m= 1, 2; n= 4, 6, 8, 10, 12) have been prepared
and the liquid crystal behavior has been studied. In spite of the bulkiness of some of these groups,
large ranges of N or SA phases are obtained.

1677 The structure of Ph4As[Au(CN)4] has been
reported and consist of two kind of layers, one composed for cations and the other of anions.1678

6.7.3.2.2 Complexes with nitrogen donor ligands

The gold(III) halides exhibit Lewis acidic behavior and readily react with nitrogen donor ligands.
Complexes of the type [AuX3L] with L= pyridine,1679 substituted pyridines,1680 t-butylamine,1681

1,4-benzodiazepin-2-ones,1682,1683 2-phenylthiazole,657 3,30-dimethyl-2,20-biquinoline,1684,1685 acet-
imine,1686 1-[(2-chlorophenyl)diphenylmethyl]-1H-imidazole,1687 nucleosides,1688 or nucleo-
bases1689 have been obtained from Au2Cl6 or tetrahaloaurate and the corresponding nitrogen
base. [AuCl3Py] can also be prepared by a thermal decomposition of [Hpy][AuCl4] above 195

�C.
In some cases the reaction of tetrachloroaurate with amines results in the reduction of gold(III) to
yield mixed valence complexes [AuL2][AuCl4] (L= aminoalcohol)1679 or the gold(I) derivatives,
e.g., with n-butylamine1679 or with the alga Chlorella vulgaris.1690 The AuIII binding in the
nucleobase compounds have been found to be via the N(7) of the purine ring. The complex
with the 1-[(2-chlorophenyl)diphenylmethyl]-1H-imidazole ligand is active against in vitro cultures
of Trypanosoma cruzi, the causative agent of Chagas disease. The reaction of [AuCl3(THT)] with
the pyrazolate iridium complex [Ir(pz)(CO)(PPh3)2] leads to the heterobimetallic compound [Ir(�-
pz)AuCl3(CO)(PPh3)2], which easily decomposes to (Aupz)n.

1691 Substitution reactions on
[AuBr4]

� by several pyridine and substituted pyridine ligands have been done and the kinetics
of the forward and reverse reaction has been studied showing a dependence of the second-order
rate constants upon the amine basicity.1680

Gold(III) complexes with monodentate nitrogen ligand have also been prepared starting
from (pentafluorophenyl)gold(III) compounds. Thus, the reaction of [Au(C6F5)3(OEt2)] or
[Au(C6F5)2(OEt2)2]ClO4 with 3-ferrocenylpyridine (FcPy)

348 or 1,10-bis(2-pyridylthio)ferrocene
(Fc(SPy)2)

349 gives the gold(III) complexes [Au(C6F5)3(FcPy)], [Au(C6F5)2(FcPy)2]ClO4 (284) or
[{Au(C6F5)3}2{Fc(SPy)2}] (285).
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The complex trans-[AuBr2(ptm)(PEt3)] (ptm= phthalimide) was prepared by oxidative addition
to the corresponding gold(I) derivative, this complex rapidly isomerizes to the cis isomer.1692 Simi-
larly, the complexes with the acetimine ligands [AuCl3(NH¼CMe2)] and [AuCl2(NH¼CMe2)2]ClO4
have been obtained by oxidation with PhICl2 from the corresponding gold(I) precursor.

1686

An excess of the nitrogen base affords complexes [AuCl2L2]Cl, as was shown with
L= pyridine1679 or adenosine.1693 With the bidentate and tridentate ligands bipy-bipyridine,
terpyridine, or substituted terpyridines, bis(2-aminoethyl)amine and bis(2-aminoethyl)amide
cationic complexes [AuCl2(bipy)]

þ,1694 [AuX(terpy)]2þ (X=Cl (286), OH),1695,1696 [AuCl(40-MeS-
terpy)],1697 [AuCl{NH(CH2CH2NH2)}2]

2þ, and [AuCl{N(CH2CH2NH2)}2]
þ (287),1698 are

obtained. The compounds [AuR2(bipy)] (R=Mes, CH2TMS) present a luminescent behavior.
1698
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The treatment of gold(III) complexes with the rigid bidentate ligand phen allows the synthesis of
pseudo-pentacoordinate gold(III) derivatives. This is the case of [Au(dmp)(phen)PPh3](BF4)2
(288) (dmp= 2-(dimethylaminomethyl)phenyl)1699 or [AuCl(C4Ph4)(phen)].

1662 The donor atoms
of the phenanthroline ligand occupy one equatorial and the axial position of a square pyramid
with distances 2.154(8) Å and 2.627(10) Å in (288).
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The same behavior is observed in the square-pyramidal complexes [Au(CN)2X(L-L)]
(L-L= phen, 5-Mephen, 2,9-Me2phen; X=Cl or Br) formed by reaction of trans-[Au(CN)2X2]

�

and the bidentate ligands. They undergo in solution a very rapid intramolecular exchange of the
apical and basal nitrogen atoms, together with the loss of the halogen giving the square-planar
derivatives [Au(CN)2(L-L)]

þ.1700 Pentacoordination is also achieved with the ligand di-2-pyridyl
ketone oximato (dpk-o) in the complex [AuCl(dpk-o)2], which has a Au—Cl distance of
2.911(2) Å.1701 The structure of trichloro(diethylenetriamine)gold(III), [AuCl3(dien)], has been
determined by EXAFS spectroscopy, that suggest that the gold(III) center has a pseudooctahedral
coordination with the three nitrogen atoms from the dien ligand an one chlorine in the equatorial
plane and two Au—Cl axial bonds. An XRD study confirms the overall structure but yields long
axial Au—Cl lengths of 3.121 Å and 3.183 Å.1702 The reaction of tetrachloroauric acid with
triethylenediamine gives the dinuclear complex [Au2Cl3(trien)]

2þ (289).1703
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With more flexible ligands, such as the tridentate tris(2-pyridil)methane (tpm), tris(2-pyridil)-
methanol (tpmo), or tris(1-pyrazolyl)methane (tpzm), the corresponding dimethylgold(III) com-
plexes [Au(Me)2AuL]

þ (L= tpm (290), tpmo, or tpzm) exhibit a cis square-planar coordination,
with the ligands L functioning as bidentate ligands.1704

Dinuclear gold(III) complexes with bridging pyrazolato ligands of the type [Au2(�-N-N)2Cl4]
(N-N= pz (291), 3-Me,5-Ph-pz, 3,5-Ph2,4-Cl-pz) are obtained from the corresponding trimeric
gold(I) complexes [Au(N-N)]3 by oxidation with aqua regia.

1705 [Au2(�–pz)2Cl4] is also obtained
by addition of potassium hydroxide in methanol to the gold(III) pyrazole compound
[AuCl3(Hpz)].

1705 Oxidation of the trimeric pyrazolate compound [Au3(3,5-Ph2pz)4] with one
equivalent of chlorine gives the mixed gold(I)–gold(III) complex [Au3Cl2(3,5-Ph2pz)3].

1706 Gold(III)
complexes with tris- and tetrakis(pyrazol-1-yl)borate ligands have been described and are
of the type [AuCl2{N,N

0-(pz)3BH}], [Au{N,N0-(pz)3BH4}2]ClO4, [AuRCl{N,N0-(pz)4BH}]
(R=C6H3(N¼NC6H4Me-40)-2-Me-5), or [AuR{N,N0-(pz)4B}]ClO4 (R=C6H4CH2NMe2).

1707

The cytotoxic activity of some of these complexes with polydentate nitrogen ligands have been
tested. The complex [AuCl2(phen)]Cl has shown to be highly cytotoxic towards the A2780 tumor
cell line either sensitive or resistant to cisplatin; the solution chemistry studies point out that the
fragment [AuIIIphen]3þ is stable in solution for several hours, even under physiological
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conditions. The predominant species existing in solution under physiological conditions is likely
to be [Au(OH2)2(phen)]

þ.1708,1709 Other complexes with polyamines such as [Au(en)2]Cl3 and
[AuCl(dien)]Cl2 were found to have cytotoxic properties against a human tumor cell line.

1710

Bis(ethylenediamine)gold(III) chloride reacts with �-diketonates in aqueous base via Schiff base
condensation to form complexes of gold(III) with a 14-membered macrocyclic tetraaza ligand
such as (292).1711–1713 The X-ray structure showed the cation to be nearly planar. Delocalization
of �-electrons within the six-membered �-diketonate rings was indicated by the observed pattern
of C—C and C—N distances. Open-chain tetraaza ligand complexes in which condensation of
only one �-diketonate has occurred, can be isolated as intermediates in this reaction. They may be
used for further condensation with a different �-diketonate. Oxidation of this complex with trityl
tetrafluoroborate introduces a double bond in position C2–C3.1712,1714
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Other complexes with tetraaza macrocycles have been prepared by reaction of [Au(en)2]Cl3,
ethylenediamine, or nitroethane and formaldehyde, although with nitroethane an acyclic ligand
was also obtained (293).1715,1716 A gold(III) complex with a hexaaza macrocycle (1,8-dimethyl-
1,3,6,8,10,13-hexaazacyclotetradecane) has been obtained by a transmetallation reaction from the
nickel compound [NiL]2þ by reaction with [AuCl4]

�.1717 The chemistry of tetraazamacrocycles in
aqueous solution has been reported.1718

Gold(III) porphyrins have been used as acceptors in porphyrin diads1719,1720 and triads1721 due
to their ability to be easily reduced, either chemically or photochemically. A new method for the
incorporation of gold(III) into porphyrins (294) has been described and consist of the dispro-
portionation of [Au(THT)2]BF4 in mild conditions.

1722 The complex tetrakis(1-pyrenyl)porphyr-
inatogold(III) acetate was prepared by metalation of the atropisomeric mixture of the free-base
porphyrin ligand with [AuCl4]

� in glacial acetic acid (295).1723 Optical studies have been carried
out and have shown that this system has the potential to serve as a novel type of catalytic
photonuclease for the long-wavelength sensitized cleavage of DNA and other guanine-containing
nucleic acids.1724

N

N

N

N Au

N

N

N

N Au

(294) (295)

+ +

Addition of ammonia to tetrachloroauric(III) acid of gold(III) oxide hydrate yields a highly
explosive yellow solid. Although this fulminating gold, as it is called, is probably the oldest known
gold nitrogen compound, known since the Middle Ages, its constitution remained unknown until
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recently. Primary studies concluded that these reactions afford products of compositions
[NH{AuCl(NH2)}2] or Au2O3�3NH3. The latest studies show that fulminating gold is part of a
reversible equilibrium with [Au(NH3)4]

3þ and NH4[AuCl4]. Both products are stable and not
explosive. [Au(NH3)4]

3þ is a weak acid that in the pH range 2–5 slowly hydrolyzes to give
[Au(NH3)3OH]

2þ, but at higher pH the tetraamine ion transforms in its conjugate base
[Au(NH2)(NH3)3]

2þ that finally forms fulminating gold.1725 It can be assumed that fulminating
gold is a product of further deprotonation and partial hydrolysis of [Au(NH2)(NH3)3]

2þ.
Substitution reactions of [Au(NH3)4]

2þ in acidic solution by halogens were studied by Skibsted.
The ammine ligands are substituted by Cl� or Br� to finally yield the tetrahalo anions [AuX4]

�,
while with I� reduction to [AuI2]

� occurs.1726–1728 Since the rate of substitution of ammonia by
chloride or bromine is lowered by five orders of magnitude after substitution of two of the first
ammine ligands, it was possible to isolate the complex trans-[AuBr2(NH3)2]Br.

1729 Other com-
plexes described with ammine as ligands are [AuBr3(NH3)]

1730 obtained by substitution in the
chloro derivative1731 or [Au(C6F5)3(NH3)] or [Au(C6Cl5)2Cl(NH3)], prepared by substitution of the
labile ligand tetrahydrothiophene1732 or cleavage of chlorine bridges.1641 Dimethylamido com-
plexes of the type [AuMe2(NR2)]n have been synthesized by reaction of [AuMe2(NH3)2]

þ with
KNH2, LiNHMe, or LiNMe2.

1733 The structure of [AuMe2(NMe2)]2 was established and is a
dimer1734 whereas a tetranuclear structure similar to that in [AuMe2(OH)]4 is proposed in the
others.
The structures of the tetraazido complexes AsPh4[Au(N3)4]

1735,1736 and Na[Au(N3)4]�2H2O have
been determined.1737 In the first one the tetraazidogold(III) anion adopts a whirl-wind config-
uration with the symmetry C4, while a lower symmetry was found in the sodium salt. Bridging
azido, thiocyanate, or cyano ligands are also presented in organometallic complexes of gold(I)
and gold(III), as in [Au(C6F5)3(�-X)Au(PPh3)], [Au(C6F5)2(PPh3)(�-X)Au(C6F5)], [Au(C6F5)3(�-
X)Au(C6F5)2(PPh3)], and [Au(C6F5)3(�-X)Au(C6F5)3] (X=N3

�, SCN�, CN�)505,1738,1739 or
[Au2(�-X)2(C6F5)4] (X=N3

�, SCN�).1657 Some nitrile complexes have been obtained by substitu-
tion of the diethyl ether ligand in [Au(C6F5)3(OEt2)] by NCR (NCR=NCMe, NCPh, NCPr,
NCCH¼CH2, o-(NC)2C6H4).1740

6.7.3.2.3 Complexes with phosphorus, arsenic, antimony, or bismuth donor ligands

Most of the (phosphine)gold(III) complexes known in the literature have a square-planar stereo-
chemistry. They are generally stable and can be prepared by two methods: oxidation of the
corresponding gold(I) complexes, or substitution processes of weakly coordinated ligands.

(i) Monodentate ligands

Complexes [AuX3(PR3)] (X=Cl, Br; PR3=PMe3, PEt3, PPh3, 1-phenyl-3,4-dimethylphosphole, or
1-phenyldibenzophosphole) are prepared by oxidation of the gold(I) derivative [AuX(PR3)] with
the corresponding halogen.1741–1743Mixed halogen derivatives [AuX1X22(PR3)] can also be prepared
in an analogous way, probably as pure solid compounds, but in solution the NMR spectra have
shown that all possible combinations and isomers of formula [AuXnX

0
3�n(PR3)] are present.

1743 The
structures of [AuX3(PR3)] molecules show that the Au—X bond trans to the phosphorus atoms is
longer than the others. [AuBr2Cl(PR3)] molecules are substitutionally disordered in the crystal,
probably with two-thirds bromine and one-third chlorine on each site.1743 The gold(III) complex
trans-[AuBr2(ptm)(PEt3)], which isomerizes readily to give the cis-isomer, has been prepared by
oxidative addition of bromine to trans-[Au(ptm)(PEt3)].

1692

Displacement of tetrahydrothiophene or diethyl ether from [Au(C6F5)3(THT)], [Au(C6F5)3
(OEt2)], or cleavage of the chloro bridges in [Au2(�-Cl)2(C6F5)4] by phosphine, arsine, or stibine
ligands gives complexes of the type [Au(C6F5)3L] (L=PMePh2, P(OPh)3, FcCH2PPh2,
FcPh2P, AsPh3, SbPh3, 2-PPh2C6H4SH), or [Au(C6F5)2Cl(PPh2Fc)].

709,1732,1744–1746 Addition of
PPh3 to solutions of the cyclometallated derivatives [Au(C-N)RCl] (C-N= 2-C6H4N¼NPh;
R=C6F5, CH2COMe) leads to displacement of the nitrogen atom of the chelate ligand and the
formation of [Au(C-N)RCl(PPh3)].

1747,1748 The complex with R=C6F5 slowly decomposes in
solution to give a mixture of [Au(C6F5)PPh3], 2-C6F5-C6H4N¼NPh, and [Au(C-N)
Cl2(PPh3)].

1748 With the cyclometallated complexes [Au(C-N)Cl2] (C-N= 2-C6H4CR2C5H5N,
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R=H, Me), the reaction with PPh3 leads to the formation of cationic compounds [Au
(C-N)Cl(PPh3)]

þ.1749

The methylene-bridged dinuclear gold(III) complex [Au2(�-CH2){�-(CH2)2PPh2}2I2] reacts with
[Ag(OClO3)L] (L=PPh3, PPh2Me, THT) to give the cationic derivatives [Au2(�-CH2){�-
(CH2)2PPh2}2IL]ClO4 or [Au2(�-CH2){�-(CH2)2PPh2}2L2](ClO4)2 when a 1:1 or 1:2 molar ratio
is used, respectively. When L is THT this can be displaced easily by other ligands such as AsPh3
(Scheme 12).1750
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Scheme 12 (i) [Ag(OClO3)L], (ii) 2 [Ag(OClO3)L], (iii) AsPh3(L ¼ THT), (iv) 2 AsPh3
(L ¼ THT); L ¼ PPh3, PPh2Me, THT:

The gold(III) complex [Au(C6F5)3(PPh2C�CH)] has been synthesized and contains a phosphi-
noalkyne. Reactions with sodium alkoxides lead to the single or double addition to the alkyne-
phosphine fragment giving [Au(C6F5)3(PPh2CH¼CHOR)] or [Au(C6F5)3{PPh2CH2¼C(OR)2}]
(R=Me, Et).1751

(ii) Polydentate ligands

The reaction with potentially bidentate ligands (L-L) takes two different courses:

(i) phenylene-1,2-bis(dimethylarsine), Ph2PCH2PPh2, Ph2PNHPPh2, or Ph2PC(¼CH2)PPh2
act as monodentate ligands in [Au(C6F5)3(L-L)]

1271,1650,1732 and
(ii) Ph2P(CH2)2PPh2 (dppe) functions as a bridging ligand in a binuclear derivative

[{Au(C6F5)3}2(�-dppe)].
1732

The complex [Au(C6F5)3{Ph2PC(¼CH2)PPh2}] reacts with gold(I) compounds with coordina-
tion of the gold(I) center to the uncoordinated phosphorus atom to give complexes of the type
[Au(C6F5)3(Ph2PC(¼CH2)PPh2)AuX] (X=Cl, C6F5, ACAC) or [{Au(C6F5)3(Ph2PC(¼CH2)
PPh2)}2Au]ClO4.

1271

The cleavage of binuclear [{Au(Cl)(C6F5)2}2] with the diphosphine Ph2PCH2PPh2 gives cis-
[Au(�-Cl)(C6F5)2(PPh2CH2PPh2)], which has a 31P NMR spectrum analogous of that of
[Au(C6F5)3(PPh2CH2PPh2)], showing the presence of one uncoordinated phosphorus atom. Both
derivatives react with [Au(OClO3)(PPh3)] or [AuX(THT)] (X=Cl or C6F5), to form cationic
binuclear complexes of the types cis-[Au(Cl)(C6F5)2(PPh2CH2PPh2)Au(PPh3)]ClO4 and
[Au(C6F5)3(PPh2CH2PPh2)Au(PPh3)]ClO4, or of neutral cis-[Au(Cl)(C6F5)2 (PPh2CH2PPh2)AuX]
and [Au(C6F5)3(PPh2CH2PPh2)AuX], respectively.

1732 The abstraction of chlorine from cis-
[Au(Cl)(C6F5)2(PPh2CH2PPh2)] by AgClO4 gives cis-[Au(C6F5)2(�-PPh2CH2PPh2)]ClO4. The reac-
tion of the latter with NaH causes both deprotonation of the methylene group and elimination of
the perchlorate anion to give the neutral (phosphino)methanide complex [Au(C6F5)2(�-
PPh2CHPPh2)] (Scheme 13).

1744,1752 Similar reactions are obtained with the diarsine ligand
Ph2AsCH2AsPh2.

1651
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The complex [Au(C6F5)2(�-PPh2CHPPh2)] can act as C-donor nucleophile in reactions with
[Au(OClO3)(PPh3)], [AuX(THT)], [Au(THT)2]ClO4, or [Au(ACAC)(PPh3)] to form the dinuclear
or trinuclear complexes. The use of acetylacetonate (ACAC) complexes allows the double depro-
tonation of the methylene group and the coordination of two gold(I) centers to the methanediide
C-atom (Scheme 14).1752–1754
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Scheme 14 R ¼ C6F5, L ¼ PPh3; (i) [Au(THT)2]ClO4, (ii) AuR(THT)], (iii) [Au(OClO3)L],
(iv) [Au(ACAC)L], (v) 2[AuClL], (vi) 2[Au(ACAC)L]:

Other phosphinomethanide gold(III) complexes have been obtained starting from
[Au(C6F5)3(PPh2CH2PPh2)] by reaction with acetylacetonate salts. Thus the treatment with
Bu4N[Au(ACAC)2] affords the anionic trinuclear compound Bu4N[{Au(C6F5)3(PPh2CHP-
Ph2)}2Au], that can further react with the gold(I) complexes [AuX(THT)] with coordination of
the AuX fragment to the methanide carbon (Scheme 15).1755 Also the uncoordinated phosphorus
atom in [Au(C6F5)3(PPh2CH2PPh2)] can displace tetrahydrothiophene from [Au(C6F5)(THT)]
giving [Au(C6F5)3(PPh2CH2PPh2)Au(C6F5)], and the latter can react further with acetylacetonate
complexes to yield new mixed gold(I)–gold(III) methanide derivatives (Scheme 15).1756

The bidentate ligands 3,4-bis(diphenylphosphinoamino)toluene and 1,2-bis(diphenylphosphi-
noamino)benzene reacts with the gold(III) compounds [Au(C6F5)3(OEt2)] or [Au(C6F5)2(OEt)2]-
ClO4 to give complexes [Au(C6F5)3{(PPh2NH)2C6H4R}], [{Au(C6F5)3}2{�-(PPh2NH)2C6H3R}],
or [Au(C6F5)2{(PPh2NH)2C6H3R}]ClO4 (R=H,Me). The amino group can be deprotonated with
NBu4(ACAC) and further coordinate a AuPPh3

þ fragment yielding (296). Mixed gold(I)–gold
(III) species of the type [{Au(C6F5)3}(AuX){�-(PPh2NH)2C6H4R}] are obtained from
[Au(C6F5)3{(PPh2NH)2C6H4R}] by reaction with [AuX(THT)] (X=Cl, C6F5).

1757 The complexes
[AuCl2{�-(PR2)2C2B9H10}] (R=Pri, Ph (297)), which possess a bidentate chelate nido-carborane
diphosphine ligand, have been obtained by heating solutions of [AuCl3(THT)] with the closo-
diphosphines (PR2)2C2B10H10.

1759,1760 The vinylidenebis(diphenylphosphine) reacts with
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[Au2(�-Cl)2(C6F5)4] to yield [Au(C6F5)2Cl{PPh2C(¼CH2)PPh2}]. The coordination of this dipho-
sphine to the gold(III) center strongly activates the carbon–carbon double bond, and this complex,
therefore, undergoes Michael-type additions with several carbon-, sulfur-, or oxygen-based
nucleophiles. The addition takes place at the terminal carbon of the double bond, giving metha-
nide-type complexes (Scheme 16).1761
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Scheme 16 R=C6F5 (i) NaSPh, (ii) NaS2CNR
0
2, (iii) AgCCPh, (iv) TlCp, (v) Tl(ACAC),

(vi) 1=2 Ag2O, (vii) NaOEt, (viii) HClO4, (ix) AgClO4 þOR:
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The reaction of the dinuclear complexes trans-[MX2(AsPh2CH2AsPh2AuX)2] (M=Pd or Pt;
X=Cl or Br) with the appropriate dihalogen leads to the gold(III) compounds trans-
[MX2(AsPh2CH2AsPh2AuX3)2] or trans-[MX4(AsPh2CH2AsPh2AuX3)2].

1762 The palladium com-
plex [Pd(C6F5)2(PPh2CH2PPh2)2] reacts with two equivalents of [Au(C6F5)3(THT)] to give the
heteronuclear derivative [Pd(C6F5)2(PPh2CH2PPh2)2{Au(C6F5)3}2].

1763

The triphosphine ligand bis(diphenylphosphinomethyl)phenylphosphine (dpmp) forms mono-
or dinuclear gold(III) derivatives of the types [{Au(C6F5)3}2(dpmp)], in which the gold(III)
fragments are coordinated to the ended phosphorus or [Au(C6F5)3(dpmp)], for which the crystal
structure shows the gold coordinated to the central phosphorus atom, although two isomers are
observed in solution. [{Au(C6F5)3}2(dpmp)] reacts with gold(I) compounds to give the mixed-
valence trinuclear complexes [{Au(C6F5)3}2(AuX)(dpmp)] (X=Cl (298), C6F5).

1764 With the
related ligand bis(diphenylphosphinoethyl)phenylphosphine (dpep) the gold(III) derivatives
[{Au(C6F5)3}2(dpep)] or [{Au(C6F5)3}3(dpep)] have been synthesized. The latter shows a lumines-
cent behavior, which is not common for gold(III) complexes.1765
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Other gold(III) complexes with triphosphines as ligands are those obtained with the 1,1,1-
tris(diphenylphosphinomethyl)ethane (triphos) which form compounds of the type
[Au(C6F5)3(�

1-triphos)] or [Au(C6F5)2(�
2-triphos)]Cl. The uncoordinated phosphorus atoms in

[Au(C6F5)3(�
1-triphos)] are used for further coordination to other gold(I) centers to

give [Au(C6F5)3(�-triphos)(AuX)2] (X=Cl, C6F5), [Au(C6F5)3(�
1,�2-triphos)(AuPPh3)], or

[{Au(C6F5)3(�-triphos)}2Au]. Compound [Au(C6F5)2(�
2-triphos)]Cl reacts with

[Au(C6F5)3(THT)] to yield [Au(C6F5)2(�-triphos)Au(C6F5)3]Cl.
1766 Heterodinuclear complexes

of the type [M(CO)4(�
2,�1-triphos)Au(C6F5)2X] (M=Mo, W; X=Cl, C6F5) with this tripho-

sphine ligand are achieved by reaction of [M(CO)4(�2-triphos)] with [Au(C6F5)3(THT)] or
[Au2(�-Cl)2(C6F5)4].

1767 The reaction of [Au(C6F5)2(ACAC)] with the tris(diphenylphosphino)-
methane ligand affords the gold(III) methanide complex [Au(C6F5)2{(PPh2)2CPPh2)}]. Further
reaction of this complex with the gold(I) compounds [AuX(THT)] or [Au(THT)2]ClO4 or the
silver(I) salt AgClO4 gives the dinuclear [Au(C6F5)2{(PPh2)2CPPh2}AuX] (X=Cl, C6F5) or tri-
nuclear [{Au(C6F5)2{(PPh2)2CPPh2}}2M]ClO4 (M=Au, Ag). With gold(III) the following deri-
vatives are obtained [Au(C6F5)2{(PPh2)2CPPh2}Au(C6F5)2X] (X=Cl, C6F5) or [{Au(C6F5)2
{(PPh2)2CPPh2}}2{Au(C6F5)2}]ClO4.

1768

(iii) Bridging phosphido ligands

Although the chemistry of phosphido-bridged transition metal complexes is well represented, the
corresponding gold chemistry has only recently developed. The synthesis of gold(III) derivatives
with diphenylphosphine PPh2H and further treatment with acetylacetonate compounds gives
stable phosphido-bridged gold(III) derivatives. Thus the reaction of [Au(C6F5)3(THT)] or [Au
(C6F5)2(OEt2)2]ClO4 with diphenylphosphine leads to the complexes [Au(C6F5)3(PPh2H)] or
[Au(C6F5)2(PPh2H)2]ClO4, that are useful starting materials to prepare polynuclear derivatives
by reaction with acetylacetonate compounds (see Schemes 17 and 18).1769,1770 The reaction of
PPh2H with [Au2(�-Cl)2(C6F5)4] gives directly the phosphido-bridged species [Au2
(�-PPh2)2(C6F5)4].

1771 The treatment of the mixed gold(III)–silver(I) diphenylphosphide complex
[Au(C6F5)3(�-PPh2)Ag]2 with [AgCl(PPh3)2] leads to the insertion of the latter to give
[{Au(C6F5)2(�-PPh2)2AgPPh3}2(�-Ag)(�3-Cl)] (Scheme 18).

1772
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Scheme 18 (i) 2[Au(ACAC)(PPh3)], (ii) 2[Au(C6F5)(THT)], 2NBu4(ACAC), (iii) [N(PPh3)2]
[Au(ACAC)2], AgClO4 or [Cu(NCMe)4]OTf þ [N(PPh2)2]ACAC, (iv) [Cu(NCMe)4]OTfþ

[N(PPh2)3]ACAC, (v) [AgCl(PPh3)2]:

6.7.3.2.4 Complexes with oxygen donor ligands

Gold shows low affinity for binding to oxygen ligands. Generally these complexes are thermally
unstable as the Au—O bond is very weak, and for this reason gold compounds with oxygen
ligands are expected to be highly reactive and they may display an interesting reaction chemistry.

Silver and Gold 1003



For example gold(III) complexes with �-diketonates or alkylsiloxydes, are likewise employed as
precursors for CVD.1773,1774 Another promising result in the field of homogeneous catalysis is the
discovery that gold(III) alkoxo complexes promoted the condensation of benzaldehyde with
compounds containing an active methylene group.1775

(i) Hydroxo, oxo, and alkoxo complexes

Gold(III) hydroxo complexes are generally obtained by reaction of the corresponding precursor
with NaOH or KOH in aqueous solution. The hydroxo-bridged complex [Au(C6H4NO2-2)2(�-
OH)]2 (299) has been obtained either by reaction of Na[Au(C6H4NO2-2)2(OPh)2] with traces of
water in CH2Cl2/n-hexane solution or by treatment of the dichloroaurated complex with NaOH.

1776

Monomeric gold(III) hydroxo complexes have been described very recently and all of them feature
a polypyridine as coligand. The terpy derivative [Au(OH)(terpy)](ClO4)2 (300)1696 was isolated in the
course of equilibrium and kinetic studies of gold(III) complexes with terpy carried out in aqueous
solution. The intermediate species [Au(OH2)(terpy)]

3þ behave as a strong acid that dissociates
completely into the corresponding hydroxo complex, isolated as the perchlorate salt.

Au

H
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O
H

NO2 2

NO

Au

O N

O N

N N

NAu
HO

2+

(299) (300)

2 2

Treatment of the cyclometallated complex [Au(C,N,N)Cl]PF6 (HC,N,N= 6-(1,1-dimethylben-
zyl)-2,20-bipyridine) with KOH in aqueous media gave the hydroxo complex [Au(C,N,-
N)(OH)]PF6.

1777,1778 This complex has been evaluated as a potential antitumor agent, and the
preliminary studies show relevant cytotoxic effects towards a variety of tumor cell lines.1778,1779

Other monomeric hydroxo complexes are the two bipy derivatives, [AuCl(OH)(bipy)]PF6 and
[Au(OH)2(bipy)]PF6, which have been obtained by the hydrolysis of [AuCl2(bipy)]PF6 in aqueous
solution.1780 These compounds undergo proton exchange in ROH solution to give the corres-
ponding alkoxides. The electrochemical behavior of the oxo species shows an irreversible one-
electron reduction process.1781

Oxo complexes are, in most cases, obtained by deprotonation or by condensation of hydroxo
species. The cyclometallated derivatives [Au2(C,N,N)2(�-O)]X2 (C,N,N=N2C10H7(CMe2C6H4)-6,
N2C10H7(CHMeC6H4)-6; X=PF6, BF4)

1782 (301) and the 2,20-bipyridine derivative [Au(�-O)(6-
R-2,20-bipy)]2(PF6)2 (R=H, CH2Me, CHMe2, CMe3, CH2CMe3) (302)1783 are rare examples of
metal oxo complexes with an unsupported M-O-M bridge (M= late transition metal).
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Gold(III) alkoxo complexes are stabilized by a variety of ancillary ligands. Some of them, as
with [Au2(�-OTMS)2Me4] which was synthesized some time ago

1784 have found recent applica-
tions as precursor for CVD.1785 Thermally stable aryloxo and fluoroalkoxo complexes of the type
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[AuMe2(OR)(PPh3)] (R=Ph, p-Tol, CH2CF3, CH(CF3)2) have been prepared by metathesis of
cis-dimethyliodo(triphenylphosphine)gold(III) with potassium alkoxides (Equation (15)):1786

cis-[AuMe2I(PPh3)]  +  KOR  cis-[AuMe2(OR)(PPh3)]  + IK    ð15Þ

The reaction of these complexes with metal hydrides of the type [CoH(CO)4], [MnH(CO)3],
[MoHCp(CO)3], [WHCp(CO)3], or [WHCp(CO)2(PMe3)] progresses with the liberation of alco-
hol, ethane, and the corresponding gold(I) derivatives.1787

The reaction with active methylene compounds results in the hydrogen abstraction to give the
alcohol and the organogold derivatives.1786

These alkoxo complexes are also capable of cleavage of the C—Si bond of TMSCF3. The
gold(III) fluoroalkoxides cis-[AuMe2(OR)(PPh3)] (R=CH2CF3, CH(CF3)2) can act as catalysts
for the Knöevenagel condensation reaction.1775

Some alkoxo complexes of the type cis-[AuMe2(OR)(PPh3)] (R=Me, Et, Pri) have been
prepared in situ from cis-[AuMe2I(PPh3)] and sodium alkoxide in alcohol or by alcoholysis of
cis-[AuMe2(CH2CH¼CHMe)(PPh3)] in methanol; the highly reactive alkoxide species readily
insert carbon monoxide to give the alkoxocarbonyl complexes cis-[AuMe2(COOR)(PPh3)].

1788,1789

Other gold(III) alkoxo complexes are [AuMe2{OCH(Ph)CH2CH¼CH2}(PPh3)],1790

Na[Au(C6H4NO2-2)2(OPh)2],
1776 [Au(N,N,C)(OR)]PF6 (N,N,C=N2C10 H7(CMe2C6H4)-6,

N2C10H7(CHMeC6H4)-6, 2,20-bipy; R=Me, Et, Pri, CH2C6H4NO2-3, Ph, p-Tol),1791

[AuCl(OR)(bipy)]PF6 or [Au(OR)2(bipy)]PF6 (R=Me, Et, Pri).1780

(ii) Complexes with other oxygen donor ligands

Mixed-metal salts with carboxilate, sulfate, or acetate have been synthesized. The gold(III)
sulfates MAu(SO4)2 (M=Na, K, Rb) are obtained by evaporation of Au(OH)3 and Na2SO4 in
concentrated sulfuric acid. The gold atoms are coordinated by four oxygen atoms of different
SO4

2� groups, forming an infinite chain;1792 in the cesium salt there are 2D layers.1793 The salts
M(AuX4)2 (X=O2CMe, O2CEt; M=Pb, Zn, Ca, Sr) are prepared by reaction of M(OH)2 with
HAuCl4, followed by treatment with acetic or propionic acid, or by reaction of aurates M[Au(OH)4]2
with the carboxylic acids.1794,1795 The structure of Zn(Auac4)2�2H2O (303) is a layer polymer and
the one of Pb(Auac4)2 (304) is a molecular unit as the Sr(Auac4)2. The structure of (Pb3Cl2ac3)(AuCl4)
has also been described.1796 Another acetate complex is [Au(2-C6H4CH2NMe2)(ac)2].

1797
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The complex dimethyl(acetylacetonato)gold(III), [AuMe2(ACAC)],
1798 is of great interest as a

precursor for the CVD of gold. A gas-phase electron diffraction study indicates a square-planar
structure in which the acetylacetonate ligand is bonded to gold(III) via both oxygen atoms. The
mechanism of thermal and photochemical decomposition of this complex and its dimethyl-d6
congener have been studied by UV–visible and 1H NMR spectroscopy. It proceeds with reductive
elimination of ethane and protonation of the acetylacetonate ligand.1799 The complex [Au
(C4Ph4)(ACAC)] can be prepared from the aura cyclopentadiene species [AuCl(C4Ph4)(THT)]
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or [Au2(�-Cl)2(C4Ph4)2], by reaction with Tl(ACAC), and has been used as a starting material in
the synthesis of several other complexes with oxygen donor ligands (Scheme 19).1799
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Scheme 19

Tris(pentafluorophenyl)gold(III) complexes with weakly bonded oxygen ligands have been
synthesized, as [Au(C6F5)3L] (L=OEt2, OCMe2, dioxane, EtOH) or with phosphine oxides
as [Au(C6F5)3L] (L=OPPh3, OAsPh3). The compound [Au(C6F5)3(OEt2)] is a useful starting
material to introduce ‘‘Au(C6F5)3’’ fragments.

1740

6.7.3.2.5 Complexes with sulfur, selenium, or tellurium donor ligands

Gold(III) forms very stable bonds with sulfur and many complexes are known; however, fewer
examples for selenium and tellurium have been reported.

(i) Complexes with monodentate ligands

Complexes of the type [Au(C6F5)3(SPR3)] (PR3=PPh3, PPh2Me) or
[Au(C6F5)3(SPPh2CH2PPh2R)]ClO4 (R=Me, CH2C6F5, CH2CO2Me, CH2Ph) have been
obtained by displacement of the weakly coordinated ligand diethyl ether in [Au(C6F5)3(OEt2)].

1740

Similarly the complexes [Au(C6F5)3(HL)] (HL= heterocyclic thiones, C3H5NS2, C4H4N2S,
C5H5NS, C7H5NS2, C7H6N2S).

1801 The cationic complex [Au(C6F5)3(SPPh2CH2PPh2Me)]ClO4
reacts with NaH to yield the neutral methanide species [Au(C6F5)3(SPPh2CHPPh2Me)] that
gives the mixed-valence complexes [Au(C6F5)3(SPPh2CH(AuX)PPh2Me)] (X=Cl, C6F5) by reac-
tion with [AuCl(THT)] or [Au(C6F5)(THT)].

1471 Sulfocyanato or selenocyanato complexes of gold(-
III) are also known, such as [N(PPh3)2][Au(C6Cl5)3(SCN)], [Au(SCN)3(CH2PR3)] (PR3=PPh3,
PPh2Me, PPhMe2),

1645 or Ph4As[Au(SeCN)4].
1802 Diphenylselenide can also act as a ligand in the

gold(III) derivative [AuCl3(SePh2)].
1803 The structures for complexes [AuCl3L] (L= S(CH2Ph)2,

SPh2, THT),1804–1807 [AuBr3L] (L= S(CH2Ph)2, SMe2),
1808,1809 and the mixed-valence

[AuX2S(CH2Ph)2] (X=Cl, Br)1804,1810 have been reported. Tris(pentafluorophenyl)gold (III) com-
plexes with phosphonium dithiocarboxylates of the type [Au(C6F5)3(S2CPR3)] or
[{Au(C6F5)3}2(S2CPR3)] (305) (R3=Cy3, Et3, Bu3, PhMe2, PhEt2)

1811 or with methyldithiocarba-
mates [Au(C6F5)3{S(MeS)CNHR}] (R= 4-MeC6H4, 2-MeC6H4, 4-MeOC6H4, 3,5-Me2C6H3) have
been prepared.1812
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The reaction of PhCH2SSCH2Ph with [AuCl(CO)] yields the dinuclear thiolategold(III)
complex [Au2Cl4(�-SPh)2] (306),1813 which has a similar structure to [Au2Me4(�-SEt)2],

1814 but
in the former the intramolecular gold–gold separation is much shorter 3.357(1) Å and the inter-
molecular separation is 3.416(1) Å. The reaction of the dithiolategold(I) complex [Au2(SC6F5)2(�-
dppf)] with two equivalents of [Au(C6F5)3(OEt2)] or with half of [Au(C6F5)2(OEt2)2]ClO4 affords
the mixed-valence compounds [Au4(�2-SC6F5)2(C6F5)6(�-dppf)] (307) or [Au5(C6F5)2(�2-
SC6F5)2(�-dppf)]2(ClO4)3.

1815

The ligand 1-methyl-2-thiolate-1,2-dicarba-closo-dodecaborane forms gold(III) complexes of the
type Bu4N[Au(C6F5)3(SCB10H10CMe)] or [Au{(PPh2)2C2B9H19}(SCB10H10CMe)2] (308); they are
readily obtained from the corresponding gold(III) precursors and Na2CO3.

1816 Tetrakisthiolate
gold(III) derivatives have been synthesized, as [Au(SR)4]

� (309) or [Au(C6H4CH2NMe2H)(SR)3]
(SR= 1-methyl-1,2,3,4-tetrazole-5-thiolate).1817–1819 The treatment of Bu4N [AuBr(C6F5)3] with
NaSH leads to the first (hydrosulfido)gold(III) compound Bu4N[Au(C6F5)3 (SH)], that readily
reacts with [Au(C6F5)3(OEt2)] to give Bu4N[{Au(C6F5)3}2(SH)] (310); the isolobal analogy existing
between the hydrogen atom and the fragments AuPR3

þ or AgPR3
þ can be envisaged in the

synthesis of the substituted derivatives Bu4N[Au(C6F5)3(SMPPh3)] (M=Au, Ag).1033
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Mixed gold(I)–gold(III) sulfur and selenium centered complexes have been described by reaction of
[X(AuPPh3)2] or [X{Au2(�-dppf)}] (X= S, Se) with gold(III) complexes, such as [Au- (C6F5)3(OEt2)]
or [Au(C6F5)2(OEt2)2]ClO4 (Scheme 20). The complexes thus obtained have the sulfur or selenium
atoms as triply or quadruply bridging ligands. Weak gold(I)–gold(III) interactions have been
observed in the triply bridging complexes and theoretical studies show that although weaker than
gold(I)–gold(I) there exist gold(I)–gold(III) interactions. The quadruply bridging species have a
tetrahedral geometry at the central heteroatom and then no short gold(I)–gold(III) contacts are
observed.1820–1822 Another mixed gold(I)–gold(III) sulfido complex is [{AuCl2}2(�-SAuCl)2]

�.1823

The tetramethylthiourea complex [AuBr2{SC(NMe2)2}2][AuBr2] has been reported.
1824
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Scheme 20 X ¼ S; Se; P� P ¼ FeðC5H4PPh2Þ2:
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(ii) Complexes with bidentate ligands

The gold(III) complexes bound to bidentate sulfur ligands such as dithiocarbamate, dithiolate,
etc. are more numerous. They form very stable square-planar gold(III) compounds that have in
many cases interesting redox properties because they can be oxidized to gold(IV) complexes or
reduced to gold(II) species. Because of the ability of this type of ligand to delocalize electron
density it is clear that in most cases they are not truly real valence complexes. Furthermore, some
of these types of square-planar gold complexes have produced organic superconducting properties
while others display nonlinear optical properties.
Homoleptic dithiocarbamategold(III) derivatives of the type [Au(S2CNR2)3] or

[Au(S2CNR2)2]
þ have been known for a long time. New studies have lead to the synthesis of

gold(III) complexes with amino acid-substituted dithiocarbamates of the type
[Au{S2CNHCH(R)CO2H}3] (R=Me, Pri, But).1825 The reaction of N,N,N0,N0-tetramethylthiuran
disulfide with gold(III) compounds of the type [AuX3L] leads to complex [Au(S2CNMe2)2]Br with
two bidentate chelate dithiocarbamate ligands.1826 The reaction of [AuCl(CO)] with
[TcN(S2CNEt)2] affords the gold(III) compound [Au(S2CNEt2)2][TcNCl4] that shows in the
lattice the expected square-planar coordination for gold and long-range contacts between the
technetium atoms and the sulfur atoms of the [Au(S2CNEt2)2]

� units.1827 Complexes of stoichio-
metry [AuX2(S2CNR2)] have been reported as [AuCl2{S2CN(CH2-CH2OH)2}]

1828 or
[Au(C6F5)2(S2CNR2)] (R=Me, Et, CH2Ph);

1829 the latter is obtained by reaction of [Au2(�-
Cl)2(C6F5)4] with Na(S2CNR2) and also by oxidative addition of [Tl(C6F5)2Cl] to the dinuclear
gold(I) derivatives [Au2(�-S2CNR2)2]. Complexes where the dithiocarbamate ligands are bonded
to two different metals, or in which they are coordinated as monodentate ligands, have also been
described as Bu4N[Au(C6F5)3(S2CNR2)] or Bu4N[{Au(C6F5)3}2(S2CNR2)].

1829 With the 1,10-bis-
(diethyldithiocarbamate)ferrocene ligand, Fc(S2CNEt2)2, the complexes [{Au(C6F5)3}2{Fc(S2C-
NEt2)2}] (311) or [{Au(C6F5)2Cl}2{Fc(S2CNEt2)2}] have been reported.

1830 Similar complexes
are obtained with the methylenebis(dialkyldithiocarbamate) ligands, [{Au(C6F5)3}2{CH2(S2C-
NEt2)2}] (312).1220 Other derivatives with mono- and bidentate dithiocarbamate ligands are
[Au(CH2PPh2S)(S2CNEt2)2] (313) and [Au(C6H4CH2NMe2)(S2CNEt2)]

þ.1831,1832 The reaction of
[AuBr2(S2CNEt2)] with an excess of Et4N(B9H14) leads to the complexes [4-(S2CNEt2)-aracno-4-
AuB8H12] and [6,9-(S2CNEt2)2-aracno-6,9-Au2B8H10] (314).1833 The mixed gold(I)–gold(III) com-
plex [AuI(S2CNBu2)(3-Me-C6H3PPh2AuI)] has been prepared by oxidation of the dinuclear
gold(I) complex.1834
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Dithiolate ligands have two negative charges and form very stable homoleptic anionic gold(III)
complexes. The mnt ligand is one of the most used and the complex [Au(mnt)2]

� is easily obtained by
reaction of Na2(mnt) with HAuCl4; the complex has been obtained with several cations such as
NBu4

þ,1835,1836 organic cations,1837–1841 [Au(PPh3)2]
þ,1842 and it is worth mentioning the cation

[Pt(CNMe)4]
2þ because the structure consists of linear chains of the cations and the two anions.1843

With the related i-mnt ligand the structure of Bu4N[Au(i-mnt)2] has been described.
1844Other types of

complexes with mnt have been obtained using tin complexes; the reaction of [SnMe3(mnt)] with
gold(III) derivatives such as [AuCl3(THT)], [AuCl(PPh3)], or Bu4N[AuBr4] yields the compounds
[AuCl(mnt)(THT)], [AuCl(mnt)(PPh3)], or Bu4N[AuBr2(mnt)], respectively. Substitution reactions of
the tetrahydrothiophene lead to complexes of the type Me4N[AuCl2(mnt)], [AuCl(mnt)(Py)], or
[Au(mnt)(L-L)][AuCl2(mnt)] (L-L= bipy or phen).

1845 Benzene- or toluene-dithiolate ligands have
also being used widely in gold chemistry. The homoleptic species [Au(S2C6H4)2]

� (315) or [Au(3,4-
S2C6H3Me2]

� are readily obtained by treatment of [AuCl4]
�with the dithiol or by oxidation of gold in
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the presence of the dithiol.1846–1852 Pentafluorophenyl dithiolate complexes have been described
recently from [Au(C6F5)Cl2L] (L=THT, PR3, AsR3) using tin or zinc derivatives as dithiolate
transfer agents, and compounds of the type [Au(C6F5)(S-S)L] (S-S= S2C6H4, 3,4-S2C6H3Me) are
obtained. When the ligand is THT, this is also displaced and a trinuclear complex, [Au(C6F5)(S-S)]3
[S-S= 1,2-S2C6H4 (316), 3,4-S2C6H3Me], is isolated. Further reaction of the trinuclear complexes with
neutral or anionic ligands breaks the Au3S3 ring, and mononuclear compounds are obtained.

1853,1854
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Homoleptic gold(III) complexes with other related dithiolate ligands, as dmit (317),1855–1864

dddt,1865,1866 1,3,5-trithiepin-6,7-dithiolate,1867 dithiosquarate (318),1868,1869 6,7-dihydro-6-methy-
lene-5H-1,4-dithiepine-2,3-dithiolate,1870 3,4-thiophenedithiolate (319),1637 quinoxaline-3,3-dithiolate
(320),1871 2,2-diacetylethylene-1,1-dithiolate,1872 or o-carborane-1,2-dithiolate have been
reported.1873
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Complexes of the type [AuX2(S-S)]
� have been prepared for dmit (X=C6F5),

1874 1,3,5-trithie-
pin-6,7-dithiolate (X=Cl),1875 o-carborane-1,2-dithiolate (X=Cl, C6F5, C6F3H2),

1876 2,2-diacety-
lethylene-1,1-dithiolate (X=Cl),1877 1,2-bis(methylthio) vinylene-1,2-dithiolate (X=Cl),1878 or
chlorodithioformato (X=Cl) (321).1879 Other stoichiometries are present, for example, in
(Bu4N)2[Au(S2C2B9H10)(S2C2B10H10)] (322) with a closo and a nido dithiolate ligands,1873 in the
mixed [Au(S2C2Ph2)(S2CPh)] (323),1880 or in [Au(3,4-S2C6H3Me)(dbbipy)]PF6 (dbbipy= 4,4

0-di-
But-2,20-bipyridine).1881
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Thio- or selenophosphoryl ligands have been used to coordinate gold(III) and complexes such
as [Au(C6F5)2{(SPPh2)2CH2}],

1882 [Au(C6F5)2{(SPPh2)2C(AuAsPh3)2}],
1883 [AuX2{(SPPh2)2N}]

(X=Cl, Br, I),1884 or [AuX3{Fe(C5H4PPh2E)2}] (X3= (C6F5)3, (C6F5)2Cl; E= S, Se) have been
described.1265,1885 The compound [Au(C6F5)2{(SPPh2)2C¼CH2}]ClO4 undergoes Michael add-
ition reactions to the double bond with several nucleophiles.1886 Other gold(III) complexes with
sulfur-based donor ligands are [Au{S2PPh(OH)}2]Cl (324) with a dithiophosphonato ligand,1831

the dithione derivative [AuI2(C7H12N2S2)]I3, obtained by oxidation of metallic gold with the bis-
iodine adduct of N,N0-dimethylperhydrodiazepine-2,3-dithione,1887 [Au{[9]aneS3}2](ClO4)3
(325),1888 or the trithiocarbonate derivatives [AuX2(CS3)]

� (326), [Au(CS3)2]
�, and [Au(CS3)

(L-L)]OTf (L-L= bipy, phen).1889 The compound (Et4N)4KAuAs4Te8 contains two As2Te4
4�

anions coordinating to a Au3þ cation forming a square-planar AuTe4 unit (327).1890

Silver and Gold 1009



Te
As
AsTe Te

Te

Au
Te

As
As TeTe

Te
Au

X

X

S
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S
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S

S
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Ph

OH
P

HO

Ph

+
3+ -

(324) (325) (326) (327)

6.7.3.2.6 Complexes with halides as donor ligands

Mixed-valence gold(I)/gold(III) halides of the type M3Au3X8 (M=NH4, Rb; X=Br, I) and
Rb3Au3Cl8 have been characterized structurally and consist of linear [AuX2]

� and square planar
[AuX4]

� anionic units.1731 The structures of the related Rb2AgAu3I8 and Cs2AgAuBr6 have also
been reported.1891,1892 The physical properties of Cs2Au2X6 (X=Cl, Br, I) have been stu-
died.1893,1894 AuF3 is reduced in superacidic HF/SbF5 solutions giving three products,
Au3F8�2SbF5 with a layered structure, Au3F7�3SbF5 with a ribbon structure and
[Au(HF)2](SbF5)2 with a square-planar structure.

1895

The tetrahalide complexes have been characterized with several cations or more complicated
systems, as in [AuF4]

�,120,179,1896,1897 [AuCl4]
�,1898–1906 [AuBr4]

�,1907,1908 or [AuI4]
�.1909 The dia-

lkylimidazolium tetrachloroaurate salts behaves as ionic liquids.1906 The complex
(NH4)2[(AuI4){AuI2(�2-I4)}] has been prepared and has I4

2� anions as ligands.1910 The compounds
AuBiX6 (X=Cl, Br) have been synthesized by mixing AuX3 and BiX3 in sealed glass
ampoules.1911 Kinetic studies of the X� exchange on [AuX4]

� square-planar complexes (where
X=Cl�, CN�) have been performed at acidic pH in the case of the chloride system and as a
function of pH for the cyanide system.1912

Gold(III) halides as catalysts have been employed, e.g., H[AuCl4] catalyzes the hydroxylation
of alkenes,1913 oxidation of alkanes,1914 or the two-phase (gas–liquid) autoclave reaction between
alkyne and tributylamine hydrochloride (as a source of HCl) to give CH2¼CH2Cl.1915 H[AuCl4]-
impregnated active carbon at 100–120 �C has also been used as catalyst in the addition of HCl to
alkyne.1916,1917 AuCl3 has been used to catalyze C�C and C�O coupling reactions,1918–1921 or
cyclization of alpha-hydroxyallenes to 2-5-dihydrofurans.1922

6.7.3.2.7 Complexes with mixed donor ligands

Cyclometallation by gold(III) is believed to proceed through direct C�H bond activation of the
heterosubstituted molecule. The first cycloauration was established in 1989 with phpy by Con-
stable and Leese.1923 The cyclometallated complexes obtained by cycloauration can be classified
into two categories: (i) Complexes bearing a bidentate N,C-chelate ligand, and (ii) Complexes
having a terdentate N,N,C-chelate ligand.
Most of the substrates that give both types of cycloaurated complexes are limited to pyridine

derivatives, although recently a few exceptions have been reported with thiazoles and imidazoles.
The reaction of substituted pyridine ligands such as phpy,1749,1924 2-benzoylpyridine,1924 2-anili-
nopyridine,1925,1926 1-(2-pyridylamino and 2-pyrimidinylamino)naphthalene,1927 2-phenoxypyri-
dine,1811 2-(phenylsulfanyl)pyridine,1925 2-(2-thienyl)pyridine,1928 2-(3-thienyl)pyridine,1928

2-(alkylsulfanyl)pyridine,1929 or papavorine1930 at room temperature yields the nonmetallated com-
pounds which, upon heating, are transformed into themetallated complexes [Au(N,C)Cl2]. The process
with phpy is illustrated in Scheme 21.

N

N

Au ClCl

Cl

N

AuCl

Cl

∆
-HCl

+Na[AuCl4]
-NaCl

Scheme 21
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Recently the cycloauration of 1-ethyl-2-phenylimidazole or 2-phenylthiazole (328) has been
reported by refluxing solutions of Na[AuCl4]�2H2O and the ligand in the presence of a silver
salt.1931,1932 The ligand 6-(2-thienyl)-2,20-bipyridine although has the possibility of acting as
terdentate N,N,C ligand gives analogous reactions with [AuCl4]

� to the bidentate N,C ligands
(329).1933–1935

S

N

Au

Cl Cl

N

N

S

N

N

S

AuAu
Cl

Cl

Cl

Cl

(328) (329)

However, cycloauration is, sometimes, difficult to achieve with direct activation of a C—H
bond and transmetallation reaction of organomercury or organotin compounds with the
appropriate gold compounds is, hence, frequently used. This procedure has been used with
azobenzene,1936 N,N0-dimethylbenzilamine,1937,1938 4,40-dimethyl-2-phenyl-1,3-oxaazoline,1938

1-(dimethyl- or methylaminomethyl)naphthalene,1938 1,3-bis(dimethylaminomethyl)ben-
zene,1938 substituted phpys,1939 2-phenyl-4-(methylcarboxylato)quinoline,1939 and 4-butyl-N-
(3,4,5-trimethoxybenzilidene)aniline.1940 Two examples are illustrated in Equations (16)
and (17):

2 [AuCl3(THT)]  2 [Hg{2-(PhN=N)C6  H4}Cl] AuCl

Cl

N
N

Ph
-(Me4N)2[Hg2Cl6]

2NMe4Cl ð16Þ

4 Q[AuCl4]  +  2 [Hg{2-(NMe2CH2)C6H4}2]
AuCl

Cl

N
CH2

Me
Me

-Q2[Hg2Cl6] ð17Þ

Sequential arylations allows the synthesis of complexes with two different ligands. If the second
aryl group does not carry a potential donor group, complexes of the type [Au(N,C)ArCl] are
obtained.1643,1748,1941,1942 Upon treatment with phosphine or chloride, some of the N,C-chelated
diarylgold(III) chloride complexes undergo reductive elimination of the aryl ligands to give
biaryls. The high-yield reaction proceeds at room temperature and can be used for the synthesis
of both symmetrical and asymmetrical products.1943

Complexes having a tridentate N,N,C chelate derived from 2,9-diphenyl-phen,1944 4-(4-methoxy-
phenyl)-6-phenyl-2,20-bipyridine,1945 6-benzyl-2,20-bipyridine,1946 or 6-But-2,20-bipyridine1946

have been prepared from heating solutions of the ligand and [AuCl4]
� with the assistance of a

silver salt. Equation (18) shows one example.
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N

N

Ph

N

N

Ph

Au

Cl
K[AuCl4] + 2Ag(C7H7SO3)

-AgCl, -KCl

+

ð18Þ

A cyclometallated derivative that also possesses a tridentate N,C,N ligand is [Au{2,6-
(NMe2CH2)2C6H3}Cl][Hg2Cl6] but in this case it was obtained from the gold(III) precursor and
the organomercury reagent.1938 The compounds [Au(N,N,C)Cl]X (N,N,C= anion of 2,9-diphe-
nyl-phen; X=C7H7SO3, ClO4) present a luminescent behavior and there are powerful photoox-
idants.1944 The electrochemical behavior of cyclometallated gold(III) complexes has been studied;
they show an irreversible one-electron reduction.1947

The chloro ligands in the N,C chelate complexes can be easily displaced by other neutral or
anionic ligands affording a great variety of complexes, but in some cases cleavage of the Au—N
bond occurs. Examples of substitution reactions in the cyclometallated complexes are those with
thiosalicylic acid in the presence of a base, which give the complexes [Au(N,C)(SC6H4CO2)],

1948

and also a range of four-membered ring systems including auracyclobutane,1949 auraureylene,1950

auracyclobutan-3-one,1951 as well as other related metallacyclic complexes.1820,1952 The antitumor
and antimicrobial activity of N,C-chelate ligands1952,1953 and also of thiosalicylic ligands has been
reported previously. Consequently the activity of these compounds against P388 leukemia has
been tested, although only the compound [Au(2-Py-4-MeC6H3)(SC6H4CO2)] shows good activ-
ity.1953,1954 The reaction of [Au(2-NMe2CH2C6H4)Cl2] with other bidentate donor ligands such as
diphenyl thiocarbazone, PhNHNHC(S)NNPh, progresses with cleavage of the Au—N bond and
protonation of the dimethylamino group (330).1955,1956 The reaction of [Au{2-(PhN¼N)
C6H4}Cl2] with AgClO4 in acetone yields to the synthesis of [Au(C,N)(�-CH2COMe)]ClO4 (331)
with a bridging acetonyl ligand, although the complex is very instable and rapidly decomposes in
solution1747 It has been observed that these metallated derivatives [Au(C,N)Cl2]

1957–1963 and
[Au(C,N,N)Cl]1782 produce the carbon–hydrogen activation of ketones leading to ketonyl species.

AuO

CH2

N

N

Ph
C

Me

++

Au

Cl N

S

CH2
NMe2H

N

C
N

HN
Ph

Ph

(330) (331)

The reaction of the dinuclear gold(I) complex [Au2{�-2,6-(NMe2CH2)C6H3}2] with an excess of
CH2I2 affords the gold(III) ammonium species (Equation (19)).

1964

Other gold(III) complexes with bidentate mixed-donor ligands include salicylaldiminate(esal)
complexes. The complex [AuCl2(esal)] (332) exhibits favorable cytotoxic properties towards a
number of human tumor cell lines either sensitive or resistant to cisplatin. The ability of this
complex to bind DNA may represent the mechanism for its cytotoxic action as proposed for
other gold(III) complexes.1965,1966 Square-planar gold(III) derivatives have been obtained with
N,N,Z-tridentate hydrazones (Z= S, O).1967 Gold(III) forms complexes with tetradentate Schiff
base ligands such as N,N0-propylenebis(salicylideneimine) (sal2pn) or N,N

0-ethylenebis(salicylide-
neimine) (sal2en) of the type [Au(sal2pn)]Cl or [Au(sal2en)]Cl (333). An improved method of
synthesis has been reported from the reaction of Bu4N[AuCl4] with the ligands. Radiochemical
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studies with 198Au show that these complexes are also formed at the tracer level from
Bu4N[

198AuCl4].
1968

Au

N
Me2

Me2N

NMe2

N
Me2

Au

Au

NMe2

NMe2

I

CH2

+

I-
CH2I2

ð19Þ

H
C N

O
Au

Cl

Cl

Et

N

O
Au

N

O

(332) (333)

+

The potentially tri- and tetradentate phosphinothiolates PhP(2,3-C6H3RSH)2 (R=H, TMS)
and P(C6H4SH)3 have proved to be powerful chelating ligands that are able to stabilize gold(III)
despite the reducing capacity of both aromatic thiols and phosphines. This may be explained by
the rapid chelation of P and thiolate S-donor atoms, which stabilizes a square planar d8 complex.1969

The reaction of [Au(2-NMe2CH2C6H4)Cl2] with PhP(C6H4SH)2 gives the complex (334) and small
amounts of the dinuclear mixed-valence complex (335). Treatment of [AuCl(PPh3)] with
P(C6H4SH)3 gives an intermediate gold(I) complex, which oxidizes in air to the gold(III) derivative
(336).

Au
Cl

P

S

Ph

R

R
Au

P

S P

S

Au
S

SS

S
Au

S

S P

P

Au

Ph

Ph

S

S

(334) (335) (336)

The reaction of tetrachloroaurate(III) with two equivalents of 2-(diphenylphosphino)benze-
nethiol gives a cation that can be precipitated from solution as the tetraphenylborate salt,
[Au(2-PPh2C6H4S)2]BPh4 (337). Very surprisingly, the electrochemical behavior corresponds to
a reversible single-electron transfer process and indicates that this gold(III) can be reduced
to gold(II) and that the gold(II) state has reasonable stability on the electrochemical time
scale.1970

The compounds [Au3In(MeN¼COMe)3] (n= 2, 4, 6) obtained by stepwise addition of iodine
to the cyclic tetranuclear gold(I) complexes [Au3(MeN¼COMe)3] have been revisited. The
structure of [Au3I6(MeN¼COMe)3] (338) consists of columns of the molecular units united
by weak iodine� � �iodine interactions which range in length from 3.636(2) Å to 3.716(2) Å. The
solid-state molecular packing of the di-iodo and tetra-iodo complexes reveal no unusual fea-
tures.1971
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+
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N
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C
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O
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O

OH3C
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CH3
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I

I

I

I

I

I

(338)

The 2-(diphenylphosphino)aniline (PNH2) ligand reacts with the gold compounds [Au(C6F5)2
(OEt)2]ClO4 or [Au(C6F5)2(ACAC)] to yield the P,N chelate complexes [Au(C6F5)2(PNH2)]ClO4
or [Au(C6F5)2(PNH)]. The amino group in the latter can coordinate a AgPPh3

þ fragment and in
the cationic complex one or two protons of the NH2 group can be substituted by its isolobal
fragment AuPPh3

þ by using [Au(ACAC)PPh3] (Scheme 22).
1972

Au

Ph2
P

N
H2

C6F5

C6F5

+

Au

Ph2
P

N
H

C6F5

C6F5

Au

Ph2
P

NC6F5

C6F5

+

MPPh3H

Au

Ph2
P

NC6F5

C6F5

+

AuPPh3Ph3PAu
PPh2

NH2

(i)

(ii)

(iii)

(iv)(v)

M = Ag, Au

Scheme 22 (i) [Au(C6F5)2(ACAC)], (ii) [Ag(OCIO3)(PPh3)], (iv) 2 [Au(ACAC)(PPh3)],
(v) [Au(C6F5)2(OEt2)]CIO4:

The reaction of [Au2(�-Cl2)Me4] with 3,7-dimethyl-1,5,7-triaza-3-phosphabicyclo[3.3.1]nonane
(L) gives [AuMe2L][AuMe2Cl2] (339) with a chelate P,N ligand.1973

Au

Me

MeN

P

(339)

N

N
+

Au

C6F5

C6F5 S

CH

PPh2

Ph2P S

(340)

Another type of complex with mixed donor ligands is that derived from phosphino-methanide
ligands. The reaction of [Au(C6F5)2{(SPPh2)2CH2}]ClO4 with NaH provokes the deprotonation
of the methylene group and the new ligand bond gold(III) as a S,C chelate ligand (340).1882 Complex
(340) reacts with [Au(C6F5)(THT)] or [Au(THT)2]ClO4 (molar ratio 2:1) with displacement of the
tetrahydrothiophene ligand and coordination to the sulfur atom to give dinuclear
[Au(C6F5)2{(SPPh2)2CH}AuC6F5] or trinuclear derivatives [{Au(C6F5)2{(SPPh2)2CH2}2Au]ClO4.
A way of increasing the acidity of methylene protons in the diphosphine PPh2CH2PPh2 involves

oxidation of one or two phosphorus centers. The reaction of cis-[Au(C6F5)2Cl(PPh2CH2PPh2)]
with elemental S gives cis-[Au(C6F5)2Cl(PPh2CH2PPh2S)], which reacts further with AgClO4 to
give a five-membered auracycle, cis-[Au(C6F5)2(PPh2CH2PPh2-S)]ClO4. The CH2 can be easily
deprotonated with NaH to open up further reaction pathways (Scheme 23).1974
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Scheme 23

The reaction of the complex cis-[Au(C6F5)2Cl(PPh2CH2PPh2CH2COOMe)]ClO4 with NaH
gives a five-membered auracyclic methanide derivative (Scheme 24).1975 Double deprotonation
takes place, but affects both methylene groups. With weaker deprotonating agents, such as
Na2CO3, or after chlorine abstraction with AgClO4, deprotonation occurs selectively at the
CH2COOMe group. [Au(C6F5)2(PPh2CHPPh2CHCOOMe)]ClO4 reacts with [Au(PPh3)(THT)]-
ClO4 to yield [Au(C6F5)2{[PPh2CH(AuPPh3)PPh2CHCOOMe]}]ClO4, which can further be
deprotonated with NaH to give [Au(C6F5)2{(PPh2C(AuPPh3)PPh2CHCOOMe)}].

1976 This new
methanediide derivative can incorporate other gold(I) fragments such as AuPPh3

þ or Au(C6F5).
In a similar manner, the complexes cis-[Au(C6F5)2Cl(SPPh2CH2 PPh2CH2R)]ClO4 (R=H, Ph)
react with Na2CO3 or NaH to give four-membered methanide auracycles
[Au(C6F5)2(SPPh2CHPPh2CH2R)]ClO4 or [Au(C6F5)2(SPPh2CPPh2CH2R)], respectively. The
methanediide carbon atom can act as C-nucleophile and coordinate other gold(I) compounds.1977
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+
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Scheme 24
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The methanide carbon of [Au(C6F5)(PPh2CHPPh2Me)] reacts with carbon disulfide or isothio-
cyanates affording the gold(III) derivatives [Au{PPh2C(PPh2Me)C(X)S}2][Au(C6F5)2] (X= S, 4-
ClC6H4N, C6H5N) through a carbon–carbon coupling reaction (Equation (20)).

1978 The reaction
of [Au{PPh2C(PPh2Me)C(S)S}2]ClO4 with two equivalents of [Au(C6F5)(THT)] gives
[Au{PPh2C(PPh2Me)C(SAuC6F5)S}2]ClO4, which is a vapochromic material and can be used
for the detection of some volatile organic compounds (VOCs). This material changes color
from black to orange in the presence of organic vapors.1979

Ph2
P

S
Au

S

P
Ph2

C

CC

C
X

PPh2Me

MePh2P

X

AuC6F5 PPh2

CH

MePh2P

2 CS2, O2
2 [Au(C6F5)2]

ð20Þ

Other complexes with P,C-donor ligands are those derived of the diphenyl-2-styriylphosphine
(sp), which have been reinvestigated. The gold(I) compound [AuCl(sp)] can be oxidized to gold
(III) with chlorine, bromine, but not iodine. The initial product [AuX3(sp)] undergoes a reversible
rearrangement in which a Au—X bond adds across the stiryl double bond to give [AuX2(sp-X)]
(341) (sp-X= 2-CH(CH2X)C6H4PPh2). The carbon bond halide can be replaced by methoxy by
reaction with methanol. The halogen atoms bonded to the gold(III) center can be substituted for a
variety of ligands such as OAc, CN, SCN, or the chelate ligands SCH2CH2NH2 (342) or
S2CNEt2.

1980

Au

X

XC

Ph2
P

C
H H

X
H

Au

H2
N

SC

Ph2
P

C
H H

X
H

+

(341) (342)

The reaction of cis-[Au(C6F5)2(OEt2)2]ClO4 with 2-thiol-pyridine yields the gold(III) compound
cis-[Au(C6F5)2(PyS)] with the pyridinethiolate ligand (PyS) acting as N,S chelate.

1801 The oxida-
tion of [(Ph3P)2N][Au(CH2PPh2S)2] with Br2 gives [AuBr(CH2PPh2S)2], which contains a mono-
dentate and a bidentate chelating CH2PPh2S

� ligand.1831

6.7.3.3 Gold(II) Complexes

The number of complexes with gold in a formal oxidation state of two have increased consider-
ably and nowadays this oxidation state can be considered as a common oxidation state in gold
chemistry. However, the number of gold(II) complexes is very scarce if compared with the more
common gold(I) or gold(III) derivatives. The energy required to reach Au2þ from atomic gold is
not very far from that required to form either Cu2þ or Ag2þ and to attain M3þ, less energy is
required for Au than for Cu and Ag. Therefore, this argument is not enough to justify the lack of
stability for this oxidation state 2þ in gold. There is a strong tendency for disproportionation to
give Auþ and Au3þ because the odd electron in d9 metal complexes is in dx2�y2 orbital (octahedral
tetragonally distorted or square planar arrangement) which has a much higher energy compared
with copper and can be easily ionized. The formation of a gold–gold bond gives more stable
compounds and the Au2

4þ core species are the most stable and abundant types of gold(II)
complexes. Then mononuclear gold(II) derivatives are not very abundant and further study
confirmed that they were mixed gold(I)–gold(III) complexes such as the halides CsAuX3
(=Cs2Au

IAuIIIX6, X=Cl, Br, I).1893 Because of the special characteristics of the gold(II) chem-
istry categorization by donor atom will not be performed.
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6.7.3.3.1 Mononuclear gold(II) complexes

Mononuclear gold(II) complexes, consistent with a d9 configuration, must be paramagnetic
(�eff= 1.79 MB) and show a hyperfine four-line EPR signal, in accordance with the nuclear
spin of 197Au (I= 3/2). These two properties are evidence of a real gold(II) complex in addition
to their stoichiometry.
In 1992, Herring et al. produced a clear ESR and magnetic evidence for Au2þ, as a species

present in partially reduced Au(SO3F)3 and as a solvated ion in the strong protonic acid
HSO3F.

1981 Recently, Bartlet and co-workers prepared and structurally characterized AuII fluoro
complexes.1982 Gold dissolves around 20 �C with F2 in anhydrous HF acidified with SbF5 to give
a red solution from which orange crystals of Au(SbF6)2 crystallize. Exhaustive fluorination results
in total conversion of the gold to an insoluble crystalline red solid which is AuII(Sb-
F6)2Au

II(AuIIIF4)2. Solvolysis of Au(SbF6)2 in anhydrous HF results in disproportionation to
gold and the mixed-valence fluoride AuIIAuIII2F8. In Au(SbF6)2, the gold(II) atom is at the center
of an elongated octahedron of F ligands, the fluor atoms of the approximately square AuF4 unit
are at 2.09(2) Å and 2.15(2) Å
 2, each F provided by a different SbF6 species. The two long
Au—F interatomic distances are at 2.64(2) Å.
Most of the compounds already described were prepared with unsaturated S-donor ligands

such as dithiocarbamates, dithiolates, etc. The addition of DMF to the previously reported
gold(II) complexes with o-aminobenzenedithiolate (abt) gives the deep blue complex
[Au(abt)2(DMF)2]. This shows a magnetic moment of 1.76 MB and a four-lined EPR spectrum
in agreement with a monomeric formulation.1983 The reaction of these abt gold complexes with
SCN�, SeCN�, NCO�, and CN� affords new paramagnetic species which are postulated to
remain as gold(II) compounds. Bis(1,2-dicyanoethylene-1,2-dithiolato)aurate(II), [Au(mnt)2]

2�,
is stable, however, all the attempts to crystallize failed and it has been characterized by single
crystal EPR, ENDOR, or multi-frequency powder-EPR spectra.1984,1985 The reduction of
Bu4N[Au(dmit)2] electrochemically and with BH4

� leads to unstable monomeric gold(II) species
[Au(dmit)2]

2�, which has been characterized by X-band EPR spectra.1986 More precisely described
is the mononuclear gold complex [Au([9]aneS3)2](BF4)2 (343) obtained by reduction of
HAuCl4�3H2O with two equivalents of [9]aneS3 in refluxing HBF4 (40%)/MeOH and further
extraction with MeNO2.

1888,1987 It has been studied by XRD and shows an octahedral disposition
of six sulfur atoms around the gold center, with a Jahn-Teller distortion. The apical Au—S
distance 2.839(5) is longer than those in the plane, 2.462(5) Å and 2.452(5) Å. The EPR spectrum
shows hyperfine four line EPR signals at g= 2.010; the delocalization trough the ligand is limited.
The oxidation and reduction reactions of [Au([9]aneS3)2]

2þ by an outer-sphere oxidizing reagent
[Ni([9]aneS3)2]

3þ have been studied.1988 Another gold(II) derivative with a thiacrown ether
[12]aneS4 has been obtained, [Au{[12]aneS4}]

2þ, which possesses only one ligand coordinated to
the gold(II) center.1988

Au

S

S

S

S

S

S

2+

(343)

The gold(III) complex with the ligand 2-(diphenylphosphino)benzenethiolate, [Au(2-
PPh2C6H4S)2] shows in the cyclic voltammetry experiments that the gold(II) species has a
reasonable stability on the electrochemical time scale.1970 The gold(III) porphyrin [AuL]PF6
(L= 5,10,15,20-tetrakis(3,5-di-t-butylphenyl)porphyrin undergoes reduction at the central ion to
give initially the gold(II) porphyrin, overturning the long held assumption that reduction of such
complexes only occurs at the macrocycle, followed by a formation of a porphyrin �-anion
radical and dianion at more negative potentials.1990 Stable gold(II) complexes with nitrogen-
and oxygen-containing ligands such as CO2, Me2CO, THF, pyridine, etc. have been prepared in
the gas phase. The successful ligands are characterized by being good �-donor–�-acceptor
molecules and the most stable are those with large dipole moment and a high ionization
energy.1991,1992
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Recently the first metal–xenon compound has been obtained by reduction of AuF3 with
elemental xenon.38 Attempts to synthesize the elusive AuF the reduction of gold(III) was carried
out with xenon, which is a very mild reducing and very weakly coordinating agent. Surprisingly
the reaction stopped at the Au2þ state and resulted in a completely unexpected complex, the
cation AuXe4

2þ, which crystals can be grown at �78 �C. Removal of gaseous xenon under
vacuum results in the crystallization of Au(SbF6)2.

1982 The crystal structure of (Sb2F11)2[AuXe4]
shows a regular square with Au—Xe bond lengths ranging from 2.728(1) Å to 2.750(1) Å. Three
weak contacts between the cation and the anion complete the coordination sphere around the gold
atom with Au—F distances of 2.671 Å and 3.153 Å (Figure 18).
In the complex xenon functions as a �-donor toward Au2þ. This is reflected in the calculated

charge distribution within the cation, where the main part of the positive charge resides on the
xenon atoms. Relativity plays a large role in stabilizing this and other predicted Au�Xe com-
pounds; about half of the Au�Xe bonding energy comes from relativistic effects.1993

A further study of this reaction39 has shown that if the concentration of SbF5 is fairly high,
complex [AuXe4] [Sb2F11]2 forms as the sole product in two crystallographically different modi-
fications, the triclinic already considered and another monoclinic, which has been seldom
observed. Both modifications differ only in the cation–anion interactions, with a long Au� � �F
contact of 2.928(7) Å in the monoclinic form. By a variation of the xenon pressure and the acid
strength of the HF/SbF5 other species have been isolated such as cis-[AuXe2][Sb2F11]2, trans-
[AuXe2][SbF6]2, [Au2Xe2F][SbF6]3, and the first Au

III–Xe complex [AuXe2F][SbF6][Sb2F11]. Their
structures are collected in Figure 18.

6.7.3.3.2 Dinuclear gold(II) complexes

As earlier mentioned, one of the reasons of the poor stability of gold(II) complexes is the
unfavorable energy of the odd electron. The formation of a metal�metal bond in dinuclear
gold(II) complexes giving diamagnetic species provides an extra stability. Thus, the number of
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Figure 18 (a) triclinic [AuXe4]
2þ; (b) monoclinic [AuXe4]

2þ; (c) [AuXe2]
2þ[Sb2F11]

2�; (d)
[Au2Xe2F]

þ[SbF6]
�; (e) trans-[AuXe2]

þ[SbF6]
�.
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gold(II) complexes containing the Au2
4þ core has been increasing in the last decades and different

stoichiometries are known. Most of the dinuclear gold(II) compounds are synthesized from the
corresponding gold(I) precursors by oxidative addition of halogen. This method works properly
with a great variety of dinuclear gold(I) complexes. These include symmetric and asymmetric
doubly bridged compounds, monobridged dinuclear derivatives, or without any bridging ligand.
The bridging ligands vary from diphosphines, dithiocarbamates and related species, ylide ligands,
and mixed-donor ligands of the types C,S or C,P. Experimentally it has been confirmed that the
oxidation of a dinuclear gold(I) complex to a gold(II) derivative gives more stable complexes
when the gold is bonded to carbon donor ligands. This is really true in the case of bis-ylide
ligands. Although the most commonly used oxidants are halogens, others have been used such as
haloalkyl RX, [Hg(CN)2], nitroalkanes, N2O4, [Tl(C6F5)2Cl], tetraethylthiuram disulfide, [Ag(O-
ClO3)(PPh3)], or [Ag(NCMe)4]PF6.
The sulfate salt AuSO4 has been long referred to as a mixed-valent compound in many

chemistry textbooks, in spite of the lack of information about its crystal structure. Recently the
crystal structure has been established and shows that AuSO4 is the first simple inorganic com-
pound known to contain the cation Au2

4þ. This cation is coordinated by two chelating sulfate
groups and two monodentate SO4

2� ions (344). The gold–gold distance is 2.49 Å, the shortest
known for the dinuclear gold(II) complexes.1994 The monodentate sulfate anions act as chelating
ligand to another Au2

4þ ion leading to infinite sheets. The compounds [Au2X2(dppn)]
(dppn= 1,8-bis(diphenylphosphino)naphthalene; X=Cl, Br, I) react with [Ag(NCMe)4]PF6 and
dppn in acetonitrile with oxidation of the gold center to give [Au2X2(dppn)](PF6)2 (345), which
has two monomeric units connected by a single unsupported AuII�AuII bond.1995,1996

Ph2P
PPh2

Au
Au

Ph2
P

P
Ph2

X
X

Au

R

Ph2P

H
N

PPh2

Au

R

(346)

X

R = C6F5; X = Cl, Br
R= C6Cl5; X = Cl, Br

(345)

X
Au

O

O

O2
S

O

Au

O

O3SO OSO3

S
O2

(344)

X = Cl, Br, I

2+

Not many gold(II) compounds with P-donor ligands have been synthesized and these are not
very stable. Dinuclear gold(I) complexes with only one bridging ligand such as [Au2X2{�-
(PPh2)2NH}] undergo an oxidative addition of halogen to yield the gold(II) compounds (346).1650

The reaction of the tetranuclear complex [Au2{�-(PPh2)2CHAu(C6F5)}2] with chlorine or
bromine does not oxidize the two gold centers of the diauracycle to give the usual gold(II)
derivatives with an X�Au�Au�X backbone. Instead, a new type of reaction occurs, probably
because of the presence of other gold(I) centers in close proximity.1997 Displacement reactions
using silver salts, such as [Ag(OClO3)(THT)] or [Ag(OClO3)(PR3)] afford cationic complexes
(Scheme 25). The structure of the blue PPh3 derivative shows a linear chain of three gold atoms
in a P�Au�Au�P backbone. The assignment of the oxidation states in the linear chain is not
straightforward, only two possibilities with integral oxidation states are possible, AuII–AuI–AuII

or AuI–AuIII–AuI. The former seems more plausible because is close to heteropolynuclear AuII–
PtII–AuII described by Fackler (see below).2009
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Au PPh2Ph2P
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H
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P Au P

CHHC
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X

C6F5X
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P

P Au P

CHHC

Au

Au
C6F5
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C6F5L

2+

(i) (ii)

Scheme 25 (i) Cl2 or Br2 and (ii) 2 [AgðOClO3ÞPR3] (L ¼ THT, PPh3, PPh2Me, P(Tol)3):
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Dinuclear gold(II) complexes with S-donor ligands are known for dithiocarbamate1998 or
dithiolate1844,1999 ligands. They are obtained by oxidative addition with halogens or (SCN)2 or
(SeCN)2 to the corresponding gold(I) complexes (Equations (21) and (22)). Although dithiolate
complexes are more stable than the dithiocarbamate ones, both decompose in solution to the
mixed [AuIII(S-S)2][Au

IX2]. The structure of (Bu4N)2[Au2X2{�-S2C¼C(CN)2}] shows one of the
shortest distance found for a gold—gold bond, 2.550(1) Å.

Au

Au

S

S

S

S

CC NR2R2N

Au

Au

S

S

S

S

CC NR2R2N

X

X

X2

R Et; X = Br, I, SCN, SeCN

R = Bun; X = SCN

ð21Þ

Au
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S
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S

CC C(CN)2(NC)2C

Au

Au

S

SS

S

CC C(CN)2(NC)2C

X

X

X2

X = Cl, Br, I

2- 2-

ð22Þ

Gold(II) derivatives with mixed donor ligands have been achieved starting form the gold(I)
complexes with the ylide ligands SPPh2CH(PPh2Me) (347),1471 SPPh2CH2

� (348),1675,2000,2001 or
the cyclometallated phosphine PR2C6H4

� (349)2002–2005 by oxidation with halogens or dibenzoil
peroxide.

Au

PR2

Au

R2P

X XAu Au

S CH2

H2C S
P
Ph2

Ph2
P

X XAu Au

S CH

CH S
P
Ph2

Ph2
P

Cl Cl

PPh2Me

MePh2P

2+

(347) (348) (349)

X =  I, O2CPh
X = Cl, Br, I, O2CPh
R = Ph, Et

The digold(II) dihalide complexes containing the cyclometallated phosphine isomerize by
coupling of the carbanions at the dimetal center to give digold(I) complexes of the corresponding
2,20-biphenyl-substituted ligands.2004 Substitution of the benzoato ligands in this type of complex
for C6F5 or SCN affords new gold(II) derivatives, [Au2X2(�-2-PR2C6H4)2] (R=Ph, Et; X=C6F5,
SCN).2005 The oxidative addition of the dinuclear [Au2(�-C6H3-2-PPh2-6-Me)2] with halogens
gives gold(II)–gold(II) derivatives, which in solution isomerize to colorless heterovalent complexes
(Scheme 26). These complexes have been characterized by 197Au Mössbauer and X-ray photo-
electron spectroscopy.2006–2008
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Scheme 26

A heteropolynuclear gold(II) complex with the ligand SPPh2CH2
� has been reported by

Fackler and co-workers by oxidation with Cl2 or PhICl2 of the trinuclear species [Au2Pt-
(�-CH2PPh2S)2] (Equation (23)).

2009 The gold–platinum distances are 2.668(1) Å and 2.662(1) Å,
clearly in the range of metal—metal bonds. Although a AuII–PtII–AuII assignment of the oxidation
states can be made, a more correct description, based on Fenske-Hall calculations, is that a
[Au–Pt–Au]6þ moiety is formed.

Au Pt
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CH2

Cl Cl
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As we have commented earlier the majority of gold(II) derivatives, and the most stable, have
been prepared with bis-ylide ligands. Complexes of the type [Au2{�-(CH2)2PR2}2] are useful
starting materials for the development of gold(II) chemistry. Other ylide dinuclear gold(I) com-
plexes such as [Au2{�-[CH(CO2R)]2PPh2}2] (R=Me, Et) react with Cl2 or I2 to give the gold(II)
complexes, although these are not so stable.1672

The reaction of [Au2{�-(CH2)2PR2}2] with halogens,
2009–2013 XCH2CH2X,

1665 or RS-SR2014–2017

reagents (where R=COPh, (RCOO)2, (S2CNR2), (SePh)) yields the corresponding gold(II)
derivatives. Addition of haloalkanes to dinuclear gold(I) bis-ylide complexes also affords gold(II)
species. Considerable effort has been expended to elucidate the course of this type of oxidative
addition reaction,2018 experimental evidence support the notion that the order of reactivity of such
substrates is inversely proportional to the carbon–halogen bond dissociation energies.2019 As
shown in Scheme 27, [Au2{�-(CH2)2Ph2}2] reacts with alkyl halides RX (X=Br, I) to give
asymmetrically substituted bicyclic digold(II) complexes.1665,2011,2020,2021 The reaction is reversible
if R bears no electron-withdrawing substituents.2020 NMR spectroscopic data indicate that in
solution the AuII alkyl halide complexes are in equilibrium with the AuI complex and the
halocarbon.2011 In the solid state, the gold(II) methyl bromide and methyl iodide complexes
undergo a thermally induced reductive elimination to give [Au2{�-(CH2)2PR2}2] and MeBr or
MeI, respectively.2011 Furthermore, [Au2{�-(CH2)2 PR2}2] catalyzes SN2 halogen exchange MeBr
and CD3I in a process which is though to involve a SN2 reaction between the free alkyl halide and the
postulated intermediate [Au2(Me){�-(CH2)2 PR2}2]X or [Au2(CD3){�-(CH2)2PR2}2]X.

2011,2021 There
is no indication that the alkyl halides RX add to [Au2{�-(CH2)2PR2}2] by two-electron oxidation of a
single gold center.
Other oxidizing agents used to generate the bis(ylide) species are Hg(CN)2,

2022 N2O4,
2023 and

[Tl(C6F5)2Cl]
2024 which give the complexes [Au2X2{�-(CH2)2 PR2}2] (X=CN, NO2, C6F5, respect-

ively).
Another general procedure to prepare gold(II) complexes consists of substitution reactions on

gold(II) derivatives. Halide ligands can be substituted by neutral donor ligands2025–2032 such as
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tetrahydrothiophene, Py, ylide, phosphine, etc., to give the corresponding cationic complexes, or
with other anionic ligands2023–2030,2033,2034 such as pseudohalides, carboxylates, dithiocarbamates,
tu derivatives, etc. Scheme 28 summarizes the gold(II) derivatives obtained by substitution
reactions.
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Scheme 27

The tetrahydrothiophene ligand is very labile and then it can be easily replaced by any other
neutral or anionic ligand. The reaction with the silver salts of formula [Ag(OClO3)L] is very useful
because it allows the synthesis of cationic symmetric or asymmetric-substituted gold(II) com-
pounds.2026–2029,2035 Substitution of chlorine or THT in [Au2Cl{�-(CH2)2PR2}2(PR3)]ClO4 or
[Au2{�-(CH2)2PR2}2(PR3)(THT)](ClO4)2 is also possible in the dinuclear asymmetrically bridged
complexes. The preparation of asymmetrical gold(II) complexes can also be achieved by mixing
equimolar quantities of the symmetrical derivatives.
Dinuclear gold(II) derivatives with two different bridging ligands have also been synthesized, all

of them have the ylide (CH2)2PPh2
� ligand and other bridging ligand that can be diphosphines

such as Ph2PCH2PPh2 or Ph2PNHPPh2,
2036 dithiocarbamates,2036 xanthates,2037 2-pyridinethio-

late,2038 phosphoniodithioformate,2039 or dithiophosphinate (Figure 19).2040 The gold(II) com-
plexes with ylide and phosphoniodithioformate ligands undergo substitution reactions with silver
salts to afford tricationic gold(II) complexes, [Au2{�-(CH2)2PPh2}(�-S2CPCy3)(PR3)2](ClO4)3
(PR3=PPh3, P(4-MeOC6H4)3).

2039

An interesting class of substitution reactions in these gold(II) derivatives is those where the
new ligands are metal complexes. The reaction of gold(II) [Au2(C6F5)2{�-(CH2)2PR2}2] with
gold(III) [Au(C6F5)3(OEt)2] gives the pentanuclear complex [{Au2R[�-(CH2)2PR2]2}2(AuR2)]
[AuR4] (R=C6F5) (Equation (24)).

2025 Its backbone is a linear chain of five gold atoms, all
of which have square-planar geometry. The Au—Au distances of 2.755(1) Å and 2.640(1) Å are
characteristic of metal–metal bonds, the former corresponding to the unsupported gold–gold
bond. Extended Hückel calculations indicate that the system is better described as AuIII–AuI–
AuI–AuI–AuIII.
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The unit [Au2R[�-(CH2)2PR2]2]
þ is readily accessible from many complexes such as

[Au2R(THT){�-(CH2)2PR2}2]
þ or [Au2R(OClO3){�-(CH2)2PR2}2] (R=C6F5, 2,4,6-C6F3H2).

The reaction of these gold(II) complexes with either organoaurate Bu4N[AuR2] or the gold(I)
bis-ylide [Au2{�-(CH2)2PR2}2], both compounds with a high nucleophilic character, allows the
synthesis of gold chain complexes (Scheme 29).2028
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Scheme 28 (i) H2S, X
1 ¼ O2CPh, (ii) SC(NHPh)2, O2, OH

�, (iii) 2[Ag(OCIO3)L
1]

(L1 ¼ THT, PPh3), (iv) Cd(CF3)2, (v)AgX2 (X2 ¼ Br, SCN, NO3, MeCO2, C6F3H2, C6F5, S2CN�

(CH2Ph)2, (vi) [Au(PPh3)L
1]CIO4 (X

2 ¼ C6F5, L1 ¼ PPh3, THT, P(Tol)3, AsPh3, py; X2 ¼ C6F3H2,
L1 ¼ PPh3, THT, (vii) [AuX1(PPh3)] (X2 ¼ C6F5, X1 ¼ NO3, MeCO2, CIO4; X2 ¼ C6F3H2,

X1 ¼ CIO4), (viii) 2NaS2CNR2 (R ¼Me, Et, C4H8), (ix) 2L2 (L1 ¼ THT, L2 ¼ py, AsPh3, SbPh3,
CH2PPh3,S(MeS)CHNR (R ¼ 4-MeC6H4, 2-MeC6H4, 4-MeOC6H4, 3,5-Me2C6H3):
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Figure 19 Some examples of asymmetric bridged gold (II) complexes.
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Other heteropolynuclear gold(II) complex that can be obtained by replacement of halide groups
in bis(ylide)gold(II) species by other anionic nucleophilic metal complex is the tin derivative
[Au2{Sn[N(p-Tol)SiMe2]3SiMe}2{�-(CH2)2PPh2}2] (350).2041
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Other less useful general synthetic procedures that have been used to prepare gold(II) com-
pounds area comproportionation reaction between the gold(III) [Au2Br4{�-(CH2)2PPh2}2] and
gold(I) [Au2{�-(CH2)2PPh2}2] to give [Au2Br2{�-(CH2)2PPh2}2],

2021 or the simple oxidation in air
with 2-thiol-pyridine or 2-sulfanylbenzothiazole of the gold(I) bis-ylide.2042
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6.7.3.4 Gold(I) Complexes

6.7.3.4.1 Complexes with boron donor ligands

Only a limited number of complexes containing gold–boron bonds have been reported in the last
two decades. Much of the work done in gold borane chemistry was often guided by the isolobal
principle that suggests close analogies for species with protons and AuLþ cations as functional
groups.2043 The reaction of the methylated nido-carborane, Na2(C2B9H9Me2), with [AuCl(PPh3)]
gives the anionic species [Au(C2B9H9Me2)(PPh3)]

�, which was isolated as the tetraethylammo-
nium salt.2044 This reaction clearly resembles protonation of the carborane. Further auration of
this complex with [AuCl(PPh3)] leads to the dinuclear compound [Au2(C2B9H9Me2)(PPh3)2]. The
structure shows that each gold atom is predominantly bonded to one boron atom of the open
carborane face, but there are also gold contacts between both gold atoms, to one of the
neighboring boron atoms and to one of the hydrogen atoms (351).2045 Deprotonation of this
complex using NaH followed by treatment with [AuCl(PPh3)] yields the trinuclear complex (352),
with the three gold atoms predominantly bonded to a single boron atom, with short gold–gold
interactions.2045 The gold carborane derivative Me4N[Au(C2B9H9Me2)(PPh3)] has been used to
prepare several mixed metal complexes in which gold atoms are bonded to rhodium,2043,2046

iridium,2043,2047 and platinum.2048 The nido-carborane C2B9H12
� reacts with [AuCl(PPh3)] to

afford the compound [Au(C2B9H12)(PPh3)],
2049 or [Au(9-SMe2-7,8-C2B9H10)(PPh3)].

2050 Treat-
ment of Tl[closo-1,2-Me2-3,1,2-TlC2B9H9] with [AuCl(THT)] followed by addition of the alkyli-
dene complexes [M(�CR)(CO)2(C5H5)] (M=Mo, R=C6H4Me-4, C6H3Me2-2,6; M=W,
R=C6H4Me-4) and (NEt4)Cl yields the salts (Et4N)2[10,10

0-endo-{Au2M(�3-CR)(CO)2(C5H5)}-
7,70,8,80-Me4-nido-7,7

0,8,80-(C2B9H9)2] (353) and Et4N[10-endo-{AuM(�-CR)(CO)2(C5H5)}-7,8-
Me2-nido-7,8-C2B9H9].

2051
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The reaction of [AuMe(PCy3)] with B10H14 gives methane and the aurated complex
[Au(B10H13)(PCy3)] with a �2 boron cage,2052–2054 whereas the reaction with B10H12(PPh3)2
causes partial degradation of the B10 cluster and leads to [Au2(B8H10)(PCy3)2] (354) with a
double �3 boron cluster.2055 The gold complex with the 7,8-dicarba-9-nickela-undecaborane,
[Au(9-C5H5-7,8,9-C2NiB8H10)(PPh3)],

2056 and a ruthenadecaborane gold derivative,2057 have
been reported. The dinuclear gold complex containing a hexaborate as bridging ligand,
[Au2(�-bis-�

3-B6H6)(PPh3)2] (355), have been obtained from [AuCl(PPh3)] and [B6H6]
2�. Two

different polymorphs have been characterized structurally in which the gold atoms display
strongly distorted tetrahedral coordination to three boron atoms and one phosphorus
atom.2058,2059 The crystal structure of the pentaborane cluster [Au(B5H8)(PPh3)] has been
reported.2060

Polyauration of a single boron atom was accomplished using a phosphineborane
(Cy3P)(TMS)BH2 which, upon treatment with the oxonium salt [O(AuPPh3)3]BF4, gives the
tetra-aurated compound [(Cy3P)B(AuPPh3)4]BF4 (356).2061 Surprisingly, stoichiometric substitu-
tion could only be carried out with an oxonium salt bearing bulky tertiary phosphines such as
P(o-Tol)3, giving [(Cy3P)B{Au(o-Tol)3}3].

115,2062

Au–B bonds are also present in metal clusters with intersticial or peripheral boron atoms.
An example is the cluster [Fe4(CO)12BH(AuPPh3)2], which was prepared by reaction of
[AuCl(PPh3)] with the carbonyl iron dihydride. With the oxonium salt the reaction proceeds
to the trinuclear gold derivative [Fe4(CO)12B(AuPPh3)3] (357).2063–2070 The ruthenium
analogues and complexes with other ligands have been also synthesized as, for example,
(358).2071–2079
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6.7.3.4.2 Complexes with carbon donor ligands

The first carbonyl complex of gold, [AuCl(CO)], was prepared in 19252080,2081 and since then only
a few more derivatives have been obtained. The [AuBr(CO)] derivative was prepared later and is
unstable in the solid state.2082,2083 The reductive carbonylation of Au(SO3F)3 in fluorosulfonic
acid leads via [Au(CO)2]

þ (solvent) to solid [Au(SO3F)(CO)] (Scheme 30).
2084 [Au(CO)2]

þ salts are
produced in strongly ionizing protic acids or in Lewis acids such as SbF5.

Au(SO3F)3 + 3 CO 2]+ + CO2 + S2O5F2 + SO3F- [Au(SO3F)(CO)] + CO25 °

HSO3F

∆
HSO3F

[Au(CO)
C

Scheme 30

The oxidation of metallic gold by UF6 in liquid HF in the presence of CO gives [Au(CO)2][UF6]
(Equation (25)):40

Au  +  2 CO  + UF6 [Au(CO)2][UF6]HF liq. ð25Þ

Carbonylation of [Au(SO3F)(CO)] in pure SbF5 gives [Au(CO)2][Sb2F11].
41 The reaction of

[Au(SbF6)2�Au(AuF4)2] with AsF3 in HF/SbF5 and in the presence of CO yields
[Au(CO)2]2(SbF6)(Sb2F11).

2085 The mixed valence [Au2Cl4(CO)] has also been prepared.
2082,2083

The tris(pyrazolyl)borate analogous to silver (complex 8) [Au{HB{3,5-(CF3)2pz}3}(CO)] has been
reported.2086 All the compounds exhibit �(CO) IR frequencies at higher wave numbers than free
CO, indicating insignificant �-back donation from gold to CO. This deduction is supported
further by Mössbauer spectroscopy,2087 the crystal structure determination of [AuCl(CO)],2088

and ab initio calculations.2089,2090 A new gold catalyst, [Au(CO)n]
þ (n= 1, 2), has been synthesized

by reaction of Au2O3 in concentrated sulfuric acid, and exhibits high catalytic activity for
carbonylation of alkenes.2091

Complexes of the type [AuRL] may contain a great variety of organic ligands such as
alkyl, aryl, vinyl, or alkynyl, whereas the neutral donor ligand L is most commonly a tertiary
phosphine. Also many polynuclear complexes are known which have the C–Au–L moiety
with bridging polyfunctional ligands. Alkyl- or aryl-gold(I) complexes are usually synthesized
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by reaction of an alkyllithium or a Grignard reagent with a gold(I) halide compound. The
oxonium salt, [O(AuPPh3)3]BF4, can be used instead of [AuCl(PPh3)] and shorter reaction
times and higher yields are obtained.2092,2093 Methylgold(I) derivatives have been obtained
with several ligands as [AuMe(AsPh3)],

2094 [AuMe(TPA)] (TPA= 1,3,5-triaza-7-phosphaada-
mantane),2095 [Au2Me2{�-(PPh2)2C(CH2)2}],

2096 or [Au3Me3(�-dmmp)] (dmmp= bis(dimethyl-
bis(dimethylphosphinomethyl)methylphosphine)2097,2098 which show interesting photophysical
properties. The nature of bonding in [AuMe(PMe3)] has been studied theoretically and
indicates a small 5d contribution to the overall bonding.2099 If relativistic effects are included
the results suggest that the contribution of the Au 5d electrons to the overall bonding is
appreciable.2100 A structural study of this complex by gas-phase electron diffraction has also
appeared.2101

Haloalkylgold(I) complexes can be prepared by photochemical insertion of fluoroalkenes into
the gold–carbon bond of methylgold(I) complexes.2102 Other routes include direct auration of
halocarbons, such as CHCl3, MeCN, HCl2CN, with [O(AuPPh3)3]BF4 (Equation (26)),

2103,2104

or the reaction of Cd(CF3)2 with the gold(I) halide precursors.1638,1656 The structure of
[Au(CF3)(PPh3)] has been reported:

2105

CHCl3  +  [O(AuPPh3)3]BF4 [Au(CCl3)(PPh3)]NaH ð26Þ

The chloromethyl derivative [Au(CH2Cl)(PPh3)] has been prepared by reaction of [AuCl(PPh3)]
with Mg(CH2Cl)Cl. Substitution reactions on this complex with LiI, NaOMe, or PPh3 lead to
[Au(CH2X)(PPh3)] (X= I, OMe) or [Au(CH2PPh3)(PPh3)]Cl.

2106 [Au(CH2Cl)(PPh3)] reacts with
[PtMe2(bipy)] with oxidative addition of the metal complex to give [PtClMe2 (CH2AuPPh3)(bipy)].

2107

The complex [Au(CH2SPh)(PMe3)] has also been obtained by treatment of LiCH2SPh and
[AuCl(PMe3)].

