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Introduction to Volume 7

In this volume recent progress in synthetic coordination chemistry, which has led to the produc-
tion of materials displaying nanoscopic structural motifs, is described. The availability of increas-
ingly powerful structure determination methods such as area detection for single-crystal X-ray
diffraction and high-energy electron microscopies has been a key aspect to the development of
this area. It is now possible to determine the structures of very large clusters, aggregates of metal
ions, and coordination polymers to atomic resolution on a routine basis. For example, the field of
coordination polymers has been explosively developed thanks to the advances in X-ray diffraction
methods. The results of such structure determinations are fed back to the precise design of the
structures and properties of coordination materials. For example, unique properties of coordin-
ation polymers (gas absorption, magnetism, etc.) have been explored through molecular-level
designing.

The first eight chapters of this volume explore the emerging worlds of high nuclearity
clusters, coordination polymers, and supramolecular systems. Naturally, some of these areas
have points of overlap but it is convenient to consider the underlying structural motifs as defining
the area of interest. Since the publication of the first edition of CCC (1987) these areas have
become firmly established and the emerging importance of nanoscale structures has led to the
development of synthetic strategies for producing materials based on coordination chemistry
principles where the molecular entity builds up to a nanostructured material. The main aim
of this volume is to illustrate this by considering the synthetic and structural aspects associated
with this concept. In addition the aspects of the properties of such systems are discussed. These
properties are often inexplicable in terms of simple molecular or macroscopic descriptions
demanding considerable efforts in developing theoretical expressions to elucidate the observed
behavior. Such unusual behavior points towards applications utilizing quantum effects and this
aspect has been a major motivation for the huge synthetic efforts currently being applied to
the area.

Active areas in coordination chemistry that are rapidly growing after CCC (1987) rely on the
explosive development of nano science and technology in recent years. In contrast to the “top—
down approach” from physical structures, the “bottom—up approach” from chemical components
(i.e., molecules) has been showing remarkable potential for constructing well-defined, functional
nanostructures. Coordination chemistry provides an ideal principle for the bottom—up design of
molecules because metals and ligands naturally and spontaneously associate with each other
through coordination interaction, giving rise to discrete and infinite structures in the nanoscopic
region very efficiently. This approach produces not only nanosized structures but also nanoscopic
functions, which is intrinsic to nanosized species due to the versatile properties latent in such
transitions. This bottom—up approach to nanomolecules and materials is well documented in most
of this volume.

Particularly noteworthy is the fact that the bottom—up approach has created new materials and
functions which may open up commercial applications. For example, the gas-absorption property
of nanoporous coordination materials, which are spontaneously formed from metals and rela-
tively simple ligands in a very efficient fashion, has been explored only in recent years, and are
becoming very promising candidates for hydrogen storage for fuel batteries.

In the first chapter the synthesis and structures of new heteropolyoxoanions and related
systems are discussed. Such systems can enclose nanoscopic spaces and can be regarded as
“nanoreactors”. Clusters containing fragments of the lattices of semiconducting materials such
as CdSe provide a vivid illustration of the transition from molecular-based to extended solid
properties and show how the properties in the nanoscale region differ from those at each extreme.
These are described in the second chapter. A third physical property for which a bounded system
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in the sub- to nanoscale regime can display unusual behavior is that of “molecular-based
magnetism” and the synthetic and structural aspects of such open-shell systems are described in
the third and fourth chapters on clusters and aggregates with paramagnetic centers.

The following chapters deal with supramolecular chemistry based on coordination chemistry.
This area has been rapidly growing during the last decade of the twentieth century, making
possible the facile production of nanoscopic materials by exploiting weak metal-ligand inter-
actions. From structural aspects, infinite systems (e.g., coordination polymers) and finite systems
(e.g., metallodendrimers) are discussed in Chapters 5 and 6. The infinite coordination systems is
the most rapidly expanding area and the major interest in this field is shifting from structure to
function. Accordingly, gas adsorption properties of nanoporous coordination networks are well
discussed.

Templating and self-assembly, which are two major synthetic strategies of supramolecular
coordination compounds, are focused upon in Chapters 7 and 8. Both methods have shown
powerful potentials for the construction of well-defined nanoarchitecture with interesting proper-
ties. Although these methods were previously employed among organic chemists by using organic
interactions (hydrogen bonding, van der Waals interactions, etc.), the coordination approach has
recently been recognized to be the most efficient strategy for templating and self-assembly thanks
to the variation of metal centers and their wide spectrum of coordination geometries. The
dynamic properties of coordination assemblies are the current topic in this field, and switchable
systems in which molecular motion and function can be controlled by the redox and photo
activation of metal centers are focused upon.

In Chapter 9 two areas where single-crystal X-ray diffraction experiments cannot be used to
explore the structures of the materials are reviewed. In effect, these are areas where coordination-
based materials are processed to give new materials. Research into liquid crystals has burgeoned
since CCC (1987) was published and the area of specific interest to coordination chemists, that of
metallomesogens, has been developed in order to build in the advantages of incorporating metal
centers into these phases. This is a rapidly expanding field which could lead to all sorts of “smart
materials”, some of which might combine the sorts of systems discussed in the earlier chapters of
the volume with mesogenic properties. Chapter 10 discusses another route to processing coord-
ination compounds using sol-gel processing. This is another area new to CCCII with the
possibility of producing materials with quite unusual features, such as thin films and glasses,
which have potential applications in a variety of fields.

Whilst we have tried to present new research areas where molecular-based compounds extend
to the nanometer-length scale in their overall structures, we were unfortunately not able to include
one aspect of relevance to this idea, that of Biomineralization. This field has enjoyed considerable
interest since the availability of powerful electron microscopes made it possible to look at the
intricate details of the beautiful macroscopic architectures found in the mineralized structures of a
variety of creatures at the nanoscale level. It has become clear through this research that much of
the “crystal engineering” which is required to create phase- and function-specific structures, often
with amazing control over the precise shape of the resulting biomineral, must utilize coordination
chemistry principles with the idea put forward that various ligating species become involved
during mineral formation to act as templates or growth inhibitors.

Although the vast majority of biomineral structures are composed of calcium carbonates and
phosphates or silicate-based materials and therefore outside the scope of what we define as
Coordination Chemistry, there are some very important transition metal-based systems, especially
the iron oxides and oxyhydroxides, where the biominerals can provide important insights into the
coordination chemistry approaches utilized by biological systems. The specific case of the iron(IIT)
oxyhydroxide mineral utilized by organisms to store iron in ferritins is discussed in detail in
Chapter 8.7 of Volume 8§ of this series. In ferritin, the iron oxyhydroxide is stored inside a hollow
spherical cavity of 7-8 nm diameter surrounded by 24 (or 12 dimeric) protein subunits. In this
chapter, the general principles in the operation of controlling iron hydrolysis to create iron
biominerals are discussed with reference to the coordinating species which can be involved in
directing the phase and function of the mineral. Ferritins are also particularly relevant to the
research discussed in our volume, since they consist of encapsulated nanoscopic particles where
the “ligands™ are still clearly visible (the protein shell of the system).

Although as has been stated above, most biominerals are based on what is readily available to
organisms for forming structures, calcium and silicate-based systems, there are some very impor-
tant lessons to be learned by coordination chemists aiming towards “new materials”. We need
only think of the strength of rather light bones, which are some ten times stronger than ordinary
concrete. When we consider that it is necessary to reinforce concrete with iron wires to achieve an
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equivalent strength, and the disadvantages of this material in terms of weight, durability, and self-
repair compared with our bones, we can appreciate that the composite material nature has come
up with is far superior to anything we can currently create. The construction of calcium
carbonate shells gives further insights into design principles we might wish to employ. As well
as the different types of crystal growth to give different shapes, which can variously be described
in terms of logarithmic growth, linear growth, concentric growth, and so on, there is also the
creation of superstructures with careful layering of the mineral to reinforce a weak shear
direction or else a change of phase on traveling from the inside of, say, an oyster shell, which
is lined with mother-of-pearl (aragonite as nacre), to the tough outside made up of calcite.

In addition to such structural marvels, biomineral structures are used as sensors with some marine
species displaying the structural motifs found in photonic crystals. As well as light sensing, calcium
carbonate in the form of nanoparticles is used in the human ear as part of a gravity sensor and helps
to keep us upright — it serves a similar purpose along the lateral line of fish. Perhaps most intriguing
are the magnetic sensors, usually in the form of aligned and elongated nanocrystals of magnetite,
found in the tissues of a variety of creatures including bacteria, bees, fish, and birds, which sense the
Earth’s magnetic field and help these creatures to orientate themselves.

In Chapter 11, Molecular Electron Transfer, the broad and deep field of electron-transfer
reactions of metal complexes is surveyed and analyzed. In Chapter 12, Electron Transfer From
the Molecular to the Nanoscale, the new issues arising for electron-transfer processes on the
nanoscale are addressed; this chapter is less a review than a “toolbox” for approaching and
analyzing new situations. In Chapter 13, Magnetism From the Molecular to the Nanoscale, the
mechanisms and consequences of magnetic coupling in zero- and one-dimensional systems com-
prised of transition-metal complexes is surveyed. Related to the topics covered in this volume are
a number addressed in other volumes. The techniques used to make the measurements are
covered in Section I of Volume 2. Theoretical models, computational methods, and software
are found in Volume 2, Sections II and III, while a number of the case studies presented in
Section IV are pertinent to the articles in this chapter. Photochemical applications of metal
complexes are considered in Volume 9, Chapters 11-16, 21 and 22.

In addition, subjects such as molecular photochemistry and photophysics and optical properties
from the molecular to the nanoscale are closely related. Accordingly, a brief selection of lead-in
references in these areas is provided. The organization and selection are strongly influenced by the
interests of the author. Where possible review articles are cited rather than primary literature. At
present the best consistent medium for review articles on inorganic photochemistry is Coordin-
ation Chemistry Reviews.

1. Molecular Photochemistry and Photophysics: General References

Vogler, A.; Kunkely, H. Luminescent metal complexes: diversity of excited states. In Transition
Metal and Rare Earth Compounds: Excited States, Transition, Interactions I, Vol. 213; Yersin, H.,
Ed.; Springer: Berlin, 2001; pp 143-182.

Chen, P. Y.; Meyer, T. J. Medium effects on charge transfer in metal complexes. Chem. Rev.
1998, 98, 1439-1477.

Roundhill, D. M. Photochemistry and Photophysics of Metal Complexes; Plenum: New York,
1994.

Horvath, O.; Stevenson, K. L. Charge Transfer Photochemistry of Coordination Compounds;
VCH: New York, 1993.

Adamson, A. W. Inorganic photochemistry — then and now. Coord. Chem. Rev. 1993, 125, 1-12.

Balzani, V.; Scandola, F. Supramolecular Photochemistry; Ellis Horwood: New York, 1991.

Ferraudi, G. J. Elements of Inorganic Photochemistry; Wiley: Chichester, UK, 1988.

Kutal, C.; Adamson, A. W. In Comprehensive Coordination Chemistry; Wilkinson, G., Ed.;
Pergamon: Oxford, UK, 1987, Vol. 1, pp 385-414.

Zuckerman, J. J., Ed. Inorganic Reactions and Methods; VCH: Deerfield Beach, FL, 1986; Vol. 15.

Geoffroy, G. L.; Wrighton, M. S. Organometallic Photochemistry; Academic Press: New York.
Adamson, A. W.; Fleischauer, P. D., Eds. Concepts of Inorganic Photochemistry; Wiley-Inter-
science: New York, 1975.

Balzani, V.; Carassiti, V. Photochemistry of Coordination Compounds; Academic Press, New
York, 1970.

Rate constants for quenching of the excited states of metal complexes are available through the
Notre Dame Radiation Laboratory DataBase http://allen.rad.nd.edu/
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2. Metal-to-ligand Charge Transfer Excited States

2.1 Ru(bpy)5" and Other d° Metal Centers

Bhasikuttan, A. C.; Suzuki, M.; Nakashima, S.; Okada, T. Ultrafast fluorescence detection in
tris(2,2'- bipyridine)ruthenium(II) complex in solution: relaxation dynamics involving higher
excited states. J. Am. Chem. Soc. 2002, 124, 8398-8405.

Kelly, C. A.; Meyer, G. J. Excited state processes at sensitized nanocrystalline thin film
semiconductor interfaces. Coord. Chem. Rev. 2001, 211, 295-315.

Qu, P.; Meyer, G. J. Dye sensitization of electrodes. In Electron Transfer in Chemistry;
Balzani, V., Ed.; Wiley-VCH: New York, 2001; Vol. 4, Part 2, pp 354-411.

Scandola, F.; Chiorbelli, C.; Indelli, M. T.; Rampi, M. A. Covalently linked systems containing
metal complexes. In Electron Transfer in Chemistry; Balzani, V., Ed.; Wiley-VCH: New York,
2001; Vol. 3, Part 2, pp 337-408.

Striplin, D. R.; Crosby, G. A. Photophysical investigations of rhenium(I)Cl(CO);(phenanthro-
line) complexes. Coord. Chem. Rev. 2001, 211, 163—175.

Stufkens, D. J.; Vlcek, A. Ligand-dependent excited state behaviour of Re(I) and Ru(II)
carbonyl-diimine complexes. Coord. Chem. Rev. 1998, 177, 127-179.

Damrauer, N. H.; McCusker, J. K. Ultrafast dynamics in the metal-to-ligand charge transfer
excited-state evolution of Ru(4,4'-diphenyl-2,2’- bipyridine)(3) (2+). J. Phys. Chem. A 1999, 103,
8440-8446.

Sauvage, J. P.; Collin, J. P.; Chambron, J. C.; Guillerez, S.; Coudret, C.; Balzani, V.;
Barigelletti, F.; Decola, L.; Flamigni, L. Ruthenium(II) and osmium(II) bis(terpyridine) complexes
in covalently linked multicomponent systems — synthesis, electrochemical behavior, absorption
spectra, and photochemical and photophysical properties. Chem. Rev. 1994, 94, 993-1019.

Schanze, K. S.; Macqueen, D. B.; Perkins, T. A.; Cabana, L. A. Studies of intramolecular
electron and energy transfer using the fac-(diimine)Rei(CO)s; chromophore. Coord. Chem. Rev.
1993, 122, 63-89.

Kalyanasundaram, K. Photochemistry of Polypyridine and Porphyrin Complexes; Academic
Press: London, 1992.

Kalyanasundaram, K. Photophysics, photochemistry and solar energy conversion with tris
(bipyridyl)ruthenium(II) and its analogues. Coord. Chem. Rev. 1982, 46, 159-244.

Sutin, N.; Creutz, C. Light-induced electron transfer reactions of metal complexes. Pure Appl.
Chem. 1980, 52, 2717-2738.

2.2 Other Metal Centers

Vicek, A. Mechanistic roles of metal-to-ligand charge-transfer excited states in organometallic
photochemistry. Coord. Chem. Rev. 1998, 177, 219-256.

Vogler, A.; Kunkely, H. Photoreactivity of metal-to-ligand charge transfer excited states.
Coord. Chem. Rev. 1998, 177, 81-96.

Scaltrito, D. V.; Thompson, D. W.; O’Callaghan, J. A.; Meyer, G. J. MLCT excited states of
cuprous bis-phenanthroline coordination compounds. Coord. Chem. Rev. 2000, 208, 243-266.

Vogler, A; Kunkely, H. A new type of MLCT transition relevant to oxidative additions: d—o"
excitation. Coord. Chem Rev. 1998, 171, 399-406.

3. Ligand-to-metal Charge-transfer Excited States

Sima, J.; Brezova, V. Photochemistry of iodo iron(IIT) complexes. Coord. Chem. Rev. 2002, 229, 27-35.

Manson, J. L.; Buschmann, W. E.; Miller, J. S. Tetracyanomanganate(Il) and its salts of
divalent first-row transition metal ions. Inorg. Chem. 2001, 40, 1926—-1935.

Stanislas, S.; Beauchamp, A. L.; Reber, C. The lowest-energy ligand-to-metal charge-transfer
absorption band of trans-OsO,(malonate)(2) (2-). Inorg. Chem. 2000, 39, 2152-2155.

Villata, L. S.; Wolcan, E.; Feliz, M. R.; Capparelli, A. L. Competition between intraligand
triplet excited state and LMCT on the thermal quenching in beta-diketonate complexes of
europium(I11). J. Phys. Chem. A 1999, 103, 5661-5666.

Yang, Y. S.; Hsu, W. Y.; Lee, H. F.; Huang, Y. C.; Yeh, C. S.; Hu, C. H. Experimental and
theoretical studies of metal cation—pyridine complexes containing Cu and Ag. J. Phys. Chem. A
1999, 103, 11287-11292.

Kunkely, H.; Vogler, A. Photoreactivity of (HBpyrazolyl(3)) TiCl; and (CsHs)TiCl; initiated
by ligand-to-metal charge-transfer excitation. J. Photochem. Photobiol. A-Chem. 1998, 119,
187-190.
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Stufkens, D. J.; Aarnts, M. P.; Rossenaar, B. D.; Vlcek, A. A new series of Re and Ru
complexes having a lowest sigma pi* excited state that varies from reactive to stable and long
lived. Pure Appl. Chem. 1997, 69, 831-835.

Sima, J.; Makanova, J. Photochemistry of iron(III) complexes. Coord. Chem. Rev.1997, 160, 161-189.

Kuma, K.; Nakabayashi, S.; Matsunaga, K. Photoreduction of Fe(III) by hydroxycarboxylic
acids in seawater. Water Res. 1995, 29, 1559-1569.

Horvath, O.; Vogler, A. Photoredox chemistry of chloromercurate(Il) complexes in acetonitrile.
Inorg. Chem. 1993, 32, 5485-5489.

Kalyanasundaram, K.; Zakeeruddin, S. M.; Nazeeruddin, M. K. Ligand-to-metal charge-
transfer transitions in Ru(III) and Os(III) complexes of substituted 2,2'-bipyridines. Coord.
Chem. Rev. 1994, 132, 259-264.

Weit, S. K.; Ferraudi, G.; Grutsch, P. A.; Kutal, C. Charge-transfer spectroscopy and photo-
chemistry of alkylamine cobalt(IIT) complexes. Coord. Chem. Rev. 1993, 128, 225-243.

Carlos, R. M.; Frink, M. E.; Tfouni, E.; Ford, P. C. Photochemical and spectral properties of
the sulfito rhodium(I1l) complexes frans-Rh(NH3)4(SO3)CN and Na(trans- Rh(NH3)4(SO3),).
Inorg. Chim. Acta 1992, 193, 159-165.

Bergkamp, M. A.; Giitlich, P.; Netzel, T. L.; Sutin, N. Lifetimes of the ligand-to-metal charge-
transfer excited states of iron(IIl) and osmium(III) polypyridine complexes. Effects of isotopic
substitution and temperature. J. Phys. Chem. 1983, 87, 3877-3883.

4. Polyoxometallates/ Metal Oxo Complexes

Texier, 1.; Delouis, J. F.; Delaire, J. A.; Gionnotti, C.; Plaza, P.; Martin, M. M. Dynamics of the
first excited state of the decatungstate anion studied by subpicosecond laser spectroscopy. Chem.
Phys. Lett. 1999, 311, 139-145.

Duncan, D. C.; Fox, M. A. Early events in decatungstate photocatalyzed oxidations: a
nanosecond laser transient absorbance reinvestigation. J. Phys. Chem. A 1998, 102, 4559-4567.