2106 Trimethylsilylmethyl gold(I) complexes, [Au(CH2TMS)L], have been synthe-
sized by reaction of Mg(CH2TMS)Cl with [AuClL] (L=AsPh3, PPh3); the derivative with AsPh3
undergoes substitution reactions with several phosphine and diphosphine ligands.2108

Arylgold(I) compounds can be similarly prepared to alkyl derivatives via the organolithium or
the Gridnard route. These methods have been used to prepare pentachlorophenyl,1641 4,40-octa-
fluorobiphenyl (Equation (27)),2109 2,4,6-tris(trifluoromethyl)phenyl,1642,2110 triphenylar-
sine,2002,2003 bipyridine,1661 terphenyl,2111,2112 and Mes289,290,295,2112 derivatives. The structure of
the Mes complex [Au(Mes)]5 is a pentamer with a five-pointed star shape:

2111,2112

Li Li Au Au thttht+ 2 [AuCl(THT)]
F F F F

F F F F

F F F F

FFFF

ð27Þ

Other methods consist of the use of organosilver or organomercury aryl species, which have
been used with 2,4,6-trinitrophenyl (Equation (28)),2113,2114 polyhalophenyl,2115 or Mes deriva-
tives (Equation (29)):2116

(Ph3PBz)[AuCl2] 2)3C6H2}2] (Ph3PBz)[Au{2,4,6-(NO2)3C6H2}Cl]

- [Hg{2,4,6-(NO2)3C6H2}Cl]
 + [Hg{2,4,6-(NO ð28Þ

Et4N[AuCl2]  +  [Ag(mes)]4 4N[Au(Mes)Cl]  +  AgClEt ð29Þ

Treatment of (phosphine)gold(I) halides or tris(phosphinegold(I))oxonium salts with Na(BPh4)
affords arylgold(I) phosphine species through an unusual phenyltransfer reaction (Equation
(30)).2117,2118 A complex with a bridging tetrachlorophenyl group, [PtCl(PPh3)2(�-
C6Cl4)Au(PPh3)], has been obtained by reaction of [Au(C6Cl4H)(PPh3)] with Pt(PPh3)3:

2119

[O(AuP tBu3)3]BF4  +  Na(BPh4 3 [AuPh(P) tBu3)]  +  NaBF4 +  PhBO ð30Þ
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Gold(I) complexes containing cyclopentadienyl or related ligands have been prepared either by
the organolithium method as [AuR(PR3)] (R=C5H5, C5Me5; PR3=PMe3, PPr

i
3, PPh3)

2120 or by
direct auration with [O(AuPPh3)3]BF4 (Equation (31)).2121,2122 The structure of
[Au(C5Ph2H3)(PPh3)] has been reported:

2123

[O(AuPPh3)3]BF4  +  3 C5Ph4H2 5Ph4H)(PPh3)]  + (H3O)BF43 [Au(C ð31Þ

The pentakis(methoxycarbonyl)cyclopentadiene is a strong acid that displaces weaker organic
acids upon interaction with their metal salts (Equation (32)):2124

[Au(CO2Me)(PPh3)]  +  C5(CO2Me)5H 5(CO2Me)5}(PPh3)] + MeCO2H[Au{C ð32Þ

These complexes present a fluxional behavior in solution with rapid migration of the Au(PR3)
group around the �1-C5 ring even at low temperatures; however, the tetraphenylcyclopentadienyl
complex has been found to be stereochemically rigid.2121 Other related ligands are 9-fluorenyl
(359),2125 Fc,2126 dimethylaminoferrocenyl (360),2127 and metallocene complexes of cobalt,2128

rhodium,2128 or chromium.2129 Other compounds with Au—C bonds have been obtained with
other organic moieties, including those derived of carboranyl anions (361),2094,2130,2131 imi-
noalkyl,2132 silylcyclopropil ethers,2133 pyrazolone derivatives,2134 alkyl with carbonyl or sulfonyl
groups,2135–2138 and ylide ligands.1646,1648,2139–2147

AuH
PPh3

Fe

NMe2

Au PPh3

(359) (360) (361)

C
C

C
C

Au

Au

PPh3

PPh3

Other types of compounds with carbon donor ligands are those derived from the multiauration
of the carbon giving species from two up to six gold atoms coordinated around a carbon donor
ligand. The first examples were obtained in 1974 with the tolyl and Fc derivatives by protonation
of the aryl moieties, which liberates AuPPh3

þ that attacks a second molecule of the aryl gold
complex.2148 Another method to prepare this type of complex is treatment with the oxonium salt,
[O(AuPPh3)3]BF4. Similar complexes have been obtained with other organic units, such as
[MeC6H4{Au2(dppm)}]BF4,

2149 [2,4,6-C6F3H2(AuPPh3)2]ClO4 (362), [2,4,6-Me3C6H2(AuPPh3)2]-
ClO4, [Ph4C5(AuPPh3)3]BF4,

2150 [(CN)2C(AuPPh3)3]BF4,
2151 N-alkylated barbituric acid,2152,2153

or [(Ph3PAu)2C6H4(CH2)2-C6H4(AuPPh3)2](BF4)2 (363).2154 Ylide or methanide complexes have
been obtained where the two protons of a methylene unit have been substituted by two gold
phosphine units; the main method used is reaction with acetylacetonate gold complexes.2155 Thus,
ylide complexes of the type [Ph3PCH(AuPPh3)2]

þ,2156 [(Ph2MeP)2C(AuPPh3)2]
2þ (364),2157

[(PPh3)(CONMe2)C(AuPPh3)2],
1647 [(TMS)2C{B(NPr

i
2)2}2C(AuPPh3)2],

2158 [OC{(PPh3)-
C(AuPPh2Me)2}2],

1652 [(EtCO2)CH(AuPPh3)PPh2(CO2EtC)(AuPPh3)2]
þ (365),1672 or [(R3P)(Py)

C(AuPPh3)2]
þ,2159,2160 have been reported.

Au Au
PPh3Ph3P

+

Au Au
PPh3Ph3P

AuAu
Ph3P PPh3

2+

C
MePh2P

MePh2P

Au

Au

PPh3

PPh3

2+

(362) (363) (364)

FF

F
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Also in methanide complexes, mainly derived of Ph2PCH2PPh2 and its derivatives, substitution
of two protons for gold(I) phosphine units has been achieved in gold(III) complexes (see Section
6.7.3.2.3(ii)), [(SPPh2)2C(AuPPh3)2] (366),2161 [(SPPh2)(RPPh2)C(AuPPh3)2]ClO4,

230

[{(Ph3PAu)2}2{C(PPh2)2Au}2](ClO4)2 (367),2162,2163 or in heteropolynuclear complexes.2164–2166

C
EtOOC

Au H
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C COOEt

Au Au
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Ph3P

Ph3P

+
2+

(365) (366) (367)

Further auration of a single carbon atom has been reported and thus complexes with three,
four, five, or even six gold atoms have been obtained. The silylated ylide Me3P¼CH(TMS) reacts
with [AuCl(PPh3)] in the presence of CsF to give [(Me3P)C(AuPPh3)3]Cl (368).2157 Another
method of obtaining this type of complex is the use of [O(AuPPh3)3]BF4 or [Au(ACAC)(PPh3)],
and thus the reaction with [(R3Si)2CH(AuPPh3)] (R=Me3, Me2Ph) gives a mixture of the di- and
triaurated species [(R3Si)2C(AuPPh3)2] and [(R3Si)2C(AuPPh3)3]BF4.

2167,2168 Similarly the reac-
tion of Me3SO

þ with three equivalents of [Au(ACAC)(PPh3)] leads to the trinuclear compound
[Me2OSC(AuPPh3)3]

þ.2169 Tetraaurated species have been synthesized, generally by reaction of
C[B(OMe)2]4, CH2[B(OMe)2]2, or MeC[B(OMe)3]3 with mixtures of [AuCl(PR3)] and CsF; the
same method is used to get higher polyaurated species. Then complexes such as the oxazolinyl
derivative (369),2170 [RC(AuPPh3)4]BF4 where R can be H,

2156 Me,2171 PMe3,
2157 SOMe2,

2169 or
with other phosphines or diphosphines such as PCy3,

2171,2172 or (PPh2CH2CH2)2C6H4,
2171 have

been reported. These complexes have a square-pyramidal structure with short gold–gold interac-
tions.
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The homoleptic [C(AuPCy3)4] (370) is only obtained with very bulky phosphines and has the
expected tetrahedral geometry.2173 In the presence of less steric demanding phosphines, such as
PPh3 or P(C6H4-Me)3, the pentacoordinated species [C(AuPR3)5]

þ (371) is produced in high
yield,2174 which possesses a trigonal pyramidal geometry with short gold–gold contacts among
the equatorial gold atoms. These pentacoordinate species can accommodate another AuLþ

fragment and, under suitable conditions, the hexacoordinate compounds [C(AuPR3)6]
2þ (372)

are obtained for a great variety of phosphines or diphosphines.2,2175–2178 They have an octahedral
geometry with short gold–gold interactions, equivalent phosphorus atoms in 31P NMR, and a
septet for the central carbon atom in the 13C NMR. Conventional as well as 252Cf-plasma
desorption mass spectrometric studies have also been reported.2179 A better reaction pathway
for the hexaaurated species has been developed which consists of the reaction of TMSCHN2 with
[O(AuPR3)3]

þ in the presence of NEt3 in dichloromethane.
2180

Development of acetylidegold(I) complexes has expanded in recent years. The preference of
gold(I) for a linear coordination, together with the linearity of the C�C bond of the acetylide
unit and its �-unsaturated nature, have made the metal acetylides attractive building blocks for
molecular wires and organometallic oligomeric and polymeric materials, which may possess
unique properties such as optical nonlinearity,2181 liquid crystallinity,2182,2183 or luminescence.2184

Polymeric gold acetylides [Au(C�CR)]n have been known for a long time. The oligomeric
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[Au(C�CBut)]n has been prepared by reaction of [Au(NH3)2]þ with HC�CBut; its structure is a
catenate with �1 and �2 coordination around the gold atoms.2185,2186 Complexes of the type
[Au(C�CR)L] are obtained by a variety of synthetic routes, including the reaction of
[Au(C�CR)]n with a donor ligand, reaction of [AuClL] with HC�CR in the presence of
Et2NH, CuX, NaOR, etc. The neutral complexes [Au(C�CR)L] or [Au(C�CRC�CR)L] are
known mainly with tertiary phosphines and for a great variety of substituents R (see compounds
(373) and (374), as some examples),258,2187–2207 and other ligands, such as amine,2185,2208 or
phen.2189 Anionic complexes of the type [Au(C�CR)X]� (X=Cl, Br, I; R=H, Ph ) have also
been reported.2192,2209,2210

Au
R3P

Au
PR3

OR2

N
Ph2
P

Au N

R

R1

(373) (374)

Unsubstituted alkyne gives dinuclear gold(I) acetylides [Au2 (C�C)(PR3)2],2098,2189,2190,2211,2212

and polyines also yield similar type of compounds.2212–2217 Polynuclear gold(I) acetylides with
diphosphines have grown in the last years because of the luminescence properties of many of these
complexes. The first report on the luminescence of gold(I) acetylides appeared in 1993 in which
the emissive behavior of the complex [Au2(C�CPh)2(�-dppe)] was described.2218 The reaction of
[Au(C�CPh)]n with diphosphines, as dppm, affords the compound [Au3(C�CPh)2(�-
dppm)2][Au(C�CPh)2] (375),2219 but with other diphosphines, such as 2,6-bis(diphenylphosphi-
no)pyridine (dppy) yields a polynuclear complex [{Au2(�-dppy)(C�CPh)2}n].2220 Also, complexes
with monodentate diphosphines such as [Au(C�CBut)(PR2CH2PR2)] have been prepared.2196

Other complexes with acetylide ligands and diphosphines, triphosphines, or tetraphosphines, as,
for example, (376) or (377), have been obtained and the luminescent properties tested for some of
them.2206,2207,2221–2227

Thermolysis of the dinuclear [Au2(C�CBut)2(�-PPh2CH2PPh2)] in refluxing toluene leads to
the intermolecular elimination of HC�CBut and formation of complex (378).2228

Polymer complexes have been prepared from diphosphines and acetylides, both of which are
bridging ligands, as, for example, (379).2229 Gold(I) di- and triacetylide complexes have been used
to obtain rigid-rod polymers.2217,2225,2230,2231 Bifunctional alkyne ligands such as R2PC�CH
(R=Ph, Pri) form complexes [AuCl(PPh2C�CH)] that upon treatment with a base eliminate
HCl and give the polymers [{Au(PPh2C�C)}n].2232

The same reactions have lead to the discovery of organometallic catenanes by self-assembly of
an oligomeric digold(I) diacetylide [{(AuC�CCH2OC6H4)2X}n] and a diphosphine ligand
Ph2P(CH2)nPPh2.

2233 Systematic investigations of this unusual reaction have shown that the
number of methylene spacer groups n in the diphosphine ligand and the nature of the hinge
group X are key factors in determining if the self-assembly will give a simple ring by 1þ 1
assembly, a [2]catenane by 2þ 2 assembly,2233–2235 or a double braided [2]catenane by 4þ 4
assembly (Scheme 31).2236,2237
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Mixed gold(I)–gold(III) complexes have been obtained by reaction of [Au(C6F5)3(PPh2C�CH)]
with acetylacetonate compounds such as [Au(ACAC)(PPh3)] or [(Ph3P)2N][Au(ACAC)2] to yield
[Au(C6F5)3{PPh2C�CAu(PPh3)}] or [(Ph3P)2N] [{Au(C6F5)3(PPh2C�C)}2Au].1751 Some
heteropolynuclear gold-containing acetylides of iron,2238 ruthenium,2238 molybdenum,2239 tung-
sten,2239,2240 or platinum have also been described.2241

(Isonitrile)gold(I) complexes have attracted increasing attention because of their potential use
in new domains of applications such as MOCVD precursors for the deposition on thin gold
films2187,2242,2243 or liquid crystals.2182,2244–2251 Most of the complexes described are of the type
[AuX(CNR)] (X=Cl, Br, I, SCN; R=Me, Ph, But;2252,2253 NO3; R=Et, But, 2,6-Me2C6H3,

2254

X=Cl, Br, I, CN; R= o-xylyl2255). All species show Au���Au interactions in the solid state, but
with different modes of aggregation. The complexes [AuCl(CNR)] (R=CnH2nþ1; n= 2–12)
assemble by aurophilic interactions into structures similar to those seen for the (1-n)-alcohols
(bilayers with hydrogen bonding) and also show temperature-dependent polymorphism consistent
with the formation of rotator phases.44 The reaction of [AuCl(CNMes)] with [GeCl2(diox)] gives a
compound [AuGeCl3(CNMes)], which crystal structure shows a string of alternating
[Au(CNMes)2]

þ cations and [Au(GeCl3)2]
� anions with short gold–gold distances.2255 Upper-

rim functionalized calix[4]arenes with chloro(isonitrile)gold(I) groups have also been prepared.2256

The majority of gold(I) carbene complexes are pure organometallic compounds and the are out
of the scope of this work. Some halide or triphenylphosphine carbene complexes are known and
they will be considered here. Nucleophilic addition of alcohols or amines to gold-coordinated
isocyanides is one of the best-established methods to obtain gold carbene derivatives. The reaction
of H[Au(CN)2] with propene oxide and estirene oxide yields (cyano)carbene complexes (380)
avoiding the intermediate step.2257 A cyclic carbene compound is obtained by reaction of a
dinuclear isocyanide with amine (Scheme 32).2258
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Carbene complexes have also been prepared by transmetallation reactions. Lithiated azoles
react with gold chloride compounds and after protonation or alkylation the corresponding
dihydro-azol-ylidene compounds, e.g., (381) or (382), are obtained.2259–2264 Silver salts of benz-
imidazol have also been used to obtain carbene derivatives.2265 Mononuclear gold(I) carbene
complexes also form when trimeric gold(I) imidazolyl reacts with ethyl chlorocarbonate or ethyl
idodate.2266,2267 The treatment of gold halide complexes with 2-lithiated pyridine followed by
protonation or alkylation also yields carbene complexes such as (383).2268 Some of these carbene
complexes show luminescent properties.2269–2271
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Alkylidene complexes of group 6 metals of mixed group 6 with platinum or cobalt derivatives
react with [AuCl(PPh3)], [AuCl(THT)], or [Au(C2B9H9Me2)(THT)]

� to give di- or trimetallic
species with bridging alkylidene ligands such as (384) or (385).2051,2272–2279

W Au

C
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Me
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CO
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Me

Me

C
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Me
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+
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H
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[AuCl(alkene)] (alkene= cis-cyclooctene, norbornene, endo-dicyclopentadiene ) complexes have
been obtained by reaction of [AuCl(CO)] with the alkene.2280,2281 The structure of [AuCl(C10H12)]
shows the ligand �2-bonded to gold via the C¼C bond in the norbornene ring and the molecules
are associated into dimers through Au���Au interactions.2281

The dicyanoaurate anion [Au(CN)2]
� is one of the most simple molecules that show aurophilic

interactions,2282–2284 and thus has been used as building blocks to obtain supramolecular struc-
tures as in the complexes of CuII with [Au(CN)2]

� and different amines.2285–2287 It has been found
that solutions of K[Au(CN)2] in water and methanol exhibit a strong photoluminescence.

2288 Also
the optical charge transfer in the ion paraquat2þ[Au(CN)2]

� (paraquat2þ=N,N0-dimethyl-4,40-
bipyridinium2þ) has been reported and shows that AuI is a very weak CT donor.2289 Gold(I)
cyanide complexes with neutral [Au(CN)(PR3)]

2290–2293 or anionic ligands [Au(CN)SR]�,2290,2294

undergo homoleptic rearrangement to form two different complexes. The structure of
[Au(CN)(PPh3)] has been described.

2295 The isocyanate [Au(CNO)(PPh3)] and fulminate [Au(N-
CO)(PPh3)] compounds have been prepared by reaction of [Au(NO3)(PPh3)] with CO.

2296

6.7.3.4.3 Complexes with nitrogen donor ligands

Gold(I) complexes with amine ligands have not been extensively studied until recently, perhaps
because of their limited stability. This can be rationalized in terms of incompatibility of the soft
metal center with the hard nitrogen donor. Additional stabilization of these compounds may be
provided by aurophilic interactions or by the formation on N—H���X hydrogen bonds. The first
complex reported with stoichiometry [AuClL] was the unstable [AuCl(pip)] (pip= piperidine).2297

This is a tetramer with Au���Au contacts of 3.301(5) Å, hydrogen bonding was not noticed but
later was been showed to be present. By reaction of [AuCl(THT)] with several aliphatic amine
ligands molecular structures [AuClL] have been found for dicyclohexylamine, 2,2,6,6-tetramethyl-
piperidine, methylpyridine, and ferrocenylpyridine. For the complexes with crystal structures
available they are loose dimers with aurophilic interactions and hydrogen bonding (386).348,2298–2300

However, with pyridine or 3-bromopyridine as ligands the complexes [AuX(Py)] (X=Cl, Br, I)
exist in the solid state as salts [Au(Py)2]

þ[AuX2]
�; these form Au4 linear or zig-zag chains

(387).2301–2303

Au
Cl

NCy

Cy H Au
Cl

N Cy

CyH Au
Br

Br Au

Py

Py

Au

Py

Py
Au

Br

Br

(386) (387)

The complexes [AuClL2] are all ionic in nature, no structure is known with this empirical
formula. Then complexes of the type [AuL2]X have been described for L= 4-hydroxymethyl-1,5-
dimethylimidazole,2304 NH3,

2305 pip,2300 pyrrolidine,2300 morpholine,2300 cyclohexylamine,2300 and
benzylamine.2300 In these ionic complexes hydrogen bonding appears to be more important than
in the neutral derivatives. The use of disulfonylamines, which are good hydrogen bond acceptors,
as counterions increases the stability of gold(I)–amine complexes.2306 Some crystal structures have
shown more than one structural type in the crystal. With L= pyrrolidine, a by-product of
stoichiometry [Au3Cl3L4] was obtained in which two molecules of [AuClL] crystallized together
with [AuL2]Cl.

2307 For L= 2-aminopyridine one molecule of [AuClL] crystallized with one
molecule of [AuL2]Cl and in the crystal arrange in the formþ neutral –.2308 The complexes
[AuCl(NH2R)] (where R= long chain alkyl group) self-organize in the solid state into a fibrous
material; decomposition of the complexes inside the supramolecular framework yields a mono-
layer of ordered gold nanoparticles.2309

Amine complexes stabilized with phosphine ligands of the type [AuL(PR3)]
þ have been

obtained for L= bipy,2310 phen,2310,2311 quinoline,2311 acridine,2311 benzo[h]quinoline,2311 naphthyr-
idine (388),2311 2,20-biquinoline,2311 di-2-pyridyl-ketone,2311 di-2-pyridylamine,2311 2-(2-pyridyl)-
benzimidazole, 2311 ferrocenylpyridine,348 2-nitroaniline,2312 4-methoxyaniline,2312 NHPh2,

2312

NHEt2,
2312 NMe3,

2312 quinuclidine,2313 NEt3,
2314 2-aminothiazoline,2315 histidine,2316
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NH2R (R=H, alkyl),2317 and NH2Bu
t.2318 Dinuclear gold(I) complexes have been obtained by

treatment of [Au(BF4)(PPh3)] with diamines such as Pr
i
2NH(CH2)2NHPr

i or 1,4-piperazine (389)
or with 1,10-bis(2-pyridylthio)ferrocene (390).1184Weak hydrogen bonding with the BF4

� anions is
found.2319

NN

Au

PPh3

HN NH AuAu PPh3Ph3P

2+

Fe

S N

N S
Au

PPh3

Au
Ph3P

2+

(388) (389) (390)

+

Organometallic derivatives with bidentate nitrogen ligands have also been described such as
[Au(C6F5)L] where L=NH2(CH2)nNH2,

2320 [Au2(C6F5)X{�-NH2(CH2)nNH2}] (X=C6F5,
Cl),2320 [Au(C6F5)2(�-bipy)],

2320 [Au2(�-C6F4-C6F4)(phen)2],
2109 [Au(C6F4-C6F4H)(phen)],

2109

[Au(C6Cl5)(phen)],
1641 or [Au(2,4,6-(NO2)3C6H2)(dmphen)] (391) (dmphen= 2,9-dimethyl-phen)

where a pseudotricoordination is observed.2114

N

N
O2N

NO2

NO2

Au
N

HNNH

OO

N

Au Au

PPh2Ph2P
C
H

C
H

(391) (392)

2+

N

N

N

N
Au
PP

Au
P P

Au

N

N
Au
P P

Au
PP

Au

2n+

(393)

The reaction of the ligand N,N0 bis(pyridin-3-yl)-1,3-benzenedicarboxamide with
[Au2(O2CCF3)(�-PP)] yields the macrocyclic compound (392) when the diphosphine is trans-
Ph2PCH¼CHPPh2, but a helical polymer for PP= dppe.2321 With the bidentate ligand trans-
1,2-bis(4-pyridyl)ethylene the reaction with [Au2(O2CCF3)2{�-(PPh2)2(CH2)n}] gives for n= 2 the
cyclic compound and for n= 3 or 4 1D linear or U-shaped polymers (393).2322 In the same
reaction with 4,40-bipyridine in solution the complexes exist as an equilibrium mixture of linear
oligomers and cyclic compounds; when n= 1, 3, or 5 they exist as 26-, 30-, and 34-membered
macrocyclic rings, respectively, and only when n= 1 there are significant intramolecular Au���Au
contacts. Some of these compounds are strongly emissive at room temperature and in the solid
state.2323

Imine gold(I) compounds have been synthesized and are of the type [AuCl(NH¼CR2)] or
[Au(NH¼CR2)2][AuCl2] (obtained as mixtures solution), or [Au(NH¼CR)(PR3)]BF4 (R=Ph,
NMe2; PR3=PPh3, Pr

i3).2324,2325 The complex [Au(NH¼CMe2)2]OTf has been obtained by
reaction of [Au(NH3)2]OTf with acetone.

2326 The reaction of [Au(ACAC)(PR3)] with the ammo-
nium salts (NH3R)Cl dissolved in the appropriate ketone MeCOR2 gives the neutral
[Au(NR¼CMeR)(PR3)].1686 The species [AuCl(NH¼CPh2)] and [Au(NH¼CMe2)2]OTf crystal-
lize as polymeric chains with aurophilic interactions and hydrogen bonding. Treatment of
[AuCl(THT)] with NH3 in acetone leads to the acetonine complex (394), one of the ligands can
be displaced for PPh3 or Cl

�.1686,2327
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N
N Au

O

O

PPh3
N

OCl
N

O ClAu

PPh3

Au

Ph3P

HN
N

NH
NAu

+

(394) (395) (396)

A great variety of gold(I) complexes with anionic N-donor ligands has been synthesized.
Examples of the type [AuL(PR3)] have been obtained for several nitrogen ligands such as the
anions of ptm,1692,2328,2329 hydantoin,2330 the imide of 3,4-pyridine dicarboxylic acid (395),2330

4,40-dichloroindigo,2331 isatin,2331 5-bromoisatin,2331 2-indolone,2331 oxopurine,2332,2333 or
4-nitroaniline,2334 succinimide,2335 2,3-dioxoindolinyl,2336 1-amino-anthracene-9,10-dione,2337

benzodiazepiones,2338 pyrimidinedionato,2339 adeninate,2340 or 7-aza-indolyl.2341Dinuclear complexes,
[Au2(�-L)(PR3)2], have also been prepared for the dianions of 4,4

0-dichloroindigo (396),2330 or
oxopurine,2331 4-nitroaniline,2334 pyrrole derivative,2342 or nucleobases or nucleosides.2343,2344

Gold(I) derivatives with bis(trimethylsylyl)amides have been reported and are of the type
[Au{N(TMS)2}(PPh3)]

2345 or the homoleptic [Au4{N(TMS)2}4] (397),2346 which has been obtained
from the reaction of AuCl with LiN(TMS)3. The related [Au{N(CN)2}(PPh3)] has also been
reported.2347 Disulfonylamides give gold(I) complexes of the type [Au{N (SO2R)2}(PPh3)]
(R=Me, 4-ClC6H4, 4-NO2C6H4, F) or [Au{N(SO2R)2}(THT)] (R=Me, 4-ClC6H4,
4-IC6H4).

2348,2349 Amidinato gold(I) complexes have been described and are dinuclear, as
[Au2{C(Ph)(NTMS)2}2]

475 (398) or tetranuclear as [Au4{CH(NPh)2}4].
2350 The triazenido

ions RN3R
� react with AuI in liquid ammonia to form the tetranuclear complex (399), which

has an analogous structure to that of the tetranuclear formamidinato compound.2351 The structure
of the azido complex [Au(N3)(PPh3)] has been reported.

1736
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Au Au
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Au Au
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C
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Gold(I) complexes with azole ligands although not as numerous as those of silver are well
represented. The reaction of [AuCl(PPh3)] with Na(3,5-Ph2pz) gives the trinuclear [Au(3,5-
Ph2pz)]3 (400),377 which is isostructural with the silver and copper analogues.2352 If in the reaction
AgOCOPh is added, the hexamer derivative [Au(3,5-Ph2pz)]6 (401) is obtained.2353 The trinuclear
complexes have been prepared with different substituents,2354–2357 or with phenyl groups sub-
stituted with two or three aliphatic (decyloxy) chains,2358,2359 or with octyl groups,2360 which gives
mesogenic pyrazolato gold complexes. Oxidation of the trinuclear pyrazolates with Cl2 or I2 is
possible and yields the mixed AuI–AuIII derivatives [Au3X2(3,5-R2pz)3] (R=Ph, Bz).1706,2361,2362

Gold(I) complexes with neutral azoles have been prepared and are of the type [Au(PPh3)(3,5-
Me2pzH)]BF4,

2363 [AuXL]2, (X=Cl, Br; L=N-methylimidazole, N-ethylimidazole, N-propylimid-
azole, 2-methylbenzoxazole, 2,5-dimethylbenzoxazole),2364 [Au(Him)(PPh3)]Z (HZ= picrid
acid),2365 [AuCl(pyrazole)],2366 or [Au2(Hpz)(�-PP)]

2þ (402) (PP= dppm, dppe, dppp).2367,2368

Neutral complexes with azolate ligands of the type [AuL(PPh3)], with L representing differently
substituted pyrazolates,2251,2366 imidazolates,365,2369,2370 benzidimidazolates,2371,2372 triazolate,2373

tetraazolate (403),536 or 2,20-bibenzimidazolates (404),2374,2375 have been prepared. The structure
of the [Au(1,2,4-triaz)(PPh3)] is a dimer with Au���Au interactions (405).2373 The antimicrobial
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activity of complexes [AuL(PPh3)] (L= pyrazolate or imidazolate) has been tested and show
selective and effective activity against two Gram-positive bacterias and modest activity against
yeast.2376 The structure of the anionic complex [AuL2]

� with L= 4-hydroxymethyl-1,5-dimethyl-
imidazole has been reported.2304 Heterometallic complexes with bridging pyrazolate ligands have
been described with iridium,354,1691 rhenium,2377 and platinum.352

N

N

N

N

Au

PPh3

Au

PPh3

Au

Ph3P

Au

PPh3

AuN
PPh3

N

N

Au N
Ph3P

N

N

N

N N

N Au PPh3

(403) (404) (405)

2+

In recent years the coordination of gold(phosphine) fragments to the nitrogen atoms of several
amine derivatives has been achieved. Tetracoordination of nitrogen by gold atoms in ammonium
cations [N(AuPR3)4]

þ (406) is well established; the first derivative was reported in 1980 and was
obtained by the reaction of [O(AuPPh3)3]BF4 with ammonia at �60 �C in THF.2378 Other
methods of preparation include the use of [AuX(PPh3)] (X=BF4, PF6) and Au

� in liquid
ammonia,2379 the reaction of tris(trimethylsilyl)amine or hexamethyldisilazane with [AuCl(PPh3)]
and CsF,2380 or by reaction of (NH4)ClO4 with [Au(ACAC)(PPh3)].

2381 Derivatives with other
phosphine ligands such as PMe3,

2318 or PBut are also known.2382 Several structure determinations
of different tetragold ammonium salts revealed a strongly distorted tetrahedral structure of the
central Au4N core, probably caused by aurophilic effects.2318,2379,2380,2382–2384 The attempts to
accomplish hypercoordination of nitrogen by gold atoms were successful and the reaction of
[N(AuPPh3)4]

þ with AuPPh3
þ led to the isolation of the dication [N(AuPPh3)5]

2þ (407).2385 This
represents a unique case of nitrogen pentacoordination in molecular chemistry and has attracted
considerable interest regarding the bonding. Quantum-chemical studies on various levels of
sophistication have been carried out and confirm a diamagnetic configuration for the trigonal
bipyramidal structure.8–10,2386,2387 The use of PMe3 leads to an adduct of the dicationic species
with two molecules of [AuCl(PMe3)], [N(AuPMe3)5][AuCl(PMe3)]2(BF4)2 (408).2388 In a later
study of hypercoordinated nitrogen complexes, it was shown that in a new solvate the lattice
contains three independent dications and that highly distorted structures should be expected as
the rule rather than an exception.2389On the basis of a incomplete crystal structure determination, the
formation of [N(AuPPh3)6]

3þ was assumed as an additional product of the reaction of AuPPh3
þ

cations and Au� in liquid ammonia.2379,2390 Further investigations have shown that only the
compound [N(AuPPh3)4]

þ is formed, besides small amounts of [N(AuPPh3)5]
2þ.2391
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The first two members of the series of these ammonium-centered complexes, i.e.,
[Au(NH3)(PPh3)]

þ or [H2N(AuPPh3)2]
þ have been obtained by reaction of (NH4)ClO4 with

[Au(ACAC)(PPh3)] but not the third one [HN(AuPPh3)3]
þ.2381 However, a great number of

complexes with monosubstituted amines [RN(AuPR3)3]
þ (409) are known. The reaction of the

oxonium cation [O(AuPR3)3]
þ with RNH2 or RCNO leads to the �-imido clusters

[RN(AuPR3)3]
þ where R can be an aryl, alkyl, or sylyl group.1502,2313,2318,2382,2392–2396 The

treatment of [AuCl(PPh3)] with Bu
tNHLi gives the complex [{ButN(AuPPh3)2}2Au]Cl (410)

which has a structure with two Au3N pyramids sharing one gold.2397 Diamines such as
NH2CH2CH2NH2, NH2C6H4NH2, RN(CH2CH2NH2)2, or N(CH2CH2NH2)3 can also be aurated
with the oxonium salt as, for example, (411),2398,2399 as well as aminopyridines such as
8-aminoquinoline to give (412).2400 The same reactions have been carried out with phosphine
imines,2401,2402 hydrazines (413),2403–2407 hydroxyamines,2408 carbodiimide,2409 sulfoximine,2410 or
azirine,2411 for which partially or fully aurated species have been isolated.
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Some gold(I) derivatives have been obtained with other type of N-donor ligands as acetonitrile;
the compound [Au(NCMe)2]

þ can be obtained by halide-catalyzed electrolysis of gold metal in
MeCN.2412 This cation is very moisture sensitive and thermally labile, but the more stable cation
[Au(NCPh)2]

þ has been obtained by oxidation of gold with the nitrosyl cation in benzonitrile.2413

From EXAFS spectroscopic studies it has been suggested that the solvated gold(I) cations are
tetra-coordinate in pyridine or acetonitrile solutions.2414 Other gold(I) complexes have been
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reported with the benzophenoneazine ligand, [Au(C6F5)(Ph2C¼N—N¼CPh2)],2415 the 1,5-di-p-
tolylpenta-aza-1,4-dien-3-yl [Au{N(N¼N-p-Tol)2}(PPh3)],2416 the nitrido osmium complex
[OsO3N(AuPPh3)] (414),2417 or with the macrocyclic ligand 1,4,8,11-tetra-azacyclotetradecane
(415).2418

AuNH

NH NHHN Au NH

HNNH NH

2+

Os
O

O
O

N

Au

PPh3

(414) (415)

6.7.3.4.4 Complexes with phosphorus, arsenic, antimony, or bismuth donor ligands

(i) Phosphide- or arsenide-bridged polynuclear complexes

This section is dedicated to complexes which formally contain the units: (i) P3
3�, (ii) E3�, (iii)

(RE)2�, or (iv) (R2E)
� (E=P or As) as ligands. These moieties commonly act as bridging ligands

for equivalent or different gold centers. Important examples include standard homoleptic species
such as [E(AuPPh3)4]

þ (E=P, As) or hypercoordinated cations [P(AuPPh3)5]
2þ and

[P(AuPPh3)6]
3þ. Other systems have the phosphide groups bridging gold and other transition

metal atoms.
(a) P3

3�. The trinuclear compounds [Au{M(triphos)(P3)}2]PF6 [M=Co, Rh, or Ir; can be
obtained by treatment of a dichloromethane solution of [M(triphos)(P3)] with [AuCl(PR3)]
(R=Me or Ph) or [Au2Cl2{PPh2(CH2)nPPh2}] (n= 1 or 2) in the presence of TlPF6.

2419 The
structure shows that the gold atom is bound to two pairs of phosphorus atoms of the P3 units
with a coordination geometry intermediate between tetrahedral and square planar (Equation (33)):

P

Rh

P

P

P

P

P

P

Rh

P

P

P

P

P
Au

[Rh(triphos)(P3)] + [AuCl(PR3)] + Tl+

+

- TlCl, - PR3

ð33Þ

(b) E3�. A series of unusual gold(I) complexes in which a central atom of phosphorus or
arsenic (formally P3� or As3� ions) acts as a bridging ligand for several [AuPR3]

þ units has
emerged from recent systematic studies with silylpricogenides as the starting materials. These include
the cationic derivatives: [As(AuPPh3)4]

þ,2380 [P(AuPBut3)4]
þ,2420 [P(AuPPh3)4{Au(PPh3)2}]

2þ,2421

[P(AuPPh3)5]
2þ,2422,2423 and [P(AuPPh3)6]

3þ.2424 The preparation of these complexes is summarized
in Scheme 33.
The tetra(auro)arsonium cation [As(AuPPh3)4]

þ has a square-pyramidal structure, instead of
the classical tetrahedral geometry found in [N(AuPPh3)4]

þ,2 probably because the radius of the
arsenic is too large to allow for metal–metal bonding in a tetrahedral structure. If a lone pair of
electrons is allocated to the As apex, then the AsAu4 core has to be described as electron
deficient.8,9 It is very likely, however, that the Au���Au contacts at the base of the As-capped
pyramid (less than 3 Å) strongly contribute to the stability of the compound. Likely enough the
structure of the cation [P(AuPBut3)4]

þ shows a distorted tetrahedral of PAu4 skeleton, because
closer contacts than those found in the structure (3.40 Å) are clearly ruled out by the bulkiness of
the PBut3 ligands.

2420 The severe distortion of the skeleton provides evidence that the system is
still gaining in stabilization from the formation of the Au���Au contacts. The reaction of
[O(AuPPh3)3]BF4 with PH3 leads to a mixture of products such as [P(AuPPh3)4
{Au(PPh3)2}](BF4)2, [P(AuPPh3)5](BF4)2, and [Au{P(AuPPh3)4}2](BF4)3.

2421 The structure of the
first dication contains pentacoordinate phosphorus atoms in an irregular coordination geometry
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with one of the five gold atoms attached to two PPh3 ligands. The cation [Au{P(AuPPh3)4}2]
3þ

can be considered as the result of the interaction of two [P(AuPPh3)4]
þ units, which must be

strong nucleophiles, with a further gold(I) center. The structure of the dication [P(AuPPh3)5]
2þ

reveals a square-pyramidal arrangement of the gold atoms in contrast to the trigonal-bipyramidal
structure expected by classical bonding arguments.2423 For the trication species [P(AuPPh3)6]

3þ an
octahedral structure has been proposed.2424 Distortions of the regular geometry again arise owing
to the influence of the gold–gold interactions, which govern the geometry and are responsible for the
stability of this type of compound.8,9 The hapticity of the central P-atom is easily monitored by 31P
NMR spectroscopy in these cases.2421

(c) (RE)2�. The (RE)2� (E=P or As) units can act as bridging ligand for two, three, or even
four gold atoms. Thus, primary phophines2425–2427 or arsines,2425 REH2 [E=P, As; R=Ph,
2-MeC6H4, 2,4,6-(Bu

t)3C6H2] can be triply aurated on treatment with a stoichiometric amount
of the oxoniun reagent [O(AuPPh3)3]BF4 to give species of the type [RE(AuPPh3)3]

þ (Scheme 34)
which have a tetrahedral coordination at the P or As atom with long intermetallic distances. In
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Au Au
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+
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+
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R
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+
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[RP(AuPPh3)3]
þ [R= 2,4,6-(But)3C6H2],

2427 with its extremely bulky group R, the phosphorus
atom is attached to a single gold atom on one side of the RP plane and to a pair of gold atoms on
the other (Au���Au 3.15 Å). In solution rapid site exchange renders the AuPPh3 units NMR
equivalent. In the case of the phosphorus compounds, the electrophilic addition of a further
[(AuPPh3)3]

þ unit produces novel hypercoordinate dications [RP(AuPPh3)4]
2þ with a square-

pyramidal PAu4 core and short Au���Au distances.
When a bulky phosphine is used (L=PBut3), the addition of [AuL]

þ does not lead to a
trinuclear cation [{2,4,6-(But)3C6H2}P(AuL)3]

þ, but the neutral dinuclear derivative [{2,4,6-
(But)3C6H2}P(AuL)2] can be obtained from the reaction of [2,4,6-(Bu

t)3C6H2]PH2 upon treatment
with the oxonium reagent.2427 Analogous reactions to those shown in Scheme 32, but starting
from the diprimary aromatic phosphine 1,4-C6H4(PH2)2, lead to the hexanuclear [1,4-
(LAu)3PC6H4P(AuL)3]

2þ (L=PPh3 or PBut3) or octanuclear complexes [1,4-
(Ph3PAu)4PC6H4P(AuPPh3)4]

4þ, with two polynuclear units in the trans position.2426 With the
diphosphines 1,2-C6H4(PH2)2 the triaurated species, [1,2-(LAu)3PC6H4P(AuL)3]

2þ, can
be obtained but in the NMR spectra rapid intramolecular scrambling of the AuPR3

þ units to
give probably species of the type [1,2-(LAu)4PC6H4P(AuL)2]

2þ have been observed.2428

There are some examples with a (CyP)2� group bridging three or even four heterometallic
centers. The dimanganese complex [Mn2(�-H)(�-PCyH)(CO)8] reacts with equimolar amounts of
[AuCl(PR3)] (R=Cy, Ph, p-C6H4OMe, p-C6H4F) in the presence of a nonnucleophilic base
(DBU) to afford mono- or diaurated pairs of isomers: [Mn2(�-AuPR3)(�-PCyH)(CO)8] and
[Mn2(�-H){�-PCy(AuPR3)}(CO)8], [Mn2(�-AuPR3){�-PCy(AuPR3)}(CO)8] and [Mn2(AuPR3)2
(�4-PCy)(CO)8] (Scheme 35), by replacement of the H-atoms by the isolobal [AuPR3]

þ

units.2429 In solution, there are dynamic equilibria whose displacement depends on the nature
of the R groups and on the solvent used.
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Cy Au

PR3
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Cy Au
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Au Au
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[AuCl(PR3)]
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(d) (R2E)
�. Polymers of the formula [AuPR2]n (R=Et, C8H17, Ph, 4-MeC6H4, 4-Bu

tC6H4)
have been prepared by reaction of secondary phosphines with a variety of gold(I) compounds,
such as [AuClL] (L= tetrahydrothiophene, thiodiglycol), in the presence of bases,2430–2432 or with
[AuMe(PPhMe2)] or [(PPh3)2N][Au(ACAC)2], but their true structure is still uncertain. [AuPPh2]n
reacts with [(PPh3)2N][AuX2] (X=Cl, Br, I) to give [(PPh3)2N][(AuX)2(�-PPh2)] (Equation (34)).
The structure of the anion with X=Br shows the presence of a bridging phosphido group and a
linear coordination on the gold(I) atoms. The Au�Au distance of 3.256(1) Å is indicative of a
weak interaction.2430,2431

Au

Ph2
P

Au

X X

[AuPPh2]n  +  [AuX2]–

–

ð34Þ

Oxidation of phosphido groups can give phosphinito derivatives. The reaction of
[(PPh3)2N][Au(ACAC)2] with PPh2H (molar ratio 1:2), after air oxidation, leads to a phosphinito
gold(I) complex [(PPh3)2N][Au{P(O)Ph2}2].

2432 Other phosphinito or phosphito gold complexes
have been prepared by reaction of PR2(OH) with [AuMe(PR3)] and are neutral as
[Au(POPh2)(PR3)],

2433,2434 [Au{PO(OR)2}(PR3)],
2433,2434 or [Au(POPh2){P(OH)Ph2}]2;

2435 the lat-
ter appear as dimers with synergistic hydrogen bonding and aurophilic bonding. The reaction of
[Au(POPh2){P(OH)Ph2}]2 or [AuCl(PPh2OH)] with BF3 gives a reassembly of the metal and
ligand components to give large cage-type molecules as [FB(OPPh2AuPPh2O)3BF]BF4 (416) or
[FB(PPPh2Au)3Cl3(AuPPh2O)3BF]BF4, respectively.

2436,2437
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Ph3P
PPh3

Ph3P
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O O

O
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Ph2P PPh2
PPh2
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Au Au

B
O O O

F

Ph2P PPh2PPh2

(416)

+

2+

There are some examples with phosphido groups acting as bridging ligands between gold(I) and
other metallic centers. The deprotonation of the PPh2H ligand in manganese or iridium complexes
(namely, [Mn(CO)5(PPh2H)],

2438 [Mn(CO)4(PPh2H)2],
2438 [Ir4(CO)11(PPh2H)]

2439,2440) in the pre-
sence of gold(I) complexes [AuCl(PR3)], [AuX(THT)] (X=C6F5, Cl), and [Au(PPh3)]BF4 yield
heteronuclear derivatives with (PPh2)

� groups bridging a gold and manganese or iridium centers,
as in the following example (417).2441 The reaction of [Pt2(�-PPh2)2(PPh3)2] with [AuCl(PPh3)] in
the presence of TlPF6 leads to the electrophilic addition of two [AuPPh3]

þ groups to platinum to
give [Au2Pt2(�-PPh2)2(PPh3)4]

2þ (418), which contains an incipient triply bridging diphenylphos-
phido ligand, with Au—P distances of 2.682(7) Å and 2.629(7) Å.2441 The reaction of [Cr2Cp2(�-
PH2)(�-H)(CO)4] with [AuCl(PPh3)] leads to the formation of the high nuclearity cluster
[{CrCp(CO)2}6(�4-P)3(�4-Au)3].

2442 Mixed gold(III)–gold(I) diphenylphosphido complexes have
been recently prepared and those have been considered in Section 6.7.3.2.3.

(ii) Complexes with monodentate phosphines, arsines, or stibines

The number of gold(I) complexes containing tertiary phosphines, arsines, or stibines as ligands is
large because of the wide use of the fragment AuLþ, mainly with L=PPh3, in the synthesis of
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gold(I) complexes. However, in many cases the reactivity is focused on the other ligands and the
AuPPh3

þ unit is just a suitable precursor. These complexes will be treated in the corresponding section.
These complexes are generally of the formula [AuX(ER3)] (E=P, As, Sb; R= alkyl or aryl).

The most usual methods of synthesis are as follows:

(a) Reduction of tetrachloroauric acid with the tertiary phosphine, arsine, or stibine, which can act
both as the reducing agent and as the ligand, is a straightforward high-yield reaction (Equation
(35)), which can be carried out with cheap reagents and with a great variety of solvents, without
any special preconditions. One equivalent of the ligand is lost in the process, however, and this
aspect needs to be considered whenever more costly components are necessary.

(b) Displacement of a weakly coordinating ligand from [AuClL] by a phosphine, arsine, or stibine
ligand. Complexes with L= alkyl sulfide (obtained by reduction of [AuCl4]

�with SR2)
2443 or CO

(obtained by the reaction of anhydrous Au2Cl6 with CO at atmospheric pressure)
2444 are used

commonly as startingmaterials. The chlorine atom can be substituted by other anionic or neutral
ligands to form derivatives of the type [AuX(ER3)] or cationic [Au(ER3)2]Cl, respectively.

(c) Introduction of [AuPR3]
þ groups at a reaction site by the use of derivatives [AuX(PR3)]

where X=ClO4, BF4, CF3SO3, or any other anionic weekly coordinating ligand, or
reagents able to removed protons and coordinate one or more [AuPR3]

þ groups as [Au(A-
CAC) (PPh3)] or [O(AuPR3)3]

þ, respectively.

[AuCl4]-  +  2ER3 R3)]  +  ER3Cl2  +  Cl-[AuCl(E ð35Þ

Numerous complexes of the type [AuX(PR3)] have been prepared with a great variety of
phosphine ligands. Although this type of complexes has been know for many years there has
been a resurgence of interest because recent studies have shown that short intermolecular gold–
gold contacts can group the monomeric units into pairs, rings, or chains. The important pre-
requisite for this type of aggregation is the presence of structurally nondemanding ligands PR3 or
X. These interactions are associated with rather small bond energies estimated to be in the order
of 25–37 kJmol�1 for each Au���Au bond, and any overcrowding of the substituents can prevent
aggregation.92,93 Dimers are observed, for example, with primary phosphines, as in
[AuCl{PH2(2,4,6-Bu

t
3C6H2)}],

2445 or with secondary phosphines, as in [AuCl{PH(o-Tol)2}],
2446

but not with the bulky PHBut2 or PHPh(2,4,6-Bu
t
3C6H2) which form independent mono-

mers.2446,2447 In [AuBr(PHPh2)] there are two independent molecules with an Au—Au distance
of 3.256(1) Å.2431 The monomers with small phosphines [AuCl(PMe3)],

2448 [AuCl(PCl3)],
2449 or

[AuBr{PH2(o-Tol)}]
2450 are aggregated in the solid state through Au���Au contacts of 3.081–

3.386 Å to give chains of gold atoms. A theoretical study by Pyykkö et al. suggests that the
Au���Au interaction in [AuX(PH3)]2-type complexes increases as the softness of the ligand X
increases.2451 If medium or large phosphine or arsine ligands are present there are generally no
intermolecular Au���Au interactions in the lattice.
Many complexes of stoichiometry [AuCl(PR3)] have been reported with PR3=P(NMe2)3,

2402

PF2(NMe2),
2452 PF2(2,5-Me2C6H3),

2452 PPh3,
2453 PPri3,

2448 PBut3,
2177 PEt3,

2454 PCy3,
2455,2456

P((CH2)2CN)3,
2457,2458 PCy2Ph,

2459 PMe2Ph,
2460 PPh2(CH2CONHMe),

2461 PTol3,
2462–2464

PMes3,
2465 P{2,4,6-(MeO)3C6H2},

2466,2467 PPh2(2-Py),
2468 P(2-Py)3,

2469 PPhFc2,
2470

PPh2CH2Fc,
709 PPh2C�CH,2471 PPri2C�CH,2232 PPh2CH2TMS,

2032 PPh2CH2CO2H,
2472

PPh2(OH),
2473 P(4-MeOC6H4)3,

2474 PPh2NHCH(Me)CO2,
2475 PCl2Ph,

2476 PHPh(2,4,6-
But3C6H2),

2477 PPh2(C6H4NMe2),
2178 PPh(C6H4NMe2)2,

2178 P(C6H4NMe2)3,
2178 [AuX(ER3)]

(X=Br, I; ER3=PCy3 PMe3),
2478,2479 or [AuX(PMes3)] (X=Cl, Br, I),2480 and have been char-

acterized by XRD, showing the expected linear coordination for gold(I). A structural study has been
carried out on complexes [AuX(PMe2Ph)] (X=Cl, Br, I) and shows association into trimers or dimers
in the solid state through aurophilic interactions.2481These complexes show emission from two excited
states,2482 as has been observed also for compounds [AuX (EPh3)] (X=Cl, Br; E=P, As).2483 The
effects of substituents on aurophilic and �–� interactions in complexes [AuX{P(C6H4R)3}] and
[AuX{P[C6H3(CF3)2]3}] (X=Cl, SPh, SPy; R=Me, CF3) has been studied.

2484

Other P-donor ligands have also been used in the synthesis of linear mononuclear gold
derivatives. Potentially bidentate ligands, as L=PPh2(CH2)2SMe,

2485 PPh2CH2PPh2Se,
2486

PPh2(2-OHC6H4),
2487 PPh2(2-OTMSC6H4),

2473 PPh2(2-NH2C6H4),
2487 Ph2PNHP(O)Ph2,

2488

But2PSepy (419),2489 PPh2NH(2-Py) (420),2490 PPh2Bzim(CH2Ph) (421),1378 and
PPh2(CH2)2CONHMe

2491 lead to mononuclear complexes [AuClL] with the gold bound to the
chlorine and the phosphorus atoms.
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Phosphole ligands such as 1-phenyldibenzophosphole or 1-phenyl-3,4-dimethylphosphole or
PC5H3(TMS)2-2,5 form complexes of the type [AuClL];2492,2493 the structure of (422) shows
gold–gold interactions between two independent molecules. P-mono- and bis-(2-chloroethyl)-
amino-substituted heterocyclic compounds react with [AuCl(THT)] with displacement of tetrahydro-
thiophene to give the corresponding chloro complexes, as for instance complex (423). These
derivatives have potential antitumor activity.2494 Another chloro(phosphine) gold(I) complex
with highly potent activity against human cancer cell is (424).2495

P Au Cl
P

NC

N

C N
Au

N(CH2CH2Cl)2

Cl

MeO

Me

O Me

(422) (423)

P
Au Ph

Cl

S
Ph

(424)

The reaction of the cage-type ligand TPA with [AuCl(THT)] gives [AuCl(TPA)] (425), and a
similar reaction was observed with the protonated TPA ligand to give [AuCl(TPA�HCl)].2496 The
small cone angle of the phosphine ligand allows a short intermolecular aurophilic interaction.
Reductive cleavage of the methyl phosphonium salt (TPAMeþI�) by sodium in liquid ammonia
affords the new bicyclic ligand (PMe)(CH2)5N2(NMe), which reacts with [AuCl(SMe2)] to give
complex (426), which is a monomer.2497

Au ClP

N
N

N

P

N
N

NMe

Au

Me
Cl

(425) (426)

An interesting physical property exhibited by gold(I) compounds with short Au���Au contacts
is the visible luminescence observed under UV excitation in the solid state, especially at liquid
nitrogen temperature. In mononuclear gold(I) complexes the luminescence has been associated
with a trigonal, noncentrosymmetric structure obtained either through intermetallic interactions,
or three-coordination associated with a metal centered (MC) pz! ds phosphorescence.2496,2498

Other possible absorption modes, such as ligand centered (LC) or ligand-to-metal charge transfer
(LMCT) are also observed depending upon the types of ligands present. The luminescence spectra
of [AuCl(TPA)] and [AuCl(TPA�HCl)] are substantially different and are correlated with the
change in the Au���Au interaction. At 78K [AuCl(TPA)] luminesces intensely red (674 nm),
while the protonated [AuCl(TPA�HCl)] luminesces yellow (596 nm). The emission bands in both
complexes blue-shift as the temperature is increased. The interpretation of the phenomena is
supported by extended Hückel MO calculations.2496 [AuCl(TPA)] is readily converted into the
corresponding bromide or iodide, by reacting with HBr (aqueous) or KI in acetone, respectively.2498

They have two emission bands with relative intensities which depend upon the excitation wave-
length used.
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The chiral phosphine ligand (2-hydroxybutyl)diphenylphosphine (racemic mixture) forms the
racemic chiral complex [AuClL]. Metathesis reactions with KBr or KI lead to the corresponding
bromide or iodide complexes, respectively. In the crystal, pairs of enantiomers are aggregated
by two long hydrogen bonds between the hydroxy group and the halogen substituent.2499 With
chiral secondary phosphines the complexes [AuX(PHMePh)] (X=Cl, Br, I) have been obtained,
the structures for Cl and Br show chain-like supramolecular aggregates through aurophilic
Au�Au contacts. The chain contains both enantiomers following the sequence
. . .RSRSRS. . .2500 Gold(I) complexes with polyaromatic phosphines PArnPh3�n (Ar= naphthyl,
naphthyl, anthracenyl, Fc, biphenyl, or phenanthrenyl) of the type [AuX(PR3)] (X=Cl, NO3)
have been synthesized. The relative complexing abilities of the phosphines follows quite closely
the order of the calculated cone angles, indicating that steric factors are the dominant influence
in determining the reactivities of these polyaromatic phosphines.2501 Gold(I) complexes with
phosphinoketimines P(N=CPh2)nPh3�n (n= 1–3) of the type [AuClL] have been reported
showing that the gold(I) center always prefers coordination to the phosphorus atom than to
the nitrogen one.2502

A new example with an intermolecular Au���Au interaction (2.9807(4) Å) is obtained in the
reaction of [AuCl(PMePh2)] with [Au(SiPh3)(PMePh2)] (Equation (36)). In solution, the com-
pound is in equilibrium with the mixture of the monomers.2503 Similarly, the complex
[Au(SiR13)(PR

2
3)] undergoes ligand redistribution in solution to give the homoleptic species;

[Au(SiPh3)(PMe3)] crystallizes as the heteroleptic complex.
2504 The reaction of [AuClL)] with

[GeCl2(dioxane)] affords [Au(GeCl3)L] (L=AsPh3, PPhMe2), the complexes are dimers in the
crystal with short Au�Au or Au–Cl contacts.2313,2505

[AuCl(PMePh2)] + [Au(SiPh3)(PMePh2)] Au

MePh2P

MePh2P

Au
SiPh3

Cl

ð36Þ

Other [AuClL] complexes with monophosphines are those derived of o-carborane (427),2506 pyr-
anoside group (428),2507 �-dimethylamino(3)ferrocenophan-2-yl,2508 calix[4]arene derived phos-
phites,2509 or aminoxyl radical-substituted phosphines (429),2510 for which ferromagnetic
interactions have been observed.

C

C

Ph2
P

Ph

Au Cl
O

O
O

Ph

Oh O
Me

PPh2

Au

Cl

P
Ph2

Au Cl
N

N

O

O

(427) (428) (429)

Homoleptic complexes of the type [AuL2]
þ with L=PPh2CH2TMS,

2032 PCy3,
2455,2456

P(CH2CH2CN)3,
2457 PPh3,

2511 PBun3,
2512 P(2,4,6-Me3C6H2),

1,2513 PPhFc2,
1745,2501 PPhMe2,

2505

PPh2CH2Fc,
709 PPh2CH2SPh,

2514 Ph2PNHP(O)Ph2,
2488 P(CH2OH)2CH2Fc,

2515 or with mixed
ligands [AuL1L2]þ (L1=PPh2CH2TMS,

2032 PPhFc2,
1745 P(CH2SPh)3;

2516 L2=PPh3) have also been
synthesized with several phosphine or arsine as ligands. In some cases the mixed phosphine
derivatives are in equilibria with the homoleptic species.2032 The crystal structures of isostructural
silver and gold complexes with the trimesitylphosphine ligand1 lead to the experimental evidence
that gold is smaller than silver as was theoretically predicted in calculations using relativistic and
correlation effects.2517–2519 The complex [Au(PPhMe2)2]

þ[Au(GeCl3)2]
� (430) forms a chain of

gold atoms where unexpectedly the sequence is þ��þ, which is clearly at variance with the simple
rules of Coulomb forces.2505 Heterometallic complexes with the phosphine ligand PPh2CH2SPh
have been synthesized from [AuCl(PPh2CH2SPh)] or [Au(PPh2CH2SPh)2]OTf; they react with
[PdCl2(NCPh)2] or AgOTf to give [{AuCl(PPh2CH2SPh)}2PdCl2], [AuPdCl2(PPh2CH2SPh)2]OTf
(431), or [AuAg(PPh2CH2SPh)2]OTf (432), respectively.2514,2520
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High coordinated gold(I) complexes with monodentate phosphines, arsines, or stibines have
been reported. It was first demonstrated, by 31P NMR studies, that bis-, tris-, and even tetrakis
(phosphine)gold(I) complexes exist in solution. Owing to rapid ligand exchange on the NMR
time scale the individual complexes can only be observed at low temperatures. The linear
complexes [AuX(PR3)] interact with an excess of phosphine to give a series of species including
primarily [AuX(PR3)2], [Au(PR3)3]X, or [Au(PR3)4]X as components of equilibria, as shown in
Equation (37). The maximum coordination number attainable depends on the particular ligand
used. For bulky phosphines, as PR3=PCy3, only the two-coordinated cation [Au(PCy3)2]

þ is
accessible, but with PR3=PBu3, P(4-Tol)3, or PPh2{CH2CH2(2-Py)} both [Au(PR3)2]

þ and
[Au(PR3)3]

þ are detected; for PR3=PEt3, PMe2Ph, P(OEt)3, or P(OCH2)3CEt finally the two-,
three-, and four-coordinated species are observed.2521–2524

[AuX(PR3)] 3)2             [Au(PR3)2]X             [Au(PR3)3]X  [Au(PR3)4]X
PR3 PR3 PR3[AuX(PR ]

ð37Þ

Electrospray mass spectrometry is a technique that allows pre-existing ions to be transferred
from solution to the gas phase with minimal fragmentation, followed by conventional mass
analysis. Recently electrospray mass spectra have been studied for a number of cationic phos-
phinegold(I) complexes in dichloromethane/methanol solution.2525 For derivatives of the types
[Au(PR3)2]

þ and [Au(PR3)3]
þ, the intact cations were observed, but ions of the type [Au(PR3)4]

þ

where not detected in the gas phase. Even the three-coordinated [Au(PR3)3]
þ are relatively

unstable in the gas phase, and the ions [Au(PR3)2]
þ are readily produced.

Three-coordinate complexes with two phosphines are commonly of the type [AuX(PR3)2]. They
show Au�P distances rather longer than those in two-coordinate complexes and P�Au�P angles
somewhat wider than 120�; the extend of the distortion depends on the ligands X and PR3. Some
recent results of structure determinations are as follows: PR3=PPh3, X=Cl [135.7(1)�], Br
[132.45(8)�], I [132.13(7)�],2526 SCN [127.8(1)�],2527 C(CN)3 [161.23(9)�],2528 S2COEt
[130.1(1)�];2529 PR3=PCy2Ph, X=Cl [158.24(5)�],2530 PR3=P(CH2CH2CN)3, X= S2COEt
[145.3(1)�].2529 In solution the complex [AuCl(PPh2CH2Fc)2] is in equilibrium with linear, three-,
and four-coordinated species.709 Some of these three-coordinate bis(phosphine) gold(I) complexes
luminesce in the solid state, as well as in solution.2529,2531 The emission is attributed to metal
centered pz! (dx2�y2 , dxy) transition. An example of three-coordinate derivative with triphenyl-
stibine is [Au(2-C6H4NO2)(SbPh3)2].

1644

The most regular three-coordination is observed in compounds where all the three ligands are
identical, as in [Au(PPh3)3]

þ salts. Despite the cations being formally identical, small differences are
observed in the structures with different anions, such as B9H12S

�,2532 BF4
�,2533 NO3

�,2534

[Mo(SC6F5)4(�
5-C5H5)]

�,2535 SiF5
�,2536 or Cl�.2537 The cation of [Au(PCy2Ph)3]ClO4, obtained by

reaction of [AuCl(PCy2Ph)] with an excess of PCy2Ph in the presence of (NH4)ClO4, also has an
almost ideal trigonal planar geometry [P�Au�P angles of 119.3(3)�].2538The three-coordinate gold(I)
compound with the ferrocenyl phosphine PPh2CH2Fc has also been described, [Au(PPh2CH2Fc)3]-
ClO4.

709 The complexes [Au(TPA)3]Cl and [Au(TPPTS)3]
8� (TPPTS= tris[(3,30,300-phosphinidyne-

tris(benzenesulfonate)) show luminescence in aqueous solution.2539

Four-coordinate complexes with monodentate ligands have also been reported. The X-ray
crystal structures of three modifications of the compound [Au(PPh3)4]BPh4 have been determined,
none of which shows the expected simple tetrahedral geometry.2540 Thus, the chloroform solvate
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contains a trigonal planar Au(PPh3)3 unit bound to other phosphine with a very long
Au���P contact (3.95 Å). However, the cation of [Au(PMePh2)4]PF6, obtained by reaction
of K[AuBr4] with an excess of PMePh2, shows a nearly regular tetrahedral geometry.

2541 The
structure of [Au(AsPh3)4]BF4 has been carried out and also shows a very regular tetrahedral
geometry.686 The cations of the triphenylstibine complexes [Au(SbPh3)4]X (X=ClO4,
[Au(C6F5)2]

�, or [Au{2,4,6-(NO2)3C6H2}2]
�)2114,2542–2544 show also a tetrahedral coordination at

the gold atom, with Sb�Au�Sb angles of 107.8–111.0�. The compounds are readily obtained
by addition of SbPh3 to solutions of [AuR(THT)] [R=C6F5, 2,4,6-(NO2)3C6H2].

2114,2544 An
equilibrium between the neutral three-coordinate [AuR(SbPh3)2] and the ionic four-coordinate
complex [Au(SbPh3)4][AuR2] has been proposed in solution.

2114

The compounds [AuX(PR3)3] (PR3=PPh3, X=Cl, SCN, GeCl3;
2545–2549 PR3= 1-phenyldibenzo-

phosphole, X=Cl)2492 show the presence of a four-coordinate gold atom in a distorted tetrahedral
geometry, with rather long Au�P and Au�X distances. The water soluble and luminescent gold(I)
complex [AuI(MeTPA)3]I3 ((MeTPA)I= 1-methyl-1-azonia-3,5-diaza-7-phosphaadamantane
iodide), has been obtained by reaction of [AuCl(SMe2)] with three equivalents of (MeTPA)I.

2117

The coordination environment of the gold center is approximately trigonal planar and the iodine
is weakly coordinated to the gold atom perpendicular to the AuP3 plane [Au—I distance
2.936(1) Å]. The solid shows a yellow emission (598 nm) at 77K and an orange emission
(686 nm) at 140K. [AuI(MeTPA)3]I3 undergoes an unusual phenyl-transfer reaction in aqueous
solution with NaBPh4 to form [AuPh(MeTPA)3]BPh4. An analogous phenyl-transfer reaction has
been observed between [Au(TPA)3]Cl and NaBPh4, which leads to [AuPh(TPA)].

2117 Reaction of
7-diphenylphosphino-2,4-dimethyl-1,8-naphthyridine (dpnapy) with [AuCl(THT)] affords the tri-
coordinate compound [Au(dpnapy)3]

þ (433); the latter shows strong affinity towards CuI and CdII

(434) ions.2550
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Au
N N

P
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+

Au

P N N

P N N

P N
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3+

(433) (434)

N

Although in most of the above reports structural information is based on X-ray data, Au
Mössbauer spectroscopy has also been successfully employed for the investigation of two-, three-,
and four-coordination in gold(I) complexes.2551 An increase in coordination numbers leads to a
decrease in the isomer shift (IS) by 1–2mm s�1 (three-coordination) or 2–4mm s�1 (four-
coordination) relative to two-coordination. For the same ligands, the quadrupole splitting (QS)
for three-coordinated complexes is expected to be very similar to that for the two-coordinate
derivatives, while that for complexes with Td symmetry should be zero.
Gold(I) complexes of the type [AuCl(PPh3)n] (n= 1, 2) or [Au(NO3)(PPh3)] show an excellent

performance towards oxidative addition carbonylation or aromatic amines to form corresponding
carbamates, and also towards the carbonilation of aliphatic amines to produce either alkylureas
or formamides.2552,2553 Cationic gold(I) compounds of the type [AuL]þ where L= phosphine,
phosphite, or arsine are excellent catalysts for the addition of alcohols to alkynes.2554

(iii) Complexes with polydentate ligands

Bi-, tri-, and tetradentate phosphines or arsines have been used quite frequently as bridging
ligands between gold(I) centers. Dinuclear (chloro)gold(I) complexes of ditertiary phosphines
with the phosphorus atoms bridged by one to eight carbon atoms, of the type [Au2Cl2{�-
(PPh2)2(CH2)n}] (n= 1–8) have been prepared from [AuCl(CO)] or [AuCl(SR2)] with the
corresponding bidentate phosphine. They can adopt different structural patterns, as the result
of the formation of Au���Au bonds (see Figure 20). The crystal lattice of the 1,4-bis(diphe-
nylphosphino)butane (n= 4) or hexane (n= 6) derivatives contain independent molecules (type
a),2555,2556 which show no intra- or intermolecular Au���Au interactions in contrast with the
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structures of the related gold complexes with shorter or longer chain diphosphines, where
intra- (n= 1, type b)2557 and intermolecular metal–metal interactions with formation of dis-
crete dimers (type c),2558,2559 or polymeric chains (type d) are found.2555,2556,2560,2561 The
completely different packing of the monomeric molecules of [Au2Cl2{�-(PPh2)2(CH2)4}] and
the two polymorphic forms of [Au2Cl2{�-(PPh2)2(CH2)2}], where the short Au���Au contacts
give rise to dimers or to a polymeric chain structure, are particularly remarkable, since the
conformation of the free phosphines show a close relationship. It has been suggested that
packing effects with or without solvent molecules determine the conformation of these
molecules; in fact for [Au2Cl2{�-(PPh2)2(CH2)2}] the presence of dichloromethane in the
crystal leads to a transformation of the dimeric units present in the solvent-free crystal
modification to a polymeric chain. For n= 3 and larger chains the complexes show monomeric
dinuclear molecules connected through intermolecular Au���Au contacts of ca. 3.30 Å to give
polymeric chains.
Analogous structures occur in other diphosphine complexes of the type [AuCl2{�-

(PPh2)2X}]
2562–2569 and thus monomeric molecules without Au���Au interactions are found

when X=C¼PPh3; monomeric molecules with intramolecular metal–metal contacts are formed
for C¼PMe3, CH2¼CC¼CH2, bicyclopropyl, cis-CH¼CH, and polymeric compounds with
intermolecular Au���Au interactions are obtained for trans-CH¼CH, CH2C(¼CH2)CH2, or
C(¼CH2). Chains are also obtained for the arsino-phosphino ligand PPh2CH2CH2AsPh2,2570

or for the bis(diisopropylphosphino)ethane ligand.2571 In the complexes with the diphosphine
PPh2C(¼PMe3)PPh2, the ligands change their ground state syn/anti orientation to a symmetrical
syn/syn conformation upon coordination to gold(I) (Equation (38)). From temperature-depend-
ant NMR studies the energy of the Au���Au interaction has been estimated to be in the order of
29–33 kJmol�1.2562,2563 Another example of the conformation-determining attractive interaction
between gold(I) centers is the change in the conformation of the butadiene skeleton when 2,3-
bis(diphenylphosphino)-1,3-butadiene is coordinated to two gold atoms in [Au2Cl2{�-
PPh2C(¼CH2)C(¼CH2)PPh2}].2565
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Figure 20 Different structural patterns of [Au2Cl2{�-PPh2(CH2)n}].
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Other bidentate ligands used in the synthesis of dinuclear gold(I) derivatives are PBut2OPBu
t
2,

2572

Ph2PNHPPh2,
2573–2575 1,1-bis(diphenylphosphino)ferrocene,2576–2579 1,2-bis(diphenylphosphino)-

1,2-dicarba-closo-dodecaborane,2580 Ph2PCF2PPh2,
2581 Ph2PN(o-C6H4OMe)PPh2,

2582 dihydro-
benzoxazaphosphorinone derivatives,2494,2583 1,4-Ph2PC6H4PPh2, and 4,4 Pr

i
2PC6H4C6H4PPr

i
2,

2225

Ph2PCH2C6H4CH2PPh2,
2584 Ph2P(CH2)2O(CH2)2PPh2,

752 Ph2P(CH2)2PEt2,
2585 n-Py2P(CH2)2PnPy2

(n= 2, 3, 4),2586 ButP(�-CF2)2PBu
t (435),2587 Ph2P(CH2)2CONH(CH2)2 NHCO(CH2)2PPh2,

2491

2,5-bis(diphenylphosphinomethyl)thiophene,786 2,9-bis(diphenylphosphino)-1,8-naphthyridine,1384

3,4-bis(diphenylphosphinoamino)toluene,1757,1758 1,2-bis(diphenylphosphinoamino)benzene,1757

1,3,5,7-tetramethyl-9,10-(o-phenylene)-4,9-dioxa-8, 10-diphospha-adamantane,2588 1,3-bis(diphenyl-
phosphinito)benzene (436),2589 N,N0-diethyl-N,N0-bis(diphenylphosphino)urea,2590 1,1,3,3,4,4,6,6-
octaphenyl-1,3,4,6-tetraphosphazene (437),2591 Ph2P(CH2)2NR(CH2)2PPh2 (R=H, NO),2592 or
1,10-diphenyl-2,20,5,50-tetrahydro-3,30,4,40-tetramethyl-1H,10H-2,20-biphosphole (438).2593Complexes
of the type [Au2X2(�-PP)] where X can be an anionic ligand other than chlorine, pseudohalogen, aryl,
silyl group, etc. or even a neutral ligand, as tetrahydrothiophene, ylide, and phosphine that gives
cationic complexes of the type [(AuL2)2(�-PP)]2

þ have also been synthesized.505,1650,1651,1757,2109,

2110,2147,2577,2580,2594–2596

P
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Hayashi and co-workers have reported a very efficient synthesis of optically active dihydroox-
azoles involving a gold(I)-catalyzed coupling of isocyanoacetate esters with aldehydes in the
presence of the chiral diphosphine [(�5-C5H4PPh2){�

5-C5H3(PPh2)CHMeNMeCH2CH2NR2}Fe]
(R=Me, Et) (PP) (Equation (39)).2597 The dinuclear [Au2Cl2(�-PP)] and trinuclear [Au3Cl3(�-
PP)] complexes have been isolated.2598

Fe
PPh2

PPh2

CH
MeMe

N NR2

NO NO

R COOMe R COOMe
RCHO, [Au(CyNC)2]BF4

CNCH2COOMe, CH2Cl2, 25 °C
+

ð39Þ

With higher diphosphine/gold ratios other structural patterns can be obtained. The dinuclear
derivatives [Au2(�-PP)2]

2þ are known with a great variety of diphosphines R2PXPR2 where X can
be CH2,

2196,2557,2599–2607 (CH2)2,
2604,2608,2609 (CH2)3,

2608,2610 C¼CH2,2569 C(CH2CH2),
2096

CHCH2OMe,
2096 CH2CHEtO (439),782 C¼C¼CMe2,2611 NH (440),1650 or NEt.2612 Analogous

complexes have been described with Ph2AsCH2AsPh2.
1651,2313 Most of these derivatives are three-

coordinate by bonding to the anionic ligand that can be Cl, Br, I, S2CNEt2, or BH3CN and also
by formation of Au� � �Au interactions with molecules such as [AuCl(GeCl3)]�. The complexes
[Au2{(PR2)2CH2}]

2þ (R=Me, Ph, Cy) are luminescent in the solid state and in solution, and
several studies have been carried out related to aurophilic attraction and luminescence.2601,2613–2618
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The high luminescent complex [Au2{(PPh2)2-CH2}](OTf)2 with a triplet excited state can be used in
light-emitting diodes.2619
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The dinuclear derivatives [Au2{(PR2)2X}]
2þ (X=CH2, NH) can be easily deprotonated to give

the neutral complexes [Au2{(PR2)2Y}] (Y=CH (441), N).771,2620–2622 Further coordination of
the C or N atoms to other metal complexes gives tetra- or hexanuclear derivatives as, for example,
(442).771,2162,2163,2622

Studies of gold(I) cations with empirical formula [Au{PPh2(CH2)nPPh2}]
þ show that the com-

plexes crystallizes as rings for n= 3 or 5 but as a polymer when n= 4. The ring complexes can be
connected through aurophilic bonding by addition of [Au(CN)2]

� as, for example, in (443).2623 With
the diphosphine 9,10-bis(diphenylphosphino)anthracene the reaction 1:1 with [AuCl(SMe2)] gives
the trinuclear complex [Au3(�-PP)3]

3þ (444).2624 This luminescent gold ring is shown to be an
inorganic analogue of cyclohexane in terms of structure and solution dynamics. Other stoichio-
metries with diphosphine ligands are of the type [Au3Cl2(�-PP)2]

þ which are known for dppm
(445),1744,2625 or Ph2PNEtPPh2,

2612 the mixed gold(I)–gold(III) [Au{�-(AsPh2)2CH2}2{Au
(C6F5)3}2]ClO4,

1651 or the methanide complexes Bu4N[Au{�-(PPh2)2CH}2{Au(C6F5)3}2],
Bu4N[Au{�-(PPh2)2CH(AuX)}2{Au(C6F5)3}2] (X=Cl, C6F5), [Au{�-(PPh2)2C(AuPPh3)2}2
{Au(C6F5)3}2]ClO4,

1755 and [AuCl(�-PPh2CH2PPh2)AuCH(PPh2AuCl)2].
2626 Another type is the

dinuclear derivative [Au2(C6F5){(PPh2)2C2B9H11}(PPh3)] with an anionic bridging diphosphine
ligand and two different terminating ligands.2627
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Dppm has also been used to synthesize heterodinuclear complexes with the diphosphine
bridging gold and other metal atoms. Thus, a number of heterometallic derivatives with gold
and iridium as (446),2628–2631 nickel,2632 palladium or platinum,1763,2633,2634 iron as (447),2635–2637

molybdenum, or tungsten,721,2638 are known. Other bimetallic systems with rhodium or platinum
and gold have been obtained with the 2-[bis(diphenylphosphino)methyl]pyridine as (448).2639,2640

Reaction of trans-[MCl2(AsPh2CH2AsPh2)2] (M=Pd, Pt) with [AuCl(THT)] leads to the tri-
nuclear complexes trans-[MCl2(AsPh2CH2AsPh2AuCl)2]. With the bis(diphenylstibino)methane
the result is different and the dinuclear derivative [AuCl2{�-(SbPh2)2CH2}] is obtained.

1762
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Other heteronuclear complexes are those of the bis(diphenylphosphino)methanide and the group
6 metals, [M(CO4){(PPh2)2CHAu(PPh3)}] (M=Cr, Mo, W).2641
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Most of the dinuclear gold(I) complexes are homobridged diauracycles with the same bridging
ligand on each side, but some examples of heterobridged derivatives have been reported. These
contain a diphosphine in addition to other bidentate ligand such as bis(diphenylphosphino)-
methanide,2096,2621 bis(ylide),2626,2642 dithiolate,2643,2644 dithiocarbamate,2642,2645 xantate,2037

phosphoniodithioformate,2039 dithiophosphinate,2040 or pyridine-2-thiolate.2038 They can be
obtained by reaction of the [Au2X2(�-PP)] complexes with the bidentate ligand as shown in
Equation (40), or by ligand exchange reactions between two different homobridged dinuclear
compounds, as shown in Equation (41). Other examples with dithiolate ligands can be seen in
Section 6.7.3.4.5.
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Bidentate ligand transfer also occurs between di- and mononuclear complexes via donor–
acceptor intermediates. Reactions of the cationic complex [Au2(�-dppm)2]

2þ with [AuX2]
�

(X=Cl, Br) salts lead to tri- or dinuclear derivatives depending on the molar ratio (1:1 or 1:2)
(Scheme 36).2645
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Tri-tertiary phosphines react with gold(I) complexes of the type [AuX(SR2)] and function as
templates for the synthesis of trinuclear derivatives of the type [Au3X3(�-L)]. The gold atoms can
be aggregated in equilateral triangles or in other forms, depending of the nature of the phosphine.
Ligands imposing structure-bases constraints, as HC(PPh2)3, lead to complexes
[Au3X3{(PPh2)2CH}] (X=Cl (449), Br, I, C6F5)

2646,2647 with a triangular all-cis arrangement of
the three gold atoms and rather short Au���Au contacts, whereas the conformation of the free
ligand is all-trans.2646 Other stoichiometries, as with the dinuclear [Au2{�-(PPh2)2
CHPPh2}2](ClO4)2,

2647 trinuclear [Au3Cl{�3-(PPh2)3CH}2](ClO4)2 (450), [Au3{�3-(PPh2)3
CH}2](ClO4)3,

2647,2648 and tetranuclear as [Au2{�-(PPh2)2CHPPh2Au(C6F5)}2] (ClO4)2 (451).2647

The trinuclear derivative [Au3Cl{�3-(PPh2)3CH}2](ClO4)2 shows a photoluminescent behavior.
2648

The CH group of these complexes can be deprotonated to give tris(phosphine)methanide deriva-
tives such as [Au2{�-(PPh2)2CPPh2}2] or [Au2{�-(PPh2)2CPPh2AuX}2].

2647 Heteronuclear com-
plexes with this ligand have been obtained with gold and rhodium,2649 such as
[Rh(COD){(PPh2)2CHPPh2Au(PPh3)](BF4)2 or with gold and group 6 metals, such as
[M(CO4){(PPh2)2CHPPh2AuX}] (M=Cr, Mo, W; X=Cl, C6F5).

2650

Bis[2-(diphenylphosphino)phenyl]phenylphosphine (TP) is a very inflexible ligand with a rigid
backbone and gives the trinuclear complex [Au3Cl3(TP)] (452), that has a compact unsymmetrical
structure in the solid state which is retained in solution owing to the fixation of the gold atoms
through intermetallic contacts.2651
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The more flexible ligands MeC(CH2PR2)3 (R=Me, Ph) form complexes of the type
[Au3X3{(PR2CH2)3CMe}] (R=Me, Ph),1766,2652,2653 or [Au2(C6F5)2{(PPh2CH2)2C(Me)
PPh2O}].

1766 The compound [Au3Cl3{(PMe2CH2)3CMe}] has a layer structure with two of the
gold atoms associated via intramolecular Au���Au contacts and the pair of gold atoms are further
aligned in chains through intermolecular Au���Au contacts.2653 Heteropolynuclear complexes with
gold and group 6 metals have been described with the triphosphine (PPh2CH2)3CMe.

1767 The
related N(CH2PPh3)3 yields the trinuclear derivatives [Au3X3{(PPh2CH2)3N] (X=Cl, Br, I); for
Cl or Br an aggregation into layers through Au�X contacts is observed, but for I the molecules are
linked into strings through short intermolecular Au���Au contacts.2654

Interesting tri- and tetranuclear complexes have been obtained with flexible tridentate ligands
of the type RE(CH2PR2)2 (R=Me, Ph; E=P, As). The reaction of PhAs(CH2PPh2)2 with two
equivalents of [AuCl(SMe2)] yields the dinuclear [Au2Cl2{(PPh2CH2)2AsPh}], which crystallized
as a dimer with intermolecular gold–gold interactions.2655 Further treatment with [AuCl(SMe2)]
produces the trinuclear [Au3Cl3{(PPh2CH2)2AsPh}] (Scheme 37), which has a bent Au3 chain.
Precipitation of half of the halogen from the binuclear complex gives [Au4Cl2{(PPh2CH2)2AsPh}],
which has a bent Au4 chain.
With the triphosphines RP[(CH2)nPR2]2 (R=Me, Ph; n=1, 2) other tri- and tetranuclear

species can be obtained as, for example, (453)–(455).1764,1765,2656–2660 These compounds show photo-
luminescence at room temperature.
The dinuclear complex [Au2Cl2{(PPh2CH2)2AsPh}] is a convenient building block for the

synthesis of polynuclear aggregates because it contains an uncoordinated arsenic atom, which
should make it capable of coordinating another metal, such as palladium, rhodium, or iridium as,
for example, (456).2661,2662 The triphosphine PhP(CH2PPh2)2 allows the formation of similar
heteronuclear complexes with iridium, such as [Au3IrCl3(CO){PhP(CH2PPh2)2}2]PF6 (457) or
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[Au2Ir(CN)2{PhP(CH2PPh2)2}2]PF6.
2663 The metallomacrocycle [IrCl2 (CO)2{PhP(CH2PPh2)2}2]

is a useful starting material for the preparation of trinuclear derivatives and then it reacts with
[AuCl4]

� to give [Ir2AuCl4(CO)2{PhP(CH2PPh2)2}2];
2664 a similar compound is obtained by

treatment with [AuCl(CO)] followed by Cl2.
2665 Other adducts are obtained by reaction of

[Ir2AuCl2(CO)2{PhP(CH2PPh2)2}2] with sulfur dioxide.
2666 Mixed palladium or platinum and

gold derivatives as (458) have been synthesized starting form [MCl{PhP(CH2CH2PPh2)2}]Cl by
reaction with AuI solutions.2667 A dimeric gold(I) triphospholyl complex has been obtained by
reaction of 1-trimethylstannyl-3,5-di(But)-1,2,4-triphosphol with [AuCl(PPh3)].

2668
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Tetrakis(diphenylphosphinomethyl)methane C(CH2PPh2)4 reacts with four equivalents of
[AuCl(SMe2)] to give the tetranuclear complex [Au4Cl4{(PPh2CH2)4C}] (459). The changes in
structure and conformation as compared to that of the free ligand are due to intermolecular
Au���Au interactions for one pair of gold atom centers.2652 Another tetradentate ligand, L,
derived from a calix[4]resorcinarene by incorporation of four phosphonite donors, leads to the
bowl shape complex [Au4Cl4L]. The latter forms inclusion complexes with amines and alkali
metal cations but not with other potential substrates.2669,2670 Other tetranuclear gold(I) complexes
with calixarene–phosphine ligands are those derived of p-But-calix[4]-(OCH2PPh2)4 (L),

799 or
related ligands.2671 The stepwise formation of this complex by reaction of this ligand with
[AuCl(THT)] under conditions that allow the mechanism to be resolved, has led to the isolation
of a calixarene polymer [Au2Cl2L]n.

2672 The ligands tetrakis(diphenylphosphine)tetrathiafulvalene,
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(PPh2)2TTF, and 1,4,8,11-tetrakis(diphenylphosphinomethyl)-1,4,8,11-tetraazacyclotetradecane
(L) also form tetranuclear derivatives such as [Au4Cl4{(PPh2)4TTF}] (460)2673 or [Au4X4L4]
(X=Cl, Br, I).2674 The complexes with the tetraaza moiety are 2D polymers and show interesting
multistate photoluminescence in the solid state. Other gold(I) complexes with potentially tetra-
dentate ligands are those derived of a phosphinine macrocycle (461),48 or those obtained by
reaction of (ButP)4 with AuBr3 which gives [AuBr(PBu

t)4] or [Au2Br2(PBu
t)4].

2675 Gold(I) com-
plexes with dentritic polymers containing phosphorus donor ligands have been described,2676,2677

those are of generation 2,2678 with 16 and 32 !-phosphine chain-ends of generations 2 and
3,2461,2491 or the generation 10 characterized by high-resolution electron microscopy.2679
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Three-coordinate neutral or cationic complexes of the type [AuX(P-P)] (X=Cl, C6F5) or
[AuL(P-P)]þ (L=THT, PR3, AsPh3, ylide, SPPh3) with a bidentate chelate phosphine ligand
have been obtained for Fe(C5H4PPh2)2,

2577,2680,2681 Fe(C5Me4PPh2)2,
2682 C2B10H10(PPh2)2,

2580 and
Z,Z-PPh2CH2C(Bu

t)¼NN¼C(But)CH2PPh2.758 Three-coordinate neutral complexes of the type
[Au(P-P)PR3] (462) have been obtained with the anionic nido-diphosphine ligand [7,8-(PPh2)2-7,8-
C2B9H10]

�.2683 In the dinuclear complexes considered above, [Au2X2(�-P-P)], the metal atoms can
be three coordinate by bonding of the anion X. The coordination of the ligand X is nearly
perpendicular to the P�Au�P-axis, which is approximately linear (P�Au�P angles, 156–170�)
and leads to a T-shape coordination array at the gold atoms, which have short Au���Au contacts.
Some examples are [Au2Cl2(�-dppm)] (463)2602 and [Au2(S2CNEt2)(�-dppm)](BH3CN) (464).2603

The dinuclear platinum complex [Pt2(�-S)(�-dppm)(�
1-dppm)2] can act as a tridentate ligand. It

reacts with [AuCl(SMe2)] to give a trinuclear complex with a three-coordinate gold atom (465).2684
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With diphosphine ligands only several three-coordinate gold(I) complexes have been achieved.
The reaction of [AuCl(PPri3)] with Me2PCH2PMe2 leads to the dinuclear derivative [Au2{�-
(PMe2)2CH2}3]Cl2 (466), which is readily converted in the tetrafluoroborate salt; the compound
has a short gold–gold interaction.2685,2686 The resonance Raman and electronic luminescence
spectra of [Au2{�-(PMe2)2CH2}3](ClO4)2 have been studied, which present an intense band at
256 nm and a weaker at 300 nm. The first is assigned to a 1(d�*!p�) transition, with metal–metal
character.2687 The structure of [Au2(2,6-PPh2PyPPh2)3](ClO4)2 is similar but the intramolecular
Au���Au distance is very large.2688 The complex displays photoluminescence at 520 nm in fluid
solutions at room temperature. The ligands 2,9-bis(diphenylphosphino)-1,8-naphthyridine or 2,9-
bis(diphenylphosphino)-1,10-phananthroline form three-coordinate gold(I) metallocryptates
which encapsulate Naþ, Kþ, or Tlþ ions as, for example, (467).1384,1394,2689 Compounds of the
type [Au2(�-PP)(PP)2] have been described for Cy2P(CH2)2PCy2 (468),2690,2691 dppf,2577 or for
mixed diphosphines as in [Au2(�-PP){(PPh2)2C2B9H10}2] (dppe, dppp).

2683 When the diphosphine
is trans-Ph2PCH¼CHPPh2 the reaction of [Au2Cl2(�-PP)] with AgCF3CO2 in the presence of the
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diphosphine gives a 1D ‘‘chain-link fence’’ polymer of stoichiometry [Au2(PP)3]
2þ.2692 In a similar

reaction but with the ligand Ph2P(CH2)4PPh2 crystallizes, as the dicyanoaurate(I) salt, the
compound that contains fused [Au6(�-PP)6] rings (469).2692
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Reactions of the tripod ligand tris(diphenylphosphinoethyl)amine (NP3) with [AuXL] also
produces three-coordinate complexes as the dinuclear [Au2(NP3)2](BPh4)2 or the mononuclear
[Au(NP3)]PF6. These complexes exhibit a brilliant greenish yellow luminescence under hand-held
UV lamp.2693 Luminescence from a three-coordinate gold(I) center is a general phenomenon
where the origin of the emission has been assigned to a metal-centered transition
pz! (dx2�y2 , dxy).

2539

Four-coordinate homoleptic species of the type [Au(L-L)2]
þ where L-L can be a diphosphine or

diarsine have been obtained for L-L=Ph2P(CH2)2PPh2,
739,2585,2694–2697 Et2P(CH2)2PEt2,

2585

Et2P(CH2)2PPh2,
2585 cis-Ph2PCH¼CHPPh2 (dppey),2585 Ph2P(CH2)3PPh2,

2585 MePhEC6-
H4PPhMe (E=P, As),2698 Me2AsC6H4AsMe2,

2544 dppf,2577 (PPh2)2C2B10H10,
2580 dppn,2699

bis((diphenylphosphino)methyl)phenylarsine,2700 tris(2-(diphenylphosphino)ethyl)phosphine
(470),2701 or 1,2-bis(di-n-pyridylphosphino)ethane (dpnpy, n= 2, 3, 4).2586 Salts of
[Au(dppe)2]

þ, [Au(dppey)2]
þ or [Au(dpnpy)2]

þ have been reported to have a good cytotoxic and
a broad spectrum of antitumor activity.2586,2696,2697 In the trinuclear compound
[Au3Cl2{(PPh2CH2)3CMe}]Cl the central gold atom is four coordinate.

2702 Mixed four coordinate
gold(I) complexes with diphosphines have been prepared with the 1,2-bis(diphenylphosphino)-o-
carborane ligand and are of the type [Au{(PPh2)2C2B10H10}(P-P)]ClO4 (P-P= dppe, 1,2-Ph2PC6H4
PPh2, dppey),

2703 or with one nido- and one closo-carborane diphosphine as [Au{[(PPh2)2
C2B9H10]{(PPh2)2C2B10H10}] (471).2704
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Stereoselective self-assembly of double-stranded dinuclear helicates of the type [Au2L2](PF6)2
can be achieved with the highly flexible tetradentate ligands (S,S)-Ph2E(CH2)2P(Ph)(CH2)2P(Ph)
(CH2)2EPh2 (E=P, As). In these complexes, two molecules of the (S,S)-ligand bind stereospecif-
ically to two metal ions (which are four coordinate) to give dinuclear metal helicates of M
helicity, in which each metal center has the S-configuration (472).2705,2706 With the chiral tetra
(tertiary phosphine) (Rp*,Rp*)-1,2-bis[(2-dimethylphosphinophenyl)methylphosphino]benzene a
mononuclear tetrahedral compound (473) has been isolated.2707 Treatment of the rigid tridentate
ligand bis[2-(diphenylphosphino)phenyl]phenylphosphine with [AuCl(SMe2)] yields the four-coord-
inate complex [AuClL] (474).791

Silver and Gold 1055



Ph2As P P AsPh2

Ph Ph

AsPh2PPPh2As

PhPh

Au Au
Au

Ph2P
P

Ph2P
P

Me

Me
P

Ph2P PPh2
Au

Cl

Ph

+

2+

(472) (473) (474)

6.7.3.4.5 Complexes with oxygen donor ligands

Although Au—O bonds are intrinsically weak, gold complexes with oxygen-based ligands are
thought to be involved in the catalytic activity of gold dispersed on transition metal oxides in
some relevant heterogeneous catalytic processes,53,56,2708 as well as in the catalytic addition of
alcohols to alkynes carried out by cationic gold(I) complexes in homogeneous phase.2554

Gold(I) complexes with oxygen donor ligands are usually of the general formula [AuXL], where
L is commonly a tertiary phosphine and X is an anionic oxygen ligand. This type of complex is
relevant not only as catalytically active species2554 or catalytic precursors,2254,2709–2711 but even in
most auration reactions where the gold(I) oxo complexes [O(AuPR3)3]

þ are the most effective
aurating reagents, and also for gold deposition processes both from solution and from
vapor.1774,2712

Hydrolysis of gold(I) in aqueous acetonitrile solutions gives Au(OH)3 and the gold(I) hydroxo
complex [Au(OH)(MeCN)], which has not been isolated in the solid state.2713 The complex
[Au2(�-OH)(PMes3)2]BF4 has been isolated from the reaction of [AuCl(PMes3)] with AgBF4
and NaOH.2714

The oxonium cation [O(AuPPh3)3]
þ was first synthesized by Nesmeyanov et al. by reaction of

[AuX(PPh3)] with Ag2O and a suitable salt in acetone solution or by reaction of AuPPh3
þ

(generated in situ from [AuX(PPh3)] and Ag
þ) with water in basic media.2715 Since then it has

been widely used as an aurating agent in the synthesis of organometallic complexes or highly
aurated species. A great amount of complexes [O(AuPR3)3]

þ with a variety of phosphine or arsine
ligands L have been prepared in a similar manner2151,2394,2402,2403,2715–2722 (e.g., PR3=PPh3,
PMePh2, PMe2Ph, PCy3, PMes3, PEtPh2, PPr

iPh2, P(p-ClPh)3, P(o-Tol)3, P(C6H4OMe-4)3,
P(OEt)Ph2, P(OMe)3, PEt3, PBu

t
3, PMe3, PPr

i
3, P(NMe2)3, AsPh3). Trigold oxonium salts are

also obtained by hydrolysis of some gold(I) complexes with nitrogen ligands.2313,2381

The solid-state structure of these complexes depends on the size of the phosphine ligand used.
Thus, for more sterically demanding phosphines such as P(o-Tol)3,

402 the structure consists of
trigonal OAu3 pyramid with the oxygen atom in the apical position (Figure 21a). For phosphine
ligands such as PPh3 or medium size, the structure is also based on trigonal-pyramidal
[O(AuPR3)3]

þ cations, which undergo intermolecular aggregation to for centrosymmetric dimers
(Figure 21b). The intermolecular interactions between the cations cause the gold atoms to form a
rectangular Au4 subunit, with the six gold atoms of the dimer forming a six-membered ring with a
chair conformation. For the smallest tertiary phosphine PMe3 the monomeric unit, which is also
an OAu3 pyramid, are aggregated through shared edges to give a tetrahedron Au4 subunit (Figure
21c). The dimerization of the trigold oxonium cations have been studied theoretically showing
that for the OAu3

þ unit the tetrahedral dimerization was calculated to be slightly favorable while
the addition of phosphine ligands leads to a preference for a rectangular dimer structure.2723 The
reaction of these trigold oxonium cations with [AuClL] compounds have been studied in solution
and show rapid exchange processes leading to equilibrium mixtures.2716

The hyperaurated oxygen-centered complexes [O(AuPR3)4]
2þ (475) have been synthesized in

high yield by reaction of the trigold oxonium salt with [Au(BF4)(PR3)] (R=Ph, o-Tol). The
complex with R= o-Tol has been characterized structurally and the central oxygen atom has an
imposed, by crystal symmetry, tetrahedral geometry coordinated by four gold atoms. The gold—
gold distances are 3.359,0(4) Å, that although longer than those found in related complexes
indicate significant bonding interaction contributing to the overall stability of the complex.2724
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Heteronuclear �-oxo complexes have been prepared by oxo/halide exchange reactions, then the
reaction of metal halide complexes with the gold oxonium species gives complexes of the type
[Rh2(dien)2 {O(AuPPh3)2}(BF4)2 (476) (dien=COD, NBD) or [Pt(COD)2{OAu(PR3)}2].

2725,2726
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Au
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(475) (476)

The decomposition, either thermal or under N2, of [O(AuPR3)3]OTf (R=Ph, Me) in organic
solvents has been studied; the phosphine acts as an efficient oxygen trap and gold nanoparticles
are produced.2727

Mono- or dinuclear gold(I) aryloxy complexes have been obtained by reaction of [O(AuPR3)3]
þ

with the aryl group or with the potassium salt. Several derivatives with substituted phenols,
8-hydroxiquinoline, pyrochatecol, or 2,20-dihydroxyazobencene, such as (477) or (478) have been
reported.2728–2735 Alkoxy gold(I) derivatives such as [Au(OR)(PR3)] (R=But, CH(CF3)2, CH2CF3)
have been prepared by metathesis of the chloride species.1787,2736 These alkoxydes can abstract
protons from various organic compounds or metal-hydrides to give the corresponding organogold
compounds or species having M�Au bonds and free alcohol.2138, 2736 Other interesting reactions
carried out with the alkoxo or ariyloxo species are the selective ring opening of thiiranes to give
2-(alkoxy- or aryloxy)ethylsulfanylgold(I) complexes or the C—Si bond cleavage of trihalomethyl-
trimethylsilane to give [Au(CF3)(PR3)] complexes.

2737,2738 Siloxane gold(I) compounds of the type
[Au(OTMS)(PR3)] (PR3=PPh2Me, PMe3) have been reported and the structure consists of dimers
with short Au���Au contacts for PMe3 and monomers for PPh2Me.2739,2740
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Carboxylate gold(I) complexes are also not very numerous in spite of some of them showing
significant antitumor activity.2741,2742 The majority of compounds reported have the stoichiometry
[Au(O2CR)(PR3)] and are know for acetate,

2743,2744 benzoate,2745 lactate,2746 isobutyrate,2746 piva-
late,2747 dichloroacetate,2748 o-carboxybenzoyl-ferrocene,2749 or for the fluorocarboxylates tri-
fluoroacetate,2750–2752 pentafluoropropionate,2747 O2CC6F13, O2CC7F15, O2CC8F17, O2CC9F19,
O2CC6F5, or O2CC3F6.