Ermolenko, L. P.; Delaire, J. A.; Giannotti, C. Laser flash photolysis study of the mechanism
of photooxidation of alkanes catalyzed by decatungstate anion. J. Chem. Soc. — Perkin Trans.
1997, 2, 25-30.

Duncan, D. C.; Netzel, T. L.; Hill, C. L. Early-time dynamics and reactivity of polyoxometalate
excited states — identification of a short-lived Imct excited-state and a reactive long-lived charge-
transfer intermediate following picosecond flash excitation of W14O3; (4-) in acetonitrile. Inorg.
Chem. 1995, 34, 4640—4646.

Yamase, T.; Ohtaka, K. Photochemistry of polyoxovanadates. 1. Formation of the
anion-encapsulated polyoxovanadate V;s035(Co3) (7-) and electron-spin polarization of
alpha-hydroxyalkyl radicals in the presence of alcohols. J. Chem. Soc. — Dalton Trans. 1994,
2599-2608.

Sattari, D.; Hill, C. Catalytic carbon—halogen bond cleavage chemistry by redox-active poly-
oxometalates. J. Am. Chem. Soc. 1993, 115, 4649-4657.

Yamase, T.; Sugeta, M. Charge-transfer photoluminescence of polyoxo-tungstates and poly-
oxo-molybdates. J. Chem. Soc. — Dalton Trans. 1993, 759-765.

Winkler, J. R.; Gray, H. B. On the interpretation of the electronic spectra of complexes
containing the molybdenyl ion. Comments Inorg. Chem. 1981, 1, 257-263.

5. Metal-centered Excited States

5.1 Ligand Field Excited States

Kirk, A. D. Photochemistry and photophysics of chromium(III) complexes. Chem. Rev. 1999, 99,
1607-1640.

Lees, A. J. Quantitative photochemistry of organometallic complexes: insight to their photo-
physical and photoreactivity mechanisms. Coord. Chem. Rev. 2001, 211, 255-278.

Irwin, G.; Kirk, A. D. Intermediates in chromium(III) photochemistry. Coord. Chem. Rev.
2001, 211, 25-43.

5.2 Excited States of d'’ and s° Systems

Vogler, A.; Kunkely, H. Photoreactivity of gold complexes. Coord. Chem. Rev. 2001, 219, 489-507.

Vitale, M.; Ford, P. C. Luminescent mixed ligand copper(I) clusters (Cul)(n)(L)(m)
(L =pyridine, piperidine): thermodynamic control of molecular and supramolecular species.
Coord. Chem. Rev. 2001, 219, 3-16.
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Yam, V. W. W.; Chan, C. L.; Li, C. K.; Wong, K. M. C. Molecular design of luminescent
dinuclear gold(I) thiolate complexes: from fundamentals to chemosensing. Coord. Chem. Rev.
2001, 276, 173-194.

Yam, V. W. W.; Lo, K. K. W. Luminescent polynuclear d(10) metal complexes. Chem. Soc.
Rev. 1999, 28, 323-334.

Ford, P. C.; Cariati, E.; Bourassa, J. Photoluminescence properties of multinuclear copper(I)
compounds. Chem. Rev. 1999, 99, 3625-3648.

Forward, J. M.; Bohmann, D.; J. P.. Fackler, J.; Staples, R. J. Luminescence studies of gold(I)
thiolate complexes. Inorg. Chem. 1995, 34, 6330-6336.

Ford, P. C.; Vogler, A. Photochemical and photophysical properties of tetranuclear and hexa-
nuclear clusters of metals with d'® and s? electronic configurations. Acc. Chem. Res. 1993, 26, 220-226.

Dossing, A.; Ryu, C. K.; Kudo, S.; Ford, P. C. Competitive bimolecular electron-transfer and
energy-transfer quenching of the excited state(S) of the tetranuclear copper(I) cluster Cudidpy4 —
evidence for large reorganization energies in an excited-state electron-transfer. J. Am. Chem. Soc.
1993, 115, 5132-5137.

Stacey, E. M.; McMillin, D. R. Inorganic exciplexes revealed by temperature-dependent
quenching studies. Inorg. Chem. 1990, 29, 393-396.

5.3 Excited States of & M=N and MO Systems

Bailey, S. E.; Eikey, R. A.; Abu-Omar, M. M.; Zink, J. 1. Excited-state distortions determined
from structured luminescence of nitridorhenium(V) complexes. Inorg. Chem. 2002, 41, 17551760
and references therein.

Yam, V. W. W_; Pui, Y. L.; Wong, K. M. C.; Cheung, K. K. Synthesis, structural character-
isation, photophysics, photochemistry and electrochemistry of nitrido- and frans- dioxorhe-
nium(V) complexes with substituted dppe ligands (dppe=bis(diphenylphosphino)ethane). Inorg.
Chim. Acta 2000, 300, 721-732.

Cheng, J. Y. K.; Cheung, K. K.; Che, C. M.; Lau, T. C. Photocatalytic and aerobic oxidation
of saturated alkanes by a neutral luminescent trans-dioxoosmium(VI) complex OsO2(CN)(2)(dpphen).
Chem. Commun. 1997, 1443-1444.

Kelly, C.; Szalda, D. J.; Creutz, C.; Schwarz, H. A.; Sutin, N. Electron transfer barriers for
ground- and excited-state redox couples: trans-dioxo(1,4,8,11-tetramethyl-1,4,8,11- tetraazacyclo-
tetradecane) osmium(VI)/osmium(V). Inorg. Chim. Acta 1996, 243, 39-45.

Yam, V. W. W,; Tam, K. K.; Lai, T. F. Syntheses, spectroscopy and electrochemistry of
nitridorhenium(V) organometallics — X-ray crystal structure of ReVnme,(Pphs),. J. Chem.
Soc. — Dalton Trans. 1993, 651-652.

Schindler, S.; Castner, E. W., Jr.; Creutz, C.; Sutin, N. Reductive quenching of the emission of
trans-dioxo(1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane)osmium(VI) in water. Inorg.
Chem. 1993, 32, 4200—4208.

5.4 5° Metal Complexes

Vogler, A.; Nikol, H. The structures of s*> metal complexes in the ground and sp excited states.
Comments. Inorg. Chem. 1993, 14, 245-261.

Vogler, A.; Nikol, H. Photochemistry and photophysics of the main group metals. Pure Appl.
Chem. 1992, 64, 1311-1317.

5.5 f" Metal Complexes

Sabbatini, N.; Guardigli, M.; Lehn, J.-M. Luminescent lanthanide complexes as photochemical
supramolecular devices. Coord. Chem. Rev. 1993, 123, 201-228.

6. Ligand-centered Excited States

Wang, X. Y.; Del Guerzo, A.; Schmehl, R. H. Preferential solvation of an ILCT excited state in
bis(terpyridine-phenylene-vinylene) Zn(II) complexes. Chem. Commun. 2002, 2344-2345.

Vicek, A. Highlights of the spectroscopy, photochemistry and eclectrochemistry of M(CO),-
(a-diimine) complexes, M =Cr, Mo, W. Coord. Chem. Rev. 2002, 230, 225-242.

Del Guerzo, A.; Leroy, S.; Fages, F.; Schmehl, R. H. Photophysics of Re(I) and Ru(II) diimine
complexes covalently linked to pyrene: contributions from intra-ligand charge transfer states.
Inorg. Chem. 2002, 41, 359-366.

Michalec, J. F.; Bejune, S. A.; Cuttell, D. G.; Summerton, G. C.; Gertenbach, J. A.; Field, J. S.;
Haines, R. J.; McMillin, D. R. Long-lived emissions from 4’-substituted Pt(trpy)Cl "~ complexes
bearing aryl groups. Influence of orbital parentage. Inorg. Chem. 2001, 40, 2193-2200.
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Yersin, H.; Donges, D.; Nagle, J. K.; Sitters, R.; Glasbeek, M. Intraligand charge transfer in
the Pd(II) oxinate complex Pd(qol)(2). Site-selective emission, excitation, and optically detected
magnetic resonance. Inorg. Chem. 2000, 39, 770-777.

van Slageren, J.; Hartl, F.; Stufkens, D. J.; Martino, D. M.; van Willigen, H. Changes in
excited-state character of M(L-1)(L-2)(CO)(2)(alpha-diimine) (M = Ru, Os) induced by variation
of L-1 and L-2. Coord. Chem. Rev. 2000, 208, 309—-320.

Baba, A. I.; Shaw, J. R.; Simon, J. A.; Thummel, R. P.; Schmehl, R. H. The photophysical
behavior of d° complexes having nearly isoenergetic MLCT and ligand localized excited states.
Coord. Chem. Rev. 1998, 171, 43-59.

Kimachi, S.; Ikeda, S.; Miki, H.; Azumi, T.; Crosby, G. A. Spectroscopic and magnetic studies
of complexes of d' closed-shell ions. Coord. Chem. Rev. 1994, 132, 43-50.

Watts, R. J.; Van Houten; J. The effect of energy gaps on multiple emissions in heterotris-
chelated rhodium(IIT) complexes. J. Am. Chem. Soc. 1978, 100(6), 1718-1721.

7. Outer-sphere Charge Transfer in Ion Pairs

Electrostatic attraction between charged coordination compounds and oppositely charged counter
ions in solution leads to ion pairing. The spectroscopic and photochemical properties of the ion
pairs may markedly differ from those of the individual components. In some cases ion pair
charge-transfer (IPCT) optical transitions may be observed and ion pairs may undergo energy
transfer and photoinduced electron transfer.

Vogler, A.; Kunkely, H. Outer-sphere charge transfer in ion pairs with hydridic, carbanionic,
sulfidic and peroxidic anions as electron donors — spectroscopy and photochemistry. Coord.
Chem. Rev. 2002, 229, 147-152.

Billing, R. Optical and photoinduced electron transfer in ion pairs of coordination compounds.
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7.1.1 INTRODUCTION

Since the early 1980s the field of polyoxometalate chemistry has undergone a revolution. This has
been characterized by the synthesis of ultra-large clusters that have nuclearities as high as 368
metal atoms in a single molecular cluster." Of course, such discoveries have only been possible
thanks to the advances of the instrumentation used to collect the diffraction data coupled with the
advent of cheap and powerful computing power for structure solution and refinement. Much of
the interest in these molecules has arisen because such clusters represent a paradigm in the
discovery of systems that can be encouraged to grow from the molecular to the nanoscale.
Polyoxometalates have also generated interest in areas as diverse as catalysis,”'* magnetism,'* >
synthesis of molecular devices,** sg/nthesis of new materials,>>"' and have even found potential
application as anti-viral agents.>*>°

7.1.1.1 Scope

In this article the field of polyoxometalate chemistry will be reviewed and discussed as it has
progressed from the 1980s to its position at the start of the new millennium. In embarking on this
journey special attention will be given to the synthesis, structure, and properties of discrete
polyoxometalate clusters with a nuclearity that is greater than 12 metal atoms. In nearly all
cases the frameworks of these clusters are based upon V, Mo, and W. There is a rich chemistry
with iso and heteropolyanions with nuclearities 12 and below (see also Chapters 4.10 and 4.11),
but these will not be treated in this chapter unless they are used as fragments in the construction
of larger clusters or have interesting physical properties.>®>’

7.1.1.2 Fundamental Units and Building Blocks

Polyoxometalate cluster anions are comprised of aggregates of metal-oxygen units where the metal
can be best visualized as adopting the center of a polyhedron and the oxygen ligands defining the
vertices of this polyhedron. Therefore, the overall structures of the cluster can be represented by a
set of polyhedra that have corner- or edge-sharing modes (face sharing is also possible but rarely
seen), see Figure 1 for examples of corner- and edge-sharing polyhedra.

It is not surprising therefore that there are, at least theoretically, a bewildering number of
structurally distinct clusters available for a given nuclearity. However, it will become evident that
it is extremely useful, at least conceptually, to regard these metal-centered polyhedra and aggre-
gates of these {MO,} polyhedra as structural building blocks that can be used to help both
understand and perhaps even manipulate the synthesis of cluster. The structures can then
be considered to form via a self-assembly process involving the linking or aggregation of these
polyhedra.’®> However, although such concepts will be widely considered here, care must be
taken to distinguish between a structurally repeating building block and an experimentally
available building block that can be proved to be present and incorporated during the construc-
tion of a given cluster.®”
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Figure 1 A representation of corner- and edge-sharing polyhedra found in polyoxometalate clusters. The

metal ions at the center of the open polyhedra are shown by the black spheres and the oxygen ligands at the

vertexes of the polyhedra are shown by smaller black circles. The top image shows exclusively a corner-
sharing mode whereas the bottom image shows a combination of edge and corner-sharing polyhedra.

7.1.1.3 Basic Principles in Polyoxometalate Cluster Synthesis

Before outlining the general approach to the synthesis of polyoxometalate clusters it is
informative to consider the most useful synthetic results thus far discovered for derivatization
and functionalization of fragments leading to a huge variety of structures. These are given
below:

e The potential of the system to generate a versatile library of linkable units.

The ability to generate groups (intermediates) with high free enthalpy to drive polymeriza-

tion or growth processes, e.g., by formation of H,O.

The possibility for structural change in the building units or blocks.

The ability to include hetero-metallic centers in the fragments.

The possibility to form larger groups that can be linked in different ways.

The ability to control the structure-forming processes using templates.

The ability to generate structural defects in reaction intermediates (e.g., leading to lacunary

structures) for example by removing building blocks from (large) intermediates due to the

presence of appropriate reactants.

The ability to localize and delocalize electrons in different ways in order to gain versatility.

e The ability to control and vary the charge of building parts (e.g., by protonation, electron
transfer reactions, or substitution) and to limit growth by the presence of appropriate
terminal ligands.

e The possibility of generating fragments with energetically low-lying unoccupied molecular
orbitals.

e The ability to selectively derivatize both the outside and inside of clusters with sizable cavities.

Generally, the approaches used to produce high nuclearity polyoxometalate-based clusters are
extremely simple, consisting of acidifying an aqueous solution containing the relevant metal
oxide anions (molybdate, tungstate, and vanadate). In the case of the acidification of the metal
oxide-containing solution (see Figure 2) for example, the acidification of a solution of sodium
molybdate gives rise to fraéments, which increase in nuclearity as the pH of the solution
decreases (see Section 7.1.4).°%57 These isopolyanions have been extremely well investigated in
the case of molybdenum, vanadium, and tungsten. However the tungsten cases are limited due
to the time required for the system to equilibrate, which is of the order of weeks.”® Another
class of cluster can be synthesized when hetero atoms are introduced, heteropolyanions (see
Section 7.1.3) and these are extremely versatile. Indeed, heteroanions based on tungsten have
been used in the assembly of extremely large clusters (see Section 7.1.3.2.7).°" In the case of
molybdenum the acidification of solutions of molybdate followed by its subsequent reduction
yields new classes of clusters with interesting topologies and very large nuclearities (see
Section 7.1.4).6%63
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Mononuclear (Polyoxometalates\ Oxides

-+ V205

-+ MoO3

s WO3

Figure 2 Polyoxometalates are formed in experimental conditions that allow linking of polyhedra. Discrete
structures are formed as long as the system is not driven all the way to the oxide. One such example, in this
case a part of a {Mo,s¢Eug} cluster unit, is depicted in the square (see Section 7.1.4.6.2).

The synthetic variables of greatest importance in synthesizing such clusters may be outlined as
follows:

concentration/type of metal oxide anion;

pH and type of acid;

type and concentration of electrolyte;

heteroatom concentration;

possibility to introduce additional ligands (reducing ligands);
reducing agent (in the case of the Mo systems);
temperature; and

solvent.

Often such syntheses are done in a single pot and this can mask the extraordinary complexity of
the assembly event(s) leading to the high nuclearity cluster. Specific reaction variables and
considerations will be discussed at the relevant points throughout this chapter.

7.1.2 VANADATES

The vanadates are structurally very flexible and as such can be based on a large number of
different types of polyhedra {VO,} where x=4, 5, 6 whereby the pyramidal O=VO, polyhedra
show a tendency to form cluster shells or cages which have topological similarities to the full-
erenes and comprise aspects that are structurally analogous to the layers of V,05.°#% The bulk of
the polyoxovanadates reported so far possess a variable number of vanadium ions bridged by
o=, p3-0X0, and p-arseniato groups to yield complex structures ranglng from approximate spherical
to elliptical geometries.®*®” The geometry around the vanadium ions can be square pyramldal
octahedral, or tetrahedral. In the tetrahedral case the ion is almost always vanadium(V), while in
the square pyramidal/octahedral geometries the metal ion can either be in the +4 or +5 oxidation
state. The resulting structures range from quite compact forms, for example, in the case of
[VIOOZJ to open ribbon, basket, shell, and cage-like host systems,** suitable for the uptake of
neutral®®® and ionic guests.”*"? In addition, two-dimensional layered materials,”*”> as well as
three-dimensional host structures,”® have been described in recent years. Interestingly, simple
vanadates have even been found useful to replace insulin in some mammals.””~”®

The identification of the oxidation state of the square pyramidal vanadium ions is not always
easy, especially when extensive electron delocalization is present. However valence bond summa-
tions can greatly aid the assignment in those cases where sufficiently high quality structural data
have been obtained. Such assignments can be further checked by EPR and magnetic investiga-
tions. Indeed, one of the most exciting aspects of polyoxovanadate chemistry is the prospect of
synthesizing topologically®®®? interesting clusters that can behave as nanoscale magnets 388
Such clusters are synthesized in aqueous solution with the appropriate precursor, anion templates
and, in the case of the mixed valence species, reducmg agents. However vanadates have also been
synthesized under hydrothermal conditions,?” and even in vanadium oxide sol-gel systems.**°
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7.1.2.1 {V3} Clusters

A number of heterotungstates and mol9ybdates adopt either the Keggin ion structure or a
structure derived from fragments of it.>*°! However for heteropolyvanadates, the realization of
the normal Keggin ion-type structure of the form XV;,0y4q is limited by the generation of a high
negative charge. The stabilization of such clusters appears to be facilitated by the incorporation of
VO** or AsO**" groups.

For example, the compound K¢[H;K V1,As3030(AsO4)]-4H,0 (1)*”*? is a good example of a mixed
valence vanadium cluster with both localized and delocalized vanadium centers (Figure 3). Com-
pound (1) is formally built up by nine VOg octahedra, three VO, tetrahedra, and four AsOy tetra-
hedra, one of the latter being a central AsO,>~ group. The terminal O atoms of each of the peripheral
AsQ, groups are protonated and a potassium ion crowns the fragment. The number of vanadium(I'V)
centers, expected to be four, was confirmed by Barra ez al. by manganometric titration.”*

The identification of the vanadium(IV) centers in the structure is not a trivial endeavor. Bond
valence sum (BVS) investigations” suggest that V10, V11, and V12 are localized vanadium(IV)
centers, however the fourth vanadium(IV) ion is delocalized over the positions V1, V2, and V3,
i.e., a {Viy1} cluster, see Figure 3. The oxovanadium ions V10, V11, and V12 are connected by
long O—-As—O bridges and the delocalized vanadium(IV) spread on positions V1, V2, and V3 are
connected by p,-0xo bridges. The connection between the localized and delocalized vanadium(IV)
ions are long and involve more atoms, so their interaction is negligible. The {V5,} electronic
structure was also confirmed by magnetic measurements giving a room-temperature effective
magnetic moment of 3.17up, which corresponds to four unpaired electrons. The magnetic
moment decreases smoothly with decreasing temperature giving a small plateau at 2.36up in
the range 10-20 K. This was modeled by including an exchange coupling constant, J, for the
localized and J' for the localized—delocalized interaction. The best-fit values were reported as
being J=63cm ™" and J'=1.0cm™'. It would appear that this case provides useful information
for the analysis of more complex systems, namely those in which there is ambiguity when judging
the extent of delocalization vs. localization using the BVS approach. In addition the data indicate
that the delocalization is extremely fast and thus one averaged coupling constant can be used.®”:*>

Synthesis of the isostructural clusters [V,AsgO40(KCO,)]"~ (when n=3 (2a) the cations are
2[HNEt;]" and 1[HNH,Me]t and when n=35 (2b) the cations are five sodium ions) gave an
opportunity to compare two isostructural clusters that have different ratios of V'V/V ions in the
cluster framework, see Figure 4. (2a) contains six noninteracting and (2b) eight antiferromagnet-
ically coupled V'V (d') centers.