2753 The structure of [Au(O2CCF3)(PMe3)] (479) features trimers with
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Figure 21 Different structures of [O(AuL)3]
þ cations.
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two short aurophilic interactions. Decarboxylation of some of these complexes at temperatures
under 100 �C produces carbon dioxide, metallic gold, phosphine, and organic products.2746

Gold(I) complexes with the amino acid derivatives N-acetylglycinato,2754 N-benzoylglycinato
(480),2754 or N-benzoyl-L-alaninato,2755 have been described. Dinuclear carboxylate compounds
have been obtained and are of the type [Au2(O2CR)2(�-P-P)] (R=Me, CF3, Et, Ph; P-P= dppf,
dppm); the structure of [Au2(O2CCF3)2(�-dppf)] (481) shows the carboxylate to act as monoden-
tate.2756
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Gold(I) complexes with oxoanions such as sulfate (482),2757 nitrate,2254,2709,2744,2758–2760 trifluoro-
methanesulfonate,2751 or organosulfonates,2761 have been obtained. Other gold(I) complexes with
oxygen donor ligands are those derived of carbamate, [Au(O2CNEt2)(PPh3)] (483),911 acyl species,
[Re2(�-PPh2)2 (CO)7Au{(OCR)(PPh3)}] (R=Me, Bun, But, Ph),2762 or nitrosodicyanomethanido.2347

The chemistry of oxoaurates(I) has been recently reviewed.2763

6.7.3.4.6 Complexes with sulfur, selenium, and tellurium donor ligands

(i) Thiolates, selenolates, and tellurolate gold(I) complexes

Gold thiolates are an extremely important class of gold compounds that have found several
applications. In medicine, they are well know for their antiarthritic, antitumoral, and antimicro-
bial activities.101–105,2764 The commercial myocrisin, allochrysine, solganol, or auranofin are
among the most important antiarthritic compounds. In addition, solganol has in vitro inhibitory
effects on human immunodeficiency virus (HIV) I,2765 and auranofin has been found to be highly
cytotoxic to tumor cells and active against i.p. P388 leukemia.2766,2767 Gold(I) thiolates are
contained in most ‘‘liquid golds’’ for the glass and ceramic industry,2768–2770 and also are
important in the fields of nanoparticles, nanostructured films, modem electronics, and optoelec-
tronics.2712,2771–2778

Gold(I) thiolate complexes have different stoichiometries, the neutral [Au(SR)(PR3)] complexes
are very numerous and have been synthesized for a great variety of thiolate and tertiary
phosphine ligands. The phosphine is usually PPh3 (otherwise state) and the substituent R in the
thiolate moiety can be Me (PMe3),

2779 Ph (PR13=PPh3, TPA),
2780–2784 2,4,6-C6H2R

2
3 (R

2=Me,
Et, Pri),2653 C6H4NMe2-4,

2785 C6H4NMe3
þ,2785 C6H4OMe-2 (PR13=PPh3, TPA),

2784,2786

C6H4NO2-4,
2787 C6H4Cl-2,

2657 C6Cl5,
2788 C6H4Cl-3,

2784 3,5-C6H3Cl2 (TPA),
2784 2,3,4,6- tetra-O-

acetyl-�-D-glucopyranoside (PR13=PEt3, tris(1-ethyl-2-isopropylimidazol-5-yl)phos-
phine),2789,2790 C6H4CO2H-2 (PR13=PPh3, PCy3)

993,2791–2793 C6H4CO2H-3 (PR13=PPh3,
PCy3),

2794 C6H4CO2H-4 (PR
1
3=PPh3, PEt3, PPh2Py),

2795 2-Py-3-CO2H,
994 1-methylimidazole

(PCy3),
2365 purine-6-thiolate (PR3=PPh3, P(o-Tol)3),

2796,2797 Py (PPh3, PPh2Py, methyl-4,6-O-
benzylidene-3-deoxy-3-diphenylphosphino-�-D-altropyranoside),2507,2798,2799 pyrimidine-2-thio-
late (methyl-4,6-O-benzylidene-3-deoxy-3-diphenylphosphino-�-D-altropyranoside),2799,2800

Si(OR2)3 (R2=Pri, Bus, But),2674 6-R2-thiouracilato (R2=Prn, Me; PR3=PCy3,
PEt3),

2797,2802,2803 C6F5,
2804 2-benzoxazolethiolate,2805 quinoline-8-thiolate,2787,2806 2-thioura-

cilo,739,2807 8-thiotheophyllinato,2808 1-R2-1,2,3,4-tetrazole-5-thiolate (R2=Me, Ph),1819

C6H4SnBu
t
2Cl-2,

2809 CR22CO2R
2 (R2=H, Me),2810 SiPh3,

2740 2-thiothiazoline,2811 2,5-dihydro-
2,2,5,5-tetrakis(trifluoromethyl)-4-thiazolylthio,2812 3-(ethoxycarbonylsulfanyl)-5,6-dihydro-1,4-
dithiine-2-thiolate,2813 4-(methylthio)-2-thioxo-1,3-dithiole-5-thiolate,995 5-amino-1,3,5-thiadiazole-
2-thiolate (PR13=PPh3, PMe3),

2814 C(OR2)¼NPh (R2=Me, Et; PR3=PPh3, PCy3),
2815

FcCH¼N(CH2)2,2816 4-oxo-2-thiopyrimidines (PPh3, PPh2Me, AsPh3),
2817 1-thiolate-1,2-

dicarba-closo-dodecaborane (PPh3, PPh2Me, AsPh3),
2818 pyridine-1-oxide-2-thiolate,2818

4-amino-2-pyrimidine-thiolate,2820 or C5Cl4Mn(CO)3.
2821 Thiolate complexes with isocyanide

ligands of the type [Au(SC6H4CO2H)(CNR
1)], [Au(SPy)(CNR1)], [Au(SQuin)(CNR1)]
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(Quin= quinoline; R1=But, Mes), or [Au(SPh){CN(CH2)nEt}] (n= 3, 4) have also been synthe-
sized.2822–2824 Many of these complexes are known to aggregate via intermolecular aurophilic
contacts or intermolecular gold–sulfur coordination (Au���S) depending on the electronic or steric
nature of the substituents; with other substituents such as C6H4CO2H hydrogen bonding is also
possible. These interactions lead to interesting supramolecular structures often associated with
intriguing photophysical properties. In Figure 22 are collected several thiolate gold(I) complexes
with different secondary interactions.
Further aggregation of gold atoms around the thiolate group is possible and then many

complexes of stoichiometry [RS(AuPR3)2]
þ or the four-coordinated [MeS(AuPMe3)3]

2þ (484)
have been obtained. The structure of the dinuclear complex also depends on the substituent of
the thiolate group and could be monomers or dimers through Au���Au interaction. They have
been prepared for thiolate groups such as SMe,2779 SPh (485),2782,2825,2826 SPh (PPh2OH),

2589 S(p-
Tol),2827 SC6H4CO2H-4,

2795 SC6H4CO2H-2,
2828 SCH2Ph,

1813,2828 4-amino-2-pyrimidinethiolate,2820

quinoline-8-thiolato,2806 SC6H4NH2-2,
2829 S(CH2)2OH,

2830 SC2B10H10Me,
2818 or SBut.2831 In the

complex [HOCH2CH(OH)CH2S{Au2(PPh3)3}]BF4 there are a linear gold(I) atom and a three-
coordinated one.2832

S
Au

Au
Au

Me

Me3P
Me3P

PMe3

2+

S

Au
AuPh3P

PPh3

Ph

S

Au
Au PPh3

PPh3

Ph

2+

(484) (485)

Gold(I) diphosphine ligands of the type [Au2X2(�-P-P)] react with thiols to give dinuclear
complexes such as [Au2(Sp-Tol)2(�-P-P)] (P-P= dppe, dppp, dppb, Ph2P(CH2)5PPh2,
dppf),2596,2833,2834 [Au2(SMe2){�-(PPh2CH2)2C6H4}],

2584 [Au2(SPh)(�-P-P)] (P-P= (PPh2O)2C6H4
dppf, Ph2PCH¼CHPPh2),2589,2834,2835 [Au2(SC2B10H10Me)2(�-dppe)],

2818 [Au2(SC6F5)2(�-
dppf)],1815 [Au2(2-Spym-4-NH2)2(�-P-P)] (P-P= dppf, dppm (486)),2820 [Au2(SR)2(�-P-P)]
(SR= 2-amino-5-thiolate-1,3,4-thiadiazolate; P-P= dppm, dppe, Ph2PCH¼CHPPh2),2814

[Au2(S-benzo[15]crown-5)2{�-(PR2)2CH2}] (R=Ph (487), Cy),2836 [Au2(SQuin)2(�-P-P)]
(P-P= dppp, dppb),2837 [Au2(SC6H4CO2H-4)2(�-P-P)] (P-P= dppb, dppf),

2795 [Au2(SC6H4-
CO2H-2)2(�-dppe)],

2838 or [Au2(SC6H4F-4)2{�-(PPh2)2NPh}].
2839 A tetranuclear derivative

[Au4(�-S-p-Tol)2(�-dppe)2] has also been obtained.
2827 The complex [Au2(SC6F5)2(�-ddpf)] can

react further with [Au(OTf)(PPh3)] to give the four-coordinate sulfur species [Au4(SC6F5)2(�-
ddpf)(PPh3)2](OTf)2 (488).1815 In the complexes [Au2(S-benzo[15]crown-5)2{�-(PR2)2CH2}] the
gold–gold separation is large, but the addition of Kþ ions produces a sandwich complex with
the crownether, and then force the formation of a Au���Au interaction. This formation is clearly
detected by the electronic spectra where a change in the luminescence properties is observed.
Other types of complexes are those in which the thiolate ligand bridges the gold atoms as in

[Au2(�-SMe){�-(PPh2CH2)2C6H4}]
þ (489),2584 or [Au2(�-SC6F5)(�-dppf)], the latter crystallizes as

dimers through aurophilic interactions.1815 Tri- and tetraphosphine gold(I) complexes also react
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Figure 22 Some thiolate gold(I) complexes with several secondary interactions.
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with thiols to give trinuclear [Au3(SR)3P3] (SR= STol, SQuin) or [Au3(�-SMe)2P3]
þ (490) (P3=

1,3,5-tris[(diphenylphosphanyl)methyl]trimethylbenzene, Ph2P(CH2)2PPh(CH2)2PPh2),
1765,2840 or

tetranuclear [Au4(SQuin)4P4] (491) (P4= tris(2-diphenylphosphinoethyl)phosphine).
2837
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Polymeric thiolate compounds [Au(SR)n] are usually insoluble and only a limited number have
been characterized as the cyclic rings [Au4{SC(TMS)3}4] (492),2841 [Au4{SSi(OBu

t)3}4],
2842

[Au6{S(2,4,6-C6H2Pr
i
3)}6] (493),2843,2844 or the catenane [Au10(SC6H4-p-CMe3)10] (494).2845

S

S

S

S

S

S

S

S

S

S

Au Au

AuAu

C(TMS)3

C(TMS)3

C(TMS)3(TMS)3C

AuAu

Au

Au

Au

Au

C6H2Pri
3

C6H2
iPr 3

C6H2
iPr 3

C6H2Pri
3

Pr 3C6H2
i

Pr 3C6H2
i

SR

SRRS

RS

S
R

Au

Au

Au

Au

Au

RS SR
S
R

R
S SRAu

AuAu

Au Au

(492) 493) (494)(

Anionic homoleptic thiolate compounds of the type [Au(SR)2]
� have been obtained with

SR= benzoxazole-2-thiolate (495),2846 pyrimidine-2-thiolate,2846 2,3,4,6-tetra-O-acetyl-1-thiolate-
�-D-glucopyranosate,2846 2-thiouracilate,2846 2,3-dihydro-benzimidole-2-thiolate,2846

SCH(CO2H)CH2CO2H,
2846 SCH2CH2OH,

2846 SCMe2CH(CO2
�)NH3

þ,2846,2847 SC6H4R (R=H,
o-Me, o-OMe, o-Cl, m-Me, m-OMe, m-Cl, p-Me, p-OMe, p-Cl),2848 SC6H4CO2H-2,

2849

SC6H4CO2H-4,
2795 2-dimethylaminothiosquarato,985,986 SC2B10H10Me,

2818 triazolium-thiolates
(496),2850 SC6H4(SnClBu

t
3-2),

2809 SPh,2851 SCN4Ph,
1819 S(2,4,6-C6H2Pr

i
3),

2842 or S(adamantyl).973

The compound [Au(SPyCO2H-6)(SPyHCO2H-6)] shows antimicrobial activity against bacteria,
moulds, and yeasts.1424 The ammonium salts of the 2:1 thiomalate–gold (497) complexes have

1060 Silver and Gold



been described and the structure of both racemic and optically pure samples have been
described.2852 The structure of the antiarthritic drug gold thiomalate (myochrysine) has been
solved and crystallized as a mixed sodium/cesium salt Na2Cs[Au2L(LH)]. It is a polymer in the
solid state that consists of two interpenetrating spirals, with approximate four-fold symmetry.2853

The only gold(I) compounds which contains the SH� ligand are the complex [(PPh3)2N][Au(SH)2]
which has been obtained by reaction of [(PPh3)2N][Au(ACAC)2] with a CH2Cl2 solution saturated
with H2S,

2854 and the species [AuR(SH)]� (R=C6F5, C6H4NO2-2, 2,4,6-C6H2(NO2)3).
2855 Other

anionic thiolate gold(I) complexes of the form [AuX(SR)]�,2818,2848,2850 or [ButS(AuCl)3]
�,1823

have also been reported. The complexes Bu4N[Au(SC6H4R)2] show luminescence in the solid state,
the emission maxima ranges from 438 nm (blue emission) to 529 nm (green emission).2848
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Gold(I) complexes with selenolates and tellurolates are far less numerous, with selenium
compounds of the type [Au(SeR)(PPh3)] (R=Ph, naphthyl),2856,2857 [RSe(AuPR3)2]

þ (R=Ph,
C6F4Cl, CH2Ph, naphthyl, C6H4NH2-4, C6H4Cl-4; PR3=PPh3, PPh2Me, PPhMe2),

2856–2859 or
[Au2(SePh)2(�-P-P)] (P-P= dppm, dppe (498)),2857 or the heterodinuclear [WCp(CO)3Se(CH2TM-
S)AuPPh3]SbF6,

2860 have been reported. For tellurium only the compounds [Au4{TeC(TMS)}4]
(499), [Au{TeC(TMS)3}(PPh3)], and [(2,4-6-Ph3C6H2Te)(AuPPh3)2]

þ (500) have been synthesized
and characterized structurally.2841,2861 All the compounds have similar structures to those found
with the thiolate ligands.
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Several bioinorganic studies on thiolate gold(I) complexes have been carried out, as, for example,
the study of reactions of gold(0) with amino acids,2862 interaction of antiarthritic thiolates with
albumin,2863,2864 determination of gold levels in rats after topical application,2865 competition of
thiols and cyanide for gold(I),2295 reactions of auranofin in aqueous hydrochloric acid, exchange
reactions with SeCN� or tu,2866–2868 or Mössbauer spectra of antiarthritic gold drugs.2869

(ii) Sulfide, selenide, telluride, and polychalcogenide gold(I) complexes

In aqueous solutions of polysulfides, gold salts form thio- or polysulfidoaurates(I); the thioaurates
[AuS]�, [AuS2]

3�, and the trisulfidoaurate(I) [AuS3]
� were reported many years ago.2870 The cyclic

polysulfide Ph4As[AuS9] (501) has been prepared by reaction of K[Au(CN)2] and
tetraphenylarsonium polysulfide.2871 Depending on the sulfur content of the polysulfide solution,
salts of the cyclic anion [Au2S8]

2� are also obtained.2872 The cubane-like thioaurate (Ph4-
As)4[Au12S8] (502) can be prepared by treatment of the gold sulfides Au2S, Au2S3, and [AuCl4]

�

in aqueous solutions of Na2S, followed of addition of Ph4AsCl.
2873 The mixed

(Me4N)2[Au2(S2Te¼S)2] has also been described.1041 The reaction of AuCN with Na2Se5 gives
the compound [Au2Se2(Se4)2]

2�, where oxidation to gold(III) has been produced,2874 but with
other polyselenides as Na2Se3 or K2Se4 the gold(I) compounds [Au2(Se)2(Se)3]

2� or
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[Au2(Se)2(Se)4]
2� (503) are obtained.2875 The reaction of AuCN with Na2Se gives a cubane similar

to that of sulfur Na(Et4N)3[Au12Se8] but with the sodium atom in the center of the cube.
2876
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Gold–tellurium polyanions have been prepared from the extraction of ternary K�Au�Te
alloys. By heating a 5% excess of K with AuTe2 a material of the composition K3AuTe2 is
obtained. The treatment with Ph4PBr in methanol y dimethylformamide gives the compounds
(Ph4P)4[KAu9Te7] (504) or (Ph4P)2[K2Au4Te4(DMF)2(MeOH)2]. Dissolving the alloy KAuTe in
ethylenediamine the compound (Ph4P)2[K2Au4Te4(en)4] (505) is obtained.2877 By several extrac-
tions with ethylenediamine of ternary and quaternary alloys the compound [(Ph3P)2N][Au2Te4]
has been isolated.2778 Another approach to gold(I) polytellurides is the reaction of AuCN with
Ten

2� which gives [AuTe7]
3� (506) anions.2879,2880 The compound [Au3Te4]

3� has been obtained
by electrochemical synthesis.2881
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Polychalcogenides of the type K2Au2SnS4,
2882 K2Au2Sn2S6,

2882 (Et4N)2-
[Au(Ag1�xAux)2Sn2Te9],

2883 (Bu4N)3[AuSn2Te6],
2884 K2Au2Ge2S6,

2885 K2Au2Sn2Se6,
2885 Cs2Au2-

SnS4,
2885 A3AuP2Se8 (A=K, Rb, Cs),2886 A2Au2P2Se6 (A=K, Rb),2886 A2AuPSe4 (A=K,

Rb, Cs),2886 AAuP2Se7 (A=K, Rb),2886 A2AuES4 (A=K, Tl; E=P, As),2887 KAu5P2-S8,
2887

A2Au2Cd2S4 (A=Rb, Cs), or K2Au4CdS4
2888 have also been obtained.

Complexes with bridging sulfido ligands, such as [S(AuPEt3)2] or [S(AuPPh3)3]Cl were synthe-
sized a long time ago by reaction of [AuBr(PEt3)] with Na2S or by treatment of [AuCl(PPh3)] with
H2S in ethanolic pyridine, respectively. [S(AuPPh3)2] was claimed to be unstable or an intermedi-
ate in the synthesis of [S(AuPPh3)3]Cl.

2889,2890 A high yield synthesis for [S(AuPPh3)2] has been
developed recently and involves the reaction of [AuCl(PPh3)] with Li2S in ethanol.

2891 The
corresponding selenide derivative [Se(AuPPh3)2] is obtained in a two-step reaction from
[AuCl(PPh3)] and selenourea followed by treatment with aqueous Na2CO3.

2892 These complexes
are excellent starting materials for the synthesis of highly aurated homoleptic sulfur- or selenium-
centered derivatives. Similar �2-bridging sulfido or selenido gold species have been obtained with
diphosphines such as dppf (507),2893,2894 1,4-bis[(diphenylphosphino)methyl]benzene (S),2584 or
2,5-bis[(diphenylphosphino)methyl]thiophene (S).786 In the structure of these complexes the main
features are short Au���Au distances and an acute Au�S�Au angle.2892–2896

Complexes with �3 chalcogenide ligands are known for sulfur, selenium, and tellurium. There
are several methods for their synthesis, as, for example, the reaction of [AuX(PR3)] with E(SiR3)2
(E= S, Se, Te), addition of [AuX(PR3)] to E(AuPR3)2, or addition of a sulfur source to
[O(AuPPh3)3]

þ. Several complexes with different phosphine ligands, such as
PPh3,

2717,2891,2897,2898 PPh2Me,
2891 PMe3,

2899 PPri3,
2899 PPhMe2,

2899 or methyl 4,6-O-benzyli-
dene-3-deoxy-3-(diphenylphosphino)-�-D-altropyranoside (mbpa),2900 have been prepared.
Another homoleptic compound with a triply bridging sulfido ligand is (Et4N)2[S{Au(C6F5)}3],
obtained by bubbling H2S through a solution of Et4N[Au(C6F5)Cl].

2855 Only the complexes with
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PPh3 have been obtained for the selenido and tellurido complexes.
2895,2901 The structure of these

complexes resembles those of the trigold oxonium cation. Furthermore, it becomes increasingly
obvious that steric and electronic effects play a decisive role in the strength of the Au���Au
interaction and the supramolecular aggregation of the chalcogen-centered cations. The basic
structural framework consists of a trigonal pyramidal EAu3 with the chalcogen atom in the apical
position and short gold–gold contacts in the base of the pyramid. However, the size of the phosphine
influences the further aggregation of the molecules. For the bulky PPri3 or mbpa the structure is
monomeric, for PPh3 (508), PPh2Me, or PPhMe2 are dimers, and with PMe3 the compound crystal-
lizes as two monomeric units (A and B) which form dimers A2 and B2, then this dimers aggregate
forming a chain through a single Au���Au interaction (509).2899 Pseudopotential ab initio calculations
on EAu3

þ and S(AuPH3)
3þ (E= S, Se) have been carried out and they reproduce closely the experi-

mental values, if both correlation and relativistic effects are included.11,2894

The complexes [E{Au2(�-dppf)}] (E= S, Se) also serves as building blocks for preparing poly-
nuclear triply bridging chalcogenide complexes such as (510).2893,2894 The crystal structure of
[{S(Au2PPh3)2}2Au][SnMe3Cl] (511) has been reported.2902
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Further addition of AuPPh3
þ fragments to [E(AuPPh3)2] affords the complexes with a �4-

chalcogenide ligand, [E(AuPPh3)4](OTf)2 (512) (E= S, Se). The structure corresponds to a square
pyramid with the chalcogen atom at the apex and aurophilic bonding among the gold atoms at
the base, that clearly contributes to the stability of the complexes.2903,2904

Other quadruply bridging species have been obtained by reaction of [E{Au2(�-dppf)}] with two
equivalents of [Au(OTf)(PR3)] or by addition of [Au2(OTf)2(�-ddpf)] to give [E{Au2(�-dppf)}
(AuPR3)2]

2þ or [E{Au2(�-dppf)}2]
2þ, respectively.2893,2894 Complexes with a �5 and �6 bridging

chalcogenide ligands, [E(AuPPh3)5](OTf)3 and [E(AuPPh3)6](OTf)4 (E= S, Se), have been pre-
pared by adding more AuPPh3

þ fragments to the [E(AuPPh3)2] complexes.
2891,2894 Unfortunately

these complexes could not be characterized by X-ray crystallography.
High-nuclearity gold(I) sulfide complexes with bridging diphosphine ligands have been synthe-

sized by bubbling H2S through ethanol/pyridine solutions of [Au2Cl2(�-P-P)].
2905–2907 They have

the general formula [Au10(�3-S)4{�-(PPh2)2NR}4]X2 (R= alkyl or aryl; X=PF6 or ClO4),
[Au12(�3-S)4(�-dppm)6]X4 (513), or [Au6(�3-S)2 {�-(PPh2)2NR}3]X2 (R=alkyl or aryl; X=PF6
or ClO4). These compounds display rich luminescence properties; intense green and orange
emissions were observed upon excitation at L > 350 nm both in the solid state and in solu-
tion.2905–2909 The selenium derivatives [Au10Se4(�-dppm)4]

2þ (514) and [Au18Se8(�-dppe)6]
2þ have

been obtained by reaction of [Au2X2(�-P-P)] with Se(TMS)2.
2910
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Heteropolynuclear complexes with bridging chalcogenide ligands have also been synthesized, as
those obtained by reaction of [Pt2(�-S)2(PPh3)4] with gold(I) complexes, to give species such as
[Pt2(�-S)2(AuPPh3)(PPh3)4]

þ,2911–2913 [Pt2(�-SAuCl)2(PPh3)4],
2912 or [Pt2(�-S)2{Au2(P-P)}

(PPh3)4]
2þ (515) (P-P= dppm, dppf).2913 Other complexes are [Pt2(PPh3)3(CO)(�3-S)(AuPPh3)]

þ

(516),2914 the silver(I) derivative [{S(AuPPh3)3}2Ag(THF)]
3þ,1032 or the manganese compound

[Mn2(�-SAuPPh3)(CO)6(�-dppm)].
2915 The selenium complex [Pd2Au2Se2 (SeH)2(PPh3)4] (517)1035

has also been obtained.
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Other mixed metal sulfide or selenide compounds are those synthesized from MS4
2� (M=Mo,

W) and VS4
3� anions and gold cations in the presence of various ligands. The reaction of MS4

2�

with [AuX(PR3)] gives the complexes [MS4(AuPR3)2] (M=Mo, W) in which the gold(I) atoms are
three coordinate and have been characterized for PR3=PEt3,

2906 PPh3,
2917,2918 PPh2Me,

2919

AsPh3,
2920,2921 and PCy3.

2922 Asymmetric compounds are obtained with the ylide ligands
[WS4(AuCH2PPh3)2] (518),2920 or in the oxo-sulfide [MoOS3(AuPPh3){Au(PPh3)2}].

2917 Hetero-
polynuclear complexes such as [MS4(AuPPh3)3]OTf and [MS4(AuPPh3)4](OTf)2 have been
described.2923 The inorganic ring system (Ph4P)2[Au2(WS4)2] (519) has been prepared from
(NH4)2[WS4] and Na3[Au(S2O3)2] in the presence of (PPh4)Br,

2924 the analogous with WOS3
2�

has also been obtained.2925 Another tungsten–gold derivative is [WCpS3(AuPPh3)].
1093 The treat-

ment of (NH4)3VS4 with [AuCl(PPh3)] or [Au(PPh3)2]ClO4 gives the heteropolynuclear species
[VS4(AuPPh3)3] or [VS4(AuPPh3)2{Au(PPh3)2}] (520), respectively.2926 The selenium analogues
[MSe4(AuPR3)2] (M=Mo, W; PR3=PPh3, PPh2Me),

1074,2927,2928 [WSe4(AuPPh3){Au(PPh3)2}],
2929

Ph4P[MSe4(AuPPh3)],
2930 (Ph4P)2[MSe4(AuCN)2] (521), or (Ph4P)[MSe4(AuCN)] (M=Mo, W)

have also been obtained.2930 With NbSe4
3� the complexes [NbSe4(AuPPh3)2{Au(PPh3)2}] and

[Nb2Au2Se4Cl2 (PMe3)6] have been reported.
2931 Some of these complexes with ME4

2� (E= S, Se)
have luminescent and nonlinear optical properties.1074,2922

(iii) Gold(I) complexes with polydentate sulfur ligands

The most important and well-represented gold(I) complexes with polydentate sulfur ligands are
dithiolate ligands. Gold(I) complexes with mnt have been synthesized by metathesis reactions and
are of the type [Au2(�-mnt)(PR3)2] (PR3=PPh3 (522), PEt3, P(OPh)3, PCy3), (Bu4N)[Au(�-mnt)(PR3)],
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or [Au2(�-mnt)(�-dppm)].
1845,2643,2932,2933 The structure consists of mononuclear three-coordinate

species or dinuclear complexes with a bridging dithiolate ligand and Au���S or aurophilic inter-
actions, except when bulky phosphines as PCy3 are used. The complex [Au4Cl2(�-
mnt){(PPh2)2(CH¼CH)}] (523) has a gold(I) center coordinated to the dithiolate and the ethylene
moiety.2934 With the ligand i-mnt, the dinuclear derivatives [Au2(�-i-mnt)2]

2� (524) present a
luminescent behavior.1844,1999,2935
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The reaction of [AuL3]Cl (L= phophatriazaadamantane) with K2(i-mnt) gives a high lumines-
cent tetranuclear compound (525) with an unsupported Au���Au interaction.2936 Other complexes
are [Au2(�-i-mnt)(PPh3)2]

2937,2938 or [Au2(�-i-mnt)(P-P)] (P-P=PR2(CH2)nPR2; R=Ph, n= 1, 2,
3, 4; R=Me, n= 1, 2; Ph2AsCH2AsPh2, Ph2PCH¼CHPPh2),2644,2939,2940 which has a similar
structure to those with mnt, but with formation of a chain through aurophilic interactions, and
[Au(PEt3)2][Au3(�-i-mnt)2(PEt3)2] (526).2941 Similar complexes are obtained with the related 1,1-
ethylenedithiolate ligands, 2,2-diacetyl- or 2,2-dibenzoyl-ethylene-1,1-dithiolate as, for example,
(527), which have been synthesized by insertion of CS2 on �-diketonate complexes.1872,1877

Heteropolynuclear complexes with the i-mnt ligand as the platinum–gold derivative [Pt(�-
i-mnt)2(AuPPh3)2] have been described.

2933
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The ligands phenylene-1,2-dithiolate, or its 4-methyl derivative, have been thoroughly studied
in their gold(I) complexes and di-, tri-, and tetranuclear derivatives have been prepared of the type

W
S

S

S
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Au

S S

S W S
S S

V
S

S

S

S
Au Au

Au

Ph3P PPh3

Ph3P PPh3

M
Se

Se

Se

Se
Au AuNC CN

2-

2-

(518) (519) (520) (521)

M = Mo, W
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a–c (Figure 23).1849–1851,2643,2831,2932,2942–2945 Types a and b have been synthesized by reaction of
the alkaline or ammonium salt with aurating agents such as [AuXL] or [O(AuPR3)3]

þ. Type c is
obtained in the case of PEt3 where a partial loss of ligand leads to a vacancy in the coordination
sphere of gold and formation of a cluster compound.
With the phenylene-1,3-dithiolate di- and trinuclear complexes have also been obtained.1850,2946

The trinuclear complex aggregates into 1D array through head-to-tail aurophilic contacts (528); a
similar compound is obtained with the biphenylene-4,4-dithiolate. The phenylene-1,4-dithiolate
affords tetranuclear derivatives of the form [(p-Tol3PAu)2SC6H4S(AuPp-Tol3)2](BF4)2 (529).
Complexes of osmium, rhodium, or iridium with this ligands can further coordinate gold atoms
to give heteropolynuclear species as (530).2947,2948
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The ligands dmit yields compounds of the type [Au2(C6F5)2(�-dmit)]
2�, [Au(dmit)(PPh3)]

�,
[Au2(dmit)(PR3)2], [Au2(�-dmit)(dppe)], [Au2(�-dmit)(L-L)]

� (L-L= (CH2)2PPh2, S2CNR2), or
[Au4(dmit)2(dppm)2] (531).1874,2949–2951 Similar complexes have been prepared with the 2-sele-
noxo-1,3-dithiole-4,5-dithiolate or 2-thione-1,3-dithiole-4,5-diselenolate derivatives.2952,2953 The
reaction of 2,5,7,9-tetrathiabicyclo[4.3.0]non-1(6)-en-8-one (TTBEO) with NaOR in the presence
of [AuClL] gives thiolene as (532) instead of the dithiolene species, the latter are obtained by
transmetallation reactions through the zinc complex(I).2954

The 1,2-dithiolate-o-carborane ligand also yields di- and trinuclear derivatives, such as
[Au2(�-S2C2B10H10)(PPh3)2], [Au2(�-S2C2B10H10)(P-P)2] (P-P= dppm, dppe, dppp, Ph2PCH¼
CHPPh2), (Bu4N)2[Au2(�-S2C2B10H10)2], (Ph3PMe)2[Au2(�-S2C2B10H10)(C6F5)2], or [Au3(�3-
S2C2B10H10)(PPh3)3]OTf and the novel tetranuclear species [Au4(S2C2B10H10){(PPh2)2C2B10H10}2]
(533).2955,2956 Long-chain thiolates have been used as building blocks for the synthesis of coordination
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Figure 23 Some gold(I) complexes formed with 4-RC6H3S2
� ligands; R=H, Me; L=PR3, CNR.
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polymers; these are of the type [Au3{S(CH2)2S}(PPh3)3]
þ, [Au3{S(CH2)3S}(PPh3)3]

þ,
[Au4{S(CH2)nS}(PPh3)4]

2þ (n= 4, 5, 6), [Au2{S(CH2)nS}(PPh3)2], [Au4{(SCH2)2(CHS)}(PPh3)4]
þ

(534), [Au4{(SCH2CH2)2(X)}(PPh3)4]
2þ (X=O,S), or [(AuPPh3)2-

{SCH2CH(CH2OH)S}(AuPPh3)2]
2þ.2829,2831,2943,2957 Mixed Au�Ag or Au�Cu complexes,

[M4Au2(SCH2CH2S)4]
2� (M=Cu, Ag), have been obtained with the ethane dithiolate ligand.1187

1,3,4-Thiadiazole-2,5-dithiolate gives open-chain [Au2(S-S)(PR3)2] or cyclic [Au2(S-S)(P-P)], that
depending of the steric size of the phosphine, aggregate in strings with long Au���S bonds or a 2D
network through aurophilic interactions.2958 The tetrathiosquarate ligand gives the three-coordinate
compound [Au2(S4C4)(PPh2Me)2] (535)2959 and the related dithiosquarate affords the dinuclear
[Au2(S2O2C4)2]

2�.1868
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Trithiocyanuric acid gives the trinuclear derivatives [Au3(S3C3N3)L3] (L=PPh3, Bu
tNC,

P(OMe)3, P(OPh)3, PCy3), that by loss of one ligand L yields the hexanuclear species
[Au6(S3C3N3)L4] (536) (L=PPhMe2, ButNC).2960,2961 The mononuclear compound
[Au(S3H2C3N3)(PPh3)3] has also been prepared.

2962 Benzenehexathiol reacts with [AuCl(PPh3)],
in the presence of triethylamine, to yield the hexanuclear golden wheel [Au6(S6C6)(PPh3)6]
(537).2963 The analogue compound with PPh(CH¼CH2) further reacts with PPhH2, in the
presence of �-azoisobutylnitrile, to give a macrocycle 36-membered ring.2964
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Other dithiolate complexes are of the type [Au2(�-S-S)(�-P-P)] (P-P= dppf, dppm;
S-S= S(CH2)3S),

2643,2834 [Au2(�-S-S)(PPh3)2] (S-S= 1,4-diethyl-3,6-dithiopiperazine-2,5-dithio-
late),2965 or those derived of the partially methylated dithiolates [Au(dmitMe)(PPh3)] or [Au(mnt-
Me)(PPh3)2].

995 Diselenolate gold(I) derivatives are not numerous and only the analogues to dmit
and i-mnt with selenium have been synthesized as (Bu4N)2[Au2{�-Se2C¼C(CN)2}2] (538).2966

Heteropolynuclear complexes are obtained in the reaction of the S-bridged CoIIINiIICoIII

trinuclear complex, C2C2-[Ni{Co(aet)2(en)}2]
4þ (aet= 2-aminoethanethiolate), with AuI that

yields C2C2-[Au2{Co(aet)2(en)}2]
4þ.2967 A similar compound is obtained with rhodium,

[Au3{Rh(aet)3}2]
3þ.2968 A mixed Pd�Co�Au derivative, [Au2{Pd{Co(aet)2(en)}2}2]6þ has also

been reported.2969 The penicillaminato complexes of Ni or Co react with gold(I) to give the
bridged sulfur derivatives [Au2Ni2{SCMe2CH(NH2)COO}4]

2� or [Au3{Co{SCMe2CH(NH2)-
COO}}3], respectively.

2970,2971

Dimeric gold(I) complexes with dithiocarbamate ligands possess a strong propensity to aggre-
gate and form chains with short intermolecular Au���Au contacts, they have been known for a
long time but new structural characterizations have come into light. Thus compounds of the type

Silver and Gold 1067



[Au2(S2CNR2)2] where R can be Et,2972,2973 CN,2974 C2H4OMe,
2810 or C5H11,

2975 have been
characterized. The compound [Au2{S2CN(C5H11)2}2] interacts in a reversible way with VOC
vapors with a dramatic change in the color and a positive ‘‘switching on’’ of luminescence.2975

Dinuclear derivatives but with different bridging ligands, as [Au2(�-L-L)(�-S2CNR2)]
(L-L= (CH2)2PPh2, dppm, dppe, Me2PCH2PMe2; R=Me, Et, Bz),2642,2645,2939 have been
obtained by ligand exchange reactions between the homoleptic compounds. The structure of
[Au2{�-(CH2)2PPh2}(�-S2CNEt2)] (539) reveals the presence of dimeric units with inter- and
intramolecular Au���Au interactions.2642 Mixed dithiocarbamate-phosphine complexes with dif-
ferent stoichiometries, such as [Au2(�-S2CNEt)(�-P-P)2]

þ (P-P= dppm, (PPh2)2C¼CH2),1219,2603

[Au2(�-S2CNEt)(�-P-P)]
þ, [Au2(S2CNEt)2(�-P-P)] (P-P= dppf, dppe, (PPh2)2C¼CH2

(540)),1219,2578,2976 [Au2M(S2CNEt)2(�-P-P)]
þ (M=Cu, Ag, Au),1219 or [Au4(S2CNEt)2(�-

dppf)(PPh2Me)2]
2þ (541) have been synthesized.2578
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The reaction of triphosphine gold(I) complexes of the type [Au3Cl3(�-P3)] with several stoichio-
metric ratios of NaS2CNR2 gives the species with 1–3 dithiocarbamate ligands
[Au3Cl3�x(S2CNR2)x(�-P3)] (x= 1, 2, 3; P3= (PPh2)3CH, (PPh2CH2)2PPh, (PPh2CH2CH2)2PPh),
and also [Au3(S2CNMe2)2{(PPh3)3CH}]

þ (542) with one bridging and one terminal dithiocarba-
mate ligands.1765,2977,2978 Some of these complexes present a luminescent behavior.
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Mononuclear compounds of the type [Au(S2CNR)(PPh3)2] (R= pip, Pri)2979,2980 and [Au(S2C-
NEt2)(PR3)] (PR3=PCy3, P(p-MeOC6H4)3)

2981,2982 have been structurally characterized. Mono-
alkylated dithiocarbamates have also been studied as ligands in gold(I) complexes such as
CH2(S2CNR2)2, with complexes of the form [Au2(C6F5)2{CH2(S2CNR2)2}],
[Au2(PPh3)2{CH2(S2CNR2)2}]

2þ, or [Au{CH2(S2CNR2)2}]
þ,1220 S(MeS)NHR (R=Ph,

p-MeC6H4, o-MeC6H4, p-MeOC6H4, 3,5-Me2C6H3) with compounds of the type
[Au{S(MeS)NHR}2]

þ, or [Au(C6F5){S(MeS)NHR}],
1812,2983 or methylthiocarbamates as in

[Au{SC(OEt)NHMe}2]Cl,
2984 or [Au{SC(OEt)NPh}(PPh3)].

2985 The ligand Fc(S2CNEt2)2 reacts
with gold(I) complexes to afford species such as [Au2(PPh3)2{Fc(S2CNEt2)2}](OTf)2 or
[Au2Cl2{Fc(S2CNEt2)2}] (543); in the latter there exists an �2 interaction between the gold
atoms and the cyclopentadienyl ligand.1830 The trithiocarbonate gold(I) complex
[Au2(S2C¼S)2]2� (544) has been synthesized by reaction of [Au(SH)2]

� with CS2.
2986 It has a

very short Au���Au distance of 2.7998(4) Å and for this reason the electronic and resonance
Raman spectra of the NBu4

þ salt have been studied. An absorption band at 314 nm has been
assigned as the metal–metal 1(d�*!p�) transition.2987
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Organophosphor-1,1-dithiolato gold(I) compounds (which include dithiophosphinates
(S2PR2

�), dithiophosphates (S2P(OR
1)2

�), or dithiophosphinates (S2PR
1(OR2)�) have only

been studied recently. The first examples were reported many years ago, and were also included
in several of the early studies of the usage of gold compounds as lubrication additives.2988–2990

The determination of the crystal structure of [Au2{S2P(OPr
i)2}2] showed the presence of dimeric

units forming a chain through aurophilic interactions. Recently other dinuclear complexes of the
type [Au2(S2PR2)2] have been characterized structurally, where R can be Ph, Me, Et, or
iBu.2040,2991–2993 The reaction of R2P(S)SH with [O(AuPR23)3]

þ yields the dinuclear complexes
[Au2(�-S2PR

1
2)(PR

2
3)2]

þ (R1=Ph, OEt, OMe; R2=Me, Ph, o-Tol). These complexes can be
discrete dinuclear compounds with intracationic Au���Au interactions or form supramolecular
structures through intermolecular Au���Au or Au���S contacts as in (545), depending on the
steric hindrance of the substituents.2992,2994 With Me2P(S)SH only the monoaurated derivative
was achieved.2992 The reaction of the related PhP(S)(STMS)2 with the oxonium salt gives
[PhP(SAuPPh3)3]BF4, which is unstable below �40 �C; with PhP(S)(SNa)2 the treatment with
[AuCl(PR3)] gives the dinuclear derivatives [PhP(S)(SAuPR3)2] (546) (R=Me, Et, Pri, Ph,
o-Tol).2992,2995 Mixed dinuclear complexes such as [Au{�-(CH2)2PPh2}(S2PR2)] (547) or three-
coordinated species as [Au2(S2PR2)2(dppm)] (R=Me, Ph) have been obtained.2040 Other phos-
phor-1,1-dithiolate ligands used have been of the type S2PR

1(OR2)� which gives the dinuclear
derivatives [Au2{S2PR

1(OR2)}2] (R
1=Ph, p-C6H4OMe; R

2=CH2CH¼CH2, SiPh3); some of
then present luminescent properties.2996,2997 The reaction of the Laweson reagent (PR(S)S)2
with [Au2Cl2(P-P)] gives the mixed compounds [Au2{S2P(S)R

1}(P-P)] (R1=Fc; P-P= dppm,
Ph2PNHPPh2); the related [Au2{S2P(O)R

1}(P-P)] have also been obtained by treatment of
[Au2{S2PR

1(OR2)}2] with diphosphines.
2996 Theoretical studies have been carried out in the

dimer [Au2(S2PH2)2] and in the polymer [Au2(S2PH2)2]n showing that the staggered conformation
is more stable that the eclipsed one.2998 The reaction of (S)P(SSiMe3)3 with [AuCl(PPh3)] gives the
compound [Au4(P2S6)(PPh3)4] (548).2999
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Homoleptic dithiocarboxylate complexes are tetrameric as [Au4(S2CMe)4] (549)1880,3000 or
hexameric as [Au6(S2C6H4Me-2)6] (550).3001 Other derivatives with S2CPh, or S2C(p-Tol) have
been prepared but their structure is unknown.1880,3002 Other stoichiometries are [Au(S2CR)(PPh3)]
and [Au(S2CR)(PPh3)2], which have been obtained by the addition of PPh3 to the [Au(S2CR)]n
species.3002 Another method of synthesis is the insertion of CS2 in a Au—C bond, as in
[Au(S2CC5Me5)(PPr

i
3)].

1230 With related ligands such as triclorothioacetate or phosphonium
dithiocarboxylates, the complexes [Au{SC(O)CCl3}(PPh3)],

2751 [Au2X2(�-S2CPR3)] (X=Cl,
C6F5), [Au2(�-S2CPR3)2] (PR3=PEt3, PPhMe2, PBu3), or [Au2(S2CPCy3){(CH2)2PPh2}] have
been synthesized.1811,2039

Dithiocarbonato or xantate ligands have also been used in gold(I) chemistry to prepare
compounds of the type [Au(S2COR)]n (which have been known for a long time and their structure
is unknown3003) [Au(S2COR)(PR3)], or [Au(S2COR)(PR3)2] (R=Me, Et, Prn, Pri, Bu, Cy;
PR3=PPh3, PEt3, PCy3, P(o-Tol)3), in the complexes from which the structure is available the
xantate ligand coordinates as monodentate to the gold(I) center, as in (551).3004–3010 Complexes
with ylide such as [Au{(CH2)2PPh2}(S2COPr

i)],2037 or triphosphines as [Au3Cl3�x(S2COEt)x
{�-(PPh2CH2)2PPh}] (x= 1, 2, 3) are also known.

3011

(iv) Gold(I) complexes with phosphine sulfide or selenide ligands

Phosphine sulfides or selenides are well-known ligands in gold(I) chemistry. With monophosphine
complexes of the type [AuX(SPR3)] (X=Cl, Br, CN; PR3=PPh3, PCy3, PPh2Py,
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PPh2N¼CPh2),1427,2449,2502,3012,3013 [Au(SPPh3)2]PO2F2,
3014 [Au(PPh3)(SPPh2NCHN)],

3015 or the
analogues with selenium [AuX(SePR3)] (X=Cl, Br, C6F5; PR3=PPh3, PCy3, PTol3),

3016–3030

[Au(SePPh3)2]SbF6,
3021 or [Au(PPh3)(SePR3)]SbF6 (PR3=PPh3, PPhMe2)

3021 have been obtained.
Gold(I) complexes with diphosphine disulfide ligands have been synthesized and are of the type

[Au2X2{(SPPh2)2R}] (X=Cl, Br, C6F5; R=CH2, (CH2)2, (CH2)3, Fe(C5H4)2, 4-R-1,2-(NH)2C6H3
(552) (R=H, Me)),1757,1882,1885,3022 [Au2(PPh3)2{(SPPh2)2(CH2)n}]

2þ (n= 1, 2, 3),3022 [Au2{(S-
PPh2)2CH2}2](ClO4)2,

1882 and [Au2{(SPPh2)2R}2]2 (R=CH (553), N).1882,2161 The ligands
Fc(PPh2E)2 (E= S, Se) act as trans chelate in their gold(I) compounds [Au{(EPPh2)2Fc}]

þ

(554), for the selenium derivative the molecules are associated in trimers through aurophilic
interactions.1262,1265,1885 The ligand (SPPh2)2CH2 can also act as chelate in gold(I) in the four-
coordinate compound [Au{(SPPh2)2CH2}{(PPh2)2C2B10H10}]ClO4.
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Dichalcogenoimidodiphosphinato [R2P(E)NP(E)PR2]
� or mixed chalcogen donors

[R2P(O)NP(E)PR2]
� form homoleptic gold(I) complexes of stoichiometry [Au2{(EPPh2)2N}2],

the structure is unknown and could be dimers or polymeric species.2161,3023 Three- and four-
coordinate compounds such as [Au{(EPPh2)2N}Ln] (E= S, Se; L=PPh3 (555), PMe3,
CNC6H3Me2-2,6, n= 1; E= Se; L=PMe3, n= 2) have been obtained by reaction of
(SePPh2)2N

�Kþ with [AuClL].1268,3023 Other types of complexes such as the linear
[Au2{(SePPh2)2N}(PPh3)2]BF4 or the mixed dinuclear derivative [Au2{�-(SePPh2)2N}(�-dppm)]

þ

(556) have been reported.3023 With the mixed chalcogen donor ligands the complexes
[Au(SPPh2NPPh2O)(PPh2C6H4NH2-2)],

3024 [Au{(SePPh2)2N}(PPh2NHPPh2OH)],
2488 or

[Au(SPPh2NPPh2O)(PPh2NHPPh2O)] (557),3025 have been characterized structurally.
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Other complexes with phosphine sulfides are the three coordinate [Au{(S-
PPh2)2C(PPh2S)}(PPh2Bu

n)],3026 the �4-phospha-1-thiethane compound [Fe3(CO)9(�4-
PS)(AuPPh3)2] (558),3027 and the gold(I) dendrimers containing P¼NP¼NP¼S or P¼NP¼S
groups as (559).3028
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(v) Gold(I) complexes with other sulfur donor ligands

Gold(I) complexes with thiones are numerous and have several stoichiometries. The homoleptic
[AuL2]

þ have been obtained for L= imidazoline-2-thione,3029 4-amino-3-methyl-1,2,4-triazoline-
5-thione (560),3030 N-R-1,3-imidazoline-2-thione (R=Pr, Et),3031,3032 1,3-thiazoline-2-
thione,1801,3033 1H-pyrimidine-2-thione,1801 pyridine-2-thione,1801 benzothiazoline-2-thione,1801 or
benzimidazole-2-thione.1801 The structure of [Au(C5H5NS)2]ClO4 (561) shows that five of the six
cations in the unit cell are linked by aurophilic interactions and the sixth is monomeric.1801

Complexes of the type [AuXL] have also been reported for L= 1,3-thiazoline-2-thione,1801

1H-pyrimidine-2-thione,1801 pyridine-2-thione,1801,3034 benzothiazoline-2-thione,1801 benzimida-
zole-2-thione,1801 1-methylpyridine-2-thione,3035 N-R-1,3-imidazoline-2-thione (R=H, Pr,
Et),3031,3036,3037 ergothionine,3038 substituted thiabenzenethionas,2913 trithiapentalene derivative
(562),3039 and 1,3-dithiolane-2-thione.3040
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Gold(I) derivatives with tu or substituted tus have been synthesized and are of the form
[Au{S¼C(NHR)2}2]þ, where R can be H,3041–3043 Me,3036,3044 Et,3044 or [AuXL]
(L= S¼C(NMe2), S¼C(NEt2)(NHCOPh),1824,3045 or [Au(PPh3){S¼C(NHMe)2}]þ.1288 In the
crystal structure of [Au{S¼C(NHMe)2}2][Au(CN)2] the cation and anion are connected through
Au���Au interactions (563).3036 With selenourea the complexes [Au(PPh3){Se¼C(NH2)2}]þ and
[Au2{Se¼C(NH2)2}2(�-dppm)]Cl2 (564) have been obtained.2892 Other gold(I) complexes which
have ligands with an S¼C moiety, are with N-phenylthiobenzamide,3046

Cy2P(O)C(NHMe)(S),
3047 N,N0-dimethylthioformamide,1302 or aminothiocarbamoyl-benzamidi-

nato ligands (565).3048

Thioether gold(I) derivatives of the type [AuX(SR2)] are widely used as starting materials and
some crystal structure determinations have been reported for SMe2,

1809,3049 S(CH2Ph)2,
3050 or

THT.3051,3052 In the structure of the chloro and bromo derivatives with tetrahydrothiophene the
molecules form a chain through Au���Au interactions. In the iodo derivative they are cations and
anions of the type [AuL2]

þ[AuI2]
� (L= tetrahydrothiophene or thetrahydroselenophene) that

form a chain through aurophilic interactions (566).3052 The salt with benzodisulfonylamide has
also been reported.3053 Other complexes with stoichiometry [AuClL] are those with L= 3-methyl-
5-methylthiomethyl-isoxazole,1425 or SePh2.

1803 Cationic compounds of the type [Au(SR2)(PR3)]
þ
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are known for SR2= SMe2,
3054 SMepy,1412 or the three-coordinate [Au(PR3){(EPh)2Fc}]

þ (567)
(E= S, Se).1184 Gold(I) also forms complexes with cyclic thioethers such as [9]aneS3, which form
the tetrahedral [Au{[9]aneS3}2]PF6 (568),1888 or the linear [AuCl{[9]aneS3}],

3055 with [18]aneS6 the
tetrahedral [Au{[18]aneS6}]PF6,

3056 or with [15]aneS5 and [28]aneS8 forms the dinuclear [Au2{[15]
aneS5}2][B(C6F5)4]2,

3056 or [Au2{[28]aneS8}](PF6)2 (569),1103 respectively.

S

S

Au Au

I

I

S

S

Au Au

I

I

Fe
E
Ph

+

E = S, Se

Ph
E

Au PPh3 Au

S

S

S

S S

S

+

(566) (567) 568)(

S

S

S S

S S S

S
Au Au

2+
Au

S

S Au

RN

Cl

Cl

Au
S

SAu

NR

Cl

Cl

AuPh3P PPh3

AuS
O

O
p-Tol

S

O

O
p-Tol

(569) 570) 571)((

Other complexes with cyclic thioethers are those with 3,3,6,6-tetramethyl-1-thia-cyclohep-
tine,3057 7-toluensulfonyl-7-aza-1,4-dithiacyclononane (570),3058 or 1,10-dithia-4,7,13,16-tetraoxa-
cyclooctadecane.3059 With the cyclic selenoethers [8]aneSe2 and 3H-1,4,5,7-tetrahydro-2,6-
benzodiselenonine the dinuclear complexes [Au2Cl2L] have been obtained, these are thought to
involve linear Se�Au�Cl fragments.1152

Thiocyanate gold(I) complexes have been investigating in the search of supramolecular struc-
tures. Complexes of the type [Au(SCN)L] with L=THT, PMe3, 2,6-Me2C6H3NC have been
characterized structurally showing that the THT complex form a polymer of alternating cations
[Au(THT)2]

þ and anions [Au(SCN)2]
�, the PMe3 shows dimers with aurophilic interactions and

further aggregation through Au���S contacts, and with the isocyanide ligand are dimers with
Au���Au and Au���S contacts.3060 However, the complex [Au(SCN)(PPh3)] is a monomer in the
crystal,2758 and also Ph4As[Au(SCN)2] shows no aurophilicity.

2518

The organosulfinate complexes [Au(SO2R)L] (R= p-Tol, Me; L=PMe3, PPh3,
2,6Me2C6H3NC, Bu

tNC) have been prepared by treatment of the silver sulfinate with [AuClL].
The crystal structure also consists of pairs of the homoleptic derivatives [Au(PPh3)2]

þ[Au(S2O-
p-Tol)2]

� (571) bonded through aurophilic interactions.2761
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6.7.3.4.7 Complexes with halide donor ligands

Halide ligands are a very important type of ligands in gold(I) chemistry. Complexes such as
[AuXL] or [Au2X2(�-L-L)] are amongst the most important coordination compounds, and are
extensively used as convenient starting materials. Many of these derivatives have been treated in
the corresponding section according to the donor atom of the L or L-L ligands, and then it will
not be included here.
Halide anions can also act as single-atom bridges between two gold centers, these type of

compounds can be achieved by reaction of [AuX(PPh3)] with AgBF4 (molar ratio 2:1) or by
treatment of [AuX(PPh3)] with [Au(PPh3)]

þA� ( A=ClO4 or BF4).
3061–3063 The structure of these

compounds consists of the halide ligand bridging the two gold atoms that are located to a
distance of 3.035 Å or 3.085 Å (two independent molecules) for the Cl (572) and 3.6477(1) Å for
the Br species (573), the latter too large to be consider a bonding interaction.3062,3063 In the SbF6

�

salt, the dinuclear chloronium cations undergo an intimate aggregation (574). This association is
drastically affecting the structure of the monomeric units with a widening of the Au�Cl�Au
angle and formation of more gold–gold interactions. The dimerization occurs against electrostatic
repulsion, which appears to be offset by the gain in the number or aurophilic interactions (two vs.
four).3064
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Au Au
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Au Au
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2+

+ +

(572) 573) (574)(

Several crystal structure determinations of [AuX2]
� salts with different cations have been

carried out for [AuCl2]
�,1823,1904,2854,3065–3068 [AuBr2]

�,3065,3069,3070 or [AuI2]
�.3065,3066,3071–3074

Many other structural determinations have been reported in which [AuX2]
� salts act as counter-

ions of conducting or superconducting ion radical salts as bis-ethylenedithiotetrathiafulvalene
(ET) and related organic donors.
Historically, AuF has been one of the most elusive of all metal halides. At one time it was

believed to be impossible to prepare, and theoretical papers speculating on how it might be
observed or predicting spectroscopic and structural properties have been published until
recently.3075–3081 The existence of AuF has been confirmed by microwave spectroscopy, the
sample has been prepared by laser ablation of Au metal in the presence of a F precursor.3082

The gas-phase structure of AuI has also been determined by microwave spectroscopy.3083

6.7.3.4.8 Complexes with hydride donor ligands

Gold hydrides have been desirable for a long time, a considerable number of theoretical studies
have probed the structure of AuH by using density functional methods.2518,3075,3077,3084–3086 It has
been shown that the total charge on the Au-atom is reduced significantly from þ0.48 to þ0.27 by
including relativistic effects. Recent ground-breaking solid-matrix investigations have provided the
first experimental evidence for (H2)AuH.

3087 The similar electronegativities of I and H has made a
comparison between gold hydride and iodide compounds relevant.3088

Heteropolynuclear gold(I) complexes with bridging hydride ligands can be prepared by reacting
the electrophilic fragment AuPR3

þ and complexes with terminal M—H bonds or by reaction of
metal hydrides with [AuMe(PR3)]. Several examples of carbonyl–hydride ruthenium compounds
react with gold–phosphine or gold–diphosphine fragments to give species with bridging hydride
ligands such as [Ru4(CO)12(�3-H)(AuPPh3)3],

3089,3090 [Ru4(CO)12(�-H)(�3-H)(AuPPh3)2],
1540,1541

[Ru4(CO)12(�-H)2{Au2(�-P-P)}] (P-P= dppe, dppf),
3091,3092 and [Ru4(CO)12H3(AuPPh3)] has been

found to be significantly more active and selective than [Ru4H4(CO)12] for the catalytic isomer-
ization of 1-pentene at 35 �C.3093 Other complexes are derived of ruthenium phosphine species
such as [Ru(dppm)2(�-H)2(AuPPh3)2](NO3)2 (575),3094 [Ru(dppm)2(�-H)2(AuPPh3)]PF6,

3095
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[Ru(CO)(PPh3)3(�-H)2(AuPPh3)]PF6,
3096 [Ru(PPh3)3(�-H)3(AuPPh3)2]PF6,

3096 or [Rutriphos-
(�-H)3(AuPPh3)3](PF6)2 (576).3097 The complex [Ru(CO)(PPh3)3(�-H)2(AuPPh3)]PF6 catalyzes
the isomerization of 1-hexene to cis- and trans-2-hexene in CH2Cl2 at 25

�C and one atmosphere
of N2; the gold adduct increases the rate of the isomerization compared to the parent compound
[Ru(H)2CO(PPh3)3] and is more selective towards producing trans-2-hexene.

3096Gold–osmium com-
pounds with bridging hydride ligands of the type [Os(PPh3)3(�-H)3(AuPPh3)2],

3096 [Os3(CO)8-
(�-dppm-P,P,C,C)H(AuPPh3)]PF6,

3098 or [Os4H(CO)12Au(PPh2C�CPPh2)]23099 have also been
obtained. The reaction of [IrH(C2H4)(triphos)] or [Ir(H)2(C2H5)(triphos)] with two equivalents of
[AuCl(EPh3)] in the presence of NH4PF6 affords the complexes [IrCl(triphos)(�-H)(AuEPh3)2]PF6
(E=P, As) (577). The compound [IrCl(triphos)(H)(AuEPh3)]PF6 has a terminal hydride ligand in the
solid state but bridging in solution.3100 Similar rhodium derivatives [Rh(triphos)(�-H)2(AuP-
Ph3)3](OTf)2

3101 or [Rh(triphos)(�-H)(AuPPh3)]BPh43102 have also been synthesized.
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Replacement of hydride ligands for AuPPh3
þ fragments has lead to the synthesis of the �-H

derivatives [AuIr3H6(NO3)(dppe)3]BF4
3103 or [Ir(PPh3)3(H)2(�-H)(AuPPh3)].

3104,3105 The reaction
of [Au(NO3)(PPh3)] with [Ir(H)2(PPh3)2(acetone)2]BF4 at �78 �C gives the doubly hydrido-
bridged adduct [Ir(PPh3)2(acetone)2(�-H)2(AuPPh3)]

2þ, but warming of the solution yields the
mono-hydrido derivative [Ir(PPh3)2(NO3)(�-H)(AuPPh3)2]

þ.3106 The doubled bridging hydrido
complex [Ir(bipy)(PPh3)2(�-H)2(AuPPh3)](BF4)2 (578) has been synthesized by reaction of
[Ir(H)2(bipy)(PPh3)2] with [Au(NO3)(PPh3)].

3094 Mixed rhenium–gold derivatives with hydrido
bridges have been prepared with phosphine as ligands in [Re2(H)4(�-H)2(PPh3)4-
(�-H)(AuPPh3)],

3107 [ReCl(CO)(PPhMe2)(�-H)(AuPPh3)],
1578 or with the trinuclear carbonyl clus-

ters [Re3(CO)9(�-H)2(�-MePyNH)(�3-H)(AuPPh3)] (579),3108 or [Re3(CO)8(PPh3)(�-H)3-
(�3-H)(AuPPh3)].

1577 The reaction of [(PPh3)2N][MH(CO)5] with [AuCl(PPh3)] in the presence of
TlPF6 gives the species [M(CO)5(�-H)(AuPPh3)] (M=Cr, Mo, W); the structure of the chromium
derivatives shows a bridging hydrido ligand with a Au—H distance of 1.72(11) Å.1575,3109

Other metal carbonyl derivatives with bridging hydrido ligand are [Mo2(CO)8-
(�-dppm)(�3-H)(�-AuPPh3)],

3110 [Mn2(CO)6(�-dppm)(�3-H)(�-AuPPh3)2]PF6,
3111 or [{Mn2(CO)6-

{�-{P(OEt2)2}2O}(�-H)}2(�-H)2(�3-H)Au] (580).3112
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Platinum derivatives of the type [PtH(C6X5)(PR3)2] react with gold phosphine species to yield
[Pt(C6X5)(PR3)2(�-H)(AuPPh3)]

þ (581) (X=F, Cl; PR3=PEt3, PPh3).
3113,3114 Gold–niobium

clusters with bridging hydrido ligands have been obtained by reaction of [NbH3(C5H4TMS)2]
with [Au{N(TMS)2}(PPh3)] which produces the triangular cluster [Au3Nb3(�-H)6{C5H4(TMS)}3]
(582),3115,3116 or by treatment of [NbH3(C5H3R

1R2)2] with [AuCl(THT)] in the presence of TlPF6
which gives [{Nb(C5H3R

1R2)2H3}2Au]PF6 (583) (R1=H, TMS; R2=H, TMS).1365,3117
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Nido-carborane metal complexes of ruthenium or rhodium also react with gold compounds to
give bridging hydrido derivatives such as [Ru(C2B9H11)(PPh3)2(�-H)(AuPPh3)]

3118 or
[Rh(C2B9H9Me2)(PPh3)(�-H)(AuPPh3)2].

2043,2046 Other types of complexes with carborane ligands
are those that have B�H�Au agostic interactions as [Rh(C2B9H9Me2) (CO)2(AuPPh3)],2277

[WRh2Au2(�3-CC6H4Me-4)(CO)4Cp(C2B9H9Me2)2] (584),2277 [WAu2(�3-CC6H4Me-4)(CO)2-
Cp(C2B9H9Me2)2],

2051 or [Au2(C2B9H9Me2)2(PPh3)2].
2045 This type of agostic interaction has

also been postulated in some organometallic compounds such as [Au2-
(�-C6H4CH2C6H4)(PPh3)2]

3119 or [Au2(�-C6H4CH2C6H4)(�-dppe)] (585).3120,3121
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6.7.3.4.9 Complexes with mixed donor ligands

Triangular trigold(I) complexes of the type [Au3L3], where L is a mixed donor ligand (Figure 24),
have been known for over 20 years,2355,2362,3122–3125 but it is only recently that some remarkable
chemical reactivities and physical properties of these molecules have been recognized.
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Figure 24 Triangular [Au3L3] complexes.
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The gold trimer [Au3(MeN¼COMe)3] displays the novel phenomenon termed solvo-
luminescence. After irradiation with near-UV light, crystals of this compound show a long-live
photoluminescence that is readily detected by the human eye for tens of seconds after cessation of
irradiation. Addition of dichloromethane of chloroform to these previously irradiated crystals
produces a bright burst of light. For this phenomenon the solid-state structure is crucial and
consists of individual molecules of Au3L3, which aggregate to form columnar stacks through
Au���Au interactions. Then it is believed that energy storage involves charge separation within
the solid, and this charge separation is facilitated by conduction of electrons along the columnar
structure.3126,3127 A similar complex [Au3(PhCH2N¼COMe)3] does not associate into trigonal
prismatic array but packs in a stair-step fashion with eight discrete molecules in the asymmetric
unit. This compound does not display solvoluminiscence.3128 Theoretical calculations of the
complex [Au3(MeN¼COR)3] in gas phase and in chloroform solution have been carried out.
The calculated structure and the vibrational frequency are in good agreement with the experi-
mental results.3129

Charge-transfer adducts are formed with the gold(I) trimers [Au3(MeN¼COR)3] (R=Me, Et),
which act as electron donors, and organic electron acceptors as nitro-9-fluorenes. The structures
of these adducts involve mixed stacks in which the gold trimers and the planar nitro-fluorenes are
interleaved.3130 No luminescence has been observed from these solid charge-transfer adducts,
which is not surprising since the luminescence of [Au3(MeN¼COR)3] is a property that is
associated with the supramolecular organization in the solid.
The structure of the trimer [Au3(NC5H4)3] has been studied and shows that individual mol-

ecules self-associate through aurophilic interactions into two distinct structural motifs that involve
both extended chains of molecules connected by pairwise and individual Au���Au contacts, and
discrete dimers linked by pairwise Au���Au interactions (Figure 25).3131

The reaction of [AuCl(THT)] with 2-(40,50-dihydro-4,40-dimethyl-20-oxazolinyl)-thien-n-yllthium
(n= 3, 5) affords dimeric (586) or trimeric (587) gold(I) derivatives with mixed N,C-donor
ligands.2263 Other complexes with mixed N,C donor ligands which have been prepared
in a similar manner are [Au2{Fc(CH2NMe2}2],

2127 [Au2{C6H4(CH2NMe2)}2],
3132

[Au2{C6H3(CH2NMe2)2}2],
1964 [Au2(�-2-C(TMS)2-6-RPy)2] (R=H, Me) (588),644,1471,3133 or

[Au2(�-2-CH2-6-Py)2].
347

Complexes with mixed C,P or C,As donor ligands are derived of ortho-metalated phosphines or
arsines or of methanide derivatives. The dinuclear complexes [Au2(C6H3-2-EPh2-6-R)2] (E=P
(589), As; R=H, Me) are obtained by reaction of 2-EPh2-6-R-C6H3Li with [AuBr(PEt3)] at
�70 �C.2002,2004,2006 The treatment of the dimer [Au2(C6H4PPh2)2] with methyltriflate yields,
unexpectedly, [Au5(C6H4PPh2)4]

þ.3134 The mixed dinuclear derivative [Au2(5-Me-C6H3-2-
PPh2)(S2CNBu2)] has also been obtained.

1834 The reaction of [Au(C�CBut)] with (MeO)2PCH2-
P(OMe)2 gives the complex [Au8Cl2{�3-P(OMe)2CHP(OMe)2}2{�4-P(OMe)2CP(OMe)2}2], which
has a �3- and a �4-PR2CPR2 ligand.

3135 The compound [Au4(�-CH2SONMe2){�3-(PPh2)2CH}-
(�-dppm)] (590) has been obtained by treatment of [Au2Cl2(�-dppm)] with [Me2S(O)NMe2]BF4
under phase transfer catalysis conditions.2626 The dinuclear [Au2{(CH2)3PPh2}2] (591) has been
synthesized by reaction of [AuCl(CO)] with the zinc derivative [Zn{(CH2)3PPh2}2].
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Figure 25 Structure of [Au3(NC5H4)3].
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Complexes with C,S mixed donor ligands are also derived of methanide species and methalated
thiolate ligands. The complexes [Au2(C6F5)2(SPPh2CHPPh2Me)] or [Au2(SPPh2CHPPh2Me)2]
(ClO4)2 are obtained by reaction of the methanide ligand SPPh2CHPPh2Me with the correspond-
ing gold(I) precursor.1471 Treatment of [Au2{C(PPh2S)2}(PPh3)2] with [Au(C6F5)(THT)] gives the
pentanuclear species [Au5(C6F5){(SPPh2)2C}2(PPh3)] (592).2161 Methylenethiophosphinate ligands
have been used to synthesize dinuclear gold or gold/mercury compounds, which depending of the
synthetic procedure species containing S�Au�C as in [Au2(CH2PPh2S)2] (593) or S�Au�C/
S�Hg�C or S�Au�S/C�Hg�C structural units are obtained.1675,3136–3138 Also heterobimetallic
Au/Tl, Au/Pb, and Au/Pt species have been obtained; these complexes are strongly luminescent
which is associated to the presence of metal–metal interactions.2009,3139 The treatment of
2-lithiobenzenethiolate with [AuCl(PPh3)] gives the complex [Au2(�-SC6H4)(PPh3)2] (594).2809

Similarly the reaction of [Mn{C5Cl3(SLi)Li}(CO)3] with the [AuCl(PPh3)] yields
[Mn{C5Cl3(SAuPPh3)AuPPh3}(CO)3].
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Gold(I) complexes with P,S (or Se) donor ligands are in many cases derived of phosphine
sulfides or selenides as [Au2(PPh2CH2PPh2Se)2](ClO4)2,

3140 and [Au(PPh2CH2PPh2Se)2]
þ

(595),1403,3141 [Au2(PPh3)2(�-SPPh2Py)](BF4)2,
1427 or phosphine thioethers such as

[Au2(PPh2CH2SPh)2]
2þ,1396 and [AuCl{PPh2(CH2)2SR}] (R= �-cyclodextrin),3142 [Au2{(S-

PhCH2)3P}]
2þ (596),2516 or phosphine thiolates complexes as [Au2{PEt2(CH2)2S}2]

3143 and
[Au(SC6H4PPhC6H4SH)(PPh3)] (597).1969 In the structure of [Au(PPh2CH2PPh2Se)2]Cl the
methylene protons of the phosphine act as hydrogen bond donor, with H���O distances as short
as 2.20 Å, and also form C—H���Cl interactions.1403 Other complexes with P,S-donor ligands are
those with diorganophosphinothioformamido derivatives such as [Au2{PR

1
2C(S)NR

2}2] (R
1=Ph,

Cy; R2=Ph, Me).3144
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Difunctional ligands with P,N-donor centers as PPh2Py, PPh2(Bzim) or PPh2C6H4NH2 have
been used in gold(I) chemistry and compounds of the type [Au2(PPh2Py)2](BF4)2,

1373 the poly-
nuclear [Au2Cu2(�-SPy)2(�-PPh2Py)2](PF6)2 (598), [Au2{PPh2(Bzim)}2]

2þ (599),1378,1379 the hetero-
bridged [Au2{PPh2(Bzim)}(P-P)]

2þ (L-L= dppm, dppe, dppp),3145 [Au2(PPh2C6H4NH2)2](ClO4)2
(600),3146 or [Au6(PPh2C6H4N)2(PPh3)4](ClO4)2

2487 have been synthesized. The reaction of
[Au2(PPh2C6H4NH2)2](ClO4)2 with AgClO4 in acetone leads to the compound
[Au2(PPh2C6H4N¼CMe2)2](ClO4)2.3146 Also the mixed gold–silver derivative
[AuAg(PPh2C6H4NH2)2](ClO4)2 has been synthesized.

3146
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Gold(I) complexes with mixed S,N-donor ligands are mostly derived of thiolate ligands. The
dinuclear luminescent complex with the ligand 4,6-dimethylpyrimidinethiolate, [Au2(4,6-Me2pym-
2-S)2], crystallized as two independent dimers with short Au���Au distances, these planar dimers
stack along the a-axis with pyridine moieties in adjacent molecules overlapping.3147 Pyridinethio-
late PyS� can act as triply bridging ligand in [Au3(�3-SPy)(�-dppf)(PPh3)](OTf)2 (601).2578 The
ligand FcCH¼N(CH2)2S� also acts as a triply or quadruply bridging ligand in
[Au3{S(CH2)2N¼CHFc}(PPh3)3](OTf)2 (602) or [Au4{S(CH2)2N¼CHFc}(PPh3)4] (OTf)3.2816 A
similar ligand NH2(CH2)2SH can be polyaurated to yield the compound [(Ph2PAu)3N(CH2)2-
S(AuPPh3)2](BF4)2.

2957 The complex [Au2(CNBu
t)2(�-S3C2N2)] looses the isocyanide ligands to

give a polymeric material with a ‘‘knitted’’ network structure (603).3148
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The treatment of 2-amino-4,5-dihydrothiazole with [Au(ACAC)(PPh3)] evolves to an unprece-
dented ring-opening reaction to give the new ligand (2-cyanamide)ethylthiolate, stabilized as the
dinuclear gold complex (Equation (42)).2315

S

N
NH2 +  [Au(ACAC)(PPh3)] Au

N S
Au

CN

PPh3PPh3

ð42Þ

Other complexes with bridging N,S ligands are the 1,3-dimethyl-8-thioxantine derivative
[Au2(�-N,S){�-PMe2(CH2)2PMe2}],

3149 or with quinoline thiolates [Au5(�-SQuin)3(�-dppm)2]
2þ

(604),3150 deprotonated ethylenethiourea [Au4(etu-H)4] (605),3151 or with 2-methoxyphenyl-
imino(2-pyridyl)methylthio derivatives as [Au{SC(Py)¼NR} (PPh3)].3152
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Gold(I) complexes with S,O mixed donor ligands such as [(Ph3PAu)2S(CH2)nCOOAuPPh3]BF4
(n= 2 (606), 3),2828 or [(Ph3PAu)2SCH(COOAuPPh3)CH2COOAuPPh3]BF4 have been
obtained.2829 The compound [Au2(�-C9H6NO)(PPh3)2]BF4 with the quinolyl group interacting
N,O with the gold atoms has been described.2735 A dimeric gold(I) complex with a mixed Se,S
thioselonolate ligand has been synthesized, [Au2{SeSC¼C(CN)2}2]2�.2966

6.7.3.4.10 Gold(I) complexes with AuI—M bonds

Heteronuclear compounds containing gold(I) and other metal atoms which present AuI���M
interactions are well represented in the area of metal carbonyl clusters. The addition of a
AuPR3

þ or Au2(�-P-P)
2þ fragment to a metal cluster results in the formation of Au—M bonds

often with retention of the cluster framework. Several reviews have been reported recently,3153–3155

and so it will not be treated here. Some representative examples are found in Figure 26.
AuI���AgI or AuI���TlI interactions are present in polynuclear complexes with bridging ligands,

many of these compounds have been seen in other sections and then will not be included here.
The reaction of basic/donor gold(I) complexes with acid/acceptor complexes gives acid–basic or
acceptor–donor derivatives. Thus, the treatment of the aurate(I) salts [AuR2]

� with Agþ, in the
presence of a ligand L, affords yellow or orange polymers of the type [R2Au(�-AgL)2AuR2]n (607).
They are available for a great variety of oxygen, nitrogen, sulfur, phosphorus, or carbon donor
ligands and being R=C6F5, C6F3H2, C6Cl5.

3163–3165 The structure consists of a rhomboidal
arrangement of the four metallic centers, these units are further connected through aurophilic
interactions. These complexes are only soluble in coordinating solvents. They lose the color in
solution, which is related to cleavage of the gold–gold bonds. The optical properties of some of
these derivatives have been studied and they are related to the AuI���AuI interactions. The absorp-
tion and emission spectra of [(C6F5)2Au(�-AgOCMe2)2Au(C6F5)2]n in acetone are consistent with
molecular aggregation through gold–gold interactions when going from dilute to concentrated
solutions.3166 It is also luminescent in the solid state. The polymeric chain containing the dinuclear
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moiety [Ag(Py)3][Au(C6F5)2]Py, instead of the tetranuclear one, has been obtained by the same
procedure.3167 Formation of a chain can be avoided by using bulky ligands at the gold centers,
which prevents further aggregation through aurophilic interactions. This has been possible with
ylide ligands, and the compounds [(R3PCH2)2Au(�-AgL)2Au(CH2PR3)2] (608) (PR3=PPh3,
PPh2Me, PPhMe2; L=OClO3, PPh3) have been reported.
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The electron rich aurate [Au(C6F5)2]
� also reacts with thallium salts in the presence of a ligand

to give extended unsupported gold–thallium linear chain derivatives. The first example
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Figure 26 Some examples of carbonyl metal clusters with Au(I)-M bonds.
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synthesized was [Tl(OPPh3)2][Au(C6F5)2].
3169 Another derivative is [Tl(OPPh3)][Tl(OPPh3)-

L][Au(C6F5)2]2 (609) (L=THF, acetone),3170 in which the thallium centers show two different
types of geometrical environments. These compounds also show a luminescent behavior. TD-
DFT (density functional level using the time-dependent perturbation theory approach) calcula-
tions are in agreement with the experimental excitation spectra and confirm the qualitative
explanation that the excitation has AuR2 ! Tl charge-transfer character, whereby the thallium
centers act as fluorophores. Tetranuclear derivatives such as [Tl(bipy)]2[Au(C6F5)2]2 (610) and
[Tl(bipy)][Tl(bipy)0.5(THF)][Au(C6Cl5)2]2 have been achieved using 4,4-bipyridine as auxiliary
ligand.3171 In the first case an Tl�Au�Au�Tl linear chain is formed and this unit is connected
with others through bidentate bipyridine ligands forming a 2D array. Further Tl�F contacts
form an infinite 3D network. The second example display a Tl�Au�Tl0�Au arrangement with
bridging bipyridine ligands that form a 2D polymer. If in the reaction of [Au(C6Cl5)2]

� with Tlþ

no ligand is added, except the solvent, the compound [Au2Tl2(C6Cl5)4](OCMe2) is obtained. The
structure consists of a butterfly tetranuclear unit with four unsupported gold–thallium interac-
tions and a long Tl���Tl contact (611).3172
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The trinuclear complexes [Au3(p-MeC6H4N=OEt)3] and [Au3(Bzim)3] (Bzim= 1-benzylimida-
zolate), which are colorless, can produce brightly colored materials by sandwiching naked Agþ or
Tlþ ions form linear-chain complexes (Figure 27) with luminescence properties as luminescence
thermochromism.3173,3174

The reaction of these trimer derivatives with the � molecular acid trinuclear HgII complex
[Hg3(�-C6H4)3] produces a compound with acid–base stacking among the planar molecules
(Figure 28).3175

Other gold(I) complexes with AuI—C bonds, such as [Au2(CH2TMS)2(�-dppm)] or
[Au5(Mes)5], react with naked Ag

þ to give complexes with unsupported gold(I)–silver(I) bonds,
such as [{Au2(CH2TMS)2(�-dppm)}2Ag]OTf (612)3176 or [Au6Ag(�-Mes)6]OTf (613).3177 The
compound [Au2{�-C(PPh3)Py}(PPh3)2]ClO4 reacts with AgNO3 to give [Au2(�-AgNO3){�-
C(PPh3)Py}(PPh3)2]ClO4 (614) in which the silver(I) is bonded to the gold centers and the
nitrogen of the pyridine group.3178

Au—Pt bonds have been described in several complexes, such as the isocyanide compounds
[{Pt(CNC6H3Me2-2,6)2(PPh3)}2(�-AuPPh3)2](PF6)2 (615),3179,3180 or [{Pt(�-CNC(Me2)2) C6H4C
(Me2)(PPh3)}2(�-AuPPh3)2](PF6)2.

3181 Triangular platinum clusters easily add gold(I) phosphine
fragments to give complexes such as [Pt3Au(PR3)4(�-CO)3]

þ (PR3=PCy3 (616), PPh3),
3182,3183

[Pt3Au(PCy3)4(�-CO)2(�-SO2)]PF6,
3184 [Pt3Au(PCy3)3(PC6H4F-4)(�-Cl)(�-SO2)2],

3184 [Pt3Au2
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Figure 27 Structure of [Au3M(Bzim)3]
þ.
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(PCy3)3(PC6H4F-4)2(�-Cl)(�-SO2)2]PF6,
3185 [{Pt3(PPh3)4(�-CO)3}2Au]PF6,

3186 [Pt3Au(PCy3)4-
(�-CO)(�-CNR)2]PF6,

3187 [Pt6Au2(�-CO)6(�-dppm)3(PPr
i
3)2](PF6)2,

3188 [{Pt3(PCy3)4(�-CO)3}2{�-Au2
(PPh2CH2C6H4CH2PPh2)}]

þ,3189 [Pt3(�3-S)(AuPPh3)(�-AgCl)(�-dppm)3]
þ,3190 [Pt3(�-dppm)3

(AuPPh3)]PF6,
3191 [Pt3(�-dppm)3(AuPMe3)2]PF6,

3192 or [Pt2Au(CNR)2(�-SO2)(PCy3)3]PF6.
3193

Dinuclear compounds with bridging diphosphines also give unsupported Au—Pt bonds, as in
[Pt2R2(�-dppm)2(�-AuX)] (R=C�CBut, CN; X= I, Cl),3194–3196 or [Pt2{PPh2(CH2)3P(Ph)
C6H4}2(�-AuPPh3)]BF4 (617).

3197 Platinum(0) phosphine complexes with Au—Pt bonds are
[(Ph3P)3PtAu(PPh3)]BF4,

2726 [PtCl(PEt3)2(AuPPh3)2]OTf,
3198 or [Pt(NO3)(PPh3)2(AuPPh3)2]

PF6.
3199 Mixed metal derivatives with bridging phosphide ligands form complexes with Au—

Pt—M bonds as in [Pt(CO)(PCy2H)(�-PCy2)(�-AuPPh3)WCp(CO)2]PF6
3200 or [WCp(CO)2-

(�-PPh2)(�-CO)Pt (�-PPh2)(�-AuPPh3)WCp(CO)]PF6.
3201 The reaction of the electron-rich [PtMe2

(bipy)] with [AuX(PPh3)] gives the complex [PtMe2(bipy)(AuPPh3)]X, with an unsupported Pt—
Au bond.3202 The compound [Pd3Au(PPh3)4(�-N3)(�-SO2)2] is one example of Au—Pd bond.
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Carborane platinum or iridium compounds form M—Au bonds in their reaction with gold(I)
phosphine complexes, as in [Pt(CB10H11)(PEt3)2(AuPPh3)]

3204 or [Ir(C2B9H9Me2)(CO)
(PPh3)(AuPPh3)].

2047

Complexes with Au—Rh or Au—Ir bonds have also been described such as [Rh2Cp2(�-
dppm)(�-CO)(AuPPh3)]BF4,

3205 [Rh2(CNC6H3Me2-2,6)4(�-Cl)2(�-AuPPh3)]PF6,
3206 [Rh2(CO)2-

(PPh3)2{�-1,8-(NH)2C10H6}(�-AuPPh3)]
þ (618),1472 [Ir(dppe)2(AuPPh3)](BF4)2 (619),3207

[IrH(CO)(PPh3)3(AuPPh3)]PF6,
3208 [Ir2(dimen)4(PPh3)(AuPPh3)](PF6)3

1592 or [Ir3(indenyl)3(CO)3-
(�-AuPPh3)] PF6.
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An example of a complex with a formal AuI—AuIII bond is [{Au2{�-(CH2)2PPh2}2Au(C6F5)3]
(620), which has been obtained by reaction of [Au2{�-(CH2)2PPh2}2] with [Au(C6F5)3(OEt2)].

3210

6.7.3.5 Gold Clusters

There is an important class of gold compounds in which the formal oxidation state is intermediate
between 0 and þ1. They can be homo- or heteronuclear compounds, for which excellent reviews
have been published recently.3153–3155,3211

6.7.3.5.1 Homonuclear clusters

Several synthetic methods have been employed in the preparation of gold clusters compounds.
Three main routes can be distinguished:

(i) Reaction of a suitable gold(I) precursor as [AuX(PR3)] (X= halide, SCN, NO3) with a
reducing agent, such as NaBH4, Ti(�-C6H5Me)2, or CO, or even by photolysis of gold(I)
azides. A representative example is given in Equation (43).3212 Also a gold(III) precursor
can be used, as in the reaction of HAuCl4 with NaBH4, that in the presence of PPh3 gives
the high nuclearity cluster [Au39Cl6(PPh3)14]Cl2.

45

(ii) Treatment of gold vapor in the presence of phosphine ligands as the example shown in
Equation (44).3213

(iii) Reactions of gold clusters with other ligands or metal complexes. These types of reactions
can progress with or without change in the metal skeleton. The first ones can be
accompanied with an increase or decrease in the nuclearity, as exemplified in Equations
(45) and (46):3214,3215

[Au(NO3)(PPh3)]  +  NaBH4                                               [Au9(PPh3)8](NO3)3 ð43Þ
Au(g)  +  dppm                                                    [Au5(dppm-H)(dppm)3](NO3)2 ð44Þ

[Au9(PPh3)8]3+  +   Bu4NI                                          [Au8I(PPh3)6]+ ð45Þ

[Au9(PPh3)8]3+  +   3 [Au(C6F5)2]–                                         [Au10(C6F5)4(PPh3)5] ð46Þ
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Other reactions where the cluster core remains intact are based on nucleophilic addition,
elimination, and substitution reactions, as well as electrochemical interconversions. Some
examples are given in Equations (47) and (48):2714,3216

[Au8(PPh3)6]2+  +  2 PPh3                                            [Au8(PPh3)8]2+     ð47Þ

[Au4I2(PPh3)4]  +  dppm                                         [Au4I2(dppm)3] ð48Þ

The nuclearity of structurally characterized homonuclear clusters goes from four to 39. The
preparation of [Au55Cl6(PPh3)12] from the reduction of [AuCl(PPh3)] with B2H6 has also been
reported.46,3217

The bonding in gold cluster molecules has been interpreted using free electron models which are
based on Stone’s tensor surface harmonic theory.3218–3220 High similarity has been found between
alkali metals and gold in the spectra of molecular orbitals when they form clusters, and the
primary bonding and antibonding interactions result from the overlap of the s valence orbit-
als.3221,3222 For gold the 5d-orbitals are core-like and only hybridize slightly with the 6s, where the
6p valence orbitals are too high-lying to contribute significantly to the bonding. The geometries
have been classified as (i) spherical polyhedral clusters characterized by a total of 12nþ 8 valence
electrons (n is the number of peripheral gold atoms), and (ii) toroidal or elliptical polyhedral
clusters characterized by a total of 12nþ 6 valence electrons.109

Tetranuclear clusters have been described and are of the type [Au4(PR3)4]
2þ (PR3=PMes3,

PBut3),
2714,3223 [Au4(�-X)2(PPh3)4] (X= I, SNCl3),

3224,3225 [Au4I(�3-I)(dppm)3],
3216 and

[Au4{(PPh2)2C2B9H10}2L2] (621) (L=AsPh3, PPh3, P(4-MeC6H4)3, P(4-OMeC6H4)3).
2704,3226

The structure corresponds to a tetrahedron of metal atoms. The compounds with the carborane
diphosphine present a luminescent behavior. Theoretical calculations of the empty [Au4(PH3)4]

2þ

reproduce the experimental Au—Au distance in [Au4(PBu
t)4]

2þ and suggest that covalent and
correlation bonding in this two electron, four center system are comparable.3227

(621)
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There is only one example of a pentanuclear cluster, namely [Au5(dppm)3(dppm-H)](NO3)2
(622), where the metal core adopts a spiked-tetrahedral geometry of gold atoms.3213

Several hexanuclear gold clusters have been prepared and are of the type [Au6(PR3)6]
2þ (623)

(PR3=PPh3, PPh(C6H4Me-2, PPh2Cy),
3228,3229 [Au6(dppp)4]

2þ,3230 or [(H12B10Au)(�-AuPE-
t3)4(AuB10H12)] (624).2052 The geometry, although could be expected to be octahedral, consist
of two edge-sharing tetrahedra. An octahedral cluster originally formulated as [Au6(PTol3)6]

2þ

was subsequently found to have an intersticial carbon atom.2,3231 The compound [(H12B10Au)(�-
AuPEt3)4(AuB10H12)] has an unusual structure. Only the heptanuclear gold cluster [Au7(P-
Ph3)7]OH (625) has been prepared by evaporation of gold into a toluene solution containing
PPh3. The structure corresponds to a distorted pentagonal bipyramid, with the axial Au—Au
bond being the shortest at 2.584(1) Å.3214,3232

Several octanuclear gold cluster have been characterized and are of the type
[Au8(PPh3)8]

2þ,3233,3234 [Au8(PPh3)7]
2þ,3235 or [Au8(PMes3)6]

2þ.2714 The structural skeletons for
these compounds are different and are shown in Figure 29.
The majority of nonanuclear clusters have the stoichiometry [Au9(PR3)8]

3þ, they have been
characterized structurally for the phosphine ligands P(C6H4Me-4)3

3212 and P(C6H4OMe-
4)3

3236,3237 with different anions. It has been found that small changes result in large changes in the
structure of the metal core, indicating small energy barriers between the different structural forms.
Also pressure can induced skeletal isomerization of [Au9(PPh3)8](PF6)3 in the solid state.

3238 The
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electrochemical behavior of these clusters has been studied and can be reduced in two consecutive one-
electron step to give [Au9(PR3)8]

2þ and [Au9(PR3)8]
þ.3239,3240The cluster [Au9(SCN)3(PCy3)5] has also

been obtained.3241 The two different structural forms for nonanuclear clusters are shown in Figure 30.
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Decanuclear gold clusters have a structure derived of three trigonal bipyramidal Au5 clusters
sharing a common central atom and edge sharing (Figure 31a). They can be neutral as [Au10{S2C2(-
CN)2}2(PPh3)7] or [Au10(C6F5)4(PPh3)5],

3215 or cationic as [Au10Cl3(PPhCy2)6]NO3.
3243 Other types

of decanuclear gold clusters are those obtained by photolysis of a mixture of [AuCl(PPh3)] and
[AuN3(PPh3)] in the presence of Na2[VCp(CO3)] or Cr(CO)6. They have the stoichiometry
[Au(AuX)(AuPPh3)8]

þ (X=Cl, NCO), and the structure consists of a centered square antiprism of
nine Au atoms with one square face of the antiprism bridged by the AuX group (Figure 31b).3244,3245

Several undecagold clusters have been characterized by XRD, such as [Au11I3(PR3)7]
(PR3=PPh3, C6H4F-4, C6H4Cl-4),

3233,3246,3247 [Au11(SCN)3(dppm)5],
3248 [Au11I(CN-

Pri)2(PPh3)7](PF6)2,
3249 and [Au11(PPh2Me)10]

3�.3250 The structure of the mixed-ligands clusters
corresponds to a C3v metal skeletal framework and the homoleptic to a centered bicapped square
antiprism (Figure 32). Other stoichiometries are known as, for example, [Au11Cl2(PPh3)8]Cl.

3251
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Figure 29 Structures of Au8 clusters.
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Figure 30 Structures of Au9 clusters.
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Gold(I) compounds [AuX(PPh3)], where X is a weak coordinated ligand such as NO3
�, ClO4

�,
BF4

�, or OAc�, react with CO to form clusters [Au9(PPh3)8]X3; if the solvent is dichloromethane
fulminate, [Au(CNO)(PPh3)], and [Au11(CNO)2(PPh3)8]

þ are obtained.3252

The structure of the tredecanuclear cluster [Au13Cl2(PPhMe2)10](PF6)3 corresponds to a centered
icosahedron of gold atoms (Figure 33).3253A similar structure, although with disorder, seems to have
[Au13(dppm)6](NO3)4.

3254 Recently the cluster [Au16Cl6(AsPh3)8] has been prepared by reduction of
[AuCl(AsPh3)] withNaBH4, and the structure is derived of a centered icosahedron of which one of the
corners binds to three additional Au-atoms forming a tetrahedron pendent (Figure 34).3255

The largest structurally characterized gold cluster is [Au39Cl6(PPh3)14]Cl2, which has a structure
related to a hexagonal packed geometry with a 1:9:9:1:9:9:1 individual layers of gold atoms
(Figure 35).45 Attempts have been made to characterize the cluster [Au55Cl6(PPh3)12] and the
physical properties of these species have been widely studied.3256

6.7.3.5.2 Heteronuclear clusters

A novel series of Au�Ag supraclusters whose metal frameworks are based on vertex-sharing
polyicosahedron have been reported. In the structure of these compounds the basic building block
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Figure 31 Structures of Au10 clusters.
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is the 13-metal atom (Au7Ag6) icosahedra. These high nuclearity clusters have been termed
‘‘clusters of clusters’’ and they follow a well-defined growth sequence by successive additions of
icosahedral units via vertex sharing.47

The first member of this vertex-sharing polyicosahedral cluster series is the 25-metal-atom
clusters whose metal core can be considered as two icosahedra sharing a common vertex. They
have been obtained by reducing a mixture of [AuX(PR3)] and [AgX(PR3)] with NaBH4. Several of
these types of clusters with different metal configurations have been reported, as, for example,
[(Ph3P)19Au13Ag12Br8]

þ (Figure 36).3257–3263 Using the growth sequence by successive additions of
icosahedral units via vertex sharing, the triicosahedral [(p-Tol3P)12Au18Ag20Cl14]

3264–3266 and the
tetraicosahedral [(p-Tol3P)12Au22Ag24Cl10]

3267 clusters have been obtained. The 37-metal atom
cluster [(p-Tol3P)12Au18Ag19Br11]

2þ is related to the 38-metal atom cluster in that one of the two
capping Ag moieties is replaced by a triply bridging halide.3268 The structure of the triicosahedral
clusters is three M13 atom (Au7Ag6) Au-centered icosahedra sharing three Au vertices in a cyclic
manner (Figure 37), and the proposed structure for the tetraicosahedral cluster is four similar
icosahedra arranged in a tetrahedral arrangement with six shared vertices.
The well-defined large bimetallic Au�Ag cluster as [(Ph3P)12Au18Ag20Cl14] can achieve nearly

two orders of magnitude of attenuation of high-intensity laser power and, consequently opens the
door to a new class of optical materials based on nanosized metal clusters.3269
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Trimetallic polyicosahedral superclusters such as [(Ph3P)10Au12Ag12MCl7]
þ (M=Ni, Pt) or

[(Ph3P)10Au10Ag13Pt2Cl7] have been obtained by reduction of mixtures of [M(AuPPh3)8](NO3)2
(M=Pt, Ni) and [AgCl(PPh3)]4 with NaBH4,

3270,3271 or by reaction of [Pt(H)(PPh3)(AuPPh3)7]
2þ

with [Ag(NO3)(PPh3)],
3272 respectively. In a similar reaction of [Pt(H)(PPh3)(AuPPh3)7]

2þ and
[AgI(PPh3)]4, the trimetallic cluster [(Ph3P)6Au6Ag6Pt(AgI3)2] was isolated. The structure is a
icosahedron of the three metal atoms with two capping AgI3 units.

3273

A large number of mixed metal–gold clusters are known where the metal can vary from an
early transition metal, to the platinum group or coinage metals. With coinage metals, apart from
the Au�Ag superclusters, centered icosahedral clusters of the type [Au9M4Cl4(PPh2-
Me)8](C2B9H12) (M=Au, Ag, Cu) have been obtained.3274 With early transition metals,3275

mixed gold clusters with vanadium as [V(CO)5(AuPPh3)] or [V(CO)4(AuPPh3)6]
þ;3276,3277 molyb-

denum and tungsten of the type [M(CO)4(AuPPh3)5]
þ (626), [M(CO)3(AuPPh3)7]

þ (M=Mo,
W),3278–3280 or [MoCp(CO)2 (AuPPh3)4]

þ;3281 cobalt as [Co2(CO)6Au(AuPPh3)6]
þ (627),3279

[Co(CO)3(AuPPh3)4]
þ,3278,3282 [Co(CO)2(AuPPh3)7]

2þ,3283 or [{Co(CO)4}2Au6(PPh3)4];
3284 manga-

nese as [Mn(CO)4(AuPPh3)4]
þ, [Mn(CO)4(AuPPh3)4], [Mn(CO)3(AuPPh3)6]

þ (628), or
[(Ph3PAu)4{AuMn(CO)5}2];

3285–3289 or rhenium as [Re(CO)4Au(AuPPh3)3],
3289 have been

described. In most of the cases photolysis of [AuN3(PPh3)] in the presence of metal carbonyl
complexes has been the synthetic method.
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Mixed gold–platinum group metal complexes are numerous, amongst them the reactivity of the
clusters [M(AuPPh3)8]

2þ (M=Pd, Pt), which possesses a central platinum atom, has been studied
thoroughly. They are synthesized by reduction of mixtures of [M(PPh3)4] and [Au(NO3)(PPh3)].
3290–3292 These cluster compounds undergo several types of reactions as nucleophilic additions to
go from 16-electron to 18-electron clusters,3293–3295 an example is given in Equation (49). The
change from a 16- to an 18-electron cluster provokes a change in the geometry from toroidal to
spheroidal as can be seen in Figure 38:

M = Pd, Pt

[M(AuPPh3)8]2+ +  CO                                      [M(CO)(AuPPh3)8]2+                   

ð49Þ

Figure 37 Core of Triiosahedral clusters.
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Other types of reactions have been studied as, for example, a mixture of nucleophilic addition
and substitution reactions.3296–3298 An interesting reaction due to the potential catalytic applica-
tions is the reversible addition of H2 to [Pt(AuPPh3)8]

2þ to give the 18-electron dihydrido cluster
[Pt(H)2(AuPPh3)8]

2þ.3299,3300 In nonbasic solvents the dihydrido cluster is stable and upon
removal of the H2 atmosphere, it rapidly loses H2 to reform [Pt(AuPPh3)8]

2þ. These reactions
are completely reversible in pyridine solutions as shown in Equation (50):3301

Py

HPy+
[Pt(AuPPh3)8]2+ +  H2                 [Pt(H)2(AuPPh3)8]2+                               [Pt(H)(AuPPh3)8]2+   

ð50Þ

The reaction of these platinum or palladium clusters with transition metal compounds has also
been studied and many cluster derivatives have been prepared for this method, which included
reactions with gold,3302–3306 silver,3302,3303,3307–3310 copper,3302,3303,3309–3311 or mercury com-
plexes.3307,3312–3314 Some examples are given in Equations (51) and (52):

 [Pt(H)2(AuPPh3)8]2+   +  [Au(NO3)(PPh3)]                               [Pt(H)(AuPy)(AuPPh3)8]2+
Py ð51Þ

MX = AgNO3, CuCl

[Pt(AuPPh3)8]2+  +  MX                                 [Pt(MX)(AuPPh3)8]2+

ð52Þ

Other approach to mixed palladium–gold or platinum–gold clusters is by co-photolysis reac-
tions of [AuN3(PPh3)] and [M(N3)2L2] (M=Pd, Pt; L2= dppe, (PPh3)2). By this procedure several
cluster compounds such as [Pt(PPh3)(AuPPh3)6(AuCl)3],

3315 [Pt(CO)(AuPPh3)6(AuCl)3],
3315

[Pd(AuPPh3)8(AuCl)4],
3316 or [Pd(AuPPh3)6(Au2dppe)(AuCl)4]

3317 have been obtained. Also the
reaction of [Pt(PPh3)4] with [Au(C�CBut)] yields the mixed cluster [Pt(C�CBut)(PPh3)
(AuPPh3)6][Au(C�CBut)2].3318

Othermixed gold clusters have also been synthesized with iron as [Fe(CO)3(AuPPh3)5]
þ;3319 iridium

as [IrAu4(H)4(PPh3)6]BF4;
3320 rhodium as [Rh(POPri3)2(H)2(AuPPh3)4]

þ,3321 [Rh(POPri3)2(H)
(AuPPh3)5]

þ,3321 or [Rh(H)(CO)(PPh3)2(AuPPh3)2]
þ;3322 rhenium as [Re(H)4(PPh3)2

(AuPPh3)5]
2þ;3322 or indium as [Au3In3Cl6(THF)6(dppe)3] or [Au3In3Br7(THF)6(dppe)2]

�.3323,3324

6.7.3.6 Gold(0) Complexes

The complex [Au2(PPh3)2] has been prepared by reduction of [AuI(PPh3)] with sodium napht-
halide. Its core unit is isoelectronic with mercurous halides Hg2X2; but, curiously enough, it has a
dinuclear trans bent structure with d(Au�Au)= 2.76 Å and a Au�Au�P angle of 129�.3325 There is
no confirmation as yet of the original preliminary report.
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The synthesis of silicalix[n]phosphinines, a new class of macrocycles incorporating sp2-hybrid-
ized phosphorus atoms has allowed the preparation of gold(0) macrocycles. These ligands
possess an adequate balance between �-donating and �-accepting properties and then can act as
macrocyclic equivalent of carbonyl groups. The reaction of these macrocycles with [AuCl(SMe2)]
in the presence of GaCl3 yields the complexes [AuL][GaCl4]. The electrochemical reduction of one
of these derivatives allows the synthesis of the gold(0) compound (Equation (53)):48

Si
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Ph P

Ph

Ph

Si

P
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Ph P

Ph
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Si SiAu

+

Si
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Ph

Ph P

Ph

Ph

Si SiAu
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ð53Þ

6.7.3.7 Gold(–I) Compounds

Gold is unique among the transition metals in its ability to form isolable nonmetallic compounds
that contain a monoatomic anion. The binary alkali metal aurides RbAu and CsAu have been
known for about 50 years, but the ternary auride oxides M3AuO (M=K, Rb, Cs) and the
aurideaurates Rb5Au3O2 and M7Au5O2 (M=Rb, Cs) have been discovered only recently.3326–3329

Using a macroreticular ion exchange resin with a high affinity toward caesium ions in liquid
ammonia, it has been possible to exchange caesium for tetramethylammonium and the first
compound of negatively charged gold with a nonmetal cation has been isolated, NMe4

þAu�.49

An estimation of auride radius has been made of 1.9 Å, which is very similar to the bromine ion.
CsAu dissolves in liquid ammonia forming a yellow solution that on removing ammonia, CsAu
was not recovered directly, instead a new, intense blue solid crystallizes which has the composition
CsAu�NH3.50 The crystal structure exhibits features characteristic for low-dimensional systems.
Slabs of overall composition CsAu are separated by single NH3 layers. The gold atoms are shifted
towards each other forming zig-zag chains with a Au���Au separation of 3.02 Å (4.36 Å in CsAu).
This ‘‘auridophilic attraction’’ takes place between d10s2 anions but surprisingly yields a similar
distance as the aurophilic attraction in d10 cations. The nature of this effect is not theoretically
clear. Both the dispersion effects and the net bonding, resulting from partial oxidation from the
top of 6s band, could play a role. The observed Mössbauer isomer shift at gold (CsAu
7.00mmS�1, RbAu 6.70mmS�1, CsAu�NH3 5.96mmS�1, Au �1.23mmS�1) does not show a
full �1 auride charge and keeps the latter possibility open.3330
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669. Bardají, M.; Crespo, O.; Laguna, A.; Fischer, A. K. Inorg. Chim. Acta 2000, 304, 7–16.
670. Terroba, R.; Hursthouse, M. B.; Laguna, M.; Mendia, A. Polyhedron 1999, 18, 807–810.
671. Lettko, L.; Wood, J. S.; Rausch, M. D. Inorg. Chim. Acta 2000, 308, 37–44.
672. Ng, S. W.; Othman, A. H. Z. Krist. 1995, 210, 674–675.
673. Bowmaker, G. A.; Effendy; Hanna, J. V.; Healy, P. C.; Millar, G. J.; Skelton, B. W.; White, A. H. J. Phys. Chem.

1995, 99, 3909–3917.
674. Bowmaker, G. A.; Effendy; Hanna, J. V.; Healy, P. C.; Reid, J. C.; Rickard, C. E. F.; White, A. H. J. Chem. Soc.,

Dalton Trans. 2000, 753–761.
675. Bowmaker, G. A.; Hanna, J. V.; Rickard, C. E. F.; Lipton, A. S. J. Chem. Soc., Dalton Trans. 2001, 20–28.
676. Nardelli, M.; Pelizzi, C.; Pelizzi, G.; Tarasconi, P. J. Chem. Soc., Dalton Trans. 1985, 321–331.
677. Effendy; Kildea, J. D.; White, A. H. Aust. J. Chem. 1997, 50, 671–674.
678. Effendy; Kildea, J. D.; White, A. H. Aust. J. Chem. 1997, 50, 587–604.
679. Pelizzi, C.; Pelizzi, G.; Tarasconi, P. J. Organomet. Chem. 1984, 277, 29–35.
680. Engelhardt, L. M.; Pakawatchai, C.; White, A. H.; Healy, P. C. J. Chem. Soc., Dalton Trans. 1985, 125–133.
681. Bowmaker, G. A.; Healy, P. C.; Engelhardt, L. M.; Kildia, J. D.; Skelton, B. W.; White, A. H. Aust. J. Chem. 1990,

43, 1697–1705.
682. Cotton, F. A.; Luck, R. L. Acta Crystallogr., Sect. C 1989, 45, 1222–1223.
683. Ellis, D. D.; Spek, A. L. Acta Crystallogr., Sect. C 2000, 56, E547–E548.
684. Bonardi, A.; Cantón, A.; Pelizzi, C.; Pelizzi, G.; Tarasconi, P. J. Organomet. Chem. 1991, 402, 281–288.
685. Bowmaker, G. A.; Effendy; Hart, R. D.; Kildea, J. D.; Desilva, E. N.; Skelton, B. W.; White, A. H. Aust. J. Chem.

1997, 50, 539–552.
686. Tripathi, U. M.; Bauer, A.; Schmidbaur, H. J. Chem. Soc., Dalton Trans. 1997, 2865–2868.
687. Hill, A. M.; Levason, W.; Webster, M. Inorg. Chem. 1996, 35, 3428–3430.
688. Bowmaker, G. A.; Effendy; Harvey, P. J.; Healy, P. C.; Skelton, B. W.; White, A. H. J. Chem. Soc., Dalton Trans.

1996, 2459–2465.
689. Bowmaker, G. A.; Effendy; Harvey, P. J.; Healy, P. C.; Skelton, B. W.; White, A. H. J. Chem. Soc., Dalton Trans.

1996, 2449–2457.
690. Camalli, M.; Caruso, F. Inorg. Chim. Acta 1988, 144, 205–211.
691. Bowmaker, G. A.; Effendy; Junk, P. C.; White, A. H. J. Chem. Soc., Dalton Trans. 1998, 2131–2138.
692. Bowmaker, G. A.; Effendy; Reid, J. C.; Rickard, C. E. F.; Skelton, B. W.; White, A. H. J. Chem. Soc., Dalton Trans.

1998, 2139–2146.
693. Othman, A. H.; Fun, H. K.; Sivakumar, K.; Farina, Y.; Baba, I. Acta Crystallogr., Sect. C 1996, 52, 1933–1935.
694. Bowmaker, G. A.; Effendy; Hart, R. D.; Kildea, J. D. Aust. J. Chem. 1997, 50, 653–670.
695. Bowmaker, G. A.; Effendy; Kildea, J. D.; Desilva, E. N.; White, A. H. Aust. J. Chem. 1997, 50, 627–640.
696. Bowmaker, G. A.; Effendy; Kildea, J. D.; White, A. H. Aust. J. Chem. 1997, 50, 577–586.
697. Pelizzi, C.; Pelizzi, G.; Tarasconi, P. J. Organomet. Chem. 1985, 281, 403–410.
698. Bowmaker, G. A.; Effendy; Desilva, E. N.; White, A. H. Aust. J. Chem. 1997, 50, 641–651.
699. Cowley, A. H.; Elkins, T. M.; Jones, R. A.; Nunn, C. M. Angew. Chem., Int. Ed. Engl. 1988, 27, 1349–1350.
700. Wagner, H.; Schubert, U. Chem. Ber. 1990, 123, 2101–2107.
701. du Mont, W. W.; Karnop, M.; Mahnke, J.; Martens, R.; Druckenbrodt, C.; Jeske, J.; Jones, P. G. Chem. Ber. 1997,

130, 1619–1623.
702. Inoguchi, Y.; Mileski-Mahrla, B.; Neugebauer, D.; Jones, P. G.; Schmidbaur, H. Chem. Ber. 1983, 116, 1487–1493.

Silver and Gold 1101



703. Tiekink, E. R. T. J. Coord. Chem. 1993, 28, 223–230.
704. Papathanasiou, P.; Salem, G.; Waring, P.; Willis, A. C. J. Chem. Soc., Dalton Trans. 1997, 3435–3443.
705. Alyea, E. C.; Malito, J.; Nelson, J. H. Inorg. Chem. 1987, 26, 4294–4296.
706. Attar, S.; Alcock, N. W.; Bowmaker, G. A.; Frye, J. S.; Bearden, W. H.; Nelson, J. H. Inorg. Chem. 1991, 30,

4166–4176.
707. Arduengo III, A. J.; Dias, H. V. R.; Calabrese, J. C. J. Am. Chem. Soc. 1991, 113, 7071–7072.
708. Arduengo III, A. J.; Dias, H. V. R.; Calabrese, J. C. Inorg. Chem. 1991, 30, 4880–4882.
709. Barranco, E. M.; Crespo, O.; Gimeno, M. C.; Laguna, A.; Jones, P. G.; Ahrens, B. Inorg. Chem. 2000, 39, 680–687.
710. Gimeno, M. C.; Jones, P. G.; Laguna, A.; Sarroca, C. Polyhedron 1998, 17, 3681–3688.
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895. Jones, P. G.; Gries, T.; Grützmacher, H.; Roesky, H. W.; Schimkowiak, J.; Sheldrick, G. M. Angew. Chem., Int. Ed.

Engl. 1984, 23, 376–376.
896. Buschmann, H. J.; Schollmeyer, E. J. Electroanal. Chem. 1999, 474, 188–191.
897. Buschmann, H. J.; Wego, A.; Schollmeyer, E. Inorg. Chem. Commun. 2001, 4, 9–11.
898. Zuocai, L.; Meicheng, S. Beijin Daxue Xuebao Ziron Kexueban 1987, 109, 17–23(Chem Abstr 1988, 10983821m).
899. Barannikov, V. P.; Guseinov, S. S.; Matveev, A. V.; Vyugin, A. I. Koord. Khym. 1996, 22, 279–284.
900. Kalidas, C.; Balaji, S. Ind. J. Chem., Sect. A 1999, 38, 618–620.
901. Wen, M.; Munakata, M.; Suenaga, Y.; Kuroda-Sowa, T.; Makawa, M. Inorg. Chim. Acta 2002, 332, 18–24.
902. Kalidas, C.; Raghunath, R. J. Inclusión Phenom. Mol. Recognition Chem. 1994, 17, 345–349(Chem Abstr 1994, 121,

309436b).
903. Tromp, M.; Burgard, M.; Elbachiri, A. Analysis 1991, 19, 97–102(Chem Abstr 1991, 114, 235867z).
904. Prince, P. D.; Steed, J. W. Supramol. Chem. 1998, 10, 155–158.
905. Ouchi, M.; Shibutani, Y.; Yakabe, K.; Shono, T.; Shintani, H.; Yoneda, A.; Hakushi, T.; Weber, E. Bioorg. Med.

Chem. 1999, 7, 1123–1126.
906. Kolthoft, I. M.; Chantooni, M. K.; Roland, G. J. Coord. Chem. 1999, 48, 207–217.
907. Amini, M. K.; Shamsipur, M. Inorg. Chim. Acta 1991, 183, 65–69.
908. Thuery, P.; Nierlich, M.; Arnaudneu, F.; Souley, B.; Asfari, Z.; Vicens, J. Supramol. Chem. 1999, 11, 143–150.
909. Dondoni, A.; Ghiglione, C.; Marra, A.; Scoponi, M. Macromol. Chem. Phy. 1999, 200, 77–86.
910. Alessio, R.; Belli, Dell’Amico D.; Calderazzo, F.; Englert, U. Gazz. Chim. Ital 1993, 123, 719–721.
911. Alessio, R.; Belli, Dell’Amico D.; Calderazzo, F.; Englert, U.; Guarini, A.; Labella, L.; Strasser, P. Helv. Chim. Acta

1998, 81, 219–230.
912. Smith, G.; Lynch, D. E.; Byriel, K. A.; Kennard, C. H. L. Inorg. Chem. 1996, 35, 2711–2712.
913. Smith, G.; Cloutt, B. A.; Lynch, D. E.; Byriel, K. A.; Kennard, C. H. L. Inorg. Chem. 1998, 37, 3236–3242.
914. Smith, G.; Cloutt, B. A.; Byriel, K. A.; Kennard, C. H. L. Aust. J. Chem. 1997, 50, 741–746.
915. Charbonnier, F.; Faure, R.; Loiseleur, H. Acta Crystallogr., Sect. B 1977, 33, 2824–2826.
916. Charbonnier, F.; Faure, R.; Loiseleur, H. Acta Crystallogr., Sect. B 1978, 34, 3598–2601.
917. Charbonnier, F.; Faure, R.; Loiseleur, H. Cryst. Struct. Commun. 1981, 10, 1129–1132.
918. Charbonnier, F.; Faure, R.; Loiseleur, H. J. Less Common Met. 1983, 92, 1–8.
919. Belaj, F.; Kratky, C.; Nachbaur, E.; Popitsch, A. Monatsh. Chem. 1987, 118, 19–23.
920. Charbonnier, F.; Faure, R.; Loiseleur, H. Acta Crystallogr., Sect. B 1981, 37, 822–824.
921. Itaya, T.; Inoue, K. Kobunshi Ronbunshu 2000, 57, 665–671.
922. Mores, O.; Henschel, D.; Blaschette, A.; Jones, P. G. Z. Anorg. Allg. Chem. 2000, 626, 2399–2408.
923. Tomiaka, T.; Tomita, K.; Nishino, A.; Kusonoki, M. Nippon Kagaku Kaishi 1996, 411–515.
924. Stiewe, A.; Kemnitz, E.; Troyanov, S. Z. Anorg. Allg. Chem. 1999, 625, 329–335.
925. Charbonnier, F.; Faure, R.; Petitramel, M. Eur. J. Solid State Inorg. Chem. 1992, 29, 93–98.
926. Bruce, M. I.; Skelton, B. W.; Wallis, R. C.; Walton, J. K.; White, A. H.; Williams, M. L. J. Chem. Soc., Chem.

Commun. 1981, 428–430.
927. Bruce, M. I.; Williams, M. L.; Skelton, B. W.; White, A. H. J. Chem. Soc., Dalton Trans. 1983, 799–808.
928. Sagatys, D. S.; Dahlgren, C.; Smith, G.; Bott, R. C.; White, J. M. J. Chem. Soc., Dalton Trans. 2000, 3404–3410.
929. Roesky, H. W.; Thomas, M.; Schimkowiak, J.; Schmidt, M.; Noltemeyer, M.; Sheldrick, G. M. J. Chem. Soc., Chem.

Commun. 1982, 790–791.
930. Roesky, H. W.; Thomas, M.; Jones, P. G.; Pinkert, W.; Sheldrick, G. M. J. Chem. Soc., Dalton Trans. 1983,

1211–1213.
931. Blonsky, P. M.; Shriver, D. F. J. Am. Chem. Soc., 1984, 106, 6854–6855.
932. Strauss, S. H.; Noirot, M. D.; Anderon, O. P. Inorg. Chem. 1985, 24, 4307–4311.
933. Park, Y. J.; Do, Y.; Kim, K. M.; Choi, M. G.; Jun, M. J.; Kim, C. Polyhedron 2002, 21, 33–37.
934. Benedetti, E.; Bavoso, A.; Di Blasio, B.; Pavone, V.; Pedone, C.; Rossi, F. Inorg. Chim. Acta 1986, 116, 31–35.
935. Lin, C. J.; Lin, S.; Lee, G. H.; Wang, Y. J. Organomet. Chem. 1997, 535, 149–154.
936. Chen, Y. H.; Lin, C. J.; Lin, S. J. Chin. Chem. Soc., 2001, 48, 855–859.
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1532. Blake, A. J.; Reid, G.; Schröder, M. J. Chem. Soc., Dalton Trans. 1991, 615–620.
1533. Abouhamdan, A.; Lincoln, S. F. Inorg. Chem. 1991, 30, 462–466.
1534. Salter, I. D. Adv. Organomet. Chem. 1989, 29, 249–255.
1535. Mingos, D. M. P.; May, A. S. In Chemistry of Metal Cluster Complexes; Shriver, D. F.; Kaesz, H. D.; Adams, R. D.,

Eds.; VCH: Weinheim, Germany, 1990.
1536. Salter, I. D.; Stone, F. G. A. J. Organomet. Chem. 1984, 260, C71–C74.
1537. Ladd, J. A.; Hope, H.; Balch, A. J. Organometallics 1984, 3, 1838–1646.
1538. Bruce, M. I.; Williams, M. L.; Patrick, J. M.; Skelton, B. W.; White, A. H. J. Chem. Soc., Dalton Trans. 1986,

2557–2567.
1539. Brice, R. A.; Pearse, S. C.; Salter, I. D.; Henrick, K. J. Chem. Soc., Dalton Trans. 1986, 2181–2192.
1540. Freeman, M. J.; Orpen, A. G.; Salter, I. D. J. Chem. Soc., Dalton Trans. 1987, 379–390.
1541. Freeman, M. J.; Orpen, A. G.; Salter, I. D. J. Chem. Soc., Dalton Trans. 1987, 1001–1008.
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1547. Engel, D. W.; Haines, R. J.; Horsfield, E. C.; Sundermeyer, J. J. Chem. Soc., Chem. Commun. 1989, 1457–1459.
1548. Brown, C. J.; McCarthy, P. J.; Salter, I. D. J. Chem. Soc., Dalton Trans. 1990, 3583–3590.
1549. Brown, S. S. D.; McCarthy, P. J.; Salter, I. D.; Amstrong, K. P.; McPartlin, M.; Powell, H. R. J. Organomet. Chem.

1990, 384, 711–732.
1550. Brown, S. S. D.; Salter, I. D.; Adatia, T.; McPartlin, M. J. Chem. Soc., Dalton Trans. 1990, 799–805.
1551. Brown, S. S. D.; Salter, I. D.; Smith, D. J.; Calyden, N. J.; Dobson, C. M. J. Organomet. Chem. 1991, 408, 439–450.
1552. Draper, S. M.; Hattersley, A. D.; Housecroft, C. E.; Rheingold, A. L. J. Chem. Soc., Chem. Commun. 1992,

1365–1367.
1553. Brown, S. S. D.; Salter, I. D.; Adatia, T. J. Chem. Soc., Dalton Trans. 1993, 559–566.
1554. Engel, D. W.; Field, J. S.; Haines, R. J.; Honrath, U.; Horsfield, E. C.; Sundermeyer, J.; Woollam, S. F. J. Chem.

Soc., Dalton Trans. 1994, 1131–1143.
1555. McCarthy, P. J.; Salter, I. D.; Adatia, T. J. Organomet. Chem. 1995, 485, 191–199.
1556. Salter, I. D.; Williams, S. A.; Adatia, T. Polyhedron 1995, 14, 2803–2817.
1557. Fajardo, M.; Gómez-Sal, M. P.; Holden, H. D.; Jonson, B. F. G.; Lewis, J.; McQueen, R. C. S.; Raithby, P. R.

J. Organomet. Chem. 1984, 267, C25–C28.
1558. Jonson, B. F. G.; Khattar, R.; Lewis, J.; Raithby, P. R. J. Chem. Soc., Dalton Trans. 1989, 1421–1426.
1559. Drake, S. R.; Jonson, B. F. G.; Lewis, J. J. Chem. Soc., Dalton Trans. 1989, 505–510.
1560. Song, L.; Trogler, W. C. Angew. Chem., Int. Ed. Engl. 1992, 31, 770–771.

Silver and Gold 1115



1561. Heaton, B. T.; Strona, L.; Martinengo, S.; Strumolo, D.; Albano, V. G.; Braga, D. J. Chem. Soc., Dalton Trans.
1983, 2175–2182.

1562. Fumagalli, A.; Martinengo, S.; Albano, V. G.; Braga, D. J. Chem. Soc., Dalton Trans. 1988, 1237–1247.
1563. Mott, G. N.; Taylor, N. J.; Carty, A. J. Organometallics 1983, 2, 447–452.
1564. Briant, C. E.; Smith, R. G.; Mingos, D. M. P. J. Chem. Soc., Chem. Commun. 1984, 586–588.
1565. Deck, W.; Schwarz, M.; Vahrenkamp, H. Chem. Ber. 1987, 120, 1515–1521.
1566. Schubert, U.; Kunz, E.; Knorr, M.; Müller, J. Chem. Ber. 1987, 120, 1079–1085.
1567. Deng, H.; Shore, S. G. Organometallics 1991, 10, 3486–3498.
1568. Albano, V. G.; Grossi, L.; Longoni, G.; Monari, M.; Mulley, S.; Sironi, A. J. Am. Chem. Soc., 1992, 114,

5708–5713.
1569. Albano, V. G.; Azzaroni, F.; Iapalucci, M. C.; Longoni, G.; Monari, M.; Mulley, S.; Proserpio, D. M.; Sironi, A.

Inorg. Chem. 1994, 33, 5320–5328.
1570. Albano, V. G.; Calderón, F.; Iapalucci, M. C.; Longoni, G.; Monari, M.; Zanello, P. J. Cluster Sci. 1995, 6,

107–113.
1571. Albano, V. G.; Iapalucci, M. C.; Longoni, G.; Monari, M.; Paselli, A.; Zacchini, S. Organometallics 1998, 17,

4438–4443.
1572. Albano, V. G.; Castellari, C.; Iapalucci, M. C.; Longoni, G.; Monari, M.; Paselli, A.; Zacchini, S. J. Organomet.

Chem. 1999, 573, 261–266.
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Veciana, J. Chem. Eur. J. 2001, 7, 511–519.
1638. Sanner, R. D.; Satcher, J. H., Jr.; Droege, M. W. Organometallics 1989, 8, 1498–1506.
1639. Usón, R.; Laguna, A.; Bergareche, B. J. Organomet. Chem. 1980, 184, 411–416.
1640. Usón, R.; Laguna, A.; de la Orden, M. U.; Parish, D. V.; Moore, L. S. J. Organomet. Chem. 1985, 282, 145–148.
1641. Usón, R.; Laguna, A.; de la Orden, M. U.; Arrese, M. L. Synth. React. Inorg. Met.-Org. Chem. 1984, 14, 369–381.
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1651. Laguna, A.; Laguna, M.; Fañanas, J.; Jones, P. G.; Fittschen, C. Inorg. Chim. Acta 1986, 121, 39–45.
1652. Vicente, J.; Chicote, M. T.; Saura-Llamas, I.; Jones, P. G.; Meyer-Bäse, K.; Erdbrügger, C. F. Organometallics 1988,
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1879. Jentsch, D.; Jones, P. G.; Thöne, C.; Schwarzmann, E. J. Chem. Soc., Chem. Commun. 1989, 1495–1496.
1880. Chiari, B.; Piovesana, O.; Tarantelli, T.; Zanazzi, P. F. Inorg. Chem. 1985, 24, 366–371.
1881. Mansour, M. A.; Lachicotte, R. J.; Gysling, H. J.; Eisenberg, R. Inorg. Chem. 1998, 37, 4625–4632.
1882. Laguna, A.; Laguna, M.; Rojo, A.; Fraile, M. N. J. Organomet. Chem. 1986, 315, 269–276.
1883. Alvarez, B.; Fernández, E. J.; Gimeno, M. C.; Jones, P. G.; Laguna, A.; López de Luzuriaga, J. M. Polyhedron
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1904. Schröder, U.; Richter, R.; Hartung, J.; Abram, U.; Beyer, L. Z. Naturforsch., Teil B 1997, 52, 620–628.
1905. Peloso, A. J. Chem. Soc., Dalton Trans. 1983, 1285–1290.
1906. Hasan, M.; Kozhevnikov, I. V.; Siddiqui, M. R. H.; Steiner, A.; Winterton, N. Inorg. Chem. 1999, 38, 5637–5641.
1907. Goher, M. A. S.; Kafez, A. K.; Yip, W. H.; Mak, T. C. W. J. Crystallogr. Spectrosc. Res. 1992, 22, 317–322.
1908. Schulz Lang, E.; Abram, U.; Strähle, J. Z. Anorg. Allg. Chem. 1997, 623, 1791–1795.
1909. Schulz Lang, E.; Abram, U.; Strähle, J.; Vázquez-López, E. M. Z. Anorg. Allg. Chem. 1999, 625, 359–362.
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1984. Ihlo, L.; Böttcher, R.; Olk, R.-M.; Kirmse, R. Inorg. Chim. Acta 1998, 281, 160–164.
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2110. Bardajı́, M.; Jones, P. G.; Laguna, A.; Moracho, A.; Fischer, A. K. J. Organomet. Chem. 2002, 648, 1–7.
2111. Rabe, G. W.; Mitzel, N. W. Inorg. Chim. Acta 2001, 316, 132–134.
2112. Gambarotta, S.; Floriani, C.; Chiesi-Villa, A.; Guastini, C. J. Chem. Soc., Chem. Commun. 1983, 1304–1306.
2113. Vicente, J.; Arcas, A.; Chicote, M. T. J. Organomet. Chem. 1983, 252, 257–262.
2114. Vicente, J.; Arcas, A.; Jones, P. G.; Lautner, J. J. Chem. Soc., Dalton Trans. 1990, 451–456.
2115. Usón, R.; Laguna, A.; Fernández, E. J.; Mendia, A.; Jones, P. G. J. Organomet. Chem. 1988, 350, 129–138.
2116. Usón, R.; Laguna, A.; Fernández, E. J.; Ruiz-Romero, M. E.; Jones, P. G.; Lautner, J. J. Chem. Soc., Dalton Trans.

1989, 2127–2131.
2117. Forward, J. M.; Fackler, J. P., Jr.; Staples, R. J. Organometallics 1995, 14, 4194–4198.
2118. Sladek, A.; Hofreiter, S.; Paul, M.; Schmidbaur, H. J. Organomet. Chem. 1995, 501, 47–51.
2119. Rossell, O.; Sales, J. Inorg. Chim. Acta 1981, 64, L43–L44.
2120. Werner, H.; Otto, H.; Ngo-Khac, T.; Burschka, C. J. Organomet. Chem. 1984, 262, 123–136.
2121. Perevalova, E. G.; Grandberg, K. I.; Dyadchenko, V. P.; Baukova, T. V. J. Organomet. Chem. 1981, 217, 403–413.
2122. Baukova, T. V.; Slovokhotov, Y. L.; Struchkov, Y. T. J. Organomet. Chem. 1981, 220, 125–137.
2123. Kuz’mina, L. G.; Churakov, A. V.; Grandberg, K. I.; Kuz’min, V. S. Russ. J. Coord. Chem. 1997, 23, 170–176.
2124. Bruce, M. I.; Walton, J. K.; Skelton, B. W.; White, A. H. J. Chem Soc., Dalton Trans. 1983, 809–814.
2125. Struchkov, Y. T.; Slovokhotov, Y. L.; Kratsov, D. N.; Baukova, T. V.; Perevalova, E. G.; Grandberg, K. I.

J. Organomet. Chem. 1988, 338, 269–280.
2126. Perevalova, E. G.; Baukova, T. V.; Sazonenco,M.M.; Grandberg,K. I.Bull. Acad. Sci. USSRChem. Ser. 1985, 1726–1731.
2127. Jacob, K.; Voigt, F.; Merzweiler, K.; Pietzsch, C. J. Organomet. Chem. 1997, 545–546, 421–433.
2128. Geilich, K.; Stumpf, K.; Pritzkow, H.; Siebert, W. Chem. Ber. 1987, 120, 911–914.
2129. Van Rooyen, P. H.; Schindehutte, M.; Lotz, S. Organometallics 1992, 11, 1104–1111.
2130. Harwell, D. E.; Mortimer, M. D.; Knobler, C. B.; Anet, F. A. L.; Hawthorne, M. F. J. Am. Chem. Soc. 1996, 118,

2679–2685.
2131. Crespo, O.; Gimeno, M. C.; Laguna, A.; Peña, A. M. Polyhedron 1998, 17, 4163–4167.
2132. Banditelli, G.; Bandini, A. L.; Bonati, F.; Goel, R. G.; Minghetti, G. Gazz. Chim. Ital. 1982, 112, 539–546.
2133. Ito, Y.; Inouye, M.; Suginome, M.; Murakami, M. J. Organomet. Chem. 1988, 342, C41–C44.
2134. Bonati, F.; Burini, A.; Pietroni, B. R.; Felici, M. J. J. Organomet. Chem. 1984, 273, 275–281.
2135. Kneuper, H. J.; Harms, K.; Boche, G. J. Organomet. Chem. 1989, 364, 275–279.
2136. Perevalova, E. G.; Bolesov, I. G.; Struchkov, Y. T.; Leschova, I. F.; Kalyuzhnaya, Y. S.; Voyevodskaya, T. I.;

Slovokhotov, Y. L.; Grandberg, K. I. J. Organomet. Chem. 1985, 286, 129–143.
2137. Perevalova, E. G.; Reshetova, M. D.; Kokhanyik, G. M. J. Gen. Chem. USSR 1984, 2424–2428.
2138. Komiya, S.; Iwata, M.; Sone, T.; Fukoaka, A. J. Chem. Soc., Chem. Commun. 1992, 1109–1110.
2139. Usón, R.; Laguna, A.; Laguna, M.; Usón, A.; Gimeno, M. C. Inorg. Chim. Acta 1986, 114, 91–94.
2140. Usón, R.; Laguna, A.; Laguna, M.; Usón, A.; Gimeno, M. C. Organometallics 1987, 6, 682–683.
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2231. Irwin, M. J.; Manojlović-Muir, L.; Muir, K. W.; Puddephatt, R. J. Chem. Commun. 1997, 219–220.
2232. Jia, G.; Puddephatt, R. J.; Vittal, J. J. J. Organomet. Chem. 1993, 449, 211–217.
2233. Irwin, M. J.; Jennings, M. C.; Puddephatt, R. J. Angew. Chem., Int. Ed. Engl. 1999, 38, 3376–3378.
2234. McArdle, C. P.; Van, S.; Jennings, M. C.; Puddephatt, R. J. J. Am. Chem. Soc. 2002, 124, 3959–3965.
2235. McArdle, C. P.; Irwin, M. J.; Jennings, M. C.; Vittal, J. J.; Puddephatt, R. J. Chem. Eur. J. 2001, 7, 723–734.
2236. McArdle, C. P.; Vittal, J. J.; Puddephatt, R. J. Angew. Chem., Int. Ed. Engl. 2000, 39, 3819–3819.
2237. McArdle, C. P.; Jennings, M. C.; Vittal, J. J.; Puddephatt, R. J. Chem. Eur. J. 2001, 7, 3572–3583.
2238. Gamasa,M. P.; Gimeno, J.; Godefroy, I.; Lastra, E.;Martı́n-Vaca, B.M.; Garcı́a-Granda, S.; Gutierrez-Rodriguez, A.

J. Chem. Soc., Dalton Trans. 1995, 1901–1906.
2239. Ferrer, M.; Rossell, O.; Seco, M.; Pellinghelli, M. A.; Tiripicchio, A. Organometallics 1995, 14, 57–62.
2240. Ipaktschi, J.; Munz, F. Organometallics 2002, 21, 977–981.
2241. Ursini, C. V.; Dias, G. H. M.; Hörner, M.; Bortoluzzi, A. J.; Morigaki, M. K. Polyhedron 2000, 19, 2261–2268.
2242. Dryden, N. H.; Shapter, J. G.; Coastworth, L. L.; Norton, P. R.; Puddephatt, R. J. Chem. Mater. 1992, 4, 979–987.
2243. Norton, P. R.; Young, P. A.; Cheng, Q.; Dryden, N. H.; Puddephatt, R. J. Surf. Sci. 1994, 309, 172–176.
2244. Benouazzane, M.; Coco, S.; Espinet, P.; Martı́n-Alvarez, J. M. J. Mater. Chem. 1995, 5, 441–445.
2245. Coco, S.; Espinet, P.; Falgán, S.; Martı́n-Alvarez, J. M. New J. Chem. 1995, 19, 959–964.
2246. Benouazzane, M.; Coco, S.; Espinet, P.; Martı́n-Alvarez, J. M. J. Mater. Chem. 1999, 9, 2327–2332.
2247. Benouazzane, M.; Coco, S.; Espinet, P.; Martı́n-Alvarez, J. M.; Barbera, J. J. Mater. Chem. 2002, 12, 691–696.
2248. Omenat, A.; Serrano, J. L.; Sierra, T.; Amabilino, D. B.; Minguet, M.; Ramos, E.; Veciana, J. J. Mater. Chem. 1999,

9, 2301–2305.
2249. Kaharu, T.; Ishii, R.; Takahashi, S. J. Chem. Soc., Chem. Commun. 1994, 1349–1350.
2250. Ishii, R.; Kaharu, T.; Pirio, N.; Zhang, S. W.; Takahashi, S. J. Chem. Soc., Chem. Commun. 1995, 1215–1216.
2251. Kaharu, T.; Ishii, R.; Adachi, T.; Yoshida, T.; Takahashi, S. J. Mater. Chem. 1995, 5, 687–692.
2252. Schneider, W.; Angermaier, K.; Sladek, A.; Schmidbaur, H. Z. Naturforsch., Teil B 1996, 51, 790–800.
2253. Liau, R. Y.; Mathieson, T.; Schier, A.; Berger, R. J. F.; Runeberg, N.; Schmidbaur, H. Z. Naturforsch., Teil B 2002,

57, 881–889.
2254. Mathieson, T. J.; Langdon, A. G.; Milestone, N. B.; Nicholson, B. K. J. Chem. Soc., Dalton Trans. 1999, 201–207.
2255. Ecken, H.; Olmstead, M. M.; Noll, B. C.; Attar, S.; Schlyer, B.; Balch, A. L. J. Chem. Soc., Dalton Trans. 1998,

201–207.
2256. Gagnon, J.; Drouin, M.; Harvey, P. D. Inorg. Chem. 2001, 40, 6052–6056.
2257. Beck, W.; Weigand, W.; Nagel, U.; Schaal, M. Angew. Chem., Int. Ed. Engl. 1984, 23, 377–378.
2258. Fehlhammer, W. P.; Finck, W. J. Organomet. Chem. 1991, 414, 261–270.
2259. Bonati, F.; Burini, A.; Pietroni, B. R.; Bovio, B. J. Organomet. Chem. 1989, 375, 147–160.
2260. Raubenheimer, H. G.; Cronje, S. J. Organomet. Chem. 2001, 617–618, 170–181.
2261. Raubenheimer, H. G.; Scott, F.; Kruger, G. J.; Toerien, J. G.; Otte, R.; Van Zyl, W.; Taljaard, I.; Olivier, P.;

Linford, L. J. Chem. Soc., Dalton Trans. 1994, 2091–2097.
2262. Raubenheimer, H. G.; Desmet, M.; Kruger, G. J. J. Chem. Soc., Dalton Trans. 1995, 2067–2071.
2263. Desmet, M.; Raubenheimer, H. G.; Kruger, G. Organometallics 1997, 16, 3324–3332.
2264. Raubenheimer, H. G.; Lindeque, L.; Cronje, S. J. Organomet. Chem. 1996, 511, 177–184.
2265. Wang, H. M. J.; Lin, I. J. B. Organometallics 1998, 17, 972–975.
2266. Bonati, F.; Burini, A.; Pietroni, B. R.; Bovio, B. J. Organomet. Chem. 1991, 408, 271–280.
2267. Bobio, B.; Burini, A.; Pietroni, B. R. J. Organomet. Chem. 1993, 452, 287–291.
2268. Raubenheimer, H. G.; Toerien, J. G.; Kruger, G. J.; Otte, R.; Van Zyl, W.; Olivier, P. J. Organomet. Chem. 1994,

466, 291–295.
2269. White-Morris, R. L.; Olmstead, M. M.; Jiang, F.; Balch, A. L. J. Am. Chem. Soc. 2002, 124, 2327–2336.
2270. White-Morris, R. L.; Olmstead, M. M.; Jiang, F.; Balch, A. L. Inorg. Chem. 2002, 41, 2313–2315.
2271. Wang, H. M. J.; Chen, C. Y. L.; Lin, I. J. B. Organometallics 1999, 18, 1216–1223.
2272. Carriedo, G. A.; Hodgson, D.; Howard, J. A. K.; Marsden, K.; Stone, F. G. A.; Went, M. J.; Woodward, P.

J. Chem. Soc., Chem. Commun. 1982, 1006–1008.

Silver and Gold 1127



2273. Carriedo, G. A.; Howard, J. A. K.; Stone, F. G. A. J. Chem. Soc., Dalton Trans. 1984, 2545–2550.
2274. Green, M.; Howard, J. A. K.; James, A. P.; Nunn, C. M.; Stone, F. G. A. J. Chem. Soc., Dalton Trans. 1987, 61–72.
2275. Crennell, S. J.; Devore, D. D.; Henderson, S. J. B.; Howard, J. A. K.; Stone, F. G. A. J. Chem. Soc., Dalton Trans.

1989, 1363–1374.
2276. Gimeno, M. C.; Stone, F. G. A. J. Chem. Soc., Dalton Trans. 1990, 2239–2245.
2277. Carr, N.; Gimeno, M. C.; Goldberg, J. E.; Pilotti, M. U.; Stone, F. G. A.; Topalo�gglu, I. J. Chem. Soc., Dalton Trans.

1990, 2253–2261.
2278. Carriedo, G. A.; Riera, V.; Sánchez, G.; Solans, X.; Labrador, M. J. Organomet. Chem. 1990, 391, 431–437.
2279. Carr, N.; Fernandez, J. R.; Stone, F. G. A. Organometallics 1991, 10, 2718–2725.
2280. Dell’Amico, D. G.; Calderazzo, F.; Dantona, R.; Strähle, H.; Weiss, H. Organometallics 1987, 6, 1207–1213.
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2282. Blom, N.; Ludi, A.; Bürgi, H. B.; Tichý, K. Acta Crystallogr., Sect. C 1984, 40, 1767–1769.
2283. Hussain, M. S.; Al-Arfaj, A. R.; Akhtar, M. N.; Isab, A. A. Polyhedron 1996, 15, 2781–2785.
2284. Cramer, R. E.; Smith, D. W.; VanDoorne, W. Inorg. Chem. 1998, 37, 5895–5901.
2285. Leznoff, D. B.; Xue, B. Y.; Patrick, B. O.; Sanchez, V.; Thompson, R. C. Chem. Commun. 2001, 259–260.
2286. Leznoff, D. B.; Xue, B. Y.; Stevens, C. L.; Storr, A.; Thompson, R. C.; Patrick, B. O. Polyhedron 2001, 20,

1247–1254.
2287. Leznoff, D. B.; Xue, B. Y.; Batchelor, R. J.; Einstein, F. W. B.; Patrick, B. O. Inorg. Chem. 2001, 40, 6026–6034.
2288. Rawashdeh-Omary, M. A.; Omary, M. A.; Patterson, H. H.; Fackler, J. P., Jr. J. Am. Chem. Soc. 2001, 123,

11237–11247.
2289. Kunkely, H.; Vogler, A. Inorg. Chem. Commun. 2000, 3, 205–207.
2290. Graham, G. G.; Bales, J. R.; Grootveld, M. C.; Sadler, P. J. J. Inorg. Biochem. 1985, 25, 163–170.
2291. Hormann, A. L.; Shaw III, C. F.; Bennett, D. W.; Reiff, W. M. Inorg. Chem. 1986, 25, 3953–3957.
2292. Hormann, A. L.; Shaw III, C. F. Inorg. Chem. 1990, 29, 4683–4687.
2293. Isab, A. A.; Hussain, M. S.; Akhtar, M. N.; Wazeer, M. I. M.; Al-Arfaj, A. R. Polyhedron 1999, 18, 1401–1409.
2294. Lewis, G.; Shaw III, C. F. Inorg. Chem. 1986, 25, 58–62.
2295. Jones, P. G.; Lautner, J. Acta Crystallogr., Sect. C 1988, 44, 2091–2093.
2296. Bosman, w.P.; Boss, W.; Smits, J. M. M.; Beurskens, P. T.; Bour, J. J.; Steggerda, J. J. Inorg. Chem. 1986, 25,

2093–2096.
2297. Guy, J. J.; Jones, P. G.; Mays, M. J.; Sheldrick, G. M. J. Chem. Soc., Dalton Trans. 1977, 8–10.
2298. Jones, P. G.; Ahrens, B. Z. Naturforsch., Teil B 1998, 53, 653–662.
2299. Jones, P. G.; Ahrens, B. New J. Chem. 1998, 1041–1042.
2300. Ahrens, B.; Jones, P. G.; Fischer, A. K. Eur. J. Inorg. Chem. 1999, 1103–1110.
2301. Adams, H. N.; Hiller, W.; Strähle, J. Z. Anorg. Allg. Chem. 1982, 485, 81–91.
2302. Conzelmann, W.; Hiller, W.; Strähle, J. Z. Anorg. Allg. Chem. 1984, 512, 169–175.
2303. Jones, P. G.; Freytag, M. Chem. Commun. 2000, 277–278.
2304. Lock, C. J. L.; Wang, Z. Acta Crystallogr., Sect. C 1993, 49, 1330–1333.
2305. Mingos, D. M. P.; Yau, J.; Menzer, S.; Williams, D. J. J. Chem. Soc., Dalton Trans. 1995, 319–320.
2306. Ahrens, B.; Friedrichs, S.; Herbst-Irmer, R.; Jones, P. G. Eur. J. Inorg. Chem. 2000, 2017–2029.
2307. Jones, P. G.; Ahrens, B. Chem. Ber. 1997, 130, 1813–1814.
2308. Yip, J. H. K.; Feng, R.; Vittal, J. J. Inorg. Chem. 1999, 38, 3586–3589.
2309. Gomez, S.; Philippot, K.; Collière, V.; Chaudret, B.; Senocq, F.; Lecante, P. Chem. Commun. 2000, 1945–1946.
2310. Usón, R.; Laguna, A.; Navarro, A.; Parish, R. V.; Moore, L. S. Inorg. Chim. Acta 1986, 112, 205–208.
2311. Munakata, M.; Yan, S. G.; Maekawa, M.; Akiyama, M.; Kitagawa, S. J. Chem. Soc., Dalton Trans. 1997,

4257–4262.
2312. Vicente, J.; Chicote, M. T.; Guerrero, R.; Jones, P. G. J. Chem. Soc., Dalton Trans. 1995, 1251–1254.
2313. Grohmann, A.; Riede, J.; Schmidbaur, H. Z. Naturforsch., Teil B 1992, 47, 1255–1260.
2314. Tripathi, U. M.; Wegner, G. L.; Schier, A.; Jockisch, A.; Schmidbaur, H. Z. Naturforsch., Teil B 1998, 53, 939–945.
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2380. Zeller, E.; Beruda, H.; Kolb, A.; Bissinger, P.; Riede, J.; Schmidbaur, H. Nature 1991, 352, 141–143.
2381. Vicente, J.; Chicote, M. T.; Guerrero, R.; Jones, P. G.; Ramírez de Arellano, M. C. Inorg. Chem. 1997, 36,
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2957. López de Luzuriaga, J. M.; Sladek, A.; Schier, A.; Schmidbaur, H. Inorg. Chem. 1997, 36, 966–968.
2958. Wilton-Ely, J. E. D. T.; Schier, A.; Mitzel, N. W.; Schmidbaur, H. Inorg. Chem. 2001, 40, 6266–6271.
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3170. Fernández, E. J.; Laguna, A.; López de Luzuriaga, J. M.; Mendizabal, F.; Monge, M.; Olmos, M. E.; Pérez, J.
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6.8.1 INTRODUCTION

Comparing the developments since the early 1980s with the zinc coordination chemistry reported
in the first edition of Comprehensive Coordination Chemistry (CCC, 1987) reveals a number of
areas where there have been particularly important advances. Ligand design coupled with the
developing understanding of biological systems has allowed an expansion in the modeling of zinc
enzyme active sites, resulting in the synthesis of systems which help to identify roles and
structurally or functionally mimic zinc enzymes. There is also interest in the detection of zinc in
biological systems, which has many functions, and detection can be considerably enhanced by the
use of appropriately designed ligands.
Zinc has been called a ‘‘boring’’ element, but a dramatic increase in published research and

potential applications stand against this.1,2 Indeed, the very properties that lead to the tag of
boring are those that make zinc an element of strong interest in biology, medicine, materials, and
catalysis. A ‘‘galvanization of biology’’ has been observed, particularly with the discovery of zinc
finger proteins and their key function in gene expression and also with the expanding under-
standing of its roles in the central nervous system and neurodegenerative disorders, and as a
critical cofactor for many cellular functions.3

There is significant interest in zinc sulfide, selenide, and oxide materials and while extensive
discussion is not appropriate here, a number of novel complexes that have been developed for
their deposition characteristics of these important semiconductors will be highlighted in the
context of the ligand types. Zinc has also been used in supramolecular building blocks as a
structural element, much as in zinc finger proteins. In these cases the lack of redox chemistry is
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often the key factor in the choice of metal center. In porphyrin and phthalocyanine ligand systems
the zinc center can impart important electronic effects altering the reactivity and redox potentials
of the ligand. The catalytic applications of zinc in designed processes have increased, as might be
expected for an element with a ubiquitous role in biological systems. Some of these processes will
be discussed with reference to ligand design. In addition, compound types that previously had few
or no examples have now been characterized, and an increased number of rare compounds such
as fluorides and tellurium compounds are now known and further studied.
This review cannot claim to be a comprehensive account of all the coordination chemistry of

zinc since the early 1980s. The approach has been to attempt selection of references by key
workers or important results in areas where much work has been carried out. It is hoped that it
will be possible by following the key references and articles to gain an overview of achievements
and advances in the important areas. In many cases, examples where X-ray structural data is
included have been selected preferentially for inclusion.
The particularly important properties of zinc that will be assumed throughout are the stable

zinc(II) oxidation state and lack of redox chemistry, the flexibility in coordination number and
geometry, and the Lewis acidity which is key to the catalytic roles. Some review articles specific-
ally concerning the coordination chemistry of zinc have been published since 1982.4–6 Review
articles referring to specific areas of zinc chemistry will be referenced at the appropriate points.
A number of important researchers have emerged over this period of zinc coordination chemistry
and although a full representation of the body of work is not possible, key references should allow
an appreciation of their contribution. References to particular enzyme active site models or the
increased biological relevance of certain ligands are included in the text with the ligands utilized in
these systems and a brief summary of some other important aspects of these areas provided at the
end of the chapter. Throughout the chapter the use of zinc will indicate reference to zinc(II), the
only oxidation state of any relevance, and if zinc metal, zinc(0), is discussed it will be specifically
referred to.

6.8.1.1 Coordination Geometry Preferences

Coordination numbers of zinc are most commonly four to six, with three not quite so common,
and two, seven and eight less often observed and more dependent on donor or ligand types. In the
case of zinc, which can adopt a variety of distorted coordination geometries without significant
energy penalty, it is highly useful to have a method to classify the closest classical geometry. In
this work reference will occasionally be made to the method of Addison et al. for classifying
geometry.7 Distorted tetrahedral, five-coordinate geometries and octahedral are frequently
observed geometries and the Cambridge Structural Database (CSD) contains a large number of
square planar complexes due to the vast array of porphyrin and related ligand systems structur-
ally characterized with zinc.
Two-coordinate zinc centers are known and around twenty have been structurally determined

and deposited in the CSD.8 A coordination number of two is mainly observed with amide, silyl,
and alkyl donors, e.g., Zn[Si(SiMe3)3]2, zinc bis(di-t-butylamide).

9–11 Extremely bulky thiopheno-
late and selenophenolate complexes of zinc also show structurally characterized two-coordinate
zinc centers, with an S2 or Se2 donor set.

12,13 Trigonal planar geometry is more common for zinc
especially with alkyl, amide, and bulky phenolate and thiophenolate ligands.14–16 Dimeric or
larger species can be formed and trigonal geometry is very much dependent on the steric bulk of
the ligands. Three-coordinate complexes have also shown important properties as catalysts; for
example, in the ring opening of cyclic monomers such as lactides.17 Calculations show the
distortion of trigonal planar geometries can be due to a mixed donor set around the zinc center.18

Trigonal–pyramidal geometry has been observed for zinc with an appropriately restricted
ligand.19 Square planar zinc is most often observed in porphyrin and phthalocyanine complexes
where the ligand restricts the binding geometry. Examples of square planar geometry with oxygen
are rare. The solid-state layer structure of Ba2Zn3As2O2 contains a planar ZnO2

2� layer with the
zinc having a square planar geometry. It is thought that the stability offered by the lattice
structure overcomes the energetic penalty of the less favorable coordination geometry.20 For
similar reasons, a one-dimensional chain structure Sr3ZnPtO6 contains an unusual trigonal
prismatic ZnO6 motif; in this case the rigidity of the PtO6 units are thought to enforce the
unusual geometry.21 Higher coordination numbers of seven and eight are unusual for zinc. For
example, the coordination number of eight is observed in a tetraamide calixarene zinc structure.22
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Studies into the coordination number preference of zinc have been carried out by comparing
data in the CSD to ab initio molecular orbital calculations on hydrated structures.23 They reveal a
small energy difference between four- and six-coordinate structures. The data from the CSD
suggests a preference for lower coordination numbers from sulfur. The flexibility of coordination
geometry and number is important in solution as well as in the solid state and leads to equilibria
of species with different coordination numbers. For example, zinc with the relatively simple ligand
1,2-ethylenediamine forms 1:1 and 1:2 metal to ligand ratio complexes in aqueous solution and
equilibria exist between tetrahedral and octahedral species, with 50% and 90% existing as tetra-
hedral, respectively.24 Of particular interest is the coordination environment of zinc in proteins
and the preference for tetrahedral or octahedral geometry. Four-coordinate zinc plays a structural
role in zinc finger proteins and enzymes. Calculations to determine the stability of this arrange-
ment show the lowest energy ground state coordination number of zinc bound to one acidic or
two or more neutral protein ligands to be four.25 The decrease in coordination number on protein
binding primarily reflects the requirements of the metal and ligands rather than constraints from
protein binding site orientation. Ab initio calculations have been used to study four- and five-
coordinate geometries with the ligands water, hydroxide ion, methanol, methoxide ion, and
ammonia. The calculations, when compared with experimental data, gave closer results when
solvent effects were included rather than the gas phase calculations.26

The symmetry of five-coordinate zinc complexes has been analyzed using continuous symmetry
measures. This approach and the computational tool allow the degree of polyhedricity to be
evaluated quantitatively. The methodology identifies the minimal distance of a given structure to
a desired general shape with the same number of vertices.27

6.8.2 ANALYTICAL AND PHYSICAL TECHNIQUES FOR THE STUDY OF
ZINC COORDINATION COMPLEXES

The use of different characterization and analytical techniques will be discussed when relevant
with the examples of compounds studied; however, a few general techniques or examples are
presented in this section.
IR and Raman spectroscopy have been commonly used and, for example, the effects of

pressure on the Raman spectrum of a zinc compound with a N2Cl2 coordination sphere around
the metal, have been investigated.28 IR spectroscopy has been utilized in studies of the hydration
of zinc in aqueous solution and in the hydrated perchlorate salt.29 Gas phase chemistry of zinc
complexes has been studied with some gas phase electron diffraction structures including amide
and dithiocarbamate compounds.30–32

In the tradition of metal replacement to study the properties of zinc-containing proteins with
cobalt analogs by UV–vis or EPR spectroscopy, a number of recent studies have been carried out
using 113Cd NMR on cadmium-containing analogs of zinc proteins and compounds. 113Cd (I¼ 1/2)
has similar binding properties but there are a number of differences, not least the ionic radii of
Zn2þ and Cd2þ (radii 0.69 and 0.92 Å respectively). Notwithstanding, this has been an extremely
productive technique with a lot of information gained.33 The abundant isotope of Zn with nuclear
spin is the quadrupolar 67Zn (I¼ 5/2). Solution or liquid state NMR has been used but the large
line width and poor receptivity inhibit the collection of useful data on biological samples.34 Solid-
state and single-crystal NMR of zinc compounds have now been investigated.35 The use of single-
crystal NMR can circumvent many of the difficulties involved in solid-state zinc NMR.
A particular aim is to avoid using costly enriched zinc in the sample. Solid-state 67Zn NMR
experiments have been carried out using QE (quadrupolar echo) or QCPMG NMR.36

13C NMR is a common tool to study zinc complexes.37,38 13C NMR can be used in conjunction
with other markers or variation allowing dynamic interpretation of the chemical shifts observed.
For example: chemical shifts as a function of pH can give information about the protonation state
of nitrogen-containing ligands, e.g., deprotonation occurs at the pyrrole-ring nitrogen rather than
zinc-bound water.39 13C relaxation measurements have been carried out in the presence of 67Zn
which shows induced relaxation, demonstrating that a cyano group can be directly bound to the
metal center in carbonic anhydrase.40 13C MAS and CPMAS experiments have been used to study
a variety of zinc-containing solid-state systems but especially reactions occurring on the surface of
catalysts such as those related to the highly important chemistry of methanol synthesis.41 1H
relaxation has been studied by NMR in bimetallic zinc complexes.42 31P NMR studies of
dithiophosphate zinc complexes have been carried out.43,44 15N NMR studies have been used to
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provide evidence for the coordination of a deprotonated amide-containing ligand in the active site
of a zinc enzyme.45 NMR spectra of peptide complexes have also been reported.46

X-ray absorption spectroscopic measurements have been carried out on zinc proteins to
determine structural properties. Investigation of coordination complexes and zinc binding pep-
tides have assisted in the interpretation of the more complex systems.47 Zinc and sulfur K-edge
EXAFS have both been used to investigate the polyzinc species in metallothionein proteins and
cadmium-substituted derivatives.48 Zinc K-edge EXAFS has been used to determine the zinc
coordination donor set in a variety of proteins.49,50 The coordination structure of zinc ions on a
Langmuir monolayer was observed using total reflection XAFS.51 EXAFS has been used to
determine the structures of solvated complexes and compare coordination numbers in solution
and with variation in the solvent.52 Zn and N K-edge XANES give structural information, and
comparisons have been made with single-crystal X-ray data to demonstrate the utility of this
technique.53 There have not been many Zn K-edge XANES studies carried out, probably due to
the absence of any pre-edge structure. The complexes studied are often tetrahedral zinc com-
pounds in solid-state or doped materials.54,55

EPR spectroscopy and single-crystal EPR have been used to investigate systems where a ligand-
based radical species can be generated and are useful for obtaining information regarding
metal-bound radical species in the absence of any metal-based redox processes.56 Mass spectro-
metry has been frequently used in the characterization of zinc complexes and the advent of
electrospray mass spectrometry has had a particular impact on the investigation of polymetallic
zinc compounds. The compounds of special interest here have included thiophenolate polyzinc
compounds and metallothionein protein fragments.57 A quadrupole ion trap mass spectrometer
can be used to evaluate relative binding energies of complexes in solution.58 Circular dichroism
spectra have been recorded for a variety of zinc species, particularly those involved in supramo-
lecular assemblies but also simpler monomeric complexes with chiral ligands.59

6.8.3 CARBON LIGANDS

6.8.3.1 Carbonyls

The CSD contains no known X-ray structures of zinc carbonyl compounds and much of the work
reported is theoretical.8 Semiempirical NDO calculations have been carried out to determine the
dissociation and bonding energy of the species Zn(CO)6

2þ.60 Phosgene chemical weapons are
decomposed by zinc(II) and other ions in charcoal gas mask filters and, in studies to determine
why saturation occurs, quantum chemical calculations were performed on the species ZnCOCl2.

61

Calculations have been carried out on the interaction of carbonyls with zinc porphyrin and
phthalocyanine compounds. Calculations on a Zn–CO derivative were carried out as part of a
study of the effects on incorporating C60 as an electron acceptor in a zinc porphyrin CO system.62

Density functional calculations were also completed on a six-coordinate zinc phthalocyanine
complex with two axial carbonyl ligands.63 Carbonyl bonding on a zinc oxide surface has been
investigated by electronic structure calculations on [ZnO3CO]

4� and comparisons made with
binding to copper(I) sites. The � donation was found to be a third of that exhibited by copper(I)
and � bonding not present in the zinc species.64

6.8.3.2 Cyanide and Isocyanide Ligands

A number of cyanide complexes of zinc have been structurally characterized, with bridging
cyanide ligands frequently observed in both zinc and zinc-containing mixed metal species.
Discrete mononuclear trispyrazolylborate zinc cyanide complexes have been synthesized and
structurally characterized as part of a study of crystallographic disorder.65 The zinc cyanide
unit was partially replaced in the presence of halides as zinc chloride, zinc bromide, and zinc
iodide. t-Butylisocyanide complexes of zinc were synthesized from chalcogenolate-bridged dimers
resulting in four-coordinate monomeric zinc species with two selenium or sulfur donors and two
isocyanide donors. The X-ray structure of the selenium derivative demonstrates a distorted
tetrahedral coordination geometry.66

Zinc complexes of a fused pyrroloporphyrin, cyclopropanochlorin, that contain an appended
isocyano group show dimer formation. The X-ray structure reveals five-coordinate zinc centers
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with bonding to four nitrogens from the chlorin macroycle and an intermolecular bond to the
isocyano carbon.67

Both zinc and mixed-metal clathrate compounds are known containing cyanide bridged metal
centers, e.g., Zn(CN)2.

68 The mixed-metal clathrate compounds contain bridging cyanides
between zinc and cadmium or copper. Both Cd–Zn and Cu–Zn compounds show tetrahedral
zinc centers and carbon tetrachloride guest molecules. The cyanide ligands bridge the zinc and
other metal centers to give a C2N2 coordination environment. The discrimination between the
carbon and nitrogen atoms of the cyanide ligands was made on the basis of the X-ray data from a
number of single-crystal structures.69 A 3D network that also contains structural space for the
inclusion of solvent molecules is formed from 2,4,6-tris(4-pyridyl)-1,3,5-triazine ligands and
contains cyano groups bridging the zinc ions.70 Alternate tetrahedral and octahedral zinc ions
are observed in the polymeric crystal structure of [Zn(pyridine)2][Zn(CN)4] with all cyano ligands
�2-bridging. The pyridyl bound zinc is shown to be ZnN6 and the other type of zinc center
tetrahedral ZnC4.

71 A coordination polymer with a chain structure is observed in the crystals of
the complex [K(benzo-18-crown-6)][Zn(CN)3]. A Zn–CN–Zn chain is formed with a terminal
cyano group bridging to the potassium center.72 A hydrogen bonded assembled chain structure is
observed in the structure of dicyano(2,20-dipyridylamine)zinc. The blue luminescent compound
shows four-coordinate N2C2 coordination with the hydrogen bonds formed between the amine
groups and cyano nitrogens.73

6.8.3.3 Alkyls and Aryls

There are over 140 zinc alkyl or aryl structures reported in the CSD in which more than half of
the donors are noncarbon. Those selected for discussion show representative structures and
coordination numbers, or particularly prevalent ligand systems.
Monomeric monoalkyl zinc complexes have been characterized with tris(pyrazolyl)borate

ligands. The monomeric complexes include the structurally characterized methyl derivative
(1).74 A variety of tris(3-t-butylpyrazolyl)borate zinc alkyl and phenyl complexes have been
synthesized, for example, by Chisholm and co-workers as catalyst precursors for ring opening
polymerization reactions. These include ethyl, t-butyl, and phenyl derivatives.75 A number of
other tripodal ligand systems, including mixed donor tripods, have also been characterized with
bound alkyl groups.65,76–78 Monomeric species can also be synthesized, with diamine ligands such
as TMEDA, of the formula [LZnClEt] or [LZnEt2].

79
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Dimeric structures with methyl or ethyl zinc units linked by bridging amides have been formed,
e.g., [MeZnNMe(CH2)2NMe2]2, with the presence of moisture expanding the structure to
incorporate six zinc atoms, a �4-oxo and the �2-amide ligand.

80 Trimeric hexametallocyclic
structures are formed with a number of zinc alkyl species.81,82 A dodecanuclear zinc phosphonate
structure is known which incorporates ethyl ligands on the outer zinc atoms and contains a
Zn4(�4-O) core.83 The complex bis(N,N-diethylmonothiocarbamato)zinc, [Et4Zn4(OSCNEt2)2
(NEt2)2], is a tetrameric cage complex with both the oxygen and the sulfur donor from the
monothiocarbamato ligand binucleating, and terminal ethyl groups present. The variable tem-
perature 1H NMR reveals that the metal assembly remains intact in solution.84

The monocation tris(diethylether) ethylzinc is formed from diethyl zinc as a tetrakis(penta-
fluorophenyl)borate salt.85 Longer-chain linear and cyclic ether complexes (2) of zinc alkyls have
also been observed. The reaction between zinc dialkyls and primary amines gives a number of
structurally diverse products dependent on the reaction conditions and the amine.86 The
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iodomethyl 18-crown-6 complex of Zn(CH2I)2 shows a five-coordinate zinc center with three
oxygen donor ligands. In the same unit cell the complex ZnI(CH2I)�18-crown-6 is also observed
with a related O3CI coordination donor set.

87 Halomethyl zinc reagents are very important in the
Simmons–Smith reaction.88

A zinc-mediated carbon–carbon coupling reaction can be carried out on the metallated form
of (t-butyldimethylsilyl)(2-pyridylmethyl)amine, formed in reaction with dimethylzinc. The isolated
dimeric species can be reacted with further dimethyl zinc to give bis(methylzinc)-1,2-dipyridyl-
1,2-bis(t-butyldimethylsilylamido)ethane, which contains two N3C coordinated zinc centers.

89

6.8.4 NITROGEN LIGANDS

6.8.4.1 Ammines and Amines

The chemistry of zinc ammine complexes is well known. There are X-ray structural examples of
both the tetrahedral tetra-ammine and octahedral hexa-ammine.90,91 Four- and five-coordinate
mixed ligand complexes are common and participation in coordination networks as terminal
ligands is observed.92,93

Open chain polyamine ligands have been widely studied. Often the coordination of zinc is
compared with other first row transition metals and factors, such as behavior across a pH range,
studied. The protonation patterns and stability constants are of particular interest. Octahedral
zinc tris(ethylenediamine) structures have been characterized by X-ray diffraction with a number
of different counter anions.94 The X-ray structure of zinc tris(ethylenediamine) with fluoride
counter ions reveals extensive hydrogen bonding.95

Synthesis and thermal decomposition of zinc thiocyanate complexes of cyclic bidentate amines
piperazine, N-methyl piperazine, and 1,4-diazacycloheptane were studied. The thermal stability of
the complexes showed piperazine the most stable and 1,4-diazacycloheptane the least stable.96 The
zinc complex of open chain polyamine 4,8,11,15-tetraazaoctadecane-1,18-diamine has been stu-
died by potentiometry and 1H and 13C NMR. From these data sets, the coordination is shown to
be by no more than four nitrogens from the hexaamine. Also, in contrast to the coordination of
other characterized hexaamine ligands, it shows the ability to form binuclear species with zinc.
Formation of predominant binuclear hydroxo species, dependent on pH, is observed.97 13C NMR
studies have been carried out on zinc complexes of 3,7-diazanonane-1,9-diamine and 1,2-diamino-
ethane.98 The equilibria between branched hexaamine N,N,N0,N0-tetrakis(3-aminopropyl) ethylene-
diamine and zinc and other transition metal ions has been studied.99 The zinc complexes of
terminally methylated open-chain polyazaalkanes, CH3NHCH2CH2NH[CH2CH2NH]n-
CH2CH2NHCH2CH2NHCH3 (n¼ 1–5), have also been studied by potentiometry, direct micro-
calorimetry, and 1H and 13C NMR. The stability constants and the enthalpy of formation of the
species [ZnL]2þ are roughly constant along the series. Mononuclear complexes are formed and a
coordination number of five is suggested for the complexes. The ligands where n¼ 3–5 also form
binuclear complexes with stability increasing with the increasing number of nitrogen donors.
Comparison with macrocyclic equivalents of these ligands show the macrocyclic effect is only
observed for the shortest chain (n¼ 1) analog. For all the other ligands in this series and mono- or
binuclear complexes the open chain ligand complexes have higher stability.100

A number of 13C NMR studies on zinc amine complexes have been reported.101–104

6.8.4.2 Pyridyl Ligands

Pyridyl donors are common and feature in later sections as part of many multidentate ligands,
such as macrocycles. Functionalized pyridyl donors will also be discussed and Section 6.8.4.7
provides examples of the bidentate bipyridyl and phenanthroline complexes.
Calorimetry investigations of zinc ions with functionalized pyridines have been carried out in

both dimethylformamide and acetonitrile. The pyridines used were pyridine, 3-methylpyridine,
and 4-methylpyridine. In DMF, for all three pyridines, four- and six-coordinate species formed
and their formation constants, reaction enthalpies and entropies were determined. The stability
increases linearly with increasing basicity of the pyridine derivative. The formation of the
3-methylpyridine complex is enthalpically less favorable and entropically more favorable than
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the others due to steric interactions with DMF in the first coordination sphere.105 In acetonitrile
complexes [ZnL(MeCN)5]

2þ and [ZnL2(MeCN)4]
2þ exist and a structural change from octahedral

to tetrahedral to give [ZnL3(MeCN)]
2þ and [ZnL4]

2þ is observed.106 In DMF the formation of the
zinc complexes is more favorable due to weaker solvation of the metal ion.
The zinc complexes with diphenyl-2-pyridylmethane, ZnL2Cl2 and ZnL2Br2, have been char-

acterized by IR spectroscopy and conductivity measurements.107 The [(pyridyl)2P(NSiMe3)2]
�

ligand forms an aminoiminophosphoranate complex with zinc which structural characterization
shows to be four-coordinate bound to two pyridyl and two amide nitrogen donors (3).108

The zinc complexes of bis(2-pyridylmethyl)amine have been studied by X-ray crystallography
and 13C NMR. The structures of [ZnL2](ClO4)2 and [ZnL2]Cl2�6H2O have been determined and
13C NMR demonstrated to be applicable to distinguishing the isomers.109

The zinc chloride complex of 1-(2-pyridyl)-2-(2-thienyl)ethyne has been structurally characterized by
single crystal X-ray diffraction showing the ligand is a monodentate nitrogen donor. The N2Cl2 tetra-
hedral coordination geometry reveals little apparent influence of the acetylene or thiophene groups.110

6.8.4.3 Imidazole Ligands

Imidazole is of particular relevance to biological mimic ligands due to the presence of histidine as
a coordinating group for zinc in biological systems and has been a particular target for zinc
complex formation.

6.8.4.3.1 Monoimidazole ligands

Simple imidazole complexes have been further studied with the monomeric complex [Zn(imida-
zole)2(CH3CO2)2].

111 In the X-ray structure the metal is in a tetrahedral environment with a
network of intermolecular hydrogen bonding between the non-coordinated imidazole nitrogen
and the acetate oxygen.112 A study of the stability of transition metal imidazole complexes by
potentiometric titration in the presence of N,N-bis(2-hydroxyethyl)glycinate showed an interesting
result for zinc in comparison with the other transition metals studied. A particularly high stability
was observed on the formation of the ternary complex that could be attributed to a reduction in
coordination number on binding of the imidazole, entropically favoring complex formation.113

Equilibrium studies have also been carried out in the formation of binary and mixed ligand
complexes with imidazole, histamine, and L-histidine.114 The ligand 5-amino-4-carboethoxy-1-
para-methoxyphenyl-imidazole forms a monomeric complex, ZnL2Cl2, which exhibits a
distorted tetrahedral geometry and the zinc ion coordinates to the imidazole N-donor from
each ligand.115

An imidazole/pyridyl ligand (4) coordinates to a copper(II) center and on deprotonation the
imidazole reacts with bis(hexafluoroacetylacetonato)zinc to form a trimeric Cu2Zn species bridged
by imidazoles. The zinc ion is in an octahedral coordination environment with Zn–N distances of
2.029(2) Å.116

The ligand 4,5-bis(di(2-pyridylmethyl)aminomethyl)imidazole has been utilized in the forma-
tion of Cu–Zn dinuclear complex [CuZnL(CH3CN)2](ClO4)3. The resonance Raman spectra of
hydroperoxo intermediates were studied.117

6.8.4.3.2 Bisimidazole ligands

Bouwman synthesized complexes of tridentate ligand N,N-bis(2-ethyl-5-methyl-imidazol-4-
ylmethyl)aminopropane (5). [ZnL2]

2þ complexes were synthesized with IR spectroscopic data
indicating octahedral coordination.118

The biphenyl ligand functionalized with two imidazoles (6) was used to produce distorted
tetrahedral complexes of zinc.119 2,20-Biimidazole can act as a bidentate ligand coordinating to
one zinc ion (7) or as a bridging ligand in the formation of dimeric species (8) with X-ray
structures of both binding motifs.120

Bhalla et al. synthesized and studied the zinc complex of bis(1-methyl-4,5-diphenylimidaz-2-oyl)
carbinol. The ligand coordinates as bidentate resulting in a slightly distorted tetrahedral geom-
etry, [ZnL2]

2þ.121
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Breslow and co-workers were among the first to design polyimidazole ligands to mimic
coordination in zinc enzymes.122 Oxygen and sulfur-bridged bis-benzimidazole ligands 1-(N-
methyl)benzimidazolyl-3-benzimidazolyl-2-oxapropane and 1-(5,6-dimethylbenzimidazolyl)-3-
benzimidazolyl-2-thiapropane result, respectively, in coordination of an N2O and an N2 donor
set on zinc complex formation.123 Related benzimidazole ligands have been used as transfer
agents for metal ions in a three-phase transport system.124

Monomeric complexes have been formed with the bis(benzimidazolylmethyl) sulfide ligands to
give tetrahedral N2S2 coordinated zinc in combination with thiolates.

125 The benzimidazole ligand
(9) shown has also been used to form polynuclear complexes with zinc and benzylthiolates.126

The mononuclear zinc complex of the ligand 1-(5,6 dimethylbenzimidazolyl)-3-benzimidazolyl-2-
thiapropane has been structurally characterized.123 The thioether bridge present in the ligand does not
coordinate to the metal center. The thiapropane complex ZnLCl2 shows a distorted tetrahedral
geometry with an N2Cl2 coordination sphere. Identical to the coordination observed by Vahrenkamp
in a symmetric bis-benzimidazole ligand with ZnBr2.

127 Tridentate, bis(benzimidazole) pyridine, ligands
with pyridyl and imidazole donors have been used in zinc complexation.128
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Pentadentate ligands with two imidazole nitrogen donors have been prepared and the zinc
complex characterized (10). A distorted trigonal–bipyramidal geometry was observed around the
metal center with all nitrogen donors from the ligand coordinated. Variable temperature NMR
was used to calculate rate constants for the exchange processes involving the imidazole
groups.129

6.8.4.3.3 Trisimidazole and greater

Gajda et al. have produced a number of zinc imidazole complexes with substituted imida-
zoles.130–132 The ligands 4-(imidazol-4-ylmethyl)-2-(imidazol-2-ylmethyl)imidazole (11) and
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bis[4-(imidazol-4-ylmethyl) imidazol-2-ylmethane] (12) contain three and four imidazole groups
respectively.133 Potentiometric titrations were carried out to determine formation constants. It is
anticipated that other ligands, such as solvent molecules, complete the coordination sphere and
could be displaced. The binding of L-cysteine to the zinc complex was studied. Different ligand
ratios gave different products and the introduction of cysteine resulted in formation of ternary
complexes suggesting favored formation of N/S� coordination around the zinc.
A cage-like complex results from the tris(imidazol-1-ylmethyl)benzene ligand in the presence of

zinc acetate, [Zn3L2(OAc)6], and exhibits inclusion properties to neutral guest molecules in
aqueous solution.134

Ligands with imidazoles groups attached to calixarenes show interesting complexation proper-
ties and the adjacent presence of a hydrophobic cavity mimics a further important element of
many zinc enzyme active sites.135–138 A t-butylcalix[6]arene is functionalized in alternating
positions by three imidazole groups thus presenting three N-methyl imidazole donors next to a
cavity. The ligand is shown to stabilize four coordinated zinc species with a variety of neutral
molecules. Amino, nitrilo, ethanol, and formamide complexes were characterized by X-ray crystal-
lography (Figure 1) showing the role of hydrogen bonding and CH/� interactions between the
zinc-bound neutral molecule and the cavity.135,136 The alcohol complex has a Zn�O distance of
1.993(3) Å compared with 2.0–2.1 Å in liver alcohol dehydrogenase.135 The most remarkable
aspect of this class of compound is the stability of the tetrahedral Zn funnel complexes.

6.8.4.3.4 Bridging imidazolates

Imidazoles are of interest as bridging ligands particularly with regard to mimics of the active
site of Cu–Zn superoxide dismutase (SOD). Structures with imidazolate bridges have been
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characterized.139–142 In particular, Ohtsu et al. have contributed a number of complexes of this
type.117,143,144 These compounds are often two independent mononuclear complexes bridged by
the imidazolate and so may break apart. Imidazolate-bridged Cu–Zn hydroperoxo complexes
have been generated and characterized as intermediates in Cu,Zn-SOD. The reaction between the
heterodinuclear imidazolate bridged complex and hydrogen peroxide in the presence of triethyl-
amine generates the hydroperoxo complex.145 Spectroscopic characterization was carried out.
The imidazolate bridged Cu/Zn bimetallic complex of the cryptand (13) was structurally

characterized and shown to have a Cu–Zn distance of 5.93 Å (native Cu, Zn-SOD 6.2 Å).146

The complex shows some activity in the dismutation of superoxide at biological pH that is
retained in the presence of bovine serum albumin.
Diethylenetriamineacetic acid has been used in the formation of homodinuclear zinc complexes

with the bridging imidazole. The crystal structure of [LZn(imidazolate)ZnL]ClO4 was obtained.
The magnetics of the heterodinuclear Cu–Zn complex were studied and single crystal EPR of the
Zn2 dimer doped with the CuZn dimer.

139

Bridging imidazolates have also been found in the copper(II)–zinc binuclear complexes with
triethylenetetramine completing the coordination sphere of each metal center, [LCu(imidazolate)
ZnL](ClO4)3. The X-ray structure reveals a five-coordinate zinc center with a distorted tetragonal–
pyramidal geometry and a Cu�Zn distance of 6.081(2) Å. As the pH is lowered to 9.6–10.3, the
bridge is broken at the copper, which is in contrast to the equivalent diethylentriamineacetic acid
or tris(2-aminoethyl)amine derivatives, where the bridge is broken at the zinc center.141 The
analogous structure is also known for an imidazolate bridged zinc dimer with the tris(2-pyridyl)-
methylamine ligand.147

Dinucleating ligands have been used to incorporate the twometal centers with a bridging imidazole,
4,5-bis(di(2-pyridylmethyl)aminomethyl)imidazole and 4,5-bis(di(6-methyl-2-pyridylmethyl)amino-
methyl)imidazole.148 The X-ray crystal structure of the copper zinc complex [CuZnL(CH3CN)2]
(ClO4)3 reveals a Cu

II�Zn distance of 6.197(2) Å. The zinc center is pentacoordinate bound to the
imidazolate nitrogen, two pyridine nitrogens, the tertiary amine nitrogen and a CH3CN. The solvent
molecule can easily be exchanged and the complex was tested for SOD activity.149

6.8.4.4 Pyrazole, Triazole, and other Heterocycle Ligands

3-Amino-4-acetyl-5-methylpyrazole acts as a monodentate ligand binding to zinc via the tertiary
ring nitrogen donor. The mononuclear 2:1 complex was structurally characterized with two

O

Zn
N

Figure 1 The molecular structure of the zinc complex of an imidazole-functionalized t-butylcalix[6]arene.135
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monodentate nitrate anions completing the distorted tetrahedral coordination. Hydrogen bonding
interactions linked neighboring molecules in the solid state.150 3-Methyl-5-phenylpyrazole is a
monodentate ligand forming a monomeric compound ZnL2Br2, which similarly exhibits a dis-
torted tetrahedral geometry.151

Spontaneous deprotonation of 1,2,4-1H-triazole in the presence of zinc chloride gives a solid
state structure where each zinc has tetrahedral coordination with N3Cl donors. The compound
ZnLCl has 1,2,4-triazolato units each bridging three zinc atoms through the three nitrogen donors
to form a corrugated layer structure. The shortest interlayer Zn. . .Zn separation is 5.701 Å.152

Reaction of 3-(2-pyridyl)pyrazole and 6-(3-pyrazolyl)-2,20-bipyridine with zinc salts results in
mononuclear pseudo-octahedral complexes [ZnL3](PF6)2 and [ZnL2](PF6)2 respectively. The
ligands coordinate as neutral mononucleating chelates in a similar fashion to the bidentate 2,20-
bipyridine or tridentate 2,20 :60,200-terpyridine respectively.153

The bidentate ligand N,N-bis(pyrazol-1-ylmethyl)benzylamine forms a distorted tetrahedrally
coordinated monomer, ZnLBr2.

154 The ligand 1,6-bis(3,5-dimethyl-1-pyrazolyl)-2,5-dithiahexane
forms a 1:1 complex with ZnCl2 where the ligand binds in a bidentate fashion through the
pyrazole nitrogen donors.155 Reaction of 2,3,5,6-tetra(2-pyridyl)pyrazine with ZnCl2 results in a
mononuclear five-coordinate complex where the pyridylpyrazine ligand is tridentate.156

Compartmental pyrazole ligands (14) can be used to form bimetallic complexes (15).157 This ligand
enforces a separation distance between the metal ions. Stability constants were calculated showing a
stability for bothmononuclear and dinuclear compounds that was less than CuII but greater thanNiII.
The pyrazole phosphazine ligand, hexakis(3,5-dimethylpyrazolyl)cyclotriphosphazene (16)

forms a dizinc complex, that has been structurally characterized, and the analogous copper zinc
complex.158 Two ZnCl2 units are coordinated, one distorted tetrahedral and one distorted trigonal–
bipyramidal, separated by 7.51 Å. CuI and ZnCl2 can also be coordinated giving a heteronuclear
compound with a Zn–Cu separation of 6.798 Å.
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A series of unsymmetric bis(pyrazolylate) ligands have been synthesized and complexed with
zinc via metathesis of a thallium derivative, (17) and (18). This allowed the synthesis and
complexation of NNS and NNO pyrazolylborate derivatives.159,160 Parkin and co-workers synthe-
sized zinc complexes of a series of unsymmetric pyrazole-containing ligands.161–163 The asym-
metric bis(pyrazolyl)hydroborato zinc complex has been structurally characterized,164 and will
also be discussed in the context of its interaction with the B–H hydrogen in Section 6.8.9.2.
A highly fluorinated bis(pyrazolyl)borate ligand, dihydridobis(3,5-bis(trifluoromethyl)pyrazo-

lyl)borate has been synthesized. The zinc triflate complex was prepared from the potassium salt of
the ligand and exhibits distorted tetrahedral coordination which allows comparison of the amount
of distortion, in relation to the electronic properties of substituents, with the methylated analog.165

The complex bis(1,2,6,7-tetracyano-3,5-dihydro-3,5-diiminopyrrolizimido)zinc (19) has been
crystallographically characterized demonstrating a six-coordinate octahedral metal center with
two longer apical bonds to the ether oxygen donor tetrahydrofuran ligands. The electronic
absorption spectra, including the polarized single crystal reflection spectra, have been assigned
on the basis of calculation and comparison to related systems.166

Zinc binding to triazole derivatives, 3,5-di(2-pyridyl)-1,2,4-triazole (20) and 3,5-di(2-pyridyl)-4-
amino-1,2,4-triazole (21), was investigated due to the occurrence of the triazole group in a number
of drugs that function via interaction with zinc-dependent enzymes. NMR and IR suggested varying
coordination modes were possible with different anions (1:1 complex for ZnCl2 and 2:1 complexes for
Zn(NO3)2, Zn(ClO4)2 and Zn(BF4)). The crystal structure from the zinc perchlorate showed a complex
which was octahedrally coordinated to two 3,5-di(2-pyridyl)-4-amino-1,2,4-triazole and two water
molecules. Each triazole ligand was bidentate with bonding to a pyridyl N and a triazole N.167

Two crystalline polymorphic forms are obtained in the formation of crystals of bis[hydro-
tris(1,2,4-triazolyl)borato]zinc. In the fast-crystallizing compound the zinc was shown to be
coordinated to two tridentate chelate ligands by the endodentate nitrogens, forming a molecular
monomeric complex; the slower-crystallizing compound was a coordination polymer with the
borate centered ligand bridging three zinc centers via the exodentate nitrogen donor atoms.168

The ligand 2,5-bis(2-pyridyl)pyrazine was used in the synthesis of a range of zinc compounds
to contrast with copper coordination polymers prepared with this ligand.169 Three zinc com-
pounds were structurally characterized, [ZnCl2L(DMF)], [Zn3(OAc)6L2], and [Zn3Cl6L3]; respect-
ively a distorted square planar monomer, a linear trimer, and a triangular arrangement of zinc
centers.
The reaction of zinc bromide and pyrazine can give two different coordination polymers.

[ZnBr2L] was structurally characterized demonstrating a 1D zigzag chain polymer which yields
[ZnBr2L2] on solid state reaction with pyrazine. The crystal structure of [ZnBr2L2] shows a regular
square-grid network with the axial bromides from one layer projecting into the grid cavity on an
adjacent layer. This second structural type can be converted back into the first by heating.170 The
ligand 2,3,5,6-tetrakis(aminomethyl)pyrazine has two tridentate binding sites and forms a binu-
clear complex with zinc, [Cl2ZnLZnCl2]. The crystal structure reveals two five-coordinate zinc
atoms, both in a trigonal–bipyramidal arrangement.171

6.8.4.5 Nucleobase and Nucleoside Ligands

Zinc binding directly to DNA and RNA bases has been studied, and in particular the interaction
of zinc with the guanine N7.172 Zinc binding directly to DNA can cause kinking or induce
conformational changes.173,174 NMR investigations of zinc oligonucleotide complexes have been
carried out as part of a study to determine a sequence-selective metal binding pattern with binding
predominantly to 50-G in 50-GG and 50-GA steps.175 This binding was preferred to GT and no
evidence was found for binding in GC steps or to non-guanine residues. All binding was assumed
to be to guanine N7. Spectroscopic studies have suggested that the zinc may also interact with the
guanine O6.176 Polymeric complexes of zinc have been structurally determined with the mono-
methyl phosphate-esters of cytidine and deoxycytidine 50-monophosphate nucleotides.177 A tri-
nuclear complex with a Zn(OH)Zn(OH)Zn backbone is proposed to be a model for metal
crosslinks in DNA, coordination to a endocyclic nitrogen of one base and an exocyclic oxygen
of another base is observed (Figure 2).178

It has been suggested that zinc ions prevent formation of DNA quadruplexes containing
guanine quartets by binding to the guanine N7 and O6. The quadruplexes are believed to be
important to a number of areas of the genome including telomeres.179
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Zinc complexes of the purine analog ligand, 5,7-diphenyl-1,2,4-triazolo[1,5-alpha]pyrimidine,
have been described and characterized spectroscopically and by X-ray crystallography.180 The
tris(pyrazolyl)borate derivatized ligand, tris(3-cumenyl-5-methylpyrazolyl)borate, stabilizes zinc
complexes of nucleobases and related compounds. For example, uracil is coordinated via its
deprotonated N1 and 6-methylthiouracil acts as a bidentate ligand bonding through N1 and S.181

Zinc cyclen ([12]aneN4) complexes have been shown to bind to thymidine bases such as AZT.
Interest came from the demonstrated action of the zinc cyclen complex against HIV-1.182 The zinc
binds to the deprotonated N(3) of the 30-azido-30-deoxythymidine and the X-ray structure shows a
distorted square pyramidal N5 coordination with Zn�N(3)¼ 2.053(8) Å. It is possible that
hydrogen bonding contributes to the stability of the complex in solution although distances
were long in the solid state. Potentiometric titrations of deoxyribonucleosides showed extremely
selective binding of thymidine and its derivatives. This could be attributed to the formation of
hydrogen bonds between the cyclen amino groups and the carbonyl oxygens of deoxythymidine.
Strong binding to deoxythymidine and uridine bases over other nucleosides in aqueous solution
shows the importance of the imide functionality.
Kimura and co-workers have also demonstrated that the acridine pendent cyclen ligand can

expand on the recognition potential by providing ‘‘multipoint’’ binding.183 The acridine may
�-stack with the nucleobase or even insert into DNA or RNA to facilitate the zinc cyclen thymine
base interaction. The X-ray structure shows a stacking interaction of the acridine with the
pyrimidine ring of thymine when bound to the zinc. A distortion of the square pyramidal
geometry around the zinc is observed to allow more favorable hydrogen bonding and �-stacking
interactions. Fluorescence spectra indicated the relative strength of interaction of the coordinated
thymine with the acridine. The complex of this deoxythymidine is stable and does not dissociate
at physiological pH.

6.8.4.6 Amides, Amidinates, and Guanidinates

The zinc complex formed with N,N0-diphenylformamidinate is structurally analogous to the basic
zinc acetate structure, as [Zn4(�4-O)L6], and the basic beryllium acetate structure. It is prepared
by hydrolysis of zinc bis(diphenylformamidinate).184 Mixed metal zinc lithium species were
assembled from dimethyl zinc, t-butyl lithium, N,N0-diphenylbenzamidine and molecular oxygen.
The amidinate compounds formed are dependent on the solvent and conditions. Zn2Li2 and

O

Zn

N

Figure 2 Molecular structure of the trinuclear zinc complex formed with 3-methylcytosine. All ligands are
monodentate and bonding through either a nitrogen or exocyclic oxygen is observed.178
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Zn2Li6 compounds are formed with bridging amidinate and oxo ligands.
185 The X-ray structure

of the dinuclear complex of zinc with tetraphenyl oxalic amidinate shows two tetrahedral zinc
centers each coordinated to two nitrogen donors from the ligand and two chloride ligands.186

Multinuclear oxalamidinato complexes have been characterized with only zinc atoms or a com-
bination of zinc and palladium or nickel atoms. The resulting heteronuclear complexes were
structurally characterized and their catalytic reactions, such as ethene polymerization and Heck
coupling, investigated with zinc playing an inactive structural role.187,188 A trinuclear zinc com-
plex was formed with deprotonation of tris(2-hydroxybenzylidene)triaminoguanidine. A propeller-
like conformation was demonstrated by the X-ray structure with ammonia and water molecules
completing the coordination sphere to give [LZn3(NH3)3(H2O)3]

þ. Triply bridging guanidinate
cores are isoelectronic with characterized �3-carbonates.

189

Amide and alkyl donors are often found in the same complexes and hence a number of amide
compounds have already been mentioned in Section 6.8.3. Zinc alkylamides are of interest as
precursors for the nitrogen doping of material in metal organic chemical vapor deposition
(MOCVD). A number of bis[(alkyl)(trimethylsilyl)amide] zinc complexes have been prepared
and characterized.190 Linear N–Zn–N diamide units are known.11,191 Inverse crown ethers were
formed using Zn amide compounds [Na2Zn2L4(O)] and [K2Zn2L4(O2)x(O)y]n,
L¼ hexamethyldisilylamide.192 The structures show trigonal planar zinc centers encapsulating
oxygen or peroxide. Dimeric species exist with �2–amide groups in a compound with a CN3

donor set around each zinc atom with the amide donors from N,N,N0-trimethylethylene-1,2-dia-
mide or N,N,N0-trimethylpropylene-1,2-diamide.80 Zinc complexes of dicyanamide, Zn[N(CN)2]2,
have an extended lattice structure in the solid state. A 2D network is formed of tetrahedral zinc
centers with each zinc bound to four �2 dicyanamide ligands forming a repeating square array.

193

The shortest zinc–zinc distance is 4.492 Å and is found between layers, contrasting with the structure
of Zn[C(CN)3]2, which contains octahedral zinc centers forming an interpenetrating network.

194

A series of compounds of zinc with a diazabutadiene ligand have been prepared to study the
different oxidation states of the ligand when coordinated.195,196 The studies were carried out using
EPR spectroscopy and X-ray crystallography. Mono- and dicationic, neutral, and mono- and
dianionic zinc diazabutadiene complexes were prepared and structurally characterized as
Kx[Zn(

tBuNCHCHNtBu)2], Zn(
tBuNCHCHNtBu)2, and [Zn((

tBuNCHCHNtBu)2](OTf)x (x¼ 1, 2).
The formal charge on the ligand varies fromþ 2 to �2. The crystal structures of the monoanioanic
and mono-and dicationic species show structural variations with the N�C bonds lengthening
and the C�C bonds shortening with each reduction step with the distortion as expected from the
occupation of the ligand �* orbitals.

6.8.4.7 Bipyridine and Phenanthroline Ligands

Pyridyl-containing ligands have already been discussed but the large body of work involving
bipyridyl type ligands is represented here. Bipyridine and polybipyridine ligands in particular have
found application with zinc in the formation of supramolecular structures and examples will be
mentioned in Section 6.8.4.9.
The tetracyanoquinodimethane salt of tris(1,10-phenanthroline)zinc has been synthesized,

structurally characterized by X-ray diffraction, and the magnetic properties investigated.197 No
charge conduction was observed in the compound and the single-crystal and polycrystalline
powder EPR spectra were recorded.198 The kinetics and equilibrium of zinc complex formation
with 2-chloro-1,10-phenanthroline in aqueous solution have been studied.199 The formation of
bis- and tris-phenanthroline complexes of zinc is known.200,201 The preparation of heteroleptic
bis-phenanthroline zinc complexes was attempted with sterically hindered 2,9-diarylphenanthro-
line and 4,7-disubstituted phenanthrolines. The products were sensitive to condition and methods
of preparation and characterized by mass spectrometry and NMR.202 The crystal structure of
[Zn(1,10-phenanthroline)2(CH3CO2)]BF4 has been reported with all three ligands binding as
bidentate resulting in an octahedral N4O2 coordination sphere around the zinc ion.

203 Tris(1,10-
phenanthroline)zinc shows enantioselective binding to DNA.204

Studies of the thermodynamics of formation of complexes of zinc with 2,20-bipyridine in the
presence of halide and thiocyanate ions in DMF has been carried out.205 The zinc complexes of 2,20-
bipyridine with N-(benzenesulfonyl)glycine and N-(toluene-p-sulfonyl)glycine were synthesized and
infrared data implied a structural analogy with the cadmium complexes. This suggests that the zinc
promotes sulfonamide nitrogen deprotonation in the amino acid ligands in the solid state.206
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A 2,7-disubstituted pyrene linker between two pyridyl groups (22) forms the [Zn2L2]
4þ complex

with zinc trifluoromethansulfonate that is non-helical. The single-crystal X-ray structure of
bis{2,7-bis[3-(60-methyl-2,20-bipyridin-6-yl)-2-oxapropyl]pyrene}dizinc reveals two six-coordinate
octahedral zinc centers with an N4O2 donor set. The non-helical geometry shows the pyrene rings
separated by 3.65 Å. The X-ray structure was in agreement with solution structure from NMR
measurements. The NMR data from the equivalent compound with a 1,4-benzene linker in place
of the pyrene linker demonstrated an equal mixture of helical and non-helical complexes in
solution.207

Formation of the zinc complex of the derivatized bipyridyl ligand,N-methyl-2,20-bipyridylium, has
been investigated.208The planar tetraheterocyclic ligand 6,60-bis(4-methylthiazol-2-yl)-2, 20-bipyridine
coordinates through the two bipyridine nitrogens, and more weakly through the thiazolyl nitrogen
atoms. The crystal structure of the zinc complex shows a distorted octahedral environment with two
water molecules completing the coordination sphere.209 Zinc complexes of bipyridyl ligands with azo-
and imino-linked chromophores, 4,40-bis(dialkylaminophenylazo)-2, 20-bipyridine and 4,40-bis(dialk-
ylaminophenylimino)-2,20-bipyridine, have been synthesized for nonlinear optical studies by electric
field-induced second harmonic generation.210 4-(N-t-Butylaminoxyl)-2,20-bipyridine forms 1:1
complexes with bis(hexafluoroacetylacetonato) zinc. The crystallographic analysis shows mono-
nuclear structures in which the bipyridine moieties are coordinated to the metal ions in a cis config-
uration and the aminoxyl groups do not participate in the coordination.211

The presence of zinc with bidentate nitrogen donor ligands in the formation of novel composite
materials by hydrothermal reactions has been studied. A zinc-containing one-dimensional mater-
ial, [Zn(phenanthroline)MoO4] was isolated from molybdate, and from vanadium oxide in the
presence of zinc 2,20-bipyridine [Zn(2,20-bipyridine)2V4O12] was obtained.

212,213

N,N0-coordination was found in the zinc complex of 2,20-dipyridyl diselenide, [ZnLCl2].
214 The

tridentate ligand 6-(2-aminophenyl)-2,20-bipyridine contains two pyridyl and one aniline donor
ligand to form a complex of the form [ZnL2]

2þ. The X-ray structure shows a distorted octahedral
metal center with each ligand twisting from planar to accommodate the meridional binding.215

6.8.4.8 Tripodal Nitrogen Ligands

Polydentate nitrogen donor tripod ligands are discussed in this section. Mixed donor ligands
containing nitrogen donors are discussed in Section 6.8.11.

6.8.4.8.1 Tris(pyrazolyl)borate ligands

A large body of work with particular reference to the mimicry of mononuclear zinc enzymes has
utilized tris(pyrazolyl)borate ligands. This ligand class offers a facial coordination mode of three
pyrazole N-donors and can be functionalized in the three and five positions on the rings to
increase steric bulk and vary the electronic properties of the ligand. The synthesis and complex
formation with these ligands has been extensively reviewed.2,216–219

These versatile ligands have also shown applications in catalysis and more recently the forma-
tion of a variety of related ligands has led to varied donor sets and cavity properties from
pyrazolylborate ligands. As this important area has been recently and extensively reviewed only
a few representative examples will be discussed. Other examples appear elsewhere in relation to
zinc coordination of other donors in the remaining coordination site or sites. A large volume of
work has been produced recently in this area, particularly by the research groups of Parkin and
Vahrenkamp.181,220–228

Catalysis of the formation of diethyl carbonate from ethanol and carbon dioxide has been
observed with zinc hydroxide complexes of sterically restricted ligands, tris(3-cumenyl-5-methyl-
pyrazolyl)borate and tris(3-t-butyl-5-methylpyrazolyl)borate. The zinc hydroxides could be con-
verted to the alkyl carbonate complexes. For the cumenyl ligand reversible formation of the
hydroxide and methyl carbonate in a methanol solution was observed by repeated bubbling with
nitrogen or carbon dioxide.229 Kitajima and co-workers studied the reactivity of zinc hydroxides
complexed to less sterically bulky tris(pyrazolyl)borate ligands.230

The reactions of carbon dioxide with zinc hydroxide complexes of the 3-t-butyl 5-methyl and
3,5-di-iso-propyl pyrazolyl derivatives were investigated. IR spectroscopy demonstrated formation
of a bicarbonate derivative of the former complex and 1H NMR showed a rapid reversible
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reaction. However, a slower transformation occurs from the bicarbonate complex to a bridged
carbonate dimer. This contrasts with the behavior of the latter, and less sterically bulky hydroxide
complex which shows more rapid formation of (�-CO3)Zn2 complex where the carbonate is
unsymmetrically bound.231

The X-ray structure of the unsubstituted tris(pyrazolyl)borato zinc nitrate has been solved
showing a unidentate coordination mode for nitrate, in contrast with the t-butyl substituted
ligand, which shows anisobidentate nitrate coordination due to the steric effects.232 A partial
explanation of the reduced activity of cadmium-substituted carbonic anhydrase is offered by
Parkin on the basis of the comparison of nitrate coordination to cadmium and zinc trispyrazo-
lylborate moieties. A contributing factor may be the bidentate coordination supported by the
cadmium that does not allow the facile access to a unidentate bicarbonate intermediate, which
could be highly important to carbonic anhydrase activity.233

Pyridyl functionalized tris(pyrazolyl)borate ligands show some interesting properties including
the formation of polynuclear zinc complexes.234 Some of these contain extensive H bonding and
have potential as models for multinuclear zinc enzymes such as phospholipase C or P1 nuclease.235

A bis-ligand complex of the hydrotris(5-methyl-3-(3-pyridyl)pyrazolyl)borate ligand (23) shows
octahedral coordination of all six pyrazole nitrogen donors despite the steric bulk.
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The zinc complex of hydrotris(3-p-cumenyl-5-methylpyrazolyl)borate with a bound 3,5-t-butyl-
1,2-semiquinonate ligand has been prepared, the X-ray structure showing a five-coordinate metal
center with three ligand nitrogens and two semiquinonate oxygens binding. The parent catechol-
ate complex is unusually air stable but undergoes slow air oxidation to give the semiquinonate.236

The hydroxide complex of this ligand has been prepared.237 The hydroxide complex can be
converted into a hydrosulfide complex and thermal condensations of the two derivatives result
in molecular zinc oxide or sulfide dimeric species. The hydroxide also reacts to give alkylcarbon-
ate, O-ethyldithiocarbonate, and thiocarbamate ligands under appropriate conditions.
The alcohol dehydrogenase enzyme has been modeled using the tris(3-cumenyl-5-methylpyra-

zolyl)borate ligand. The iso-propoxide complex can be oxidized by N-benzylnicotinamide chloride
to acetone in a low yield. A stronger oxidant oxidizes phenolates with o-hydroxymethyl sub-
stituents to phenolates with o-formyl substituents. The presence of the zinc hydroxide complex
showed increased reduction rates of benzaldehydes with electronegative substituents to corres-
ponding benzyl alcohols by N-benzyldihydronicotinamide.238

The zinc acetate complex of tris(3-t-butyl-5-methylpyrazol-1-yl)borate was prepared as a
structural model for carbonic anhydrase and comparison with the enzyme active site structures
confirmed that the complexes are excellent structural models.239 A mononuclear zinc hydroxide
complex can also be formed with the tris(pyrazolyl) borate ligand system as a structural model for
carbonic anhydrase.240

Zinc fluoride complexes of 3-para-tolyl and 3-t-butyl of hydrotris(3-R-5-methylpyrazol-1-yl)
borato zinc complexes have been synthesized via complex formation in the presence of potassium
fluoride. Facile substitution of the fluoride yields the zinc pyridyl, diethyl ether, or hydride
derivatives.241

6.8.4.8.2 Other nitrogen donor tripodal ligands

Tris(2-aminoethyl)amine (tren) and hexamethyl tren form pentacoordinate complexes with a
bound water. The enthalpies of ionization have been determined.242 These results dispute the
data from the systems that led to the view that solvent structure mediates the pKa of zinc bound
water in zinc hydrolytic enzymes. The effect was shown to be entirely enthalpic.
Borovik and co-workers developed a ligand, formed by deprotonation of tris((N-t-butylcar-

bamoyl)methyl)amine, to form trigonal–monopyramidal transition metal complexes.19 The struc-
ture of the zinc complex (24) shows identical ligand coordination to the cobalt and nickel
complexes and is crystallized as the tetraethylammonium salt. The unusual geometry is favored
due to the presence of bulky t-butyl groups. The N amidate–zinc-N amidate angles in the
trigonal plane are 119.5(5)� and the zinc sits 0.14 Å above this plane. The formation of chiral
cavities was investigated with the related homochiral tripodal ligand tris(N-(S)-(�)-(�)-methyl-
benzylcarbomoylmethyl)amine (Figure 3).243

Zn

Figure 3 Molecular structure of the trigonal–monopyramidal zinc complex formed on deprotonation of
tris(N-(S)-(�)-(�)-methylbenzylcarbamoylmethyl)amine.243
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In reaction with zinc salts, the tridentate ligand tris(2-pyridyl)methylamine forms the crystal-
lographically characterized [ZnL(H2O)3]

2þ cation with the three pyridine nitrogens face capping
the octahedron and a hydrogen bonding network in the solid state.244 This contrasts with the
tetradentate ligand tris(2-pyridylmethyl)amine and its zinc halide complexes (chloride, bromide, and
iodide), which were synthesized and studied. Electrospray mass spectrometry analysis of solu-
tions, with added competing anions, was consistent with NMR data. The solid-state structures of
[ZnLCl]ClO4 and [ZnLI]ClO4 contain trigonal–bipyramidal metal ions with the halide coordi-
nated in an apical position.245

The zinc complex of the unsymmetrical pyrazoly/pyridyl tripod, bis(pyrazol-1-yl)(pyridin-2-yl)
methane, has been structurally characterized and can be compared to trispyridyl donor
ligands.246 Similarly, instead of varying the nitrogen donor group of the tripod the bridgehead
can be changed from a –CH to P or N. Structural studies allow comparisons of the phosphine and
amine equivalents in the formation of 1:2 zinc tris(2-pyridyl)methylamine complexes, e.g.,
[Zn(P(C5H4N)3)2]

2þ, with all structures showing trigonal distortion from octahedral geometry
due to the restricted bite angle of the ligands.247

The ligand tris[2-(1-methylbenzimidazol-2-yl)ethyl] nitromethane (25) has been used in the
formation of zinc complexes as models of the active site of carbonic anhydrase, and the formed
complexes reveal affinity for the sulfonamide-containing enzyme inhibitor acetazolamide.248

Bis and tris(imidazolyl) phosphine ligand complexes of zinc have been of interest for a number
of years as models of the active site of carbonic anhydrase and probed for reactivity with
bicarbonate and carbon dioxide.249 Recently, related phosphine ligand derivatives that are
increasingly sterically demanding have been synthesized and studied. The comparison of X-ray
structures of zinc nitrate tris(1-isopropyl-4-t-butylimidazolyl) phosphine ligand derivative (26),
which has a charge of 1þ , with the equivalent tris(3-t-butylpyrazolyl)hydroborato complex,
which is neutral, demonstrates that the charged complex has a greater tendency to adopt
bidentate coordination of the nitrate ligand.250

The coordination mode of nitrate to a number of transition metal ions bound to the ligand
tris(1-isopropyl-4-t-butylimidazolyl)phosphine has been studied using X-ray crystallography.250,251

The nitrate ligand coordination modes correlate with the activity of the metal-substituted carbonic
anhydrases; those with a greater degree of asymmetry in the binding are the most active metals
(Co, Zn). This may point to access to a monodentate rather than a bidentate coordination mode
for the bicarbonate intermediate as a requirement for high CA activity. The zinc is five-coordinate
with Zn�O distances 1.986 Å and 2.518 Å and the nitrate ligand anisobidentate.251 This ligand has
been used to characterize a highly important example of a zinc hydroxide complex with tris
imidazole coordination, as is observed in the carbonic anhydrase active site.252 The comparison
between zinc and cadmium hydroxide complexes has also been made. These studies are of
relevance to the active site of carbonic anhydrase and metal substituted forms.253 The analogy
of bicarbonate to nitrate is not always appropriate as bicarbonate has more than one option for
bidentate binding; it could bond through the two oxygen atoms or an oxygen atom and a
hydroxide.
The face capping ligand cis,cis-1,3,5-triaminocyclohexane provides the basis for a number of

functionalized ligand and biomimetic complexes of zinc.254,255 The zinc complexation chemistry of
cis,cis-1,3,5-triaminocyclohexane and simple derivatives was thoroughly investigated by Vahren-
kamp and co-workers. The nonfunctionalized ligand forms 1:1 ligand to metal ratio complexes
with zinc acetate and zinc halides, and 2:1 complexes with zinc perchlorate and zinc triflate. The
2:1 compounds were not observed with the tris-N-methylated derivative. It was suggested that the
1:1 halide-containing complexes exhibit tetrahedral metal centers with one face capping N3 ligand
and an X-ray structure of the 2:1 complex of cis,cis-1,3,5-triaminocyclohexane with zinc triflate
revealed an octahedral metal center coordinated by two N3 face capping ligands. NMR solution
studies show little or no ligand exchange in solution. Vahrenkamp also investigated Schiff base
formation reactions with benzaldehyde forming a tris-iminophenyl derivative. This ligand was
hydrolyzed on complexation with zinc.256 Walton and co-workers have investigated the formation
of cavity-type ligands from cis,cis-1,3,5-triaminocyclohexane, and Schiff base derivatives were
formed from cinnamaldehydes (27).257,258 These compounds are of relevance to the active site of
the enzyme carbonic anhydrase. It was observed by Walton that the steric interactions were too
unfavorable to allow coordination of the tris-iminophenyl derivative as a face capping ligand and
partial hydrolysis occurred to give (28). Walton’s compounds are of particular interest in model-
ing the enzyme carbonic anhydrase as they mimic not only the donor set of the active site but also
aspects of the surrounding cavity. The related face capping triamine ligand 1,3,5-triamino-1,3,5-
trideoxy-cis-inositol forms a 2:1 complex with zinc where each of the ligands is coordinated through
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the three nitrogen donors.259 Brechbiel and co-workers have synthesized the hexadentate ligand,
N,N0,N00-tris(2-pyridylmethyl)-cis,cis-triaminocyclohexane and structurally characterized the zinc
complex.260
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6.8.4.9 Supramolecular Compounds with Nitrogen Donor Ligands

Zinc is frequently used as a supramolecular building block due to its inert oxidation state and
flexibility in coordination number and geometry.
A mononuclear zinc complex forms with 2,20:60,200:600,2000-quaterpyridine.261 Helical quinque-

pyridine derivatives can be formed with 6,60000-dimethyl-2,20:60,200:600,2000:6000,20000-quinquepyridine.
A dimeric monohelical (or single-stranded helicate) complex is formed with a hydroxy bridge
between five-coordinate and four-coordinate zinc centers, [Zn2L(OOCCH3)2(�-OH)][ClO4].