Both cluster anions have D4, symmetry and consist of 12 distorted tetragonal VO5 pyramids
and four As,Os groups, which together link to form a hollow cavity that encapsulates a

Figure 3 A representation of the crystal structure of the {V;,} cluster (1). The vanadium ions are shown as
black spheres, the arsenate ions by dark gray spheres and the potassium ion by the large light gray sphere.
The small white spheres are oxygen atoms and the smaller white spheres are hydrogen atoms.
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Figure 4 Structure of the cluster (2a) and (2b) (left-hand side (LHS)=side view; right-hand side

(RHS) =top view) with an encapsulated disordered formate ion (center of the RHS view). The trapped

V! centers are shown by the arrows in the RHS view. The vanadium ions are shown as black spheres, the
arsenate ions by dark gray spheres and the oxygen atoms as white spheres.

disordered formate ion.”>® The 12 VO5 pyramids can be divided into two types that differ with
respect to their position relative to the As,Os groups. The first consists of four pyramids that are
bridged through edges by the As,Os groups forming the middle section of the anion where four
V'V centers are trapped, see Figure 4, while two V'V centers in (2a) and four in (2b) are
delocalized over eight sites, the remaining ions being formally VY ions, i.e., {V4,5} and {V,4 4},
respectively. Although the magnetic analysis is quite complex it has been shown that the magnetic
behavior correlates with the geometry and the topology of the cluster.”® The four localized
vanadium(IV) ions are bridged by u-O-As—O groups, while the delocalized sites are bridged by
1-O and pu-O-As—O groups, and the mixed localization sites are bridged by either double 1,-OAs
or single u-O-As—O groups, see Table 1. The room-temperature effective magnetic moment of
{V4,2} 18 4.05up and the {V4 4} 1s 2.97up, indicating that in both cases there are many electrons
with antiparallel spins. Overall, magnetic properties of {V4,4} can be explained by assuming that
the two vanadium(IV) ions in the delocalized sites are strongly antiferromagnetically coupled, so
that the observed effective magnetic moment can be attributed to the four localized vanadium(IV)
ions. Using this model the temperature dependence of the effective magnetic moment can be fitted
with J=10cm~'. The magnetic properties of the {V4,,} are more problematic as the data cannot be
fitted with only antiferromagnetic coupling constants. However, if one constant is assumed to be
ferromagnetic then a good fit is obtained, but the pathway that gives rise to this is difficult to assign.

Table 1 Exchange pathways and coupling constants in some vanadates—see reference®’ for a more
advanced and complete discussion.

Cluster Atom 1 Atom 2 Bridge 1 Bridge 2 Distance Coupl Value
{V15} (7) V1 V2 /1,3-0 /1,3-0 2.87 J 556
V] Vz’ ﬂ3-0 Hz-OAS 3.05 J 104
V1 V3 ,U,3-O ,UQ'OAS 3.02 Jl 104
Vv, A\ 13-O 3.68 J’ 208
V2 V3/ /1,3-0 3.73 J2 208
{V14} (8) V1 V2 ,UQ'OAS ,UQ'OAS 3.06 J1 19
Vs \2 113-0 11-OAs 3.01 Jr 124
v, 2 113-0 113-0 284 J 507
Vz V3 Hg-o 3.60 J3 55
{Va) (1) Vio Vi 1-OAsO 5.70 J 63
{V4+2} (23) VIO V]] /L-OASO /L-OASO 5.25 J 10
{V4+4} (Zb) Vio Vg ,uz-OASO ,uz-OAS 3.16
V]() Vg ,UQ'OASO 5.28 J/ —12
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Figure 5 Structure of the cluster anion [HeV12030F>]°". The vanadium ions are shown as black spheres, the
fluoride atoms by the gray spheres. The small white spheres are oxygen atoms and the smaller white spheres
are hydrogen atoms.

The anionic cluster®®” [HgV,030F-]°~ (3) contains 10 V!V and two localized V" centers and as
such, this compound offers another test for the validity of valence bond summations, which
su\;gest all the charges are trapped. Standard BVS calculations clearly indicate that the localized
V" centers are those shown as V3 and V3a in Figure 5.

It is also possible to synthesize somewhat more open clusters. For example Klemperer et al.
synthesized a topologically interesting vanadate, a [V1,0+,]*" basket®*®® (4) which comprises 12
VY ions. Interestingly the basket holds an acetonitrile molecule, see Figure 6.

This result was extended with the inclusion of C¢gHsCN in the molecular bowl (5), see Figure 7.7
This result offers the possibility that vanadium oxide bowls could be used as molecular containers
and may help capture and stabilize interesting molecules.

Indeed this approach was extended by Ozeki and Yagasaki® in 2000 when they managed to
crystallize a {V,} bowl (6) analogous to those reported before, but this time encapsulating a NO™
anion, see Figure 8.

This is the first example of the NO ™ anion trapped in the solid phase and it is notable that the
NO™ anion appears to rest deeper in the cavity than any of the previous guest molecules. This is
of interest as an example of an anionic guest being isolated in an anionic host, but is by no means
without precedent (see Section 7.1.4.4.3).

O

Figure 6 Representation of the vanadate basket cluster, [V1,03,]*~ (LHS = top view; RHS = side view). The
acetonitrile solvent molecule can be seen in the center of the cavity. The vanadium ions are shown as black
spheres and the white spheres are oxygen atoms.
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Figure 7 A representation of the vanadate basket cluster, [V,,05,]*" including a CsHsCN molecule. The
vanadium ions are shown as the large black spheres and the white spheres are oxygen atoms. The smaller
black spheres and the gray sphere indicated the CsHsCN molecule.

Figure 8 A representation of the crystal structure of the NO™ anion in a vanadate-based molecular bowl.
The vanadium ions are shown as the large black spheres and the white spheres are oxygen atoms. The NO™
molecule is shown as the linked gray and white sphere in the center of the cavity.

7.1.2.2 {Vi4} and {Vs} Clusters

One of the most interesting aspects of cluster synthesis is the possibility of engineering, by
accident or design,'® clusters with large but finite numbers of spins, which are coupled to each
other. In this respect the cluster anion [V;sAssO4(H>0)]® (7) comprising 15 V'Y ions,?”'" offers
interesting possibilities.

The overall structure of (7) is shown in Figure 9, and the cluster has crystallographically
imposed D3 symmetry. It consists of 15 distorted tetragonal VOs pyramids and six trigonal
AsOj; pyramids and it encapsulates a water molecule at the center of the quasi-spherical cluster
sheath. The 15 VOs pyramids are linked to one another through vertices. Two AsOj groups are
joined to each other via an oxygen bridge forming a handle-like As,O5 moiety.
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Figure 9 A representation of the structure of (7) from the top (left) and the side (right) view respectively.
The vanadium ions are shown as black spheres, the arsenate ions by dark gray spheres and the oxygen atoms
as white spheres.

Figure 10 Scheme of the magnetic layers in {Vis}.

The {V;s} cluster (7) has a room-temperature effective magnetic moment of 4.0up, indicating
strong antiferromagnetic coupling compared with the value for 15 uncoupled vanadium(IV) ions,
which is 6.7up. The effective magnetic moment decreases slowly on decreasing temperature and
in the region of 100-20 K it tends to 2.8up. Below 20 K u.r decreases again reaching 2.0up at
1.8 K. It would appear that the observation that the effective magnetic moment is essentially
constant over a large range of temperatures is an indication that the strong antiferromagnetic
coupling leaves at least three spins uncoupled at high temperature, i.e., a smaller antiferromag-
netic exchange interaction couples the three spins together at low temperature, see Table 1 for
details of bridging and coupling constants. Detailed analysis has shown this cluster to possess a
unique multilayer magnetic structure.'*!'** Briefly, (7) can be considered as a small model of a
multilayer structure with two external antiferromagnetic layers sandwiching an internal triangular
planar layer, as schematically shown in Figure 10.

The cluster anion [V4As304,(SO3)]°~ (8), which is shown in Figure 11, is also composed exclusively
of VIV ions. Of these, eight, which are connected by u3-O and p3-OAs groups, define an octagon, and
then two sets of three V!V ions connect diametrically opposed centers on the octagons. The room-
temperature effective magnetic moment is 4.45 up, which is also smaller than expected for 14
uncoupled spins (6.48 1) clearly indicating the presence of antiferromagnetic coupling.'®*'%
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(@]
Figure 11 A representation of the structure of the {V 4} cluster (8). The left view shows the central belt of
vanadium ions and the caps above and below the belt. The right view shows that the central belt comprises eight
vanadium ions and the caps of three vanadium ions above and below the central belt. The vanadium ions are
shown as black spheres, the arsenate ions by dark gray spheres and the oxygen atoms as white spheres.

Figure 12 A representation of the structure of the {V,s} (9) shell encapsulating a carbonate dianion. The
vanadium ions are shown as black spheres and the oxygen atoms as white spheres. The carbon atom of the
carbonate anion is shown as a gray sphere.

In studies by Yamase er al.'® a {V,s} cluster encapsulating a CO;>~ was synthesized and

characterized, see Figure 12. The [V;5034(CO;)]"™ anion (9) was synthesized by the photolysis of
solutions of [V401,]"" at pH =9 adjusted by K,CO;. The resulting anion is a nearly spherical
{V504¢} cluster shell encapsulating a CO;>~ anion and formally contains eight V'Y and seven VV
centers. The structure of this cluster sheath is virtually identical to a {V;s} cluster (9(a)) synthe-
sized by Miiller in 1987 of the formula [V5036Cl1J¢ 105

7.1.2.3 {Vis}, { V22}, {V34} Clusters—Clusters Shaped by Encapsulated Templates

It would appear that under certain reaction conditions, vanadate cluster shells can be generated
by linking fragments that depend to a large extent on the size, shape, and charge of a template (in
most cases the templates are anions) incorporated as a guest in the final structure. The cluster
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cage...X interactions (where X is the anionic guest) appear to give a weakly repulsive surface
around which the cluster can be formed (see Scheme 1), which is a schematic of the templating
effect found with polyoxovanadate cluster synthesis whereby the templating molecule X helps to
polymerize the OVO, units around itself). These weakly repulsive interactions allow the encap-
sulation of anions in such a way that they can almost be observed to “hover” within the cavity.
A further consideration is that these interactions can often give rise to very high coordination
numbers; sometimes values as high as 24 have been observed, which can be compared to the
highest conventional coordination number of 12. The possibility of including so many weak
interactions appears to facilitate very subtle sculpting of the resulting cluster cage. For example,
it is possible to synthesize structurally equivalent {Vig} cluster cages but with differing electron
populations and guests encapsulated within the host.

oo X OV~ — G
n O/ \O —_— > P \ ’ .
'. X !

Scheme 1

It has been shown by Miiller et al. that the {V304,} shell can exist in two different structural
types.'”® The 24 15 oxygen atoms form either the edges of a distorted rhombicuboctahedron or a
pseudorhombicuboctahedron (the “14th” Archimedian solid), see Figure 13.%*°* The latter poly-
hedron can be generated by a 45° rotation of one-half of the rhombicuboctahedron around one of
its Sy axes. Clusters corresponding to the rhombicuboctahedron can be regarded as being an
enlarged Keggin ion, in which all the planes of the rhombicuboctahedron are spanned by 24
oxygen atoms and are capped by the {VO} units.

For example, the anion, [H7V 16V "2042(VOL)]®~ (10) adopts T,; symmetry due to the highly
charged, tetrahedral [VO4]*~ “template” which seems to “force” the outer cluster shell to adopt
the same symmetry, see Figure 14. This cluster is different from the other {Vig} clusters reported
as the {VOy4} unit is actually bonded to the cluster shell, whereas in the other clusters guest
molecules are merely included in the cluster as a nonbonded fragment.

In the case of the other guests (Table 2) such as H,O, CI™, Br—, I, SH™, NO, , HCO,  the
cluster adopts the D4, symmetry, see Figure 15.

Although only two structural types have been identified, w1th1n this structural classification
there appear to be three types of redox states: (i) V'V,304 (compounds (11a)—(11d));
(i) VIV16VV,04, (compound (10)); and (iii) V'V,oVY504, (compound (12)) see Table 2.

Type (i) clusters are fully reduced anions with 18V'Y centers and encapsulate either neutral or
anionic guests; the nature of the guest is responsible for any structural variation. Compounds

Figure 13 A schematic of the two types of polyhedron formed by the {V,g} clusters. The 7,; rhombicu-
boctahedron is shown on the LHS and the D4, pseudorhombicuboctahedron is shown on the RHS.
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Figure 14 A representation of the {Vg+VQOy} cluster (10), which includes a central {VO,} unit that could
be implicated as a template. The vanadium ions are shown as black spheres and the oxygen atoms as white
spheres.

(11a—c) are synthesized under anaerobic conditions at high pH values (ca. 14) from aqueous
vanadates solutions and under these conditions only water molecules are enclosed within the
cluster shell. The incorporation of anions in the fully reduced shell is facilitated by synthesizing
the clusters at a lower pH and (ca. 10) by addition of the correct anion. Type gii) clusters are
mixed valence anions (type III according to the classification of Robin and Day)'"” with encap-
sulated anions. These compounds are synthesized under an inert atmosphere and at pH values
7-9. There is only one example of the type (iii) cluster (12) and this was synthesized from an
existing'® {V,g} cluster [V;3042(SO4)]®~ by the addition of (NEt4)I in air.

It is important to note that the differences in the electron population of {V304,} were
identified and confirmed structurally using BVS, EPR, and magnetochemistry.'*®

Table 2 Summary of the shell types and the formulas of the
clusters characterized in each shell type.'

Shell type Compound formula

VY1504 Cs1o[ V'Y 1504(H>0)] 14H,0 (11a)
K 2[V"15045(H,0)]- 16H,0 (11b)
Rb5[V!'Y504:(H,0)]- 19H,0 (11c)
Ko[H3VW18042(H20)]' 14H,0-4N,H, (11d)
K i[HoV"Y1504(CD]- 13H,0-2N,Hy (13a)
Ko[HsV'Y 504(Br)]- 14H,0+4N,H, (13b)
Ko[H4V"504(1)]* 14H,0+4N,H, (13¢)
K o[H3V" 5045(Br)] 13H,0+0.5N,H, (13d)
Ko[HsV" 5045(NO,)]- 14H,0-4N,H, (13e)
VooV CSl1[H2}CV18942(SH)]'12H20 (13f)
V716V 204 Ko[HV" 16V 5045(CD]- 16H,0 (14a)
Cso[H, VY 14VY,04(Br)]- 12H,0 (14b)
Klo[HVIV16VV2042(Br)]' 16H,0 (14c)
CS@[H2VIV16VV2042(I)] 12H,0 (14d)
Klo[HVWvazoztz(I)]' 16H,0 (14e)
Kio[HVY 6VY,04(HCOO)]-15H,0 (14f)
Ny NaG[H7V:://16V\\:2042(VO4)]'21H20 (10)
V0V 5040 (NEOs[V'" 10V "s042(D)] (12)
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Figure 15 A representation of the {Vig} cluster, which encapsulates weakly coordinated small molecules at
its center (see Table 1). The vanadium ions are shown as black spheres and the oxygen atoms as white
spheres.

This assembly principle can be extended to many types of anions. For example, the oxidation of
[HoV 9050~ in the presence of NEt X appears to generate vanadium clusters of differing
nuclearity dictated by the size of the anion, X . As an illustration of this, when X is azide a
{Vis} cluster results of the formula [H,V;304(N3)]>~ (15) see Figure 16, for X is perchlorate a
{V,) cluster is produced, [HV,,054(Cl04)]°~ (16) and when X is thiocyanate a {V,,} cluster is
also produced, [HV2,054(SCN)]°~ (17), see Figure 17.

In an alternative synthetic procedure,”’ the reaction of an aqueous solution of KVO; with
N,HsOH, followed by the addition of acetic acid to a pH of ca. 8 with heating yields crystals of
[H,V2,054(0Ac)]"™ (18). Changing the anion to NO; ™, by acidifying with HNO; instead of acetic
acid, produces a {V g} cluster encapsulating a NO;~ (19) with the formula, [HV,50(NO5)]'",
see Figure 18. In another approach, Yamase er al. have used a photochemical method'” to
synthesize some mixed valence {V g} clusters with a large number of vanadium(IV) ions, and they
have also chosen azide as a template, [V13044(N3)]'*~ (20) and one example including phosphate,
[V1504(POL)]"' ™ (21) which exhibits the same type of super-Keggin structure as observed for (10),
[H VY 16VY04(VO)]°.

The cluster [H,V5044(N3)]°~ (15) has approximate D,, symmetry and the cluster is built from
edge- and corner-sharing tetragonal O=VO, pyramids. The azide ion rests in the cavity with the
shortest N+-+O distance being ca. 3.05A The {V,,} clusters have very similar structures and
are also comprised of tetragonal OVO, pyramids with an overall D,, symmetry. In the case of the
perchlorate cluster the perchlorate anion rests in the cavity with the shortest O---O distance being
around 2.96 A. However it appears that not only weakly bound anions can be incorporated into
these cluster systems. It has also been possible to identify a [V340g,]'®" cluster anion (22) that
appears to incorporate a bonded {V404}O4 cube within a cluster shell, see Figure 19. The overall
cluster anion [V3404,]'°" has approximate D,, symmetry and consists of an ellipsoid-shaped
{V30074} sheath, which is formed by linking 30 tetragonal VOs pyramids, and a central V4O,
cube. The sheath can be divided into two identical halves that are related by a 90° rotation with
respect to each other as defined by the geometry of the central cube. Geometrically each half of
the anion contains 20 of the 24 oxygen atoms of a O,4 rhombicuboctahedron. One interesting
observation is that the {V3} sheath can be considered to be related to segments of a layer of
vanadium pentoxide, see Figure 20.°4%
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Figure 16 Structure of {V,sN3} (20).”> The vanadium atoms are shown as black spheres and the oxygen
atoms as white spheres, and the nitrogen atoms of the linear N3~ anion are shown as gray spheres.

Figure 17 Structures of the {V»ClO,} (top left), (16),”>*7 {V,,NCS} (disordered NCS) (top right), (17),”’
{V20Ac}'"? (18) bottom center. The vanadium atoms are shown as black spheres and the oxygen atoms as
white spheres, and the other nonoxygen atoms of the anion are shown as gray spheres.
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Figure 18 The structure of the {V;sNO3} cluster (19).""" The vanadium atoms are shown as black spheres
and the oxygen atoms as white spheres, and the non-oxygen atoms of the anion are shown as gray spheres.

Figure 19 The structure of the {V34} cluster (22).""> The vanadium atoms are shown as black spheres and
the oxygen atoms as white spheres.

In summary it can be seen that linking VO5 units in the presence of anions and other templates
gives rise to several structural types that appear to be critically dependent on the nature of the
anion, and this is summarized in Figure 21.

7.1.3 TUNGSTATES

The structural features of large polytungstate clusters can be visualized in terms of subunits based
on lacunary fragments of the Keggin ion. In such representations many of the fragments may not
actually exist independently from the cluster containing these subunits. This also applies to the
building blocks identified as part of the polyoxometallate clusters discussed in Sections 7.1.4 and
7.1.5.

The Keggin ion (Figure 22) can adopt up to five skeletal isomers (a—e¢), ~ and these isomers
are related to each other by a rotation of one or more edge-shared {W;0,3} groups by /3.5

114
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Figure 20 View of a segment of a layer of V,0s'"* with the terminal atoms omitted for clarity. The {V,,}

framework is shown below. The vanadium atoms are shown as black spheres and the oxygen atoms as white
spheres.
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Figure 21 A schematic showing the outer vanadium—oxygen frameworks (vanadium ion shown as black

spheres and oxygen atoms by white spheres) and the encapsulated molecules. The clusters depicted from; left

to right (top) are the {Vig-halide}, {Vig-nitrate}, {Vig-azide}, {V15-VOy}; left to right (bottom) are the
{Vg-acetate}, {Vg-perchlorate}, {V s-thiocynate} (disordered NCS), {V3o-V404}.

The relative stability of the different skeletal isomers of the Keggin ion, and indeed the equilibria
that can exist between difference isomers, have been the subject of much discussion in the
literature,''>!1¢

Lacunary versions of these clusters geometrically result from the removal of one or more W
atoms. Examples of one monovacant and two divacant lucunary derivatives of the a-Keggin ion
are shown in Figure 23.

The two tri-vacant species in Figure 23 correspond to the loss of a corner-shared group of
{WOg} octahedral (A-type) or an edge-shared group (B-type). Furthermore it can be seen that in
the B-type anion the central heteroatom has an unshared terminal oxygen atom; in this respect it
is easy to imagine that B-type structures are observed when the central heteroatom has an
unshared pair of electrons.
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Figure 22 Polyhedral representation of the a-Keggin ion. The metal ions form the centers of the polyhedra
and the oxygen atoms form the apexes of the polyhedra. The central heteroatom is shown as a gray sphere.

{a-XW11} {A-a-XWg} {B-a-XWg}

Figure 23 Polyhedral representation of the Lacunary derivatives of the a-Keggin ion; left—{a-XWy},
middle—{A-a-XWy}, right—{B-a-XWy}. The metal ions form the centers of the polyhedra and the oxygen
atoms form the apexes of the polyhedra. The central heteroatom is shown as a gray sphere.

a-{XW1g} a-{XoW17}  ap-{XoWq7} {XoWys}

Figure 24 Polyhedral representations of the a-Dawson structure the associated three lacunary derivatives.
The metal ions form the centers of the polyhedra and the oxygen atoms form the apexes of the polyhedra.
The central heteroatom is shown as a gray sphere.

Linking of two [A-PWy054]°~ clusters (23) generates a Wells—Dawson anion (24) [P,W504.]°.
Six isomers of this anion are theoretically possible depending upon whether the half-units are
derived from « or ﬂ—Keﬁgin species and also whether the fragments combined in a staggered (S)
or eclipsed (E) fashion.'™ Four of these isomers have been observed for [As,W30¢,]°~ and three
for [PaW504,]°"."'7 As in the case of the Keggin ion, lacunary derivatives of the Wells—Dawson
structure are also known. The most important of these are based on the most common isomer
known as the a-Dawson anion—see Figure 24.
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7.1.3.1 Clusters Incorporating Monovacant Lacunary Fragments

7.1.3.1.1 {XWy}s

Monovacant lacunary anions (mla) of the type [PW; 03]~ (25), [SiW;Os]° (26) and
[P,W17,06:]'°~ (27) form both 1:1 and 1:2 comﬂplexes with several metal cations. Such complexes
were first reported by Peacock and Weakley''® in 1971. Recently 1:1 complexes of [a-SiW;;030]
units have been shown to form polymers with lanthanide ions."'® It was suggested that the
heteropolyanion ligands were tetradendate, binding to the lanthanide center through the four
oxygen atoms that surround the tungsten vacancy. In this way a quasi-square antiprismatic
coordination sphere is provided for the metal ion. An examination of the literature reveals
many types of mla have been extremely well exploited as ligands with many combinations of
metal ion (see reference® for a further discussion of this point). Figure 25 gives a typical
representation of one such [M(mla),]"~ complex (28), which adopts a cis-oid conformation with
respect to the mla “ligands.” This is because the polyanionic ligand only has C; symmetry and
therefore there are four possible conformations for the complexes corresponding to cis-oid and
trans-oid enantiomeric pairs.'?” It would appear that all the Keggin-derived complexes are trans-
oid whereas [M(a>-PaW7041),]%°~ (29) (M = Ce'Y, Lu™, UY) are cis-oid. 1:1 and 2:2 com-
plexes (a-P,W,,0g;) linked by lanthanide ions have also been recently reported.'*!

7.1.3.1.2 {XW]I}Z{M03S4}2

It has been shown by Miiller er al.'?* that the monovacant lacunary anion [SiW{,0:]°~ (30)
reacts as an electrophile towards the nucleophile [Mo3S4(H,0)o]** (31) to yield a bridged species
{(SiW1039)2[M03S4(H>0)3]»(1-OH),} '~ (32). The resulting species has C», symmetry (see Figure 26).
The two nucleophilic lacunary anions, of the Keggin type {[SiW;;01]® } and of the Dawson
type {[PaW1706:]'°"}, can be considered as negatively charged ligands which replace the coordin-
ated water ligands of the electrophilic adduct. In this respect it has been suggested that the

b

Figure 25 Structure of [U(a-GeW;,030),]'>~ (28). The ligands adopt a frans-oid conformation. A ball and
stick representation is shown on the LHS (black spheres =W atoms, white spheres = O atoms and the visible
gray sphere is the U atom). On the RHS the W atoms and the O atoms are represented as polyhedra.
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Figure 26 View of the structure of {(SiW1039)2[M03S4(H,0);],(1:-OH),}'%~ (32). The lacunary Keggin-type
fragments {«-SiW;} are shown as polyhedra, the {Mo3S4} units are in ball and stick representation.

monovacant lucanary anions with four oxygen donor atoms can be considered as an inorganic
analogue of the porphyrin ligand."?> The assembly of larger aggregates using this electronic
complementarity is likely to become more significant in the drive to form “designer” solids.

7.1.3.1.3 {XW;};

Tungstoboric acid yields two forms of crystalline product; a tetragonal form that contains a
Keggin ion and a hexagonal form that comprises three lacunary {BW;;} anions linked by a
central {WgO»¢} moiety (33). The overall structure has a Cs;, symmetry, see Figure 27, and has the
overall composition H,;[B;W3oP;3,] (33).'%

7.1.3.2 Clusters Incorporating Different Types of Trivacant Lacunary Fragments

7.1.3.2.1 {XoW,;}

The structure of the cluster anion [P,W,;07,1°" (34) {P,W,,} reveals a sandwich-like arrangement
of two {PW,} moieties around three {WOs(H,0)}."** Close examination of the structure, Figure
28, reveals a threefold rotational disorder of the anion and that two positions can be modeled for
the equatorial tungsten atoms. Solution studies of this cluster anion with NMR show that two of
the tungsten atoms are displaced towards the threefold axis and that one tungsten atom is

Figure 27 A ball and stick (LHS) and a polyhedral (RHS) representation of the H,;[B3W3oP3,] cluster (33).
The W atoms are shown as black spheres and the oxygen atoms are shown as white spheres on the LHS. The
W centers are shown as polyhedra on the RHS.
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Figure 28 Structure of [P,W5,0,,]°" (34) {P,W,} cluster. Again, a ball and stick representation (W atoms
as black spheres, O atoms as white spheres) is shown on the LHS whereas a polyhedra representation is
shown on the RHS. The P atoms are visible as gray spheres in both representations.

displaced away from this axis. The center of this cluster, therefore, encloses two “terminal” oxo
oxygen atoms and a water molecule that is trans to the terminal atom of the third tungsten center.
The central water ligand undergoes slow exchange with solvent water molecules.'**

Cluster anion (34) is synthesized by the acidification of the lacunary species [PaW;,030]” ",
whereas acidification of the potassium salt of the lacunary species leads to a lacunary derivative of
(34).>* An interesting anion {P,W,} incorporating potassium can be synthesized by the treatment
of a heated suspension of [KsPW,040] with potassium carbonate and yields several products'*
one of which is K3[KP>,W,¢,07,]:30H,O {P,Wyo} (35). Similarly to {P,W»;}, the anion comprises
two A-type {a-PWy} units linked by two tungsten atoms, but now a potassium cation occupies a
center of symmetry within the cluster, see Figure 29. Indeed, the cluster can almost be viewed as
acting like a crown ether moiety ligating the potassium ion. Conversely, the potassium could act
to provide a template for this cluster architecture.

Figure 29 The structure of the K 3[KP,W;,707,]:30H,0 {P,W5} (35) cluster. A ball and stick representation
is shown on the LHS and a polyhedral representation on the RHS. The central encapsulated potassium
cation is shown in both representations as a large gray sphere.
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Figure 30 A polyhedra representation of the structure of [P,W19040]'*~ (36). The potassium cation ligated
by the cleft formed by the cluster is shown as a large gray sphere.

A further derivative of {P,W,,} is the cluster anion [P,W;9040]'*~ (36), see Figure 30."*® This
anion appears to be quite unstable, but crystallizes readily in the presence of potassium cations,
which occupy equatorial sites on the anion.

7.1.3.2.2 {MyPsW,,}

The cluster anion, [Coo(0H)3(H>0)6(HPO,)(B-a-PW014)3]'¢~ {CooPsW»} (37) was obtained
as a by-product in the synthesis of [Co4(H»0)>»(PW(O34)]'°". This anion has D5, symmetry and
comprises three Keggin units {a-PWyCos} linked by corner sharing {Cos} triads with capping
axial phosphate groups, see Figure 31."*7 An analogous cluster incorporating nickel(I) instead
of cobalt(Il) has been synthesized and the magnetic properties of both have been
studied."*®!'*

7.1.3.2.3 {XWy}].'{Ell3SbW24}

In 1990 an interesting europium-tungstoantimonate was reported by Yamase."*® The cluster,
[Eus(H,0)35(Sb™MWo033)(WsO15)5]'* ", {EusSbWays} (38) incorporates a {B-a-SbW,} and three
{Ws} groups which are lacunary derivatives of [W¢O;o]*~. The four units are arranged in an
almost tetrahedral arrangement with respect to the central {Eu;} unit see Figure 32.
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Figure 31 Representations of the cluster anion [Cog(OH)3(H2O)G(HPO4)(B-a-PW9034)3]'6’ {CooPsW,;}

(37). A ball and stick representation is shown on the LHS with the W atoms shown as black spheres, the

oxygen atoms as white spheres, and the Co atoms as gray spheres. A polyhedral representation of the three
{PWoy} units is shown on the RHS with the bridging units shown as ball and stick.

Figure 32 The structure of the cluster anion [Eus(H,0);(Sb™Wo035)(Ws015)5]'8 ", {EusSbWou} (38). The

Eu atoms are shown as large black spheres and the Sb atom as a gray sphere. The hatched polyhedra

represent the {Ws} units whereas the gray polyhedra represent the {Wo} unit. A top view is shown on the
LHS and the side view on the RHS.

7.1.3.24 {XWolr: {XoW 1 ) {XoW2s}

The structure of the anion [As,Ws;Ogo(H,0)]°™ {As,W5} (39) has been elucidated in the solid
state by crystallography,'®! see Figure 33, and in the solution state by NMR."*? The structure is
analogous to {P,W»;} (see Figure 34) but, due to the lone pair of electrons on As", the {AsWo}
units are of the B-type. The linking, equatorial tungsten atoms also adopt a different configur-
ation with two {W,} and one {W;,} due to the smaller available space.

Cluster anions, and their complexes with di- and trivalent transition metals thought to be based
on {XWj;} have been shown to be dimeric, based on structural studies of the salts of
[Sb,W»,074(OH),]"*~ (40) and related species."* The structure of this anionic cluster is shown
in Figure 34, and comprises two {B-3-XWy} groups linked by two other tungsten atoms. Inter-
estingly, two weakly bound tungsten atoms are bound to the periphery of the cluster and can be
easily replaced by other transition metal ions.

7.1.3.2.5 {XWo};

The clusters {Ln,As;Wyo} (41) and {(UO,)3;As3W»9} (42) result from the reaction of {B-XWg}
anions with lanthanide and actinide cations. For example the anion [Lny(H>0);As3W10;03]'7~
(Ln""=La, Ce) (41) contains three {AsW,} fragments bridged by two additional tungsten atoms
and two Ln'" cations. The stoichiometrically related derivative [(UO,);(H20)sAs3W290104]""~
also has a trimeric structure.®
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Figure 33 The structure of the anion [AsyW5,060(H,0)]°~ {As,W2,} (39), the W atoms in the two {Wo}
groups are shown in a polyhedra representation whereas the three linking W atoms are shown as black
spheres and the associated oxygen atoms as white spheres.

Figure 34  Structure of [SbyW»,074(OH),]'>~ (40). The two {B-3-XWy} groups are shown by the polyhedra
and the Sb atoms are shown as gray spheres. The “additional” W atoms and associated oxygen ligands are
shown by the black and white spheres, respectively.
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7.1.3.2.6 {XWo}y

Clusters based on four linked {XWy} have also been identified, see Figure 35. The cluster
[AssW400 1401~ (43) is a cyclic anion, being composed of four {a-AsWy} units linked by
additional tungsten atoms; the structure shown in Figure 35 is a dicobalt derivative."** Deriva-
tives of (43) have also been produced with lanthanide cations.'*

A further tetramer of {XW,} has been reported'*® that has the composition
[Na,SbgW360,3,(H,0)4]*>~ (44). The top view, see Figure 36, seems similar to (43) shown in
Figure 35 but the side view reveals the unique structure of this cluster. This is because the {SbWy}
groups have a [ conformation and the bridging atoms are trigonal bipyramidally coordinated
WV centers. Therefore the overall structure resembles that of a V-shaped cavity. The cavity
contains two sodium ions and several water molecules.

7.1.32.7 {XWo}n;

Recently, Pope et al. have synthesized a massive heteropolytungstate anion which is a dodecamer
of the {XWo! units, [Ln;sAs;>W450524(H20)36]"° (45).°" The 12 {XWs} units are linked by Ln""
cations (Ln=La, Ce, Nd, Sm) and additional tungsten atoms to produce a folded cyclic cluster
with D,; symmetry. The anion is completed by the four {Ws03} lacunary fragments and the
structure is shown in Figure 37. This anion exhibits an interesting topology and exceptionally high
nuclearity of metal ions.

7.1.3.3 Clusters Incorporating Hexavacant Lacunary Fragments

7.1.3.3.1 {PsWys}

One of the lacunary derivatives of the a-Dawson anion forms crystals of composition,
KosLisH7PsW450154:92H,0 ({PsWas), (46)) with the cyclic structure shown in Figure 38.'3%13¢
A tetramer of {P,W,} groups leads to the Dy, symmetry of the structure of the {PsWyg} anion.
The crystal structure reveals that the central cavity of the anion contains a number of potassium
cations.

7.1.3.3.2 {PsW3y}

When sodium tungstate is boiled with an excess of phosphoric acid the main heteropolytungstate
products are two isomers of the Wells—Dawson anions and a smaller amount of another species
(47). Crystallo$r phic analysis of this species showed the composition of this anion to be
[NaPsW1,0110]™ ({PsWso}, (47)) with the structure shown in Figure 39.'3

]28—

Figure 35 The structure of the cyclic anion [As;W490 49 (43). A ball and stick representation is shown

on the LHS and a polyhedral representation is shown on the RHS with the linking units shown in ball and

stick. The W atoms are shown as black spheres, the As atoms as gray spheres and the O atoms as white
spheres.
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Figure 36 Two polyhedral views of the cluster [Na,SbgW;60,32(H20)4]*>". The W atoms are shown as
polyhedra and the Sb atoms are shown as gray spheres.

Figure 37 Structure of the anion [Ln;sAs;2Wi450s524(H20)36]" (45) as a folded cyclic assembly of 12

{B-a-AsWy} groups linked by additional W centers, all shown as polyhedral representations and four

{LnWs} groups. Ce(La) centers as large gray spheres and As centers as small black spheres. Finally, the
water ligands are shown as white spheres.

The fivefold symmetry of this anion is completed by the linkage of five {PWg} groups and the
central sodium ion lies in the center of a plane defined by the oxygen atoms of the phosphate
groups. It appears that the kinetically inert (on the NMR timescale) sodium ion is essential for
the construction of the cluster."*” The presence of the sodium cation reduces the overall anion
symmetry from Dsj, to Cs,. The {PsW30} anion is even more robust than the {PsWys} one (pH
stability range ~0-10). Under hydrothermal conditions the central Na™ can be replaced by other
cations of similar size, e.g., Ca’*, most Ln'™, and U'Y.13¥14% Reduction of Eu'™ to Eu" in these
complexes occurs within the potential range at which the polytungstate framework is reduced to
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Figure 38 Structure of the anion [PgWigO154]**~, {PsW.g} (46) as a cyclic assembly of four lacunary
{P,W,} groups. A ball and stick representation is shown on the LHS and a polyhedral representation on
the RHS.

Figure 39 Structure of the anion,[NaPsW,0;,0]'*~ ({PsW3o}, 47). A ball and stick representation is shown
on the LHS and a polyhedral representation on the RHS. The central sodium ion is depicted as a large gray
sphere.

heteropoly blues, and implies the ]possibility of generating an intermediate valence state com-
pound."*"'*% Structures of the Eu'! and UV derivatives have been reported and show that these
central cations are coordinated by a H,O molecule that is enclosed in the central cavity.'*?
The sodium derivative has been evaluated as a catal;/st for the oxidation of H,S to sulfur, and
was the best of the polyoxometalates examined.'**

7.1.4 MOLYBDATES

There is a rich chemistry of heteropolyoxomolybdates and polyoxomolybdates,*® and it has been
shown that the chemistry of these is extraordinarily versatile, which is directly related to the fact
that it is very easy to reduce Mo"' to Mo" in aqueous solution. The generation of such
“molybdenum blue” species adds a new dimension to polyoxometalate chemistry.