262

The intermetallic distance is 3.277(4) Å and the Zn�O–Zn angle is 116.82(17)�. This structure
contrasts with saturated helices as produced by Constable and co-workers with septipyridines
where all donor atoms come from the same strand. The crystal structure of the zinc complex of
2,20:60,200:600,2000:6000,20000:60000,200000-sexipyridine, [Zn2L2](PF6)4�2MeCN�2H2O, confirmed the double-
helical topology.263 The solubilized septipyridine reacts with zinc acetate to give
[Zn2L2][PF6]4�6MeCN which was structurally characterized to show a head-to-head directional
double helicate.264

Spontaneous self assembly of a dinuclear triple helical complex is observed with linked bis-[4,5]-
pineno-2,20-bipyridines. Studies by electrospray mass spectrometry, CD and NMR determined
that the major species in solution was a complex of Zn:L¼ 2:3 stoichiometry with a triple helical
structure and an enantiomerically pure homochiral configuration at the metal centers. The
preference for the formation of one of the possible stereoisomers over the other is of interest.265

Another binuclear triple helical complex is formed from zinc addition to bis[5-(1-methyl-2-
(6-methyl-20-pyridyl)benzimidazolyl)]methane. Spectrophotometric titrations with a zinc solution
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shows successive formation of a triple helical complex [Zn2L3]
4þ, a double helical complex

[Zn2L2]
4þ, and [Zn3L2]

6þ.266

Metal complexes of pteridine have provided 3D H-bonded networks containing H bonding
between pteridine ligands and water molecules, and �-stacking and H bonding between adjacent
pteridine ligands. The complex [ZnL(H2O)2].2H2O has been prepared.267

Metal complexes of bilinones have helical chirality and the introduction of point chirality may
give some insight into the structural features of chiral functional molecules including biomole-
cules. A chiral group was introduced at the helix terminal of 19-alkoxybilinone. A series of zinc
derivatives (29) were examined to observe the helical chirality induction of the point chiral alkoxy
group. Chiral induction was sensitive to the distance to the asymmetric carbon as well as to
substituents on the asymmetric carbon. The compounds were studied by 1H NMR and CD
spectroscopy. In one case (R¼(R)-2-methyl-1-phenylpropanoxy group) helical chirality induction
was observed in>95% enantiomeric excess at 223K in CD2Cl2.

268,269

The template effect of a metal center in organizing two phenanthroline subunits has been
exploited to form polypyrrole films from which the zinc center can be removed and rebound. The
chelating ligand used is a 2,9-diphenyl-1,10-phenanthroline subunit functionalized with two
pyrrole groups and on binding to zinc or another metal center the two ends are entwined leading
to a highly entangled network on electropolymerization of the pyrrole rings. The ligand is related
to those used by Sauvage in catenane formation. The zinc can be removed from the polymer with
thiocyanate and no collapse of the 3D structure occurs. The facile rebinding of zinc suggests some
organization is retained in the polymer. Electrochemical studies show the low-oxidation-state
formal zinc(I) is remarkably stabilized by the entwined and entangled system.270

Chiral [2þ 2] metallomacrocycles, assembled from functionalized 2,20-bipyridines and zinc,
have been studied for the effect of guest molecules and linker length. Equimolar amounts of
zinc triflate and the ligand (30) with R¼CH2 assemble exclusively into the chiral [2þ 2] metallo-
macrocycle [Zn2L2]

4þ at low concentrations (<10mmol dm�3) or in the presence of an aromatic
guest molecule which binds in the cavity of the macrocycle. The X-ray structures of these
compounds with either 1,2- or 1,4-dimethoxybenzene bound in the cavity were obtained. The
structures demonstrate a variation in cavity size dependent on the substrate to maximize the
possible interactions. The less rigid ligands, where R¼CH2CH2 or OCH2, show a mixture of
oligomers when studied by NMR.271

Rebek and co-workers have generated a species containing a zinc ion coordinated in conjunc-
tion with a ‘‘deep’’ cavity in the metallocavitand species. The molecular cavity of 8� 10 Å has a
Zn-phenanthroline fragment at the top edge directed toward the cavity. The binding of the
metallocavitand to quinclidine and DABCO was studied by UV-vis and 1H NMR spectroscopy,
demonstrating the binding and slow exchange kinetics. The cavity and the appended zinc ion are
both involved in the binding, demonstrating the potential for these compounds in biomimetic
hydrolysis or esterification reactions.272

The structure of coordination polymers formed with 3,6-bis(pyridin-3-yl)-1,2,4,5-tetrazine and
zinc salts can be controlled by the choice of alcoholic solvents. Infinite lattice compounds of the
form {[Zn2L2(NO3)4(MeOH)2(�-L)]} and {[Zn2(�-L)3(NO3)4](CH2Cl2)2} have been structurally
characterized. The former structure shows an alternating single- and double-bridged species
whereas the latter exists as a non-interpenetrated ladder complex.273

Two-dimensional planar interpenetrating networks have been formed using the spacer ligand
2,20-bis-1,6-naphthyridine with a zinc salt.274 Helicate structures have been synthesized which rely
heavily on non-covalent interactions in the metal-assisted self-assembly process in solution.275

Incorporation of interactions such as �–� stacking can lead to further aggregation in the solid
state. The use of biphenyl derivatives of terpyridine ligands [40(4-biphenyl)-2,20:60,200-terpyridine]
(31) has given one such example.276 The X-ray structure of the zinc complex reveals a pseudo-
octahedral zinc ion forming a two-dimensional sheet with face-to-face � stacks with a centroid-to-
centroid distance of 3.87 Å and also edge on face interactions. Luminescence studies were carried
out showing strong blue emission with higher quantum yield (0.80) than the free ligand.
Blue luminescence of zinc complexes of pyridyl-containing complexes is an area of current

interest.277 Design of blue luminescent materials is of relevance to display applications, as blue-
light-emitting diodes, and to this end Che examined solution luminescence of zinc pyridylamine
complexes.73,278 Che and co-workers studied the complex Zn4O(7-azaindoyl)6 which has a blue
emission at 433 nm in the solid state.279,280 In an attempt to improve on stability Wang et al.
examined compounds with neutral 7-azaindole and an N-functionalized pyridyl derivative.281 In
contrast with other metal complexes of the neutral 7-azaindole (32), Zn(7-azaindole)2(OAc)2 is a
blue luminescent compound and a N-(2-pyridyl) 2-azaindole (33) and its complexes were also
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studied. The 7-azaindole complex has extensive intramolecular H bonding around a four-coordinate
Zn center with two pyridyl nitrogens and two monodentate acetates binding. The N-(2-pyridyl)
2-azaindole formed a 1:1 complex (34). The zinc complexes of the azaindole pyridyl derivatives
formed complexes which did not have sufficient thermal stability for use in devices and showed
rapid exchange in solution, but electroluminescent devices producing blue light were fabricated
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with Zn(7-azaindole)2(OAc)2.
281 The shift of the emission to the visible part of the spectrum on

zinc coordination has also been observed in tripyridyl compounds by Yang et al.282

Coordination networks can be crystallized from the zinc ion and 4,40-bipyridyl.283,284 Some of
these networks, including that of Hoskins et al. show interpenetration of an independent grid
such as square sheets.285 These do not form spontaneously with bridging hydroxides as is
observed with flexible bipyridyls.
Plater et al. structurally characterized a number of coordination network-type supramolecular

structures with flexible bipyidyl ligands 1,3-bis(4-pyridyl)propane, 1,4-bis(4-pyridyl)butane, and
1,7-bis(4-pyridyl)heptane.286 The characterization of the complex with the propane bridged ligand
showed each zinc in a distorted tetrahedral environment with two pyridine nitrogen and two
metal bridging hydroxide ligands. A Zn3(OH)3 six-membered ring forms the basis of the structure
with Zn�O bond lengths in the range 1.908–1.934 Å. The other ligands give different solid state
coordination network structures. All contain hydroxyl ion bridges and as chain lengths increase
so does alkyl chain disorder. Coordination networks can also be formed with rigidly bridged
pyridyl ligands such as 3,6-bis(pyridin-3-yl)-1,2,4,5-tetrazine (35). Three different zinc networks
were formed and structurally characterized with the structural type controlled by the choice of
alcoholic solvent.273 Zinc nitrates were used in compound formation and hydrogen bonding
observed to the metal-bound alcohols. Six-coordinate distorted octahedral zinc ions were
observed.
Self-assembly methods have been used to form zinc bisquinoline assemblies with high refractive

index and film uniformity.287

Other supramolecular structures such as catenanes and rotaxanes can be formed using zinc as a
template ion; for example, a benzylic imine catenate formed by Leigh et al.288 The reversible five-
component assembly of a [2]catenane from a chiral metallomacrocycle and a dinaphtho-crown
ether has been achieved. Zinc is used as the metal component and drives assembly via the
coordination to a bipyridyl unit; � interactions between the aromatic components are also
important.289

An ethidium bromide–peptide conjugate has been prepared that shows induction of chirality
on binding to zinc.290 Circular dichroism and spectroscopic studies show an increase in �-helicity
of the 16 amino acid peptide and effects are thought to be synergistic between the ethidium group
and the zinc. The changes in the secondary and tertiary structure on binding the zinc induce the
chirality of the ethidium group and are very sensitive to changes in temperature and pH.
1,10-(1,4-butanediyl)bis(imidazole) can be used a linker in the formation of coordination net-

works with zinc. X-ray structural studies show two different types of coordination polymers
dependent on the anion present.291 In each example zinc is five-coordinate trigonal bipyramidal,
with three imidazole N-donors from three different bisimidazole ligands, a water O-donor and
either a sulfate ion O-donor or a further water molecule completing the coordination sphere.

6.8.5 PHOSPHORUS AND ARSENIC LIGANDS

6.8.5.1 Phosphorus Ligands

The CSD reveals that the mean zinc phosphorus bond length is 2.404(5) Å based on all single-
crystal X-ray structural data in the database and uncorrected for temperature.
A number of monomeric zinc complexes were synthesized from zinc powder in the presence of

R3PI2 with aryl R groups resulting in triphenylphosphine, diphenylethylphosphine, or diphenyl-
methylphosphine ligands. The monomeric structure of ZnI2(PPh2Me)2 is somewhat surprising as
less bulky groups do not form the more sterically crowded monomeric species and formation of
the species is attributed to favorable � stacking interactions.292

An air-sensitive homoleptic silyl phosphido zinc dimer (36) was structurally characterized with
each zinc three-coordinate in a trigonal planar geometry.293 Studies with 31P NMR spectroscopy
demonstrates that the phosphido complex remains dimeric in solution; however, the ligands
undergo bridging to terminal site exchange with a barrier of 14.3(2) kcalmol�1. The P(SiMe3)2
ligands have stronger bridging tendencies than the related amide, N(SiMe3)2, ligands.

294

Dimeric zinc complexes of tertiary phosphines, [Zn(PR3)I2]2, are also formed from zinc powder
and R3PI2, (R¼Me, Et, n-Pr, n-Bu). The crystal structure of the ethyl derivative demonstrates the
dimeric nature of the complexes.295 Metallation of diphenylphosphine with ZnEt2 results in a
trimeric species with a Zn3P3 core and bridging diphenyl phosphide ligands. Two protic (HPPh2)
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phosphine ligands act as donors to two of the zinc centers.296 A related trimeric chair-shaped
species is formed with dicyclohexylphosphine, giving two three-coordinate and one four-coord-
inate zinc center, [Zn(Et)(�-P(cyclohexyl)2)]3.THF. The tetrahydrofuran is an oxygen donor
ligand bound to the four-coordinate zinc center.297

The X-ray structure of a tetrameric zinc species reveals a planar Zn4P4 ring with the phosphorus
donor, a diorganophosphide, and hydroxide donors completing the coordination around the zinc,
[Zn2(Bu

t
2P)2(OH)(�-OH)]2.

298 The tetranuclear complex [Zn4Cl4(PPh2)4(PPr3)2] is formed from
zinc chloride and can be regarded as an intermediate on the route to polymeric [Zn(PPh2)2]n.

299

Zinc chloride in the presence of tris(trimethylsilyl)phosphine forms tetranuclear complexes
[Zn4Cl4(P(SiMe3)2)4(MeCN)2] and addition of diethylphenyl phosphine to the reaction mixture
results in the formation of [Zn10Cl12(PSiMe3)4(PEt2Ph)4]. Zinc iodide forms the binuclear complex
[ZnI2P(SiMe3)2]2 in the presence of tris(trimethyl)silylphosphine and further reaction with tetra-n-
butyl ammonium iodide results in the hexameric complex [(NBu4)]2[Zn6I6(PSiMe3)4(C4H8O)2].

300

Zinc telluride and zinc selenide polymetallic species with phosphine ligands have been structur-
ally characterized;301 further details are discussed in Section 6.8.7. The use of mono- and
bidentate phosphine ligands of varying steric bulk contributes to the variation of structural
types in the formation of zinc tellurolate polyzinc species with Zn10, Zn14, and Zn16 species
structurally characterized by Fenske et al.302

Phosphido-bridged multinuclear complexes have been formed from zinc chloride of the form
[Zn4(PPh2)4Cl4(PRR

0
2)2], where R and R0 are alkyl or phenyl groups. Related tetrameric struc-

tures can be formed with a bridging dialkyl phosphide or (trimethyl)silylphenyl phosphide.303

Three-coordinate zinc complexes have been characterized with a PS2 or PSe2 donor set with
bulky thio- or selenophenolates and trimethyl- or dimethylphenylphosphine.304 The reaction of zinc
chloride with trimethylphosphine produces different products dependent on the reaction condi-
tions. A monomeric and a dimeric species, ZnCl2(PMe3)2 and Zn2Cl4(PMe3)3, have been structur-
ally characterized by X-ray crystallography; the latter species has one bridging chloride ligand
between a Zn(PMe3)3 unit and a ZnCl3 unit.

305 A series of complexes with SiPh3 or SnCl3
coordinated and two phosphine ligands per zinc center have been characterized with trimethyl-
and triphenylphosphine.306 Zinc can be inserted in a cyclophosphazene unit resulting in a six-
membered ring monomeric structure in the solid state.307

Dimeric phenoxide derivatives of zinc with coordinated tetrahydrofuran solvent show ligand
exchange in the presence of tricyclohexylphosphine, [Zn(O-2,6-F2C6H3)2�PCy3]2. The dimeric
structure remains, with the phosphine ligands accommodated in the trans configuration. The
31P NMR spectra, recorded in the presence of free tricyclohexylphosphine, indicate slow exchange
of the phosphine ligands.308 The zinc (2,6-di-t-butylphenoxide) dimeric complex that has the
same structure has been formed with phosphine donors tricyclohexylphosphine and diphenyl-
methylphosphine. Again, slow phosphine exchange is observed but more rapid displacement of
tricyclohexylphosphine with the smaller trimethylphosphine occurs.309

A triazacyclononane ligand with a diphenyl phosphine pendant connected via a propyl linker
formed a dimeric complex of zinc [Zn2L2Cl3][ClO4].

310

Bis-phosphaallyl complexes of zinc have been prepared and characterized from cyclic amino-
phosphazanes and aminoiminophosphanes. The structure of the bis(1,3-diaza-2-phosphaallyl)zinc
complex [Zn(RNPNR0)2] (R¼R0 ¼C6H3Pr2i-2,6) was determined.

311

Zinc bis(diethyldithiocarbamato) trialkylphosphine complexes were synthesized as single-source
molecular precursors to zinc sulfide. The monomeric five-coordinate species were synthesized with
alkyl¼methyl or ethyl. The bidentate phosphine ligand, 1,2-bis(diethylphosphino)ethane, formed
a dimeric zinc species with zinc bis(diethylthiocarbamate) [(Et2NCS2)2Zn]2(�-L) and in the pre-
sence of a mixture of zinc and cadmium bis(diethylthiocarbamates) a heterobinuclear complex,
[(Et2NCS2)2Zn](�-Et2PCH2CH2PEt2)[Cd(Et2NCS2)2]. The X-ray structures show five-coordinate
zinc centers with a bridging phosphine ligand; 31P NMR was used to study ligand exchange.312

Dialkyl zinc compounds form phosphine complexes of formula RZnP(SiMe3)2 on addition of
one equivalent of bis(trimethylsilyl)phosphine. Solution and solid-state studies showed that the
complexes are dimeric or trimeric in solution or the solid state. Bis(trimethylsilyl)phosphido-
methylzinc crystallizes as a trimeric molecule with a Zn3P3 core in the twist-boat conformation.
Bis(trimethylsilyl)phosphido-n-butylzinc, shows a similar central Zn3P3 fragment. The sterically
more demanding trimethylsilylmethyl substituent forms a dimeric species of bis(trimethylsilyl)
phosphido-trimethylsilylmethylzinc. Solution studies of bis(trimethylsilyl)phosphido-iso-propyl-
zinc demonstrate a temperature-dependent equilibrium of the dimeric and trimeric species and
the crystalline state contains a 1:1 mixture of these two oligomers. A monomeric bis(trimethyl-
silyl)phosphido-tris(trimethylsilyl)methylzinc has also been synthesized.313
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The trinuclear complex [1,2-dipyridyl-1,2-t-bis(butyldimethylsilylamido)ethane] trizinc-bis
(�-triisopropylsilylphosphanediide) has one zinc coordinated in a bent geometry between two
phosphorus donors.314 The related compound bis[tris(trimethylsilyl)methylzinc] triisopropylsilyl-
phosphandiide shows a similar coordination geometry around a zinc center with one of the
shortest Zn�P bond distances (2.23 Å), attributed to the low coordination number.315 A bidentate
diphosphine ligand can act as a bridging ligand between two zinc centers resulting in a distorted
trigonal–bipyramidal geometry with one phosphine bound to each zinc in �-[1,2-bis (diethylphos-
phino)ethane]-P-P0-bis[bis(diethyl-dithiocarbamato-S,S0)zinc].316

A chloride-bridged Zn–V–Zn trimer contains terminal triphenylphosphine ligands bound to a
tetrahedral zinc, each zinc with two bridging chloride and a terminal chloride.317

A number of zinc phosphine complexes have been synthesized due to interest in chemical vapor
deposition; for example, Zn(S-2,4,6-tBuC6H2)2(Ph2PMe) and [ZnI2(PEt3)]2.

295,304 The structure of
bis[(diphenylphosphino)propyl] zinc shows a highly distorted tetrahedral environment with an
alkyl and a phosphorus donor binding from each bidentate ligand.318

6.8.5.2 Arsenic Ligands

The limited number of characterized complexes of arsine and arsenide ligands contain some
similar structural motifs to those exhibited for equivalent phosphorus ligands. Coordination
numbers of two, three, or four are observed with monomeric up to decameric zinc complexes
structurally determined by X-ray crystallography.
A monomeric zinc complex with arsine ligands can be formed from zinc powder and Me3AsI2

with the X-ray structure showing a significantly distorted tetrahedral ZnI2(AsMe3)2 species. If the
alkyl group is changed from methyl to ethyl a dimeric zinc species, Zn2I4(AsEt3)2, with two
bridging iodide ligands was formed. This could be attributed to the increased steric bulk of the
arsine ligand.319

A series of polyzinc compounds was synthesized in the reaction of zinc halides with tris(tri-
methysilyl)arsine.320 The product obtained was dependent on the halide used, the solvent, and the
presence of other phosphorus ligands. Polymetallic arsenide and arsine species with two, four, six,
and ten zinc atoms were structurally characterized. A dimer with a bridging iodide and terminal
arsine ligands was characterized in contrast to a dimer with bridging arsenide ligands in the
presence of phosphine and chloride ligands.300 A zinc complex of a dipivaloylarsenide ligand
forms to give a tetrahedral zinc center with two chloride and two arsenide ligands. The structure
also contains two lithium atoms bound to the pivaloyl oxygens and bridging with the zinc via the
chlorides.321

Bis(trimethylsilyl)arsine reacts with diethyl- or dimethylzinc to form different arsenide com-
plexes with the structure dependent on the steric demands of the alkyl group. In the presence of
both methyl and ethyl groups alkylzinc bis(trimethylsilylarsenide) forms which has a trimeric solid
state structure (37) with a six-membered Zn3As3 and Zn–As distances with an average of
2.48 Å.322

Two-coordinate zinc centers are observed in a dimeric complex (38) synthesized in the reaction
of lithium tri-iso-propylsilylarsenide and tris(trimethylsilyl)methylzinc chloride. Again, the
increased steric bulk of the alkyl groups on the zinc and arsenic centers is the major factor in
determining the structural type.323 Comparison of group 12 metals in the formation of metal–
arsenic bonds confirmed that zinc formed the most stable compounds. A dimeric structure with
bridging di(tert-butyl) arsenide groups was determined by X-ray crystallography and other species
were characterized by molecular weight measurements in solution.324
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6.8.6 OXYGEN LIGANDS

Zinc hydroxide and alkoxide species are particularly relevant to catalytic processes, often forming
the active species. The cooperative effects of more than one zinc ion and bridged hydroxides are
exploited in some enzymatic systems. Zinc alkyl phosphate and carboxylate materials have been
important in the formation of framework compounds, often containing large amounts of free
space for the inclusion of guest molecules. Aldehyde and ketone compounds are of low stability
due to the poor donor capabilities of the ligands; however, a number of examples have recently
been characterized.
Zinc oxide has various uses but the most important is as co-catalyst with CuO supported on

Al2O3 for low-pressure synthesis of methanol from methane.325

Electron spectroscopic studies of methanol chemisorption on ZnO single-crystal surfaces were
performed using XPS, NEXAFS, variable-energy photoelectron spectroscopy, and SCF-X alpha
Scattered Wave molecular orbital calculations. The methoxide bonding and reactivity gave insight
into the molecular mechanism of methanol synthesis.326 Zinc coordination compounds are used as
precursors in the formation of the zinc oxide materials; for example, a zinc copper maleate
precursor has been structurally characterized and the dehydration and decomposition studied
together with the final phases.327 In relation to catalytic poisoning, photoelectron spectroscopic
studies of H2S binding to the surface zinc sites in ZnO have been carried out.328 The properties of
zinc oxide as a semiconductor are also of importance, for example, room-temperature ultraviolet
nanowire nanolasers based on zinc oxide semiconductor nanowires have been synthesized. Such
short-wavelength nanolasers could have many important applications including optical comput-
ing and information storage.329

A number of compounds with Zn4O core, including carboxylate and carbamates, have been
isolated and discussed as potential molecular models of bulk ZnO.330,331

6.8.6.1 Hydroxides and Hydrated Species

The trigonal–bipyramidal pentaaquo zinc species has been structurally characterized.332

IR spectroscopy has been utilized in studies of the hydration of zinc in aqueous solution and in
the hydrated perchlorate salt aqua ions Zn(H2O)6

2þ.29

Zinc hydroxides with the metal ligated by nitrogen and sulfur are relatively rare. Most
structures show dimeric zinc compounds with the hydroxide bridging the two metal centers.
For example, in the presence of hydroxide, the potentially tetradentate ligand N-bis-2-
(methylthio)ethyl-N-(6-neopentylamino-2-pyridylmethyl)amine acts as a tridentate ligand with
an N2S donor set and one of the thioether sulfur donors does not participate in the zinc
coordination.333 The X-ray crystal structure shows the remaining coordination sites are filled by
two bridging hydroxide ligands forming a dimeric species (39). A hydrogen bonding interaction is
present involving the proton on the secondary amine and the hydroxide oxygen and may
contribute to the stability of the structure.
Borovik and co-workers have developed a tripod ligand N[CH2CH2NHC(O)NHC(CH3)3]3,

which offers a hydrogen bonding cavity around the metal ion on complexation.334 The mono-
meric complex of zinc with a hydroxide ligand was structurally characterized. The source of the
hydroxo ligand is water and the complex is synthesized under basic conditions. The complex has
trigonal–bipyramidal coordination with the hydroxo group trans to the apical nitrogen. Intra-
molecular hydrogen bonds are formed from the ligand to the coordinated hydroxo and the Zn�O
distance is 2.024(2) Å. This relatively long bond distance reflects the presence of hydrogen
bonding and is markedly similar to that observed in carbonic anhydrase, where hydrogen bonding
interactions are also present.
Comparison of zinc alkoxide and zinc hydroxide bond energies has been made. The relative

heterolytic bond energies for hydroxide, methoxide, ethoxide, and tert-butoxide were determined
from studies of a series of alkoxide exchange equilibria using a four-coordinate monomeric zinc
tris(pyrazolyl)borate compound.335

H3O2 bridges have been characterized between zinc atoms and have been suggested as a resting
form of active metal-bound hydroxides in dinuclear zinc complexes and as a possible structural or
functional motif in multi-zinc enzymes such as phospholipase C or P1 nuclease. Tris(pyrazolyl)
borate zinc dimers have been structurally characterized with this motif, [L3Zn2O2H3]ClO4. The
coordination around the zinc atoms was dependent on the tris(pyrazoyl)borate derivative but
intriguingly in one example the Zn�OH group was involved in a hydrogen bonding interaction
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with a methanol included in the crystal lattice.235 The reaction of carbon dioxide with a pyrazole
compound containing the intramolecular bridge Zn�O2H3–Zn is enhanced relative to the
Zn�OH–Zn equivalent.336
Zinc hydroxy double salts are layered materials similar to layered double hydroxides which

show intercrystalline reactivity and incorporate organic compounds between layers.337 Hydroxy
double salts of high crystallinity can be obtained by reacting ZnO with organic metal salts in
water. Zinc oxide crystals could then be prepared by thermal treatment of hydroxy zinc acetate.338

The hydrolysis of the zinc ion in varying anionic media has been investigated. In the pH range
of 2.0 to 6.0 a dependence on the anion present is observed, with either sodium nitrate, sodium
perchlorate, or sodium chloride at 0.5M concentration. Only monomeric species were observed
and [Zn(OH)]þ(aq) was found in all three solutions while Zn(OH)2(aq) was only found in the
perchlorate solution, demonstrating the effect of the anionic medium on the formation and
stability of the hydrolytic species.339

EXAFS has been used to determine the second hydration shell of zinc in aqueous solution.
Aqueous solutions of zinc nitrate over a range of concentrations were examined and a Zn�O
distance of 2.05 Å for the first shell of the six-coordinate zinc center found, which is unaffected by
concentration. The second hydration shell shows a Zn�O distance which has no systematic trend
but an average distance of 4.1 Å. The coordination number for the second shell is 11.6� 1.6 with
unusual behavior for the most concentrated 2.7M solution, which has a decrease in coordination
number to 6.8� 1.5.340

6.8.6.2 Alkoxides and Aryloxides

Zinc alkoxide and aryloxide complexes have been of particular interest as enzyme models and
catalysts. Tetrameric alkyl zinc alkoxides are a common structurally characterized motif.81

A series of zinc alkoxide complexes were characterized of the form [RZnOR0]n where n¼ 2 or 4
(Figure 4). Complexes of the form [Zn3{O(2,6-i-Pr2C6H3)}4R2] were produced by stoichiometry

Zn

O

Figure 4 The molecular structure of a tetrameric zinc alkoxide formed from 1-adamantol with (trimethyl-
silyl)methyl groups also coordinated.81
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change and reveal an almost linear Zn3 array, in which the zinc centers are linked by bridging
-OR0 groups.81

Some interest in soluble zinc bisaryloxides and alkoxides has been based on the production of
zinc oxide materials.341

Zinc alkoxide complexes have been used as catalysts in the ring-opening polymerization of
lactide. A number of zinc alkoxide complexes with tris(pyrazolyl)borate or tris(indazolyl)borate
derivative ligands were synthesized. The tris(pyrazolyl)borate complex with 500 equivalents of
L-lactide results in 90% conversion to polylactide within six days. This is considerably slower than
the magnesium catalyst but the zinc complex has the advantage of decreased air and moisture
sensitivity. The chiral tris(indazolyl)borate zinc catalyst shows only low enantioselectivity in the
polymerization of racemic lactide but significant diastereoselectivity in the preferential polymer-
ization of meso-lactide from a mixture of racemic and meso-lactide. Crystal structures of zinc
alkyls and the zinc siloxide structure of the tris(pyrazolyl)borate derivative ligand were deter-
mined.75 Soluble and volatile zinc dialkoxides have been prepared including an amido zinc
alkoxide, (Zn(�-OCEt3)[N(SiMe3)2])2.

342

The trigonal planar zinc phenoxide complex [K(THF)6][Zn(O-2,6-
tBu2C6H3)3] is formed by the

reaction of a zinc amide complex, via a bis phenoxide, which is then further reacted with potassium
phenoxide. The X-ray structure shows a nearly perfect planar arrangement of the three ligands with
zinc only 0.04 Å out of the least squares plane defined by the three oxygen atoms.15 Unlike the
bisphenoxide complexes of zinc with coordinated THF molecules, these complexes are not cataly-
tically active in the copolymerization of epoxides with CO2. The bisphenoxide complex has also
been structurally characterized and shown to be an effective polymerization catalyst.343

2,6-functionalized phenoxides can be used to form ‘‘double phenoxide’’ complexes where an
alkali metal is also present in the phenoxide structure. The crystal structure of Na[Zn(2,
6-diphenylphenoxide)3(H2O)] shows a four-coordinate zinc center with three phenoxide oxygen
donors, bridging to the sodium, and a bound water molecule. In the presence of chloride a
Na[Zn2(2,6-diisopropylphenoxide)4Cl]�3THF forms with the phenoxide ligand bridging the two
tetrahedral zinc centers.344

The binding of phenoxyl radical species to zinc has been observed. The pendent arm macro-
cyclic ligand 1-ethyl-4,7-t-bis(3-butyl-5-methoxy-2-hydroxybenzyl)-1,4,7-triazacyclononane
deprotonates on reaction with zinc to form a neutral complex, and the structure has been
determined, [ZnL]�H2O. Via electrochemical methods a dichloromethane solution of the complex
can be reversibly oxidized by two successive one-electron processes generating the stable phenoxyl
mono- and diradicals. The oxidations are ligand centered generating phenoxyl radicals which
have been studied by EPR and UV–vis spectroscopy. In the monoradical species the phenoxyl
radical is localized on one phenyl ring. The diradical has a diamagnetic ground state.345

6.8.6.3 Aldehydes, Ketones, and Ethers

A number of chelating ketone ligands are reported in Section 6.8.11. Due to the weak binding,
chelation helps to stabilize the complexes and there are few structural examples of monodentate
ketone ligands.
Zinc halide complexes with acetophenone have been structurally characterized and form

monomeric or polymeric structural motifs.346 The bromide and iodide derivatives are monomeric
and the chloride derivative is a coordination polymer with bridging chlorides.
The X-ray structures are known of a number of ketone ligands, including hexanedione and

4-methylcyclohexanone, that have bound as monodentate ligands in the fifth coordination site of
zinc porphyrin complexes.347,348 Oxaphlorin dimeric compounds are also known where the oxy-
gen from a neighboring porphyrin ring coordinates in the fifth coordination site of a neighboring
zinc porphyrin unit.349

Vahrenkamp and co-workers formed a number of chelate-stabilized ketone complexes with
pyridylphenyl ketone. Octahedral complexes formed with a 2:1 ratio of ligand to zinc were formed
with trifluoromethanesulfonate, chloride, and bromide anions. 1:1 reactions resulted in the for-
mation of square pyramidal [ZnL2X]

þ with X¼Br, I, and a trigonal–bipyramidal dimer
[L2Zn(NCS)2]2 with thiocyanate bridges.

350

Acetone has been structurally characterized as a ligand in a zinc crown ether (15-crown-5)
complex, where the zinc is seven-coordinate bound to all five ring ether donors, a chloride, and
the acetone molecule.351
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The reported structural chemistry of zinc aldehyde complexes is dominated by Vahrenkamp
and co-workers. A systematic investigation is reported over three papers published in 1999. All
X-ray structures reported in these papers are aryl aldehydes and no aliphatic aldehyde structures
with zinc were found in the CSD. Zinc is frequently exploited in preparative organic chemistry
and enzyme-catalyzed transformations of organic carbonyl compounds.
The function of the zinc in these transformations is to bind to the carbonyl, resulting in

activation by the Lewis acidic metal center. The aldehyde oxygen is only a weak donor and, as
the important reactions with zinc are often catalytic, this has resulted in isolation of few
compounds prior to the studies of Vahrenkamp. A systematic approach to the study of aldehyde
coordination has been taken with variation in the other zinc donors or anions and the investiga-
tion of chelating aldehydes. Interesting results were also obtained with respect to competing
donor ligands, further elucidating the donor qualities of the aldehydes. Water was shown to be
a better ligand for the zinc ion and aliphatic aldehydes tended to undergo reaction, thus the
synthesis of the complexes required restriction of the amount of water present and the use of
aromatic aldehydes. Two to six aldehydes could be incorporated into octahedral complexes with
the hexaaldehyde complex (40) only obtained in the presence of SbCl6

� as anion (Figure 5).352

The presence of halides in the coordination sphere with aldehydes is important as zinc halides
are typically used in organic synthesis as organic carbonyl activators. Large excesses of aldehydes
and anhydrous zinc halides were necessary. Both monomeric and polymeric structures with halide
bridges were observed. Tetrahedral geometries were observed for mixed ligand, aldehyde, and
halide complexes.353

For a liver alcohol dehydrogenase (LADH) model an NS2O coordination sphere is required.
The chelating aldehydes are ideal for the formation of this donor set when combined with
bis(pentafluoro-thiophenolato)zinc. Structural data on the complexes with one equivalent of
6-methylpyridine-2-carbaldehyde, 6-methoxypyridine-2-carbaldehyde, 2-(dimethylamino)benzal-
dehyde) demonstrate that the coordination sphere for LADH has been reproduced to a
close approximation and the corresponding alcohol complexes have also been characterized.354

Other thiophenols have been used to form such complexes but have not been structurally
characterized.304

Formation of aldehyde complexes from the zinc hydroxide complexes of tris(3-cumenyl-5-
methylpyrazolyl)borate] was observed. The aldehyde ligands, such as pentafluorobenzaldehyde,

Figure 5 Molecular structure of a zinc hexaaldehyde complex (40).352
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were bound as deprotonated aldehyde hydrates. Formyl phenols were deprotonated and coord-
inated as chelate ligands.355

Zinc porphyrin complexes with coordinated benzaldehyde in the fifth coordination site have
also been structurally characterized.347,356

Again, weak coordination is expected for ether ligands to zinc, however, the larger number of
structurally characterized examples is at least partially attributable to the frequent use of solvents
such as diethyl ether or tetrahydrofuran which may provide additional ligands to the metal center.
There are a reasonable number of structurally characterized zinc compounds with bound THF

molecules. For example, a six-coordinate zinc porphyrin complex with axial THF donors and a
four-coordinate zinc center with two THF ligands and two phenolate ligands.341,357 Although less
common there are other structural examples of ether solvents, such as diethyl ether, coord-
inated.358 The X-ray structure of zinc chloride with 1,4-dioxane ligands shows a monomeric
four-coordinate zinc center with two 1,4-dioxane ligands.359

Markies et al. have studied the coordination of zinc to cyclic and acyclic polyether ligands. In
some cases the zinc is not coordinated within the ligand cavity but only through two of the ether
donors in the macrocyclic ring.360 The bis(methoxyethyl)ether complex of zinc diphenyl (41) is
five-coordinate with three ether oxygens coordinating from the acyclic ligand.361

6.8.6.4 Carboxylates

Monomeric, dimeric, and polymeric zinccarboxylates are known.
Dimeric zinc carboxylates do not have a large number of structurally characterized exam-

ples.362,363 Quite a number of monomeric carboxylate and particularly salicylate complexes have
been structurally characterized.364–367

Singh et al. have shown that, dependent on the solvent, zincacetate, pyridine mixtures can give
a monomeric, dimeric, or polymeric product.362 [Zn(pyridine)2(CH3CO2)2] is four-coordinate with
monodentate carboxylates. A dimeric tetraacetate structure is known with a metal–metal separa-
tion of 2.976 Å, [Zn2(MeCH¼CHCO2)4(C9H7N)2], with two quinoline units completing the
ZnO4N coordination at the zinc centers.363 This compares with the zinc–zinc separation in the
binuclear triacetate structure, [Zn2(MeCO2)3]

þ, of 3.264 Å.368

A polymeric chain structure is frequently observed for zinc carboxylates. Basic zinc carboxy-
lates form a common tetrameric species, and altering conditions can result in an interconversion
between the basic and regular carboxylates.369 Mass spectrometry studies have been carried out
on zinc acetate structures.370

6.8.6.4.1 Basic carboxylates

The basic zinc carboxylate structure with a Zn4O core is now well characterized structurally with
a number of examples.371 It can also form part of higher nuclearity structures and coordination
networks.372,373

The tetranuclear structure observed for basic zinc/acetate/[Zn4O(O2CCH3)6] is also observed
for basic zinc pivalate and benzoate. Solution studies showed an equilibrium between hydrated
basic structures and the hydrated form of 3,1 bridging structures in the presence of a trace
amount of water. Zinc crotonate shows a less common basic carboxylate polymeric structure,
[Zn5(OH)2 (O2CCHCHCH3)8]n.

369

The influence of the alkyl chain on the reaction products of zinc hydroxide and aliphatic
carboxylic acids was studied with structural types identified by IR spectroscopy. Straight chain
acids produced zinc bis-carboxylates with the polymeric sheet structure with either reagent in
excess. Branched chain carboxylic acids produced different structures dependent on the ratio of
reagents and the bulk of the alkyl group. Mixtures of a zinc bis-carboxylate with an additional IR
stretch and the tetrameric Zn4O(RCOO)6 in varying ratios resulted. Formation conditions
appeared driven by how close the alkyl chains were packed in the varying structures with the
possibility for steric interaction considerably reduced in the tetramer.374

The tetrazinc [Zn4(�4-O)(�-CO2CR)6] can be prepared by a variety of methods with short
straight chain carboxylic acids and this structural type identified by characteristic IR bands.
The formation process and influence of water were monitored by IR spectroscopy and a mechan-
ism of formation and decomposition proposed.375 Further evidence for the validity of the mechanism,
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which relies on the presence of water shifting the equilibrium to the tetramer, was found in the
formation of zinc complexes of straight chain fatty acids (C6 to C18 chain lengths). IR spectros-
copy studies detected the formation of the [Zn4(�4-O)(�-CO2CR)6] species and the key factor in
formation was shown to be the presence of water.376

6.8.6.4.2 Mixed-metal carboxylate compounds

Multinuclear mixed-metal complexes can be formed with carboxylate ligands.
Trinuclear zinc carboxylate structures of the form MZn2(MeCH¼CHCO2)6(quinoline)2 have

been structurally characterized with M¼Mn, Co, Ni, Zn, Cd, Mg, Ca, Sr. Structural variation is
observed for the group 2 metals. The remaining complexes all show linear trimers with the central
metal atom octahedrally coordinated and linked to each zinc by two bidentate and one mono-
dentate carboxylate.377 A basic benzoate octanuclear structure with four vanadium(III) and four
zinc atoms has been characterized, [VZnO(benzoate)3(THF)]4�2THF.378
A series of di-, tri-, and tetranuclear complexes containing lanthanide(III) and zinc ions have

been characterized by single-crystal X-ray diffraction. Four different carboxylate-bridged struc-
tural types were characterized from the reaction of lanthanide and zinc nitrates in the presence of
quinoline and carboxylic acids. Propionic and pivalic acid were used along with the following
lanthanides: erbium, yttrium, dysprosium, and gadolinium. The first type is isostructural for
Ln¼Y or Er and contains a triply propionate bridged dimeric LnZn dimer,
[C9H7NH][LnZn(O2CC2H5)3(C9H7N)(NO3)3]�H2O. Trinuclear LnZn2 species are formed with
Ln¼Dy; in one structural type a symmetric structure shows both zinc ions triply bridged by
pivalate ligands [DyZn2(O2CCMe3)6(C9H7N)2(NO3)]. The remaining trinuclear structure is
unsymmetric with one zinc triply bridged to the dysprosium and the other zinc doubly bridged,
[DyZn2(�-O2CC2H5)5(O2CC2H5)-(C9H7N)2(NO3)(H2O)]. The tetranuclear Gd2Zn2 complex has
two triply propionate-bridged dinuclear GdZn units linked by propionate groups bridging the two
Gd ions, [Gd2Zn2(O2CC2H5)8(C9H7N)2(NO3)2(H2O)2].

379

6.8.6.4.3 Polymeric or framework carboxylate compounds

Metal organic frameworks formed using benzene polycarboxylates have been extensively studied
and have revealed some very interesting properties.
1,4-benzene dicarboxylate and 1,3,5-benzene tricarboxylate form different porous frameworks

with zinc dependent on solvent and other conditions for formation. The frameworks can be
considered as extended analogs of molecular polyzinc carboxylates. Gas sorption isotherm
measurements revealed highly organized and accessible channels in a microporous structure for
the 1,4-benzenedicarboxylate structures. The 1,3,5-benzene tricarboxylate structure did not show
gas sorption due to zinc centers occupying the pores. Sorption of ethanol for this structure
demonstrated that these zinc structures were unsaturated and could undergo coordination trans-
itions. The materials produced have high thermal stability with air stability up to 300 �C and can
have a free pore volume up to 55–60% of the crystal.380 1,3,5-benzenetricarboxylate has been used
in the formation of molecular frameworks, which grow as homochiral single crystals. The
interpenetrating nature of the networks is controlled by the auxiliary ligands bound. Ethylene
glycol and 1,2-propanediol were used as auxiliary ligands with ethylene glycol acting as a
unidentate ligand and giving a lower accessible solvent volume than the bidentate 1,2-propane-
diol. Crystallinity can be lost on removal of bound ligands and restored by exposure to alcohol
vapor, allowing interconversion between the two network topologies. The crystals can be grown
homochirally from enantiomerically pure diol templates. This is an interesting example of chiral
molecules templating helix handedness in a chiral porous framework solid.381 Selective guest
binding by channels in a zinc–benzenetricarboxylate network was studied, Zn2L(NO3)�(H2O)
(C2H5OH)5, synthesized by diffusion of triethylamine into an ethanol solution containing
1,3,5-benzenetricarboxylic acid and zinc nitrate. The pore structure of this network has about
44% of volume comprising an extended channel system and similarly shows the facile removal and
exchange of alcohols. The exchange is shown to be specific to alcohols and tetrahydrofuran,
acetonitrile and acetone are not included in the channels. Solid state NMR, TGA, and X-ray
powder and single-crystal techniques were used in the characterization. The specificity is due to the
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coordination to the zinc center as is demonstrated by the exclusion of molecules which are an
appropriate size and shape but do not offer the possibility of this interaction.382

Polymeric compounds are formed from 1,3,5-benzene tricarboxylate and zinc with 2,20-bipyridyl,
phenanthroline, or a pyridyl-2-(1-methyl-1H-pyrazol-3-yl) derivative. A number of compounds were
characterized with varying ligand protonation and some, such as [ZnL(pyridine-2-(1-methyl-4-nitro-
1H-pyrazol-3-yl))(H2O)], containing single-stranded coordinative chains.

383

1,3,5-cyclohexanetricarboxylate can also be used along with zinc to construct open framework
solids. The single-crystal X-ray structure of Zn3[L(C5H5N)]2 reveals one-dimensional channels
with a diameter of about 6 Å.384

6.8.6.4.4 Other carboxylate type ligands

Zinc squarate (C4O4
2�) can form a solid state compound with a layered structure when DMSO is

present, [Zn(C4O4)(OH2)2(DMSO)2]. The DMSO occupies the axial positions at the six-coord-
inate zinc center and prevents formation of a 3D cage network. The compounds are insoluble at
room temperature but are converted into the 3D cage network [Zn(C4O4)(OH2)2] by heating in
aqueous media.385

As a model of the active site of dihydroorotase, the crystal structure of diaquabis(L-dihydroor-
otato)zinc demonstrates that the ureido nitrogen adjacent to the coordinated carboxylate does
not coordinate to the zinc ion.386 Intramolecular hydrogen bonds are present between the non-
coordinated carboxylate oxygen atoms and the coordinated water molecules, stabilizing this
coordination geometry. Monodentate rather than bidentate binding of the ligand could be
accounted for by the higher pKa of the ureido group.
Zinc bis(methoxyacetate) has distorted octahedral coordination with bonds to a carboxylate

and methoxy oxygen donor from each ligand and two water molecules completing the coordin-
ation sphere.387 2-Methyl 2-phenoxy propionate ligands form a one-dimensional polymer with a
repeating pentamer unit, [Zn5L10(H2O)2]. A bidentate chelate mode with an acetate and the
phenoxy oxygen donor is observed for some ligands388 This contrasts with structures of other
phenoxyalkanoic acids which are monomeric.
Zinc carboxylate interactions have been exploited as part of a fluorescent molecular sensor for

uronic acids. The sensors feature two interactions; coordination of the carboxylate to the zinc and
a boronic acid–diol interaction.389 Photoluminescent coordination polymers from hydrothermal
syntheses containing Zn4O or Zn4(OH)2 cores with isophthalate or fumarate and 4,4

0-bipyridine
form two- and three-dimensional structures. Single X-ray diffraction of both dicarboxylates
identified the network structure.373

Zinc oxydiacetate complexes have been formed in the presence of 2,20-bipyridine, 1,10-phenan-
throline, and imidazole. The X-ray structure of zinc oxydiacetate with no additional N-donor
ligands is a polymeric sheet with ZnO5 units bridged by carboxylates. The presence of 2,20-
bipyridine or 1,10-phenanthroline gives a mononuclear complex, [Zn(oxydiacetate)L(H2O)],
with distorted octahedral geometry and an N2O4 donor set. Thermal decomposition of these
compounds gives ZnO.390 However, in the presence of imidazole the X-ray structure shows
polymeric chains in [Zn(imidazole)2(oxydiacetate)]n. Considerable H bonding is present in the
chain structure formed by carboxylate bridged tetrahedral ZnN2O2 units.

391

L-piperidine-2-carboxylic acid is a non-proteinogenic amino acid that is a metabolite of lysine.
The zinc complexes of DL-piperidine-2-carboxylic acid, DL-piperidine-3-carboxylic acid, and
piperidine-4-carboxylic acid have been studied. The X-ray crystal structures have been determined
for the latter two. [ZnCl2(DL-piperidine 3-carboxylate)2] (42) is monomeric with a tetrahedral
metal center and monodentate carboxylates. [Zn2Cl4(piperidine-4-carboxylate)2] (43) contains two
bridging carboxylates in a dimeric structure. IR studies suggest that the DL-piperidine-2-carboxy-
lato zinc has monodentate carboxylate ligands coordinating.392

Bis(but-3-enoato)zinc, a two-dimensional coordination polymer, has been polymerized in the
solid state by irradiation of a crystalline sample resulting in isotactic zinc poly(but-3-enoate).393

Carboxylate functionalized cobalt clusters have been used as ‘‘cluster ligands’’ in formation of
zinc complexes. The carboxylate cluster (CO)9Co3{�3-C[1,4-C6H4(CH2)2COOH]} reacts with
diethyl zinc to give Zn[(CO)9Co3C[1,4-C6H4(CH2)2CO2]2 which is analogous to the product
formed under identical conditions with acetic acid as the carboxylic acid reagent. The Zn4O
core type structure, Zn4O[(CO)9Co3(CCO2)]6, is formed in the reaction of equimolar amounts of
diethyl zinc and (CO)9Co3(�3-CCOOH). The differing products formed are attributed to the
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electronic interaction of the cobalt cluster with the carboxylate functionality. All complexes were
studied by IR spectroscopy.394 Dimeric carboxylates have been formed and structurally character-
ized with 2,20-bipyridine ligands, [Zn2(bipyridine)2(MeCO2)3]ClO4.

395

Dimeric zinc complexes with bridging oxalate groups, LZn(C2O4)ZnL, are formed with tetra-
dentate N-donor ligands N,N0-bis(2-pyridylmethyl)-1,2-ethanediamine, N,N0-bis(2-pyridylmethyl)1,
3-propanediamine, and N,N0-bis(2-pyridylmethyl)-N,N0-dimethyl-1,2-ethanediamine. Although
not structurally characterized, by analogy and comparison of spectroscopic data it is suggested
that the oxalate has two oxygen donors coordinating to each metal center.396 In this compound
further oxalate bridging is inhibited as the N4O2 zinc centers are coordinatively saturated;
however, oxalates are frequently involved in solid state polymeric or layer structures via this
mode of bridging.397–399

The water ligands in [Zn(salicylate)2(H2O)2] and the analogous 3,5-di-t-butyl salicylate
derivative can easily be displaced by other ligands such as 2,20-bipyridine or pyridine. For
example, recrystallization from alcohols results in replacement of the water molecule with an
alcohol solvent molecule. Crystals grown of the bipyridine analog in methanol result in the
isolation of the structurally characterized octahedral complex, [Zn(O2CC6H4OH-2)2(bipyridine)
(MeOH)], which has one monodentate and one bidentate salicylate ligand with both coordinating
through carboxylate oxygens. The coordination sphere is completed by a chelating bipyridyl and
a methanol and there is extensive hydrogen bonding in the structure.400

The ligand 1-(o-carboxymethoxyphenoxy)-2-(o-hydroxyphenoxy)ethane acts as a monodentate
carboxylate ligand in the formation of [Zn(NH4)2L4].

401 The four ligands participate extensively
in hydrogen bonding resulting in two cavities where the hydrogen bonding is maximized for the
ammonium cations.
The compound Zn2(diacetoamidoglutarate)2hexaaquo is dimeric with two slightly distorted

trigonal–bipyramidal zinc centers. The N-protected amino acids bridge the two zinc centers,
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with each zinc coordinated to two carboxylate oxygens and the remaining three coordination sites
occupied by water molecules.402

6.8.6.5 Phosphate and other Oxyanion Ligands

6.8.6.5.1 Phosphates and phosphonate ligands

Zinc phosphates and phosphonates can form highly interesting coordination networks, some in
the presence of additional ligands. A number of compounds that have useful properties for the
formation of zinc phosphate materials will also be discussed.
A zinc phosphonate tetramer can be used as a precursor to organic-containing networks or

layered zinc phosphate materials.403 The tetramer (44) has a Zn4O core and six bridging phos-
phate ligands, [O2P(O

tBu)2]
�. A solution of this complex reacts with 1,6-hexanediamine to form a

layered coordination network {Zn[O2P(O
tBu)2]2[H2N(CH2)6NH2]}n. A one-dimensional polymer

can be formed from the tetramer under acidic conditions{Zn-[ O2P(O
tBu)2]2}n.

404 Zinc phosphate
materials are formed on clean loss of the ‘‘hydrocarbon shell’’ on heating.
A range of zinc phosphonates were prepared and structurally characterized by reaction of zinc

nitrate with phosphonic acids in an autoclave in the presence of sodium hydroxide, including an
enantiomerically pure zinc phosphonate—for example, Zn(O3PCH2P(O)(C6H5)2) and
Zn(O3PCH2P(O)(CH3)(C6H5)).

405,406

Zn(O3PC6H5)�H2O exhibits a reversible dehydration to yield isomorphous structures to the
corresponding monohydrate derivative. It appears that the dehydration leaves a vacant coordin-
ation site on the zinc ion allowing intercalation of ammonia, but not carbon dioxide, oxygen, or
ethylene. IR and TGA studies were supplemented by computer simulations which demonstrated
the potential for intercalation of ammonia but the exclusion of larger primary amines such as
propylamine.407 The reaction of zinc acetate with diethyl hydroxymethylphosphonate forms
Zn(O3PCH2OH) where hydrolysis of the phosphonate to produce phosphonic acid has occurred
in situ. The X-ray structure shows channels formed by phosphonate groups bridging the octahe-
dral coordinated zinc atoms. The zinc atoms are coordinated by the three oxygens of the
phosphonate group and the oxygen of the hydroxy group.408

The crystal structure of zinc phenylphosphonate was solved and demonstrated the anticipated
layer structure with the phenyl rings occupying the interlamellar space.409 The structure of zinc
ethylphosphonate and (2-aminoethyl)phosphonate both show four-coordinate zinc centers in
contrast to the coordination number of six in the phenylphosphonate compound.410

The presence of triethylenetetramine in the hydrothermal synthesis of open-framework zinc
phosphates results in a number of frameworks with one- to three-dimensional structures. The
structures include one-dimensional ladders, two-dimensional layer structures, and one structure
where the tetramine is bound to the zinc center. The structural type was highly sensitive to the
relative concentration of the amine and phosphoric acid.411 Piperazine and 2-methylpiperazine
can be used as templating molecules in solvothermal syntheses of zinc phosphates. The crystal-
lization processes of the zinc compounds were investigated by real time in situ measurements of
synchrotron X-ray powder diffraction patterns.412

Attempts have been made to incorporate functional groups into the phosphonates in zinc
phosphonate structures. Zn(O3P(CH2)2CO2H)�H2O was reacted with aromatic amines but no
amide formation was observed. However, Zn(O3P(CH2)2CONHC6H5) could be synthesized directly
from zinc nitrate, (2-carboxyethyl)phosphonic acid, and aniline in a one-step procedure.406

Di-t-butyl phosphate complexes of zinc were synthesized as precursors for ceramic material
formation. A tetrameric zinc complex was characterized from the treatment of zinc acetate with
the phosphate resulting in a compound with a bridging oxo at the center, [Zn4(�4-O)(di-t-butyl
phosphate)6]. In the presence of auxiliary donor ligands such as imidazole or ethylenediamine,
monomeric complexes are formed, [Zn(di-t-butyl phosphate)2(imidazole)4]. It is also possible to
convert the tetramer into the monomer by treating with a large excess of imidazole.413

An open-framework zinc phosphate synthesized under mild hydrothermal conditions possesses
two interpenetrating helical channels.414 Piperazine phosphate yields a variety of open framework
structures in reaction with zinc, including linear chain, layer, and three-dimensional systems.415

A zinc phosphate material formed in the presence of trans-1,2-diaminocyclohexane forms
with pores of 24-membered rings and a consequent large amount of free space in the
structure, Zn3(PO4)2(PO3OH)(diaminocyclohexane)�2H2O. The tubular channels formed
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show the trans-diaminocyclohexane templates and water near the walls and have an empty space
diameter of about 8.6 Å.416

Zinc biphenylenebis(phosphonate) was obtained with a linear chain rather than a layer struc-
ture when the same preparative method was used as for the zinc phenylenebis(phosphonate) layer
structure. The presence of base allows a solid phase transformation from the linear chain to the
layer structure.417

A series of zinc diphosphonate complexes were synthesized in the presence of diamines of
varying chain length.1-hydroxyethylidenediphosphonate bridges the metal ions with the proto-
nated diamine (ethyl-, butyl-, pentyl-, or hexylenediamine) filling in channels or residing between
chains. All four structures are different with one-, two-, and three-dimensional networks formed.
The coordination number (4–6) and geometry also varies.418

Chloromethyl phosphonates can yield different network or layer structures dependent on
preparation conditions or other coordinating groups present.419 Zn(O3PCH2Cl)�H2O has a
layered structure similar to Zn(O3PC6H5)�H2O. In the presence of urea another layer structure
results with phosphonate oxygens bridging the zinc centers, the coordination changes with the
urea participating to give tetrahedrally coordinated zinc centers with one urea and three phos-
phonate oxygens bound. Zn2Cl(O3PCH2Cl)(HO3PCH2Cl)�H2O results when zinc chloride is used
as starting material and contains both tetrahedrally and octahedrally coordinated zinc centers
with the chloride bound to the tetrahedral zinc. The positioning of the chloromethyl group has an
influence on the interlayer distances.
Anhydrous zinc phosphonate Zn(O3PCH3) is unreactive with water but reacts with primary

amines (chain length up to C8) and ammonia to form intercalation compounds. The intercalation
is shape selective as amines with branching at the �-carbon cannot coordinate to the zinc.
Different structures are noted for even and odd carbon chain lengths with odd numbers of
carbons in the alkyl chain forming a more efficiently packed interdigitated structure.420

Zinc phosphite compounds, Zn(H2PO3)2�3H2O and Zn3Na2(HPO3)4, have also been character-
ized in the solid state and revealed structures in contrast with those observed for the phosphates.
The tendency to form structures with open cavities is greater due to the reduced bridging ability
of the phosphite donor ligand.421

The zinc-pyridoxal 50-phosphate-2-amino-3-phosphonopropionic acid system exhibits deproto-
nation of the coordinated phosphonate group to bind to the zinc center at increased pH but
cannot be coordinated to the zinc ion below pH 8.5 when it is protonated and hydrogen bound to
the phosphate group.422

The metal complex formation of a series of phosphonodipeptides containing glycyl, L-alanyl,
L-leucyl, or L-phenylalanyl and a terminal aminomethylphosphonic acid residue was studied and
stability constants determined. Zinc formed 1:1 metal-to-ligand molar ratio complexes with
protonated, non-protonated, and deprotonated ligands. No formation of 1:2 metal-to-ligand
ratio complexes was observed for zinc in contrast to the other transition metals studied.423 Zinc
complexes of phosphonic acid analogs of aspartic acid, glutamic acid, and asparagines have been
studied.424 Two aspartic acid analog ligands with the �-carboxylic acid replaced with a phospho-
nic acid group are proposed to yield a cyclic phosphonamidate in the presence of the zinc ion.425

However, the aspartic acid analog with the �-carboxylic acid group replaced did not show this
reaction. The reaction of a series of aminophosphonic acids was studied by NMR to provide
further insight into this reaction, which appears to require neutral or slightly alkaline media.
The coordinating properties of a zinc 2,20-bipyridyl unit with adenosine 50-triphosphate and

cytidine 50-triphosphate were studied in aqueous solution. The binding of zinc to both phosphate
and ATP nitrogen donor was observed with the potential for displacement of the ATP nitrogen
donor by hydroxide.426 The interaction of zinc with the phosphate groups in a platinum(II) bound
20-deoxyguanosine 50-monophosphate has been studied in aqueous solution, with little difference
noted in the coordinating properties of the phosphate residue or backbone relative to the free
nucleobase.427

6.8.6.5.2 Other oxyanion ligands

The zinc teflate Zn(OTeF5)2 has been synthesized and characterized by IR and 19F NMR
spectroscopy. The interaction with a number of weakly coordinating solvents was studied and
the single-crystal X-ray structures determined for nitrobenzene derivatives [Zn(OTeF5)2
(PhNO2)2]2 and Zn(OTeF5)2(PhNO2)3.

428
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A barium zinc arsenate compound has been synthesized and structurally characterized, BaZn2-
(HAs2O7)AsO4, and is a rare example of a compound containing the hydrogen diarsenate group.
Infinite sheets of [Zn2AsO4] are held together by the HAs2O7 groups to form a three-dimensional
network.405,429

Layered zinc arylsulfonates can be prepared from sodium arylsulfonate in the presence of zinc
salts. Some compounds have been structurally characterized.430

Zinc benzenesulfonate, Zn(C6H5SO3)2�6H2O, is prepared in aqueous solution and has a struc-
ture containing alternate layers of [Zn(H2O)6]

2þ and benzenesulfonate ions. They can be com-
pared to layered metal phosphonates.431

Amine ligated transition metal complexes have been used as building blocks in the formation of
composite metal oxide materials. These are attempts to apply coordination chemistry principles to
provide control over the solid state materials formed i.e. incorporate organic ligands into the
structure. Phases constructed from vanadium or molybdenum oxides are modified by the presence
of a zinc complex. Examples include [(2,20-bpy)2Zn]2[V6O17] and [Zn(o-phen)MnO4].

212,432 The
structure of the compound [Zn(o-phen)MnO4] has the zinc ion in a square pyramidal coordin-
ation geometry bound to two phenanthroline nitrogens and three molybdate oxygens. Further
structurally characterized hybrid organic–inorganic materials were obtained—Zn(2,20-bipyridine)
[V2O6] and [V6O17{Zn(terpy)}2]—by hydrothermal techniques from a mixture of zinc chloride,
amine ligand, and V2O5.

213

There has been particular recent interest in zinc nitrate complexes as coordination models for
bicarbonate binding in carbonic anhydrase. The mono- or bidentate coordination modes have
been studied with tris-pyrazolyl borate complexes and can be rationalized in the context of the
enzyme activity.433 Caution in this comparison is introduced by ab initio calculations on these
model systems demonstrating both monodentate and bidentate coordination energy minima for
nitrate binding to zinc.434

Zinc boryloxides with a tetrameric Zn4O4 core (45) have only recently been characterized. The
single-crystal X-ray structure and multinuclear NMR spectroscopy studies were used as a basis
for discussion of deformation of the central core.435 Alkali metal zinc orthoborates MZn4(BO3)3
(M¼K, Rb, Cs) have been synthesized and single-crystal X-ray structures determined for M¼K
and Rb.436

6.8.6.6 Ester and Phosphate Diester Binding and Hydrolysis

Hydrolysis reactions catalyzed by zinc centers and the formation of hydroxide bridged dimeric
species have been the subject of much recent study, and reproduction of the activity of hydrolytic
zinc enzymes has been the goal of many research groups.
The complexation of zinc by mixed oxa aza ligands (46), (47), and (48), and subsequent

reactivity was investigated.437 Two ligand ring sizes were studied. Structural characterization of
the dizinc complex of (46) shows two identically coordinated zinc centers with distorted trigonal
prismatic coordination of N3O2 and a bridging hydroxide completing the coordination sphere
with a Zn�Zn distance of 3.543(2) Å. The ligand synthesized is ditopic for zinc and has also been
functionalized with an ethanol pendent.438 Potentiometric titrations show stable dizinc complexes
are formed at neutral to alkaline aqueous solutions, with the alcohol pendent in (47) deprotonat-
ing with a pKa of 6.9. A zinc coordinated water molecule undergoes hydrolysis with a pKa of 8.46
that results in a system with a coordinated alkoxide and a Zn�OH nucleophile at slightly alkaline
pH. This is analogous to the alkaline phosphatases that involve both a deprotonated serine and a
Zn�OH in the hydrolysis of phosphate monoesters. The analogy is borne out by the increased
hydrolysis rate of bis(p-nitrophenyl)phosphate by the dizinc complex of (47) over (46), with the
higher activity due to the superior nucleophilicity of a zinc-bound alkoxide over a zinc-bound
hydroxide. Crystallographic characterization of a stable analog of the dizinc macrocycle complex
with diphenyl phosphate shows formation of a 1:2 complex with the two phosphates bridging the
metal centers, and some evidence that the structure is retained in solution.439

The hydrolysis of p-nitrophenyl acetate and bis(p-nitrophenyl phosphate) are frequently used to
probe hydrolytic activity. A problem with some other dinuclear systems is that the Zn units are
held together by bridging ligands which can be cleaved on reaction with the substrate.440 This is
not the case in a ditopic ligand such as those designed by Lippard and co-workers based on
Kemp’s triacid imide with a xylyl spacer.441,442 Both zinc dimers and mixed metal dimers were
formed and a structure characterized with a bridging phosphodiester (Figure 6).
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A structurally characterized example of a dinuclear zinc complex with a bridging phosphate
monoester was provided by Kitajima and co-workers using the tris(pyrazolyl)borate ligand
system. The P�O bond in a tris- or bis-phosphate ester is cleaved by a hydroxo zinc complex
resulting in the monoester compound.443

Bimetallic zinc complexes formed with hexaazamacrocycles were studied in the hydrolysis of
activated carboxyesters. Potentiometric titration demonstrated the dominant presence of a dinu-
clear hydroxo bridged species at pH>7. p-Nitrophenyl acetate is hydrolyzed with no loss of
catalytic activity for at least 2.7 catalytic cycles.444

Kimura and co-workers have made a major contribution to this area with dizinc azamacrocycle
complexes characterized including phosphate ester X-ray structures.445,446 They have also studied
ligands with pendent alcohol groups.447

Two dinuclear complexes, with five-coordinate zinc centers, derived from tris((2-pyridyl)-
methyl) amine were synthesized and bridging phosphate or phosphate ester groups. The X-ray
structure of the phosphate monoester complex shows a syn–anti bridging mode in contrast to
alkaline phosphatase in which it is syn–syn.448 Fenton and co-workers have also studied other
related dizinc species of compartmental ligands.449

Phosphate ester crystal structures have been determined of zinc 1,5,9-triazacyclononane including
an interesting structure containing an oligophosphate bridged zinc unit.450 The zinc complex of
1,5,9-triazacyclododecane was studied as a hydrolysis catalyst for substituted phenyl acetates.451

Kinetic analysis suggested that hydrolysis occurs by a mechanism involving hydroxide attack of a
metal-bound carbonyl.
Corrano and co-workers have characterized phosphate ester species with a mixed donor

heteroscorpionate tripod zinc species.452 Krebs and co-workers synthesized purple acid phospha-
tase mimics including a structurally characterized FeIIIZnII phosphate bridged dimeric species.453

As already mentioned, Lippard and co-workers have also studied the �-hydroxy dizinc unit
found in metallohydrolases in a model system [Zn2L(�-OH)(�-O2PPh2)]

2þ, L¼ 2,7-bis [2-(2-
pyridylethyl)-aminomethyl]-1,8-naphthyridine).454Hydrolysis of phosphodiesters and beta-lactams
was studied and related to the P1 nuclease and beta-lactamase enzymes. The dinuclear complex
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was 1.8 times more reactive in hydrolysis of phosphodiesters than a mononuclear analog.
However, some mononuclear complexes have equivalent reactivity to the dinuclear complex
towards beta-lactam hydrolysis. The low reactivity of the bridging hydroxide could be attributed
to the alignment of the substrate on binding being unfavorable and the diminished nucleophilicity
of the hydroxide due to being simultaneously bound to the two zinc ions.
Dinuclear complexes with hydroxide bridged dizinc centers were synthesized with a ligand

based on the phthalazine framework.455 The dizinc complex of 1,4-bis(2,20-dipyridylmethyl)phtha-
lazine (49) is bridged by the phthalazine moiety, a water molecule, and a hydroxide ion. Both
centers are pseudooctahedral with two pyridine donors and a water molecule occupying the
remaining coordination sites.

6.8.6.7 Binding and Formation of Carbonate Species

Ito and co-workers observed the formation of zinc bound alkyl carbonates on reaction of carbon
dioxide with tetraaza macrocycle zinc complexes in alcohol solvents.456 This reversible reaction
was studied by NMR and IR, and proceeds by initial attack of a metal-bound alkoxide species.
The metal-bound alkyl carbonate species can be converted into dialkyl carbonate. Spectroscopic
studies suggested that some complexes showed monodentate alkyl carbonates, and varying the
macrocycle gave a bidentate or bridging carbonate. Darensbourg isolated arylcarbonate com-
pounds from zinc alkoxides as a by-product from work on polycarbonate formation catalysis.343

X-ray structural data shows both the predicted structural types in the solid state with [14]aneN4

(50) and [15]aneN4 (51) showing chains of zinc macrocyles bridged by alkyl carbonate oxygens,
and Me4[14]aneN4 (52) showing the monodentate methyl carbonate binding to a discrete Zn
macrocycle unit (Figure 7).457 The bridged complexes are tetrahedral and the discrete complex
trigonal bypyramidal with the methyl groups providing steric hindrance.
Van Eldik attempted to achieve catalytic reactions with substituted nitrogen macrocycles and

carbon dioxide but was unsuccessful in the synthesis of alkyl and aryl carbonates.458 A bridging

Zn

O

N

P1

Figure 6 Molecular structure of a dimeric zinc compound with a bridging phosphodiester formed with
ligands based on Kemp’s triacid imide.441
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�3-CO3 species was formed and the X-ray structure solved. It is thought that the carbonate
species forms on reaction with water, which was problematic in the selected strategy, as water was
produced in the formation of the dialkyl carbonates. Other problems included compound solu-
bility and the stability of the monoalkyl carbonate complex. Van Eldik and co-workers also
carried out a detailed kinetic study of the hydration of carbon dioxide and the dehydration of
bicarbonate both in the presence and absence of the zinc complex of 1,5,9-triazacyclododecane
(12[ane]N3). The zinc hydroxo form is shown to catalyze the hydration reaction and only the aquo
complex catalyzes the dehydration of bicarbonate. Kinetic data including second order rate
constants were discussed in reference to other model systems and the enzyme carbonic anhy-
drase.459 The zinc complex of the tetraamine 1,4,7,10-tetraazacyclododecane (cyclen) was also
studied as a catalyst for these reactions in aqueous solution and comparison of activity suggests
formation of a bidentate bicarbonate intermediate inhibits the catalytic activity. Van Eldik
concludes that a unidentate bicarbonate intermediate is most likely to the active species in the
enzyme carbonic anhydrase.460
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Paoletti et al. used a mixed aza oxo macrocycle (53) to form (�3-CO3) carbonate species on
absorption of atmospheric CO2. The crystal structure showed a trimer with threefold symmetry
and six-coordinate zinc centers.461 This was described as CO2 fixation; however, three equivalents
of zinc complex are required for each CO2 molecule and so it is not a catalytic process.
Synthesis of functional models of carbonic anhydrase has been attempted with the isolation of

an initial mononuclear zinc hydroxide complex with the ligand hydrotris(3-t-butyl-5-methyl-
pyrazolyl)borate. Vahrenkamp and co-workers demonstrate the functional as well as the struc-
tural analogy to the enzyme carbonic anhydrase. A reversible uptake of carbon dioxide was
observed, although the unstable bicarbonate complex rapidly forms a dinuclear bridged complex.
In addition, coordinated carbonate esters have been formed and hydrolyzed, and inhibition by
small ions noted.462 A number of related complexes are discussed in the earlier Section 6.8.4.
An unusual example of a solid-state complex of zinc containing both carbonate and hydrogen

carbonate ligands has been structurally characterized, NaA2{Zn2[H(CO3)2](CO3)2(H2O)2}, A¼K,
Rb. The zinc is coordinated in a slightly distorted trigonal–bipyramidal geometry, and a layer
structure, held together by hydrogen bonding, is formed with the potassium or rubidium atoms
located between the layers. The hydrogen bond of the [H(CO3)2]

3� anion is very short with O�O
distance of 2.474(2) or 2.469(5) Å.463
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The ligand 1,3-bis[3-(2-pyridyl)pyrazol-1-yl]propane contains two bidentate chelating pyridyl/
pyrazolyl fragments linked by a flexible trimethylene chain allowing variation in the binding
geometry. In the structurally characterized zinc complex each ligand bonds in a tetradentate
fashion to a five-coordinate zinc ion, the coordination sphere is completed by a carbonate oxygen
from a �3 carbonate resulting in the species [(ZnL)3(CO3)][ClO4]4. The symmetrically bridging
carbonate results from fixation of atmospheric CO2.

464 Geometry around the metal centers is
distorted trigonal bipyramidal (� ¼ 0.64 using the Addison method).
Triply bridging carbonates between three zinc centers have been identified in nine different

X-ray structures deposited in the CSD.458,461,465–467 For example, a binuclear �-OH zinc
complex with a tetradentate N-donor ligand absorbs atmospheric carbon dioxide to a triply
bridged carbonate.468 Examples are also known where the metal atoms are in varying coord-
ination environments. The complex cation [Zn3(bipyridine)6(�3-CO3)(H2O)2]

4þ contains one
penta- and two hexacoordinate zinc centers.469 A tetrapodal compartmental ligand forms a
tetrameric complex with zinc that contains the carbonate bridging between three of the four
zinc centers.470

6.8.6.8 Acetylacetonate and Related Ligands

Zinc complex formation with 1,3-diketones in aqueous solution has been investigated with
pentane-2,4-dione, 1,1,1-trifluoropentane-2,4-dione, and 4,4,4-trifluoro-1-(2-thienyl)butane-1,
3-dione. The buffer dimethylarsinic acid was shown to have a catalytic effect on complex
formation with pentane-2,4-dione and the proton transfer reactions were affected.471,472 High-
resolution solid state 13C NMR studies of bis(2,4-pentanedionato) zinc complexes have been
carried out.473

Photochromic compounds based on diarylethenes have been of interest due to their potential
application in photonic switching devices. Materials involving these compounds and coordinated
metal ions can show the desired changes on irradiation. Zn(1,1,1,5,5,5-hexafluoroacetylaceto-
nate)2 forms a linear chain polymer with1,2-bis[2-methyl-5-(4-pyridyl)-3-thienyl]perfluorocyclo-
pentene which has been structurally characterized demonstrating an octahedral zinc center with
axial pyridyl ligands from two different cyclopentene ligands. The single-crystal phase had

Zn

O

N

Figure 7 Molecular structure of zinc tetramethylcyclam (52) with a zinc-bound methylcarbonate. 457
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photochromic activity, with irradiation at 366 nm the crystal turned blue on formation of the
closed ring and on irradiation at 578 nm the blue color disappeared (Scheme 1).474
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Zinc dibenzoylmethanates have been synthesized and characterized by differential scanning
calorimetry and solid state 13C CPMAS NMR. Two forms have been studied by single crystal
X-ray diffraction showing a monomer and a dimer. The monomer, ZnL2 (54), has tetrahedral
geometry with two bidentate ligands and the dimer Zn2L4 has two of the oxygens from the ligands
bridging the octahedral zinc centers.475 Other structurally characterized complexes include the
Sn�Zn bond containing bis((dibenzoylmethanato)-(3-(dimethylamino)propyl))-tin-zinc476 (55)
and the zinc macrocycle complexes synthesized by Wieghardt and co-workers.477 Additionally,
either one or two pyridine ligands can be incorporated into the coordination sphere giving five-
and six-coordinate complexes respectively.478

The zinc complex of 1,1,1,5,5,5-hexafluoroacetylacetonate forms coordination polymers in
reaction with either 2,5-bis(4-ethynylpyridyl)furan or 1,2-bis(4-ethynylpyridyl)benzene. The
X-ray crystal structures demonstrate an isotactic helical structure for the former and a syndio-
tactic structure for the latter in the solid state. Low-temperature 1H and 19F NMR studies gave
information on the solution structures of oligomers. Chiral polymers were prepared from L2Zn
where L¼ 3-((trifluoromethyl)hydroxymethylene)-(þ)-camphorate. Reaction with 2,5-bis(4-ethy-
nylpyridyl)furan gave a linear zigzag structure and reaction with tris(4-pyridyl)methanol a homo-
chiral helical polymer.479

Heterocyclic �-diketonate ligands have been studied in the formation of zinc complexes in the
presence of other donor ligands. The chemistry of 4-acyl-5-pyrazolonate ligand donors with zinc
has been relatively unexplored. 1-Phenyl-3-methyl-4-acyl-5-pyrazolone (56) formed bidentate
4-acylpyrazolonate complexes with zinc in the presence of donor ligands including amines,
bipyridyls, and water. A six-coordinate monomer was structurally characterized and a range of
complexes formed. Hydrogen bonding to the pyrazole nitrogen was thought to be an important
factor in determining structural type.480

Ligands with pyrroldine-2,4-dione ring systems are of interest due to the presence of the
potentially bidentate coordinating group in natural products, 3-acyl tetramic acids, that have a
range of biological activities. The complexation of N-acetyl-3-butanoyltetramic acid (N-acetyl-3-
butanoyl-4-hydroxypyrrolidin-2-one) to zinc depends on the ratio of ligand to metal, and gave
different results to those observed for copper and cobalt, with deacetylation occurring in some
cases.481

6.8.6.9 Other Oxygen Donor Ligands

Zinc carbamate complexes are well known, and the structural types and stabilities can be
compared with thiocarbamates and dithiocarbamates which are discussed in Sections 6.8.11.1.3
and 6.8.7.1.4482 Carbamates of zinc can be formed from the reaction of carbon dioxide with
alkylzinc alkyl amides and further reaction with alkylzinc can give a distorted cubane structure.483

The tetrameric diethylcarbamate species initially formed can also be used to produce monomeric
or dimeric carbamate structures in reaction with amines; tetramethylethylenediamine forms a
monomer [(Me2NCH2)2Zn(O2CN(C2H5)2)2] with an octahedral zinc center and pyridine forms a
dimer[C5H5NZn2Me(O2CN(C2H5)2)3] with tetrahedral zinc centers.

484

A tetranuclear complex is formed from Rh(Hdmg)2(PPh3)Cl on reduction with zinc amalgam,
[Rh(Hdmg)(ClZndmg)(PPh3)]2 (H2dmg¼ dimethylglyoxime). The complex was characterized by
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NMR, IR spectroscopy, and single-crystal X-ray diffraction. The structure is held together by a
Rh�Rh bond and by the two zinc ions bridging oxygens from the dimethylglyoximate ligand.485

Zinc has been used to mediate a ferromagnetic interaction between two paramagnetic metal
ions.486 However, the small value of the coupling probably limits the application of this strategy.
The heterotrinuclear complex [Cu2Zn(Hdmg)2(dmg)2(H2O)] has the zinc bridging to the copper
centers via the oximate oxygens of the dimethylglyoximate ligands.
A tetrameric structure with the Zn4O core can also be formed with the 7-azaindolate ligand,

[Zn4O(C7H5N2)6], and has been structurally characterized. The tetramer displays intense photo-
luminescence at 448 nm in the solid state and 425 nm in acetonitrile with a lifetime and quantum
yield of 0.1 ms and 0.17 ms respectively.280

A phthalocyanate complex with a peripheral catechol group can act as an oxygen donor ligand
for zinc. A trispyrazolylborate complex of zinc hydroxide was treated with (2,3,9,10,16,17,23,24-
octahydroxyphthalocyaninato)nickel(II) to displace the hydroxide ligand. This interaction was
modeled in the complex formed by the addition of dihydroxyphthalimide to trispyrazolylborate
zinc hydroxide, showing monodeprotonation of the catechol ligand.487 Zinc catecholates have
also been synthesized by direct electrochemical methods.488

To form stable complexes with semi-quinone-based redox active ligands a coligand is required
to bind to the zinc; face capping tris(pyrazolyl)borate ligands have been used for this purpose.236,489

Complexes have been constructed using the coligand hydrotris(3-cumenyl-5-methyl-pyrazolyl)-
borate with 3,5-di-t-butyl-1,2-semiquinonate and the bis semi-quinonate from the catechol (57).
The zinc 3,5-di-t-butyl-1,2-semiquinonate complex was structurally characterized and shows a
distorted trigonal–bipyramidal geometry. The parent catecholate complex was unusually stable in
air but in solution slowly oxidized to the semiquinonate.236 The bis-catechol ligand has two zinc
binding sites and both S¼ 1/2 and S¼ 1 species were generated by oxidation and characterized
spectroscopically.489
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6.8.7 SULFUR, SELENIUM, AND TELLURIUM LIGANDS

6.8.7.1 Sulfur Ligands

Zinc sulfur chemistry has been studied with particular reference to ZnS material formation and
the characterization, and modeling of enzymes and proteins containing Zn�S bonding. In 1991
Christianson stated that typically the coordination patterns produced in nature for ‘‘structural
zinc’’ have not been replicated; i.e., four cysteinate ligands bound or two histidine N-donors and
two cysteine S-donors, with monodentate N’s and aliphatic thiolates.490 However, there have
been many advances in recent years in the production of mixed donor set zinc complexes
involving thiolates and thioether donors that will be presented. Some of these polydentate ligand
systems will be discussed in Section 6.8.11. A large number of compounds have also been studied
with the N2S2 coordination sphere and a preference noted for this donor set.304,491,492 Zinc
dithiocarbamates are well known and have important applications as antioxidants/antiabrasives
in motor oils and as vulcanization accelerators in rubber.
In biology, the metallothioneins are a family of proteins that contain seven zinc ions chelated

by twenty cysteine residues and their coordination chemistry has been reviewed.493 Polyzinc
species with thiolate ligands and bridged sulfur species have been of particular interest in the
modeling of metallothioneins and also as molecular fragments to model the bulk properties of the
zinc sulfide lattice. Zinc sulfide deposition has been extensively studied and characterized, and a
number of molecular precursors will be discussed.494,495 Some interesting advances in this area
include the observation of the formation of sphalerite (ZnS) deposits in natural biofilms of
sulfate-reducing bacteria, demonstrating how microbes control metal concentrations in ground-
water- and wetland-based remediation systems. It also suggests biological routes for formation of
low-temperature ZnS deposits.496 Again bringing the areas of materials and biological sciences
together, highly luminescent semiconductor quantum dots containing zinc sulfide can be cova-
lently coupled to biomolecules for use in ultrasensitive biological detection. The quantum dots
labeled with immunomolecules successfully recognize specific antibodies or antigens.497

6.8.7.1.1 Thiolates

In general, it is easier to form bridging sulfur ligands and polymetallic or polymeric compounds,
rather than discrete complexes, with thiolate ligands.498,499 Thiolates frequently form infinite
lattice structures with tetrahedral zinc centers. The introduction of steric bulk and the potential
for heteroleptic complex formation can result in the preferential isolation of discrete complexes.
The tendency of zinc thiolates to form polymetallic species is well known, including the metal-
lothioneins. Another area of interest has been as molecular fragments of sulfidic solids. Since the
early 1980s there has been a major increase in the variety of structural types; mononuclear,
oligomeric, and polymeric. Both monodentate and bidentate thiolate ligands with varying elec-
tronic and steric capabilities have been used in the formation of zinc compounds. Studies
advancing the understanding of metallothioneins have been carried out on model systems and
the proteins.500

The tendency to oligomerize can be countered by the use of sterically hindered thiolates.358,501

Dependent on the degree of steric bulk, monomeric homoleptic complexes have been character-
ized with two- or three-coordinate geometries. The X-ray structures of a trigonal planar and a
T-shaped zinc complex have been solved.16,358,502 The rare two-coordinate monomeric zinc
thiolate complex with 2,6-dimesitylphenylthiolate ligands (58) was also structurally characterized
by X-ray crystallography and studied by IR and NMR.12 A bent geometry is observed in contrast
to the selenolate equivalent.
A number of N-donor multidentate ligands were used in conjunction with monodentate thiolate

ligands (thiophenolate, benzylthiolate, benzene ethylthiolate) in the formation of a series of
monomeric N2S2 complexes. The polydentate ligands all coordinated as bis N-donor ligands
(bis(benzimidazolylmethyl)sulfides, 2,9-dimethylphenanthroline and bis(dimethylpyrazolyI-N-
ethyl)amine) leaving uncoordinated donor atoms in some cases.125 The polymeric zinc complex
of benzothiazole-2-thiolate, [Zn(C7H4NS2)2], forms mononuclear adducts in the presence of
pyridine, 2,20-bipyridine, and 1,10-phenanthroline. The complexes [Zn(C7H4NS2)2(pyridine)2]
and [Zn(C7H4NS2)2 (2,2

0-bipyridine)] were structurally characterized showing a distorted tetra-
hedral N2S2 geometry with coordination by two exocyclic S atoms of the benzothiazole-2-thiolates
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and two pyridyl nitrogen donors. Thermal degradation of all the complexes affords ZnS.503

A series of monomeric complexes with 4-substituted thiophenolates and bidentate nitrogen
donors, tetramethylethylenediamine, 2,20-bipyridyl, and 1,10-phenanthroline have been
synthesized, e.g., [Zn(SC6H4(4-NH2))2(1,10-phenanthroline)2. The crystal structures showed
O�H���S or N�H���S hydrogen bonding patterns in the solid, dependent on functional groups
present.504 Neutral zinc complexes with an N2S2 donor set from 2-(benzoylamino)thiophenolate
and 1-methylimidazole have been synthesized. The monomeric distorted tetrahedral complex with
two of each type of the monodentate ligands coordinated. The X-ray structure, IR analysis and
1H NMR studies showed the presence of NH��� S hydrogen bonding. The hydrogen bonding
interactions have been considered as important in controlling the conformation and properties of
complexes with S2N2 binding sites in proteins.505 The luminescence spectra of bis(thiopheno-
lato)(2,9-dimethyl-1,10-phenanthroline)zinc were correlated with the phase change of the solid at
77K. Structure determinations for both phases suggested that the change in optical properties
were due to rotation of the planes of the two thiol rings on a single zinc ion, from an approxi-
mately perpendicular to an almost face-to-face conformation, as the crystal was slowly warmed.491

An S4 coordination sphere of the type seen in the Ada protein, where four cysteines coordinate,
was achieved with the tridentate tris(2-mercapto-1-phenylimidazolyl)hydroborato ligand. The zinc
thiophenolate derivative showed reactivity of the thiolate linkage (Figure 8).506

Dimeric zinc thiolate complexes of 2,4,6-t-butyl thiophenolate have been characterized by
variable temperature and solid state NMR. The X-ray crystal structure shows that the dimeric
structure has trigonal planar S3 coordinated zinc centers with two bridging thiolates. In benzene
solution a two-coordinate monomeric species is formed; however, the dimer exists at low tem-
peratures in dichloromethane or toluene. EHMO calculations were carried out showing that the
Zn�S bonds are essentially � in character.507 Luminescent dinuclear zinc complexes with the zinc
ions in nonidentical coordination environments have been synthesized and studied, [(bipyridi-
ne)Zn2(SC6H4-Cl-p)(�-SC6H4-Cl-p)(�-OAc)2]. The X-ray crystal structure demonstrates that the
dimer is held together by two bridging acetates and one bridging thiolate, with one zinc four-
coordinate with a terminal thiolate and the other five-coordinate with a bipyridine ligand
completing the coordination sphere. The luminescence, electrochemistry, and fluxional behavior
in solution have been studied.508

Zn

S

B

Br

Figure 8 Molecular structure of the zinc complex of the tridentate tris(2-mercapto-1-phenylimidazolyl)-
hydroborato ligand.506
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1-(Methylthio)-cis-stilbene-2-thiol, Ph(SCH3)C¼C(SH)Ph, forms a dimeric zinc complex,
Zn2[(CH3)S2C2Ph2]4, with bridging thiolates and equivalent five-coordinate zinc centers. In the
presence of nitrogen donor ligands such as 4-(dimethylamino)pyridine and 2,20-bipyridine, mono-
meric five-coordinate zinc complexes are formed with the –SMe groups binding weakly or not
interacting. Ligand exchange in solution was monitored by 1H NMR.509

A large number of polymetallic zinc species with terminal and bridging thiolate ligands have
been characterized. Already discussed in Section 6.8.6 are the compounds with a �4-oxo giving a
Zn4O core. Equivalent compounds with a �4-sulfide are known but are much less common. A zinc
compound with a Zn4O core and bridging thiolate ligands to chromium(III) centers has been
characterized. Chromium tris(2-aminoethanethiolate) in the presence of zinc ions formed the
complex [{Cr(aminoethanethiolate)3}4Zn4O]

6þ. The X-ray structure shows the Zn4O unit similarly
arranged to previously discussed structures with the four chromium(III) atoms bridging via
thiolate sulfur atoms.510 Few examples of the Zn4S core with �4-S related to the basic zinc
carboxylate structure with a Zn4O core have been structurally characterized. An example has
been shown to be a discrete tetrameric structure with dialkyldithiophosphate ligands bridging the
zinc centers (Figure 9).511

A further example, hexakis[�-(dimethylarsinodithioate-S:S0)]-�4-thioxotetrazinc, [Zn4(�4-S)-
{�-S2As(CH3)2}6], contains the Zn4S core forming an irregular tetrahedron. The compound was
studied by X-ray crystallography, electrospray mass spectrometry, UV spectroscopy, and DFT
calculations.512 Each of the zinc ions is tetrahedrally coordinated to four sulfur atoms in the
discrete molecular complex. The emission and excitation spectra of the Zn4(�4-S)

6þ core encap-
sulated in a borate cage have been studied and were identical to those of the dimethylarsine-
dithioate compound.513

The arrangement of zinc and sulfur atoms in the Zn4S core is similar to the observed Zn4O.
Theoretical calculations demonstrated that the compound is a poor model of extended metal
chalcogenide semiconductors (ZnS). Octanuclear zinc compounds have also been structurally
characterized with this core. In the presence of an alkylammonium cation, a sulfide containing
octanuclear zinc species was formed [BzEt3N]2[Zn8(S)(SBz)16].

126 The complexes with benzylthiolate

S

Zn

P

Figure 9 Molecular structure of a compound containing four zinc atoms bridged by a central sulfur. 511
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ligands form an arrangement based on a tetracapped octahedron and show interesting radical
scavenging properties.126,514 Varying the synthetic conditions allows controlled formation of tri-
and octanuclear benzylthiolate complexes of zinc. A decanuclear compound is also known with
the �4-S core, with a combination of sulfide, sulfate, and pyridine ligands completing the
coordination about the zinc ions.515

There is of particular interest in zinc sulfur species that have properties between those of small
molecules and extended lattices. The zinc thiophenolate complexes Zn(SPh)4

2� and Zn4(SPh)10
2�

were studied by electrochemical and spectroscopic methods as representations of tetrahedral
fragments of the cubic zinc sulfide lattice. The mononuclear complex shows intraligand trans-
itions and the tetranuclear complex a composite of both intraligand and ligand-to-metal charge-
transfer transitions. Photodegradation and excitation of the charge-transfer absorption band were
investigated.516 Casarin and co-workers synthesized and investigated a series of zinc polymetallic
species including those already mentioned ([Zn(SPh)4]

2�, [Zn4-(�-SPh)6(SPh)4]
2�, Zn10(�3-S)4

(�-SPh)12, and [Zn10(�3-S)4(�-SPh)12(SPh)4]
4�) by UV spectroscopy, X-ray photoelectron spectro-

scopy, and DFT calculations.517 The lowest-energy absorption band is always an intraligand
transition rather than a LMCT, and both the Zn and Cd compounds have similar spectra but
none of the clusters was a particularly good model for bulk ZnS. The studies indicate a change in
the nature of the frontier orbitals on moving from the smaller up to tetranuclear polyzincates to
the decanuclear compounds. In the lower nuclearity compounds the frontier orbitals are deloca-
lized and in the higher nuclearity compounds the HOMO and LUMO are highly localized, the
former on the �3-S atoms and the latter on the peripheral zinc atoms. The species most relevant to
bulk ZnS modeling was Zn10 (�3-S)4(�2-SPh)12 as a molecular model of ZnS nonpolar surfaces.

517

With all these systems care has to be taken in applying the properties of the polymetallic species
as models of extended systems such as zinc sulfides.
Electrospray mass spectrometry was used to study polymetallic sulfide thiolate zinc anions,

[Me4N]4[S4Zn10(SPh)16] and of the metal thiophenolate complexes [Me4N]2[Zn(SPh)4] and
[Me4N]2[Zn4(SPh)10].

57 The dissociation of the complexes at high cone voltages with the loss of
fragments such as SPh� and [Zn(SPh)3]

� gives relative stability data. Ligand exchange is of
particular relevance to the formation of larger aggregates from structures with capping organics.
A pyridyl containing zinc polymetallate [Zn10S7(pyridine)9(SO4)3] was synthesized from the ther-
molysis product of [NMe4]4[Zn10S4(SPh)16] which is thought to be [Zn10S4(SPh)12]. The X-ray
structure shows an unusual arrangement with a central Zn4S connected to a Zn6 hexagon via
�3-sulfides. All zinc atoms are tetrahedral with sulfate ions bridging some, and the coordination
sphere completed for nine of the zinc atoms by a pyridyl N-donor ligand.515 The Zn�S con-
nectivity in this cluster is different from that in the cubic or hexagonal lattices of ZnS, and from
that commonly observed in other polymetallates formed by group 12 metals. Another approach is
the use of counterions to give lower nuclearity species.518,519 [Me4N]4[S4Zn10(SPh)16] in particular
has been described as a molecular supertetrahedral fragment of the cubic zinc sulfide lattice.520

Some other polyzinc species including [NMe4][Zn8(Cl)(SPh)16]16 have been characterized.519,521

Sulfur L-edge XANES spectra were recorded for metallothionein species and model compounds.
Some differences were observed from the expected well-defined tetrahedral geometries.522

Thiophenolate complexes have been discussed, however, a considerable amount of alkylthiolate
zinc chemistry is also known. The zinc alkylthiolate complexes with methanethiolate, ethanethiolate,
and iso-propylthiolate have been synthesized and characterized as precursors for ZnS formation.
Thermolysis studies demonstrated the formation of ZnS and release of dimethylsulfide. Reactivity
was similar with only the iso-propyl derivative showing much slower reaction.523 The polyzincate
Zn10S4(SEt)12L4 is a well-characterized neutral zinc sulfur compound.

524

A trimeric species was formed with one equivalent of a bis(benzimidazole) ligand in the
presence of benzylthiolates (59) (Figure 10). Zinc–zinc distances were in the range 3.069–
3.958(2) Å.126 Other zinc–thiolate trinuclear compounds include Zn3(CH2SiMe3)3(SC6H2iPr3)3
and Zn3(o-phen)2(toluene-3,4-dithiolate)3 but have little structural similarity.

81,525

Mixed metal zinc polymetallates are also known with bridging sulfur ligands. The luminescent
heteronuclear rhenium(I)–zinc complex, [{(bpy)Re(CO)3(�-SC6H4Me-p)}2Zn(bipyridine)](PF6)2,
was synthesized and structurally characterized.526 The polymetallate [(pyridine)3Eu
(�2-SPh)2(�3-SPh)Hg(SPh)]2 reacts with zinc in tetrahydrofuran to give [(THF)3Eu(�2-SPh)2
(�3-SPh)Zn(SPh)]2.THF. The tetrameric metallospecies contains bridging and terminal thiolate
ligands with Eu and Zn metal centers. Thermolysis gives a mixture of EuS and ZnS.527 In the
presence of zinc chloride, N,N0-bis(mercaptoethyl)-1,5-diazacyclooctane nickel(II) forms a hetero-
pentanuclear structure, ([NiL]3[ZnCl]2)(BF4)2 with bridging thiolate ligands and S3Cl tetrahed-
rally coordinated zinc centers.528
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Polymer formation is still observed with some sterically hindered thiolates, 2,4,6-iso-propyl
thiophenolate, and 2,4,6-trimethyl thiophenolate complexes have been studied. They can be synthe-
sized by the reaction of Zn[N(SiMe3)2]2 with the appropriate arene chalcogenol. With the least steric
bulk, the trimethyl derivative forms coordination polymers that can only be dissolved in strongly
coordinating solvents. The iso-propyl derivative is more soluble forming oligomers in solution.501

The function and characterization of zinc polymetallic species in proteins has been an import-
ant area of research in recent years. The zinc thiol polymetallic species can have a protein
structural role, regulate zinc homeostasis, participate in catalysis, and contribute to signal trans-
duction.3,529 They include metallothionein, CCHC zinc finger motifs in the HIV nucleocapsid
protein, and the gene 32 protein from bacteriophage T4.493,530,531 The latter two examples show
zinc centers chelated entirely by protein residues with a mixture of cysteine thiols and histidine
imidazoles coordinated. The degree of protonation of thiols in polyzinc compounds in proteins
has been investigated by mass spectrometry. Electrospray mass spectrometry has demonstrated
retention of thiol protons in some classes of protein coordinated zinc centers.532 XAFS has been
used to study the structural properties of zinc metallothioneins at 77K and the structure showed
close agreement with the similarly studied cadmium(II) analog.533

A range of complexes can be formed with dithiol ligands (1,2-benzenedithiol or 3,4-dimercapto-
toluene), nitrogen donor ligands (1,10-phenanthroline and biquinoline), and zinc. X-ray crystal
structure data showed a mononuclear complex, Zn(1,2-benzenedithiolate)(biquinoline); two
binuclear species, [Zn(1,2-benzenedithiolate)(1,10-phenanthroline)]2 and [Zn(3,4-dimercapto-
toluene)(1,10-phenanthroline)]2 and a trinuclear species, Zn3(3,4-dimercaptotoluene)3(1,10-phenan-
throline)2.

525 The redox chemistry and electronic spectra of the doubly deprotonated zinc complex
of toluene-3,4-dithiol was studied. The formation of a one-electron ligand-based oxidation
product was observed.534 Alkanedithiols can be reacted electrochemically with zinc and the
reaction of the product with carbon disulfide studied.535 In bis(2-mercapto-1-methylimidazolyl)
(pyrazolyl)hydroborato zinc, ZnL2, analysis by X-ray diffraction demonstrates that the zinc
exhibits a tetrahedral ZnS4 structure with only sulfur donors coordinated. This is in contrast
with other transition metal complexes of the same ligand showing the preference of zinc for this
donor set and coordination sphere.536

Binding of bidentate sulfur ligands can also be of importance in the inhibition of zinc contain-
ing enzymes. An aminopeptidase which is essential for vancomycin antibiotic resistance in

Zn1

Zn3Zn2

Figure 10 Molecular structure of a zinc trimer (59) with bridging benzyl thiolates and a bis(benzimidazole)
ligand.126
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Enterococcus faecium is inhibited by binding of dithiol ligands. The most potent inhibitors were
dithiols with a two-carbon chain between the thiol groups. It is suggested that both thiols bind
from the ligand forming a five-membered chelate ring with the zinc ion at the active site,
preventing approach of the vancomycin substrate.537

Varying ratios of the ligands N-(2-thiophenyl)-2,5-dimethylpyrrole and N-methylimidazole were
used to form tetrahedral zinc complexes with S4, S3N, and S2N2 coordination spheres. X-ray
structural analyses and IR spectra were recorded for all compounds and the relevance to zinc
finger proteins was discussed. The comparison to cobalt and cadmium structures showed only
minor differences, supporting the theory that changes on substituting these metals into zinc
proteins would be minor.538

6.8.7.1.2 Thioether ligands and methylation of cysteines

Thioether ligand complexes are not very common, however, studies since the mid 1990s have
dramatically increased the number of structurally characterized examples. Almost all of these
compounds are with chelate or macrocyclic ligands that will stabilize thioether coordination.
Mixed donor multidentate ligands containing thioether donors will be discussed in Section 6.8.11.
A number of zinc-bound bidentate bis(thioether) donor ligands were characterized as distorted

tetrahedral complexes of zinc dichloride. The complexes 2,3-bis(methylthio)hexane,1,2-bis
(methylthio) cyclohexane, and cis-[5,6-bis(methylthio)-1,3-cycloheptadiene showed a variation in
S—Zn—S angles.539

The X-ray structure of the bis(1,4,7-trithiacyclononane) zinc shows an unusual S6 thioether-
coordinated zinc center.540 A rare monodentate thioether donor is observed in a phenyl-bridged
zinc dimer that has been structurally characterized with a tetrahydrothiophene coordinated to
each zinc center.541

There has been much recent interest in the role of zinc in activating cysteine residues to
nucleophilic attack.542–545 Alkyl group transfer to coordinated cysteine residues occurs in a
number of zinc proteins, such as Ada (the E. coli DNA repair protein) and the cobala-
min dependent and independent methionine synthases.
Lippard and co-workers have shown thiolate dissociation prior to alkylation in the reaction of

Zn(SPh)4
2� with trimethyl phosphate as methyl donor. The kinetics of the reaction were studied

and the presence of other amino acids modeled using compounds incorporating imidazole
derivatives.544,546 The dimeric dithiolate complex [1,5-bis(mercaptoethyl)-1,5-diazacyclooctanato
(60)] zinc, [LZn]2 has been investigated as a model for the active site of zinc-dependent methyla-
tion proteins by Darensbourg and co-workers.543 The zinc complex has been characterized by
X-ray crystallography, showing a dimeric structure with two five-coordinate zinc centers.528 Alkyl-
ation of the thiolate and whether it remains bound in this state were the key issues in this study. It
was postulated that the rigidity and chelate effect offered by the tetradentate ligand would
encourage the sulfur to remain bound when alkylated. No evidence for thioether ligation after
alkylation was observed for these compounds. The aim of encouraging thioether coordination
was unsuccessful possibly due to geometric restraints, however, further alterations such as
macrocycle formation show thioether coordination. It is suggested that the resultant thioether is
still coordinated in the Ada protein. It is possible that either thiolate alkylation occurs while the
thiolate is bound or that structural changes in the zinc binding site favor this coordination of the
thioether.543

A non-dissociative mechanism was suggested by Vahrenkamp and co-workers in the alkylation
of the tris(pyrazolyl)borate complex of ZnSR with methyl iodide, dimethylsulfate, or trimethyl-
sulfonium iodide as the methylating agents.542 Corrano and co-workers have also used a tripodal
ligand system to investigate the methyl transfer reaction.78 The heteroscorpionate ligands (61)
have either an N2S or N2O donor set, and benzyl mercaptate or thiophenolate were coordinated
to complete the coordination sphere. Methylation of the bound thiolate could be carried out with
methyl iodide with the reaction rates and lack of solvent dependence consistent with a non-
dissociative mechanism. There may be several mechanisms by which zinc complexes participate in
the alkylation reaction of cysteine thiolates, with both inter- and intramolecular reactions occur-
ring under different conditions.
The binding of thioether ligands has been further studied by Berg and co-workers in an attempt

to gain understanding of the role of the zinc in the reactivity regulation of the cysteine residues to
alkylation. Variants of a consensus zinc finger peptide were modified to mimic the effects of
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cysteine alkylation and the metal binding and stability of the peptide structure studied. The zinc
finger framework had a histidine residue replaced by methionine or S-methyl cysteine, which can
be done with no loss of stability. 1H NMR studies showed the structure of the peptide zinc
complex was affected by methylation but only in the vicinity of the modification. Titration and
alkylation experiments were carried out with the cobalt analog. As expected, the studies reveal
that zinc has a lower affinity for thioether groups than cysteine or histidine.545
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Models of the active site in E. coli methionine synthases were prepared by Riordan and co-
workers using the S3 donor ligand phenyltris((t-butylthio)methyl)borate (62) (Figure 8).
In the zinc complex a thiophenolate ligand, LZn(SPh), mimics the homocysteine ligated form of
the enzyme. Analogous complexes were formed with the NS2 donor ligand phenyl(3-t-butyl-
pyrazolyl)bis((t-butylthio)methyl)borate and the zinc complex with a thiophenolate ligand
bound presented as mimicking the homocysteine ligated form of cobalamin independent methio-
nine synthase. The average Zn�S bond length in the complex (2.37 Å) compares well with the
EXAFS-derived distance observed for the enzyme (2.31 Å).547 Other S3 face-capping ligands are
also known in zinc complexes.548

6.8.7.1.3 Dithiolates and polysulfides

Dithiolate ligands are of interest in biological and materials chemistry, and zinc polysulfido
complexes can effect the dehydrogenative conversion of alkenes into dithiolates (Scheme 2).
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If required, the dithiolate ligand can then be removed from the metal center. Zinc polysulfido
complexes of diamines and triamines (ZnS6(TMEDA), ZnS4(PMDETA), and ZnS4(Me3TACN)
can react with electrophilic alkenes to give dithiolate complexes. TMEDA, Me3TACN, and
PMDETA complexes were investigated with the triazacyclononane ligand having the highest
reactivity and the PMDETA complexes moderate reactivity. A number of alkenes with cyano,
ester, and aldehyde functionalities were tested for reaction.549

S

S
LZn

S

S

LZn
LZnS2 –H2

Scheme 2

Some of the proposed dithiolate intermediates were synthesized for study. It was possible to
remove the dithiolate ligand by reaction with other species. Crystal structure analysis of
ZnS4(PMDETA) and ZnS4(Me3TACN) show five-coordinate species bound to two sulfur atoms
from S4 and the three ligand nitrogens.