The history of soluble molybdenum blue (solid-state and heteropoly blues will not be consid-
ered here) dates back to Carl Wilhelm Scheele’s report from 1783.'¢ Solutions of molybdenum
blue are almost instantaneously obtained by the reduction of Mo -type species in acid solutions
(pH < 3). Reducing agents may be metals (Al, Pb, Mo, Cu, Zn, Cd, Hg), BoHs, NaBH,4, N>Hy,
NH,OH, H,S, SO,, SO3*", S;04°", S,05°", SnCl,, MoCls, MoOCls* ", formic acid, ethanol,
ascorbic acid, and it appears that the term “molybdenum blue” refers to a wide range of
products.”®'*” Under stronger reducing conditions, brown species are formed which in general
show the presence of MoY—~Mo" dumb-bells.'*® On adding electrolytes like ammonium chloride or
other salts, polymerization and/or precipitation takes place. A straightforward fast identification
of a molybdenum blue-type solution is possible by measuring the resonance Raman spectrum
(with A\, = 1064 nm).
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7.1.4.1 From Keggin Ions to {Mos;} Clusters

The cluster anion {[HsMo0370;1,]"* "} (48) represents a self-assembled molecular specws that contains
no symmetry elements, see Figure 40. The anion consists of a central {HgMo1,"O40(Mo0Y05),} core
and two similar but nonidentical coordinated ligands, {Moo} and {Mo;;} units. The ligands differ
with respect to the number of Mo centers and the degree of reduction and protonatlon The core is
built up from a {Mo;," 040} e-Keggin structure'® which is capped by four {Mo'Os} groups.

The assembly of this anion occurs in an aqueous molybdate solution under reducing conditions
and can be rationalized by assuming the initial formation of an ¢-Keggin ion with T, symmetry.
Its reduction yields a highly nucleophlhc e Keggin cluster that is stabilized by protonatlon and by
the ligation of four electrophilic {Mo"'Os} groups, thereby forming the anion [H,Mo;, Oy
(MOVIO )4]?°~~, which has also been structurally characterized."”” On further reduction the
{Mo"'0;} groups on the surface of the cluster now become nucleophilic and can be regarded as
adopting a templating function. In the next step the {Mo;o} and {Mo;;} groups are assembled on the
surface of the central e-Keggin-derived unit, see Figure 40.

7.1.4.2 From {Mozs} to {Mos;} Clusters—Two and Three Fragment Clusters Based
on {Mo;} Units

The acidification of an aqueous solution of molybdate under amblent conditions has been shown
to yield the {Mosg}-type cluster ([M036(NO)40108(H20)16] 27) (49) with two {Mo;} groups
linked by two MoO, units.">" It appears that this is the dominant species and the cluster crystal-
lizes readily from solution, see Figure 41. The overall structure is best understood by realizing
that the {Mo;;} unit can be further divided into two {Mog} units and one linking {Mo;} unit.
If the acidified molybdate solution that forms the {Mogzg} cluster is then reduced in the presence
of some divalent metal ions, a three fragment cluster of the form gM057M6} (50) type, for
example, [{VO(Hzo)}6{M02(M‘H20)2(H'OH ;r‘ {51‘}/1017(NO)2058(H20)2}3 [{VO(H,0)}6{Moy'}3
({Mos}>{Moy'});] (Figure 6) is produced.’ The {Mos;Mg}-type cluster with three {Mo;;}

+4 {Mo"'03}

+14 H*

{Molz 20

e-Keggin fragment

}20— {H14MO MOVI}G—

(isolatlon possmle)

{Mog7}

Figure 40 Summary of the stepwise assembly of the {Mos;} cluster. The e-Keggin unit and the four added
Mo units are shown as hatched and unhatched polyhedra respectively. The {Mo;o} and {Mo;;} units are
shown in ball and stick with the Mo atoms as gray spheres and the oxygen atoms as white spheres.
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{Mog}
Figure 41 Polyhedral representation of the cluster anion  [Mose(NO)4O;0s(H20)16]'>~
([{M005,},{H2M0;7(N0),0s5(H,0)}5]' > =[{Mo; }o({Mog}>{Mo/'})s]). The MoOg octahedra that are
connecting the two {Mo;} units shown as hatched polyhedra. One of the two {Mog} building blocks that
comprise the {Mo;7} unit is also shown and the central pentagonal Mo atom is shown by the hatched polyhedron.

Figure 42 A polyhedral representation of the {Mos;Mg} cluster with one of the {Mog} units highlighted on
the left and the {Mo,;} unit on the right. The divalent TM ions are shown as hatched polyhedra.

groups (see Figure 42) is formed after adding, for instance, the strong electrophilic linker V'VO*"
under reducing conditions, but other divalent metal ions can be included, e.g., Fe*". In addition,
different ratios of metal ions can be included, e.g., {Mo57M M, } where x +y=6. 155 The {M057M6}
cluster comprises six {Mog} units, three on each side With three {Mo,'} linking units and
three {Mo;'} units which connect the two sides of the cluster together, see Figure 43. The divalent
metal ions occupy three positions on the two inner rims of this cluster above and below the equator.

Another structural feature of the {Mos;Mg} are the three gaps in each of the upper and lower
rims of the cluster between the ends of the {Mog} units, see Figure 42. In studies by Miiller
et al." it was shown that these six cavities are accessible to further coordination by the highly
electrophlhc {MoO,}*" groups. This can occur under reaction conditions in which the {Mos;Mg}
cluster is exposed to an excess of molybdate and gives rise to a stepwise growth process. This
process allows the formation of the species {Mos7,,V¢} where x can have values between 0 and 6.
Each of the {MoO4}*" groups binds to three oxygen atoms (two terminal) of the {Mos,;V¢} core
resulting in a tetrahedral coordination of the incorporated Mo atoms. The degree of occupation
of the cavities can be correlated with the degree of reduction of the cluster. This is because the
reduction process increases the nucleophilicity of the periphery of the cluster thereby enabling the
cluster to take up further electrophiles. Furthermore, this process can be reversed by the oxidation
of the system so that the electrophiles are then released, see Figure 43.

7.1.4.3 {Mos4} Big Wheel Clusters

In 1995 Miiller et al. reported the synthesis and structural characterization of a very high
nuclearity cluster {Mo;ss} that has a ring topology.®* The interest generated by this result is
partly due to its high nuclearity and partly because of the size of this cluster; with an outer diameter
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{Mos7Ve} {Mog3Ve}
Figure 43 Polyhedral representations of the cluster ligand on the LHS and then the result of metal uptake
on the RHS (tetrahedral polyhedra). The hatched polyhedra are the divalent metal ions and the pentagonal
Mo polyhedra that from the {Mog} units are clearly visible with the oxygen of the coordinating NO groups
shown as a gray sphere.

Figure 44 LHS: a ball and stick representation of {Mo,s4} big wheel cluster with one of the {Mog} building
blocks highlighted with a polyhedral representation. RHS: a polyhedral representation of the top layer of the
{Mojs4} cluster with the {Mog} (black units) and {Mo,} (gray units) units clearly shown.

of ca. 34 A, an inner diameter of 25 A and a thickness of 14 A itis a truly nanoscopic molecule. Using
reaction conditions of pH ~ 1, with a concentration of Na,MoQO, of ca. 0.5M and a degree of
reduction of 1-20%, a solution is generated that yields “Giant-Wheel”-type cluster species, for
example, comprising 154 Mo atoms of formula [Mo, 540462H14(H20)70]14* (51) see Figure 44 (this
can be compared to the formula of the original structure of the Giant-Wheel cluster,* [Mo;s4(NO), 4-
O445H25(H>0)70] %37 (52)—see Table 2). Amazingly, it is possible to sznthesize gram quantities
of (51) through a very simple “one-pot” reaction procedure in 24 hours.">*'

7.1.4.3.1 Construction of {Mojs.}-type clusters

Overall, the complete ring system consists of 140 MoOg octahedra and 14 pentagonal bipyramids
of the type {Mo0QO5}, see Figure 45. The wheel can best be described as a tetradecamer comprising
14 basic {Mog} units with a central {MoO5} group. This {MoO5} unit is symmetrically connected
to five {MoOQg} octahedral by edge sharing resulting in a {Mo/Mos} pentagon. It should be noted
that any toroidal system, such as the ring-cluster discussed here, requires a fivefold symmetry
element to form the overall toroidal or spherical geometry and this is also true for clusters with a
spherical topology.*®%%% Four of the {MoOs} octahedra are linked to further {MoQOg} octahedra
via corners to form the {Mog} unit described above.

Continuing from the {Mog} unit the complete {Mo,s4} cluster ring is built up as follows: (i) the
two MoQOg octahedra that are not directly connected to the central MoO7 bipyramid are fused to
neighboring {Mog} units through corners; (ii) neighboring {Mog} groups are additionally fused
together by the {Mo,} units, thereby completing the inner-ring parts of the upper and lower half
of the ring structure; and (iii) the complete ring is constructed when the second half is rotated
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‘&é’
wA\-

{Moo} {Mo1}

Figure 45 A polyhedral representation of the {Mo;s4} cluster with the component building blocks shown

explicitly. The black polyhedra represent the {Mo,} building blocks, the hatched polyhedra represent the

{Mo;} units that are positioned in the equator of the ring. One of the {Mog} units is highlighted in the top

view of the ring (LHS) for clarity. The positions of the {Mo;} groups are ringed on the side view of the ring
(RHS) for clarity.

around 360/14° relative to the first and fused to it through the 14 {Mo;} groups, which are
located at the equator of the complete ring, see Figure 45. Using the general architecture principle
for the Giant-Wheel-type clusters the structural building blocks e.g. for the {Mos4}-type cluster,
can be deduced from the formula, [M0154O462H14(H20)7O] 4~ in terms of the three dlfferent
building blocks as [{Mo,}14{Mog}4{Mo;}14]"*

7.1.4.3.2 Determination of the molecular formula of {Mo;s,.}-type clusters

The deduction of the molecular formula (and the overall charge) for the first Giant-Wheel initially
presented a tremendous problem. However, this information can now be routinely deduced from a
combination of redox titrations, UV/Vis spectroscopy (the solutlon spcctrum of the {Mos4} cluster
gives an absorption at ca. 750 nm with a e ~ 6 x 10> L mol ™' cm~!/Mo" center, corresponding to an
intervalence charge transfer g and analyzing structural data by calculating the bond valence sums for
the molybdenum centers.">® There are n electronically practically independent {MosOg} compart-
ments of incomplete double-cubane type, each of which carries two delocalized 4d electrons, a
situation which is comparable to a so-called electronic necklace corresponding to an electron-
storage system where the uncoupled storage elements are threaded like pearls on a string. These
compartment-delocalized electrons are responsible for the intense blue color,'**'5® see Figure 46.

Using this information it has been found that the number of {Mog} or {Mo;} units is equal to
half the formal number of Mo" centers and equal to the overall charge on the {Mo;s,} cluster,
except in the case of the ﬁrst Giant-Wheel structure which also incorporated NO as a ligand.
There are formally 28 Mo" centers corresponding to a charge of 14~ for the {Mo;s4} cluster
=[{Mo2}14{Mog}14{Mo;}4]"*

At the time of discovery and publication, the {Mo;s4} Giant-Wheel-type cluster represented the
largest cluster to be structurally characterized by single crystal X-ray diffraction. In itself, the
synthesis of this giant cluster generated enormous interest, even in the popular scientific media.">’
This is because the cluster is of nanoscopic dimensions, and as such, demonstrates potential to
bridge the gap between the molecular world, characterized by small molecules or ions, and a
world of macroscopic bulk compounds.

7.1.4.4 Reactions of the {IMo,s4}-type Wheels

7.1.4.4.1 Formation of structural defects

Under certain synthetic conditions it is possible to obtain Giant-Wheel clusters based on the
{Mos4} cluster that are structurally incomplete, i.e., there are defects when compared to
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Figure 46 Polyhedral representation of the equator of the tetradecameric {Mojss}-type cluster with the
{Mo;} units that form the double-cubane-type compartments are circled. A zoom in ball and stick repre-
sentation of these compartments is given below. This representation highlights (1) three of the 14 (incom-
plete) double-cubane-type compartments each of which is spanned by five Mo centers (Mo—Mo = 3.4-4. OA)
belonging to {Mog} as well as {Mo;}-type groups and six O atoms (the lowered bond valence sum (BVS)
values of the corresponding Mo atoms with an average value of 5.6 prove, besides other experimental data,
that two 4d electrons are trapped in each compartment), and (2) one of the 14 {(u3-0),0,}type compart-
ments—indicated by dotted lines—which are located between two double-cubane-type compartments (the
two characteristic u3-O atoms (dark gray, O—O=3.07 A) have an average BVS value of 1.2 proving
protonation).

the original {Mo;s4} cluster. These defects manifest themselves as missing {Mo,} units, but
statistically these defects can sometimes be seen as partially occupied {Mo,} units when the
distribution suffers from rotational disorder or translational disorder within the crystal structure.
The most extreme case found to date has six defects, three on each side of the Giant-Wheel cluster
and is a {Moj4,} cluster (53),"5%'57 see Figure 47.

In this case the synthetic conditions needed to isolated the {Mo4} required a very large
concentration of electrolyte (in this case ca. 2 M sodium ions present) at the time of crystalhzatlon
giving a compound of formula Nas[M014,0432(H20)ssH 4], =[{Mo2}s{Mog}4{Mo0} 4] 07 (53).
This time the number of each type of building block is varied as six {Mo,}*t groups have been
removed increasing the negative charge of the Giant-Wheel by 12. The increased charge, as a
consequence of the defects, increases the number of sodium ions associated with each Giant-Wheel
and it is not surprising that 12 positions were found in the crystal structure that were refined as
partially occupied sodium ions (a total of 6.4 sodium ions were found over 12 positions).">*' It is
interesting that the sodium ions were found to be ligated to the oxygen atoms of the remaining
{Mo,} units or ligated to the oxygen atoms present in the defect sites. In a recent study Yamase
et al. also synthesized a similar species to the {Moj4,} cluster species but this time the synthesis was
achieved via a photochemical reduction process.
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{Mo154}
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Figure 47 A representation of the building blocks that comprise the top and bottom surfaces of the wheel
cluster on the LHS. On the RHS the derivative with defects is shown; literally the removal of a number of the
{Mo,} results in a defect structure.

7.1.4.4.2 Linking of wheels to chains and layers

As the introduction of defects increases the overall negative charge of the Giant-Wheel
cluster," ¢ 158161 the rings can be linked together into chains and layers (see Table 3). In general,
the linking reactions occur through the condensation of the terminal {Mo,}-based
H,O0—Mo=0 groups on the rings with the H,O ligands on the {Mo,} units, O=Mo—L
(L=H,0) (see Figure 48).

For example a defect {Moj44} cluster (54)°°" can be linked to chains (see Figure 49) and the
other clusters {Moj4s) (55)"°° and {Mo4) (56)'°° also form chains through defects. In
addition to chains, a {Mo;s,} defect cluster (57)'*® can be linked to form two-dimensional
layers, as can a {Moys4} (58) cluster derivatized with the (H,PO,) ligand on the inner rim, see
Figure 50.'%%

The assembly of the chain shown in Figure 49 is thought to occur due to the increased
negative charge resulting from the defects present in the ring, which results from the loss of
{Mo,} units. The existence of under-occupancy at the {Mo,} sites is now well estab-
lished'%157-1¢! and has been found to be promoted by the addition of ligands which can
abstract the {Mo,} groups. For example the formate anion has been shown to extract the
{Mo,} units from the inner surface of the {Mojss}-type cluster. This abstraction has the
secondary effect of causing a higher nucleophilicity at the O=Mo(H-O) sites of the {Mo,}
units in the surrounding area. In the case of the layered compounds!®!-162 the assembly to layers
has, so far, been achieved with two approaches:

161

By producing defects that increase the nucleophilicity by increasing the local negative charge
on the terminal oxygen ligand (Mo=0) of the {Mo»} units that are still present on the cluster.
By introducing an electron withdrawing bidentate ligand e.g., H,PO,  (see Figure 48) to the
{Mo,} units to increase the nucleophilicity on the {Mo,}-based Mo=—0O group. In this case the
H,PO,  acts as both the reducing agent (in the formation of the Giant-Wheel) as well as
the bidentate ligand.

In the last process it can be considered that the reaction is facilitated by synergetically induced
functional complementarity. Examination of the overall structure forms reveals the presence of
a two-dimensional layer in which the cavities of the Giant-Wheel cluster stack up on each other to
form nanotubes that are filled with H,O molecules and sodium cations, see Figure 50.

7.1.4.4.3 Formation of host guest systems

The ring-shaped {Mos4}-type clusters linked into chains can also act as hosts for smaller
polyoxometalate guest, such as the (nonreduced) two-fragment {Mose}-type cluster.”®> In this
supramolecular system the interaction of the guest, which fits exactly into the cavity of the host, is
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Figure 48 Schematic representation of the basic assembly principle of the Giant-Wheel-shaped cluster units
forming the networks and layers. The formation is based on the synergetically induced functional comple-
mentarity of the {Mo,} units O=Mo(L) (e.g., L = H,0, H,PO,*") sites of their surfaces.

Figure 49 A polyhedral representation of {Mo44} (54) units linked to chains. The linking occurs via the
{Mo,} units (see Table 3).'¢!

due to 16 hydrogen bonds as well as the Coulomb interaction mediated by four sodium cations
located between the negatively charged host and negatively charged guest in the formation of
{Mo36 C Moy} cluster (59), see Figure 51. This is an interesting system because a heavily reduced
fragment has “captured” a nonreduced fragment. However, it has proved very difficult to
reproduce and characterize this product further.
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Figure 50 Ball and stick representation of the “packing” of the linked rings (in the direction of the b-axis)
linked in crystals of Nal()[MOVI124MOV280429(‘LL3—0)28H14(H20)66A5]'XHzo (X% 300) ({M0152}) viewed along
the crystallographic b-axis. Each ring is connected to surrounding rings via Mo—O—Mo bridges of the
O=Mo—0O—Mo—OH, units, thus forming layer networks parallel to the ac plane. One ring is shown as
basic unit in polyhedral representation (LHS top). On the LHS, bottom, a detailed view of the bridging
region between two cluster rings is shown. One {Mog} unit of each ring along with one {Mo,} unit is shown
in polyhedral representation and one {Mo,}*" (={Mo",0s(H,0),}*") unit per ring in ball and stick
representation. On the RHS a perspective view along the crystallographic ¢ showing the framework with
nanotubes that are filled with H,O molecules and sodium cations. For clarity, only one ring is shown in a
polyhedral representation. To represent the other rings only the equatorial {Mo;} units are given and
connected in the remainder of the diagram.

Figure 51 Structural details of the {Mo3s C Mo4s} cluster system. RHS: part of the chain structure is

shown, which is built up by linking ring-shaped cluster units {Mo4g} (i.e., based on the {Mos4}-type with

three missing {Mo,} groups). LHS: view perpendicular to RHS; the interaction between host and guest is due

to 16 hydrogen bonds (dotted lines) and (at least) four sodium cations (indicated by arrow, only two Na
positions are visible in this perspective view) situated between host and guest.

7.1.4.4.4 Structural modifications of the big wheel clusters

In addition to the generation of cluster defects it has been possible to derivatize the isolated wheel
clusters in other ways. For instance it has been possible to attach ligands to the inner rim of the
cluster anion. This was achieved firstly by adopting reducing agents that could also act as ligands,
for example cysteine,'®® which was inspired b]y the use of H,PO, ™ as both a reducing agent and a
ligand in the formation of the wheel layers.'®"*'* In the presence of cysteine a wheel cluster forms
that also ligates to 11 ligands derived from the oxidation of cysteine in the formation of the
species {Mo;s4L1;} (L =HO>C-(NH;")HC-CH,-S-S-CH,-CH(NH;")-CO>-) (60) see Figure 52.
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Figure 52 Ball and stick representations of the modified big wheel cluster with the oxidized cysteine ligand.

Only the positions of acetate groups of the ligand were crystallographically resolved and are shown as black

spheres. The LHS shows a top view looking down on the {Mos4} cluster and the RHS shows a view 45°
inclined from the top view. The Mo—O framework is shown by small black and white spheres.

In an extension to this work the mixed valence cluster anion of the compound (NHy4)3,[MoY'; 1o
MoY,50416H6(H,0)55(CH;CO5)6]- xH,O (1) (x250) was synthesized under one-pot conditions.
Structural analysis of this {Mojsg} (61) cluster demonstrated that it contains well-defined,
different types of defects compared to the complete parent {Mojs4}-type cluster. However in
addition to the defects the cluster also ligates six acetate anions.'®® In further studies other
derivatives and variations of the {Mo,s4} cluster includes the incorporation of Cu'' ions into a
{Mo,4,} wheel cluster of formula [(HsCus")Mo,gYMo; 14" O432(H20)s5]* (62).16°

The crystal structure reveals the presence of the cluster anions [{Mog'/ V!
O56(11-30)>(H4Cus)(H,0)sMo YV} 14 {M0,Y105(H,0),15]*°~, which are derivatives of the afore-
mentioned tetradecameric {Mo1s4}={Mog}14 {Mo;}14 {Mo0>}14-type species (51). In comparison
to the {Mojs4} anion, (62) lacks six {Mo,}-type building blocks and has the following structural
additions. In the tetrahedral cavities spanned by four oxygen atoms (two u3 and two terminal,
within the {Mog} building blocks) at well-defined sites on the cluster equator, five Cu®" centers
are incorporated but not uniformly distributed in the cavities, the largest occupation number
being 0.73. These replace some of the 14 H atoms of the parent cluster (52), which are bonded to
several of the u3-O atoms that form the cavities. With high H* ion concentrations the maximum
14-fold protonation of the tetradecameric cluster is achieved.

7.1.4.5 {Moy7} Wheel and Derivatives

The synthesis of the {Mo;7¢}-type cluster can be related to that of the tetradecameric {Mojs4}
cluster. The synthesis of this larger wheel-shaped cluster was achieved by the groups of Miiller'®®
and Zhang in 1998."” The most important change is that this requires reaction conditions with a
pH lower than 1 and in the presence of an increased concentration of molybdate. The {Moj74}
cluster can be broadly described as a hexadecamer with two extra {Mog}, {Mo,} and {Mo;} units
respectively with a formula of [M0,760525H16(H20)s0]'°~ (63)."%%'%7 which, again, can be broken
into the three types of building units, [{Mo}16{Mog}16{Mo0;}14]'°", see Figure 53.

7.1.4.5.1 Comparison between the {Mo;ss} and {Moj,s} big wheel clusters

As described in Section 7.1.4.3.1, the {Mo;s4} Giant-Wheel cluster, with the formula,
[M0,54046:H14(H20)70]'*", can be understood in terms of the three different building blocks as
[{Mo5}14{Mog}14{Mo0;}14]'*". It would appear the larger {Mo,7s} wheel, with the formula,
[M0,760525H16(H20)s50] "¢~ (63)'%'¢7 can also be broken into the three types of building units,
[{Mo>}16{Mog}i6{Mo;}16]'¢", see Figure 54. Therefore, it is easy to see that the {Mo;ss} is a
tetradecamer of these building blocks whilst the {Mo,7¢} wheel is a hexadecamer, see Figure 54.
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Figure 53 Top (LHS) and side (RHS) polyhedral views of the hexameric {Mo,7s} cluster. The {Mog},
{Mo,} and {Mo;} building blocks are shown below and the positions of {Mo;} units are ringed on the side
view on the RHS.

{Moy54}

Figure 54 Comparison between the {Mo;s4} and {Mo;7¢} big wheel clusters. Only the top sections of the

wheels are shown which comprise half of the total number of {Mog} and {Mo,} building blocks. The

equators which contain the {Mo,} building blocks are omitted for clarity along with the base of the rings
which contain the other {Mog} and {Mo,} building blocks.

7.1.4.5.2 Nucleation processes within a cluster cavity—from a {Mo;,s} to a {Moy,s} cluster

To date, despite the increasing knowledge behind the reduction and synthesis of crystalline compounds
containing Giant-Wheel clusters, it is interesting that all the diverse formulations of the {Mo;s4}-type
analogues have not been reproduced with the larger {Mo;74} ring structure. One possible explanation
for this observation is that the {Mo,} groups are more strained in the {Moys4} than the {Mo;7¢} wheel
due to the inclusion of more building groups. This is because the overall curvature in the {Mo;7¢} is less
than in the {Mo,s4} cluster. Therefore, any reactions that remove the {Mo,} groups from the {Mo,7}
cluster may be energetically unfavorable under the conditions that have been studied. This idea would
also explain why no example of a defect or chain {Mo;74} cluster has been observed.

It is extraordinary, therefore, that under special types of reducing conditions, using ascorbic
acid as a reducing agent,'®® the {Mo,7¢} cluster can be observed to grow. During this process a
further two {Moss} units are added to each side of the cluster forming a spherical disk-shape
cluster comprising 248 Mo atoms of the formula [Mo04sO720H6(H20)125]'°" (64), where the
“hub-caps” were found to have a occupancy of 50%, see Figure 55. This appears to be a
remarkable result when it is considered that the larger wheel cluster “cap” [Mo35096(H20)-4]-type
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Figure 55 A schematic representation of the growth process {Moj76} — {Mo,4s}. The structure of one
{Monyg} cluster can formally be decomposed into one {Mo;7} ring and two {Mo3509s(H20),4} hub-caps.

fragment is nearly identical to a segment of the solid-state structure of the compound {MosO14}."%

This extraordinary structure offers the possibility to model crystal growth under boundary condi-
tions, especially nucleation processes. Of particular note is that the growth event can be considered
to start from the inner {Mo,} groups, see Figure 55.

7.1.4.5.3 Surface ligand exchange on the big wheel clusters

Both types of the Giant-Wheel clusters have a very large number of H,O ligands present on the
surface of the cluster; the {Mo;s4} cluster supports 70 H,O ligands and the {Mo;;s} cluster
supports 80 H,O ligands. As a result, it appears possible to exchange these ligands by those
with similar donor properties, for example, CH;OH. In the presence of CH;OH it has been found
that the {Mo;s4} and the {Mo;76} rings can take up eight and 17 CH;OH molecules, respectively,
in the formation of {Mo;s4:8MeOH) (65) and {M0176'17M60H; (66), displacing H,O ligands, as
observed by single crystal X-ray crystallography (see Figure 56)."7" It is interesting to note that in
both structures the CH;OH ligands are only observed to replace the H,O ligands that exist on one
type of site, although the CH30H molecules were found to occupy only one type of site by X-ray
crystallographic studies this does not rule out the possibility of disorder over other sites—both in
solution and the solid state."” This site occurs on the {Mog} unit between the Mo polyhedra

Figure 56 Ball and stick representations of {Mojs4}*8MeOH (LHS) and {Moj7}*17MeOH (RHS with

surface exchanged methanol molecules shown in black and the central pentagonal unit of the {Mog} unit

shown in polyhedra). The lower section shows a schematic showing the location of the methanol molecules

on the {Mog} unit. The positions of the located sodium ions in the crystal structure of {Mo;s4}*8MeOH are
shown as gray spheres.
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adjacent to the hole formed below the {Mo,} units. Furthermore, in the case of the
{Mo;s4}*8MeOH several sodium ions were also located in the crystal structure. These are coordin-
ated with 50% occupancy to the {Mo,} units. These results have indicated that by modeling (pattern
matching, donor matching) the sites amenable to surface exchange it should be possible to utilize
ligands with more that one donor atom. For example, by functionalizing the ring with multi-donor
ligands advantage of the chelate effect can be taken. Such derivatives can then be extended to
incorporate amphiphilic ligands with the head part exchanging the H,O ligands that can in turn
allow the complexation of other species on to and into the wheel by the tail of the ligand.

7.1.4.6 Synthesis of Wheels with Electrophiles

Formally, the removal of a {Mo,} unit, introducing defects into the Giant-Wheel-type clusters,
should result in the negative charge increasing by two providing a route to the specific derivatiza-
tion of the inner side of the cluster (the defects only occur at the {Mo,}-type sites on the inside of
the cluster) and should allow the incorporation of electrophilic substrates.

1

7.1.4.6.1 Synthesis of the big wheel-type clusters with Pr"" salts

In a recent derivatization of the {Mojs4} cluster it has been shown that a smaller dodecameric
cluster (rather than a tetradecameric cluster, as in the case of the {M0154,}) can be produced when
the synthesis of the cluster is conducted in the presence of Pr' ions of the formula
[M0200360(H20)60H 1{Pr(H,0)s}6]°~ (67). However in the case of this smaller dodecameric
cluster, six of the {Mo,} groups are completely replaced by {Pr(H,O)s}* " moieties,'”"'”? resulting
in a {Moj,oPrg}-type Giant-Wheel cluster, see Table 3 and Figure 57.

The {Mo,oPrg}-type cluster consists of 12 sets of the three characteristic building blocks
{Mo,}, {Mog}, and {Mo;} corresponding to the formula of the dodecameric cluster. Therefore,
the incorporation of Pr’* into the ring system has resulted in a ring with increased curvature. The
main consequence of the increased curvature is shown as a decreased average diameter and ring
size, as the number of building blocks that can be incorporated is smaller than compared to the
{Mos4} Giant-Wheel cluster, see Table 3.

7.1.4.6.2 Synthesis of the big wheel clusters with Eu'" salts

111 111

rather than Pr

Synthesis of the cluster in the presence of Eu
of elliptical cluster, see Figure 58.

salts instead results in a new type

Figure 57 A schematic showing the structure of {Moj,sPrs} Giant-Wheel cluster in polyhedral represent-

ation (LHS) and in ball and stick presentation (RHS) (view along the crystallographica a-axis). On the RHS,

the PrOy polyhedra (the Pr atoms are shown in the center of polyhedra with hatched sides and open faces),

the pentagonal bipyramids (shown as hatched polyhedra) and the {Mo,} units (shown as filled polyhedra) on
the upper half of the wheel are shown in polyhedral representation.
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Figure 58 Polyhedral representation of the structure of the {Moj,3Euy} cluster. The pentagonal centers in
the {Mog} units are shown as the hatched polyhedra and the Eu''! ions are shown as hatched polyhedra.

This cluster was structurally characterized as dimer of two giant clusters with the formula
EueAs[Mo»sEusOs55H o(H20)s1]1> (2A=2H" or 2K™) (68).'7® The dimer contains two
elliptical molybdenum oxide-based units, linked together by two Eu—O—Mo bonds, each
unit incorporates 128 Mo'"V and four Eu'" centers and includes large fragments of the
{Mos4} “parent” cluster, see Figure 59. One explanation of this is that these dimers are
formed by Eu'"" centers acting as symmetry breakers which prevent the corresponding highly
symmetrical parent-ring closure.'*®'”? In addition, it is important to realize that such large
fragments can, in principle, be used as synthons. The ability to connect or assemble clusters in

Figure 59 On the left a packing diagram of the cluster units in ball and stick representation is shown

looking down the “cavities” (Eu'l ions in gray). On the right a representation of the “dimeric” unit (68) is

shown with the Mo-oxide-based units displayed as polyhedra ({Mo;} units, {Mo,} groups, {Mog} units with

pentagonal units; Eu"™" coordination spheres in ball and stick representation). An expanded view of the
Mo—O—EFEu groups linking the two cluster rings is also shown.
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Side view Top view

Figure 60 Demonstration of a formal {Moj,3Eu,} ring construction from a parent {Mojs4}-type cluster by

a “cutting” process giving two large fragments. A side view of the {Mojs4} ring (top left) shows the cutting

positions marked as large black spheres and the top right view those units which have to be removed from

the {Mojs4} ring and those which have to be added to the resulting two large fragments (left and right) to

generate the {Mo,3Euy}cluster unit which are shown in a side and top view at the bottom (the new {Mo,*}
units are shown on the left side together with the EuOy in ball and stick representation).

a predefined manner may allow for the design of nanoscopic devices using the “bottom up”
approach.

The giant ring-shaped parent clusters (see above) obtained from molybdenum blue solutions
are based on the three different building blocks {Mo,}, {Mo,}, and {Mog}."*® The remarkable
feature in (68) is that this has undergone critical structural changes as a result of the incorpor-
ation of Eulll (comPare the Pr''! substituted cluster)."”" This situation could be explained in that
the presence of Eu"" ions, which have a smaller ionic radius than Pr'" ions, prevent ring closure
to the parent ring type as the accompanying increase of the curvature destabilizes the system.

The two ellipsoidal cluster entities of EugAs[Mo;25FEu4033sH19(H-0)s;]5 * ca. 600 H,O (A=H"
or K*) can be approximately described by the building-block scheme used for the formation of
the {Mos4}- and {Moj76}-type species, which comprise not only the building blocks {Mo,},
{Mo,}, and {Mog}, but also the additional “new” units of the {Mo,*}, {Mo,}, and {Mog} type
({Mo,*}{Mo,"V'0,(H,0)}*"): the fragments are (formally) cut, as shown in Figure 60, from the
{Mos4}-type Giant-Wheel at four positions. The “cutting” process takes place between those
polyhedra showing the least number of bonds. The large fragments obtained (Figure 60) have the
composition [{Mo1}¢{Mo0s}4{Mog}>{Mo07}>{Moy},], that is, they include the two new {Mo,} and
{Moy} units, which are formally generated by “cutting” asymmetrically two neighboring {Mog}
units at the above-mentioned positions to produce the two major parts of the new ellipsoidal ring.
The complete ellipsoidal ring unit is formed when the two fragments are combined with two new
{Mo,*} units and four Eu'"" ions (Figure 60).

7.1.4.7 {Mos,} Big Ball Keplerate Clusters

In 1998, Miiller et al. synthesized and structurally characterized a polyoxometalate that can best
be described as a molecular sphere with an outer diameter of 30 A, and an inner diameter of
25A.% This molecular sphere, or inorganic super fullerene was given the name “Keplerate”
corresponding to Kepler’s model of the cosmos and his concept of planetary motion, as described
in his early opus Mysterium Cosmographicum."™ In accordance with this speculative model,
Kepler believed that the distances between the orbits of the planets could be explained if the
ratios between the successive orbits were designed to be equivalent to the spheres successively
circumscribed around and inscribed within the five Platonic solids. In analogy, the cluster
correspondingly shows a spherical shell of terminal oxygen atoms in which an icosahedron
spanned by the centers of the 12 {(Mo)Mos} pentagons—the Mo atoms of the central MoO,
bipyramids—is inscribed (see Figure 61).
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Figure 61 Representations of the spherical Keplerate {Mo3,} cluster. LHS: schematic representation of the

132 molybdenum atom framework of the Keplerate cluster highlighting its spherical nature. Two pentagonal

units {(Mo)Mos} groups linked by an {MoV-MoV} bridge (red) are emphasized. RHS: polyhedral repre-

sentation of the cluster. The pentagonal Mo centers are shown by the white polyhedra, the rest of the

{(Mo)Mos} groups are shown as the very dark (almost black) polyhedra and the {Mo"Y-Mo"} or {Mo,}
linker groups are shown as the lighter colored polyhedra.

7.1.4.7.1 Building block scheme for the Keplerate clusters

The overall Keplerate clusters have the formula [Mo"'7:Mo0Y)0372(MeCO5)30(H,0)7,]%~
({Moj3>}) (69) and consist of two types of building block (Figure 61): 12 pentagonal
{Mo(Mo)s} units and 30 linking{Mo" >} units, where this type of {Mo,} unit can be formulated
as {Mo0",04(O0R)"} (R=CCH;, CH, PO,). In geometrical terms this type of cluster can be
described as (Pentagon);»(Linker)sy; Pentagon ={Mo(Mo)s} and Linker ={Mo",04(OOR)"},
{OMo(H,0)}*", {Fe(H,0),}*". Unlike the {Mo;s4} cluster system, this cluster is synthesized at
pH 4 (aqueous conditions) in an ammonia/acetate buffer using ammonium heptamolybdate with
N,H4-H,SOy4 as a reducing agent. Sufficient reducing agent is used to reduce 45% of the total
number of Mo centers from Mo"! to Mo". Under these conditions crystals of the {Mo,3,} cluster
result in four days.

It is interesting that the {Mo",} building unit can only be formed in the presence of stabilizing
bidentate ligands and it is these units that are able to direct the formation of the {(Mo)(Mos)}
pentagon, which does not exist as an independent unit. Furthermore the {(Mo)(Mos)} pentagon
found in the Keplerate can be considered to be almost identical to the {(Mo)(Mos)} pentagons
found in the {Mog} units, of which the {Mos;} and Giant-Wheel clusters are comprised, Figure 62.
In addition to the building units already mentioned it is possible to describe both the wheel
and ball clusters in terms of {Moy,} units.”*>’

{|V|0154} {M013}

Figure 62 Comparison of the polyhedral representations of the {Mo13,} Keplerate with the {Mo;s4} cluster

(not to scale) with the pentagonal {Mo(Mo)s} (in thick lines) and the adjacent {Mo,} (dark gray) units

emphasized in each. It is important to know, in the context of synthesis, that the {Mo,} units have a different

structure in each class of cluster, but it is only these units, which have been observed to be exchangeable for
other metal ions.
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7.1.4.7.2 Construction of spherical species with icosahedral symmetry

To synthesize glant molecular species the most obvious starting point appears to be in finding a
reaction system in which pentagonal units® with Cs symmetry can first be generated, then become
linked and be placed at the 12 corners of an icosahedron. In the case of polyoxomolybdates these
pentagonal units ({(Mo)Mos} groups) can consist of a central pentagonal bipyramidal MoO,
unit-sharing edges with five MoOg octahedra. As stated earlier, the {(Mo)Mos} unit is itself a
constituent of the {Mog}-type unit abundant in many giant polyoxometalates (see Figure 62) in
which two additional MoOg octahedra are bound (sharing corners) to the {(Mo)Mos} unit. In the
presence of linkers, units Wthh are capable of bridging two (or more) building blocks, for
instance those of the classical [Mo",04]*" type® (typically formed in reduced molybdate solutlons in
the presence of bidentate ligands), the icosahedral molecular system with 12 such pentagons and 30
such linkers is formed. When, for example, acetate anions act as brldgmg ligands for the Mo" 204
groups, the spherical cluster with the stoichiometry [Mo"'7,:Mo"¢0O372(CH3;CO0);0(H,0)75]**~
({Moj3,}) results The central Mo positions of the 12 {(MO)MOS} pentagons define the 12 corners,
and the 30 Mo",0,>" groups the 30 edges of an icosahedron, in agreement with Euler’s well-known
formula. This corresponds to the formulation [{(Mo)MoSOzl(HzO)6}, »{Mo 204(CH3COO)}30]427.
Figure 63 describes the assembly, only in a geometrical sense, and this is vitally important if one is to
both understand and design further spherical species.