549,550 Both have distorted geometries with one elongated
Zn�N bond and the reactivity parallels the nucleophilicity of the compounds; the four-coordinate
TMEDA species is considerably less nucleophilic.
Rauchfuss and co-workers have carried out extensive recent studies on dithiolate and polysulfide

compounds.551–553 Reactions of zinc powder with elemental sulfur can be controlled in donor
solvents. The presence of the ligands tetramethylethylenediamine, N-methylimidazole, and
4-(N,N-dimethylamino)pyridine result in complexes of the type ZnS6L2 or ZnS6L. The solid state
structure of the tetramethylethylenediamine complex shows a tetrahedral geometry with a seven-
membered ZnS6 ring. The [ZnS12]

2� can be formed by ligand exchange of the amine ligand with a
further S6

2� ligand. The reactivity of the complexes and decomposition to ZnS was studied.551 The
ZnS6L (L¼ tetramethylethylenediamine) complex can be used as a polysulfide transfer agent to
prepare, for example, sulfur selenide species in isomeric purity.552 Zinc dithiolates have also been
used as a source for zinc sulfide materials.554

6.8.7.1.4 Dithiocarbamates

Zinc dithiocarbamates have been used for many years as antioxidants/antiabrasives in motor oils
and as vulcanization accelerators in rubber. The crystal structure of bis[N,N-di-n-propyldithio-
carbamato]zinc shows identical coordination of the two zinc atoms by five sulfur donors in a
trigonal–bipyramidal environment with a zinc–zinc distance of 3.786 Å.555 The electrochemistry of
a range of dialkylthiocarbamate zinc complexes was studied at platinum and mercury electrodes.
An exchange reaction was observed with mercury of the electrode.556 Different structural types
have been identified by variation of the nitrogen donor in the pyridine and N,N,N0,N0-tetra-
methylenediamine adducts of bis[N,N-di-iso-propyldithiocarbamato]zinc. The pyridine shows a
1:1 complex and the TMEDA gives an unusual bridging coordination mode.557 The anionic
complexes of zinc tris(N,N-dialkyldithiocarbamates) can be synthesized and have been spectro-
scopically characterized.558

Thermochemical studies of Zn(di-n-propyldithiocarbamate)2 were carried out using solution-
reaction calorimetry and differential scanning calorimetry.559 Similarly, these values were deter-
mined for the di-n-butylthiocarbamate compound.560 The mean metal–sulfur bond enthalpies
were also calculated for each compound and the zinc–sulfur bond enthalpy has also been
determined for bis(diethyldithiocarbamato) zinc.561 Structural studies to determine the effects of
solid state solvation of zinc bis(diethyldithiocarbamate) complexes with a morpholine ligand have
been carried out, [Zn(O(CH2)4NH)(S2CN(C2H5)2)2]. Solvation with morpholine or benzene leads
to significant structural reorganization at molecular level with different Zn�N bond lengths, a
reoriented heterocyclic ring of the coordinated morpholine molecule, and an enhanced contribu-
tion of trigonal–bipyramidal character to the geometry of the coordination polyhedra of the zinc
center. The data was obtained from single-crystal X-ray studies and solid-state 13C and 15N CP/
MAS NMR spectroscopy.562

Complexes of zinc dialkyldithiocarbamates with bidentate nitrogen ligands such as 1,10-phen-
anthroline have been structurally characterized.563 The related complexes (4,40-bipyridyl)

1196 Zinc



bis(di(2-hydroxyethyl)dithiocarbamato)zinc and (4,40-bipyridyl)bis(bis(N-methyl, N-ethanol-
dithiocarbamato)zinc were synthesized and structurally characterized. Both complexes are dimeric
with each zinc five-coordinate with an S4N donor set. Comparisons are made to the parent
dithiocarbamate ligands, with the thioureide C�N stretch at a lower value for these complexes
and the cyclic voltammetry studies indicating a presence of excess electron density on the zinc ion
relative to the dithiocarbamate ligands.564

6.8.7.1.5 Thioformamide, thiocyanate, thiophosphate, and other sulfur donor ligands

The formation of zinc complexes with N,N-dimethylthioformamide has been studied by crystal-
lography and in solution by vibrational spectroscopy and large angle X-ray scattering.565,566 Both
solid state and solution studies show four-coordinate zinc complexes with Zn�S bond lengths of
2.34 (mean) and 2.362(5) Å. In large-angle X-ray scattering studies, the zinc ions in N,N-
dimethylthioformamide solution are found to coordinate to four N,N-dimethylthioformamide
molecules with Zn�S bond distances of 2.362(5) Å. Raman and far-IR spectra were assigned for
both solution and solid state.565 A series of single-crystal X-ray structures demonstrates the
variation in geometry between the group 12 ions. The tetrahedral coordination geometry of
[Zn(SCHN(CH3)2)4](CF3SO3)2 shows a mean Zn�S distance of 2.34 Å. Hydrogen bonding is
observed between neighboring N,N-dimethylthioformamide ligands.566

The most stable structures and formation energies of zinc thiocyanate complexes have been
calculated by ab initio density functional methods. The formation energies of the linkage isomers
[Zn(NCS)4]

2�, [Zn(NCS)2(SCN)2]
2�, and [Zn(SCN)4]

2� were determined. A comparison of the
formation energies indicated that [Zn(SCN)4]

2� is the most stable isomer both in water and in
dimethyl sulfoxide.567

A number of dialkyldithiophosphate zinc complexes were prepared and characterized in liquid
and solid states, and as surface complexes on sphalerite. 31P NMR was used to characterize the
coordination modes, whether terminal chelating or bridging between two metal centers. Correla-
tions were made between data for the structurally characterized O,O0-dicyclohexyldithiophos-
phate zinc and the NMR of the surface complexes demonstrating bridging coordination between
two neighboring zinc atoms on the synthetic sphalerite.568

Harrison and co-workers reported the ([Zn4(�4-S){�-S2P(OC2H5)2}6]) as a by-product in the
synthesis of [Zn{S2P(OC2H5)2}2] which contains the Zn4(�4-S) structural motif.

511 A series of zinc
dialkyldithiophosphates have been investigated by this research group, including recording 31P
NMR spectra and studies of the reaction of these compounds with N-donor ligands. Monomeric
complexes are formed in reaction with pyridine, 2,20-bipyridine, and 2,20-60,200-terpyridine with a
combination of N-donor and thiophosphate ligands.569,570

As part of a study into the activation of metal catalysts in thiol or thiolate-rich environments,
S-substituted coenzyme M and thioglycolate derivatives were investigated in a Ni-catalyzed cross-
coupling reaction with a zinc co-factor; the role of zinc was shown to be in a transmetallation
process.571

The interaction of carbon disulfide as a substrate in carbonic anhydrase model systems has
been studied using density functional theory methods. A higher activation energy of CS2 com-
pared to CO2 in the reaction with [L3ZnOH]

þ was due to the reduced electrophilicity of CS2. The
reversibility of the reaction on the basis of these calculations is questionable with
[L3ZnSC(O)SH]

þ as intermediate.572

An example of thione coordination is demonstrated with the thiocarbonyl donor ligand
2,6-dimethyl-4H-pyran-4-thione, that gives a complex with zinc chloride of the form ZnL2Cl2.
The crystal structure shows the zinc is tetrahedrally coordinated by two chloride and two sulfur
donors and the compound was further studied by 1H NMR and IR spectroscopy.573 Both
monomeric and dimeric heterocyclic thione complexes have been formed with zinc.574,575

The dithiolate ligand dithiosquarate forms mononuclear complexes with zinc in the presence of
N2 donor ligands 2,2

0-biquinoline, 1,10-phenanthroline, and 1,4-diphenyl-2,9-dimethyl-1,10-phen-
anthroline. X-ray crystallography shows a tetrahedral complex with one equivalent of each ligand
binding to the zinc center. The phenanthroline-based complexes are emissive in the solid state at
room temperature and show multiple emissions at lower temperature, assigned as metal-assisted
ligand-to-ligand charge transfer and intraligand �–�* transitions.576 Bipyridinium and phenan-
throlinium acceptors of different reduction potentials form ion-pair charge-transfer complexes
with zinc 1,2-dithiooxalates. Absorptions are observed in the range 390–490 nm, which can be
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attributed to ion-pair charge-transfer. The mean reorganization energy of the complexes exceeds
the values found for the dithiolate systems. The X-ray structures of the compounds show the
relative geometry of the two components.577

A dithiolate ligand forms a structurally characterized dizinc bisligand complex with both of the
ligands bridging, bis{�-[(dimercaptomethylene)propanedinitrilato-S,S0]}tetrakis(4-methylpyridine)
dizinc.578

6.8.7.2 Selenium

6.8.7.2.1 Selenides

A number of zinc selenium complexes have now been characterized, with particular interest in the
formation of zinc selenide semiconductors and quantum dots. In many cases analogous structures
to those observed with thiol or thiolates are recorded. 77Se NMR is frequently used in character-
ization, and comparison with the sulfur equivalent is relevant. Zinc selenium compounds are of
particular interest as precursors for metal/selenide materials and their relevance as models for
selenocysteine-containing metalloproteins.
The reaction of carbon diselenide with sodium and zinc chloride present results in the com-

plexes [Zn(C3Se5)2]
2� (63) and [Zn(CSe4)2]

2�. X-ray structure showed the zinc ions were tetra-
hedral with four selenium atoms coordinated. The UV–vis spectra and 77Se NMR spectra were
recorded.579 A tetrahedral selenolate complex can be formed from a ligand containing a
1,3-thiaselenole heterocycle. The zinc complex, bis(tetraphenylphosphonium)-bis(1,3-thiaselenole-2-
selone-4,5-diselenolato) zinc, with the selenole ester-containing ligand was characterized in detail
by NMR with extensive 77Se and 13C spectra recorded.580

The zinc bis(tetraseleno) anion, [Zn(Se4)2]
2�, has been crystallized with a number of cations,

synthesized by a variety of methods, and its reactivity studied.581–584 The compound (hexaseleno)
(tetraseleno)zinc (64) was synthesized from zinc acetate in the presence of lithium polyselenide
and structurally characterized, demonstrating seven-membered and five-membered ZnSen rings.

585

Mixed donor neutral monomers have also been formed with imidazole N-donor ligands, ZnSe4
(N-methylimidazole)2.

553

Polymeric network structures of zinc and selenium with N,N0-ethylenediamine have been
formed and structurally characterized. The tetrahedral zinc centers are Se3N coordinated with
the diamine bridging to give two-dimensional slabs.586

6.8.7.2.2 Selenolates

A monomeric selenolato complex of zinc (65) was synthesized with a chelating oxazoline
ligand.587 The complex was characterized by X-ray crystal structure, 1H, 13C, and 77Se NMR.
These studies demonstrate that the compound is ‘‘helically’’ chiral and solution studies appear to
show retention of chirality in solution. The zinc complex is tetrahedral with a Zn�Se average
bond length of 2.378(1) Å.
A monomeric zinc selenophenolate, bis(phenylselenolato)zinc TMEDA, has been isolated and

structurally characterized and used as a precursor in the size-controlled synthesis of ZnSe
quantum dots. The growth temperature afforded the different-sized quantum dots that showed
a variation in luminescence emission wavelength dependent on size.588 A trigonal planar mono-
meric selenophenolate complex can be synthesized using the bulkier 2,4,6-(trifluoromethyl)sele-
nophenolate. The complex has two of the selenophenolate ligands and a bisilylamide completing
the trigonal coordination.589 Bochmann et al. structurally characterized a number of zinc sele-
nates including three-coordinate and four-coordinate monomeric species.304,507,590

Monomeric selenophenolate derivatives with pyridine have also been synthesized and charac-
terized, [Zn(SeC6H2Me3-2,4,6)2(pyridine)2] with distorted N2Se2 tetrahedral coordination geome-
try.591 Zinc areneselenolate complexes are usually infinite lattice solid state compounds with
bridging selenolato ligands.592 Zinc selenophenolate complexes have been characterized by sin-
gle-crystal X-ray diffraction, showing tetrahedral metal centers, and far-infrared and Raman
spectroscopy.499 Increasing the steric hindrance from the (2,4,6-trimethylphenylselenato) group
to the t-butyl equivalent results in different complexes dependent on the other ligands avail-
able. In the presence of one equivalent of t-butylisocyanide the compounds is thought to be
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dimeric with bridging selenolates and in the presence of excess of t-butylisocyanide the X-ray
structure shows a monomeric species with an S2C2 donor set and distorted tetrahedral coordina-
tion geometry.66 A dimeric species is formed in the presence of benzaldehydes or ketones. The
X-ray structure of [Zn(SeC6H2

tBu3-2,4,6)(4-methoxybenzaldehyde)]2 demonstrates two bridging
selenolates between the tetrahedral zinc centers.593 The complex [Zn(CH2SiMe3)2(SeC6H2

tBu3-
2,4,6)]3 contains a nonplanar six-membered Zn3Se3 ring and is characterized by X-ray diffraction,
and 1H NMR and IR spectroscopy.82 The dimeric [Zn(SeC6H2

tBu3-2,4,6)2]2 can be reacted with
nitrogen, phosphorus, or sulfur donor ligands to give monomeric three-coordinate species. The
ligands 2,6-lutidine, tetrahydrothiophene, trimethylphosphine, and methyldiphenyl phosphine all
result in monomer formation and the solid-state structures show a wide variation in Se�Zn�Se
angles from 129.0(2)� to 156.26(4)�. Theoretical interpretations of the hybridization of zinc were
used to account for these variations. A four-coordinate monomeric complex, [Zn(SeC6H2

tBu3-
2,4,6)2L2], could be formed in the presence of excess 1-methylimidazole but on recrystallization
one ligand was lost to give the three-coordinate showing the balance between electronic and steric
factors.304

The sterically demanding selenolate ligand, HSeC6H3-2,6-(mesityl)2, reacts with zinc to form
either two- or three-coordinate complexes in the solid state. If recrystallized from tetrahydrofuran
the monomeric complex Zn(HSeC6H3-2,6-(mesityl)2)2(THF) with two selenolate ligands and a
coordinated THF is isolated; however, when recrystallized from hexane a two-coordinate mono-
meric complex with only the selenolate ligands is isolated. The two-coordinate complex appears to
be the only example of this geometry with selenium. Intriguingly, the geometry of this complex is
exactly linear in contrast to the analogous thiolate complex which has a bent conformation with
Zn�S�Zn¼ 151.7�. Power and co-workers comment on a number of important factors to the
setting of two-coordinate geometries but offer no simple explanation of this difference.13

The tetrameric zinc anion [Zn4(�-SePh)6(SePh)4]
2� has been structurally characterized as the

first example of a Zn4Se4 adamantane cage-type structure.
594 A further example was characterized

by Bochmann and co-workers as part of a study of polymetallic zinc selenophenolates, in this case
with chlorides replacing the terminal selenophenolates, [Zn4(�-SePh)6Cl4]

2�
. Octameric zinc spe-

cies were also characterized with either chloride or phosphine ligands resulting in anionic and
neutral complexes respectively, [Zn8(�-SePh)12Cl4]

2� and Zn8(�-SePh)12(SePh)2 (P
iPr3)2.

301

The heterotrinuclear linear selenolate complex, [(OC)3Fe(�-SePh)3Zn(�-SePh)3Fe(CO)3], was
synthesized and structurally characterized. The structure shows a zinc center in a ZnSe6 octahe-
dral environment.595 A bimetallic complex containing europium and zinc has been characterized
with three bridging selenophenolate ligands. Analysis of the structural data by Berardini et al.
shows a clear polarization of the Se electron density away from the europium ion, making the
Eu�Se bond longer and weaker.596 A related structural motif with a triply bridged samarium zinc
unit is observed; however, in this case the samarium is also singly bridged to a further zinc
resulting in a coordination polymer in the solid state.597 A tetracobalttetrazinc structure with
Zn4O core has been characterized with aminoethaneselenolato ligands bridging the cobalt(III) and
zinc centers. Each zinc is bound to three bridging selenium atoms and the central oxo forms a
cage-type structure.598 The bis(1,2-diselenosquarato) zinc dianion is a tetrahedral monomer with
coordination to the bidentate ligands via the selenium donors.599

A monomeric diselenocarbamate complex of zinc has been structurally characterized as a
pyridine adduct, [Zn(Se2CNEt2)2(pyridine)], showing distorted trigonal–bipyramidal geometry.
Mixed selenophenolate/diselenocarbamate complexes have been formed with a 1:1 ratio of each
ligand to the zinc center.591 The structural type is strongly influenced by functionalization on the
selenophenolate ring. The (2,4,6-trimethylphenylselenato) zinc complex is a polymeric solid which
dissolves in coordinating solvents.501 The compound Zn[Se2CN(Me) CH2CH2CH2NMe]2 is poly-
meric in the solid state with a Se4N donor set. The N-donor is from a neighboring ZnL2 unit,
resulting in the polymeric arrangement. Attempts to grow ZnSe films were made and discussed.600

The zinc complex with methyl(n-hexyl)diselenocarbamate was found to be a more effective
precursor for ZnSe deposition by MOCVD than simpler derivatives and possible explanations
were suggested.601 Bis(�2-diethyldiselenocarbamato-Se,Se,Se

0)-dimethyl dizinc gives a structure
with four-coordinate zinc centers and two bridging selenium atoms.602 Other related structures
with variation in the alkyl groups are also known.603

The preparation of ZnSe materials is an area of interest and study. The coordinating ability of
the solvent used in the solvothermal synthesis of zinc selenide was demonstrated to play an
important role in the nucleation and growth of nanocrystalline ZnSe.604 Thermolysis of bis
[methyl(n-hexyl)di-seleno]carbamato]zinc gave highly monodispersed particles characterized by
electronic spectroscopy, photoluminescence, X-ray diffraction, and electron microscopy.605
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6.8.7.3 Tellurium

Although numbering even fewer than the structurally characterized selenium zinc complexes there
are examples of zinc tellurides and tellurates with typical coordination numbers of three or four
and species from monomeric up to polymeric.
Addition of K2Te3 to a solution of zinc acetate results in a compound containing the [ZnTe7]

2�

complex ion. The heptatellurido zinc has a trigonal–planar coordination geometry, demonstrated
by X-ray crystallography. The ligands are best described as a chelating Te4

2� ion and a terminal
Te3

2� ion.606 The bis(tetratellurido) zinc complex is an anion (ZnTe8
2�) which shows the metal

coordinated tetrahedrally by two Te4
2� chelates. The 125Te NMR spectrum was recorded and

compared with 77Se NMR spectra from analogous compounds.607 An ionic polymetallate results
from zinc chloride in acetone in the presence PhTeSiMe3 and tertiary phosphines, [(HPPr2R)-Pr-
n]2[Zn8Cl4Te(TePh)12] (R¼ n-Pr, Ph). If the solvent is changed to tetrahydrofuran an uncharged
Zn10 compound is isolated, [Zn10Te4(TePh)12(PR3)2] (R¼Pr-n, Ph). All compounds have been
characterized by X-ray crystallography.301

Zinc tellurolates have been synthesized with bulky silyl tellurolate ligands giving hydrocarbon
solubility and enforcing low coordination numbers. The anion [TeSi(SiMe3)3] gave the complex
Zn[TeSi(SiMe3)3]2 (66) which exists as a dimer, with two bridging and two terminal tellurolate
ligands, in solution and in the solid state. In the presence of pyridine or 2,20-bipyridine a
monomer is formed, Zn[TeSi(SiMe3)3]2(pyridine)2 (67). The compounds were studied using

1H
and 125Te NMR in solution and by single-crystal X-ray diffraction.608
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The monomeric compound bis(phenyltellurido)(TMEDA) zinc has been synthesized with, once
again, a particular interest in the controlled deposition of a pure solid state compound, in this
case ZnTe nanocrystals.302,609

TMEDA can also participate in the formation of multinuclear zinc telluride complexes with
Zn10, Zn14, and Zn16 complexes structurally characterized. A comparison was carried out by
Pfistner et al. replacing the diamine with a diphosphorus ligand, bis(diphenylphosphino)methane,
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and a new type of Zn12 structure was observed.302 Li and co-workers produced polymeric
network solids from diamines, N,N0-ethylenediamine and propylenediamine, with zinc and brid-
ging telluride ligands.anchor>/anchor> These covalent inorganic–organic lattices show different
topologies dependent on the conditions of synthesis or the diamine used. All structures show
tetrahedral ZnTe3N units with �2-diamines and �3-tellurides.

610

A number of zinc derivatives of a mesityl tellurolate, (2,4,6-Me3C6H2Te
�), have been synthe-

sized. A [Zn(2,4,6-Me3C6H2Te)2]n coordination polymer forms which can only be dissolved in
strongly coordinating solvent. In the presence of one equivalent of trimethylphosphine a dimeric
complex forms with two trigonal zinc centers whereas excess trimethylphosphine or other Lewis
bases gave a four-coordinate monomeric adduct. The compound [Zn(2,4,6-Me3C6H2Te)2(pyridyl)2]
was structurally characterized showing the expected tetrahedral zinc center; thermal deposition
to form ZnTe was investigated.611

6.8.8 HALIDE LIGANDS

A number of zinc halide complexes, including bridging halides, have already been mentioned in
the context of the other ligands systems discussed in this Chapter. Examples will be presented of
catalytic systems and solution speciation, particularly in the presence of other coordinating
ligands. There are now also a few zinc fluoride species that have been well characterized.

6.8.8.1 Chlorides, Bromides, and Iodides

The molecular structures from electron diffraction of zinc dichloride, zinc dibromide, and zinc
diiodide have been reinvestigated.612 The important effects halides have on geometry have also
been investigated, in particular the changes from octahedral to tetrahedral geometry in the
presence of chloride ions have been studied.613

There are a number of structurally characterized examples of the tetrahedral [ZnCl4]
2�

anion.614–616 Hydrogen bonding to the chlorine atoms involving NH groups and water molecules
has been observed.617 For example, the reaction of xanthine with zinc chloride in dilute hydro-
chloric acid results in a solid-state structure, (Hxanthine)2[ZnCl4], in which the ions are linked by
strong hydrogen bonding.614 A polyimidazole ligand has been developed for the coordination of
zinc tetrachloride (68), [ZnCl4]

2� via hydrogen bonding. The X-ray crystal structure shows that
the inorganic ion is bound via protonation of imidazoles of the tripodal ligand resulting in
NH. . .Cl hydrogen bonds.618

The stability of zinc monohalide complexes in alcohol and solvent mixtures containing metha-
nol, dimethsulfoxide, acetonitrile, and water has been determined.619 Formation of binary and
ternary complexes of zinc ions with halides and 2,20-bipyridine was studied by calorimetry in
DMF at 25 �C.205,620,621 The study of concentrated aqueous solutions and liquid hydrates of zinc
chloride have been carried out using a number of spectroscopic techniques.622 Four-coordinate
compounds [ZnX2(DMF)2] and [ZnX3(DMF)]

� were suggested to be present, amongst others, in
the presence of bromide and iodide ions. The chloride ions gave a predominant species [ZnCl2(bpy)]
which is present to a lesser extent for bromide and at very low level for iodide. This species is in
equilibrium between four- and six-coordinate with two DMF molecules completing the coordination
sphere. The concentration of the species [ZnX(bpy)2]

þ is high for iodide, less for bromide, and this
species is not found for chloride.
Heterocyclic nitrogen donors and their adducts with zinc chloride have been studied.623,624 A

large number of other ligand systems have also been characterized, for example, zinc halide adducts
of 2,2-dimethylpropane-1,3-diamine and hexamethylphosphoramide have been studied.625,626 The
formation of mixed ligand complexes with chloride and substituted pyridines has been studied.627

The zinc tris(pyridyl) chloride anion has also been structurally characterized.628Manganese(II) ions
have been used to probe the stereochemistry in reactions of zinc halides with pyrazine.629

Although less common than zinc chlorides, there has been much synthetic and structural work
carried out on zinc bromide and iodide complexes. For example, the 1:1 adduct of N,N,N0,
N0-tetramethyl-o-phenylenediamine with zinc bromide has been structurally characterized.630

The ion exchange properties of zinc bromide and iodide have been studied in ethylene glycol.631

The electrolytic behavior of zinc bromide in propylene carbonate has been studied and the
conductance data shows the existence of dimers.632
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6.8.8.2 Reactions and Catalysis

In the presence of zinc chloride, stereoselective aldol reactions can be carried out. The aldol
reaction with the lithium enolate of t-butyl malonate and various �-alkoxy aldehydes gave
anti-1,2-diols in high yields, and 2-trityloxypropanal yielded the syn-1,2-diol under the same
conditions.633 Stoichiometric amounts of zinc chloride contribute to the formation of aminoni-
tropyridines by direct amination of nitropyridines with methoxyamine under basic conditions.634

Zinc chloride can also be used as a radical initiator.635

Cycloaddition of 2-cyanoalk-2-enones with several conjugated dienes proceeded under zinc
chloride catalysis.636 Zinc halides have also shown reactivity with phenylacetylenes.637 Zinc
chloride is an effective Lewis acid catalyst in the Diels–Alder reactions of the keto esters and
the effects on stereochemistry of catalysts used have been examined.638

Zinc chloride was used as a catalyst in the Friedel–Crafts benzylation of benzenes in the
presence of polar solvents, such as primary alcohols, ketones, and water.639 Friedel–Crafts
catalysis has also been carried out using a supported zinc chloride reagent. Mesoporous silicas
with zinc chloride incorporated have been synthesized with a high level of available catalyst.
Variation in reaction conditions and relation of catalytic activity to pore size and volume were
studied.640 Other supported catalytic systems include a zinc bromide catalyst that is fast, efficient,
selective, and reusable in the para-bromination of aromatic substrates.641

Zinc iodide catalysts are also known. Desulfonylative iodination of naphthalenesulfonyl chlor-
ides has been carried out by treatment with zinc iodide in the presence of a palladium(II)
catalyst.642

6.8.8.3 Fluorides

Fluoride ion selective spectrometry was used to determine the stability constants for zinc fluoride
complexes in water at 25 �C, giving values �1[ZnF(aq)]

þ¼ 3.5� 0.1 and �2[ZnF2(aq)]¼ 3.8� 0.5.643
These results demonstrate that the complexation of fluoride is very weak and in aqueous
chemistry no species beyond ZnFþ is of much importance. Organotitanium fluorides have been
used as matrices for trapping ‘‘molecular’’ ZnF2 and MeZnF.

644

The structurally characterized fluoro[tris(3-p-tolyl-5-methylpyrazol-1-yl)hydroborato]zinc com-
plex was synthesized by metathesis of the acetate complex with potassium fluoride or from the
free ligand and zinc perchlorate in the presence of potassium fluoride, and used as a convenient
precursor in the formation of hydride complexes.241 Pyridyl-substituted tris (pyrazolyl)borate
ligands give a dimeric structure with each zinc atom coordinated to four nitrogen donors and
one fluoride with one of the pyridyl donors from the neighboring ligand coordinated.234 Tris
(1-t-butyl-2-thioimidazolyl)hydroborate coordinates as a face-capping S3 ligand with a fluoride
completing the tetrahedral coordination.645

The CSD revealed only one example of the fluoride-bridged dimeric Zn2F2, analogous to the
commonly observed unit for the other halides. The compound characterized by Roesky and
co-workers is the only structure known with fluoride-bridged zinc atoms.646 Maggard et al.
show a bridging fluoride between a molybdenum(V) and the zinc center in a coordination
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polymer with pyrazine bridging the zinc centers.647 An interaction with a fluorine from a
hexfluorosilane, SiF6 unit is observed in zinc coordination polymer.648 A porous solid formed
via a related route, with a pyridyl donor linker, shows a similar interaction in a coordination
polymer with Zn�SiF6�Zn bridges.284

6.8.9 HYDRIDE AND RELATED LIGANDS

6.8.9.1 Hydrides

There has been an increasing number of reports of the utilization of zinc hydride complexes as
precursors in organic transformations and as reducing agents. Zinc hydrides have been less well
investigated than the other group 13 hydrides due to the formation of polymeric and oligomeric
species that are difficult to characterize.
Complexes of hydridozinc chloride and TMEDA can be formed by reaction of zinc hydride and

zinc chloride in the presence of TMEDA. The reactions of the zinc hydride species with organic
substrates have been investigated.649 Roesky and co-workers have structurally characterized an
example of a dizinc compound with a bridging hydride. No other examples of this type were
found in the CSD. The complex [{HC(CMeNAr)2}Zn (�-H)]2 (Ar¼ 2,6-Me2C6H3) (69) cannot be
obtained directly by reaction of the ligand with zinc hydride but rather by initial formation of the
analogous �-F complex and subsequent reaction with triethylsilane.646 The Zn�H bond lengths
(1.766 Å) are longer than those observed in the terminal hydride structures. The bulky aryl
substituents favor the formation of the electron-deficient three-center-two-electron Zn�H�Zn
bonds.
There are a few structurally characterized zinc compounds with terminal hydrides. A zinc

tetramer forms a cube with four phosphoraneiminate ligands, [ZnH(NPMe3)]4 has a terminal
hydride ligand coordinated to each zinc center. The structure shows a virtually undistorted Zn4N4

cube with an average Zn�H bond distance of 1.50 Å and the compound is highly reactive.650 A
monomeric zinc hydride, tris(3-tert-butylpyrazolyl)hydroborato zinc hydride, has been synthe-
sized, the structure determined and reactivity investigated.651,652 Synthesis was carried out by
transmetallation of a thallium compound with ZnH2 but a related compound, tris(3-tolyl-5-
methylpyrazolyl)hydroborato zinc hydride, was synthesized by reaction of the fluoride derivative
with triethylsilane.241

Bridging hydrides can be present in heteromultimetallic species. A tantalum/zinc dimer is
bridged by two hydride ligands and similarly a rhodium/zinc dimer is triply bridged by
hydrides.653,654 A structurally characterized trimeric Mn2Zn complex has been synthesized from
a manganese dimer with two bridging hydrides in reaction with zinc amalgam and TMEDA. The
zinc–manganese edges in the product are bridged by the hydride ligands and the compound has
been studied by NMR.655

6.8.9.2 Hydroborate Ligands

In recent years a number of zinc hydroborate complexes have been structurally characterized with
one or more hydrogens interacting with the zinc center. The simplest is probably the tris(tetrahy-
droborato)zinc anion, [Zn(BH4)3]

�, which was crystallized as the tetraphenylphosphonium salt.
The structure shows an octahedral zinc coordinated by three bidentate tetrahydroborate ligands.656

Methylzinc tetrahydroborate is also known. The X-ray crystal structure shows a helical polymer
with alternating methyl zinc and tetrahydroborate units. The BH4

� acts as a bidentate ligand to
two zinc centers giving a structure that resembles Be(BH4)2 with the MeZn unit replacing the
beryllium. Reactions of the compound were investigated with disproportionation a common
feature.657 A chelating tetrahydroborate is also observed in a monomeric zinc complex with a
TMEDA ligand and a chloride also coordinating.658

A tetrameric Zn2V2 compound contains both zinc-to-vanadium bridging hydride ligands and
chelating tetrahydroborate groups.659 The neutral borane ligand bis(trimethylphosphine)diborane
acts as a bidentate donor in the formation of a monomeric complex with ZnCl2. A hydrogen
ligand is bound from each boron giving a five-membered chelate ring.660 Parkin and co-workers
have synthesized bispyrazolylborate complexes of zinc that have an N2 donor set bound from the
ligand, with an additional weak interaction with the B�H group. Monomeric complexes are
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formed with methyl or iodide ligands.163,164 This research group has also investigated bis(mer-
captoimidazolyl)borato zinc complexes, where similar interactions are observed. The 3-center-2-
electron Zn ���H�B interactions in the bis(mercaptoimidazolyl)borato zinc X-ray structures are
at distances of between 1.77 and 2.06 Å.661

6.8.10 MACROCYCLIC LIGANDS

Macrocyclic complexes of zinc have inspired interest in varied areas such as supramolecular and
biomimetic chemistry; including hydrolysis enzymes, such as phosphatases and esterases, and also
for the fluorescent detection of zinc. The polyaza macrocycles and their N-functionalized deriva-
tives are particularly well represented. An important aspect of macrocycle synthesis is the use of
metal templates to form the ligand. Examples of zinc as a template ion will be discussed where
relevant.

6.8.10.1 Azamacrocycles

Small-ring cyclic diamines have already been discussed in Chapter 1.20. The azamacrocycles offer
the possibility for functionalization at the nitrogen donor groups and many examples will be
presented from triazamacrocycles up to much larger polyaza macrocycles that will bind more than
one zinc ion. Particular mention must be made of the large contribution of Kimura and
co-workers to this area.

6.8.10.1.1 Ligands based on triaza crowns

The crystal structure of trimethyltriazacyclononane zinc nitrate shows an unexpected octahedral
environment.662 The coordinated aquo ligands are hydrogen bonded to the nitrate counterion. It had
typically been assumed that a tetrahedral or a square–pyramidal complex with bound water is
formed for other aza-containing ligands. The pKa was shown to be 10.9 followed by 12.3 for pKa2.
These results demonstrate that a decrease in coordination number increases the acidity as is borne
out by the coordination numbers in zinc enzymes. Only a few zinc enzymes contain octahedral
centers, such as glyoxalase 1; however, bound hydroxides are not implicated as intermediates in
these enzymes. Weighardt and co-workers produced a binuclear complex with the same ligand by
variation of the pH, counter ion and solvent. Using water as solvent and the perchlorate salt, the
bis(hydroxo) bridged dimer was formed.663

1H NMR studies of the zinc complex formed with the hexadentate aniline functionalized
triazacyclononane ligand (70) showed C3 symmetry in solution. It is suggested a six-coordinate
complex is formed with all N-donors bound.664 This compares with the benzyl amino derivative,
1,4,7-tris(ortho-aminobenzyl)-1,4,7-triazacyclononane.665 The X-ray structure shows a six-coordin-
ate octahedral coordination with average Zn�N distances of 2.23 Å. The solution NMR spectra
were studied showing dynamic equilibria. Zinc forms six-coordinate complexes of amide functio-
nalized triazacyclononane ligands (71) and (72).666 The crystal structure of the zinc complex of
1,4,7-triazacyclononane monoacetate reveals a six-coordinate structure forming polymeric chains
in the solid state bridged by the acetate pendent arm. The zinc is bound to the three ring nitrogens
and an acetate oxygen from the ligand, a water molecule and a bridging acetate from an adjacent
ligand. The solubility of the compound suggests the bridging acetate is not maintained in solution
and 1H and 13C NMR were recorded.667 The zinc complex of 1,4,7-triazacyclononane-N,N0,N00-tris
(methylenephosphonate monoethylester) has been studied by potentiometry and NMR.668

Triazacyclononane with one, two, or three pendent phosphine arms has been complexed to
zinc. The complex with N-(diphenylphosphinopropyl)-1,4,7-triazacyclononane [Zn2L2Cl3][ClO4]
has been structurally characterized by X-ray crystallography.310 Secondary amine pendent arms in
the ligands 1-(2-aminoethyl)- and 1-(3-aminopropyl)-1,5,9-triazacyclododecane form complexes
with increased stability relative to tertiary amine pendents and allow an increase in coordination
number. The structurally characterized complex of the 2-aminoethyl ligand [ZnL(ClO4)]

þ reveals
a trigonal–bipyramidal geometry.669

Bis(triazacyclononane) ligands (73) where the two macrocycles are linked with chains two to
eight carbons in length have been complexed with zinc to form monomeric and dimeric
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complexes. A two- or three-carbon linker gives a monomeric complex with the X-ray structure
showing an octahedral zinc bound to all six nitrogen donors. The five-carbon linker gives a
complex [Zn2L(�-Cl)3]2(ClO4)2 where each macrocycle in the ligand has one zinc bound to three
nitrogen donors and three bridging chlorides link it to an adjacent molecule giving an octahedral
coordination geometry. As with copper the most stable structure switches from monomeric to
oligomeric complexes between a four- and five-carbon linker.670

Functionalization of the bis(triazacyclononane) compounds has been carried out to give ligands
with 2-pyridyl-methyl pendent arms (74). The bridge has been varied including ethyl, propyl,
meta-CH2C6H4CH2, and CH2CH(OH)CH2.

671 The crystal structure of the zinc complex of the
ligand with the propanol linker showed deprotonation to form an alkoxide bridge between the
two zinc centers giving a Zn�Zn separation of 3.904(2) Å. The coordination sphere for the two
six-coordinate zinc ions is completed by the five nitrogen donors from each side of the ligand.
This separation matches that found in alkaline phosphatase.441 The ligand with the ethyl linker
shows two six-coordinate zinc centers each with five nitrogen donors from the ligand and a
bromide ion bound and a Zn�Zn distance of 6.545(9) Å. Solution structure was studied by NMR
and compared with the solid state data.
As already mentioned, larger ring size triazamacrocyclic ligand complexes have also been

characterized. The zinc bromide complex of 1,5,9-triazacyclododecane has been characterized as
a mononuclear complex with a tetrahedral zinc center.672 Kimura and co-workers have exten-
sively studied zinc complex formation with 1,5,9-triazacyclododecane-based ligands.445,673–676

1,6,11-triazacyclopentadecane forms a zinc complex of the composition Zn3L2Cl6. NMR studies
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indicated that the zinc complex is stable in N,N-dimethylformamide and the formula was assigned
as [ZnLCl]2[ZnCl4], assuming a tetradral zinc center coordinated to the three macrocyclic nitro-
gens and a chloride ion.677

The crystal structure of the C-functionalized imidazole derivative of 1,5,9-triazcyclododecane
(75) shows a five-coordinate zinc with four N-donors from ligand and chloride in a distorted
trigonal–bipyramidal arrangement. The Zn�N imidazole bonds are the shortest at 2.025(3) Å.678

Deprotonation of the imidazole group resulted in a bridging imidazolate to form dinuclear zinc
complexes. The pKa of 10.3 varies from the pKa of bound water with similar ligands (as low as
7.3) and the complex is not catalytic for the hydrolysis of esters.
The zinc nitrate complexes of pyridyl functionalized 12[ane]N3 ligands 1-(2-pyridylmethyl)

-1,5,9-triazacyclododecane and 1-(2-pyridyl-20-ethyl)-1,5,9-triazacyclododecane were formed. 13C
NMR studies were used to determine conformation in solution suggesting the former gave a
trigonal–bipyramidal isomer in solution with a water bound and the latter gave a 2:1 mixture of
tetrahedral and asymmetric trigonal–bipyramidal isomers. The crystal structure of the zinc com-
plex of 1-(2-pyridyl-20-ethyl)-1,5,9-triazacyclododecane reveals a tetrahedral geometry in the solid
state.679

Tri- and tetraaza macrocycles N-functionalized with imidazole and pyrazole groups have been
coordinated to zinc. The zinc complexes of functionalized 1,5,9-trizacyclododecane and 1,4,8,
11-tetraazacyclododecane have been synthesized, (76) and (77).680–685 The formation constants
with the mono-armed 1,5,9-triazacyclododecane were calculated and found to be higher than for
the non-functionalized macrocycle and coordination was demonstrated to be through four nitrogen
atoms.684

6.8.10.1.2 Ligands based on tetraaza crowns

The classification for this section is based on the number of nitrogens in the macrocyclic ring of
the azacrown ligands. Many of the examples presented will also have nitrogen-containing pendent
arms attached to the ring nitrogens, increasing the denticity of the ligand.
Complexation and determination of formation constants has been studied with the tetramethyl-

cyclam (1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane) ligand.686 A series of zinc N4

donor macrocyclic complexes with different ring sizes were synthesized and characterized for
comparison with cadmium derivatives.687

The zinc complex of the saturated macrocycle (1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,
20,21,22-docosahydrodibenzo-[B,I][1,4,8,11] tetra-azacyclotetradecine), which is a 14[ane]N4

(cyclam) ring incorporating two cyclohexyl rings into the macrocycle, has been prepared and
characterized.688 Two isomers of the ligand were separately complexed with zinc and character-
ized by NMR.
Macrocycles attached to redox responsive groups such as ferrocene (78) can give selective

transition metal ion receptors. The X-ray structure reveals a five-coordinate zinc with distorted
square–pyramidal geometry bound to the four macrocycle nitrogens and an iodide. In the
solid state the two ferrocenyl groups are positioned on the same side of the ligand with distances
to the metal center of 5.347(7) and 6.120(8) Å and these distances can be related to the redox
behavior.689

The crystal structure of the zinc complex of 6,13-bis(2-pyridinyl)-1,4,8,11-tetraazacyclotetrade-
cane (79) shows an octahedral zinc with minimal distortion which is in close agreement with that
expected from force field calculations.690

Moore and co-workers have studied a number of tetraaza macrocycles with nitrogen-containing
pendent arms. Pentadentate 14-membered aza macrocyclic ligands containing a pyridyl group,
with a nitrogen-containing pendent arm, 2-pyridylmethyl and 1-pyrazolylmethyl, have been
complexed with zinc and the structure determined of (3,11-dibenzyl-7-(20-pyridylmethyl)-
3,7,11,17-tetra-azabicyclo[11.3.1]-heptadeca-1(17),13,15-triene)zinc perchlorate.691 A further crys-
tal structure shows the zinc coordinated to all five nitrogen donors from the ligand in a distorted
square–pyramidal geometry.692 The zinc complex of a methyl functionalized version of this
pyridine-containing macrocycle has been characterized.693 The 3,11-dibenzyl and 3,7,11-tribenzyl
derivatives of this ligand have also been complexed with zinc.694

Moore and co-workers have also studied the complexation of zinc with other tetraaza macro-
cycles and pendent arm derivatives. Zinc complexes of 11-(20-dimethylaminoethyl)-1,4,7-tri-
methyl-1,4,7,11-tetra-azacyclotetradecane have been characterized.695 A pyridine analog of this
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macrocycle and the related 11-methyl-1,4,7,11-tetra-azacyclotetradecane have also been com-
plexed with zinc.696

The ligand 6,13-dimethyl-1,4,8,11-tetra-azacyclotetradecane-6,13-diamine coordinates as a
hexadentate ligand to zinc in neutral aqueous solution. Potentiometric titrations were used to
determine the stability constant for formation. The pKa values were determined for five of the six
possible protonation steps of the hexamine (2.9, 5.5, 6.3, 9.9 and 11.0).697 Studies of the syn and
anti isomers of 6,13-dimethyl-1,4,8,11-tetraazacyclotetradecane-6,13-diamine reveal that they
offer different shapes for metal binding, which is reflected in the stability constants for 1:1
zinc:ligand ratio complexes. The selectivity of binding to the zinc ion compared to the cadmium(II)
ion by both isomers is significant.698

The complexation of zinc with N,N0,N00,N000-tetrakis(2-aminoethyl)-1,4,8,11-tetraazacyclotetra-
decane has been investigated by X-ray crystallography and potentiometry. The only complexes
isolated in aqueous or methanol/water solvents contained the �-hydroxo-bridged bimetallic cation
[Zn2(OH)L]

3þ, although potentiometric titration data suggest the presence of small amounts of
[Zn(H3L)]

5þ at low pH. The crystal structure of [Zn2(OH)L]
3þ showed two five-coordinate zinc

ions bound to two tertiary amine donors, two primary amine donors and the bridging hydroxide.
Substitution of the bridging hydroxo group by other bridging anions was unsuccessful. The pKa
for the aqua species, from which the �-hydroxo species is formed, is<5.3. Zinc is shown to have a
higher tendency for �-hydroxo formation than the other group 12 metals.699

Zinc complexes have been characterized with hexadentate macrocycles formed from a tetraaza
macrocycle functionalized with pyridylmethyl or pyrazolylemthyl groups.700

Larger tetraaza ring complexes are also known. The zinc complex of 1,5,9,13-tetraazacyclohexa-
decane ([16]aneN4) has been characterized by X-ray crystallography showing a distorted tetra-
hedral geometry around the zinc ion in Zn([16]aneN4)][ClO4]2. Molecular mechanics analysis was
used to determine the possible conformations of the macrocycle over a range of Zn�N bond
lengths. The calculation confirmed the expected stability increase for smaller tetrahedral metal
ions such as zinc. The predicted conformer was the one observed in the structural characterization.701

Lippard characterized the structural effect of variation in the alkyl bridge length in tropocoro-
nand complexes of zinc (80). Six complexes of ligands with bridge lengths from n¼m¼ 3 to
n¼m¼ 6 were structurally characterized.702 The complexes had distorted tetrahedral–square
planar geometries, with the exception of the m¼ n¼ 3 adduct which was five-coordinate with
an additional pyridine ligand.
The zinc iodide complex of a 15-membered diamine diimine macrocycle has been structurally

characterized.703

A dinucleating ligand with two dimethylcyclam rings reacts with zinc perchlorate to give
[Zn2L](ClO4)4. This product spontaneously reacts with atmospheric carbon dioxide to give
[Zn2(�-CO3)L](ClO4)2�2H2O. X-ray analysis shows that two cyclam rings are arranged in a
face-to-face manner with a bridging carbonate resulting in a Zn�Zn distance of 6.806(2) Å.704
Aza macrocycles have also been used as templating agents in the formation of zinc and other

metal cation-containing aluminophosphates via hydrothermal synthesis.705 The zeolite-like struc-
tures have been formed in the presence of cyclam- and hexaaza-based macrocycles.
Breslow demonstrated the catalytic effect of having not only a Lewis acid zinc center but also

an auxiliary catalytic center held in close, but non-binding, proximity. An imidazole or thiophenol
(81) demonstrated increase in effectiveness in cyclization of a phosphate derivative.706,707 Pyridine
pendents on this macrocycle gave a stability for zinc in line with the Irving Williams series for two
pyridine and three pyridine pendents.708 A contrast was noted with other metals (Ni, Cu, Cd, Pb,
Fe, and In), all of which increase in stability with three pendent arms as does zinc; this was
attributed to coordination preferences.
Electron transfer from a macrocycle (82), based on cyclen, complex to coordinated riboflavin

proceeds via an inner sphere electron transfer pathway. The riboflavin coordinates through
the imide and the relevance to the interception of biological electron transfer pathways is
discussed.709

The catecholate and semiquinonate complexes of zinc with tetraaza macrocycles have been
synthesized and CD spectra recorded.710

A bipyridine-containing macrocycle gives a color switching zinc complex. The color of the zinc
complex solution varied with the solvent and the presence of acid or base (Scheme 3). The
transformation between the solution colors is reversible. As shown in the scheme the conjugation
of the ligand changes with the position of the facile hydrogen atom making the compounds very
sensitive to the chemical environment (pH and solvent).711
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6.8.10.1.3 Ligands based on pentaaza crowns and larger

The X-ray structure of a mono-pyridyl containing pentaaza crown macrocycle (3,6,9,12-tetra-
methyl-3,6,9,12,18-penta-azabicyclo[12.3.1]octadeca-1(18),14,16-triene) with zinc perchlorate has
been determined.712

An 18-membered hexaaza macrocycle containing four amine and two pyridine nitrogens (83)
forms a helical complex of which the enantiomers have been resolved. The crystal structure of the
complex as (3,6,14,17,23,24-hexaazatricyclo[17.3.1.1(8,12)]tetracosa-1 (23),8,10,12(24),19,21-hex-
aene)zinc trifluoromethanesulfonate, [ZnL](CF3SO3)2 showing a six-coordinate zinc center.
The rigidity afforded by the addition of the pyridyl group gives an exceptionally inert complex
with zinc. Spin simulation analysis of the 1H NMR spectra and the dihedral angles calculated
were in agreement with those from the solid-state X-ray analysis; both gave 222 symmetry.
The CD spectra were recorded of the resolved right- and left-handed helical isomers.713

The binding constants for a series of metals including zinc were determined for hexaaza
macrocycles with pyridyl and amine donors of varying ring sizes in the above ligand and
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(3,7,15,19,25,26-hexaazatricyclo[19.3.1.1(9,13)]hexacosa-1(25),9,11,13(26),21,23-hexaene).714 As
would be predicted by the Irving Williams series, the 1:1 zinc complexes were less stable than those
for nickel(II) and copper(II) for both ligands. The zinc complexes were also more stable than those of
cadmium(II) and lead(II) but the difference in the stability was smaller for the larger ring size.
The stability of zinc complexes of hexadentate polyamine macrocycles have been studied. A

comparison of the ring size effects was made on moving from [18]aneN6 (1,4,7,10,13,
16-hexaazacyclooctadecane) to [24]aneN6 (1,5,9,13,17,21-hexaazacyclotetracosane). Potentiometric
titrations were carried out to determine the protonation and stability constants. A mononuclear
complex was formed and the stability constant for [Zn([24]aneN6)]

2þ was related to those of other
transition metals, showing it to be less stable than copper(II), similar to nickel(II), and greater
than cadmium(II).715

The structure of the dinuclear zinc [24]aneN8 (or 1,4,7,10,13,16,19,22-octaazacyclotetracosane)
complex was determined and complexes of the ligands [18]aneN6, [21]aneN7 and [36]aneN12-
synthesized. Trends were observed with variation in ring size;716 [24]aneN8 forms both mono- and
dinuclear species, smaller macrocycles only mononuclear, and larger have more stable dinuclear;
the larger the macrocycle the more stable the binuclear species. The structure of
[Zn2([24]aneN8)Cl2]

2þ shows two five-coordinate zinc ions with distorted square–pyramidal
geometry bound to four macrocycle nitrogens and one chloride. The Zn�Zn distance is 5.44 Å.
The binuclear complex [Zn2([30]aneN10(84))NCS)](ClO4)3] was characterized crystallographically

and the complexes of [27]aneN9 and [33]aneN11 reported.
717 The dizinc macrocyclic complexes had

stability constants around 20, the slight increase in stability on going to the larger macrocycles is
attributed to the ease of accommodation of two zinc centers while minimizing any interactions
between them. Hydroxo species are present above pH 8. The first zinc is coordinated by
five macrocycle nitrogens and the second zinc is coordinated by four macrocycle nitrogens and
one from the thiocyanate; both show distorted trigonal–bipyramidal geometry. The Zn�Zn distance
is 6.40 Å.

6.8.10.2 Oxacrowns and Thiacrowns (see Chapter 1.18)

Some examples of oxa crown coordination have already been presented earlier in the context of
other ligands coordinated, see Sections 6.8.3.3 and 6.8.6.3. A few further examples are included in
this section.
Diffusion of solutions containing zinc chloride and crown ethers can give solid state structure

where the zinc ion is coordinated to the crown ether oxygens.718 A five-coordinate zinc is
observed with distorted trigonal–bipyramidal geometry bound to a chloride, a water molecule,
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and three O donors from the crown ether. Alternately, recrystallization from organic solvents
results in a structure where the zinc is no longer directly coordinated to the crown ether but
interacts via a hydrogen bonding network. A tetrahedral [ZnCl3(H2O)]

� and an octahedral
hexaaquozinc are present for each crown ether in the structure. Such compounds are suggested
to be snapshots of desolvation.
The zinc complexes with 15-crown-5 were revealed to be seven-coordinate with a number of

examples crystallized with metal bound to the five crown ether donors and variation in the
remaining two ligand positions.351 Structural examples are known of zinc coordinated to
18-crown-6 by three ring oxygens and the remaining coordination positions occupied by iodide
or alkyl iodide ligands.87 The smaller 12-crown-4 ring results in a bis-ligand complex where the
zinc is eight-coordinate with four ether donors from each macrocycle (Figure 11).719

The 1,4,7-trithiacyclononane ligand, [9]aneS3, zinc complex was synthesized to compare with
the electrochemistry of related complexes and showed an irreversible oxidation and an irreversible
reduction at þ1.30V and �1.77V vs. ferrocene/ferrocenium, and the X-ray crystal structure of
the bis macrocycle zinc complex was reported.540,720

6.8.10.3 Mixed Donor Macrocycles (see Chapter 1.20)

A number of mixed crown ligands have been synthesized combining N, O, or S ligands. The
larger, more flexible, ligand systems can show interesting coordination patterns as the zinc binds
to its preferred donor set.
A series of mixed N/O and N/S donor macrocycles of varying ring sizes was synthesized to

determine the effects on metal ion binding selectivity with a variation in macrocycle size giving ion
recognition properties.721,722 X-ray structural results of three zinc complexes showed either distorted
trigonal–bipyramidal or distorted octahedral coordination geometry. Stability constants were cal-
culated for the zinc complexes and trends analyzed. Non-coordination of ether and thioether
donors was observed in a number of the compounds. The 17-membered ring with an N5 donor
set showed the highest stability constant for both cadmium and zinc complexes.
The properties of the complex formed with an N2O2 macrocycle containing pendent hydro-

xyethyl or carbamoylethyl has been investigated. The thermodynamic stability of 1:1 zinc to
ligand ratio has been determined by potentiometry.723 Similar studies have also been carried out
on pyridylmethyl pendent arm derivatives of 14- to 17-membered N2O2 macrocycles at a 1:1
ratio, with the data indicating the involvement of the pyridyl nitrogen in coordination in
solution.724

An 18-membered N3O3 macrocycle could not be synthesized with transition metal templates
but the N4O2 analog (85) was successfully synthesized with a zinc template. This gave
dinuclear �-hydroxy bridged zinc complexes including a rare example of a single unsupported

Zn

O

Figure 11 The molecular structure of zinc with two 14-crown-4 ether macrocycles giving an unusual
coordination number of eight.719
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�-hydroxy zinc dimer. The metal ions are distorted square pyramidal bound to the four
macrocyclic nitrogens and the oxygen from the bridging hydroxide. The reduced form of the
macrocycle (86) was synthesized from the free ligand and complexed.725 The zinc complex of
the related N3O2 macrocycle (87) was also formed by condensation of 2,6-pyridinecarbalde-
hyde and 1,4-bis (2-aminophenoxy)butane as both a nitrate and perchlorate salt.726 Similarly, the
ether oxygen atoms in the macrocycle are not coordinated in the solid state. The reduced form (88) has
also been synthesized and complexed.727 The X-ray structure shows a distorted trigonal–bipyr-
amidal geometry with the three macrocycle nitrogens, an acetonitrile, and a water molecule
coordinated.
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A seven-coordinate zinc complex (89) has been structurally characterized with a N3O2
15-membered macrocycle demonstrating a distorted trigonal–bipyramidal geometry with a mono-
dentate nitrate and water completing the coordination sphere.728 The complexation of the related
macrocycle with a propyl bridge replacing the ethyl bridge between the two amine nitrogens was
also studied. It was noted that the change from 15- to 16-membered ring made a large change in
coordination properties for zinc but less so for cadmium. Two further zinc coordinated structures
of the 15-membered ring ligand were determined. ZnLI2 showed the zinc diiodide unit coordinated
outside the macrocyclic cavity and [ZnL(NO3)]NO3 displayed a six-coordinate approximately
trigonal–prismatic geometry bound to the N3O2 donors of the macrocycle and a nitrate oxygen.

729

The complexation of other mixed oxa aza macrocycles has been studied, and protonation and
stability constants of the zinc complexes of macrocycles 1,4,10,13-tetraoxa-7,16-diazacycloocta-
decane-7,16-bis(malonate), the -7-malonate derivative and -7,16-bis(methylacetate) derivative
have been determined by potentiometry at a 1:1 ligand-to-metal ratio.730

The pentadentate macrocyclic ligand 4,7-bis(2-hydroxybenzyl)-1-oxa-4,7-diazacyclononane
forms a dimeric zinc species with bridging hydroxide ligands. The crystal structure of
[(LH)2Zn2(�-OH)](PF6) shows two octahedrally coordinated zinc ions connected by a �-hydroxo
bridge. There are hydrogen bonding interactions from the coordinated phenolic and phenolate
groups in both ligands. Ligand deprotonation allowed preparation of [LZn(H2O)ZnCl2].

731

A number of crown and related ligand systems have been synthesized with pendent arms that
contain donors other than nitrogen. Potentiometric titration studies of dihydroxamate derivatives
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of dioxacyclam (90) were carried out. It is suggested that the ligand binds via the hydroxamate
O,O and there is no evidence for bimetallic complex formation.732

13C NMR studies suggest that 1,4,7,10-tetra-azacyclododecane-1,7-diacetic acid binds to zinc
in a cis octahedral geometry�the two carboxylate oxygens are cis and the remaining four
donors from the cyclen macrocycle. The formation constant was determined for the
complex.733

The zinc complexes formed in aqueous solution with the 12-membered macrocycle 2,9-dioxo-1,
4,7,10-tetra-aza-4,7-cyclododecanediacetic acid and the 13-membered macrocycle 2,9-dioxo-1,
4,7,10-tetra-aza-4,7-cyclotridecanediacetic acid have been examined and stability constants deter-
mined. The structure of the zinc complex of the 12-membered macrocycle was determined by
single-crystal X-ray analysis. The zinc has a distorted octahedral coordination sphere with two
amine nitrogens, an amide nitrogen, and two acetate oxygen atoms from one ligand and an
acetate oxygen from a neighboring complex. The acetate group links the zinc ions to form a one-
dimensional array.734

Pendent arm 1,4,7-triazacyclononane macrocycles (91) and (92) have been used to stabilize the
zinc-to-phenoxyl bond allowing characterization of these compounds.477 The interest in the zinc
complexes comes from the wide potential range in which it is redox stable allowing observation of
the ligand-based redox processes, this allows study of the radical by EPR and the electronic
spectra is unperturbed by d–d transitions. Macrocycles of the type 1,4,7-tris(2-hydroxybenzyl)-
1,4,7-triazacylononane form a bound phenoxyl radical in a reversible one-electron oxidation of
the ligand. The EPR, resonance Raman, electronic spectra, and crystal structure of the phenoxide
complexes were reported. This compound can be compared to a zinc complex with a non-
coordinated phenoxyl radical as a pendent from the ligand.735

Mixed N/O donor macrocycles (93) have been used to extract metals from solution via
competitive metal transport.736

Kimura and co-workers have synthesized a series of alkoxide complexes with the alcohol
functionality as a pendent arm.447,674,737 A zinc complex of 1-(4-bromophenacyl)-1, 4,7,10-tetraaza-
cyclododecane was also synthesized by the same workers to mimic the active site of class II
aldolases. The X-ray structure shows a six-coordinate zinc center with five donors from the ligand
and a water molecule bound. The ketone is bound with a Zn�O distance of 2.159(3) Å (Figure 12).
Potentiometric titration indicated formation of a mixture of the hydroxide and the enolate.
Enolate formation was also independently carried out by reaction with sodium methoxide, allow-
ing full characterization.738

The zinc complex of a 14-membered cis-N2S2 dibenzo macrocycle with two pendent pyridyl-
methyl groups was studied (L¼ 8,11-bis(2-pyridylmethyl)5,6,7,8,9,10,16,17-octahydro-diben-
zo[e,m][1,4]dithia[8,11]diazacyclotetradecine). In solution, [ZnL]2þ takes up atmospheric carbon
dioxide and transforms to the dinuclear complex [(�-CO3)(ZnL)2](ClO4)2. The structures of both
complexes have been elucidated. The zinc atoms, which are situated outside the macrocyclic ring,
are unsymmetrically bridged by the �-carbonato group.739

O

Zn

N

Figure 12 The molecular structure of zinc with a coordinated ketone pendent.738
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6.8.10.4 Cryptands and Crossbridged Macrocycles

Cryptands and rigid crossbridged macrocyclic zinc complexes have been characterized with
varying degrees of encapsulation.
Bharadwaj synthesized the zinc complex of a mixed donor cryptand (94). The X-ray structure

shows that the zinc binds in the tetraamine cavity at the base of the ligand in a tetrahedral
environment and not to the oxygen donors. This demonstrates the expansion potential of the
cavity compared with the free ligand.740

Stability data via potentiometric titration has been determined for a number of octaminocryp-
tands with different spacer groups and is shown to follow the Irving–Williams series trend
resulting in selectivity for copper.741 Zinc binding to a range of these ligands has been examined
and compared with copper ions. Selectivity for copper is demonstrated with a pyridine spacer.741

Sargeson and co-workers have structurally characterized encapsulated zinc in hexaaza cryp-
tands.742,743 Related cryptands (1-methyl-8-amino-3,13-dithia-6,10,16,19-tetraazabicyclo[6.6.6]-
icosane and 1-methyl-8-amino-3-thia-6,10,13,16,19-pentaazabicyclo[6.6.6]icosane) incorporating
thioether donors also formed complexes with zinc which were structurally characterized. In
both cases the zinc ion was encapsulated in the macrobicyclic cavity and the octahedral coordin-
ation geometry distorted to the mixed nitrogen and thioether donor atoms.744

Strapped tetramines show conformationally rigid coordination environments that can lead to
novel stability properties. The coordination properties of bowl-shaped cavities or adamanzanes
such as the ligand 1,5,9,13-tetraazabicyclo-[7.7.3]nonadecane (95) were investigated.745 The
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complex has slightly distorted tetrahedral coordination and a dissociation half life of 14 min at
40 �C in 5 M HCl. This contrasts with a smaller cavity in 1,8-crossbridged cyclam that forms six-
coordinate complexes with the remaining two ligands chloride or aquo, and the former shown to
be a chloro bridged dimer. The cavity is too small to encapsulate the zinc and imposes a higher
coordination number.746

6.8.10.5 Compartmental Macrocycles (see Chapter 1.19)

Compartmental ligands contain binding sites for more than one metal center. The calixarene-
related tetramino tetraphenolic polynucleating macrocyclic ligand (96) gives the structurally
characterized [LZn4(OH)(CH3CO2)3(CH3OH)]. The zinc ions are in an asymmetric kite arrange-
ment with a hydroxo ligand bridging three of them with the fourth at a distance of 2.849(5) Å. Of
the hydroxo bridged zinc centers, two are five-coordinate, and the other is six-coordinate. The
fourth zinc ion has a distorted four-coordinate geometry.747 The dizinc complex of a pyridyl
functionalized compartmental ligand (97) was formed in reaction with the sodium salt of the
ligand and characterized by NMR and mass spectrometry.748

A mixed zinc barium dimeric complex (98) was formed with a ligand containing polyether and
isothiosemicarbazide groups.749 Ligand synthesis was carried out by templating around the
barium ion but the monozinc complex could be isolated by removal of the barium ion from the
Ba/Zn complex. The crystal structure of the barium zinc dimer complex [ZnBaLI(CF3SO3)

NH

NH

OH

OH

HN

NH

OH

HO

N OH N

Cl

N N

N OH N

Cl

NH

N

HNN

O

O

N
N

N

O O

O

O

S

Zn

Ba

I

N HN

NNH

(95) (96)

(97) (98)

1214 Zinc



(CH3OH)]2 has a distorted square–pyramidal zinc center with the iodide in the apical position and
a Zn�Ba distance of 3.736(1) Å. The iodide can be removed by treatment with a silver salt.
Okawa produced a series of heterobimetallic zinc–lead complexes using the unsymmetric

compartmental ligand (99).750,751 ZnPbL(ClO4)2�2DMF�MeOH and [ZnPbL(OH)](ClO4) have
been structurally characterized. The activity towards hydrolysis of trisnitrophenylphosphate to
bisnitrophenylphosphate was studied. The crystal structure of a bisnitrophenylphosphate analog
[ZnPbL(bisnitrophenylphosphate)](ClO4) reveals the phosphate ester group bridging the two
metal ions binding through two oxygens.
A Robson-type compartmental macrocycle (100) gives dinuclear zinc complexes on complexa-

tion.752 Both five-coordinate and six-coordinate zinc ions are observed, dependent on the anion
present. The crystal structure for the compound Zn2L(ClO4)2�2H2O reveals two independent
dinuclear zinc complexes, one with two six-coordinate zinc centers with an intermetallic distance
of 3.166 Å, and one with two five-coordinate zinc centers with a Zn���Zn distance of 3.177 Å. In
the compound [Zn2L(N3)2] the two zinc atoms are five-coordinate, bound to the ligand and the
azide anion and are separated by 3.333 Å. This type of macrocycle has also been used as a
molecular building block in formation of ordered networks in the solid state. Two different
molecular ladders were formed and structurally characterized with different ratios of 4,40-bipyri-
dine to the zinc complex building block, [Zn2L(H2O)2]

2þ.753

The zinc-templated condensation of 2,6-diformyl-4-methylphenol with 1,11-diamino-3,6,
9-trioxaundecane gave a tetranuclear zinc complex [Zn4L(�-O2CMe)4][ClO4]2, where H2L is a
[2þ 2] tetra-Schiff base macrocycle.754 The X-ray structure shows a complex cation that is
centrosymmetric and contains two pairs of zinc ions bridged by a phenolic oxygen and
two acetate ligands. Another tetranuclear complex [Zn4L(�-OH)2(�-O2CMe)2][ClO4]2 can be
isolated for structural analysis by changing the recrystallization solvent to methanol. In both
complexes the four zinc ions are encapsulated in the macrocycle but in the second complex the
two dimeric units formed by phenoxo and acetato bridges are also connected by two hydroxo
bridges. Proton NMR spectroscopy was used to show that structural conversion is reversible.
Reduction of the tetranuclear complex gave a dinuclear zinc complex of the imine reduced form
of the ligand.
A heterotrinuclear complex, [Cu2Zn(101)][ClO4]3�3H2O was synthesized from the 38-membered

macrocycle (101). The compound has been characterized by single-crystal X-ray diffraction
showing the macrocycle complex twisted into a helical conformation. The zinc has a trigonal–
bipyramidal N3O2 coordination sphere with all donor atoms from the macrocycle; the phenolic
oxygen donors bridge to one of the copper ions.755

Dicompartmental ligands bearing picolyl pendent arms on the amine nitrogen donors were
synthesized and the monozinc complex structurally characterized.756

Thiolate-containing macrocycles have been of great interest due to the prevalence of thiolate
ligands in a number of enzyme active sites and the interactions of zinc with thiolates in proteins.757

Zinc complexes of thiolate-containing compartmental Schiff base macrocyles (102) and (103)
formed with 2,6-diformyl-4-methylthiophenolate have been investigated. The structure of the zinc
complex of the macrocycle with a secondary amine linker group (102) shows an unusual arrange-
ment containing two zinc ions but no thiolate bridge.758,759 It is postulated that this is due to the
spatial arrangement of the donors. In the macrocycle formed with a shorter linker (103), a thio
version of the Robson-type ligand, the zinc ions are coordinated in a square–pyramidal geometry.
The structure of a tetranuclear zinc complex has been determined. The complex [Zn2(103)
(�-OH)]2[ClO4]2� 2H2O shows two unique dinuclear zinc units linked by two hydroxy bridges.760

6.8.10.6 Porphyrins and Phthalocyanines

Square–planar zinc compounds predominate with these ligand types as would be predicted. This is
in contrast to the prevalence of tetrahedral or distorted tetrahedral geometries for four-coordinate
species that have been discussed thus far. Zinc porphyrin complexes are frequently used as
building blocks in the formation of supramolecular structures. Zinc porphyrins can also act as
electron donors and antenna in the formation of photoexcited states. Although the coordination
of zinc to the porphyrin shows little variation, the properties of the zinc-coordinated compounds
are extremely important and form the most extensively structurally characterized multidentate
ligand class in the CSD. The examples presented here reflect only a fraction of these compounds
but have been selected as recent and representative examples. Expanded ring porphyrins have also
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been characterized with zinc but show that the cavity is too large to accommodate binding to all
ring nitrogens; for example, a porphocyanine incorporating a zinc dichloride unit binds through
only two of the six ring nitrogens.761

6.8.10.6.1 Porphyrin-based ligands (see Chapter 1.23)

The functionalization of zinc porphyrin complexes has been studied with respect to the variation
in properties. The structure and photophysics of octafluorotetraphenylporphyrin zinc complexes
were studied.762 Octabromoporphyrin zinc complexes have been synthesized and the effects on the
1H NMR and redox potential of 2,3,7,8,12,13,17,18-octabromo-5,10,15,20-tetraarylporphyrin
were observed.763 The chiral nonplanar porphyrin zinc 3,7,8,12,13,17,18-heptabromo-2-(2-
methoxyphenyl)-5,10,15,20-tetraphenylporphyrin was synthesized and characterized.764 X-ray
structures for cation radical zinc 5,10,15,20-tetra(2,6-dichlorophenyl)porphyrin and the iodinated
product that results from reaction with iodine and silver(I) have been reported.765 Molecular
mechanics calculations, X-ray structures, and resonance Raman spectroscopy compared the
distortion due to zinc and other metal incorporation into meso dialkyl-substituted porphyrins.
Zinc disfavors ruffling over doming with the total amount of nonplanar distortion reduced
relative to smaller metals.766 Resonance Raman spectroscopy has also been used to study the
lowest-energy triplet state of zinc tetraphenylporphyrin.767

Functionalization can be used to alter the redox properties of the zinc metalloporphyrin;
the zinc heptanitroporphyrin shows facile reduction to the air-stable �-anion radical.768 Modifica-
tion of the zinc porphyrin at the � position with chlorine or bromine to induce saddling of the
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macrocycle, as demonstrated by spectral shifts, can be used as a strategy to lower the energy of
the porphyrin HOMOs which can be important in catalysis applications.769 The zinc complexes of
the octaethyloxophlorin dianion and the oxidized stable free radical species were characterized by
single-crystal X-ray diffraction. Both structures show a five-coordinate zinc center with an axial
bound pyridine.770 Substituent effects in axial ligation, by 1-methyl imidazole, of zinc tetraphe-
nylporphyrin complexes have been studied. Relatively large entropy losses are associated with
electron-donating substituents in the para position of the phenyl rings.771 The reduction potentials
of the zinc complexes of nonplanar tetrakis (pentafluorophenyl) porphyrins were analyzed electro-
chemically and were in agreement with the prediction that the resultant symmetry change from
distortion of the macrocycle destabilizes the HOMOs.772

The kinetics of complexation to the zinc ion have been studied with a number of examples. The
kinetics of zinc insertion into tetraphenyl porphyrin were compared to a capped porphyrin, a
co-facial bis-porphyrin, and a spheroidal bis-porphyrin.773 The insertion of the second zinc center
into the bis-porphyrins was followed by HPLC. The insertion into the spheroidal bis-porphyrin
was extremely slow and slower than the other porphyrins studied. The kinetics of incorporation of
zinc into a large number of free base porphyrins of varying charges and structures has been
investigated in N,N-dimethylformamide. Meso-phenyl rings substituted in the para position to
donate electron density are more reactive to zinc complexation. Mercury(II) catalyzes the forma-
tion of the zinc complexes by rapid initial formation of the mercury(II) porphyrin, which is more
reactive to zinc.774 Mercury(II) has also been shown to enhance the incorporation of zinc into
5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin with formation of a heterodinuclear HgZn por-
phyrin intermediate suggested by the kinetic results and absorption spectra.775 The zinc incorpora-
tion kinetics of porphyrins, chlorins, and isobacteriochlorins were compared. Tetraphenyl
isobacteriochlorin had the highest reactivity with zinc in pyridine solvent with tetraphenyl chlorin
showing higher reactivity than tetraphenyl porphyrin.776 Rapid complexation of tetraphenyl
porphyrin, in organic solution, with zinc at the solid–liquid interface was observed with zinc
adsorbed on a silica surface.777

Ligands with more than one coordination site have been synthesized. A superstructured
porphyrin ligand with an additional binding site for a second zinc ion was synthesized. The X-ray
structure shows a bridging acetate ligand between the porphyrin cavity-bound zinc and the zinc bound
to the appended tripodal chelator.778

Appended groups can also be used to change the coordination properties at the zinc porphyrin
center. Picket fence and modified picket fence zinc porphyrin complexes have been formed and
characterized. Modification products, such as one of the pivalamido groups being replaced by a
methylamino or a hydroxybenzoylamino group, have been studied by 1H NMR and electronic
spectroscopy.779 Other ‘‘picket fence’’ complexes include a tetrahydrothiophene picket zinc com-
plex, zinc 5,10,15,20-tetrakis[o-(tetrahydro-2-thenoylamino)phenyl] porphyrin, which can bind
two silver(I) ions to the thiophene pickets.780 The bis-pocket porphyrin aquo(tetramesitylporphi-
nato)zinc has been structurally characterized.781 A variety of ‘‘basket handle’’ porphyrin zinc
complexes have been synthesized with varying chain lengths.782 UV–visible spectral measurements
and electrochemical studies have shown a zinc complex of a tetraphenylporphyrin with an
appended pyridyl group showing temperature-dependent formation of a five-coordinate com-
pound with the pyridyl group bound intramolecularly.783

Aggregates or linked zinc porphyrins are common, including dimers and trimers. Co-facial zinc
porphyrin dimeric units have been synthesized with xanthene bridges and X-ray structural and
spectroscopic data collected (Figure 13).784 Excitonic interactions in covalently linked zinc por-
phyrin dimers have been studied using the flash photolysis time-resolved microwave conductivity
technique. Increasing the length of the linker group increases the electronic interaction between
the two porphyrin units showing an inverse distance effect.785 Diarylurea-linked porphyrin dimers
and trimers have been formed.786 [5-(Pyrazol-4-yl)-10,20-bis(p-tolyl)-15-(2-ethoxycarbonylphe-
nyl)porphyrinato]-zinc forms a cyclic porphyrin trimer which is linked by both a coordinate
bond to the pyrazole nitrogen and a hydrogen bond between the pyrazole and the 2-ethoxycar-
bonyl units. NMR, UV–vis, and IR spectra have been recorded in addition to electrochemical
studies.787 Bridged zinc tetraphenylporphyrin can be formed electrochemically in the presence of
bis(diphenyl-phosphino)acetylene. Dimer formation occurs with bis(diphenylphosphonium)acetyl-
ene bridge.788 Aromatic spacers bridging between two zinc porphyrins and a pyromellitimide gave
a complex studied for the photo-induced charge separation. Solvent effects were also observed
with solvent polarity having a marked effect on the lifetime of different states.789 The zinc
complexes of amino acid derivatized porphyrins have been synthesized and characterized, with
the amino acid bridged dimeric species showing significant induced circular dichroism.790
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Larger oligomeric and polymeric aggregates also form. Aggregates of free porphyrins can show
quite different properties to the zinc porphyrinates due to the possibility for axial binding to the
zinc ion. This is of specific interest in the fluorescent quenching properties.791 Meso–meso linked
porphyrin arrays have been synthesized as light-harvesting antennas and molecular photonic wire.
Increase in the number of porphyrins resulted in the high-energy Soret bands remaining at almost
the same wavelength (413–414 nm), while the low-energy exciton split Soret bands are gradually
red-shifted, giving an increase in the exciton splitting energy.792 A number of functionalized
tetraphenylporphyrin zinc compounds have shown formation of meso–meso linked porphyrin
arrays by one-pot electrochemical oxidation, with oligomers up to the octamer isolated from
[5,15-bis(3,5-di-t-butylphenyl)porphyrinato]zinc as starting material.793 Conjugated zinc por-
phyrin oligomers have been shown to form ladder-type structures by 1H NMR, with linear
bidentate ligands 1,4-diazabicyclo[2.2.2]octane and 4,40-bipyridyl.794 The oxidation of zinc-5,
15-diarylporphyrins by silver(I) gives a polymer, poly(zinc-5,15-porphyrinylene), in high yields.795

Investigation has been carried out of photo-induced electron transfer at liquid–liquid (water/1,2-
dichloroethane) interface with zinc tetra(3-carboxyphenyl) porphyrin. In particular, pH effects
demonstrate the importance of hydrogen bonding to the self assembly at the interface.796 Electro-
polymerization of zinc-10-bipyridinium-octaethyl-porphyrinate results in a polymer with a zigzag
configuration and can give micrometer-long, wire-shaped linear polymers if 5,15-chloro substi-
tuted. The wires have two parallel strands based on the dimers formed in solution.797 A template-
directed formation of a hexameric wheel of covalently linked free base and zinc porphyrin units
was demonstrated. The porphyrins were templated around a tripyridyl unit and linked at the
meso position by diphenylethyne units, resulting in a face-to-face distance across the cavity of
35 Å.798

Non-covalently linked porphyrin arrays have been synthesized from nucleobase-substituted free
base porphyrins and zinc porphyrin complexes. Hydrogen-bonded assemblies from rigid hydro-
gen-bonded guanosine to cytidine base pair porphyrins are formed from the functionalized
units.799 Conjugated fused tape-shaped arrays of covalently linked zinc porphyrins showed
electronic absorption bands that reach into the infrared. It was shown that the oxidation
potentials decreased upon increase in the number of porphyrins; both properties suggest potential
use as molecular wires.800 The photophysical properties of a series of ethynyl-bridged porphinato
zinc oligomers have been investigated over the femtosecond and picosecond time scales. The
linkage topology strongly influences the dynamics over these time scales.801 (5-Pyridyl-10,15,20-
triphenylporphyrinato)zinc forms a polymer with the pyridyl unit coordinating to the zinc center of
a neighboring porphyrin complex. The X-ray structure reveals zigzag chains forming in the solid
state. NMR studies demonstrated a similar structure in solution. Dimers and trimers could be

Figure 13 Molecular structure of a co-facial zinc porphyrin dimer with a xanthene spacer.784
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formed from pyridyl- or dipyridyl-functionalized zinc porphyrins with zinc tetraphenylpor-
phyrin.802

There are many sensor and receptor applications of zinc porphyrins. Dimeric zinc porphyrin
tweezers have shown specific recognition properties for chiral monoalcohols and monoamines,
inducing a preferred helicity in the dimeric compound.803,804 Other bis(zinc porphyrin) tweezers
show intercalation of a variety of Lewis base guests.805 Water-soluble zinc porphyrin receptors
incorporating a hydrophobic binding pocket and a carboxylate group to form electrostatic
interactions was synthesized. The zinc is a Lewis acid site and the tetraphenyl porphyrins were
substituted with long-chain alkyloxy groups to give the receptors. Selective binding to amines,
�-amino acid esters, and oligopeptides in water was observed. Histamine was also bound and
revealed imidazole coordination to the zinc center.806 Selective anion receptors have been synthe-
sized by functionalization of zinc porphyrins with ferrocene groups. Receptors based on
5,10,15,20-tetrakis(o-ferrocenyl-carbonylaminophenyl-substituted) zinc strongly bind to halide,
nitrate, and hydrogen sulfate anions. The electrochemistry of the system shows perturbations of
the porphyrin oxidation and ferrocene redox couples allowing electrochemical sensing.807

Zinc porphyrins have been used in the molecular recognition of carbohydrates. [5,15-bis
(8-quinolyl)porphyrinato] zinc showed affinity for octyl glucoside and mannoside in chloroform
solutions with 1H NMR studies demonstrating that zinc coordination and hydrogen bonding to
the quinolyl group were both important to the binding interaction.808 Hydroquinone–quinone
pairing has been used in molecular recognition with [5,10,15-triphenyl-20-(2,5-dihydroxyphenyl)-
porphyrinato] zinc–quinone complexes.809

The photoactive properties and potential for use of some of these compounds as photoactive
antennas have been explored. Electron transfer studies between C60 fullerene and zinc porphyrins
linked by a short spacer unit have been studied. Varying lifetimes for the radical ion pairs have
been observed.810,811 Fullerenes have also been linked in a three-component system with a zinc
tetraphenylporphyrin and a free base porphyrin.812 The zinc porphyrin acts as an antenna
molecule transferring the resultant singlet excited state energy to the lower energy free base
porphyrin. A mixed metalloporphyrin trimer with one ruthenium and two zinc porphyrins
templated by tripyridyltriazine has been synthesized and its properties investigated.813 A zinc
porphyrin and ruthenium(II) tris(2,20-bipyridyl) have been linked by a platinum(II) unit and the
compound shows excitation in the ruthenium fragment followed by rapid intermolecular transfer
to the porphyrin triplet state.814 A trimeric compound consisting of a zinc porphyrin, an
iridium(III) bis-terpypyridine, and a gold(III) porphyrin was studied for multistep electron
transfer producing a charge-separated state almost quantitatively and a lifetime of 450 ns�1.815

A zinc porphyrin–rhenium carbonyl complex has been characterized with the zinc tetraphenyl
porphyrin linked with Re(CO)3(4

0-methyl-2,20-bipyridyl) by an amide bond.816 A covalently
linked photosynthetic model N,N,N0,N0-tetraalkyl-p-phenylenediamine-zinc porphyrin-naphtho-
quinone has been investigated by experimental techniques, such as time resolved EPR, and ab
initio calculations.817

The inclusion of additional fifth and sixth ligands in the coordination sphere of a zinc
porphyrin compound has been of interest. The stability constants of five-coordinate complexes
of zinc–octaethylporphyrin and zinc–tetraphenylporphyrin have been studied by absorption and
steady-state fluorescent measurements in the presence of different donor molecules for axial
ligation, over a temperature range of 20–60 �C.818 The X-ray structure of the zinc 5,10,15,20-
tetraphenylporphyrin complex as an 18-crown-6, dichloromethane solvate shows a five-coordinate
zinc center with an axial water molecule. The displacement from the mean plane of 0.36 Å is
compared with other five-coordinate zinc porphyrins with axial oxygen donors.819 Six-coordinate
zinc porphyrin complexes have been structurally characterized by X-ray diffraction; for example,
zinc tetraphenylporphyrin with two axial tetrahydrofuran ligands.357 The possibility of �–�
interactions in the axial binding of amines to zinc porphyrins was investigated by comparing
the binding of aromatic amines to zinc porphyrins with appended phenyl groups to the binding of
butylamine. Enhanced binding of the aromatic amines was discussed in terms of ligand geometries
and the superstructure.820 Site selection was observed in imidazole binding to a single strapped
zinc porphyrin.821 Selective binding was observed within the cavity of a cyclic zinc porphyrin
dimer.822

Other supramolecular structures such as dendrimers have also been synthesized with zinc-
containing porphyrins. Sixteen free base and sixteen zinc porphyrin units were added at the
fifth generation of dendritic poly(L-lysine) and intramolecular fluorescence energy transfer was
observed.823 Assembly of supramolecular arrays in the solid state has been achieved with the
incorporation of an amide group for hydrogen bonding. Zinc meso-tetra(4-amidophenyl)porphyrin
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forms open two-dimensional arrays via hydrogen bonding of adjacent molecules.824 Low-melting
liquid crystal zinc porphyrins have been characterized with calimitic nematic mesophases. The
control of the intermolecular �–� interaction by functionalization at the 5,15 positions on the zinc
porphyrin reduces the melting and clearing points.825 Supramolecular structures such as rotaxanes
have been produced with zinc porphyrins acting as the stoppers on the thread. A copper(I)
bis(1,10)phenanthroline forms the central part of the rotaxane and is involved in photoinduced
electron transfer between the terminal porphyrin units.826

A trianionic zinc porphyrin anchored to a membrane by an imidazole link has been used to bind
cytochrome c at the membrane surface. UV spectra confirmed the insertion of the zinc porphyrin
into the phospholipid vesicle and was used to study surface association of cytochrome c.827

The 5-oxaporphyrin macrocycle is a modified porphyrin (with an oxygen atom instead of a
meso-methine unit) and is produced during heme degradation. The diamagnetic zinc verdoheme
analogs, with the monoanion of octaethyl-5-oxaporphyrin as ligand, undergo ring opening when
treated with alkoxide ions, forming the zinc complex of the dianion of octaethylmethoxybiliver-
din. The X-ray structure of the ring-opened product demonstrates a four-coordinate zinc complex
where the geometry is controlled by the helical nature of the ligand and does not form a regular
tetrahedral geometry (Figure 14).828

6.8.10.6.2 Phthalocyanine-based ligands (see Chapter 1.24)

Once again, a representative sample of zinc phthalocyanine complexes is presented highlighting
particular areas of importance.
The X-ray structure of zinc naphthalocyanate has been determined with Zn�N bond lengths of

1.983(4) Å.829 Pentanuclear complexes with a zinc phthalocyanine core and four ruthenium
subunits linked via a terpyridyl ligand demonstrate interaction between the photoactive and the
redox active components of the molecule. The absorbance and fluorescence spectra showed
considerable variation with the ruthenium subunits in place.830 Tetra-t-butylphthalocyaninato
zinc coordinated by nitroxide radicals form excited-state phthalocyanine complexes and have
been studied by time-resolved electron paramagnetic resonance.831

Tetrakis(20,20,30,30,40,40,50,50-octafluoropentoxy) phthalocyanine zinc was synthesized and
characterized demonstrating the effects of the strongly electron-withdrawing groups on
the electronic and spectroscopic properties of the complex.832 Zinc phthalocyanate,

Zn

Figure 14 Molecular structure showing the helical nature of the zinc complex with a 19-methoxyoctaethyl-
bilinone ligand formed on ring opening of the oxaporphyrin macrocycle.828
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2,3,9,10,16,17,23,24-octabutylthiophthalocyaninato zinc with thio linkages to alkyl substituents have
been characterized and spectral and electrochemical properties compared to the oxy-linked equivalent.833

The photochemical formation and the analysis of the absorption and magnetic circular dichro-
ism spectra of the anion radical of zinc phthalocyanine were carried out. A complete assignment
of the optical spectrum of the anion radical was proposed.834 Similarly, spectroelectrochemical
cells have been used to record absorption and magnetic circular dichroism spectra of zinc
phthalocyanines and a band assignment scheme proposed.835

The redox potentials of zinc-substituted phthalocyanines are shown to be linearly dependent on
the total Hammett substituent constant.837 In 1987, Stillman and co-workers used the absorption
and magnetic circular dichroism spectra of the zinc phthalocyanine and its �-cation-radical
species to assign the observed bands on the basis of theoretical calculations. The neutral and
oxidized zinc phthalocyanine complexes with cyanide, imidazole, and pyridine were used with the
key factor in these studies the stability of the �-cation-radical species.838 The structure of zinc
chloro(phthalocyaninato) has been determined and conductivity investigated.839

Dinaphthotetraazaporphyrins are structural isomers of phthalocyanines. The zinc complex was
formed and the properties compared to zinc phthalocyanines demonstrating a lower fluorescence
quantum yield for the zinc-fused naphthalene porphyrin (D2h symmetry) vs. the zinc phthalocya-
nine (D4h).

836

A porphyrin compound with a 2,9-dimethyl-1,10-phenanthroline functionality fused at the
beta-pyrrole positions is a phthalocyanine analog, and formed a complex with zinc in the cavity
and a further zinc binding to the phenanthroline group. The absorption and emission spectra of
the compound with and without the external zinc demonstrated the strong effects of the second
metal binding on the porphyrin �-system.840

Unsymmetrical zinc phthalocyanine analogs with three 15-crown-5 ether ligands appended at
the 3,4-positions were synthesized and characterized. Introduction of alkali metal ions results in
cofacial dimer formation with evidence for this dimerization from 1H NMR.841

6.8.11 LIGANDS WITH MIXED DONORS

Mixed-donor ligands have been of particular interest in the modeling of enzyme active sites that
may contain, for example, a mixture of cysteine and histidine ligands. The binding of some species
is stabilized by a chelating ligand giving more examples of less well characterized donor groups,
and in other cases the chelating ligands allow isolation of molecular species that would otherwise
form bridged muiltimetallic compounds.

6.8.11.1 Bidentate Mixed Donor Ligands

6.8.11.1.1 N/O ligands

There are a number of important N/O bidentate ligands including the chelate stabilized ketone
and aldehyde complexes, and amino acid complexes.
Zinc alkoxides are oligomeric or polymeric. The preparation of monomeric species is challenging

and has resulted in the use of chelate ligands to try to stabilize them. The chelate ligand
2-pyridylmethanol, however, has been shown to give dinuclear and heptanuclear zinc structures
[(HL)2Zn(�-Cl)2Zn(HL)2]ZnCl4 and [Zn(ZnL2)6]Cl2. The Zn7 compound contains bridging alkoxides
and resembles a fragment of the brucite structure while the dimeric structure shows the relatively
common Zn2Cl2 bridging motif.

842

Chelating aldehydes such as 2-pyridine carbaldehyde and 2-dimethylamino benzaldehyde
improve the stability of the aldehyde complexes via N,O chelation. NMR studies show that the
complexes are present in solution without an excess of aldehyde and can be formed in the
presence of donor ligands. The X-ray structures showed longer and weaker Zn�O bonds when
more than one chelating ligand was present. IR demonstrates the variation in C¼O bond
strengths and how the environment of the zinc ion will influence potential catalytic activity via
reaction rates or pathways. Tetrahedral chelate complexes, and octahedral bis- and tris-chelate
complexes, were isolated.843

The complexes of zinc with pyridylphenylketone and pyridylphenylmethanol are stabilized by
the chelate effect. The complexes formed were dependent on anions present and the ratio of the
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ligand. Pyridylphenylketone gave tetrahedral, square–pyramidal, trigonal–bipyramidal and
octahedral complexes with either one or two ketone chelate ligands present and anions or
solvent completing the coordination sphere. Only one analogous pyridylphenylmethanol com-
plex was characterized, ZnL2(OSO2CF3)2. An octahedral complex was formed with three
chelate alcohol ligands and polymeric zinc pyridylphenylmethoxide could be synthesized on
deprotonation.350

Amino acid complexes, where the amino acid acts as a bidentate ligand donor towards zinc,
have been isolated. The complexation behavior of racemic isovalinate and valinate towards zinc
has been studied. The bidentate ligands form a number of complex types with zinc including a
number of mononuclear complexes and a hexanuclear structure. The relevance of these com-
pounds to conditions early in the history of the Earth and the possibility that amino acid
complexes of zinc may have been some of the prebiotic compounds on Earth was discussed by
Strasdeit et al. in the light of thermolysis reaction results.844 The molecular structure of bis
(L-leucinato) zinc shows it to be monomeric.845 Amino acids containing a thiazolidine ring were
studied via formation of zinc complexes with thiazolidinecarboxylic acid and the X-ray structure of
trans-diaqua bis-(2-thiazolidinecarboxylato)zinc determined.846

Distorted octahedral geometry is observed with the 2-quinolinecarboxylate ligand in the
complex [Zn(2-quinolinecarboxylato)2(1-methylimidazole)2] synthesized from zinc oxide.847

2-Pyridinecarboxylate esters act as bidentate NO ligands and a number of zinc complexes have
been structurally characterized in the presence of halides. Zinc-to-ligand ratios of 1:1 and 1:2 have
been used. Monomeric distorted octahedral complexes are demonstrated with the halides cis and
the 2-pyridinecarboxylate esters coordinating via the pyridine nitrogen and the carbonyl oxygen
atoms.848

The complexes formed from salicylhydroxamic acid and acetylsalicylhydroxamic acid (104)
with zinc show loss of one ligand proton and loss of two ligand protons respectively. The zinc
complex of the acetyl derivative appears to show coordination via the deprotonated amide and
phenolate oxygen of the ligand. IR studies are presented.849

Chelating pyrazole ligands are also known. The pseudo-octahedrally coordinated zinc complex
ZnL2(pyridine)2 was formed where L¼ 5-(4-methoxyphenyl)pyrazole-3-carboxylate.850
Polymeric or monomeric complexes are formed in the reaction between zinc halides and

dimethyl(aminomethyl)phosphine oxide dependent on the ratio of reactants. The ligand can
bind as bidentate to one metal center or bridge two metal centers through the amine N and
phosphine oxide O atoms.851

6.8.11.1.2 N/S ligands

N/S mixed-donor ligands are of particular interest due to the biological relevance of the combin-
ation of these donors around zinc.
The ligand mercaptoethyl pyridine forms a monomeric ZnL2 complex with the chelate ligand

binding through the nitrogen and thioether sulfur.125

A tetranuclear complex is formed with (dimethylamino)ethanethiolate of type [Zn4L4Cl4]. It
can be obtained directly from the zinc chloride salt or from zinc acetate in the presence of HCl.852

The stability constants of zinc complexes of 4,6-dimethyl-2-thiopyrimidine have been deter-
mined by potentiometric measurements. The crystal structure shows infinite zigzag chains of
ZnL2 units with each zinc coordinated by an N3S2 donor set in a trigonal–bipyramidal
geometry.853

The terephthalate anion was used to form hydrogen-bonded bridged zinc thiosemicarbazide
complexes. The bidentate thiosemicarbazide ligands (105) are not displaced from coordination to
the zinc center and the polymeric layer structure is based on hydrogen bonding interactions of
ligands with the terephthalate anions. In contrast the addition of terephthalate to the zinc
thiourea complex displaces two of the four unidentate thiourea ligands forming a zigzag chain
network with zinc ions bridged by terephthalate groups. The thiourea ligands also bridge, linking
the structure in a double strand motif.854

The synthesis of ferrocene-appended zinc complexes from a zinc phosphohydrazide,
[PhP(S)(NMeNH2)2]ZnCl2, with the ferrocene functionality added via a Schiff base condensation
is presented in Scheme 4. A series of ferrocene-containing compounds including a macrocycle
were synthesized by this method, showing a five-membered ring with the zinc bound to the S and
N-donors of the phosphodihydrazone ligand.855
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2-Mercaptomethylpyridine forms a zinc complex of the form ZnL2, and the zinc has a tetra-
hedral N2S2 geometry.

125 Similarly, the monomeric tetrahedral zinc complex of 2-(dimethyl-
amino)ethanethiolate, ZnL2, was structurally characterized.
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Zinc complexes of peptides with N-terminal cysteine are monomeric of the form ZnL2 where
the peptide is an anion with the SH deprotonated. Tetrahedral N2S2 coordination is observed
with the chelating peptides and Zn(Cys-Gly-NH2)2 was structurally characterized.

857

Bidentate ligand systems are also known with selenium and nitrogen donors. For example, Se/N
bidentate phosphinochalcogenoic ligand and zinc amides react to form a distorted tetrahedral
complex with two di-t-butylphosphinoselenoic isopropylamidate ligands.590

6.8.11.1.3 O/S and other ligands

O/S ligands, such as monothiocarbamates and thiocarboxylates, have been quite extensively
characterized and some representative examples are discussed.
Sodium monothiocarbamate in the presence of zinc chloride gives zinc bis(diethylmonothio-

carbamate).84 A cage complex is formed from the reaction of EtZnNEt2 with carbon disulfide,
[Et4Zn4(OSCNEt2)2(NEt2)2]. The crystal structure shows the cage is comprised of two six-mem-
bered Zn2CNOS metallocycles linked by pairs of Zn�S and Zn�O bonds. Both the oxygen and
the sulfur atoms are binucleating in the observed binding mode for the monothiocarbamate
ligand. The polymetallic cage structure was demonstrated to remain intact in solution by variable
temperature 1H NMR studies.84 Zinc thiocarboxylate complexes Zn(SOCR)2(3,5-dimethylpyri-
dine)2 with R¼Me or tBu were synthesized and their potential evaluated as precursors for zinc
sulfide materials formation. It was anticipated that thiocarboxylic anhydride elimination would
occur to give stoichiometric metal sulfides with clean removal of the ligands.
The complexes were shown to be monomeric in the solid state and have monodentate

S-thiocarboxylate ligands. The thiocarboxylic anhydride elimination was studied by 1H and
13C NMR in solution, varying the R group and solvent.858

Some O–Se ligands are also known. N,N-diethyl-N0-benzoylselenoureato zinc has been char-
acterized where the zinc is bidentately coordinated to the two ligands through the oxygen and
selenium atoms, forming a distorted tetrahedral geometry.859

Se–S and P–S ligands are much less common with relatively few examples structurally char-
acterized. The bidentate Se–S donor ligand [N(SPPh2)(SePPh2)]

� forms a monomeric bis-chelate
zinc complex which has been studied using X-ray diffraction and 31P and 77Se NMR.860 Zinc
complexes of bidentate S–P donor arenephosphinothiolate ligands have been synthesized by
electrochemical oxidation of a zinc anode. The zinc thiolate complex formed in reaction with
2-(Ph2P)-6-(Me3Si)C6H3SH is of the form ZnL2. Adducts can also be formed with bipyridine and
phenanthroline ligands.861 This compound is a rare example of a structurally characterized
bidentate S/P ligand as part of a zinc complex.

6.8.11.2 Tridentate Mixed Donor Ligands

There are a number of mixed-donor tripodal ligand systems which have been characterized with
zinc coordinated, some of which will be discussed in this and the following sections.125,466,862,863
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N,N-bis(2-hydroxy-di-3,5-t-butylphenyl)amine forms complexes of zinc which have ligand-
based redox processes with four oxidation levels of the coordinated anion.864 2:1 and 1:1 com-
plexes are formed in the presence of zinc with the 2:1 complex coordinated in an octahedral
geometry and the 1:1 complex square planar with a triethylamine ligand completing the coordin-
ation sphere. The complexes, at the different redox levels, have been investigated by EPR, spectro-
electrochemistry, 1H NMR, and magnetochemistry, as appropriate.
Bis(pyrazolylethyl)ether derivatives (106) have been coordinated to zinc providing an N2O

donor set. The structural data shows that the ligand coordinates in a meridional rather than
facial geometry limiting the application for the modeling of N2O zinc enzyme sites. (derivatives
R¼ i-Pr or Me).161
The 1-(N-methyl)benzimidazolyl-3-benzimidazolyl-2-oxapropane ligand (107) shows coordin-

ation through the N2O donor set of the ligand, a water molecule and an acetonitrile to give a five-
coordinate distorted trigonal–bipyramidal metal center.123 This contrasts with the behavior of the
related thiapropane ligand that forms bidentate complexes with zinc.
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A tridentate NO2 donor set complex was formed from 2-pyridinecarboxaldehyde N-oxide and
2-aminophenol and gave mononuclear and trinuclear compounds. The trinuclear zinc complex
was structurally characterized and revealed bridging acetate groups, [ZnLZn(OAc)4ZnL].