7.1.4.7.3 Changing the bridging ligands in the Keplerate clusters

On substituting the bridging acetate ligands with formate groups this smaller ligand allows a
special type of organization of the H,O molecules encapsulated inside the cluster: a hydrogen-
bonded water cluster as guest system with an “onion-type” structure which is induced by the
peripheral spherical cluster shell, see Figure 64, in the synthesis of {(H,O), C Mo3,} (70)

This type of inclusion compound is of particular interest in the study of the influence of the
outer spherical shell (including the different types of coordinated ligands) on the organization of
encapsulated, weakly bonded, guest molecules, in this case water molecules.'”>'”® In addition to
derivatives (69) {Mo;3:(0Ac)3} and (70)'77 {Mo,s(formate)so} it is, in principle, possible
to change the bidentate ligand that stabilizes the {Mo,"} group for other ligands as long as
they will fit in the cavity created by the formation of the Keplerate. In addition it is possible to
exchange the acetate hgands present in (69) with ligands like phosphate, hypophosphite, and
partially for sulfate.'”

12@

A
K

R

30

N

Figure 63 A basic geometrical description of the construction of the spherical Keplerate. Going down the

diagonal from the upper left to the bottom right: the pentagonal {Mo} unit is shown by the white polyhedra

and the remaining five Mo groups are colored dark gray. The formation of one of 12 {(Mo)Mos} building

blocks is shown and then in the next step five {Mo,"} linkers are added (lighter gray polyhedra). In total 12

{(Mo)Mos} units and 30 {Mo,} units combine to form the overall {Mo;3,} cluster. NOTE this is not a
mechanism for cluster formation, but a geometrical description.
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Figure 64 Space filling representation of the cross-section of the cluster showing the central cavity with the

organized water molecules inside. There are three shells of water molecules visible and these are depicted on

the RHS. The framework of the cluster is depicted by the dark gray close-packed spheres on the LHS and
the carbon atoms of the formate anions are shown by the black close-packed spheres.

7.1.4.7.4 Structural derivatives: removing the lid of the Keplerate

In the same way as it is possible to form derivatives of the {Mos4} wheel cluster with defects, it is
possible to remove the “lid” from the {Mo3,} Keplerate cluster in the formation of a molecular
basket, see Figure 65.'78

This molecular basket has the composition [Mo;160331(0AC)30(H20)s]**~, (71) and, by using the
building block principle described earlier, the {Mo13,} cluster loses one {Mo(Mo)s} unit and five {Mo,}
units to yield the basket anion, see Figure 66. The {Moy,s} species comprises 66 Mo"" centers and 50
Mo" compared to 72 Mo"" and 60 Mo" species in the {Mo,3,}. Therefore the reaction of {Mo;3,} to the
{Moy ¢} cluster can be considered to be a partial oxidation. The reaction conditions for the synthesis of
the {Mo ¢} cluster are similar to that of the Keplerate species (69), but a very high concentration of NaCl
is introduced into the reaction mixture and the solution is left to stand in air over a period of weeks.'™

The reaction of {Mo3,} to the {Moj ¢} presents some intriguing possibilities to remove the lid,
deposit a guest molecule and then reseal the lid by careful reduction of the species to make a kind
of “molecular hostage,” see Figure 66.

7.1.4.7.5 From {Mo;s,} to {Mo,,Mj3y} spherical clusters (M= Fe, Mo)

In an interesting extension to the chemistry of the {Mo;3,} (69) Miiller et al. have succeeded in
exchanging the {Mo,} groups present in the Keplerate species with Fe'"" and Mo" atoms in the
formation of the neutral {Mo7,Feso} cluster (72)'"? [Mo07:Fes0025(CH;CO0),0{M0,0-(H,0)}

Figure 65 Polyhedral representations of the basket-derived Keplerate {Moj6} (71). A side view is shown

on the LHS and the top view is shown on the RHS. The pentagonal centers of the {Mo(Mo)s} units are

shown as white polyhedra whereas the appended Mo atoms are shown as very dark gray polyhedra. The
{Mo,} groups are shown by the lighter gray polyhedra.
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Figure 66 A schematic representation of the loss of the lid to form the basket species. The {Mojz,}

Keplerate cluster is shown on the LHS and the {Mo;¢} is shown on the RHS. The pentagonal centers of

the {Mo(Mo)s} units are shown as white polyhedra whereas the appended Mo atoms are shown as very dark
gray polyhedra. The {Mo,} groups are shown by the lighter gray polyhedra.

{Mo72M30}

Figure 67 A representation of the structure of the {Mo;,M;¢}cluster on the RHS and a comparison with the
{Moy3,} Keplerate cluster on the LHS. The pentagonal centers of the {Mo(Mo)s} units are shown as white
polyhedra whereas the appended Mo atoms are shown as very dark gray polyhedra. The lighter gray polyhedra in
the {Moy3,} refer to the {Mo,} units whereas the lighter gray polyhedra in the {Mo07,Mj3} refer to the {M} units.

{H>M0,04(H,0)}3(H20)9;] and a neutral {Mo;,} cluster (73)"7” [M0;0,0252(H,0)75(CH3CO5),2],
respectively, see Figure 67. These spheres are smaller than the parent {Mo,3,} with outer dlameters
of ca. 24 A and inner diameters of ca. 18 A. The {MO72F€30} cluster is comprised of only Mo"" atoms
whereas the {Mo,,Mos} cluster contains 36 reduced Mo" centers where the 30 linking units are
reduced and the remaining six centers are delocalized of the 12 pentagonal centers present in the
cluster. It is, however, not possible to produce (72) in a one pot reaction and assemble the cluster
from its constituent components. One must instead react the Keplerate cluster (69) with iron salts
followed by heating and adjusting the pH to ca. 2.5. Similarly, the synthesis of (73) is achieved by
acidification of a solution of the Keplerate cluster (69) with HCI followed by the addition of a large
amount of NaCl. Crystals of (73) form after the solution is left for three days.

In essence the reaction of the {Mo;3,} cluster to the {Mo7,Fe3} species probably proceeds via a
stepwise substitution of the {Mo,} groups although no intermediates have been isolated. Remark-
ably, because it is p0551ble to produce mono-anions of (72) and (73) it has even been possible to
observe molecular ions of these species in the gas phase using MALDI mass spectrometry.'®
Such a result offers the interesting possibility that such a cluster can be “screened” with different
guests included rather than resorting to full crystallographic analysis. Furthermore it may be
possible to deposit such clusters from the gas phase to produce novel thin layer materials, perhaps
with applications in molecular electronics, etc.*

7.1.4.7.6  Formation of molecular barrels {Mo;5V 5}

If vanadyl §ulfate is added t\% an d?ldlﬁed molybdate SO\l]llltIOIl the compound Nay[{MoY'O;
(H20)}10{V'VO(H0)}20{M0""/M0"'50,/)(H20)3} 10({M0 "' 02(H,0)5} 512)2(-{NaSO4} 5),]-xH,0
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{(Mo)°(Mos)'} ,
. ﬁ 4@'

Figure 68 The basic framework of (74) shown as a distorted icosidodecahedron with 20 triangles and 12

pentagons and the {Na(SO,)}s is also shown on the LHS. On the RHS a polyhedral representation of the

overall cluster is shown. The vanadium centered polyhedra are shown by the black circles and the pentagonal

centers of the {Mo(Mo)s} units are shown by the light gray polyhedra; the other polyhedra are the five
appended Mo atoms of the {Mo(Mo)s} unit.

(x=70) (74) precipitates when the electrolyte concentration is high enough. This anionic
cluster has a barrel shape, being ca. 23 A high and ca. 25 A in diameter and is best described
with reference to a distorted 1c0s1dodecahedron formed by 20 triangular and 12 pentagonal
faces built up by Mo"! and 20 V'V centers, see Figure 68. Ten triangles spanned by 20 V!V
centers form an unusual equatorial magnetic ring shaped band. The remaining 10 trldngles
above and below this equatorial band, each formed by one V'V and two Mo"! centers,
complete the (dlstorte(\i,) 10051dodecahedr0n Ten of the 12 pentagonal faces, each formed by
one Mo¥! and four V'V centers, are capped by a {Mo(Mo)s} pentagonal unit.182

7.1.4.7.7 Formation of solid-state structures with {Mo,Fes,}

The solid-state chemistry based upon the spherically shaped Keplerate clusters is versatile. In
crystals of the {Moj3,}-type species (space group Fm 3 ), the spheres are ordered according to the
cubic closed packing scheme.®® This packing, similar to hard spheres, is simply due to the
spherical shape of the cluster’s van der Waals surface. In contrast, in the case of a monoclinic
crystal modification of the functionalized Keplerate system {Mos»Fes},'®" distinct solid-state
reactions, i.e., the linking of these icosahedral spherical clusters to layers, can take place even at
room temperature. During the dehydration process of crystals comprising {Mo;,Feso} units,
crystal water molecules are expelled in a first, slow step and the cluster shells approach each
other until a minimum distance between the Fe—OH," - *H,0O—Fe groups (on adjacent clusters) is
reached (Figure 69). This first step is followed by a second, faster one in which a condensation
reaction takes place at four Fe sites on each cluster unit to produce a linked cluster, (75). This
reaction mechanism is known for the formation of inorganic polycations at low activation
energies.

This reaction finally results in a two-dimensional grid structure found in the compound
[HsMo7,Fe300,54(CH3COO0)10{M0,04(H,0)} {H,M0,05(H,0)}3(H20)g7] - ca. 80 H,O. The fOUf
Fe—O—Fe links (Fe—Fe=3.79 A) interconnect each cluster unit with four neighboring shells.**
This also leads to a decrease of the effective magnetic moment from nearly 30 uncoupled Fe(III)
centers to approximately 26 uncoupled Fe(IIl) centers as the iron centers of the nearly linear
Fe—O—Fe groups are strongly coupled. This situation is typical for structurally similar (linear)
(u-O)Fe, complexes.'™?

It is possible to isolate the intermediate compound containing the spherical clusters as discrete
entities: [MO72EC300252(CH3COO)10{MO2O7(H20)}{H2M0208(H20)}3(H20)91] -ca. 100 H20
(Fe—Fe =5.35A), which crystallizes in the same space group (P2/n) as the freshly prepared
precipitated compound, before the dehydration (drying) process. In this compound the short
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Fe--Fe:6.74A —— Fe--Fe:5.35A —— Fe--Fe:3.79A
(intermediate)

wet crystals dried crystals

Figure 69 Representation of the metal skeletons of the cluster units in the {Mo7,Fe3o} layer compound with

emphasized links (right side). The condensation reaction proceeds from discrete cluster units (as present in

freshly prepared crystals of {Mo;,Fesq}; left side) via an intermediate, in which discrete units are approached

to each other reaching a minimum distance. This geometry is stabilized by hydrogen bonds between the
Fe—OH,- - -H,O—Fe groups, which finally react to the Fe—-O—-Fe linkers.

Fe---Fe distances are stabilized by hydrogen bonds (Fe—OH,--*OH,—Fe¢ of 2.77 A), see
Figure 69.

In addition, the tiling of icosahedral units in a two-dimensional grid in principle collides with
classical crystallography, which excludes the presence of Cs axes. In the layer compound that
crystallizes in the space group Cmica, the symmetry is broken by the linking of the icosahedral
units via oxygen atoms, thus enabling the arrangement in a two-dimensional grid.

7.1.4.7.8 Molecular hostages and networks of molecular hostages

In a dramatic extension to the chemistry of the iron-substituted Keplerates, it has been possible to
assemble a Keggin ion inside the {Mo7,Fesp} cluster in the formation of the hostage complex
{PMO]z} C {M0132} (76) with the formula, [PM012040 C {(MOVI)MOVIS}12FCIHOQ52(H20)]02
(CH3C00),5] * ca. 120 H,0, see Figure 70."**'5 This possibility was first realized by a modeling
investigation resulting in the initial synthetic approach, which involved mixing the Keggin ion and
{Mo7,Fe3} together in aqueous solution. Initial crystallographic studies were ambiguous but an
electron density synthesis helped indicate the presence of a low percentage of the Keggin ion
encapsulated inside the {Mo;,Feso} sphere.'®

In further studies it was realized that the synthesis of the cluster could be observed if a solution
of the Keggin ion, Fe'"" salts, molybdate, and acetate was taken to a pH of around 2 and left for
five days, after which time (76) precipitates. Furthermore, if just a solution of NaH,PO, was
added to the above solution (without the Keggin ion) the same cluster (76) will precipitate after
seven days. This evidence clearly points to the Keggin ion as having a vital templating role in the
formation of {PMo;,}C;3, (76) and it has not yet been possible to generate an empty {Mo,,Fe;q}
cluster from the constituent ingredients of molybdate, Fe'"" salts and acid, see Figure 71. Finally,
it also appears that reaction of the {PMo;,} Keggin ion with Fe"'! also results in the hostage
complex (76).'%*

Similar to the observation that {Mo;,Fesy} clusters form a two-dimensional network on
dehydration, the hostage complex also undergoes a dehydration resulting in a remarkable two-
dimensional network of spheres encasing weakly bonded Keggin ions, (77), see Figure 72.'%5
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Figure 70 A representation of the crystal structure of {PMo,}C;3,(76). A wireframe representation of the
{Mo7,Fe;} cluster shell is shown with a polyhedral representation of the encapsulated Keggin ion.

{Mo7oFeso}

{Moy35} + Fell ‘|Z[')'

basic
ingredients

{PMO12} O {Mo7,Fesp}

Figure 71 A schematic showing the reaction processes leading to the {PMo,}C3,} and {Mo;,Fes}. The

molecular hostage complex can be synthesized directly from the most basic units but the empty {Mo;,Feso}

cluster must be synthesized from the {Moj3;,} cluster. These observations strongly suggest a role for the
Keggin ion as a template to assemble the outer sphere.

7.1.4.8 {Mozes} Clusters: a Hybrid Between Wheel- and Ball-shaped clusters

In a very recent result, Miiller e al." have reported the largest molecular cluster to be character-
ized by single crystal X-ray diffraction to date. In this case the molybdenum oxide based
nanocluster is the size of hemoglobin, with an approximate diameter of 6 nm, and contains 368
metal (1,880 nonhydrogen) atoms formed by the linking of 64 {Mo;}-, 32 {Mo,}-, and 40
{Mo(Mos)}-type units with the formula [H,Mo035501032(H20)240(SO4)as]*®~ (78). Once again,
the role of the pentagonal {Mo(Mos)} units in creating a curved surface cannot be overstated.
The overall structure of the cluster is unprecedented, insofar as it incorporates two oppositely
curved surfaces, i.e., a positive surface that goes through an inflexion point to a negative surface.
The result is a cluster that resembles the shape of a lemon, see Figure 73.
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Figure 72 Schematic structural representation of a layer of the two-dimensional network of (77) with the
outer case, {Mo7,Fesy} shown as a wire frame and the encapsulated Keggin ion shown as a polyhedral
representation.

Figure 73 A ball and stick representation of the structure of the {Mos4g} cluster; the molybdenum atoms

are shown as black spheres, the oxygen atoms as white spheres and the sulfur atoms of the sulfate groups

(inside the sphere) are shown as gray spheres. A side view is shown on the LHS, which shows the longest

dimension of the cluster, being ca. 54 A and a height of ca. 37A. A top view is shown on the RHS, which
shows the opening at the top of the cluster of ca. 14 A.

In terms of building blocks the {Mossg} can be described as [H {Mo(Mos)}'g
{Mo(Mo0s)}""3:{M0,} 16{M05}"s{Mo05}""s{Mo0,}¢s]"°~ and has an approximate D, symmetry
with a central ball-shaped fragment, {Mo0,gsO754(H>0)195(SOy4)35}, and two capping units,
{Mo0490124(H>0)->4(SO4)s}, see Figure 74. Interestingly, there are three rather large areas, with
different local symmetries: Dg, in the central part and Cy, in the two capping areas (Figure 74).
The presence of the bidentate SO,°~ appears to allow the construction of this cluster, the coordin-
ation type of the SO, ligands: 40 with SO4>~ ligands and eight without located in the Cy, areas.
The dinuclear units {Mo-} not only differ with respect to the number of bidentate SO,>~ ligands but
also, for those at the ends of both caps, that is, the borderlines, both Mo centers have two terminal O
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Figure 74 Ball and stick representation of the {Mo3gg} split into the three distinct units, the central cylinder
and the two caps, all of which have different local symmetries.
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Figure 75 Comparison of the equator frameworks of the {Mo;ss} wheel (top section) and {Moses}-type

clusters (bottom section). The equator associated with the {Mosgs} appears to be more corrugated than that

of the wheel but the pentagonal units associated with the equator rim (bottom RHS) rise more closely to the
vertical, perpendicular to the plane dissecting the equator than those of the wheel (top RHS).

atoms in a situation characteristic for stopping growth. The {Mo;} units are of the classical type
{OMOV(Hzoz/} and contribute correspondingly to the highly reduced state of (78). The other
formally Mo "-type centers are distributed over several parts of the cluster areas, which causes a
widespread delocalization of the Mo 4d electrons.

The structure of (78) can be considered as a hybrld between the Giant-Wheel ({Mos4}-type/
{M0176} type) and ball ({Moloz} type) clusters.'®” Examination of these two clusters and compar-
ison with the {Mosgg} cluster is revealing; the {Mo(Mos)} and {Mo;} units of the {Mo;(,} ball-
type cluster as well as {Mo(Mos)} and {Mo,} units of the wheel-type species are all present in
(78). In addition, this cluster has a definable equator, the framework of which can be compared to
that of the wheel-shaped cluster, see Figure 75.

The high reduction state (ca. 112 MoV, 256 MoV"), which is much higher than that in the wheel
systems (e.g., 28 Mo", 126 Mo"") seems to confirm the importance of MoV centers in the
construction of clusters displaying extraordinary structural versatility. The {Moseg} cluster is
synthesized by reducing a solution of molybdate with Na,S,04 acidified with H,SOy4. It is
1mportant to note that this cluster appears to be constructed at higher reducmg values, ca.

30%, i.e., 30% of the total number of the Mo centers in {Mosgg} cluster are Mo" compared
with 18—20% in the {Mojs4/Mo;76} clusters, 45% in the Keplerate {Mo3,}, and 35% in the
{Moloz} ball.

7.1.4.9 Building Block Principles

In this section, high nuclearity clusters with sizes ranging from that of a normal molecule to a size
approaching that of a small protein are described. A common theme that links all these systems is
that almost all of these molecules can be synthesized under one-pot reaction conditions. Even
more strikingly, these conditions need only to be adjusted in one or two respects to encourage
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Figure 76 A schematic showing the potential for many types of polyoxometalate building blocks in

solution with the pentagon-based units forming closed units (and therefore more difficult to decompose,

all things being equal, than a cluster system that had well defined edges and corners). On the LHS the vast

number of hypothesized different building units present in solution, along with the pentagonal units are

shown. Then our hypothesized equilibrium between these units and various clusters in solution is shown.

Finally on the RHS the clusters with pentagonal building blocks with closed geometries are depicted with an
equilibrium which is in favor of the close-spherical/ring-shaped cluster system.

growth of, for example, a {Mo34s} cluster rather than a {Mose} cluster (in this case the addition
of reducing agent and a ligand). In the case of polyoxomolybdates chemistry, the use of penta-
gonal-type building groups, with different symmetries, plays a key role in the synthesis of these
systems. This can be taken further by considering that edge-sharing (condensed) pentagons
cannot be used to tile an infinite plane,'®® whereas exactly 12 pentagons are required, in connec-
tion with well-defined sets of hexagons, to construct spherical systems such as that observed in the
truncated icosahedron—the most spherical Archimedean solid—in polyhedral viruses, or in the
geodesic Buckminster—Fuller domes."®® Therefore the use of pentagonal building blocks is abso-
lutely essential in chemistry for the production of curved species—the paradigm of which is Cgy.