865

The zinc complex of 2-[[[2-(2-pyridinyl)ethyl]amino]methyl]phenol forms a dimeric species,
[ZnL(NO3)]2, with the two phenolates bridging and each ligand offering an N2O donor set.866

Zinc sites in enzymes are usually pseudo-tetrahedral with N, O, S donors from histidine,
tyrosine, glutamic acid, aspartic acid, water or cysteine. A systematic evaluation of all the
different possibilities was carried out with a heteroscorpionate ligand system (61). Seven hetero-
scorpionate complexes were structurally characterized in one study.78 Five complexes revealed the
expected tridentate coordination to the deprotonated ligand with the coordination sphere com-
pleted by acetate, thiophenolate, methylate, or chloride. All the compounds apart from the
acetate structure showed pseudotetrahedral coordination. The acetate-containing structure is
five-coordinate with an unsymmetrically bound acetate. Two of the structures showed different
coordination modes. The diiodide zinc complex of the phenol ligand shows bidentate binding to
the two nitrogen ligands and no bond to the phenol, giving a pseudotetrahedral geometry. Two
equivalents of the thiophenol ligand gives a zinc bound to two bidentate ligands by one thiophen-
olate sulfur and one pyazolyl nitrogen.
A tridentate SNO ligand coordinates with a bipyridine to give ((2,20-bipyridine)[2-(2-mercapto-

phenyl)iminophenoxy])zinc. The monomeric complex has a distorted trigonal–bipyramidal geom-
etry with a phenolate and a thiolate coordinated. The synthesis was carried out electrochemically
from anodic zinc in the presence of a disulfide-linked ligand precursor.867
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Aliphatic thiosemicarbazones reveal varying coordination behavior dependent on the degree of
deprotonation. The X-ray structure of the zinc complex of methyl pyruvate thiosemicarbazone
shows different coordination of the two thiosemicarbazone ligands in the monomer, with one
tridentate NOS and the other monodentate.868

Riordan and co-workers have examined zinc complexes of pyrazolyl-bis[(methylthio)methyl]-
borate ligands as models for methionine synthase.547,869 The ligand coordinates in a face-capping
fashion with the desired NS2 donor set.
The NSN donor ligand 5-(3,5-dimethylpyrazol-1-yl)-3-thia-1-pentaneamine forms 1:1 ligand-to-

metal monomeric complexes with zinc chloride and nitrate salts.870

The potentially tridentate thiol ligand N-(2-mercaptoethyl)picolylamine shows zinc complex
formation that varies with the anion and presence of other ligands. Trinuclear complexes are
formed with non-coordinating anions [Zn3L4]

2þ. In the presence of halides or acetate, 1:1 com-
plexes are formed that are polymeric and dimeric respectively. The 2:1 complex can also be
obtained with the ligands binding as bidentate, giving an N2S2 coordination sphere, and due to
the free binding sites on the ligands this form can be converted to either the trinuclear compound
or the polymer by reaction with zinc salts or HCl respectively.871 The related N2S ligand N-(2-
mercapto-iso-butyl)picolylamine also forms the 2:1 zinc complex with two uncoordinated nitrogen
donors and can be converted to the trinuclear compound.872

2-Methyl-1-[methyl-(2-pyridin-2-yl-ethyl)amino]propane-2-thiol (108) is a tridentate N2S ligand
with an aliphatic thiolate ligand. The single-crystal X-ray structures demonstrate that the zinc
complexes are close structural analogs of the His2Cys site found in peptide deformylase.

873

Methyl pyruvate thiosemicarbazone in the presence of zinc chloride or acetate resulted in the
formation of complexes with the ligand hydrolyzed or transesterified. The complexes with
pyruvate thiosemicarbazone, ZnL2, or ethyl pyruvate thiosemicarbazone, ZnLCl2 were structur-
ally characterized by single-crystal X-ray crystallography showing respectively a distorted octa-
hedral and distorted square pyramidal geometry.874

The ligandN,N-bis(2-mercaptoethyl)benzylamine complexes zinc in the doubly deprotonated form
resulting in a tetranuclear complex, Zn4L4, which has an unusual Zn4S4 metalacyclic structure.

875

The compounds Zn[E2CN(Me)CH2CH2CH2NMe2]2 E¼ Se, S were synthesized and found to
be polymeric in the solid state. Their potential as single-molecule precursors for material growth
by low-pressure metal–organic chemical vapor deposition (LP-MOCVD) was evaluated by
attempts to grow ZnS and ZnSe films.600 The X-ray structures of the complexes show the two
S or Se donors coordinating to one zinc center and the amine binding to a neighboring zinc atom
resulting in the coordination polymer.

6.8.11.3 Tetradentate Mixed Donor Ligands

Mixed donor ligands based on tris(2-aminoethyl)amine, often referred to as tren, have been
complexed with zinc. The replacement of one or two primary amines by hydroxy groups gives
N3O and N2O2 donor set ligands, 2-hydroxy-N,N-bis(2-amino ethyl)ethylamine and 2-amino-
N,N-bis(2-hydroxyethyl)ethylamine respectively. The zinc complexes were formed and studied by
potentiometric and NMR titrations. The zinc appears to show only weak interaction with the
hydroxy group in acidic or neutral solution. The [ZnL]2þ cation can be deprotonated at the
hydroxyl group with one or two protons released dependent on the ligand. The stabilities of the
compounds show a decrease with sequential replacement of –NH2 with –OH. The crystal
structure of 2-amino-N,N-bis(2-hydroxyethyl)ethylamine with zinc demonstrates a dimeric struc-
ture in the solid state, [Zn(OH)(LH)ZnL]2þ. Both zinc ions have a distorted trigonal–bipyramidal
coordination geometry, one zinc is bound to the three nitrogens and one alkoxide from the
monodeprotonated ligand and a hydroxide ion, the alkoxide group bridges to the second zinc
ion which is additionally coordinated to the N3O donor set of the remaining ligand.876

An unusual unsymmetric tripodal ligand, (2-picolyl)(N-pyrrolidinylethyl)(2-hydroxy-3,5-di-t-
butylbenzyl)amine, with three different donor groups attached to the central amine was synthe-
sized by Vahrenkamp and co-workers. The zinc complex of the N3O ligand with an additional
phenoxide coordinated was structurally characterized (Figure 15).877

The bis(N,N0-[dithiobis(ethylene)](4,6-dimethoxysalicylideneiminato)) zinc complex is charac-
terized as a distorted tetrahedral complex with an N2O2 donor set from the tetradentate ligand.878

A tetradentate ligand 2-{bis[2-(2-pyridyl)ethyl]aminomethyl}phenolate complexes zinc with an
N3O donor set including pyridyl and phenolic groups. The X-ray structure reveals that a dimeric
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species has formed with the phenoxide oxygens bridging the two distorted square–pyramidal zinc
centers with a zinc–zinc separation of 3.284 Å. The complexes were demonstrated to promote the
hydrolysis of tris(p-nitrophenyl) phosphate.879

Zn and N K-edge XANES have been used to distinguish the coordination geometries in (1,2-
ethanediylidene)-bis(S-methylhydrazonecarbodithionate) zinc complexes (109). The technique
distinguished between tetrahedral species, square–pyramidal dimers, and square–pyramidal mono-
mers, formed when pyridine was present. These studies were in conjunction with spectroscopic
characterization and X-ray single-crystal data where possible.53 The results demonstrated the
value of this technique when single crystals could not be obtained.
The zinc complexes of tetradentate ligands derived from the condensation of (1R)-3-hydro-

xymethylenebornane-2-thione and symmetric diamines were synthesized. The binding to zinc
occurs through the enethiolate imine form of the ligands. The complexes were studied by circular
dichroism and NMR spectroscopy. In solution there are several species present due to the
conformational flexibility offered by the chelate ligands. Increasing the length of the carbon
chain in the diamine moiety from two to four carbon atoms favors tetrahedral geometry at the
zinc center.880

A series of N2S2 donor set complexes of zinc with Schiff base ligands with thiopyrazolyl units,
(110) and (111), were characterized by X-ray crystallography and NMR studies. For example, the
structure of bis[4-(2,6-dimethylphenyliminomethyl)-1-methyl-3-phenylpyrazole-5-thiolato-N,S]zinc
showed a similar geometry to horse liver alcohol dehydrogenase. The electronic spectra
demonstrated the development of thiolate character on complexation of the mainly thione
ligand.881

Solution studies of zinc binding to N,N0-dimethyl-N,N0-bis(2-mercaptoethyl)ethylenediamine
and (2-mercaptoethyl)amine did not show formation of polynuclear complexes, as was observed
for cadmium(II). The titrations carried out with a variation in excess of the ligands showed 1:1
complex formation with the tetradentate N2S2 ligand and 1:2 and 1:3 metal-to-ligand ratios for
the bidentate (2-mercaptoethyl)amine ligand.882 Tetradentate N2S2 Schiff base complexes of zinc
incorporating pyrazole or oxazole heterocycles were synthesized and the configuration of the
complexes determined by the chemical shift differences in the 1H NMR spectra.883

Zn ON

Figure 15 The molecular structure of the zinc complex formed with the unsymmetric tripod, (2-picolyl)
(N-pyrrolidinylethyl)(2-hydroxy-3,5-di-t-butylbenzyl)amine and 2,4-dibromophenoxide.877
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Ferrocene-containing sulfur ligands have been used in complex formation with zinc. 3-Ferro-
cenyl-3-mercaptopropenale and 1,10-bis(3-mercaptopropenale)ferrocene (112) form stable com-
plexes as do their Schiff base derivatives with aniline or 1,2-ethylenediamine. The FeII/FeIII

redox couple shows only minor metal dependence, this is attributed to tetrahedral distortion.884

The ligand bis(2-picolyl)(2-hydroxy-3,5-di-t-butylbenzyl)amine is a tetradentate N3O tripo-
dal sligand which enforces a five-coordinate geometry in its complexes. Cleavage of tris(p-
nitrophenyl) phosphate was investigated and LZnOH was shown to be the hydrolytically active
species.466 N,N-bis(2-picolyl)glycine was introduced as a ligand via a hydrolysis reaction of its
ethyl ester with zinc. Monomeric complexes formed which were shown to be five- or six-coordi-
nate dependent on the coligands.885

Zinc complexes of cyclohexane-1,2-dione bis(thiosemicarbazone) have been formed in the
neutral and doubly deprotonated form. The X-ray structures show distorted square-based pyr-
amidal geometries for both complexes [ZnL(OH2)] and [Zn(H2L)Cl]Cl with the water or chloride
occupying the axial position.886 The binuclear complex bis[1-phenylglyoxal bis(3-piperidylthiose-
micarbazone)zinc] was synthesized by electrochemical methods and reveals a Zn2L2 with two
tetradentate bis-thiosemicarbazone ligands bridging the metal centers.887
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6.8.11.4 Pentadentate and Higher Denticity Mixed Donor Ligands

N4O donor set ligands with pyridyl and phenolic arms form mononuclear complexes with
approximately trigonal–bipyramidal coordination geometries.888

The pentadentate ligand 2,6-diacetylpyridinebis(thiosemicarbazone) produces complexes of zinc
which vary structurally, dependent on the protonation state of the ligand and the solvent. The
ligand in its neutral form results in a structurally characterized mononuclear complex with
pentagonal–bipyramidal geometry. The planar ligand and two axial water molecules form the
zinc-containing cation. The doubly deprotonated ligand forms dinuclear complexes with a 1:1
ligand-to-metal ratio. The coordination number of the zinc centers is dependent on solvent.889
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Fenton and co-workers observed the hydrolysis of bis- and tris-nitrophenyl phosphate with the
zinc complex of the pentadentate N3O2 ligand N,N

0-{(salicylideneimino)-ethyl}-2-hydroxy-5-nitro-
benzylamine.890

Pentadentate ligands with N4S donors based on methyl 2-aminocyclopent-1-ene-1-dithiocar-
boxylate with pendent pyrazolyl groups (113) form complexes with zinc including a structurally
characterized trigonal–bipyramidal zinc compound.891

The reaction of ligand O,O0-(N,N0-dipicolinylidene) diazadiphenyldisulfide with zinc chloride
forms [ZnClL]2[Zn2Cl6], where the zinc center has octahedral coordination with the ligand
pentadentate with an N4S donor set.

892

The zinc complex of a tripodal N2S2O pentadentate ligand undergoes amide alcoholysis of a
coordinated amide group.893 Examples of amide hydrolysis are known for other ligand systems.894

2,20-[1,2-ethanediylbis(1,3-diazolidone-2-yl)]bis(1-oxo-pyridine) (114) is a pyridine N-oxide
containing ligand used to complex zinc. The imidazolidone rings cleave on reaction with
zinc perchlorate forming a hexadentate ligand (115) that coordinates zinc in a distorted
octahedral environment as shown by structural characterization. In the presence of DMSO,
however, the ligand is transformed back to the ring-formed four-coordinate ligand with two
DMSO molecules filling the coordination sites. The mechanism relies on the strong Lewis
acidity of the zinc.895

A hexadentate N2O2S2 ligand (116) has been synthesized as a dithiaalkyl-substituted triazene-1-
oxide and forms an unusual hexacoordinated zinc complex with thioether donors. Both the
phenyl and the methyl derivatives form structurally characterized octahedral complexes.896

A number of ligands based on the encapsulating hexadentate edta ligand have been structurally
characterized with zinc, including the 3,4-toluenediamine-N,N0,N00,N000-tetraacetate.897

Hexadentate ligands 1,12-bis(2-pyridyl)-5,8-dioxa-2,11-diazadodecane and 1,12-bis(2-pyridyl)-
5,8-dithia-2,11-diazadodecane have pyridine, amine, and ether or thioether donors offering an
N4O2 or N4S2 donor set. The X-ray structures of the zinc complexes are distorted octahedral with
the zinc center encapsulated by the ligand.898

An N5O2 donor open chain precursor for a macrocycle forms a seven-coordinate zinc complex.
899

6.8.11.5 Liver Alcohol Dehydrogenase Models with Mixed Donor Ligands

There has been recent expansion of work in this area with major contributions from Vahrenkamp,
Parkin, Corrano, and their co-workers. The main aim has been to reproduce the coordination
sphere of the enzyme-bound zinc.2,335,900–902

LADH contains a tetrahedral zinc which is coordinated by one histidine nitrogen and two
cysteine sulfurs. One aim is to make synthetic analogs of this coordination sphere that also feature
the catalytically important water or hydroxide ligand in the fourth coordination site. Analogs
containing bound substrates such as alcohols are also of interest.
The catalytic site of LADH has been modeled using the mixed donor NS2 tripodal pyrazolyl-

bis(thioimidazolyl)borate ligand (117) in complex formation with zinc iodide.902 Vahrenkamp and
co-workers synthesized the pyrazolylbis(thioimidazolyl)borate ligand from 1-(o-anisyl)-2-thioio-
midazole and formed the complex with zinc. This complex, which contains a neutral ZnNS2 unit
and binds to ethanol without forming the alkoxide, is an accurate structural model of the LADH
active site showing good agreement with the enzyme structure.903

In any model system for an alcohol dehydrogenase enzyme the binding of aldehydes, ketones,
and alcohols will be of particular interest. The compounds bis(pentafluorothiophenolato)zinc and
bis(2,4,6-tri-iso-propylthiophenolato)zinc react with NO chelate ligands to form derivatives with
bound aldehyde and alcohol donors as structural models for the LADH active site. Polymeric,
tetrameric, and some structures with bridging thiolate or alkoxides were produced, however, the
monomeric complexes [(6-methylpyridine-2-carbaldehyde)2Zn(SC6F5)2] and [(6-picolylmethanol)2-
Zn(SC6F5)2] demonstrated a bound alcohol and a bound aldehyde respectively, with the desired
NS2O coordination. The X-ray structures demonstrate almost superimposable geometry for these
two complexes.354

Thiolate ligated zinc complexes have been characterized with a co-crystallized methanol mol-
ecule that is hydrogen bonded to a zinc-bound sulfur, and the possibility the alcohols may be
activated without coordination to the metal center was discussed by Shoner et al.904

The substituted tris(2-thioimidazolyl)borate ligands with 1-R-2-thioimidazole groups where
R¼ tBu and C6H4-p-CH(CH3)2 yielded tetrahedral complexes on reaction with zinc salts. The
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labile S3O bound zinc complexes formed with zinc perchlorate were used as starting materials for
incorporation of substrates and complexes were formed with ethanol, p-nitrophenol, pyridine-2-
carbaldehyde, and salicylic aldehyde. The ethanol formed a S3O complex without deprotonation
whereas nitrophenolate was the bound species in the case of nitrophenol. Some preliminary
results showing promotion of both the dehydrogenation of 2-propanol and the hydrogenation
of pentafluorobenzaldehyde were presented.645

Complexes of heteroscorpionate ligands, (3-t-butyl-2-hydroxy(or thio)-5-methylphenyl)bis(3,5-
dimethylpyrazolyl)methane offering N2O or N2S donor sets have been characterized with zinc.
The fourth ligand, resulting in a distorted tetrahedral geometry, was varied from halides to sulfur
donors or alkyls. The ligand offers a useful comparison with the well-investigated tris(pyrazo-
lyl)borate, N3 donor ligand and initial studies of reactivity showed a variation in the reactivity
properties for the zinc complexes of the three types of ligand.78 Further comparisons with the
ligand bis(3,5-dimethylpyrazolyl)(1-methyl-1-sulfanylethyl)methane and the octahedral and pseu-
dotetrahedral complexes of zinc have been carried out. Of particular relevance to enzyme model-
ing is the variation in the binding mode of acetate from unidentate to anisobidentate as the ligand
donor is changed from S to N to O.452 The Zn–CH3 complexes of the heteroscorpionate ligands (3-
tert-butyl-2-hydroxy(or thio)-5-methylphenyl)bis(3,5-dimethyl-pyrazolyl)methane react with pen-
tafluorothiophenol (HSPhF5). The structures of four of the complexes revealed one or two coordi-
nating thiophenolates dependent on the ratio of the reactants.905

Berreau and co-workers recently synthesized a tetradentate mixed nitrogen sulfur donor ligand
N,N-bis-(2-methylthio)ethyl-N-(6-amino-2-pyridylmethyl) amine that was utilized in the form-
ation of mononuclear zinc complexes with a methanol (118) or DMF molecule completing the
coordination sphere. The X-ray structures demonstrated the presence of hydrogen bonding from
the ligand to the bound solvent oxygen donor. This is again of relevance to the hydrogen bonding
interactions found in liver alcohol dehydrogenase.906
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6.8.12 COMPOUNDS CONTAINING ZINC–METAL BONDS

There are a number of structurally characterized compounds exhibiting zinc–metal interactions.
Riera and co-workers show a zinc bipyridine unit bridging two manganese atoms in a trimeric
unit.907 A tetrameric cluster, of form Rh2Zn2, has the two zinc atoms bridging the Rh�Rh bond
with a benzyl group completing the coordination.908 A rhodium zinc trimer has been character-
ized that contains only one zinc, a zinc amide unit in this case, bridging the two rhodium centers.
A terminal zinc amide has also been observed with an Rh�Zn bond.909 A triply bridging ZnPt3
cluster shows a zinc diiodide unit bound over the face of a triangular Pt3 arrangement.

910 An
aquo zinc species has also been observed to bind to platinum with the platinum acting as a weak
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� donor.911 A hepta-rhenium carbonyl cluster has a face-capping �3-ZnCl unit.
912 Zn�Fe bonds

have been observed in zinc–iron carbonyl compounds.913 [Zn2Cl2Fe(CO)4(THF)2] is a polymer in
the solid state with each zinc tetrahedrally bound to two bridging chloride donors, a THF oxygen
donor, and the iron center. In the presence of TMEDA a trimeric species was characterized,
[Zn2Cl2Fe(CO)4L2], with a ZnFeZn unit of metal–metal bonded atoms. This unit is analogous to
that observed in the polymer without bridging chloride ligands between the zinc centers.

6.8.13 APPLICATIONS

6.8.13.1 Drug Applications (see Chapter 9.18)

Advances in drug applications include the use of zinc to reduce gastrotoxicity of some drugs and,
in conjunction with designed ligands, for viral inhibition. Binding to zinc in enzyme active sites is
a very important part of the action of a number of organic drugs. Other organic drugs may
recruit zinc after administration.
Indomethacin (119) is a nonsteroidal anti-inflammatory drug that has side effects of inducing

gastrointestinal ulceration and hemorrhages. The zinc, and copper, indomethacin complexes have
been patented as veterinary pharmaceuticals. Five structures were solved with different coordin-
ating solvents.914 The dimeric structures, e.g., [Zn2L4(pyridine)2], are five-coordinate dimers with
the ‘‘paddlewheel’’ structure. In a number of solvents, including methanol, ethanol, and an
aqueous/amine donor mixture, a six-coordinate monomer is formed, [ZnL2(MeOH)2]. Problems
with toxicity to the stomach of the zinc compound may be related to the stability of the dimer.
For similar reasons, complexes of 4-hydroxy-3-(5-methyl-3-isoxazolocarbamyl)-2-methyl-2H-1,2-
benzothiazine-1,1-dioxide (Isoxicam), an anti-inflammatory drug, with zinc and other metals were
studied spectroscopically and the zinc complex shown to be of formula ZnL2�4H2O.

915

The complex formation with zinc of drugs that have a relation to the status of zinc-containing
species in the human body was also investigated. Captopril, Isoniazid, naldixic acid, and mercap-
topurine formed structurally characterized complexes which tended to form polymeric species in
the solid state.92,916 The binding to the anti-tumor drug streptonegrin has also been studied.917

Similarly, NMR and molecular dynamics studies of the binding of anti-cancer antibiotics tallyso-
mycin and bleomycin show an interesting arrangement on zinc binding.918 Studies of enzyme active
sites in relation to the binding of ligands to zinc as directed inhibitors have been carried out.919

Kimura and co-workers have demonstrated the potent antiviral inhibitory action of zinc
complexes of bi-cyclam ligands against HIV in vitro. A series of compounds, with variation in
the bridge between the macrocycles, was synthesized and tested.920

The monomeric zinc complex of the xanthine oxidase inhibitor, alloxanthine, has been structur-
ally characterized.921 Potent and highly selective zinc-dependent inhibitors of several
therapeutically important serine proteases have been designed and tested.922 Removal of zinc
from the retroviral zinc finger protein has shown antiviral action and may offer an anti-HIV
strategy that restricts drug resistance development.923–925 Cyclosporin A is an
immunosuppressant drug used in organ transplantation and is thought to function via intracel-
lular signaling events, and complexation of zinc and calcium suggests that it may act by regulating
local concentrations of metal ions.926 The equilibria for binding of zinc ions to ampicillin in the
presence of different nucleobases were studied, as was the dimeric complex formation in the
presence of chloride ions.927,928 The crystal structure of the widely used topical burn drug zinc
2-sulfanilamidopyrimidine shows the structure is a one-dimensional polymer, which is relevant to
the desired slow release of zinc ions when applied in therapy.929

6.8.13.2 Catalysts (see Chapter 9.1)

Zinc catalysts have shown a major increase in their possible applications. Some examples of
catalysis using halide complexes, including immobilized catalytic systems, have been discussed in
Section 6.8.8. Some areas such as asymmetric alkynylation of aldehydes have been recently
reviewed.930

There are a number of examples of enantioselective catalysis with a zinc catalyst. The use of
zinc as a catalyst in the Diels–Alder reaction of (R,R)-4,6-dibenzofurandiyl-2,20-bis(4-phenylox-
azoline) with cyclopentadiene shows high enantioselectivity. Chiral amplification is observed in the
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same reaction if the starting material is of low enantio purity, with 20% ee starting material
converted to 96% ee for the cycloadduct product. Hydrogen bond formation in the zinc complex
contributes to the mechanism of chiral amplification.931 Chiral zinc catalysts have been used in
the enantioselective reduction of ketones to secondary alcohols by polymethylhydrosiloxane.
Enantiomeric excesses (ee) up to 88% were achieved in the presence of a zinc alkyl or zinc
carboxylate with a chiral diamine. The process is of particular interest due to the economy and
non-problematic scale up of the reaction.932

The zinc alkoxide of 2-methyl-1-(3-quinolyl)propan-1-ol was used in a catalytic amount to
give ee up to 94% in the enantioselective alkylation of quinoline-3-carbaldehyde by diisopropyl-
zinc.933

A few further general examples of zinc catalytic activity or reactivity include the following.
Other zinc-containing systems include a zinc phenoxide/nickel(0) catalytic system that can be used
to carry out the chemo- and regioselective cyclotrimerization of monoynes.934 Zinc homoenolates
have been used as novel nucleophiles in acylation and addition reactions and shown to have
general utility.935,936 Iron/zinc species have been used in the oxidation of hydrocarbons, and the
selectivity and conditions examined.362 There are implications for the mechanism of metal-
catalyzed iodosylbenzene reactions with olefins from the observation that zinc triflate and a
dizinc complex catalyze these reactions.937

Zinc polymerization catalysts have been extensively studied. Darensbourg investigated the
coupling of carbon dioxide and epoxides with zinc phenoxide complexes including Zn(2,6-diphe-
nylphenoxide)2(THF)2.

343,938 Further research efforts were directed towards the minimization of
the polyether formation side reaction. Other zinc catalysts have also found application in poly-
carbonate formation.939 Different donor ligands for the zinc center were examined as the copoly-
merization appears to proceed via an anionic coordinative mechanism. Organophosphine
ligands were examined, with variation in the substituents on the phosphorus, and changes in the
reactivity observed. The X-ray structures of the phosphine/phenoxide complexes show both three-
and four-coordinate monomeric complexes.309,940 The complex Zn(O-2,6-tBuC6H3)2(PPh2Me) is
trigonal–planar with P�Zn�O angles larger than O�Zn�O angles. The diphosphine compound
Zn(O-2,4,6-tBuC6H2)2(PMe3)2 has a distorted tetrahedral geometry. Competitive binding studies
of phosphines studied by 31P NMR showed the greatest binding for smaller phosphines indicating
that steric effects drive the binding. In the polymerization process with cyclohexene, oxide and
carbon dioxide addition of phosphine did not significantly alter reactivity but did appear to reduce
polyether linkage formation.
�-Diiminate zinc complexes are highly active catalysts in the copolymerization of epoxides and

CO2. Complexes that are catalytic are of the form ZnLX, where X is alkoxide, acetate, or bis(tri-
methylsilyl)amide. Changing the ligand geometries of the complexes allows variation in the catalytic
behavior and activity.941 The polymerization of lactide with diiminate zinc has also been studied.942

6.8.13.3 Fluorescent Detection of Zinc in Cellular Systems

A number of multidentate nitrogen donor ligands have been used in the detection of zinc in
cellular systems. Zinc is the second most abundant transition metal in the brain. In the region of
90% of this zinc is bound to proteins but neurons have been shown to contain ionic zinc, with
higher concentrations noted in the cerebral cortex and the limbic region.943 There is a distinction
between the detection of intracellular and extracellular zinc. A number of strategies have been
described, from the simpler classical method of Timm’s sulfide-silver stain944 to protein- or
peptide-based sensors. Kimura and Koike provide a review of progress in this area, with a
particular focus on macrocyclic ligands.945 The topic has also been more extensively reviewed
by Burdette and Lippard.946

Detection of intracellular zinc ions is an important aim of biological studies in cell biology and
neurology.947–958 To clarify the role of zinc in neurotransmission, further study is required and
ongoing in a number of research groups. Lippard and co-workers discuss the importance of zinc
to the central nervous system and the form it is found in the brain, whether free ions or protein
bound. In parts of the hippocampus pools of free zinc are found. As zinc can modulate ion
channels it may play a role in a number of essential neurological processes and disorders. Levels
of zinc in the body are regulated by zinc transport proteins and by metallothioneins, which are
expressed mainly in the brain. Zinc can be released from synaptic vesicles and enter postsynaptic
cells via voltage-dependent CaII channels.
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A number of strategies have been successfully pursued in the detection of zinc by fluorescence
imaging with the use of proteins, peptides, and amine or macrocycle ligands with attached
fluorophores.948,956,957,959 As an example, a maltose binding protein has been converted into a
zinc sensor via a process of rational design and the engineering of an increased affinity for zinc
binding.960 Quinoline-based probes have been used for the detection of intracellular zinc (Scheme 5).
In particular, Zinquin, an arylsulfonamide derivative of 8-aminoquinoline, has shown, in a variety
eukaryotic cells, 100 pM concentrations of intracellular zinc are revealed by a vesicle-like staining
pattern.961
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Probes based on macrocyclic amines include dansylamidoethylcyclen, which can detect zinc at
sub-nanomolar concentrations and probes containing xanthene as the chromophore with an ideal
wavelength range for intracellular studies.953,962 It is also important that the sensors can differ-
entiate between the alkali metals, which are present at higher concentrations, and zinc. 20,70-
dichlorofluorescein-based sensors have been used in biological systems and reveal concentrations
up to ca. 0.3mM in hippocampal nerve synaptic vesicles.963

Lippard and co-workers have developed zinc sensors for intracellular use based upon fluor-
escein, which has a number of attractive properties for sensor applications. The excitation and
emission spectra of Lippard’s zinpyr (120) compounds show ideal wavelengths for intracellular
work and appropriate quantum yield and fluorescence enhancement.946,947,958 The compound can
bind two zinc ions but the 1:1 stoichiometry is responsible for the intensity increase with no
change on binding the second zinc ion. The X-ray crystal structure of the zinc complexes was
investigated. The structure of [Zn2L(H2O)2(ClO4)2] shows two zinc ions coordinated with each
zinc trigonal–bipyramidal bound to the three nitrogen donors of one di-2-picolylamine arm, a
phenolic oxygen, and a water molecule. The zinpyr compounds designed by Lippard and
co-workers have shown improvements in the optical properties relative to other intracellular
zinc sensors, attributed to the use of a fluorescein chromophore. They have demonstrated the
potential for this system to monitor the intracellular zinc showing staining of the Golgi or
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Golgi-associated vesicle. Further improvements in fluorescence enhancement on binding at
physiological pH are a stated target for further research.

6.8.14 BIOLOGICAL CHEMISTRY OF ZINC

The increased knowledge of the role of zinc in biological systems has allowed study of the
coordination chemistry of small-molecule mimics and the enzymes themselves.964 A number of
texts deal with biological aspects of zinc and zinc enzymes.965–968

Mimicry of some enzyme systems, such as alcohol dehydrogenase, carbonic anhydrase, Cu/Zn
SOD, and phosphate diesterase, has already been discussed with the relevant ligands.

6.8.14.1 Zinc in Biological Systems (see Chapter 8.24)

The lack of zinc can also be a problem in biological systems and is responsible for disease states.
For example, nitric oxide-dependent apoptosis can be induced in motor neurons by zinc-deficient
SOD, and in some cases of amyotrophic lateral sclerosis, zinc-deficient SOD may participate in
this type of oxidative mechanism involving nitric oxide.969 One form of hereditary human hair
loss or alopecia was mapped to a specific gene and a mutation found in affected individuals.
The gene encodes a single zinc finger transcription factor protein with restricted expression in the
brain and skin.970 Zinc has been implicated in Alzheimer’s via beta amyloid formation, and a role
has been attributed for the cerebral zinc metabolism in the neuropathogenesis of Alzheimer’s
disease.971

The key roles for zinc in biological systems, particularly as structural components of a large
number of proteins, are attributed to the ability to bind to a wide range of tetrahedral sites, lack
of redox chemistry, and binding and exchange kinetics. The binding of zinc stabilizes the folded
conformations of domains allowing interactions between the proteins and other biological mol-
ecules such as DNA.3

Zinc is present in presynaptic nerve terminals throughout the mammalian central nervous
system and is thought to act as a modulator of synaptic transmission. Excessive exposure to
extracellular zinc can damage central neurons. It has been demonstrated that zinc accumulates in
degenerating neurons after ischemia, and that the accumulation occurs prior to neurodegenera-
tion, offering therapeutic chelation possibilities. This toxic increase in zinc could be a key
mechanism causing selective neuronal death after short ischemia.972 Extracellular zinc concentra-
tion has also been shown to have a role in blocking aminobutyric acid-caused inhibition in a
temporal mode epilepsy model. It is suggested that zinc is released from the terminals of certain
granule cells during epileptic seizures.973

It has been demonstrated that extremely tight control is exhibited over the intracellular zinc
concentrations by the metalloregulatory proteins controlling zinc homeostasis. It had previously
been thought that intracellular zinc was available in a pool of free zinc ions in the micro- to pico-
molar concentration. An important study shows that these concentrations of free zinc are
inconsistent with the concentrations required to trigger zinc uptake.974

The recruitment of zinc for a structural role, or to activate an enzyme, has been observed. The
zinc ion induces the dimerization of human growth hormone (hGH), with two Zn ions associated
per dimer of hGH. This is confirmed by replacement of possible zinc binding residues resulting in
weakened binding of the zinc ion. Formation of a zinc–hGH dimeric complex may be important
for storage of hGH in secretory granules.975 In a toxic role, anthrax lethal factor is one of the
three components of the secreted toxin and is a zinc-dependent protease that cleaves a protein
kinase and causes lysis of macrophages.976

Many serine proteases are targets for therapeutic intervention because they often play key roles
in disease. Potent and highly selective zinc-mediated serine protease inhibitors have been designed
where the zinc binds to two residues from the enzyme active site and a chelating ligand from an
administered drug, bis(5-amidino-2-benzimidazolyl)methane. This is an example where the drug
or metal chelator is given and recruits a zinc atom physiologically.922

The importance of zinc may extend even further as the processes that control carbon uptake by
marine phytoplankton are important in the carbon cycle, and the zinc enzyme carbonic anhydrase
could be a limiting factor. The concentration of zinc available to some marine phytoplankton has
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been shown to affect bicarbonate uptake. It has been postulated that zinc levels may limit oceanic
production and influence the global carbon cycle.977

6.8.14.2 Other Aspects of Zinc Enzyme and Protein Chemistry

Zinc is a constituent of over 300 enzymes with much research into the coordination of zinc to the
protein backbone, and how its chemistry is modulated by the donor set and environment.2 As
well as the Lewis acid catalysis properties in enzymes, the structural role in zinc finger proteins
has been a major area of research since the late 1990s. A number of reviews on zinc physiology,
enzymology, and proteins in general have been published.978–981 There is extensive analysis
available to classify the mononuclear sites in zinc proteins and identification of structural
relationships of the extended environment.982,983

The transport and storage of zinc has continued to be investigated with much work on
metallothioneins. The oxidation of cysteine ligands in metallothioneins, and a possible role for
selenium in the redox regulation of bound thiolates, are particular areas of interest.984,985 The
control of zinc transfer from metallothionein to zinc enzymes has been studied.986 It is thought
that thionein (apometallothionein) may participate in cellular regulatory processes. An effect of
its enhanced synthesis in vivo could be reduction of the intracellular free zinc and modulation of
zinc-dependent enzymes and proteins including zinc finger transcription proteins.987 COM is a 62
amino acid protein that binds zinc via four cysteine residues. The specificity of binding and high
relative affinity for zinc over cobalt were demonstrated.988

Theoretical calculations have been carried out on a number of zinc-containing enzymatic
systems. For example, calculations on the mechanism of the Cu/Zn enzyme show the importance
of the full protein environment to get an accurate description of the copper redox process,
i.e., including the electronic effects of the zinc ion.989 Transition structures at the active site of
carbonic anhydrase have been the subject of ab initio calculations, in particular [ZnOHCO2]

þ,
[ZnHCO3H2O]

þ, and [Zn(NH3)3HCO3]
þ.990

Zinc is also used in biological studies to gain information about non-zinc containing systems.
It can be a convenient redox inactive replacement for the study of complex systems with multiple
redox centers. For example, the mechanism of quenching the triplet state of zinc cytochrome c by
iron(II) and iron(III) cytochrome c has been studied. Zinc insertion has been used to get around
the difficulty of studying two heme proteins with the same absorption spectra and provides rate
constants for iron and iron-free cytochrome c quenching.991

Another stage in development is the engineering of zinc binding sites into proteins, for example, a
zinc binding site of three histidines based on carbonic anhydrase has been engineered into a
fluorescein-binding antibody and metal binding assessed by fluorescence quenching. Such com-
pounds could potentially be useful for antibody catalysis with relatively few amino acid changes.992

Since their discovery in the 1980s, studies on how zinc fingers select and bind DNA and
elucidate their role in switching on genes have been ongoing.993,994 In particular, Berg and
co-workers have carried out much research in this area.995 Studies on metal binding specificity
and kinetics of metal binding have been carried out with zinc finger peptides.996,997 Pavletich et al.
contributed an X-ray structure containing three zinc fingers bound to a DNA site.998

It has been suggested that two thiolates are required to maintain chelation of bound zinc to zinc
finger proteins.532,999 Electrospray ionization mass spectrometry investigations have shown that
zinc bound to consensus peptide region of the three types of zinc finger arrays requires two
deprotonated thiolates. Methylation studies showed that zinc could still be bound as long as two
thiolate anions from cysteine side chains were present. The others could remain as thiols or be
methylated without loss of chelating abilities.999 A number of other mass spectrometry-based
analyses of zinc finger proteins have been carried out.1000,1001 The oxidation of zinc finger
cysteines to thiolsulfinate has also been investigated.1002
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6.9.1 INTRODUCTION

6.9.1.1 Bibliography

This survey of the coordination chemistry of cadmium and mercury is based on, and continues,
the reviews given in the first edition of this series.1,2
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State-of-the-art overviews of the general chemistry of these elements are offered in recent
editions of well-known textbooks.3–5

Periodical accounts of research in these fields are given in the Annual Reports on the Progress
of Chemistry, Section A, Inorganic Chemistry.6–17

Accounts of the preparation, properties, characterization by physical methods and use of
representative inorganic and organometallic compounds of cadmium and mercury have been
published.18,19

References to reviews on special topics will be given where appropriate.

6.9.1.2 Scope of the Review

In a first part, experimental methods for studying formation, properties, structures and bonding
in complex compounds of cadmium and mercury are briefly surveyed, usually with hints to
reviews of the respective field and to examples of recent applications.

The growing importance of quantum-chemical calculations is dealt with in a short section, with
emphasis on the consideration of relativistic effects, especially in systems containing mercury.
These calculations aim at optimization of structures, determination of bond energies, simulation
of spectra, and estimation of spectral parameters, independent of but complementary to
experiments.

In the main part, dealing with complex compounds of cadmium and mercury, those with
complicated organic ligands are not considered, neither are complexes with bio-relevance system-
atically described. However, it is unavoidable to address the formation of frameworks with the
metals and certain organic ligands, and even seemingly simple compounds like Cd(CN)2, espe-
cially in the presence of appropriate guest molecules, tend to form wide-pore host frameworks.

Organometallic compounds are considered only with strong restrictions, namely when organic
ligands, e.g., methyl groups, are introduced to avoid formation of coordination polymers, as is the
case with mononuclear metallo-onium complexes.

Typical solid-state systems like alloys, polynary halides, oxides, and higher chalcogenides (e.g.,
semi- and superconductors), and so on, are not included in this context.

Environmental aspects are not dealt with here; surveys on this topic are available in specialized
compilations (see, e.g., refs. 20, 21).

6.9.2 METHODS FOR STUDYING FORMATION, PROPERTIES,
STRUCTURES AND BONDING IN COMPLEX COMPOUNDS
OF CADMIUM AND MERCURY

Experimental methods used for studies of Cd and Hg complexes in solution and in the solid state
are reviewed briefly, with examples for the application of the method under discussion in recent
work. In a separate section quantum-chemical studies, including consideration of relativistic
effects, on existing and not-yet-existing species with Cd and/or Hg, are also surveyed.

6.9.2.1 Experimental Methods

6.9.2.1.1 UV/vis spectrometry, thermochemical and electrochemical techniques

Classical methods for the investigation of complex formation equilibria in solution (UV/Vis
spectrometry, thermochemical and electrochemical techniques) are still in use (for an appraisal
of these and other methods see, e.g., ref. 22). Examples for the determination of the ratio of metal
to ligand in an Hg–protein complex by UV spectrometry are given in ref. 23, for the study of
distributions of complex species of Cd in equilibria by combined UV spectrometry and potentio-
metry in ref. 24 and by potentiometry alone in ref. 25, and for the combination of calorimetry and
potentiometry to obtain thermodynamic data in ref. 26.
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6.9.2.1.2 NMR spectrometry

The growing importance of metal-nuclide NMR spectrometry, here of the nuclei 111Cd, 113Cd,
and 199Hg, is reflected in several reviews, from which only the more recent are mentioned;27–32 the
latter two references, with compilations of 199Hg NMR data, are to be considered as comple-
mentary (solution and solid state).

Both of the nuclei 111Cd and 113Cd with spin I= 1=2, with similar abundances (12.75% and
12.26%, respectively) and receptivities (6.93 and 7.6 with reference to 13C, respectively) are easily
observed nowadays, but 113Cd data are a bit more frequently reported in the literature. Chemical
shifts �(111,113Cd) (usual references dimethylcadmium Cd(CH3)2 or 0.1M aqueous solution of
Cd(ClO4)2), coupling with other nuclei, e.g., 1H, 13C, 19F, or 31P, and temperature dependence of
the NMR spectra provide insight into structure, bonding, and dynamics of Cd complexes in
solution, whereas MAS-NMR spectra give informations on the complex species in the solid state.

With mercury only the nuclide 199Hg (I= 1/2, abundance 16.84%, receptivity 5.42 re 13C) is
routinely measured, as 210Hg (I= 3/2) with a large nuclear quadrupole moment can be painstak-
ingly observed only under special conditions. Usually, dimethylmercury Hg(CH3)2, sometimes
also aqueous Hg(ClO4)2 solution, are taken as references for the chemical shifts �(199Hg).
Temperature-dependent NMR spectra of mercury compounds in solution reveal that exchange
processes occur as in the corresponding cadmium species, sometimes more quickly, sometimes
more slowly, depending on the ligands (appearance of heteronuclear couplings of the 199Hg nuclei
at lower temperatures, see e.g., ref. 33).

6.9.2.1.3 NQR spectrometry

In general, nuclear quadrupole resonance (NQR) spectrometry of solids with appropriate quad-
rupole nuclides yields information on electrical fields and field gradients, i.e., on charge distribu-
tions around these quadrupole nuclei, on molecular reorientations, and on fluxional behavior.
Since the only quadrupole nuclide of interest here, namely 201Hg (see above), has too low an
abundance (13.22%), NQR spectrometry is not routinely applicable to this nucleus. However,
mercury compounds containing, e.g., the halides Cl, Br, and I can readily be studied, since all
naturally occurring nuclides of these elements (35,37Cl, 79,81Br, 127I) are ‘‘good’’ NQR nuclei. An
instructive example for the study of fluxional behavior in solid pentachlorocyclopentadiene
mercurials C5Cl5HgR by 35Cl NQR, together with 13C MAS NMR, is described.34

6.9.2.1.4 Diffraction methods on solids and solutions

Diffraction methods applied to crystalline coordination compounds in general—especially using
X-rays, and to some extent also synchrotron radiation and neutrons—are now of paramount
importance for the determination of structures. X-ray structure analysis on single crystals
can now routinely be performed, even if special problems have to be solved again and again,
e.g., treatment of twinning, determination of superstructures or of absolute configurations,
analyses of disorder of different kinds. In the case of Cd, and even more with Hg compounds,
special care has to be taken to reduce absorption by the proper choice of the wavelength and to
perform the best possible absorption correction of the diffractometer data set. Even so, the
location of light atoms besides mercury is not very accurate, due to the very different scattering
power for X-rays. A remedy is provided by neutron diffraction, since the coherent scattering
cross-sections for the light atoms and for mercury are similar and the absorption cross-section of
Hg for neutrons is moderate (scattering cross-sections �coh for, e.g., N and Hg 11.01 and
20.24 barn (10�24 cm2); absorption cross-sections �abs 1.90 and 372.3 barn, respectively).35 A
recommendable procedure nowadays is to determine the structure by X-ray diffraction (on single
crystal or powder) and then to refine it on the basis of neutron powder diffraction data (Rietveld
method). A generic survey and perspectives of the complementary use of X-ray and neutron
diffraction is available36, while one example for this combined structure determination is mercury
cyanamide HgCN2.

37

Neutron diffraction on Cd compounds is not feasible, as one of the Cd nuclides (113Cd) has an
extremely high absorption cross-section for neutrons, yielding an average �abs(Cd) of 2,520 barn
(Cd metal is used for the shielding of neutron radiation).
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X-ray diffraction also of solutions can provide insight into the structures of the dominating
complexes present. A review outlines the experimental procedure and the processing of measured
data in order to extract the structural information.38

6.9.2.1.5 X-ray absorption spectrometry

In order to gain information on the environments of certain atoms in dissolved species, in melts or
in solids (crystalline or noncrystalline), which are not accessible to diffraction studies for one
reason or another, X-ray absorption spectrometry (XAS) can be applied, with the analysis of the
X-ray absorption near-edge structure (XANES) and/or the extended X-ray absorption fine
structure (EXAFS). Surveys of these methods are available;39,40 a representative study of the
solvation of some mercury species, HgX2, in water and dimethylsulfoxide (DMSO) by EXAFS
and XANES, combined with quantum-chemical calculations, has been published.41

6.9.2.1.6 Photoelectron spectrometries

Charge distributions and bonding in compounds of Cd and Hg in the solid and gaseous states can
be studied by the well-established X-ray photoelectron spectrometry (XPS) and ultraviolet photo-
electron spectrometry (UPS), respectively. With XPS, inner-shell electrons are removed which are
indirectly influenced by the bonding, i.e., distribution of the valence electrons. UPS sees this
electron distribution directly, since it measures the residual kinetic energies of electrons removed
from the valence shells of the atoms, or, better, from the outer occupied orbitals of the molecules.
The most detailed information accessible by UPS is obtained on gases, and it is thus applied here
to volatile compounds, i.e., to the halides mainly of Hg and to organometallic compounds.

6.9.2.1.7 Vibrational spectrometries

The equally well-established methods of optical vibrational spectrometry (IR and Raman), some-
times complemented by other methods, can answer quite different questions. Examples are studies
of the solvation state of mercury halides HgX2 in different solvents, and derivation of Lewis
basicity or donor ability scales for these solvents based on the shift of the valence vibrations of
dissolved HgX2 molecules.42,43 In another multimethod study (XANES, EXAFS, UV/Vis, IR,
Raman) of the state of HgX2 molecules occluded in several varieties of crystalline microporous
silica (porosils), Raman spectra yielded information not only on the interactions between guest
molecules and the host lattice, but also on the orientation of the HgX2 guests;

44 in this case X-ray
diffraction does not provide the information sought. In general, optical vibrational spectrometry,
combined with inelastic neutron scattering where desirable and reasonable, gives hints as to the
symmetry, structure, and bonding modes of complexes in dissolved and solid states, and yields the
basis for force-field studies with empirical normal coordinate analyses. The valence force con-
stants and their variations thus obtained are often a more sensitive measure for changing bond
strengths than are differences in bond lengths.

6.9.2.1.8 Mass spectrometry

Mass spectrometry (MS) in its various forms, and with various procedures for vaporization and
ionization, contributes to the identification and characterization of complex species by their
isotopomer pattern of the intact ions (usually cation) and by their fragmentation pattern. Upon
ionization by the rough electron impact (EI) the molecular peak often does not appear, in
contrast to the more gentle field desorption (FD) or fast-atom bombardment (FAB) techniques.
An even more gentle way is provided by the electrospray (ES) method, which allows all ionic
species (optionally cationic or anionic) present in solution to be detected. Descriptions of ESMS
and its application to selected problems are published;45–47 also a representative application of
this method in a study of phosphine–mercury complexes in solution is reported.48
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6.9.2.2 Quantum-chemical Calculations

Progress in computer efficiency and in theory, especially with respect to relativistic effects in
systems with heavy atoms, also led to an increasing number of quantum-chemical studies of
cadmium- and mercury-containing species. These studies deal with apparently simple problems,
like bonding in Hg2,

49–51 and in increasing clusters Hgn up to Hg40,
52 with calculation of NMR

parameters in small organomercury species,53 and with as-yet-hypothetical systems with Cd and
Hg in the oxidation state þ4.54,55

The primary effects of relativity are contraction and energetic stabilization of the 6s orbitals
and expansion, destabilization, and spin-orbit splitting of the 5d orbitals, with consequences for
the physical properties of the atoms and of the metals, and for bonding in their compounds; these
effects are strongest with Au, slightly weaker with Pt and Hg.56

6.9.3 THE OCCURRENCE OF Cd AND Hg

Minerals dominated by cadmium are rare; the sulfide CdS (greenockite), especially, is very rarely
found. However, cadmium is widespread in zinc ores in low concentrations (0.2–0.4%) and is
separated during processing of these ores and production of zinc.

It is now established that cadmium, besides zinc, is accumulated in some native cysteine-rich
proteins (e.g., metallothioneins) and the binding mode and sites in the protein are studied and
largely understood.57 Also, the detection and study of native Cd-enzymes and Cd-substituted Zn-
enzymes is just beginning at the time of writing (for a short survey see ref. 58).

In contrast to cadmium, mercury occurs in various minerals—partly highly interesting in view
of the mercury species present—and in enriched deposits. The most remarkable and important of
these is the mine of Almadén, Spain, already known and exploited for cinnabar by the Romans,
i.e., for more than two thousand years. Almadén still contributes about one-third of the world
production of mercury. The geology and geochemistry of this region have been reviewed.59

Recently, exploration in the Almadén district detected a new deposit, Nuevo Entredicho—even
more remarkable in that the mercury content of this cinnabar/native mercury deposit locally rises
up to 45% and that the deposit is actually monometallic, i.e., the HgS/Hg mixture contains other
metals only at the trace level of some umpteen ppm, with lead reaching a maximum of more than
1,000 ppm in some parts. On the basis of the results of isotope analyses for sulfur and lead,
conclusions on the geological and geochemical history of the deposit have been drawn.60

The common occurrence of a mercury(II) compound and metallic mercury in this and other
deposits could lead to the secondary formation of minerals with mercury in lower oxidation
states: for instance, in the intermediate oxidation state þ11⁄3 of the highly remarkable triangulo-
Hg3

4þ entity in the minerals terlinguaite (Hg3)HgO2Cl2
61–63 and kuznetsovite (Hg3)AsO4Cl;

64–66

or in the oxidation state þ1 of the Hg2
2þ dumbbells in the long-known but only recently

structurally studied mineral eglestonite (Hg2)3Cl3O2H,67,68 in the newly found shakhovite
(Hg2)2Sb(OH)3O3,

69,70 and in the deceptively simple-looking, but structurally complicated, poyar-
kovite Hg3OCl (six independent Hg2

2þ groups!).71

Structural aspects of minerals and related synthetic materials with mercury in lower oxidation
states and with oxocentered building blocks, OHgn, have been reviewed.72,73

6.9.4 COORDINATION COMPOUNDS OF CADMIUM AND MERCURY

6.9.4.1 Higher Oxidation States of Cd and Hg; Quantum-chemical Studies

Some time ago experimental evidence for the electrochemical generation of a transient complexed
HgIII species was given,74 but never since has an HgIII compound been isolated and studied. Also,
compounds with HgIV, corresponding to the well-known AuIII, have not yet been prepared.

With this situation in mind quantum-chemical calculations have been started, aiming at testing
the possible existence of simple HgIV compounds, e.g., HgF4,

54 and later on also of respective Zn
and Cd species;55 a complementary study was undertaken to confirm the questioned results of the
former calculations.75 As a result of these studies with comparative nonrelativistic and relativistic
calculations, including electron correlation at different levels, HgF4 (gas) can be considered to be
thermodynamically stable (in contrast to ZnF4 and CdF4) with respect to decay into HgF2 (gas)
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and F2; a reaction energy (RE) of þ19 kJmol�1 (endothermic) has been recommended for
HgF4!HgF2þF2.

75 A possible exothermic, gas-phase reaction yielding HgF4 could be:
HgF2þKrF2!HgF4þKr (RE=�94 kJmol�1).54

As expected, HgF4 is square planar (cf. AuF4
�), with a bond length re(Hg�F)= 188.4 pm54,55

(189.1 pm75), optimized at the highest level. The bond lengths calculated at different levels, but always
with consideration of relativistic effects, are shorter than those from nonrelativistic calculations
(relativistic bond contraction). Reaction energies for the addition of F� anions to HgF4 and HgF2,
to yield HgF5

�, HgF6
2� and HgF3

�, HgF4
2�, respectively, have also been calculated, as well as the

structures of these complex anions and of the dimers (HgF4)2 and (HgF2)2.
55,76 Calculated vibrational

frequencies of the above neutral monomers and dimers should assist in the future identification of the
products of the suggested fluorination reaction by vibrational spectrometry.54,55 Totally symmetric
harmonic frequencies of HgF4 and HgF2, calculated at various levels, are also reported75.

Finally, calculations for HgCl2 and HgCl4 show unequivocally that the latter is rather unstable
(strongly negative atomization energy).75

6.9.4.2 The þ2 Oxidation States of Cd and Hg

6.9.4.2.1 Compounds with donor atom C

(i) Carbonyl complexes

In a most remarkable reaction, a solution of Hg(SO3F)2 in liquid SbF5 at 80
�C absorbs gaseous

CO (500–800mbar) to yield colorless bis(carbonyl)mercury(II) undecafluorodiantimonate(V),
[Hg(CO)2][Sb2F11]2 (recrystallization from magic acid, HSO3F/SbF5!); similarly, the correspond-
ing dimercury(I) compound, [Hg2(CO)2][Sb2F11]2, has been obtained also.77,78 The HgII com-
pound is thermally stable up to 160 �C; the Hg2

I compound decomposes earlier. In the IR and
Raman spectra of [Hg(CO)2][Sb2F11]2 the �(CO) vibrations appear at 2,278 cm�1 and 2,281 cm�1,
respectively (force constant fr 21.0� 102Nm�1); these are so far the highest �(CO) values for
any metal carbonyl complex. An IR band at 335 cm�1 is assigned to �as(HgC). Evaluation of the
13C-MAS-NMR spectrum of the 13C-labeled isotopomer yields �(13C) 168.8 ppm, and the extra-
ordinarily high 1J(199Hg,13C) of 5,219Hz. X-ray structure analysis (195K; P21/n, Z= 2) reveals a
centrosymmetric, slightly kinked [Hg(CO)2]

2þ cation (r(Hg�C) 208.3, r(C�O) 110.4 pm;
�(Hg�C�O) 177.7�), with the counteranions on general positions. Secondary bonds F� � �Hg
(259.5 pm and 269.1 pm) complete the coordination around Hg to distorted octahedral and link
the lattice constituents; contacts F� � �C shorter than the sum of the van der Waals’ radii contribute
to the stabilization of the compound. The collected data suggest a relatively weak, �-only Hg�C
bond with no �-back bonding, and therefore a strong C�O bond.

(ii) Acetylides

Compounds A2Cd(C�CH)4 (A=Rb and Cs) (space group I 41/a, isotypic to K2Cd(C�CH)4),
obtained from the acetylides AC2H and Cd(SCN)2 in liquid NH3, contain complex anions with
symmetry 4�S4.79 Also, an ammoniate K2Cd(C�CH)4�2NH3 has been prepared and its
structure determined (rav(Cd�C) 224.0 pm (average), rav(C�C) 119.0 pm). A neutral heteroleptic
Cd complex [Cd(C�CPh)2tmen] (tmen= tetramethylethylendiamine) has been obtained by react-
ing Cd[N(SiMe3)2] with Li-phenylacetylide PhC�CLi and tmen in toluene, and its structure
solved: Cd has a distorted tetrahedral environment with rav(Cd�C) 214.1 pm (average),
rav(C�C) 120.8 pm and a wide �(C�Cd�C) 142.8�; in contrast, the bite-angle of the tmen
ligand is small, �(N�Cd�N) 76.16� (rav(Cd�N) 245.4 pm).80 In a related Hg compound
[Hg(C�CPh)2phen] (phen= 1,10-phenanthroline), the angle �(C�Hg�C), 165.6�, is even wider
and tends to a linear arrangement.81 The long-known, uncomplexed Hg(C�CPh)2 and also
Hg(C�CSiMe3)2 have been prepared in a crystalline form appropriate for X-ray structure
analyses.82 Both of these compounds crystallize in huge unit cells, with eight and five independent
quasi-linear molecules, respectively, with rav(Hg�C) 200 pm in both cases, and slightly different
rav(C�C), 119 pm and 122 pm, respectively. The peculiarity in both structures is aggregation of
these eight and five molecules by ‘mercuriophilic’ interaction, i.e., weak attraction between the Hg
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atoms with Hg� � �Hg distances in the ranges 375 up to 425 pm, and 376–407 pm, respectively. With
a new value for the van der Waals’ radius of Hg of 200 pm,83,84 the limit for attraction between
Hg atoms would be at a distance of �400 pm. Closer inspection reveals that there are also
intermolecular contacts Hg���C2 of 330–370 pm (sum of the van der Waals’ radii of Hg and
C� 370 pm). Thus, aggregation of the molecules is probably a cooperative effect of both Hg���Hg
and Hg���C2 interactions.

For Hg(C�CPh)2 and for other symmetrical, as well as asymmetrical, alkynyl mercury com-
pounds R0�Hg�C�CR and R0�Hg�C�C�Hg�R0, multinuclear NMR measurements (1H,
13C, 199Hg) have been performed;85 especially both the solvent and temperature dependencies of
the �(199Hg) data of Hg(C�CPh)2 have been carefully measured. Also, Hg(C�CSiMe3)2, other
silylalkynyl mercurials R0�Hg�C�CSiMe3, and various trimethylsilyl mercury compounds have
been studied by 13C, 29Si, and 199Hg NMR.86 The �(199Hg) values proved to be remarkably sensitive
to changes in R0, but also in the more remote substituents R of the alkynyl ligands; also the
coupling constants 1J(199Hg,13C�) span a wide range, from 650 to almost 3,000Hz.

(iii) Cyanides

Investigations of cyanides and cyano complexes of Cd and Hg have augmented tremendously
since about 1990, after detection of inclusion compounds of Cd(CN)2. A thorough review on
transition-metal cyanides especially emphasizes the chemistry of inclusion compounds of both the
Hofmann type (frameworks dominated by planar Ni(CN)4 building blocks) and the cyanocad-
mate type (frameworks with tetrahedral Cd(CN)4 units).87 The structures of these inclusion
compounds, but also of cyanides themselves, often topologically resemble the structures of
minerals; this aspect (‘mineralomimetic chemistry’) is dealt with in a simultaneous survey.88 A
more generic review of framework structures, with a section on cyanide inclusion compounds,
is also to be mentioned.90

The structure of Cd(CN)2 (and of the isomorphous Zn(CN)2) has been determined by state-of-
the-art techniques;91 Cd(CN)2 adopts the anti-cuprite structure (cuprite Cu2O, space group P43m)
with two interpenetrating, independent, diamond-type frameworks (with respect to the compos-
ition frameworks related to the high-cristobalite (Hc) form of SiO2). This space group implies two
independent Cd atoms with ordered orientation of the CN bridges, i.e., distinct CdC4 and CdN4

entities (r(Cd�C) 209.9(5), r(Cd�N) 219.6(4), r(C�N) 116.2(5) pm). However, 113Cd MAS NMR
of Cd(CN)2 displays five signals with different intensities, assigned to CdC4, CdC3N, CdC2N2,
CdCN3, and CdN4 species (upfield sequence), indicating static disorder of the CN groups aligned
between adjacent Cd atoms; the species CdC2N2 seemingly has some preference compared with a
purely statistical distribution.92 Consequently, the space group should be changed to Pn3m,
allowing for orientational disorder, as has been confirmed by a redetermination of the structures
of Zn(CN)2 and Cd(CN)2 (rav(Cd�C,N) 216.9(9), rav(C�N) 114.3(19) pm).93

As mentioned above Cd(CN)2 itself, and related materials with partial or full substitution of Cd
by other transition or post-transition metals, e.g., Zn or Hg, form a huge and still-increasing
number of inclusion compounds Cd(CN)2�x G (G= guest molecule). In just three papers, no
fewer than twenty such clathrates and their structures are described.93–95 Basically, in the clath-
rates one of the two frameworks of the mother-structure is retained as the host lattice, and its
voids are filled with the guest molecules. In most of the cases the host lattice resembles one of
the H-, L-cristobalite, H- or L-tridymite forms of SiO2; a case with a framework intermediate
between H- and L-cristobalite has also been found.96 A systematic representation of these and of
other clathrates structurally related to clay and zeolithe minerals is already developed.88 A special
case is met with Cd(CN)2�2/3 H2O�t-BuOH, in which tetrahedrally and octahedrally coordinated
Cd (ratio Cdtet:Cdoct= 2:1) form a honeycomb framework with pseudohexagonal channels hosting
the guest molecules t-BuOH.97–99 Below 240K a phase transition with doubling of the unit cell
occurs, obviously due to ordering of the guest molecules and of the hydrogen-bond system
between the H2O coordinated to Cdoct and the t-BuOH molecules.99 Phase transitions of clath-
rates at low temperatures with ordering of the guest molecules (e.g., HCCl3, HCBr3, and the like)
have also been observed by means of temperature-dependent IR, Raman, and 2H NMR spectro-
metry.100 A short survey of the most important clathrate types involving Cd(CN)2 is provided by
Table 1 (modified after ref. 88). Vibrational spectra of benzene clathrates of the type
Cd(ND)nM(CN)4�2 C6H6 (ND heterocyclic N-donor such as pyrazine or adenine, n= 1, 2;
M=Cd, Hg) have been discussed.101,102
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Hg(CN)2 in the solid state has a structure (I42d; neutron diffraction), completely different from
that of Cd(CN)2: Almost-linear molecules (r(Hg�C) 201.9, r(C�N) 116.0 pm (corrected for
thermal motion); �(C�Hg�C) 175.0�) are arranged such that four secondary bonds N���Hg
(274.2 pm) yield the often-occurring 2þ 4 coordination around Hg.103 Analysis of the 199Hg MAS
NMR spectrum of Hg(CN)2 has yielded the chemical shift and shielding tensor parameters.104

Several quantum-chemical studies have been performed on Hg(CN)2 and related species,
applying different approaches with consideration of relativistic effects in order to get MO schemes
and energies as a basis for discussion of bonding, valence XPS,105 UPS,106 XANES and EXAFS
spectra.41 The latter study also showed Hg(CN)2 to be dissolved in H2O in molecular form
(r(Hg�C) 202, r(C�N) 114 pm), and obviously not to be hydrated, a remarkable finding insofar
as solvates of Hg(CN)2 with various donor molecules are well known.2 However, in contrast to
Cd(CN)2 (see above), Hg(CN)2 as such does not form clathrates.

Also, in complex compounds of the types AHg(CN)2X or A2Hg(CN)2X2 (cf. ref. 2), almost
unperturbed Hg(CN)2 units are present. In a recent example, [NH3Et]2Hg(CN)2Cl2, (A2/a), the
Hg(CN)2 molecules (r(Hg�C) 206.4, r(C�N) 111 pm) are inserted in half of the meshes of a near-
tetragonal net of Cl� anions with weak Cl���Hg interactions (distances 2� 290.1,
2� 343.2 pm).107 In a comproportionation reaction Hg(CN)2 and Hg(OAc)2 (OAc= acetate)
readily form crystalline Hg(CN)(OAc). The structure (P21/c) contains two independent molecules
with unidentate OAc and almost linear arrangements NC�Hg�OAc (rav(Hg�C) 201.8,
rav(Hg�O) 206.3, rav(C�N) 115 pm; �av(C�Hg�O) 174.2�); secondary bonds O���Hg and
N���Hg (range� 260–280 pm) yield a distorted 2þ 4 coordination around Hg. IR and Raman
bands below 500 cm�1 have been assigned to skeletal valence and deformation modes. �iso(

199Hg) of
this compound lies upfield from that of Hg(CN)2.

104

In an admirable microwave study of methylmercury cyanide, H3CHgCN (five isotopomers), the
structural parameters have been obtained with high precision (data for substitution structure:
rs(H3C�Hg) 205.63(1), rs(Hg�CN) 203.69(2), rs(C�N) 115.70(2) pm); the dipole moment is high,
�= 4.69(4) D.108

The tetrahedral Cd(CN)4 building block present in Cd(CN)2 and its clathrates also occurs in
K2Cd(CN)4, crystallizing in the spinel structure (Fd3m); here, the anion has full tetrahedral
symmetry (43m�Td), with r(Cd�C) 222.5(3) and r(C�N) 111.3(3) pm.109

From K2Cd(CN)4, CdCl2, and [PPh4]Br under controlled conditions (pH, solvent mixture,
temperature), [PPh4]3[Cd2(CN)7] (R3c) is obtained with the anion analogous to disilicate
Si2O7

6�; this anion has staggered conformation and a disordered bridging CN group,110 as
required by crystallography. This reaction is the first step to catenation and the formation of
oligomeric and polymeric cyanocadmates. As a consequence, the end member of this catenation
exists in [SbPh4][Cd(CN)3] with a chain anion 1

1[Cd(CN)3]
�, analogous to the ino-silicate

1
1[SiO3]

2� in pyroxenes.111 Further analogies between cyanocadmates and silicates are discussed
in the survey already mentioned.88 Recently, polycyano-polycadmate host clathrates, including
the methylviologen (1,10-dimethyl-4,40-bipyridinum) dication, have been obtained which adopt
3-D framework structures related to zeolithes with different kinds of cavities, depending on the
guest molecules; altogether a dozen such structures have been classified into five structural types
on the basis of the shapes of the cavities (cages, channels, 3-D cavities).89

The long-known K2Hg(CN)4 and related compounds are still the object of structural studies.
Thus, a neutron-diffraction study confirmed the spinel structure of K2Hg(CN)4 at room tempera-
ture (298K) with exactly tetrahedral anions, Hg(CN)4

2� (r(Hg�C) 215.2, r(C�N) 114.9 pm).112

Table 1 Types of Cd(CN)2 and related clathrates, space groups and examples.

Clathrate Host lattice Space group Examples for G

Cd(CN)2�G Hca Fd3m CCl4, CMe4
Cd(CN)2�0.5 G Hc Fd3m i-Bu2O
Cd(CN)2�G Lc P41(43)212 CHCl2CH2Cl
Cd(CN)2�G H/Lc I41/amd CH2BrCH2Br
Cd(CN)2�0.5 G Ht P63/mmc n-Bu2O�H2O
Cd(CN)2�2/3 H2O�G special type Cmmm (r.t.) t-BuOH

Pbcm (<230K)
[CdZn(CN)4]�2 G Hc Fd3m CCl4
[CdHg(CN)4]�2 G Hc Fd3m CCl4

a Hc high cristobalite, Lc low cristobalite, H/l intermediate between Hc and Lc, Ht high tridymite.
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Remarkably, the Hg�C bonds are shorter than the Cd�C bonds in the respective cyano-
spinel;109 the probable reason is relativistic bond contraction with the Hg atom.

Also known for some time is a phase transition at low temperature (111K), observed in studies
with various methods (NQR, elasticity measurement by ultrasound, Raman spectrometry);112

temperature-dependent neutron diffraction showed the phase transition to be caused by an
antiphase rotation of adjacent anions around the threefold axis ([111] in the cubic cell) and to
lower the symmetry from cubic to rhombohedral (R3c). As shown by inelastic neutron scattering,
this phase transition is driven by a low-frequency rotatory soft mode (0.288 THz = 9.61 cm�1/
298K);113 a more recent NQR study revealed a small hysteresis and hence first-order character of
this transition.114 This rhombohedral structure is adopted by Rb2Hg(CN)4 already at room
temperature (rav(Hg�C) 218.6, rav(C�N) 114.0 pm for two independent cyano groups), and the
analogous phase transition to the cubic structure occurs at 398K.115

K2Hg(CN)4 and the crown ether dibenzo-18-crown-6 in aqueous ethanol yield the crystalline
[K(C20H24O6)]2[Hg(CN)4]�2H2O; the structure contains two independent potassium-crown complexes
and a distorted tetrahedral Hg(CN)4 entity (rav(Hg�C) 218.4, rav(C�N) 112.3 pm) which coordinates
toone of the complexedK ions throughone of theCN ligands (slight lengthening of theC�Nbond).116

For K2Hg(CN)4 in aqueous solution, 199Hg NMR indicates deshielding on complexation
(�(199Hg) �502 vs. �1021 ppm for Hg(CN)2; reference 90% HgMe2/10% C6F6).

117

Quaternary cyanomercurates NR4[MHg(CN)4] (R=Et, Pr; M=Li, Na, K, Cu) at higher
temperatures adopt cubic framework structures (F43m) topologically related to cristobalite,
with tetrahedral surroundings of both M and Hg and ordered cyano groups (M�NC�Hg); the
cations are located in the cavities.118,119 These compounds undergo reversible phase transitions
(first order, displacive) to tetragonal (I4) studied by DTA/DSC, X-ray diffraction, Raman and
MAS NMR spectrometries, with transition temperatures depending on R and M.120

The thermal behavior and degradation of the sulfonium tetracyanometallates (R2R
0S)[M(CN)4]

(R=R0 =Me and R=Me, R0 =Ph; M=Cd, Hg) and the degradation products (IR spectra) have
been studied.121,122

(iv) Fulminates

In contrast to cyanides, for fulminates just a handful of papers has appeared in the period to be
reviewed and only one is relevant here, namely on the structure of a tetrafulminatomercurate
[AsPh4]2[Hg(CNO)4].

123 Seemingly the compound is quite stable, since the authors mention that
the crystals used for X-ray structure analysis were 35 years old! The compound (C2/c) contains
distorted tetrahedral anions (site symmetry 2�C2) with one angle �(C�Hg�C) widened to
118.4� and the opposite angle compressed to 101.8� (packing effects); the two independent
Hg�C bonds are significantly different (average 218.7 pm) and the Hg�C�N�O groups nearly,
but not fully, collinear. Recent DFT calculations with a quasirelativistic pseudopotential for mercury
yielded structural parameters and vibrational frequencies of the free [Hg(CNO)4]

2� anion (idealized
symmetry 43m�Td) which agree pretty well with the experimental data.124

6.9.4.2.2 Compounds with donor atoms Si and Ge

Recently, the crystal structure of bis(trimethylsilyl)mercury Hg(SiMe3)2 (by reaction of Me3SiCl
with Na/Hg) has been redetermined.125 The most remarkable finding is the formation of dimers
by ‘‘mercuriophilic’’ attraction with a distance r(Hg���Hg) of 314.6 pm, i.e., shorter than twice the
van der Waals’ radius of Hg (see the discussion in Section 6.9.4.2.1(i)); the axes of the two
quasilinear molecules in the dimers are approximately perpendicular to each other. Otherwise,
the bond lengths are r(Hg�Si) 249.13(18) and r(Si�C) 186.6(8) pm; the angles �(Hg�Si�C),
111.9�, are widened and �(C�Si�C), 107.4�, compressed.

In Li2Hg(SiMe3)4 and Li2Hg(SiMe2Ph)4 (simplified from the respective disilyl mercury com-
pounds and lithium metal), both crystallizing in C2/c, the basically tetrahedral ate species are
distorted by interaction with, and linking by, lithium.126 The Hg�Si bonds (rav(Hg�Si) 254.4 pm
and 252.1 pm, respectively) are slightly longer than in Hg(SiMe3)2, as might be expected.

NMR data for Hg(SiMe3)2 in different solvents have been compiled and discussed,86,117 as well
as data for asymmetric mercurials RHgSiMe3

86 and for compounds with simple SiH3 and mixed
silyl groups (SiMe3�xRx); even data for the ate complexes LiHg(SiMe3)3 and Li2Hg(SiMe2Ph)4
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and for germyl species Me3SiHgGeH3 and Hg(GeH3)2 are presented.
117 Substitution of one SiMe3

group in Hg(SiMe3)2 by alkyl groups R increases the shielding of the Hg nuclei (negative shift of
�(199Hg)); a similar effect is brought about by substitution with SiH3 and even more strongly with
GeH3. The extremes on the �(199Hg) scale for silyl mercury compounds are Li2Hg(SiMe2Ph)4,
(1,681 ppm, the least shielded) and Hg(SiCl3)2 (�1,177 ppm in dimethoxyethane DME, the most
shielded).117 As a rule of thumb the coupling constants 1J(199Hg,29Si), where observed, also
increase with increasing shielding (maximum 3,864 Hz for Hg(SiCl3)2).

In recent years, the chemistry of compounds with tris(trimethylsilyl)silyl groups Si(SiMe3)3
(‘‘hypersilyl’’ group127) has been expanded. For bis(hypersilyl)cadmium and -mercury,
M[Si(SiMe3)3]2 (M=Cd, Hg), the crystal structures have been solved and low-frequency vibra-
tional spectra measured and discussed.128 In the isomorphous compounds (P1, Z= 1) the mol-
ecules, since centrosymmetric, have an exactly linear arrangement Si�M�Si and staggered
conformation. Again, the Hg�Si bonds (246.9(2) pm) are significantly shorter than the Cd�Si
bonds (250.4(1) pm) (relativistic bond contraction), the Si�Si bonds show only small scatter
(rav(Si�Si) 233.2 pm); in both compounds the very similar angles �(Si�Si�Si) are widened
(total average 112.5�) at the expense of the angles �(M�Si�Si) (106.3�), probably as a conse-
quence of steric interaction (compare the contrasting findings with Hg(SiMe3)2).

1H, 13C, and 29Si NMR, as well as UV/Vis data (	max, "max), have been reported for all
M[Si(SiMe3)3]2 (M=Zn, Cd, Hg) (also the crystal structure for M=Zn, isomorphous with the
above compounds).129 The 29Si resonances move to lower field (decreasing shielding) in the series
Zn>Cd>Hg: as expected, more pronounced for Si immediately bound to M; the UV absorption
maxima move to lower wavenumbers. For M=Hg alone �(199Hg) and 1J(199Hg,29Si) have been
reported; as compared with Hg(SiMe3)2 � moves downfield (987 vs. 499 ppm, deshielding) and 1J
decreases (432 vs. 981 Hz) under the same conditions.117

From CdI2 and LiTt(SiMe3)3 (Tt= Si, Ge) in the presence of thf, the tris(�-iodo)bis[tris(trimethyl-
silyl)tetrylcadmate] [Li(thf)4][(Me3Si)3TtCdI3CdTt(SiMe3)3] are obtained (IR and 1H NMR data); an
X-ray structure analysis of the Ge compound (Cmcm, Z= 4) has been performed.130 In the anion
(symmetry mm2�C2v) one of the bridging I atoms, the Cd, germanium, and two of the Si atoms are
all lying in the same mirror plane, with the remaining two I atoms in the mirror plane orthogonal to
the first one. The bond length r(Cd�Ge) is 253.3 pm (no reference data are given) and the distances in
the symmetrical bridges r(Cd�I) 293.1 pm and 295.3 pm, respectively. The angles around Cd deviate
considerably from the ideal tetrahedral angles (�av(germanium�Cd�I) 124.7 and �av(I�Cd�I)
90.8�) caused by the steric demands of the Ge(SiMe3)3 ligands.

6.9.4.2.3 Compounds with donor atom N

The large group of compounds with cadmium– and mercury–nitrogen bonds can be subdivided
into two sections, one with amide ligands derived from molecules with acidic hydrogen or
electropositive leaving groups attached to nitrogen, the other one with amine ligands just coordin-
ated to the metal, with the option of further metal substitution on the bonded ligands. In the
former case isolated mononuclear, but also oligonuclear complexes may be formed; in the latter
case progressive substitution may lead to formation of 2-D or 3-D networks. With amides
nitrogen is often three-coordinate, but secondary bonds between N and the metals, sometimes
additional metals, can make things more complicated; with amine complexes tetra-coordinate
nitrogen is always present.

Analogous considerations also apply to ligands with phosphorus and the other elements of the
pentel group.

A special situation is met in systems containing Cd or Hg combined with cyano-complexes of
other elements. In these cases, the coordination sphere of Cd or Hg is fully or partly made up of
the N-ends of cyano-groups C-bonded to another metal.

(i) Amides

Among the simplest metal amides are the cyanamides CdCN2
131 (from CdCl2 and H2NCN/

NaOH in aqueous solution at pH 12.5/350K)132 and HgCN2 (from HgCl2 and H2NCN/NaOH
in aqueous solution).37 In CdCN2 (R3m or R3m, Z= 3; from X-ray powder data) Cd is
surrounded by six equidistant N atoms (r(Cd�N) 238.0 pm) of the N�C�N groups, which are
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aligned along the threefold axes and symmetrical in R3m, but asymmetrical in R3m.132 The
authors prefer the noncentrosymmetric structure with reference to the IR spectrum, but the
arguments for this choice are not convincing.

The structure of HgCN2 (Pbca, Z= 8; from combined X-ray and neutron powder data)37

contains zigzag chains 1
1[Hg(NCN)2/2] (Hg atoms bonded to both ends of NCN: �1,3-NCN

bridges) with rav(Hg�N) 206.5 pm, rav(C�N) 122.2 pm, and �av(Hg�N�C) 117.5. The fragments
N�Hg�N and N�C�N are almost symmetrical and only slightly bent; thus, the compound is
rather to be considered as a carbodiimide than as a cyanamide. Four secondary bonds N���Hg
(rav(Hg���N) 278.5 pm) between adjacent chains complete the coordination sphere of Hg to
distorted octahedral (2þ 4). As shown by X-ray diffraction and Raman spectrometry, HgCN2

decomposes under pressure (diamond-anvil cell), starting at about 1.9 GPa, to give first rhombo-
hedral �-Hg (R3m) and then tetragonal �-Hg (I4/mmm) (p� 7 GPa).133

From the same educts, but under controlled-pH conditions (pH kept constant at �6) a second,
monoclinic form of HgCN2 is obtained (HgCN2(II), P21/a, Z= 4; again from combined X-ray
and neutron powder data).134 In this case again zigzag chains are found, but now with two Hg
atoms covalently bonded to one end of the N�C�N fragment (�1,1-NCN bridges) (rav(Hg�N)
208.1 pm) with the consequence of clearly different C�N bonds (r(C�N) 135.3/112.0 pm; single/
triple bond), i.e., HgCN2(II) is a true cyanamide; the N�C�N fragment deviates considerably
from linearity (�(N�C�N) 160.7�). The interlocked arrangement of the chains to form layers
also leads to four secondary bonds N���Hg, involving the ‘free’ ends of the N�C�N entities
(265� r(Hg���N)� 296 pm). Quantum-chemical calculations at three different levels always indi-
cate HgCN2(II) to be less stable than the orthorhombic HgCN2(I), but a transition
HgCN2(II)!HgCN2H(I) on heating is not observed prior to decomposition (�230 �C). To
conclude, HgCN2(II) seems to be a metastable phase formed under kinetic control, with a high
barrier to conversion into the thermodynamically stable HgCN2(I).

On diffusion of separated dilute aqueous solutions of HgCl2 and H2NCN through a ceramic
filter, besides the above HgCN2H(II) also two new crystalline phases Hg2(NCN)Cl2 and
Hg3(NCN)2Cl2 are formed; the former crystallizes in P21/c (Z= 4), the latter in Pca21
(Z= 4).135 Both compounds contain zigzag chains 1

1[Hg(NCN)2/2], like those in HgCN2H(I),
linked by additional Hg atoms to form 2-D networks 1

2[Hg3(NCN)2]
2þ, with 20-membered rings.

The Hg�N bonds are similar in both cases, with a larger scatter in the latter one (rav(Hg�N)
207.0 pm and 210.5 pm, respectively). In the first case the N�C�N entity has carbodiimide
character (rav(C�N) 123 pm); in the other one two independent N�C�N groups are also
different in bonding, the one tending to carbodiimide (rav(C�N) 122 pm), the other one to
cyanamide (r(C�N) 113 pm and 128 pm). In both compounds two additional Cl� ions form
secondary bonds to the linking Hg atoms (r(Hg���Cl) 296.9 pm and 285.6 pm, respectively); in
the first one an additional, exactly linear HgCl2 molecule is occluded in the meshes of the
network. Thus, the formulae should reasonably have been written [Hg3(NCN)2]Cl2�HgCl2 and
[Hg3(NCN)2]Cl2, respectively.

Homo- and heteroleptic complexes of Cd alone136,137 and of Cd and Hg138 with the ligand
dicyanamide (dca) N(CN)2

�, homologous to cyanamide NCN2�, have been studied in various
solvents (formation constants of the complexes [M(dca)n]

(n�2) (M=Cd, Hg; 1� n� 4)), with the
result that the complexes of Hg are more stable than those of Cd. Otherwise, obviously no studies
on the isolated compounds M(dca)2 or on homoleptic complexes derived therefrom have been
published.

Some heteroleptic Cd-dca complexes with exciting structures have been studied very recently,
the simplest being the coordination polymer [Cd(�1,5-dca)2(py)2]n (py= pyridine; C2/m, Z= 2).139

Here, double end-to-end dicyanamide bridges N�C�N�C�N link the octahedral Cd centers to
form chains or flat ribbons, with the py ligands in trans-position at Cd (barbed-wire like) (bond
lengths r(Cd�Ndca) 233.8 and r(Cd�Npy) 231.7 pm); the dca bridges are bent (angle at the central
N atom �(NC�N�CN) 123.4�) and all of the angles between adjacent Cd�N bonds very close to
90�. The individual chains are interlocked into a 2-D arrangement. Similar chains are formed
when py is replaced by N-coordinated 4-aminobenzoic acid (aba) as a ligand in {[Cd(�1,5-dca)2-
(aba)2]�2 H2O}n (P21/c, Z= 4), with rav(Cd�Ndca) 236.6 and r(Cd�Naba) 237.7 pm; here, the
chains are linked to sheets by twin hydrogen bonds involving the carboxylic groups of aba and
H2O molecules.140

Replacement of the two py ligands in the above complex by the bidentate 2,20-bipyridyl ligand
(bipy) forces its cis-coordination at Cd and consequently an all-cis arrangement of the four
bridging dca ligands in the polymeric [Cd(dca)2(bipy)]n (C2/c, Z= 4), yielding an undulating
chain.141 The comparable bonds have similar lengths as before (rav(Cd�Ndca) 232.5 and

Cadmium and Mercury 1263



r(Cd�Nbipy) 232.2 pm); since the bite-angle of the bipy ligand is only 70.4�, all other angles
around Cd deviate more or less from the expected 90� or 180�. Again the chains are interlocked
into an efficiently space-filling arrangement. Further replacement of bipy by the very similar 1,10-
phenanthrolin (phen) to yield [Cd(dca)2(phen)]n (P21/c, Z= 4) changes the structure completely.141

The Cd(phen) fragments are now linked to one adjacent fragment by a double, and to two
others by single (�1,5-dca)-bridges, to create a very peculiar 2-D network. Due to the structural
difference of the dca linkers, the Cd�Ndca bond lengths scatter considerably
(224.6� r(Cd�Ndca)� 248.1 pm, rav(Cd�Ndca) 232.4 pm), whereas the Cd�Nphen bonds
(rav(Cd�Nphen) 233.2 pm) are close to the Cd�Nbipy bonds. Stacking of the layers is such as to
allow ��� interaction between the phen ligands.

With the bidentate ligand 1,3-bis(40-pyridyl)propane (bpp) in place of two py ligands, other
highly interesting structures are created. From Cd(NO3)2, Na(dca), and bpp in methanol–water,
two different forms of crystals (columns, blocks) with the same composition [Cd(dca)2(bpp)]n are
deposited and manually separated; under the mother liquor the columns disappear after some
time, leaving exclusively the block crystals (transformation of a metastable to a thermodynam-
ically stable phase).142 The columns (C2/c, Z= 4) contain chains with double (�1,5-dca) bridges
similar to those in [Cd(dca)2(py)2]n, but with additional, arc-shaped, end-to-end bpp bridges
between adjacent Cd centers. The arcs force the Cd(dca)2Cd units (12-membered rings) into
boat conformation and the chains as a whole into sinusoidal form. The chains interdigitate into
layers. The stable phase (block crystals; Fddd, Z= 16) contains cisoidal chains as in [Cd(dca)2-
(bipy)]n, but with arc-shaped bpp bridges to Cd centers in two adjacent chains, yielding undulat-
ing layers. In addition, neighboring layers interpenetrate by means of their protruding arc bridges,
creating a 3-D framework.

Cd and Hg complexes of tricyanamide N(CN)3 are unknown, but the isoelectronic tricyano-
methanide C(CN)3

� (tcm) forms some compounds with highly interesting structural chemistry.
Cd[C(CN)3]2 and Hg[C(CN)3]2, isomorphous to Zn[C(CN)3]2 (Pmna, Z= 2),143–145 adopt a structure
with two interpenetrating, equivalent 3-D frameworks which are topologically related to rutile
(TiO2), i.e., with octahedrally coordinated metal particles, carbon atoms with trigonal-planar
surrounding, and CN groups as connectors between the coordination centers.

Reaction of Cd(NO3)2, K(tcm), and NaBPh4 in methanol (MeOH) yields crystalline
Cd(tcm)[B(OMe)4]�1.6MeOH (P6122, Z= 6),144 in which Cd is surrounded by three N atoms of
tcm in T-shape (r(Cd�N) 240.0 pm and 239.6 pm) and two bidentate B(OMe)4 ligands (r(Cd�O)
235.6 pm and 239.6 pm), giving an overall coordination number of seven (3N, 4O). B(OMe)4
further links the Cd particles to helical chains connected by tcm groups. The solvate molecules
MeOH are hosted in the helical channels.

From Cd(NO3)2, (Me4N)(tcm), and hexamethylenetetramine (hmt) in H2O, crystals of
[Cd(tcm)(hmt)(H2O)](tcm) (P21/c, Z= 4)145 are obtained. In the structure two different Cd
atoms, both on inversion centers, are octahedrally coordinated to two trans hmt and four tcm
ligands, and to two H2O, hmt, and tcm ligands each, respectively; the Cd�N bonds to tcm are
shorter than those to hmt (rav(Cd�N) 228.4 pm and 244.0 pm). These two complex units are
joined in alternating sequence to chains with hmt and tcm bridges; the third N atoms of the
�–tcm’s provide links to Cd atoms in two adjacent chains, creating a 3-D connectivity. A further
tcm entity is not involved in the framework, but is acceptor for a hydrogen bond from an H2O
ligand; hydrogen bonds from H2O are also directed to N atoms of hmt not coordinated to Cd.
Again, the overall connectivity pattern is related to the rutile topology.

The acidification of N�H bonds in amines and stabilization of the amide anion resulting on
dissociation can be achieved by a variety of groups, which all have electron-withdrawal properties
in common. These anions can then act as N-donors towards Cd or Hg.

A highly variable group of amines, and amides derived therefrom, are secondary silylated
amines HNR(SiR0

3), where R can be an organic substituent, but also a silyl group, and R0

again an organic group. The steric requirements of R and R0 often strongly influence the
structures of the Cd and Hg amides obtained from salts of these metals and the substituted
amides.

Simple amides of this type are the bis(trimethylsilyl)amides M[N(SiMe3)2]2 (M=Cd and Hg)
the essential thermodynamic data of which have been determined in calorimetric measurements of
the heats of hydrolysis in dilute H2SO4.

146 Evaluation of the measured data yielded the standard
enthalpies of formation �H0

f=�854(21) kJmol�1 and �834(9) kJmol�1 for M=Cd and Hg,
respectively. Using subsidiary data, the average thermochemical bond energies E�(Cd�N) 144
and E(Hg�N) 108 kJmol�1 were also obtained, i.e., the Cd�N bonds are considerably stronger
than the Hg�N bonds.
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Both trimethylsilylamides M[N(SiMe3)2]2 (M=Cd and Hg) have been studied in the gas phase
by electron diffraction. The diffraction data are best interpreted assuming monomers with linear
N�M�N cores and two planar M�NSi2 groups in staggered conformation.147,148

A series of amides of the type M[NR(SiMe2R
0)]2 with group 12 metals has been prepared from

the metal chlorides MCl2 and the respective Li amide, and studied by mass spectrometry, 1H and
13C NMR spectrometry, and X-ray structure analyses.149 In the case of the Cd compounds the
mass spectra show the molecular cation Mþ and the fragments M�Lþ (L= the respective amide
ligand); with the Hg compounds usually Mþ and M�Meþ are found. For the Hg compounds
with R0 =Me and R=Ph and with Me and i-Pr 2,6-substituted phenyl groups, as well as with
R0 =NMe2, crystal structure analyses have been performed; in all cases the N�Hg�N fragment is
almost or exactly linear, depending on the real crystallographic symmetry, and the Hg�N bonds
are short with only a small scatter (199.4� r(Hg�N)� 202.9 pm, rav(Hg�N) 201.5 pm).

Mixing of red CdCp*2 (Cp*= pentamethylcyclopentadienide) and of Cd[N(SiMe3)2]2 (colorless)
yields yellow, crystalline Cp*Cd[N(SiMe3)2], actually as the dimer, as shown by X-ray structure
analysis at �73 �C (P21/a, Z= 4).150 As is often the case with Cd amides, the N atoms link the Cd
atoms in slightly asymmetric bridges (rav(Cd�N) 229.3 pm) to form a distorted Cd2N2 square.
The Cp* ligands are 1-bonded to Cd (rav(Cd�C) 222.2 pm); thus, the coordination around Cd is
distorted trigonal-planar. An orange solution of Cp*Cd[N(SiMe3)2] in benzene gives the same 1H
NMR spectrum as the mixture of the educts CdCp*2 and Cd[N(SiMe3)2]2, showing that these
three components are engaged in a Schlenk-type equilibrium.

Upon reaction of Cd[N(SiMe3)2]2 with the cyclohexylamide [{Sb(NCy)3}2Li6] (Cy= cyclohexyl)
in tetrahydrofuran (thf), the complicated heterometallic complex amide [{Sb(NCy)3}{Cd[N-
(SiMe3)2]}3]�[Li{N(SiMe3)2}�thf] is produced.151 In the Cd-containing part, a pyramidal Sb
atom is surrounded by three Cd atoms with three bridging �3-NCy ligands; this SbN3Cd3 core
of the complex can be considered as a defective heterocubane, with one missing corner opposite to
Sb (rav(Sb�N) 205 pm, �av(N�Sb�N) 87.9�; rav(Cd�N) 226 pm, �av(N�Cd�N) 78.1�). A highly
irregular trigonal-planar coordination around the Cd atoms is completed by terminal N(SiMe3)2
ligands (rav(Cd�N) 208 pm).

In a remarkable disproportionation reaction, dimercury(I) diacetate Hg2(OOCCH3)2 and
N,N,N0-tris(trimethylsilyl)benzamidine Ph-C(NSiMe3)[N(SiMe3)2] give the mercury(II) N,N0-
bis((trimethylsilyl)benzamidinate Hg[Ph-C(NSiMe3)2]2 and mercury.152 The crystals (P1, Z= 2)
contain molecules with a nearly centrosymmetric skeleton, although they have no crystallog-
raphically imposed symmetry. The ligands are bonded to Hg through one N-donor atom each
(rav(Hg�N) 207.0 pm) in an almost linear arrangement; the other two N atoms form secondary
bonds N���Hg (rav(Hg���N) 271.9 pm). The C�N bonds in the coordinated amidinate tend to
single and double bonds, respectively.

The fairly acidic dimesylamine HN(SO2Me)2 reacts with Hg(NO3)2 and Hg2(NO3)2 in aqueous
solution to form the sparingly soluble dimesylamides Hg[N(SO2Me)2]2 and Hg2[N(SO2Me)2]2; the
former can be recrystallized to give single crystals appropriate for a structure analysis.153 Both
amides, the latter under disproportionation, add donor molecules—inter alia the O-donors
dimethyl sulfoxide (dmso) or hexamethylphosphoric triamide (hmpa)—to give Hg[N(SO2Me)2]2�2-
dmso and Hg[N(SO2Me)2]2�hmpa, respectively. In the structures of Hg[N(SO2Me)2]2 (I41/a, Z= 8),
and of the latter compounds (P1, Z= 1; P21/c, Z= 4), the molecules contain nearly or exactly linear
N�Hg�N groups with nonsignificantly different Hg�N bonds (total rav(Hg�N) 206.6 pm). In the
solvates, two dmso molecules (r(Hg�O) 261.2 pm) and one hmpa molecule (r(Hg�O) 246.2 pm)
complete the coordination sphere of Hg to distorted square planar and T-shaped, respectively.
In the solvate-free Hg[N(SO2Me)2]2, intermolecular secondary O���Hg bonds (r(Hg���O)
282.5 pm) create weakly bonded dimers. In all of the three compounds, additional intra- and
intermolecular O���Hg distances are around or beyond the sum of the van der Waals’ radii
(300 pm).

Organomercurials with one dimesylamide ligand R�Hg�N(SO2Me)2 have been obtained by
reaction of the appropriate chloride RHgCl with AgN(SO2Me)2 and characterized by 1H and 13C
NMR spectrometry.154 The crystal structure of Ph�Hg�N(SO2Me)2 has been solved (Pbca, Z= 8);
it contains molecules with slightly bent C�Hg�N groups (r(Hg�C) 204.0 and r(Hg�N) 209.1 pm,
(C�Hg�N) 172.7�). Two similar intra- and intermolecular secondary O���Hg bonds, respectively
(r(Hg���O) 296.1 pm and 297.6 pm), assisted by pairs of intermolecular C�H���O bonds, link the
molecules to a 1-D polymer. Thus, the Hg atoms get an unusual distorted 2þ 2 coordination.

Various substituted sulfonylurea derivatives, partly in use as diabetes drugs, have been coord-
inated to Cd and Hg. Besides the IR and 1H NMR spectra of several species, the structures of one
each of the Cd and Hg compounds have been solved.155 In the Cd complex three ligands act as
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bidentate N,O-donors, yielding an approximately trigonal-prismatic surrounding; in the Hg
compound two monodentate ligands are bonded to give a strictly linear symmetric N�Hg�N
fragment (r(Hg�N) 205.2 pm), with two pairs of intramolecular secondary O���Hg bonds
(rav(Hg���O)� 297 pm).

Some relation to sulfonylureas has saccharine (1,2-benzisothiazol-3(2H)-one 1,1,dioxide) which,
as an anion (sac), with CdCl2 in aqueous medium readily forms tetraaquabis(saccharinato-N)-
cadmium(II) dihydrate [Cd(sac)2(H2O)4]�2H2O.156 In the crystal structure (P21/c, Z= 2), the
complex molecules occupy inversion centers and therefore adopt an all-trans octahedral config-
uration, with r(Cd�N) 232.3 pm and r(Cd�O) 227.9 pm and 234.2 pm, respectively, and minor
deviations from 90� of the angles between adjacent bonds. The coordinated H2O molecules are
involved in a hydrogen-bonding network. Comparisons with other saccharinato complexes of
lighter transition metals have been drawn.

Examples of Cd and Hg complexes with other cyclic sulfonamides, e.g., p-nitrobenzoxasulfa-
mate, derived from the respective o-aminophenol, should also be mentioned. IR spectra and
crystal structures of the compounds [Cd(nbs)2(H2O)4] and [Hg(nbs)2(H2O)4] (nbs= p-nitroben-
zoxasulfamate) have been reported.157 In the Cd complex (P1, Z= 1) Cd has a centrosymmetric,
almost perfectly octahedral surrounding, with very similar Cd�N and Cd�O bonds (r(Cd�N)
231.0, r(Cd�O) 230.3 pm and 230.9 pm) and angles between adjacent bonds close to 90�; a system
of intermolecular hydrogen bonds with the coordinated H2O molecules as donors holds the
structure together. In the Hg complex, the Hg atoms (on a twofold axis) surprisingly adopt a
basically pentagonal–bipyramidal coordination with a clearly bent N�Hg�N axis (r(Hg�N)
207.3 pm, �(N�Hg�N) 167.0�), and three H2O molecules (r(Hg�O) 249.2 pm and 266.4 pm)
and two O atoms from nitro groups in neighboring molecules (secondary bonds r(Hg���O)
321.6 pm) in the equatorial plane. The weak secondary bonds, and again numerous hydrogen
bonds, link the molecules to a 3-D network.

A yellow complex {Hg[PhN3C6H4N3(H)Ph](NO3)}, obtained from Hg(NO3)2 and the monoanion
derived from ortho-bis(phenyltriazeno)benzene PhN3(H)C6H4N3(H)Ph, exhibits interesting struc-
tural features (P21, Z= 2):158 The ligand strongly coordinates to Hg, with an N atom directly
bonded to the central benzene ring (r(Hg�N) 210.1 pm), while opposite to this Hg�N bond a
monodentate NO3 ligand is similarly strongly bonded (r(Hg�O) 211 pm), giving an almost linear
N�Hg�O fragment (�(N�Hg�O) 174.6�). As expected, two more N-donors of the ligand form
secondary bonds with Hg (r(N���Hg) 266.2 pm and 285.0 pm), such that both covalent and
secondary bonds are almost coplanar. These roughly planar complexes are stacked in columns in
such a way that Hg gets contact with the terminal Ph rings of two neighboring molecules, with clear
tendency to 2 coordination (r(C���Hg) 340/341 pm and 381/410pm); these arene–metal interactions
obviously afford the main contribution to the cohesion of the lattice constituents.

Interesting complexes of Cd and Hg have been prepared with pentaazadienide ligands
[R�N¼N�N�N¼N�R]� (obtained from the respective diazonium salts and NH3 in aqueous
solution); especially, the pyridine solvates [Cd(R�N5�R)2py2] (red; R= p-ethoxyphenyl) and
[Hg(Tol-N5-Tol)2py] (dark yellow, Tol= p-tolyl) have been obtained by recrystallization of the
sparingly soluble primary products from pyridine (py).159 Both of the compounds crystallize in P1
(Z= 2), but with different structures. In the Cd complex, the two R�N5–R ligands coordinate
bidentate (N1,N3)-2 with unsystematically different Cd�N bond lengths (rav(Cd�N) 237 pm)
and small bite-angles (�av(N�Cd�N) 52.7�); in the zigzag N5 chain the terminal bonds tend to be
shorter than the central ones; the py ligands coordinate in the cis-position (rav(Cd�N) 233 pm). In
the Hg complex the two ligands bind monodentate, with the central N atoms as donor to form a
bent arrangement (rav(Hg�N) 209.8 pm), �(N�Hg�N) 163.5�); the py ligand (r(Hg�N)
249.0 pm) coordinates in such a way that the overall coordination around Hg becomes T-shaped
planar, with a tendency to trigonal planar.

Structurally surprising compounds have been obtained upon reaction of Cd halides CdX2 with
silylated phosphoranimines R3P=NSiMe3 in the presence of alkali-metal fluoride MF (formally
yielding the imide R3P=N� as an intermediate), to give the tetrameric phosphoraniminato
species [CdX(NPR3)]4 (X=Cl, Br, I, R=Et; X= I, R=Me) as shown by EI mass spectro-
metry.160 For X=Br, R=Et reactions with organolithium reagents LiR0 (R0 =Me, C�CSiMe3)
smoothly give the substituted [CdR0(NPR3)]4. These complexes have further been characterized by
IR and 1H, 13C, 31P, and 29Si NMR spectrometries, where applicable. Crystal-structure analyses
have been performed for the complexes with X=Cl, Br, I, R0 =C�CSiMe3 and R=Et (mostly as
solvates with dichloromethane or toluene). Although different in the space groups, they all contain
molecules with heterocubane cores Cd4N4. The differences in the Cd�N bond lengths are non-
systematic and nonsignificant (overall average rav(Cd�N) 227.6 pm); in all cases the angles
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between adjacent Cd�N bonds in the cube are slightly below 90� around the four-coordinate Cd
(�av(N�Cd�N) 88.9�), and over 90� around N (�av(Cd�N�Cd) 91.0�). Consequently, the angles
between the terminal bonds Cd�X or N�P and the edges of the cube are over or below �125�,
respectively, as expected. Recrystallization of the raw material with X= I, R=Et from CH2Cl2/
MeCN gives small amounts of [Cd4I4(OSiMe3)(NPEt3)3], probably as a consequence of partial
hydrolysis of the silylated starting material. The structure analysis shows that in the heterocubane
core a �3-OSiMe3 ligand has replaced a NPEt3 group leading to a clear distortion of the cube, with
long Cd�O bonds (rav(Cd�O) 231.5 pm) and shorter Cd�N bonds (rav(Cd�N) 224.6 pm) adja-
cent to the Cd�O bonds. A comparison of these heterocubanes with others containing lighter
transition metals has appeared.161

An analogous reaction of Cd acetate Cd(O2CCH3)2 with Me3SiNPEt3 in excess yields the
heterocubane [Cd(O2CCH3)(NPR3)]4 (CH2Cl2 solvate after recrystallization; C2/c, Z= 4), with
crystallographic symmetry 2�C2 of the tetranuclear complexes.162 The acetate groups bind as
asymmetric bidentate ligands (rav(Cd�O) 232.0 pm and 237.8 pm), leading to five-coordinate Cd.
As a consequence the heterocubane core is more distorted (the angles at the corners vary between
87.3� and 92.6�) than in the previous examples with four-coordinate Cd; the Cd�N bonds are
almost unaffected (rav(Cd�N) 228.0 pm).

(ii) Ammine and organic amine complexes

Ammine complexes and their condensation products. Ammine complexes of Cd, or fragments
thereof, are scarce in the literature. Fragments trans-[Cd(NH3)2] have been mentioned as part of
octahedral CdN6 constituents of the interwoven 2-D networks in trans-Cd(NH3)2{Ag(CN)2}2]n,
but no structural data have been given (see also Section 6.9.4.2.3(iii)).163 The fragments
[Cd(NH3)5] and [Cd(NH3)3] (mer configuration) with Cd�N distances 229� r(Cd�N)� 247 pm
and 225� r(Cd�N)� 239 pm, respectively, occur in the structure of [Cd(NH3)5][Cd(NH3)3][Re4-
Te4(CN)12], bound to the heterocubane anion by bridging CN groups (see Section 6.9.4.2.3(iii)).164

[Cd(NH3)6](ClO4)2 has also been studied: It crystallizes in the anti-K2PtCl6 type (Fm3m, Z= 4),
with strictly octahedral cations (r(Cd�N) 237.8(13) pm) and disordered anions.165

There is good news from the field of ammine–mercury complexes. For the first time the
structures of compounds with the ammine–mercury cations [Hg(NH3)2]

2þ and [Hg(NH3)4]
2þ

have been solved from single-crystal X-ray data.166 An aqueous solution of HgCl2 and NH4Cl
at 60 �C dissolves [Hg(NH2)]Cl to some extent; upon cooling the supernatant, crystals of
[Hg(NH3)2][HgCl3]2 deposit. In its structure (Pmna, Z= 2), the linear cations [Hg(NH3)2]

2þ

(symmetry 2/m�C2h) have short Hg�N bonds (r(Hg�N) 207.2 pm) and a pair of equivalent
Cl atoms (r(Cl���Hg) 317.6 pm) in the same mirror plane, and two pairs of more remote
equivalent Cl atoms (r(Cl���Hg) 342.3 pm) in two neighboring mirror planes. Thus, the overall
coordination number of Hg rises to an unusual 2þ 2þ 4. The T-shaped planar anion [HgCl3]

�

can be considered as a distorted HgCl2 molecule (r(Hg�Cl) 235.8 pm and 236.9 pm,
�(Cl�Hg�Cl) 167.68�) plus a more distant Cl� anion (r(Hg�Cl) 280.0 pm); however, Cl���Hg
contacts (r(Cl���Hg) 297.1 pm and 333.8 pm) from neighboring [HgCl3]

� entities generate a highly
distorted octahedral environment of Hg. The bubbling of gaseous NH3 into an aqueous solution
of Hg(ClO4)2 under cooling yields [Hg(NH3)4](ClO4)2. In the structure (P21/c, Z= 4) all constituents
lie on general positions; as a consequence the Hg�N bonds in the complex cation [Hg(NH3)4]

2þ

are independent, but not significantly different (rav(Hg�N) 226.6 pm). Yet, the basically tetrahe-
dral coordination is severely distorted, in that two opposite angles �(N�Hg�N) are strongly
widened (115.4� and 125.0�), i.e., the tetrahedron is flattened. Interionic distances N���O of 289pm
to 328 pm suggest hydrogen bonds, also indicated by the position and profile of the �(NH) bands
in the IR spectrum. IR and Raman bands at 436 cm�1 and 407 cm�1 are assigned to the valence
vibrations of the HgN4 entities.

Another old problem finally solved!? The long-known ‘mercury amidochloride’ (‘infusible pre-
cipitate’), HgNH2Cl, has been obtained as single crystals appropriate for X-ray structure analysis
under hydrothermal conditions (160 �C).167 Basically the earlier suggested structure with chains

1
1[Hg(NH2)2/2]

þ or 1
1[(NH2)Hg2/2]

þ (polymeric dimercurio-ammonium ion) has been confirmed,
but now in a space group of higher symmetry (Pmma, Z= 2) with Hg in an inversion center. The
Hg�N bonds (r(Hg�N) 207.5 pm) are very similar to those in [Hg(NH3)2][HgCl3]2; the angle at the
ammonium center is slightly less than required for a tetrahedral surrounding (� (Hg�N�Hg)
107.9�). Four equivalent Cl particles complete the coordination around Hg to distorted octahedral
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(r(Cl���Hg) 309.3 pm) and link the octahedra to layers by edge sharing; the layers are connected by
hydrogen bonds N�H���Cl (H atoms located).

The next step of mercuration of the ammonium ion and generation of a network 1[(NH)Hg3/2]
þ

is realized in NH4[Hg3(NH)2](NO3)3 (simply from aqueous solutions of Hg(NO3)2 and
NH3).

168,169 The structure (P4132, Z= 4) can be considered to be built up of HNHg3 tetrahedra
(r(Hg�N) 207.0 pm, �(Hg�N�Hg) 112.2�) sharing the Hg corners to give a 3-D framework. The
nitrate and ammonium ions occupy voids in the framework, such that secondary bonds between
NO3

� and Hg (282.2� r(O���Hg)� 344.0 pm) and hydrogen bonds between NH4
þ and NO3

� are
formed. Thermal analysis (DTA, TG, combined with mass spectrometry) and temperature-
dependent X-ray powder diffractometry show NH4[Hg3(NH)2](NO3)3 to decompose essentially
in one step above 270 �C to gaseous products (H2O, NH3, N2, N2O) and solid [Hg2N](NO3)
(decay to HgO and N2O above 380 �C). The latter can also be prepared by hydrothermal synthesis
(180 �C) from Hg(NO3)2 and NH3.

This deceptively simple-looking [Hg2N](NO3) (P43212, Z= 20!) adopts a complex framework
structure with three independent tetrahedral NHg4 entities (rav(Hg�N) 205.3 pm) corner-linked to
two different types of helical strands running parallel to the tetragonal c-axis, which in turn are
interlocked into the 3-D framework. The NO3

� anions occupy the largest of three different types of
cages and contact the Hg atoms of the framework, forming numerous secondary bonds O���Hg.

To conclude: structural data for carefully studied representatives of mercury–nitrogen com-
pounds are now available, starting from [Hg(NH3)2]

2þ (formally two H3NHg tetrahedra with the
Hg corner in common) and going through stepwise, increasing mercury substitution of the
ammonium unit with formation of coordination polymers 1[NH4�nHgn/2]

þ of increasing dimen-
sionality. Irrespective of the degree n of mercuration, the Hg�N bonds retain almost the same
length with r(Hg�N)� 207 pm, the differences, if significant, being due to type and number of
secondary bonds to Hg.

Organic amine complexes. An immense number of aliphatic and aromatic mono- and
oligofunctional amines, as well as nitrogen-containing heterocycles, have been used as ligands in
complexes of Cd and Hg. In organic ligands N-donor functions can be combined with other
donors like O, S, Se and/or Te, and so on, and other ligands can compete; thus a highly complex
and often unpredictable coordination chemistry without frontiers becomes possible, even with
relatively simple ligands, e.g., cysteine. Therefore, only a selection of representative examples of
Cd and Hg complexes can be offered here.

The thermodynamic parameters (formation constants, enthalpies �G0 and �H0, entropy terms
T�S0) for complexation of CdII by open-chain N-donor ligands in dmso solution have been
determined by potentiometric and calorimetric techniques under controlled conditions.26 n-Butyl-
amine, ethylenediamine (en), diethylenetriamine (dien), and various methyl derivatives of the
latter two have been used for complexation. Mononuclear complexes CdLn, with the polyamines
as chelating ligands L, are formed; with the ligands en (n� 3) and dien (n� 2) all these species
CdLn have higher formation constants and higher absolute values of �H0 in dmso than in water,
i.e., they are more stable in dmso. Increasing methylation and thus increasing steric requirements
of the N-donors decrease the stability, to the extent that the fully methylated ligands only form
the species CdL with low stability. On the whole, the complexes are enthalpy stabilized, whereas
the entropy changes counteract the complexation.

The crystal structure of a tris(ethylenediamine)cadmium dibenzohydroxamate hydrate [Cd(en)3]
(ONH(OC)Ph)2�H2O (Fdd2, Z= 16) has been briefly described without giving structural data.170

From the given crystallographic data, the bond lengths in the distorted octahedral core CdN6 of
the cation can be calculated (235.4� r(Cd�N)� 238.4 pm, rav(Cd�N) 237.2 pm). Similar averaged
data (rav(Cd�N) 238pm) for the [Cd(en)3]

2þ are given in another source.171
113Cd NMR spectra of a series of [Cd(en)3]

3þ salts with different inorganic anions in H2O, en,
and dmso as solvents have shown the 113Cd chemical shifts (around 350 ppm/re aqueous
Cd(ClO4)2) to be practically independent of the changes of solvent, concentration and counter-
ion.172 However, increasing ring size in the chelate complexes with the diamine ligands
H2N(CH2)nNH2 (2� n� 4) causes an increase in shielding (up to 230 ppm in the series), as does
methylation of the amino group. 113Cd NMR data of complexes with several pyridine, dipyridine,
and 1,10-phenanthroline derivatives, both in solution and as solids, have also been reported in
this paper.

The effects of sterically more demanding ligands related to en are obvious for Cd complexes
with N0-isopropyl-2-methylpropane-1,2-diamine (npda) or 2-amino-2,5-dimethyl-4-azahexane
i-PrNH(CH2)CMe2NH2. From Cd(ClO4)2 and excess npda, solid [Cd(npda)3](ClO4)2 has been
obtained,173 which in aqueous solution dissociates to [Cd(npda)2(H2O)2]

2þþ npda; this solution
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absorbs CO2, even from the air, to give the dinuclear complex [Cd(npda)2(O2CO)Cd(npda)2-
(H2O)](ClO4)2�H2O with an asymmetric �-carbonato bridge.174 In the structure (P21, Z= 2), both
Cd centers have a distorted octahedral surrounding CdN4O2 with two bidentate npda ligands
(230.9� r(Cd�N)� 240.7 pm, rav(Cd�N) 236.6 pm) each, the bidentate/monodentate carbonato
bridge (r(Cd�O) 217.2, 276.8/223.8 pm), and an H2O ligand (r(Cd�O) 235.1 pm). The bite-angles
involving the bidentate �-O2CO ligand and in the four chelate rings are as small as �(O�Cd�O)
51.5� and, as expected, �av(N�Cd�N) 74.9�, respectively.

Recent structural studies of dien complexes of light transition-metal saccharinates (sac) also
comprise a respective Cd compound, namely [Cd(dien)2]�sac)2.175 This complex is obtained by
reaction of [Cd(sac)2(H2O)4]�2H2O in MeOH with dien. In the crystal structure (P1, Z= 2), the
cation [Cd(dien)2]

2þ Cd has a strongly distorted octahedral environment, with Cd�N bonds
varying in the range 232.7� r(Cd—N)� 243.1 pm (rav(Cd�N) 237.7 pm) and with the bonds between
Cd and the tertiary N atoms being the longest; the bite-angles in the chelate rings are between 72.6�

and 75.8�. The sac anions are linked to the cation only by hydrogen bonds N�H���O.
A related study deals with complexes formed from Cd(NO3)2 and �,!-diamino-azaalkanes

H2N(CH2)mNH(CH2)nNH2 (L), with increasing chain length leading to increasing chelate-ring
size in the complexes.176 The compounds [CdL2](NO3)2 are prepared by simply mixing Cd(NO3)2
in MeOH with the amine in the appropriate molar ratio and then partial evaporation. In the
structure of the first compound with 1,5-diamino-3-azapentane= dien (m= n= 2) (I41/acd,
Z= 16; huge cell!) the cation [Cd(dien)2]

2þ (symmetry 2�C2) again clearly deviates from octahe-
dral coordination, with the bonds Cd�1N and Cd�5N much shorter (rav(Cd�N) 233.8 pm) than
Cd—3N (r(Cd�N) 243.1 pm); the bite-angles are close together at �74.0�. For 1,6-diamino-3-
azahexane (m= 2, n= 3) as a ligand with the structure (P21/c, Z= 4), the cation is still distorted
with bonds Cd—1N and Cd—6N (rav(Cd�N) 235.7 pm) shorter than Cd—3N (rav(Cd—N)
240.6 pm); the bite-angles in the five-membered chelate rings (�74.4�) are smaller than those in
the six-membered rings (�83.0�), of course. Finally, in the case of L= 1,7-diamino-4-azaheptane
(m= n= 3) the bonds between Cd and the terminal and central N-donors approach each other
(rav(Cd�N) 236.8 pm and 239.4 pm, respectively) and the bite-angles scatter considerably, with an
average of 84.9�. As a result, the distortion of the octahedral surrounding of Cd and the strains in
the chelate rings are reduced.

The ligand 1,4,7-triazacyclononane (tacn) or [9]aneN3, formally derived from dien by ring closure
with a CH2CH2 group, has been used for complexation of Cd to yield [Cd(tacn)2](ClO4)2 and
[Cd(tacn)2](BPh4)2�2 dmso.177 In both compounds (P1, Z= 2 and Z= 1, respectively) the complexes
have crystallographically imposed centrosymmetry, with approximately trigonally elongated octahe-
dra CdN6 (rav(Cd�N) 236.3 pm and 236.2 pm, respectively) and average bite-angles of 75.7�.

An easily accessible hexadentate derivative of tacn, namely 1,4,7-tris(o-aminobenzyl)-1,4,7-tria-
zacyclononane (tabtacn), forms a 1:1 complex [Cd(tabtacn)](ClO4)2�0.5H2O (Pc21n/Pna21, Z= 4)
with a distorted trigonal prismatic CdN6 core. The Cd�N bonds to the N donors in both the tacn
moiety and in the aniline pendant arms are very similar in a rather narrow range (rav(Cd�N)
237 pm).178 Both solution and solid-state 1H, 13C, and 113Cd NMR spectra have been measured and
analyzed with respect to details of the stereochemistry and to dynamics in solution.

Systematic studies by potentiometric and calorimetric measurements have been performed of
the complexation of Cd and polyazacycloalkanes (CH2CH2NH)k or [3k]aneNk with increasing
ring size (6� k� 11).179 Both mononuclear (6� k� 8) and dinuclear (8� k� 11) complexes are
formed, with the mononuclear species showing increasing stability in the series 3� k� 5 (litera-
ture data) and decreasing stability for 6� k� 8; the formation constants of the dinuclear com-
plexes increase continuously for 8� k� 11. The dinuclear complex Na[CdCl2([30]aneN10)Cd](ClO4)3
has been isolated and its structure solved (Pbna/Pbcn, Z= 4): the complex has symmetry 2�C2,
with both independent Cd atoms on the twofold axis; one of the Cd atoms has a distorted
octahedral environment CdN4Cl2, the other one approaches trigonal-prismatic coordination
CdN6 (rav(Cd�N) 240 pm, r(Cd�Cl) 253.5 pm).

A survey of transition-metal polyazacycloalkane complexes in general, with data also for Cd
and Hg species in particular, has been published.180 Structural, 1H and 13C NMR, UV/vis, and
conductivity data of several transition-metal complexes, including Cd and Hg complexes, with
derivatives of the 16-membered ligand 1,9-dithia-5,13-diazacyclohexadecane have been compiled
and compared. In particular, conversion between configurational isomers and exchange processes
in solution have been discussed.181

Condensation of diethylenetriamine (dien) and glyoxal, OCH�CHO, gives a hexazapentacy-
clooctadecane (hapcod, C12H22N6; three linearly fused six-rings plus two five-rings), which forms
complexes with Cd salts.182 The Cd halides CdX2 (X=Cl, Br, I) and the ligand in MeOH yield
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the complexes [CdX2(hapcod)], partly as MeOH solvates. Their structures, albeit in three different
space groups, have in common that the complexes adopt crystallographic symmetry 2�C2.
Basically, Cd has tetrahedral coordination, with two X ligands (r(Cd�X) 246.8, 258.6,
277.4 pm, for X=Cl, Br, I, respectively) and two N-donors from the ligand (r(Cd�N) 236.9,
233.6, 237.2 pm); the angle between these Cd�N bonds is widened to �120�, giving space for
approach of two additional more remote N-donors (secondary bonds, r(Cd���N) 262.5, 273.6,
273.9 pm). Two N atoms of the ligand are not involved in complexation.

The formally comparable complex with Cd(NO3)2, [Cd(O2NO)2(hapcod)] (C2/c, Z= 4),183 has a
deviating structure in that Cd is eight-coordinate, with two concentric tetrahedra of primary and
secondary bonds, respectively. Thus, nitrate acts as an aniso-bidentate ligand with strongly
asymmetric coordination (r(Cd�O) 233.1, r(Cd���O) 259.3 pm) and the primary and secondary
Cd�N bonds from the pentacyclic ligand are even more different (r(Cd�N) 230.8, r(Cd���N)
267.6 pm). With Cd(BF4)2 the complex [Cd(hapcod)2](BF4)2 (P21/n, Z= 4) is obtained.183 Again
Cd is eight-coordinate, with two pairs of clearly different primary Cd�N bonds from the two
independent hapcod ligands (rav(Cd�N) 237.4 pm and 243.8 pm) and two complementary pairs of
secondary bonds (rav(Cd���N) 274.6 pm and 270.2 pm). The nitrato complex in aqueous solution
behaves as a 1:2 electrolyte (conductance measurements) indicating almost full dissociation; the
complicated, time-dependent 13C NMR spectrum (D2O solution) suggests solvolysis reactions,
obviously also occurring in solution of the complex [Cd(hapcod)2]

2þ. Combined 13C and 113Cd
NMR studies of [Cd(hapcod)2]

2þ in dmso-d6 solution suggest fast partial and full exchange of the
hapcod ligand by solvent molecules.

Complexation of Cd with a series of polyamine macrocycles, but also related open-chain
polyamines, comprising or attached to the 2,20-bipyridine (bipy) and 1,10-phenanthroline (phen)
moieties, has been studied by combined UV/vis spectrometry and potentiometry.24 Formation
constants and distribution diagrams of the species present have been evaluated. As a result the
thermodynamic stabilities, i.e., the formation constants, are lower for the bipy- and phen-contain-
ing ligands than those for Cd complexes with aliphatic oligoaza macrocycles containing the same
number of N donors. The probable reason is loss of flexibility of the ligands caused by the size
and stiffness of the inserted heteroaromatic moieties.

Complexes of transition metals, including Cd, with 17- and 20-membered N,O-donor macro-
cycles containing the dien and related fragments, have been prepared.184 Conductances and
formation constants in MeOH and crystal structures, inter alia of a complex obtained from
Cd(NO3)2 and a ligand L with the dien group, a pyridine ring, and two ether O donors, have
been determined. In this [CdL(NO3)]2[Cd(NO3)4] (C2/c, Z= 4), the cation contains Cd in eight-
coordination with four unsystematically varying Cd�N bonds to the N donors of the dien and py
moieties (237.1� r(Cd�N)� 244.1 pm), two Cd�O bonds to ether O donors (r(Cd�O) 244.7 pm
and 252.1 pm), and two rather different Cd�O bonds to a bidentate NO3 ligand (r(Cd�O)
250.3 pm and 268.5 pm). For comparison, relevant structural data for eight-coordinate Cd and
for the other transition metals under discussion in this paper from the Cambridge Structural Data
Bank (CSD) are presented.

A flood of papers, dealing with mostly heteroleptic Cd complexes with heterocyclic/hetero-
aromatic N donors, has been published. Often minor changes in the substitution pattern of the
N-heterocyclus induce severe structural changes in the environment of Cd (coordination number,
topology) and/or in the arrangement and linking of the building blocks of a crystal structure.
Some examples with nitrogen-dominated coordination spheres or structure-commanding effect of
the heterocyclus are selected to be dealt with here.

A coordination dominated by pyridine has been found in the complex bis(thiosaccharinato)-
trispyridine cadmium [Cd(tsac)2(py)3] (C2/c, Z= 8).185 In a distorted octahedral coordination the
py ligands are bound in mer-configuration with the donor atoms of the tsac ligands in a (pseudo)-
plane approximately perpendicular to the plane Cd(py)3; surprisingly, the tsac anions are bound
to Cd in different modes, one as a monodentate S-coordinated ligand, the other one as a bidentate
N,S-chelate ligand. The bond lengths Cd�N(py) scatter (234.8� r(Cd�N)� 247.8 pm), the bond
Cd�N(tsac) 259.6 pm is even longer; the Cd�S bonds are 259.9 pm and 277.9 pm for the mono-
and bidentate tsac ligands, respectively.

The seemingly very similar pyridine derivatives 2- and 4-acetylpyridine (acpy) and 4-bromopyri-
dine (4-Brpy), together with azide N3

�, produce structurally completely different Cd com-
plexes.186 The compounds are simply prepared by mixing CdSO4 with the ligands (in excess) in
aqueous-alcoholic media. In [Cd(2-acpy)(N3)2]n (P21/a, Z= 4), centrosymmetric dinuclear units
[(acpy)Cd(N3)2Cd(acpy)] with chelate acpy ligands and a pair of �-1,1 azide bridges are linked by
two pairs of �-1,3 N3 bridges to form a 2-D network with pseudosquare meshes and the dinuclear
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units as knots; Cd has a distorted octahedral coordination. In [Cd(4-acpy)2(N3)2]n (P21/a, Z= 2),
Cd (on an inversion center) has an environment of two axial N-coordinated acpy ligands and
fourequatorial azide ligands, which as �-1,3 bridges provide the links to four neighboring Cd
centers; thus, a simple 2-D network with pseudosquare meshes is generated. Finally, with
the ligand 4-Brpy a compound with a more complicated composition [Cd3(4-Brpy)4(N3)6]n
is obtained. Also the structure (P1, Z= 1) is much more complicated than before. First, there
are two kinds of nonequivalent Cd atoms on an inversion center and in general position,
respectively, both with pseudo-octahedral surroundings; second, �-1,1 and �-1,3 azide
bridges join the Cd atoms to di-, tri-, and tetranuclear subunits and finally to a 2-D network
with meshes of three different sizes. The bond lengths Cd�N(azide) span wide ranges in the
2-acpy and 4-Brpy complexes (226.2� r(Cd�N)� 237.7 pm and 227.8� r(Cd�N)� 236.9 pm,
respectively), but are much the same in the 4-acpy complex (r(Cd�N) 232.3 pm and
232.6(4) pm); for all of the complexes the Cd�N(py) bonds do not differ significantly
(232.2� r(Cd�N)� 235.1(4) pm.

The ligand 1,2-bis(4-pyridyl)ethane (bpe) NC5H4CH2CH2C5H4N and Cd(NO3)2 form the
coordination polymer [Cd(O2NO)2(�-bpe)2Cd(O2NO)2(�-bpe)]n.

187 In its structure (P21/n, Z= 4)
two bpe units bridge two Cd atoms to form a cyclic structural element which is linked to the next
one by another bpe unit, thus giving chains. Each Cd is coordinated by two aniso-bidentate
nitrato ligands and one pyridyl moiety in one plane, with two more pyridyl groups in an axial
position to yield an overall pentagonal-bipyramidal coordination. In this case the nitrato ligands
are bound in an almost symmetrical manner (rav(CdO) 244.3 pm) and the Cd�N(py) bonds show
little variance (rav(Cd�N) 233.0 pm).

Cd adopts similar seven-coordinate topologies in complexes prepared from Cd(NO3)2 and the
bifunctional pyridine ligands 1,4-bis(4-pyridylmethyl)benzene (bpmb) (NC5H4CH2)C6H4-
(CH2C5H4N) and its tetrafluoro analog (NC5H4CH2)C6F4(CH2C5H4N), with two aniso-bidentate
nitrato ligands and three py moieties in a T-shaped arrangement.188 The minor changes in the
ligands cause great differences in the overall structures: the common substructures are chains, e.g.,
[Cd(O2NO)2(�-bpmb)]n, but in the first case two of these chains are linked by bpmb ligands to
double chains (ladder), while in the second case one chain is alternately linked to two neighboring
chains and eventually to a 2-D network with a brickwork pattern. To make things even more
complicated, in both cases these polymeric ladder and brickwork structures, respectively, inter-
penetrate each other; closer inspection reveals that in the latter case three independent partial
structures are interlocked to form thick sheets.

A pyridine derivative related to dien with respect to the number and distribution of N-donor
atoms, namely bis(2-pyridylmethyl)amine (bpma), also gives comparable complexes with Cd, e.g.,
[Cd(bpma)2](ClO4)2 with potentially three isomers (including a pair of enantiomers). As shown by
the structure analysis (C2/c, Z= 4), a distorted octahedral fac-isomer with symmetry 2�C2 has
been isolated, necessarily with both enantiomers in the crystal lattice. No significant difference in
the two kinds of Cd�N bonds (rav(Cd�N) 235.0 pm) is observed.189 Solid-state 13C NMR spectra
of this complex and related Mn and Zn complexes have been discussed.

Reaction of bpma with Cd(ClO4)2�6H2O in acetonitrile, MeCN, yields a complicated com-
pound [Cd(bpma)(NCMe)(OH2)(OClO3)][Cd(bpma)2](ClO4)3�(MeCN) with two different com-
plex cations, both with six-coordinate Cd.190 In the first complex the four N-donor atoms are
arranged in the equatorial plane of a distorted octahedron, with the Cd�NCMe bond being the
shortest (226.3 pm) and the other three in a narrow range 228.1–232.1 pm; H2O and the mono-
dentate OClO3

� ligand occupy the axial positions (r(Cd�O) 231.3 pm and 247.8 pm, respectively).
In the second cation Cd adopts a pseudotrigonal prismatic coordination with clearly longer
Cd�N bonds (rav(Cd�N(py) 236.2, rav(Cd�N(amine) 239.5 pm). The tetradentate ligand
tris[(2-pyridyl)methyl]amine (tpma) forms the complex [Cd(tpma)2](ClO4)2�toluene, with eight-
coordinate Cd and much longer, unsystematically scattering Cd�N bonds
(249.1� r(Cd�N)� 263.0 pm). The complexation equilibria in MeCN�d3 have been studied by
1H NMR spectrometry and coupling constants J(111/113Cd,1H) reported.

Pyridine derivatives with additional donor functions and sterically demanding substituents have
been used with the intention of producing complexes of Cd (and of other metals) with low
coordination number; one of these ligands is the tridentate, planar-bonding 2,6-bis[(2,6-dimethyl-
phenylimino)methyl] pyridine (pydim; a Schiff base derived from 2,6-pyridine dialdehyde), which
with Cd(BF4)2 and thiocyanate gives a dinuclear complex [(pydim)Cd(�-NCS-S,N)]2(BF4)2 with
N-dominated coordination sphere.191 As centrosymmetric (P21/c, Z= 2), the complex has an
antiparallel �-1,3 NCS double bridge with Cd�N and Cd�S bonds (224.6pm and 255.5pm, respect-
ively); the Cd�N(py) bond is clearly shorter than the Cd�N(imino) bonds (225.6 pm and 245.0 pm,
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respectively). Remarkably, the arrangement of these ligands leaves space for a secondary bond
Cd���F (254.4 pm) to the counterion BF4

�.
A further pyridine-based ligand, that is, 2,6-bis(1-salicyloylhydrazonoethyl)pyridine (a Schiff

base derivative of 2,6-diacetylpyridine, abbreviated H4daps), as a pentadentate mono- H3daps
� or

dianion H2daps
2�, respectively, forms several structurally interesting Cd complexes, which all

have an almost planar pentagonal CdN3O2 environment in common. Hepta-coordination is
achieved by the addition of two more ligands in axial positions, e.g., in the neutral complexes
[Cd(H2daps)(H2O)2], [Cd(H2daps)(H2O)(i-PrOH)], [Cd(H3daps)Cl(MeOH)]�2H2O�MeOH, and in
the anion of NMe4[Cd(H2daps)Cl(H2O)]; in [Cd(H3daps)Cl]�0.25 H2O�MeCN only hexa-coordin-
ation is achieved.192

The ligand pyrazineformamide N(4)-methylthiosemicarbazone (Hpyztsc, from cyanopyrazine
and N(4)-methylthiosemicarbazide under reducing conditions) acts as a tridentate N,N,S-chelate
ligand towards Cd to give [Cd(pyztsc)2] (as a MeCN solvate).193 The two almost-planar ligands
are arranged in mer-configuration, each with the planes roughly perpendicular to each other. The
Cd�N bonds to the central N(imine) donors are substantially shorter (rav(Cd�N) 231.3 pm) than
to the N donors of the pyrazine rings (rav(Cd�N) 250.4 pm); the Cd�S bonds are 257.5 pm on
average. Remarkably, the second N atom of pyrazine does not coordinate to Cd, but is involved
in hydrogen bonding; thus the coordination behavior of this pyrazine derivative is rather that of a
pyridine-containing ligand.

Naked pyrazine (pyz) acts as a bidentate bridging ligand between Cd centers in [Cd(pyz)-
(H2O)2MoO2F4] (P3221, Z= 3).194 However, the dominating structural features are octahedral
trans-Cd(pyz)2(H2O)2F2 and cis-MoO2F4 units that share fluoride vertices to form helical chains
along the threefold screw axes. Linking of the helices is achieved by pyz bridges (along twofold
axes), as mentioned above, with bond lengths rav(Cd�N) 232.5 pm. The Cd�OH2 and Cd�F
bonds are quite similar (227.1 pm and 226.2 pm, respectively). As a consequence of the symmetry
of the structure nonlinear optical behavior is expected, and indeed second harmonic generation
(SHG) is observed.

Hydrido-(1-pyrazolyl)borates [H4-nB(C3H3N2)n]
�, in short [H4�nB(pz)n]

�, often with more or
less bulky substituents in 3- and/or 5-positions of the pz ring, have been used for the preparation
of mononuclear complexes with controlled coordination sphere about a metal.195 With Cd as a
metal center different coordination numbers and geometries can be realized, depending on the
pyrazolylborate used, but also on the co-ligands.

Unsubstituted dihydridobis(1-pyrazolyl)borate, for instance, gives a mononuclear, severely
distorted tetrahedral complex [Cd{H2B(pz)2}2] (Pbca, Z= 8).196 The four independent Cd�N
bonds vary significantly (rav(Cd�N) 221.5 pm); the intraligand (bite-) angles are both slightly
over 90�, but the interligand angles vary considerably in the range 106.9� to 131.7�, obviously due
to the molecular packing.

With the sterically more demanding t-Bu-substituted tripode ligand tris(3-t-Bu-pyrazolyl)borate
and CdCl2, [CdCl{HB(3-t-Bupz)3}] is obtained with nearly threefold rotational symmetry (true
symmetry m�Cs in Pnma). The Cd�N bonds do not differ significantly (rav(Cd�N) 224.3 pm)
and the Cd�Cl bond is 235.5 pm.197

[CdI{HB(3-t-Bupz)3}] adopts the same site symmetry, but in P421m (Z= 4). The Cd�N bonds
are almost the same (rav(Cd�N) 224.7 pm) as in the chloro complex, and the Cd�I bond length is
267.3 pm.198 With the further methyl-substituted ligand, the compounds [CdMe{HB(3-t-Bu-5-
Mepz)3}] (I43d, Z= 16) and [Cd(O2NO){HB(3-t-Bu-5-Mepz)3}] (P21/n, Z= 4) have been pre-
pared. The former takes the symmetry 3�C3 (r(Cd-N) 231.1, r(Cd-C) 207.4 pm); the latter
occupies a general position in the lattice (rav(Cd�N) 224.2 pm) and has an almost symmetrical
bidentate nitrato ligand (rav(Cd�O) 228.4 pm), as indicated in the formula. Finally, a complex
with two i-Pr substituents in 3,5-positions of the pz moieties of the ligand has been presented,
namely [CdI{HB(3,5-i-Pr2pz)3}] (P21/m, Z= 2; symmetry of the complex again m�Cs). The bond
lengths are rav(Cd�N) 222.0 and r(Cd�I) 262.2 pm.

For [Cd(NCS){HB(3-t-Bupz)3}] IR spectra indicate N-coordinated thiocyanate, which is con-
firmed by the crystal-structure analysis (Pna21, Z= 4).191 The three independent Cd�N(pz) bond
lengths are all very similar (rav(Cd�N) 222.4 pm), and the Cd�NCS bond is clearly shorter
(r(Cd�N) 210.7 pm).

Five-coordinate Cd complexes have been realized by combined ligation of dipode and tripode
pyrazolylhydridoborates, e.g., in [{HB(3,5-Me2pz)3}Cd{H2B(3,5-Me2pz)2}], [{HB(3-Phpz)3}-
Cd{H2B(pz)2}], and [{HB(3-Phpz)3}Cd{H2B(3,5-Me2pz)2}]; the crystal structure of the latter has
been solved (P1, Z= 2).199 The Cd�N bonds to the dipode ligand are clearly shorter (rav(Cd�N)
224.8 pm) than those to the tripode ligand (rav(Cd�N) 234.2 pm); they are arranged in a severely
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distorted, square-pyramidal geometry. Highly irregular five-coordination is also observed in the
dithiocarbamate complex [{HB(3,5-Me2pz)3}Cd{S2CNEt2}] (P21/c, Z= 4), with strongly scatter-
ing Cd�N bonds (224.9–235.1 pm) and an asymmetrically bonded dithiocarbamate ligand
((r(Cd�S) 254.0 pm and 270.8 pm). 1H and particularly 113Cd NMR data for these and a series
of other pyrazolylhydridoborate complexes with varying coordination numbers and environments
have been measured and discussed. In the four-coordinate complexes the Cd nuclei are much
more deshielded than in the five- and six-coordinate species, the 113Cd shift ranges of which
overlap substantially.

Substitution of boron in the pyrazolylhydridoborates by carbon gives neutral pyrazolyl-
methanes, which on coordination to Cd yield cationic complexes completely analogous to the
neutral complexes with pyrazolylhydridoborates. The structure of a representative of a tris(pyra-
zolyl)methane Cd complex, namely [{HC(3,5-Me2pz)3}2Cd](BF4)2, has been elucidated (R3, Z= 3;
trigonal setting).200 The cation has symmetry 3�C3i, i.e., all six Cd�N bonds are equivalent
(r(Cd�N) 232.1 pm) and span a trigonally elongated octahedron with an intraligand bite-angle of
80.0�. The analogous neutral pyrazolylhydridoborate complex crystallizes in the same space group
and adopts the same symmetry; both Cd�N bonds and bite-angles are much the same (r(Cd�N)
234.8 pm, �(N�Cd�N) 82.7�).201 At the same time, the structure of [{HB(3,5-Me2pz)3}2Cd] has
been described in the same space group (R3, Z= 2), but with two independent, slightly differing
molecules in the rhombohedral unit cell;202 the structural data are moderately precise due to
disorder, but on the average they match the above data properly, as do 1H NMR data.

Interestingly, the homoleptic tris(pyrazolyl)methane and -hydridoborate complexes undergo
conproportionation reactions to yield mixed-ligand complexes, as is also shown by 1H, 13C, and
113Cd NMR spectrometries of the respective solutions; surprisingly, tris(pyrazolyl)methane and
-hydridoborate complexes with the same substitution pattern have similar 113Cd shifts, irrespect-
ive of the different charge, but change in the substitution also changes the �(113Cd) values
considerably.200

Homoleptic complexes have been obtained also with tetrakis(1-pyrazolyl)borates, e.g.,
[{B(pz)4}2Cd] and [{B(3-Mepz)4}2Cd] (both P21/c, Z= 2); in both compounds’ structure
analyses the ligands have been shown to coordinate trihapto, i.e., with one pz ring free. In
both cases Cd has a distorted octahedral environment, with averaged structural data very
similar to those for the tris(1-pyrazolyl)hydridoborate complexes.201 Variable-temperature 1H
NMR studies of these and of mixed complexes with tris- and bis(1-pyrazolyl)hydridoborates
indicate fluxional behavior (coalescence temperatures and barriers for the dynamic processes
are given).

Cd (and Hg) complexes with bis- and tris(1-pyrazolyl)methanes and -ethanes, as well as with
bis(1-triazolyl)methane, have been prepared and studied by conductance measurements (H2O,
dmso, and dimethylformamide (dmf) solutions), IR, far-IR, 1H, and 13C NMR spectrometries.203

The Cd halides form complexes of the type [CdLX2]; complexes of the types [CdL2](ClO4)2 and
[CdL3](BF4)2 are obtained from the respective Cd salts.

Complex formation in the system aqueous Hg2þ/1,2-ethanediamine (en) as a function of the pH
has been studied by potentiometry. The data have been discussed on the basis of a system of
coupled equilibria comprising [Hg(en)2]

2þ, [Hg(en)(enH)]3þ, [Hg(en)]2þ, and [Hg(enH)]3þ,
depending on the pH value.204–206

The crystal structures of ethylenediamine mercury(II) dibromide and iodide have been
reported.207 Both compounds are coordination polymers with centrosymmetric en bridging the
Hg centers. In the first compound (Pbam, Z= 2), Hg is bonded to two N donors in the trans-
position (r(Hg�N) 219 pm) and to four Br atoms (r(Hg�Br) 301.2 pm), forming a distorted
octahedron. In the second, Hg is bonded to two N atoms (r(Hg�N) 234 pm and 235 pm) and
to two I atoms (r(Hg�I) 269.1 pm and 274.0 pm), forming a distorted tetrahedron.

Stepwise formation constants have been determined in the system Hg2þ/Cl�/diethylenetriamine
(dien) and related systems by potentiometry. Thermodynamic parameters have been calculated
and the contribution of the entropy term to complex stability discussed.208

The reactions of mercury(II) salts with oligo-amines afford informative examples for the fact
that counterions induce the formation of a distinct complex or select a distinct complex in an
equilibrium to crystallize with. Thus, HgII acetate with dien under exactly the same reaction
conditions, in the presence of ClO4

� or PF6
�, yields the dinuclear complex [Hg2(dien)3](ClO4)4 or

the mononuclear species [Hg(dien)(H2O)](PF6)2, respectively, both characterized by IR, 1H, and
13C NMR spectrometries, by fast-atom bombardment (FAB) MS, cyclovoltammetry, and X-ray
structure analyses.209 In the first compound (Pna21, Z= 4), one Hg adopts five-coordination with
one tridentate and one bidentate dien ligand, which with the remaining N-donor binds to the
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second tetrahedral Hg center. Similarly to the Cd dien complexes, the central Hg�N bonds to the
secondary N donors are longer than those to the primary N donors (NH2 groups), whereby
differences due to different coordination numbers have to be considered. The Hg�N bond in the
bridge between the coordination centers is exceptionally short (217.4 pm). In the second complex
(P212121, Z= 8), the two independent, tetrahedral, cationic entities have very similar structures,
with rav(Hg�N) 230.8 pm and 235.7 pm, respectively, for the two kinds of Hg�N bonds to
primary and secondary N donors; the Hg�OH2 bonds (214.1 pm) are much shorter than all the
different Hg�N bonds in both complexes.

In a way related are the complexes formed by Hg salts and multicrown dendrimers of different
generations (dendrimers with a polypropylene amine interior of different volume and benzo[15]-
crown-5 ether periphery), studied by extraction methods using radioactive 203Hg2þ.210 Up to 12
Hg2þ ions were found to be bound per dendrimer molecule, obviously in the amine-dominated
interior, not in the crown-ether periphery.

The 1:2 complex of Hg2þ with the tacn derivative mono-N-(4-vinylbenzyl)-1,4,7-triazacyclono-
nane copolymerizes with p-divinylbenzene to give an Hg-templated polymer which, after deme-
talation with 6N HCl, is a highly selective gathering material for Hg2þ in competition with other
transition metals like Cd2þ, Agþ, Pb2þ, Cu2þ, and Fe3þ at low pH values.211

The crystal structure of hexakis(pyridine)mercury(II) trifluoromethanesulfonate
[Hg(py)6](O3SCF3)2 has been determined both at ambient and low temperatures (183K; P1,
Z= 2; no phase transition). In the complex cation the six Hg�N bonds form tetragonally
elongated octahedra (two long bonds in trans-position, four shorter ones in the equatorial
plane), with the distortion more pronounced at low temperature (rav(Hg�N 249.8 pm vs.
241.9 pm).212 Thermoanalysis (TG, DSC, also of [Hg(py)6](ClO4)2) also suggests that two mol-
ecules are more weakly bound than the others; in the further thermal degradation py molecules
leave in pairs via the intermediate [Hg(py)2](O3SCF3)2. Electronic effects are discussed as a reason
for the distortion; contributions of packing effects are ruled out.

A wealth of structures of Hg complexes with py, e.g., [Hg(py)2]X2 (X=Cl, Br, I), [Hg(py)4]
(ClO4)2, [Hg(py)4](ClO4)2�2 py, but also with other N heterocycles, e.g., [Hg(pyridazine)]X2,
[Hg(pyrimidine)]X2, [Hg(pyrazine)]X2, and with other N-donor ligands, has been determined
and dealt with in a recent dissertation.213

As with Cd, the tri- and tetradentate ligands bis- and tris(2-pyridylmethyl)amine (bpma and
tpma) have been used for complexation of Hg. Thus, [Hg(bpma)2](ClO4)2 (as toluene solvate) has
been prepared and its structure elucidated (P1, Z= 2). Differing from the [Cd(bpma)2]

2þ cation,
[Hg(bpma)2]

2þ approaches a trigonal prismatic coordination with similar Hg�N bonds
(rav(Hg�N) 238.8 pm), except for one rather long Hg�N(py) bond (255.7 pm); a weak interaction
with one of the counterions (secondary Hg���O bond) could be the reason for this deviation. 214

Hg(ClO4)2 and bpma (ratio 1:1) in MeCN give [Hg(bpma)(NCMe)](ClO4)2 in crystals appropriate
for structure determination (P21/c, Z= 4). In this case, the N donors of bpma and MeCN are
arranged in an equatorial pseudoplane with a short Hg�NCMe bond (222.6 pm), a longer bond
in the trans-position (240.1 pm), and two similar Hg�N(py) bonds (about 222 pm); the strongly
distorted octahedral coordination is completed by two secondary Hg���O bonds (270 pm and
290 pm). The complexation equilibria in MeCN-d3 solution have been studied by 1H NMR
spectrometry, and possible mechanisms of slow rearrangements discussed.

Hg(ClO4)2 and tpma in acetone yield [Hg(tpma)2](ClO4)2; HgCl2 and tpma in MeCN give
[Hg(tpma)Cl](HgCl4). The former (P21/n, Z= 2) has an eight-coordinate centrosymmetric cation,
best described as a bicapped trigonal antiprism, with very similar, long Hg�N bonds
(256.0� r(Hg�N)� 259.5 pm, rav(Hg�N) 257.8 pm). The latter (P1, Z= 2) contains five-coord-
inate Hg in a distorted trigonal bipyramid, with the chloro ligand opposite to the amine N in axial
positions. As expected for a lower coordination number, the Hg�N bonds in both of the two
independent complex cations are shorter than before, namely rav(Hg�N(py)) 239.4 and
rav(Hg�N(amine)) 243.4 pm; the Hg�Cl distances in the cations (average 235.4 pm) are close to
those in HgCl2.

1H and 13C NMR studies of solutions help to identify the species present in the
equilibria; under conditions which slow down the exchange processes, 199Hg,1H and 199Hg,13C
couplings become observable215 (cf. also ref. 190).

In the presence of Hg(SCN)2, pyridine-2,6-dicarbaldehyde and 2,6-bis(2-aminothiophenoxy-
methyl)pyridine undergo a metal-templated cyclocondensation to give immediately the 1:1 com-
plex of Hg(SCN)2 and the macrocyclic, 18-membered diimine (Schiff base). The structure analysis
shows that the Hg(SCN)2 molecule is strongly asymmetrically located in the macrocyclic ring,
close to its Schiff-base segment, with the S�Hg�S axis nearly perpendicular to the pseudoplane
of the ring; the two sulfur donors in the ring form only long, secondary bonds to Hg. Thus, Hg
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adopts a peculiar 2(S)þ3(N)þ2(S) coordination (distances rav(Hg�SCN) 246.4, rav(Hg�N) 266.6,
rav(Hg���S) 312.8 pm).216 This complex and related others have been further characterized by IR,
1H, and 13C NMR and FAB mass spectrometries.

Simple mixing of Hg(ClO4)2 in MeOH and 2,4,6-tris(40-pyridyl)-1,3,5-triazine (tpt) in tetra-
chloroethane C2H2Cl4 produces the structurally highly interesting compound [Hg(tpt)2](ClO4)2�6-
C2H2Cl4 (Pa3, Z= 4), in which Hg (site symmetry 3�C3i) adopts an almost perfect octahedral
coordination, with six equivalent Hg�N bonds to six tpt ligands (r(Hg�N) 244.3 pm) and angles
deviating only slightly from 90� (�(N�Hg�N) 88.8/91.2�). As each tpt coordinates to three Hg
centers a wide-pore 3-D framework 1

3[Hg(tpt)6/3]
2þ is generated, with the counteranions and

solvate molecules located in its large voids.217 Possible relationships of this type of framework to
simple inorganic AX2 structures are discussed.

(iii) N-coordinating cyanometallates

As mentioned in the introductory part of Section 6.9.4.2.3, compounds are known in which Cd or Hg
is coordinated to the N-ends of cyano groups C-bonded to another element.

To start with a relatively simple case, Rb[Cd{Ag(CN)2}3] (from RbCl, AgNO3, Cd(NO3)2, and
NaCN in H2O) is discussed. In its structure (P312, Z= 1), Cd and the rod-like N-coordinating
NC�Ag�CN units create three independent, interpenetrating, 3-D frameworks; Cd (symmetry
32�D3) has trigonally distorted octahedral coordination (r(Cd�N) 232.4 pm). Rb occupies one
of two types of trigonal channels.218

From CdCl2, K[Ag(CN)2] (ratio 1:2), and NH3 at pH 10 (citrate buffer), colorless crystals of
[Cd(NH3)2{Ag(CN)2}2] (P42/mbc, Z= 4) are formed. Therein, trans-Cd(NH3)2 entities (2/m�C2h)
are linked by slightly bent NC�Ag�CN units to form a puckered 2-D network with large, 24-
membered meshes. Two of these networks (transformed into each other by the 42 operation, i.e.,
they are perpendicular) interpenetrate.163 Similar corrugated sheets occur in [trans-Cd
(4-Mepy)2{Ag(CN)2}2]�(4-Mepy) (4-Mepy= 4-methylpyridin) (Ibca, Z= 16; all atoms in general
positions); but here, they are pairwise interwoven in the same layer. The intercalated 4-Mepy
molecules are located in the meshes of this layer.219 From the same reaction medium, [Cd(4-
Mepy)4{Ag2(CN)3}][Ag(CN)2] (C2/m, Z= 2) crystallizes after some days. Here, the Cd(4-Mepy)4
units (2/m�C2h) are linked by almost linear NC�Ag�(C,N)�Ag�CN rods to form chains,
which in turn are arranged in layers. Inserted between the chains or into the layers are linear
[Ag(CN)2]

� anions.219

4,40-Bipyridyl (4bipy) in place of 4-Mepy, under otherwise the same conditions, produces [trans-
Cd(4bipy)2{Ag(CN)2}2] (P21/c, Z= 2); with pyrazine (pyz), K2[Cd(CN)4], and AgNO3 (1:2:1)
[trans-Cd(pyz){Ag2(CN)3}{Ag(CN)2}] (P2/c, Z= 2) is generated. In the former, 4bipy acts as a
linker between layers 1

2[Cd{Ag(CN)2}4/2] to form a 3-D framework, with two of these interpene-
trating each other. In the latter, Cd and {Ag2(CN)3} form nearly linear chains in one direction,
which are linked to a 2-D network with rectangular meshes by {Ag(CN)2}, and linkage of these
nets to a 3-D framework is achieved by pyz. Here, even three identical 3-D frameworks inter-
penetrate one another.220

Finally, a highly complex structure is created when trans-Cd(4-ampy)2 (4-ampy= 4-aminopyri-
dine) and Cd(4-ampy)(ame){Ag(CN)2} units (ame= 2-aminoethanol) are linked by bridging
�-{Ag(CN)2} groups to form a 2-D network with rhombus meshes and almost linear chains.
These antiparallel chains in pairs embrace the nets.221

Cd2þ and hexacyanometallates [M(CN)6]
3� (M=Fe, Co) join to build up interesting frame-

work structures in NMe4Cd[M(CN)6]�3H2O (I4, Z= 10). Two different kinds of Cd centers
(octahedral and square pyramidal, respectively) are linked by octahedral M(CN)6 units to form
primarily slightly puckered 2-D networks with nearly square meshes; in addition, 3-D linkage of
these nets is achieved by CN bridges between M(CN)6 groups and square-pyramidal Cd in
adjacent nets. Thus, the two Cd centers get Cd(OH2)2N4 and CdN5 coordinations (rav(Cd�N)
229.5, rav(Cd�O) 237.1, and rav(Cd�N) 224.4 pm, respectively, for M=Fe).222

Together with Cd, Fe(CN)6 also acts as a layer builder in [Cd(tren)]2[Fe(CN)6]�3H2O
(tren= tris(2-aminoethyl)amine) (P21/n, Z= 2). Here, two Cd(tren) fragments (with tetradentate
tren) and two Fe centers are linked by two �3-CN to form a tetranuclear, heterometallic unit with
a central square Cd2N2 entity; this tetranuclear unit is the building block of a 2-D layer. A further
�-CN group augments the coordination polyhedron of Cd to a distorted pentagonal bipyramid
(232.6� r(Cd�N)� 265.3 pm).223
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Minor changes in one of the reagents can induce drastically different structures. Thus, if
[Fe(CN)6]

4� is replaced by [Fe(CN)5(NO)]2� in the reaction with [Cd(tren)]2þ, the simple-looking
[Cd(tren)][Fe(CN)5(NO)] (P21/n, Z= 2) is formed. Here, two [Cd(tren)] (with tridentate tren!) and
two [Fe(CN)5(NO)] units join to a tetranuclear, centrosymmetric ring Cd2Fe2(CN)4 (CN on the
edges), which is linked to two adjacent rings by the pendant arms of the tren ligand to form a
shelf-type polymer. In the similarly prepared [Cd(tren)][Pd(CN)4] (P212121, Z= 4), the [Cd(tren)]
units (tetradentate tren) are linked by [Pd(CN)4] groups (cisoid) to a battlement-like chain or
ribbon. Finally, [Pt(CN)6]

2� in place of [Pd(CN)4]
2� simply links two [Cd(tren)] units to a

discrete, trinuclear, centrosymmetric cation [(tren)Cd(NC)Pt(CN)4(CN)Cd(tren)]2þ, with
[Pt(CN)6]

2� as counterion (P21/c, Z= 4).224

A rather complex structure is built up when reacting the heterocubane [Re4Te4(CN)12]
4� with

CdSO4 in aqueous ammonia to yield [Cd(NH3)5][Cd(NH3)3][Re4Te4(CN)12] (P1, Z= 2) (cf. Sec-
tion 6.9.4.2.3.ii). One mer-Cd(NH3)3 group links three heterocubane clusters via �-CN bridges,
and vice versa, to form a double-strand chain, and to each of these linked clusters a further
terminal Cd(NH3)5 group is bound by a �-CN bridge (236� r (Cd�NC)� 243 pm).164

Back to simplicity: Hg(NO3)2 in aqueous HNO3 with K[B(CN)4] gives Hg[B(CN)4]2 (P3m1,
Z= 1), with Hg in an almost perfect octahedral environment HgN6 (symmetry 3m�D3d) but with
relatively long Hg�N bonds (r(Hg�N) 236.4 pm, �(N�Hg�N) 89.2/90.8�). This compound
undergoes comproportionation with metallic Hg to yield the simple dimercury(I) compound
Hg2[B(CN)4]2. IR and Raman spectra of both compounds have been discussed, and assignments
suggested; strangely enough, vibrations of the HgN6 entities have not been mentioned. A compil-
ation and comparison of structural data of 10 compounds with the HgN6 core, of different
topologies and symmetries, has been included.225

6.9.4.2.4 Compounds with donor atom P

Phosphides and amides are closely related, as a synthetic route is based on metathesis of metal
amides, especially the respective trimethylsilyl amides, with the appropriate free acidic phosphine
or an anion derived therefrom. Reaction of metal halides and trisilylphosphines is an alternative
for preparing metal phosphides.

(i) Phosphides

A reaction of the first type, in a broad sense, uses the mixture obtained from n-BuLi and the phosphinic
acid (mes)2P(H)¼O (mes= 2,4,6-trimethylphenyl) in thf/hexane towhich theCd amideCd[N(SiMe3)2]2
is added; a mixed amide-phosphinite is obtained, namely [{MeSi)2N}Cd{(mes)2PO}2Li�2 thf]. The
structure analysis (153K) reveals that the two phosphinite ligands act as a double bridge between Cd
and Li to give a six-membered, twisted ring with two independent Cd�P bonds (rav(Cd�P) 259.4 pm);
the exocyclic Cd�N bond is rather short (213.6 pm).226

In a metathesis reaction M[N(SiMe3)2]2 (M=Cd, Hg) and HP(SiMe3)2 (ratio 1:2) give the dimers
{M[P(SiMe3)2]}2 in good yield;227,228 methanolysis of the Cd compound gives Cd3P2 (potential
semiconductor).227 In their structures (both in P1, Z= 1, similar unit-cell volumes), the centrosym-
metric dinuclear units have almost symmetric bridges �-P(SiMe3)2 for M=Cd (rb(Cd�P) 257.5 pm
and 261.2 pm), but strongly asymmetric bridges for M=Hg (rb(Hg�P) 241.0 pm and 324.6 pm); the
terminal M�P bonds are shorter, as expected (rt(Cd�P) 246.9 and rt(Hg�P) 240.2 pm). The Hg
compound can also be considered to be a monomer, with an almost linear P�Hg�P axis and
secondary P���Hg bonds perpendicular to this axis.228 A similar structural situation is met in the
homologous compound [Hg(P�t-Bu2)2]2 (linear P�Hg�P axis, rav(Hg�P) 244.7 pm; secondary
P���Hg bonds r(P���Hg) 316 pm).229 Temperature-dependent 1H and 31P NMR spectrometries
show the Cd compound to persist as a (fluxional) dimer in solution; kinetic parameters are given
and possible pathways for the bridging-to-terminal site exchange of the phosphido ligands dis-
cussed. In contrast, the Hg compound in solution is a monomer under all conditions studied.228

The above-mentioned [Hg(P�t-Bu2)2]2 has been obtained in a phosphide-transfer reaction
between HgMe2 and Ga(P–t-Bu2)3. If CdMe2 and Ga(P�t-Bu2)3 are reacted, the product is the
trimeric [MeCd(P–t-Bu2)2]3 with a six-membered Cd3P3 ring in twist-boat conformation and
exocyclic Cd�Me bonds; thus, Cd achieves near-planar, three-coordinate geometry. The Cd�P
bond lengths in the ring are all similar (rav(Cd�P) 258.5 pm); in solution these Cd�P bonds
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obviously level, as only one sharp single line (with 111/113Cd satellites) is observed in the 31P{1H}
NMR spectrum.229

Upon reaction of M[N(SiMe3)2]2 (M=Cd, Hg) with the bulky phosphide LiP(SiPh3)2, the
stable monomeric complexes M[P(SiPh3)2]2 are produced (one single 31P resonance). The crystal
structure of Cd[P(SiPh3)2]2 (C2/c, Z= 4) contains centrosymmetric molecules with an exactly
linear P�Cd�P group (r(Cd�P) 242.7 pm). In spite of the strong steric shielding this molecule
retains some Lewis acidity, as shown by monitoring its reaction with py or PMe3 by 31P NMR
spectrometry (estimation of formation constants of the complexes Cd[P(SiPh3)2]2�L).230

With the sterically less demanding phosphide LiPPh2 in thf, Cd[N(SiMe3)2]2 reacts to give the
product [Li(thf)4]2[Cd4(PPh2)10]. In the adamantoid complex anion �-PPh2 ligands are located in
front of all of the edges of the Cd4 tetrahedron, and terminal PPh2 ligands complete the
coordination around Cd to distorted tetrahedral. The Cd�P bond lengths in the bridges vary
unsystematically (rav(Cd�P) 265.7(20) pm), as do the terminal Cd�P bonds (rav(Cd�P)
260.9(12) pm).231 At room temperature the 31P{1H} NMR spectrum shows a single resonance
which splits at lower temperatures (also 111/113Cd satellites appear), indicating the freezing of an
intramolecular exchange of terminal and bridging phosphide ligands.

Reaction of CdCl2 with Ph2PSiMe3 in the presence of P(n-Pr)3 also leads to an adamantoid
species [Cd4Cl4(PPh2)4(PPr3)2] (C2/c, Z= 4). The molecules have crystallographically imposed
symmetry 2�C2, with two bridging PPh2 ligands on opposite edges of the Cd4 tetrahedron on
the twofold axes; two more �-PPh2 and two �-chloro ligands are related by symmetry, as are pairs
of terminal PPr3 and Cl ligands. Two of the �-PPh2 bridges are necessarily the other two de facto
symmetric (rav(Cd�P) 253.8 pm), whereas the �-Cl bridges are clearly asymmetric. Remarkably,
the terminal Cd�PPr3 bonds are longer (r(Cd�P) 260.9 pm) than the bridging ones, in contrast to
the terminal Cd�Cl bonds.232

CdI2 and P(SiMe3)3 in dimethoxyethane (dme) react to give simply [CdI2{P(SiMe3)3}]2, a
near-centrosymmetric dinuclear species with an almost square core Cd2I2 and two terminal I and
P(SiMe3)3 ligands, respectively (P212121, Z= 4, general positions only). The four Cd�I bonds in
the central Cd2I2 unit are all independent, but very similar (rav(Cd�I) 287.5 pm); also the
terminal Cd�I and Cd�P bonds show minor differences (rav(Cd�I) 271.5 and rav(Cd�P)
255.5 pm).233 Upon reaction of [CdI2{P(SiMe3)3}]2 with n-Bu4NI in thf [n-Bu4N]2[Cd4I8-
{P(SiMe3)2}2] is formed, again with an adamantoid anionic complex unit (Pna21, Z= 4, general
positions only). A tetrahedral Cd4 core is bridged on two opposite edges by �-P(SiMe3)2 ligands,
four �-iodo ligands are placed on the other edges, and four terminal iodo ligands are bound to
each of the Cd corners, completing a tetrahedral coordination of Cd. Although crystallograph-
ically independent, the chemically equivalent bonds are very similar throughout. Thus, both of the
�-P(SiMe3)2 bridges are nearly symmetric, with nonsignificant differences in the Cd�P bonds
(rav(Cd�P) 250.7(3) pm); out of the four �-I bridges only one is significantly asymmetric
(rav(Cd�I) 285.4(9) pm), and the terminal Cd�I bonds show minor scatter (rav(Cd�I)
273.2(10) pm).233

(ii) Phosphine complexes

A series of Cd phosphine complexes (Et3P)2Cd2X4 and (R3P)2CdX2 (R3P=Ph3P, Bu3P, Et3P,
1-phenyldibenzophosphole (dbp), 1-phenyl-3,4-dimethylphosphole (dmpp); X=Cl, Br, I) have
been prepared and studied by IR, solution and solid-state CP/MAS spectrometries (31P{1H}
and 113Cd{1H}), and partly by X-ray structure analyses.234 Both (Ph3P)2CdI2 and (dbp)2CdI2
(P21/a, P21/c, Z= 4) own distorted tetrahedral coordination around Cd, with similar Cd�P and
Cd�I bond lengths, respectively (260.3� r(Cd�P)� 265.3 pm, 271.8� r(Cd�I)� 273.1 pm). On
the basis of the temperature dependences of 31P{1H} NMR spectra of some (R3P)2CdX2 species,
kinetic and thermodynamic data for the equilibria (R3P)2CdX2> (R3P)CdX2þR3P have been
determined. For the compounds (Et3P)2Cd2X4 NMR spectra suggest dinuclear symmetric entities
with double halide bridges, and for solid (Bu3P)3Cd2X4 a structure (Bu3P)2Cd(�-X)2CdX2(PBu3),
with four- and five-coordinate Cd, is proposed.

In a thorough work with an extensive literature survey, crystal structures, vibrational and 31P
NMR spectra of several phosphine complexes of mercury(II) halides HgX2 are presented.235 In the
dibenzophosphole complex (dbp)2HgBr2, Hg adopts a distorted tetrahedral coordination
(rav(Hg�P) 250.2, rav(Hg�Br) 261.1 pm) (cf. the related Cd complex in the previous paragraph),
with slightly shorter Hg�P and Hg�Br bonds, respectively, than in the comparable
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(Ph3P)2HgBr2.
236 [(Ph3P)HgBr2]2 can be described as two edge-sharing tetrahedra around Hg

centers, with asymmetric, double �-Br bridges [(Ph3P)HgBr(�-Br)2HgBr(PPh3)] (rav(Hg-P) 242,
rav(Hg�Brt) 250.2, rav(Hg�Brb) 275.7 pm); the analogous [(Ph3P)HgI2]2 adopts a comparable
structure (rav(Hg�P) 247.2, rav(Hg�It) 267.8, rav(Hg�Ib) 291.4 pm) with even more asymmetric
�-I bridges.237 Finally, in the dimethylphosphole complex [(dmpp)HgI2]2 with a similar overall
structure, the terminal bonds are shorter, but the �-I bridges longer and less asymmetric than
before (rav(Hg�P) 245.4, rav(Hg�It) 263.9, rav(Hg�Ib) 295.6 pm).235 The seemingly analogous
[(Bu3P)HgI2]2 adopts a different structure, approximately given by the formula [(Bu3P)2Hg(�-
I)2HgI2]; the (Bu3P)2Hg fragments (rav(Hg�P) 239.2, �av(P�Hg�P) 161.5�) tend to linearity, the
�-I bridges are strongly asymmetric, and the terminal Hg�I bonds of the HgI2 fragment the
shortest in this entity (rav(Hg�It) 268.8 pm). Thus, the complex can formally be considered to
contain [(Bu3P)2Hg]2þ and [HgI4]

2� ions, connected by two secondary I���Hg bonds.235

[(Pr3P)HgI2]2 has a similar structure, but the separation of the constituents is less pronounced.238

IR and Raman data, as well as findings from solution and solid-state 31P NMR spectra, have
been correlated with structural data.235

An insight into the equilibria present in solutions of several complexes of the type (R3P)2HgX2

(X=ClO4, CF3COO) is provided by electrospray mass spectrometry (ES MS) (cf. Section
6.9.2.1.8).239 In all cases the principal ions [(R3P)2HgX]þ are observed, even if these ions and
other ionic constituents of the equilibria are known to be labile on the NMR timescale. In the
presence of excess R3P the principal ions [(R3P)3HgX]þ appear. Also fragments of collisionally
activated decomposition (CAD, can be influenced and controlled to some extent) are detected,
e.g., [(R3P)HgX]þ.

In a paper on complexes of mercury(II) halides with the sterically demanding ligand tris(2,4,6-
trimethoxyphenyl)phosphine (tmpp), a selective literature survey of the field of HgX2–PR3

complexes has been given.240 In particular, tmpp complexes with HgX2 (X=Cl, Br, I) and
P:Hg ratios 1:1, 2:1, and 2:3, and their vibrational and solution 31P NMR spectra, are presented
and discussed. Crystal structures of the monomeric complexes (tmpp)HgX2 (X=Br, I) and of
(tmpp)(HgI2)2 have been reported. The first two compounds have basically the same structures
(albeit in different space groups), with three-coordinate Hg (short Hg�P bonds of about
243 pm, two different terminal Hg�X bonds); two secondary O���Hg from the OMe groups
in o-positions of the organic substituents have also to be considered. In (tmpp)(HgI2)2 Hg tends
to be two-coordinate, with even shorter Hg�P and terminal Hg�I bonds (240.8 pm and 261.9 pm);
two fragments (tmpp)(HgI) are linked by a dinuclear bridge, described in some detail with the
formula [(tmpp)(HgI)(�-I)HgI(�-I)2HgI(�-I)(HgI)[(tmpp)], or with some simplification in the
shorter [(tmpp)(HgI)(�-Hg2I6)(HgI)[(tmpp)]. The secondary O���Hg contacts are shorter than
before.

Again a distorted tetrahedral coordination of Hg is achieved in the 1,1-bis(diphenylphos-
phino)ferrocene (dppf) complex with HgI2. Both Hg�P in the dppf chelate ring and terminal
Hg�I bonds (averages 256.5 pm and 277.6 pm, respectively) are clearly longer than in the
previous examples; all angles around Hg are close to the value for a tetrahedron. Nonlinear
optical properties of the material have been studied.241

A completely different structural situation is met with the mixed phosphine complex
[Hg{OP(O)CF3(OH)}2(PMe3)3], obtained from [Hg{P(CF3)2}2(PMe3)2] (for formation and prop-
erties of this compound see ref. 242) in a multistep hydrolysis in the presence of PMe3.

243 In a
trigonal-planar fragment Hg(PMe3)3 (rav(Hg�P) 246.7 pm), the coordination is expanded to
distorted trigonal bipyramidal by two O donors of the phosphinic acid ligands in axial positions.
These units are linked to polymers by rather short hydrogen bonds (O�H���O).

6.9.4.2.5 Compounds with donor atoms As and Sb

A Cd�Sb compound with potential application in semiconductor technology has yet to be
mentioned. CdI2 and tetraethyldistibine, Sb2Et4, in thf react to give crystalline Sb2Et4�2 CdI2
after some time. The crystal structure is made up of molecules (I2Cd)Sb(Et2)Sb(Et2)(CdI2), with
the central Sb2Et4 moiety (r(Sb�Sb) 278.4 pm) in skew conformation and the terminal Cd centers
in trigonal-planar coordination (rav(Cd�I) 275.1, rav(Cd�Sb) 282.2 pm). Intermolecular second-
ary bonds I���Cd expand the coordination to distorted trigonal bipyramidal and link the mol-
ecules to chains, which in turn are covalently connected by the Sb2Et4 linkages to form a 2-D
network.244
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6.9.4.2.6 Frameworks made up of Cd, Hg, and P, As, Sb

In recent years a great variety of ternary and/or quaternary systems containing Cd or Hg, one of
the pentels (Pn=P, As, Sb), and a halogen or a halogenometalate have been prepared by heating
a metal halide, e.g., HgX2 or Hg2X2, with an elemental pentel, and if desirable, an additional
metal M0 or a halide thereof. A typical example is the deceptively simple-looking (Hg2P)2HgBr4,
obtained as a bright yellow, crystalline material by heating HgBr2, red phosphorus, and mercury
in the appropriate ratio in a sealed ampoule at 300 �C for several days.245 In the structure (P21,
Z= 2), a cationic 3-D framework with tridymite-like topology is built up by corner-sharing
tetrahedra PHg4 corresponding to the Niggli formula 1

3[PHg4/2]
þ; in pseudohexagonal channels

of this framework, chains of apex-sharing trigonal bipyramids HgBr5 (1
1[HgBr3Br2/2]

2�) are
running along the 21 axes. The cationic framework can be considered as a coordination-polymeric
tetramercurio-phosphonium complex, i.e. a metallo-onium complex. Another, related example is
[Hg2Sb]GaCl4 (Pbcn, Z= 8), with a framework of low-cristobalite topology and cavities hosting
the isolated anions.246

In these structures the PnM4 (M=Cd, Hg) tetrahedra can fully or partly be replaced by Pn2M6

groups (trigonally elongated octahedra with a Pn2 core), as is found in [Hg6P4][M
0X6]X,247 in

[Hg6As4][M
0X6]X,248,249 in [Hg6Sb4][M

0X6]X,250 or in the phases [Hg6Pn4X3][SnX3]
251 and

[Hg7Pn4X3][SnX3].
252

A further modification can be achieved by combining Hg, Hg2, and Hg3 groups as linkers
between Pn atoms, as is the case with [Hg11As4](GaBr4)4.

253 Here Hg and As form corrugated
layers 1

2[AsHg3/2], which are linked in one crystallographic direction alternately by Hg2 and Hg3
sticks, thus creating two types of channel with different cross-sections and filled by the isolated
anions as guests.

A review on mercury and cadmium pentelide halides has appeared,254 with emphasis on
discussion of the structures, based on the Zintl–Klemm concept, and their relationship to the
electronic properties.

6.9.4.2.7 Compounds with donor atom O

In many closely related compounds of Cd and Hg with all-oxygen or oxygen dominated coord-
ination spheres, the metals adopt different coordination numbers and geometries—even independ-
ent metals in the same structure. As a rule, in the rare isostructural Cd and Hg compounds, Hg
possesses the more distorted coordination.

As the structures of comparable or analogous Cd and Hg compounds are often different, they
are dealt with separately.

(i) Cadmium

In a simple triple oxide Sr3CdPtO6 (R3c, Z= 6, trigonal setting), Cd has a trigonal-prismatic
(r(Cd�O) 232.8 pm), but Pt an octahedral six-coordination; these polyhedra share opposite
triangular faces to form columns 1

1[CdtripO6/2PtoctO6/2]
6� along the three-fold axes in a hexagonal

rod packing arrangement.255

In contrast, Cd in [Cd(H2O)6](ClO4)2 (P3m1, Z= 1) ([Hg(H2O)6](ClO4)2 has the same structure 256)
has an almost perfect octahedral surrounding (r(Cd�O) 227.7 pm, �(O�Cd�O) 87.69�);257 the
Cd�O bond length of [Cd(H2O)6]

2þ in aqueous solution is only slightly different (229.2 pm).258

Quantum-chemical calculations (SCF, effective core potentials, relativistic effects) for the hexa-
aqua complexes [M(H2O)6]

2þ (M=Zn, Cd, Hg) give results for inter alia bond lengths and
vibrational frequencies that are in reasonable agreement with experimental data.259

Another structure with reference character is that of [Cd(thf)4(BF4)2] (P21/n, Z= 2), with a
centrosymmetric octahedral complex unit (r(Cd�O) 221.9 pm and 226.3 pm) and, rather unusual,
strongly coordinated BF4 ligands in axial positions (r(Cd�F) 230.7 pm).200

Hydroxo complexes of Cd are rare. In one example, two �-OH groups link two Cd centers to a
distorted square Cd2(OH)2 (rav(Cd�O) 222.5 pm); otherwise two tetradentate N,S-donor ligands
complete the coordination sphere of Cd. Remarkably, in a reaction with CO2 the two �-OH
groups are replaced by one �-carbonato group.260

Towards Cd the cis-[Cr(OH)2(en)2]
þ unit acts as a chelating ligand and yields heterometallic

Cd(�-OH)2Cr moieties as components in structures. Examples are the straight cationic chain
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1
1[Cd(�-Cl)(H2O)2{Cr(�-OH)2(en)2}]

2þ with a�Cd�Cl� backbone, the kinked neutral chain

1
1[Cd2(�-Cl)2Cl3(H2O)3{Cr(�-OH)2(en)2}] with both bridging and terminal chloro ligands, and

the isolated centrosymmetric pentanuclear complex [Cd3(�-Cl)4Cl4(H2O)3{Cr(�3-OH)-
(�-OH)(en)2}2] with a triply bridging OH group.261

These �3-OH groups also occur in heterocubanes, e.g., [C6F5CdOH]4 with a Cd4O4 core and
tetrahedral Cd.262 Alkoxyl groups can replace OH groups in heterocubanes as in [MeCdO-t-
Bu]4.

263 Use of 2-methoxyethanolate as a ligand can induce formation of a heterocubane with a
Cd4O4 core as before, of a diheterocubane with two Cd corner-linked cubes (Cd7O8 entities), or a
heterododecahedrane (Cd6 octahedron with �3-O in front of each of the octahedral faces: Cd6O8

core).264 A Cd4O4 core with a strongly shielded periphery is obtained with the hydrate of di-2,20-
pyridyl ketone (gem-diol) as a ligand.265 A certain shielding of a Cd4O4 core is also achieved by the
oxide of a bora-bicyclooctane C8H14BO in [MeCd(OBC8H14)]4.

266

Cadmium phenoxides (phenolates) with bulky substituents like Ph or t-Bu in 2,6-positions
seemingly do not form heterocubanes, but do add slim donor molecules. Thus, thf adducts
[Cd(OC6H3R2)2(thf)2] (R= t-Bu,267 Ph268), with short Cd�O(phenoxide) (205.8/207.4 pm) and
long Cd�O(thf) bonds (249.8/230.7 pm), are accessible; however, in the t-Bu compound the
CdO4 core is planar, but it is strongly distorted tetrahedral in the Ph compound. Also planar is
the central CdO2S2 moiety in [Cd(OC6H3t-Bu2)2(tht)2] (tht= tetrahydrothiophen) with r(Cd�O)
210.2 and r(Cd�S) 276.8 pm.268 With the stronger N-donor py [Cd(OC6H3t-Bu2)2(py)3] is
obtained, with five-coordinate Cd intermediate between square pyramidal and trigonal bipyram-
idal (rav(Cd�O) 219.2, rav(Cd�N) 235.4 pm).268 113Cd NMR data for the above mentioned
species in solution are given.268

Consequently, addition of a further phenoxide ligand should be possible, and this has indeed
been realized in the anion of the compound [K(thf)6][Cd(OC6H3t-Bu2)3], with planar three-
coordinate Cd (rav(Cd�O) 207.1 pm).269

Numerous compounds of Cd with mono- and difunctional carboxylic acids have been prepared and
studied. Special 113Cd solid-state NMR studies on single crystals of some simple Cd carboxylates have
been reported, with a short review of the structural chemistry of these compounds.270,271

Special emphasis has been laid on structural studies of Cd compounds with dicarboxylic acids,
because these combinations form coordination polymers of differing dimensionalities depending
on the carboxylate component and on coligands coordinated to Cd. The simplest compound of
this type, namely Cd oxalate CdC2O4, adopts a 3-D framework structure, with CdO6 octahedra
linked by oxalate groups.272 Further interesting structures containing Cd, oxalate and other
components have been described recently.273,274

The monoanion of aspartic acid HOOCCH2CH(NH2)COOH (aspH) and Cd together with
nitrate give Cd(aspH)NO3, with a seven-coordinate, all-oxygen environment of Cd in a layer
structure.275 A similar coordination is found in the chain structure of the Cd salt of acetylenedi-
carboxylic acid, [Cd{C2(COO)2}(H2O)3]�H2O.276 In a template reaction Cd acetate, terephthalic
acid H2tp, and [Ph3PCH2Ph]Cl give the polymeric [Ph3PCH2Ph][Cd(tp)Cl]�2H2O, forming a
twofold interpenetrating 3-D framework with giant rhombic channels (about 33� 23 Å).277

Under hydrothermal conditions Cd2þ, biphenyl-4,40-dicarboxylate (bpdc), and 1,2-bis(40-pyridy-
l)ethane (bpe) join to a polymeric compound [Cd(bpdc)(bpe)(H2O)], with a threefold interpene-
trating 3-D framework with different large voids.278A layer structure is built up by Cd and the
anion of 4,40-oxydibenzoic acid (HOOC-C6H4-O-C6H4-COOH) (Cd is five-coordinate).279 The
Cd(phen) fragment and adipic or pimelic acid (HOOC(CH2)nCOOH, n= 4 and 5, respectively)
primarily form chains with seven-coordinate Cd (slightly different geometries), which join to layers
due to ��� interaction between the phen ligands.280

To finish the topic of carboxylate-dominated Cd complexes, a representative of three closely
related species is briefly discussed. Cd(NO3)2 and the betaı̈ne-type ligand triphenylphosphonio-
propionate Ph3P(CH2)2CO2 (tpp) in H2O combine to the dinuclear complex
[{Cd(tpp)2(NO3)}2](NO3)2, with a centrosymmetric tetrakis(�-carboxylato-O,O0) dicadmium
core, the apical sites being occupied by chelating nitrato ligands; the nitrato groups can be
replaced by chloro ligands and the extracomplex NO3

� by ClO4
�.281

Various Cd compounds with inorganic oxo-anions have been studied. A model system for the
application of solid-state MAS NMR spectrometry is the �0-form of tricadmium phosphate
Cd3(PO4)2, obtained by heating of the hydroxyapatite phase Cd10(PO4)2(OH)2. The structure of
Cd3(PO4)2 contains nine crystallographically independent Cd atoms and six PO4 groups. Each Cd
has a primary five-coordination, but varying secondary coordinations. The 31P MAS NMR
spectrum exhibits the required number of six narrow resonances with similar intensities; in the
113Cd MAS NMR spectrum eight narrow lines are observed, one being an overlap of two signals
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in view of the much higher intensity. The 31P signals have been assigned to the different PO4

groups on the basis of bond-valence calculations.282 In a related study of a series of mixed Cd�Pb
hydroxyapatites by combination of X-ray powder diffraction and 31P MAS NMR spectrometry,
the site-occupancy analysis indicated a clear preference of Cd for one of the two possible sites.283

Certain Cd phosphonates are interesting materials, because of their layer structure and the potential
for intercalation of guest molecules. As an example, the structure of Cd 2-aminoethylphosphonate
Cd(O3PC2H4NH2) has been solved ab initio from X-ray powder data with Rietveld refinement.
Corrugated layers formed by Cd and the phosphonate ends of the ligands are connected by coordin-
ation of the amino ends to Cd atoms in the adjacent layers (pillared layer structure). 31P and 113Cd
MAS NMR data are correlated with the structural facts.284 Similarly, the layers in Cd2(O-
H)(O3PC2H4CO2), containing two differently coordinated Cd atoms and �3-OH groups, are linked
by the carboxylate ends. 113Cd MAS NMR spectra of this material and of the related Cd3(O3PC2H4-
CO2)2�2H2O indicate that the latter contains Cd in three different sites.285 In a logical next step
diphosphonates, e.g., p-xylenediphosphonate in the compound Cd2(O3PCH2C6H4CH2PO3)�2H2O,
can be used as both builder in the layers and linker between them.286

Two simple Cd arsenates have been described, namely Cd2As2O7, with a ditetrahedral anion 287,
and CdAs2O6, with both Cd and As in octahedral environment.288

Out of the Cd compounds with oxoanions of elements of group 16, the trimorphic CdSO3 is to
be mentioned, with different six-coordinate Cd in each of the three phases.289

With diammonium ions [H3N(CH2)nNH3]
2þ (2� n� 6) as counterions, several linear and

layered polymeric Cd sulfates are generated. In the chain anion 1
1[CdCl4/2(SO4)2/2]

2� (n= 2),
octahedral units are linked by both �-chloro and �-sulfato bridges; a similar structural situation is
met in the compounds with 1

1[CdX4/2(SO4)2/2]
2� anions (X=Cl, Br; n= 6). A layered structure

of the anion 1
2[Cd2(H2O)2(SO4)3]

� (n= 3) is achieved by linking two different octahedral CdO6

units by SO4 bridges exclusively.290

Also CdSeO3 exists in two polymorphic forms, with octahedral and trigonal-prismatic coord-
inations, respectively; in the hydrate CdSeO3�4/3 H2O a coordination polyhedron intermediate
between these two forms occurs.291 Two mixed Cd selenites have been described: in LiCd2
(SeO3)2(OH) a 3-D framework contains columns as subunits with linked CdO6 and CdO7 groups
and inserted Cd2(�-OH)2 squares as sub-subunits.

292 In Cd3(SeO3)(CO3)(OH)2 buckled sheets are
built up by connected CdO6 octahedra, and linked to a 3-D network by SeO3, CO3, and square
anti-prisms CdO8.

293

A Cd compound Cd3(SeO3)2(SeO4), with both selenite and selenate, has been presented. The
3-D network with channels running along the b axes in P21 (Z= 2) contains three independent
CdOx polyhedra (x= 6, 8), three independent SeO3 pyramids, and one SeO4 tetrahedron.294 It
should be mentioned that this compound is isotypic with the analogous mercury compound.295

Finally, in K2Cd(SeO4)2�2H2O the SeO4 groups act as bridging ligands to link octahedral CdO6

units to chains 1
1[Cd(OH2)2(SeO4)4/2]

2� (the H2O ligands are in the trans-position).296

(ii) Mercury

Among others, a 1:1 complex of Hg(NO3)2 with the aza-crown-ether 1-aza-4,7,10-cyclododecane
has been prepared and structurally studied. The coordination sphere of Hg (2þ 6 coordinate) is
oxygen dominated, with a Hg�ONO2 bond (216.6 pm) being the shortest, followed by the Hg�N
bond to the N-donor of the macrocyclic ring (218.4 pm); all other Hg�O bonds (two chelating NO3

ligands, three O-donors of the crown-ether) are much longer, in the range 254.1–290.6 pm.297

More recent reports on HgII phosphates are rather rare. The structure of mercury(II) diphos-
phate Hg2P2O7 has been solved; it contains two different six-coordinate Hg atoms: one of them
lying in an axially compressed octahedron (2þ 4 coordination, average bond lengths 213.2 pm
and 258.3 pm, respectively), the other one in an expanded octahedron (4þ 2, averages 228 pm and
249 pm).298 The polyphosphate Hg(PO3)2 has been obtained from HgO in an acidic polyphos-
phate melt and contains polymeric anions 1

1[PO2O2/2]
� and Hg in distorted octahedra, which in

turn are linked to chains 1
1[HgO2O4/2] (217.5� r(Hg�O)� 250.3 pm).299

Mercury(II) arsenateHg3(AsO4)2 has three independentHg particles with coordination numbers five
and seven, but each of them has two short Hg�O bonds (206� r(Hg�O)� 214pm) in a nearly linear
arrangement; linking of these polyhedra including the AsO4 tetrahedra leads to a 3-D network.300

Heating of the dimercury(I) compound Hg2As2O6 gives a mercury(II) compound of the same
composition, crystallizing in the PbSb2O6 structure type with [As2O6]

2� layers and Hg in a
pseudo-octahedral environment (r(Hg�O) 235.3 pm).301

Cadmium and Mercury 1281



The structure of the long-known basic sulfate, formally HgSO4�2HgO—with respect to its
structure better written as [Hg3O2](SO4)—has been reinvestigated (P3121, Z= 3). The slightly
corrugated hexagonal layers 1

2[Hg3O2]
2þ (rav(Hg�O) 209.2 pm), or the other way round

1
2[OHg3/2]

þ, can be considered as a typical case of a coordination polymeric trimercurio-oxo-
nium complex (metallo-onium complex); the disordered SO4

2� anions are located in the meshes of
the layers and donate secondary bonds to the Hg atoms.302

Mercury(II) selenite HgSeO3 has been found to crystallize in a perovskite-like structure with
axially compressed, corner-sharing HgO6 octahedra (2þ 4 coordination).303 The hydrate
HgSeO3�0.5 H2O adopts a different structure, with five- and seven-coordinate Hg in a 3-D
framework containing cavities in which the H2O molecules are located.304 Formally related but
structurally different is an ammonia-containing HgSeO3�NH3, which de facto is an ammine
complex with an almost linear H3N�Hg�O fragment with short bonds (209.9 pm and 212.9 pm,
respectively); the overall coordination around Hg is octahedral 2þ 4.305

Two new modifications of HgSeO3 have been structurally studied. Hydrothermal treatment of
HgSeO3 yields (HgSeO3)3HgSe, with Se in two different oxidation states; the structure contains
pyramidal Hg3Se groups (trimercurio-selenonium groups; (rav(Hg�Se) 248.9 pm).306 In the basic
selenite HgSeO3�HgO�1/6H2O, HgOx polyhedra (x= 6, 7) are linked to a 3-D framework with
channels running in one crystallographic direction.307 Also an acidic mercury(II) selenite is
known, namely Hg3(HSeO3)2(SeO3)2, with a layer structure and medium-strong interlayer hydro-
gen bonds;308 in this HgII compound the distortion of the polyhedra around the metal is more
pronounced than in the corresponding Cd compound Cd3(HSeO3)2(SeO3)2.

309

The compound Hg3Se3O10 with both selenite and selenate has already been mentioned.295 The
selenates HgSeO4 and [Hg3O2](SeO4) are isotypic with the corresponding sulfates (for the latter see
above), but HgSeO4�HgO crystallizes in a hitherto unknown structure type with kinked chains

1
1[HgO2/2], SeO4 tetrahedra, and again HgOx polyhedra (x= 6, 7) which have O atoms in common

with the above structural units.310

In this context, Hg compounds with anions containing chromium and tungsten can be men-
tioned. Thus, the triple oxide Pb2HgCrO6 can be described as containing isolated CrO4

2� tetra-
hedra and nearly linear HgO2

2� dumbbells (r(Hg�O 200.6 pm), which form layers of composition
[HgCrO6]

4�. These are intercalated with corrugated pseudohexagonal Pb2þ layers.311 HgWO4,
prepared in aqueous medium, has been shown by neutron powder diffraction (Rietveld refine-
ment) to consist of chains of edge-sharing HgO6 and WO6 octahedra; Hg on an inversion center
forms two short collinear Hg�O bonds (200.6 pm).312 HgWO4 prepared under high-pressure/
high-temperature conditions (300 MPa/973K) contains chains of edge-sharing WO6 octahedra,
but layers of strongly distorted, corner-sharing HgO6 octahedra (centrosymmetric O�Hg�O
entities, r(Hg�O) 204.4 pm).313

6.9.4.2.8 Compounds with donor atoms S, Se, and Te

The detection of metal-binding proteins, especially of Cd- and Hg-binding metallothioneins or of
the merR protein, induced numerous studies of model compounds of Cd and Hg with more or less
simple sulfur- and selenium-containing ligands.

(i) Cd and Hg chalcogenido complexes

The simplest possible coordination compounds of Cd and Hg with chalcogen donors are the
anions MCh2

2�. Multinuclear NMR studies of these species (Ch= Se, Te) in NH3 or en solutions
with [K(2.2.2-cryptand)]þ counterions have been reported.314 Structural studies315, also combined
with new multinuclear NMR measurements, have been performed.316

(ii) Cd and Hg thiolate and selenolate complexes

Cd thiolates and selenolates tend to form �-S- or �-Se-bridged dinuclear species, even with bulky
organic groups, e.g., 2,4,6-tri-t-butylphenyl.317,318 With some ligand combinations, heterocubanes
with Cd4S4 core or oligonuclear species derived from heterocubanes are formed.319,320
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With simple Hg thiolates the structures of bis(ethanethiolato)mercury Hg(SEt)2
321 and of the

cysteamine complex [Hg{S(CH2)2NH3}2]Cl2
322 have reference character, as only weak or no

secondary bonds are present, and therefore the central S�Hg�S entities can be considered to
be unperturbed. In mercury bis(tri-t-butoxysilanethiolate) Hg[SSi(o-t-Bu)3], with a strictly linear
S�Hg�S unit, two weak intramolecular O���Hg interactions obviously do not affect the bonding
in this unit.323

As for thiolato complexes [M(SR)3]
� (M=Cd, Hg), the anion [Hg(SPh)3]

� can be mononuclear324

or dinuclear [Hg2(SPh)6]
2�,325 depending on the counterion; the methanethiolato complex is also

dinuclear [Hg2(SMe)6]
2� in the solid.326 Further mononuclear trithiolato complexes of Cd and Hg

with bulky organic groups have been described.23,327–330 Correlations between structures and
solid-state 113Cd and 199Hg NMR data have been worked out.329,331 Ligand-exchange processes
in dissolved thiolate complexes of Hg have been studied by 13C NMR spectrometry.332

Reviews on mercury�thiolate complexes and their bio-relevance333 and complexes with steric-
ally hindered thiolate ligands have been published.334

The benzeneselenolates of mercury, [Hg(SePh)2] and (Bu4N)[Hg(SePh)3], both adopt simple
structures, with mononuclear complex entities which posses near-linear Se�Hg�Se and near
trigonal-planar HgSe3 cores, respectively.335

Interesting molecular mercury zinc sulfides Hg[SZn(3-Ph-5-Mepz)3BH]2 and PhHg[SZn(3-Ph-5-
Mepz)3BH] (pz= pyrazole) have been obtained and structurally studied.336

(iii) Cd and Hg chalcogene clusters

Adamantoid systems [(�-ChR)6(MX)4]
2� (Ch= S, Se, Te; R usually Ph; M=Cd, Hg; X= halogene)

have been prepared and studied by X-ray structure analyses, heteronuclear NMR and vibrational
spectrometries, and partly by UV/vis spectrometry.337–341 Meanwhile, the systems have been expanded
to superadamantoid clusters with four fused adamantoid subunits [M10Ch4(ChPh)12(PPh3)4]

342,343 and
related clusters,344 and finally to nanoclusters with up to 32 metal atoms in one cluster.345,346

(iv) Cd and Hg polychalcogenide complexes

The field of polysulfide complexes has been reviewed earlier.347 A more recent survey covers
polychalcogenide complexes in general,348 and in a review on ate complexes also further examples
of anionic polychalcogenide species are dealt with.349

6.9.4.2.9 Compounds with halides as donor atoms

A huge number of studies have been done in the past on cadmium and mercury halides and their
complexes, and there is still research interest in the field, sometimes yielding surprising results.
And simple-looking systems, on closer inspection, turn out to be rather complex.

(i) Mercury fluoride systems

The ternary fluorides M2HgF4 (M=Rb, Cs), obtained by heating the alkali-metal fluorides MF
with Hg2F2 under carefully controlled conditions, crystallize in the well-known K2NiF4 type, with
octahedra sharing four corners to form layers 1

2[HgF2F4/2]
2� and the cations Mþ embedded

between these layers.350

In the fluoride phase HgFeF5�2H2O, trans-Hg(OH2)2F4 octahedra and FeF6 octahedra share
F-corners to form layers connected by hydrogen bonds.351 Similarly, trans-Hg(OH)2F4 octahedra
and FeF6 octahedra share F corners, but the Hg(OH)2F4 octahedra also share the OH corners to
form the layers in Hg2FeF5(OH)2�H2O.352

In Hg3AlF6O2H, Hg on an inversion center is eight-coordinate (distorted cube), with two short
Hg�O bonds (214.6 pm) and two sets of Hg�F interactions (252.6 pm and 267.0 pm); linking of
these polyhedra and of AlF6 octahedra generates OHg3 units (trimercurio-oxonium groups).353
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(ii) Cd and Hg halide complexes

Halogenocadmates can occur as simple tetrahedral anions CdX4
2�,354 or they form the backbone

of chain polymers 1
1[CdL2Br4/2]

2� (L=N-donor ligand).355 Isolated dinuclear complexes as in
[{Me3Si}3Ge-Cd(�-I)3Cd-Ge{SiMe3}3] with a triple iodo bridge,356 and heterocubanes with Cd4X4

cores357 or derivatives or fragments thereof358 are also encountered.
Solvation of the higher mercury(II) halides in donor solvents has been studied by X-ray

diffraction on these solutions (large-angle X-ray scattering, LAXS), X-ray diffraction on com-
plexes isolated from the solutions, and vibrational spectrometries; a paper (and references cited
therein) on the halides HgX2 in dimethylthioformamide is typical for this kind of multimethod
approach.359 Systematic studies of frequency shifts of the mercury halides HgX2 in various
solvents afforded the basis for a new scale of donor strengths.360

Chloromercurates adopt an incredible diversity of structures, as has been discussed in one
review.361 The sobering facit of this critical discussion: ‘‘The configuration of the anion cannot be
determined from the stoichiometry. It is still not possible to predict, even for simple stoichiomet-
ries, the form that will be adopted in the solid state.’’ Two more recent examples support this
view. CsHgCl3 does not adopt the simple perovskite-type structure assumed for a long time, but a
complicated lattice with three different distorted octahedra HgCl6 (2þ 2þ 2 coordinate), even
with bent HgCl2 moieties, and only at pressures above 3.5GPa, is the structure forced to
perovskite.362 Even minor changes in the countercation of chloromercurates can alter the struc-
ture of the anion, as is shown for the compounds with the isomeric 2-, 3-, and 4-chloropyridinium
cations.363 The diversity of structures of chloro- and bromomercurates has once more been
demonstrated in a series of very recent (2002) papers.364–368

Iodomercurates can adopt the simple forms of tetrahedra HgI4
2�or bitetrahedra Hg2I6

2�, even
in overall complicated structures.369,370

6.9.4.2.10 Compounds with pseudohalides

In recent years research in the field of transition-metal thiocyanates and selenocyanates received a
new impetus, because of the partly interesting physical properties of such crystalline species.
A review on Cd and Hg thiocyanate systems collects and sorts results of this endeavor.371 The
nonlinear optical (NLO) properties of Cd thiocyanate and selenocyanate systems and criteria for
the design of NLO crystals (crystal engineering), especially, have been discussed afterwards.372

Further contributions to the field have also been described.373,374

The structure of mercury chlorothiocyanate has been re-determined.375

6.9.4.2.11 Compounds with hydrido ligands

After earlier indications of the existence of mercury hydrides376 and the proof that MeHgH exists,377

several organomercury hydrides RHgH and their deuterated isotopomers with simple aliphatic
substituents, phenyl, fluorophenyl, and substituted fluorophenyl ligands have been prepared from
the respective chlorides and NaBH4 in aqueous solution, and thoroughly studied by mass spectro-
metry and 1H NMR spectrometry.378,379 Correlations between chemical shifts �(HHgR), coupling
constants 1J(199Hg,1H), and the electron-withdrawing nature of the R groups have been established.
Quantum-chemical calculations considering relativistic effects have yielded optimized structures and
1H chemical shifts; the latter have been compared with experimental data.53

6.9.4.3 Lower Oxidation States of Cd and Hg

6.9.4.3.1 Compounds with formal oxidation states intermediate between þ2 and þ1

(i) Compounds with triangulo-Hg3
4þ entities

As mentioned in Section 6.9.3, nature produces the minerals terlinguaite (Hg3)HgO2Cl2
61–63 and

kuznetsovite (Hg3)AsO4Cl,
64–66 both with the triangulo-Hg3

4þ entities in which the Hg atoms
formally possess the oxidation number þ4/3; in the former compound the Hg�Hg bonds are the
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same accidentally, in the latter by symmetry (270.3 pm and 265.8 pm, respectively). Meanwhile,
further arsenates and phosphates with analogous compositions to kuznetsovite have been synthe-
sized;66 as for the overall average of the Hg�Hg bonds, the value 266.9 pm is given. The
phosphate (Hg3)3(PO4)4

380 and the isotypic arsenate (Hg3)3(AsO4)4,
381 as well as the phosphate

(Hg3)2(HgO2)(PO4)2,
380 all contain this unusual constituent.

Independently, triangulo-Hg3 compounds with stabilizing chelating diphosphine and diarsine
ligands have been prepared;382–387 crystal-structure analyses have been solved (the Hg�Hg
bonds,�280 pm, are longer than before), and careful multinuclear NMR spectra measured and
analysed.

(ii) Mixed-valence compounds with Hg2þ and Hg2
2þ

A deceptively simple-looking compound, Hg2OI contains 2-D networks built up from kinked
�Hg�O�chains which are linked by Hg2 dumbbells;388 this network can be described in brief as

1
2[OHg2/2(Hg2)2/2]

þ. Quite a similar network is found in one of the hydrolysis products of
Hg2(NO3)2, namely Hg4O2(NO3)2, with the above mixed-valence mercurio-oxonium units as
building blocks.389 A product of the partial hydrolysis of Hg(ClO4)2 treated with elemental Hg,
namely (Hg2)Hg(OH)2(ClO4)2, can be isolated; this basic chlorate(VII) (C2/c, Z=4) contains
chains with alternating Hg and Hg2 groups between OH groups: 1

1[(OH)Hg1/2(Hg2)1/2]
þ.390

6.9.4.3.2 Compounds with oxidation state þ1

(i) Dimercury(I) compounds

The crystal structures of Hg2F2
350 and Hg2Cl2 (neutron diffraction)391 have been redetermined

(r(Hg�Hg) 251.0, r(Hg�F) 213.3 pm; r(Hg�Hg) 259.55, r(Hg�Cl) 236.22 pm).
[Hg2(OH2)2][SbF6]2�4 HF obtained from the dimercury(I) carbonyl complex, mentioned in Section
6.9.4.2.1(i), in super-acid has been studied by X-ray diffraction (r(Hg�Hg) 249.2, r(Hg�O)
214.8 pm).392

The crystal structure of dimercury(I) bis(tricyanomethanide), Hg2{C(CN)3}2, has been solved
(2-D network).393 Further hydrolysis products of Hg2{NO3)2 have been structurally
elucidated.394–396 Several dimercury(I) phosphates and arsenates have been thoroughly studied
(X-ray diffraction, vibrational spectra, thermal analyses).397–399 The methanesulfonate
Hg2(O3SMe)2 has basically molecular units, with monodentate O3SMe ligands and secondary
O���Hg bonds (r(Hg�Hg) 251.4, r(Hg�O) 220.5 pm).400 The molybdates Hg2Mo2O7, Hg2MoO4

(two modifications), and the tungstate Hg2WO4 have been prepared by solid-state reactions and
structurally studied.401,402

In an Hg2
2þ asymmetrically complexed by two crown-ethers of different ring size, an extremely

high coupling constant 1J(199Hg,199Hg) of 284 kHz between the magnetically inequivalent Hg
nuclei has been observed.403

199Hg MAS NMR and vibrational spectra of several inorganic dimercury(I) compounds have
been measured and discussed.404

Reasonably stable compounds of Hg2 groups bound to silyl groups have been obtained, e.g.,
Hg2{Si(SiMe2SiMe3)3}2, with a straight Si�Hg�Hg�Si arrangement (r(Hg�Hg) 265.7, r(Hg�Si)
248.5 pm).405

Interaction of Hg2 groups with electron-rich aromatic rings has been observed in the structure
of [Hg2(C6Me6)](AlCl4)2 (r(Hg�Hg) 251.5 pm).406

As mentioned at the end of Section 6.9.3, reviews of the crystal chemistry of mercury minerals
with lower oxidation states and with oxo-centered building blocks have been published72,73 and
the structural role of Hg2

2þ and Hg3
4þ groups discussed.407

(ii) Dicadmium(I) compounds

Only a few dicadmium(I) compounds are known so far. The very first structurally characterized is
Cd2(AlCl4)2, which contains Cd2 groups in a trigonally elongated octahedron of chloro ligands
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(r(Cd�Cd) 257.6 pm) (see the Hg�Hg distances above!).408 In an independent study the results
have basically been confirmed (r(Cd�Cd) 256.2 pm).409

A Cd2 complex with one of the tris(pyrazolyl)borate ligands mentioned in Section 6.9.4.2.3(ii)
has been identified in solution by its large coupling constant 1J(113Cd,111Cd) of 20.626 kHz; also a
CdII hydride complex has been detected by NMR.410

6.9.4.3.3 Subvalent mercury compounds

Compounds such as Hg3(AsF6)2, Hg3(SO3F)2, and Hg4(AsF6)2 in liquid SO2 have been studied by
199Hg NMR, with large coupling constants 1J(199Hg,199Hg) for the Hg3

2þ ion observable only
below �40 �C.411 Structure analyses of the silvery-shining compounds HgMF6 (M=Nb, Ta)
reveal that the Hg atoms are arranged in hexagonal layers sandwiched between layers of the
anions.412 Completely different structures, with almost-linear Hg3

2þ ions (r(Hg�Hg) 256.9 pm)
and also nearly linear Hg4

2þ ions (r(Hg�Hg) 259.3 pm and 263.0 pm), have been found for
Hg3(MF5)2SO4 (M=Nb, Ta) and for Hg4(Ta2F11)2, respectively.

413
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259. Strömberg, D.; Sandström, M.; Wahlgren, U. Chem. Phys. Lett. 1990, 172, 49–54.
260. Allred, R. A.; Arif, A. M.; Berreau, L. M. J. Chem. Soc., Dalton Trans. 2002, 300–301.
261. Rominger, F.; Thewalt, U. Z. Naturforsch. 1996, 51b, 1716–1724.
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