However, the question of exactly why these cluster systems were discovered at all still remains.
This can be highlighted by considering the simplicity of the constituent building blocks and,
therefore, the literally hundreds, maybe thousands, of condensed metal oxygen fragments with
varying charges and symmetries that could exist in a solution of partly reduced molybdate at
certain pH values. To answer this question we must consider a solution with many hundreds of
different types of linkable units present with smaller building block species in equilibrium with
large species (it should be noted that in poloxomolybdate chemistry this equilibrium is attained in
a matter of minutes or hours).

Perhaps the answer can be found in the fact that the pentagonal unit facilitates the formation of
a curved geometrical system with no edges. However, when one considers the formation of rigid
pentagonal units in solution and the reaction through to the product, one can see that a closed
cluster with no edges is uniformly reactive and, therefore, harder to decompose (if it is rigid) than
a cluster with many edges and no rigidity. In summary, the combination of rigid units with
pentagonal symmetry may result in many hundreds of species, but it is likely that only the
structurally uniform, most stable species are likely crystallize. In this way the equilibrium can
be pushed towards the precipitation of closed geometrical systems with no edges, i.e., clusters with
ring or spherical topology. This hypothesis is summarized in Figure 76.

7.1.5 OUTLOOK

In recent years there has been an unprecedented increase in the number of interesting polyoxo-
metalate clusters that have been structurally characterized by single crystal X-ray crystallography
and, of course, the absolute size of the molecules characterized. Indeed, the elucidation of the
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structure of the {Mosgg} represents the largest nonbiologically derived macromolecule to be
structurally characterized to date and there is no reason to suppose that the discoveries in this
area will stop at this nuclearity.'

Polyoxometalates, with all their relevance to catalysis, reactivity, electronic structure, materials
science, and medicine are set to become a paradigm for those working in nanoscience. This is
because the polyoxometalate clusters described here are ideal candidates for the development of a
new type of supramolecular chemistry based upon the building-block ideas already established.
Using these ideas it should be possible to work towards designer nanomolecules of ever increasing
size and complexity.'”*"** Such clusters, for instance, are being proposed for the design of
molecular magnets'’ that could behave as super-paramagnets and electron storage devices that
could be used in molecular electronics. Maybe such systems could be used to probe and even
discover new physics at the quantum classical limit or examine molecular growth processes.'®® In
addition, researchers could begin to answer the fundamental questions about the self-assembly
processes that underpin the creation of such structures and ask what influence could our concept
of building geometrical and real building blocks have in the design of these molecules.®’ If we are
able to devise some rules for cluster design then it may be possible to design new types of
molecular hostage complexes that could be used in information storage or even in light-harvesting
systems, as well as potential applications as robust sequestering agents. For example, there is the
potential to design polyoxometalate clusters that can selectively assemble into a given structural
type in the presence of the ion to be sequestered, e.g., actinide ions to give a system for
sequestering radioactive elements. The design/discovery of polyoxometalate nanotubes and junc-
tions would also be an important aspect and provide an interesting alternative to the carbon-
based analogues.'®® Whatever the future, one thing is sure—that researchers will be captivated
and motivated by the beauty and complexity of polyoxometalate structures that will be discovered
during the coming years.
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7.2.1 INTRODUCTION

The past two decades have seen an explosion of growth in the area of polynuclear metal—
chalcogemde chemistry, as highlighted by a number of tlmely and comprehensive reviews encom-
passing the areas of transmon metal-chalcogen clusters,"™ the utility of sulfur,®” selenium and
tellurium-based ligands,* ' and clusters as structural analogues of solid-state materlalsll 12 and
biological systems.">'® There are almost as many driving forces behind the development of this
area of research as there are structural motifs dlsplayed by this interesting class of molecules. The
early development of metal-sulfide clusters is often attributed to the structural relatlonshlps
observed between discrete molecular models and those observed in biological systems.'*>* The
continued development of such model compounds has lead to a greater understanding of the
structure—property relationships of metalloproteins. These topics are thoroughly reviewed in
Volume 4, Chapter 4.12; Volumes 5 and 6, in Volume 8, Chapter 8.2, Chapter 8.7, Chapter 8.17,
and Chapter 8.23, and Volume 9, Chapter 9.22, and are thus outside the scope of this section.

Numerous advances in the development of new chalcogen reagents for the synthesis of metal—
chalcogen clusters have further expanded metal-chalcogen chemistry. The inherent instability and
toxicity of organoselenium and -tellurium complexes can be overcome via judicious ligand design.
The resultant metal-chalcogenide clusters have also given rise to a materials-oriented focus due to
the interesting physical properties often displayed by these polynuclear complexes. The wealth of
chemistry exhibited by metal-chalcogen clusters containing four or more metals is such that a
comprehensive listing of each is beyond the scope of this review. Our focus is to provide a detailed
discussion of the reaction strategies that have been developed for structurally characterized groups
IV-XII and lanthanide metals, and to summarize their structural and physical properties.

In this section, we endeavor to provide an overview of the development of metal-chalcogenide
(S, Se, Te) cluster chemistry over the past two decades. We describe the common synthetic
approaches used and the general bonding characteristics of M—E interactions that render the
chalcogen-based ligands so effective in promoting and stabilizing polynuclear frameworks.
The principal structural motifs of molecular My, Mg, Mg, My, and M3, and larger clusters are
described, including relationships to extended solids. Finally, the rich photophysical properties of
metal-chalcogen clusters including the size-quantization effects observed in nanoclusters are
reviewed. Literature from 1980 through the end of 2001 is cited.

7.2.2 SYNTHETIC APPROACHES TO METAL CHALCOGEN CLUSTERS
7.2.2.1 Molecular Approaches

7.2.2.1.1 Association of metal cations and chalcogenide or chalcogenolate anions(1)

The simplest approach to metal chalcogen cluster complexes involves the self-assembly of metal
cations and chalcogen anions, usually in the presence of stabilizing ancillary ligands (Equation (1)).
Chalcogenide anions, E>~, can be generated in situ from H,E in several ways including
deprotonation in basic solution or via reaction with hydrated metal salts. While several examples
of metal sulfide clusters synthesized usmg H-S have been reported,”*’ the use of H,Se and H,Te
in cluster synthesis is much less common,***? as these reagents, in addition to being very toxic,
are difficult to handle, and often lead to a mixture of products. Soluble chalcogenide anions, of
the formula A3E, (A =Li, Na, K) represent a much more convement source of chalcogenide. The
mono-chalcogenide anions, A,E, are efficient delivery agents of E*~ in metal chalcogen cluster
synthesis, as they are relatively easy to handle, and react with a variety of metal salts (see Sections
7.2.4.1-7.2.4.4). Chalcogenolate anions RE™ can be introduced via similar reagents (RE-H or
RE-A), or formed in situ by the reduction of REER. These reagents are often used in conjunction
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with chalcogenide anions to produce mixed chalcogenide/chalcogenolate clusters (Equation (2)).
Ambitious design of chalcogenolate ligands with bulky substituents has led to a number of
homoleptic metal chalcogenolate clusters;***” however, in these systems there exists the competing
factor of a preference for the formation of mononuclear metal chalcogenolate complexes:!?

M"" +E> + L — [M_E,L.]"*/~ (1)

M™ +E*” + RE™ + L — [M,E! (E’R),L.]""/~ )

Polychalcogenides have also attracted much attention in cluster synthesis, due to the unique
coordination modes adopted by these ligands.*® Often denoted E4*~, polychalcogenides are
known to exist in solution as a complex mixture of soluble anions, E.*~, where x=2-6.*
When reacted with metal salts, polychalcogenides undergo metathesis reactions, often resulting
in polynuclear clusters containing several metal atoms (Equation (3)). The addition of polychal-
cogenides to metal carbonyl complexes promotes an internal redox reaction in which the chalco-
genide chain is reduced by the metal center, resulting in oxidative decarbonylation of the metal.>"
The reaction of metal carbonyl complexes with polysulfides or polyselenides often results in
the full decarbonylation of the metal center, and the formation of monomeric, metal-chalcogenide
species.>"? Alternatively, polytellurides are inclined to promote only partial oxidation of the
metal center, leading to the formation of clusters (e.g., Equation (4)):>*

M™ +E2" + L — [M.(E,),L,J"/ (x =2-6; p = 2—6) (3)

5[Fe(CO)4] 4+ Te>~ — [FesTeqs(CO),, >~ + 11CO (4)

7.2.2.1.2 Reduction of a chalcogen by M(ER), (1I)

Metal thiolate complexes will reduce elemental sulfur or red selenium via the oxidative elimin-
ation of RSSR. In a similar manner, metal selenolate complexes can be used to reduce elemental
selenium. The resulting E*~ ligands favor the formation of polynuclear cluster complexes, due to
the greater tendency of E*~ (vs. RE™) to form bridging interactions between metal centers. Originally
developed in the synthesis of [FesSes(SPh)4],>* this method has been well utilized in the synthesis of a
number of iron thiolate/sulfide clusters, as well as their selenide counterparts (Equation (5)).>> >’ More
recently, sulfur- and selenium-containing lanthanide clusters (see Section 7.2.5.5) have been
synthesized by the displacement of ER from Ln(ER);:™®

X[Fe(SR),]"™™ + YE — [Fe E,(SR),, .]"™ + Z/2 RSSR(E = S, Se) (5)

XI‘I*Z}

An extension of this approach involves the synthesis of clusters containing E*>~ ligands (E=S, Se)
from metal chalcogenolate cluster complexes. The replacement of RS~ ligands with E>~ can
result in the formation of higher nuclearity clusters, as demonstrated in the synthesis of the
clusters [MoE'4(E°R);¢]*” (Equation (6)).3° Metal chalcogenolates will not reduce elemental
tellurium in this manner.” This can be attributed to the fact that tellurium, unlike its lighter
congeners, does not exist in an Eg form, and as a result, is much less reactive:

5[M,(E°R),]*” + 8E! — [M,,E',(E’R),(]*" + RE’E’R 4+ 2E°R™ (M = Zn,Cd; E=S,Se)  (6)

7.2.2.1.3 Phosphine chalcogenides as a source of E (III)

Trialkylphosphine chalcogenides can be described as soluble, organometallic sources of elemental
chalcogen. Despite being relatively stable, the selenide and (especially) telluride derivatives have
sufficiently poor E =P orbital overlap, that they can act as transfer agents of zerovalent chalcogen.
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(1)

Figure 1 Ball-and-stick representation of the cluster core of [NiyTe;g(PEt3);2] (1).

This is demonstrated by the ability of triethylphosphine telluride to reversibly undergo disproportion-
ation to yield triethylphosphine and tellurium metal.®® It has been recognized that these reagents can
be used to transfer selenium or tellurium to metals with labile ligands. At high temperatures, these
reactions typically result in the formation of bulk solid M/E materials.*""** At room temperature,
intermediate cluster complexes can be isolated by the addition of stabilizing ancillary ligands.**
Examples of these reactions are demonstrated in Equations (8)%° and (9).°® In some cases, tactical
control of the reaction conditions can result in the isolation of different complexes. For example,
the reaction of TePEt; with Ni(COD), (COD = cyclooctadiene) and PEt; in a 1:1:1 ratio yields the
cluster [NirgTe g(PEt3)15] (1) (Figure 1). The use of a half of an equivalent of TePEt; and a large
excess of phosphine results in the formation of [NigTeg(PEts)s].®” Also notable are the numerous
metal-selenide carbonyl clusters synthesized using phosphine selenide and related reagents.®®
Metal sulfide clusters are not generally accessible via this route owing to the strength of the S=P
interaction, although a number of sulfide-bridged metal carbonyl clusters from R3P =S reagents are
known: 7

Ni(COD), + xsSePEt; — [Niy;Seis(PEL) 5] (8)

6(Et,P),Cr(C;Hs), + 8TePEt; — [Cr Teg(PEt;)] 9)

7.2.2.1.4 Insertion of chalcogen into M—R bonds (IV)

The insertion of chalcogen atoms into a reactive metal-carbon bond is a common route in the
synthesis of metal chalcogenolate complexes.'®”" Typically, these reactions involve the addition of
elemental chalcogen to an alkali (or alkaline earth) metal salt,”*’® as demonstrated in Equation
(10).”" In fact, the preparation of many of the chalcogen-containing reagents described in this
section involves chalcogen insertion reactions at some stage. Much less common are reactions
involving the direct insertion of chalcogen atoms into transition metal-carbon bonds. The add-
ition of sulfur to transition metal alkyls often results in the formation of metal polysulfide
complexes,®””7® however, the synthesis of several early transition metal selenolate and tellurolate
complexes by this route have been reported’®®* (e.g., Equation (11)).% These reactions generally
involve coordinatively unsaturated metal starting reagents. In certain cases, chalcogen insertion
has been used to produce polynuclear metal chalcogenolate complexes, as observed in the reaction
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of ZnEt, with sulfur (Equation (12)),®% consistent with the well-developed strategy for synthesiz-
ing main group metal-chalcogen cluster molecules:*®

RLi + E — RELi (10)
[(Me,Cs),ScCH,Ph] + Te — [(Me,Cs),ScTeCH,Ph] (11)
ZnEt, + Sy — [EtZn(SE) (12)

7.2.2.1.5 Silylated chalcogenide and chalcogenolate reagents (V)

Substitution reactions involving silylated chalcogen reagents represent a powerful approach in
metal-group-XVI cluster synthesis.”*”* Compounds such as E(TMS), and RE-TMS react read-
ily with metal salts to form metal chalcogenide or chalcogenolate bonds (Equations (13)—(15)). The
driving force for the reaction is the thermodynamically favorable formation of an X—Si bond and
elimination of X-TMS (where X =halide, OAc, etc.).

The generality of this approach is demonstrated by the ability of these main group complexes to
react with a wide range of metal salts including those of early and late transition (see Section
7.2.5.1) and main group metals.’®®' The products obtained are highly variable and are dependent
upon the reaction conditions used. Extensive studies in the synthesis of XI-XVI clusters have
demonstrated that careful control of the M/E/PRj ratio, the nature of the phosphine, and the
solvent system can have an incredible effect on the products formed,*” which range from
molecular clusters to the remarkable nanoparticles [CujseSes3(PPhs)so] (2)°% (Figure 2) and
[Ag;75Se40(SeBu™)ox(dppp)al”® (dppp = 1,3-bis(diphenylphosphino)propane; see Section 7.2.6.1):

M-X, + nRE—TMS — [M(ER),],, (13)
M-X, + 1’1/2 E(TMS)2 - [MEn/Z]m (14)
M—X, +1/2 RE-TMS + n/4 E(TMS), — [M(ER), ,E, a],, (15)

(2)

Figure 2 Ball-and-stick representation of the cluster core of [Cuj46Se73(PPhs3)so] (2).
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Figure 3 Schematic representation of tris(trialkylphosphine)trimethylsilyl-chalcogenolate (3).

The ability to control product formation, the reproducibility of results, and the relatively mild
conditions under which the reactions proceed, have made cluster syntheses by this method very
attractive. Furthermore, the starting materials are themselves readily prepared and easily stored and
handled. This is especially valuable in metal telluride chemistry, in which suitable reagents for
cluster syntheses are often unstable and must be generated in situ, leading to complex mixtures of
reaction products. The use of the silylated tellurium reagents Te(TMS), and RTe-TMS has allowed
access to a wealth of metal tellurium clusters with unique structures and properties.¥”#%:9493

The approach of using RE-TMS reagents is readily adaptable to introduce specific chemical
functionality in “R,” and has thus been extended to the synthesis of ternary CuHg'E nanoclusters
via the use of silylated copperchalcogenolate complexes, [(L);Cu(E-TMS)] (3) (E=S, Se, Te;
L =PPry, PEt;) (Figure 3) as soluble delivery agents of CuE (Equation (16)).°® Silylated ferro-
cenyl-selenolate reagents have also been used to introduce redox-active ferrocene units onto copper
selenium cluster cores (Equation (17)):”’

(PPr5);CuSe — TMS + %Hg(OAc)2 + PPr} — [Hg,sCuxSes(PP13) ] (16)

Cu(OAc) + 3PPh,Et + 1Fe(1’-CsH4Se-TMS), — [Cug{Fe(;*-CsHaSe), }, (PPh,Et 17
2 2 8 2J4 2 4

7.2.2.1.6  Nucleophilic metal chalcogenide complexes (VI)

Metal complexes containing chalcogenide or chalcogenolate ligands can themselves be used as
a form of “metalloligand” in the synthesis of polynuclear complexes. Among these, the
tetrachalcogenometallate anions, [ME,*>~ (M =V, Nb, Mo, W, Re) have been most widely
used in cluster synthesis.”®*'°! These complexes possess terminal chalcogenide ligands, which
are rare in metal chalcogen chemistry. The addition of soft metal cations, such as Cut or Ag*,
results in bridge-forming reactions between the chalcogen atoms and the terminal chalcogenide
ligands of the chalcogenometallate precursor (e.g., Equation (18)).'°% The vast number of
M—Cu(Ag)—E clusters that have been synthesized via [ME,]"” reagents are discussed in
Section 7.2.5.3.1.

[NH,],[MoS,] + 2CuCN + 3[NBu",|Br — [NBu",],[Cu,,MosSs] (18)

Polynuclear metal chalcogenide species have also found application as nucleophiles in cluster
expansion reactions. The bridged iron—sulfur species Fe,(u-E),(CO)¢ reacts with metal cations to
form heterometallic clusters of various nuclearities and structural types.'*>'** Similar studies
involving other chalcogen-bridged transition metal species have produced a number of hetero-
metallic cluster complexes (see Section 7.2.5.3.3). The “incomplete cubane” clusters, [M3E4],
whose structures are representative of a cubane with a “missing” metal vertex, can be used to
synthesize heterometallic cubane-like clusters (Equation (19))."*'%7 The use of higher nuclearity
precursors such as [NbeS;7]*~ and [FeeSel¢]’~ has also been demonstrated.'*®1%?

[M'3E]" + [M?*)"" — [(M'Eq) M, )" (19)
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7.2.2.1.7 Cluster expansion[condensation by abstraction
or induced elimination of a ligand (VII)

Most metal chalcogen clusters, especially those of the late transition elements, require ancillary
ligands such as CO, phosphines, or even chalcogenolates (RE) to stabilize their metal chalcogen-
ide cores. As a result, removal of one of these ligands should destabilize the cluster core, and in
most cases it would be expected that such an action would result in degradation of the molecule.
In some circumstances, however, these reactions result in the formation of larger clusters via
condensation reactions. The addition of sulfur to a phosphine-stabilized cluster, in which cluster
expansion is achieved via the generation and elimination of S=PEt; is one method."""""" The
same fundamental approach is involved in the reaction of PR3 with MosE,Cl; (E=S, Se), which
involves the abstraction of E*~ to produce high nuclearity molybdenum chalcogenide clusters
(Equation (20)):'1%113

[NH,],[Mo0;Si3] + xsPEt; — [Mo4S10(SH),(PEt;)] + 2NH; (20)

7.2.2.1.8 Excision of a molecular fragment from an extended solid (VIII)

There are several examples in solid-state chemistry of nonmolecular solids in which the
primary building blocks are distinct cluster units,'’ and the isolation of these fragments as
molecular species is an attractive goal. Unfortunately, many of these solids contain condensed
structures in which the cluster components are connected via vertex-, edge-, or face-sharing
interactions. For these systems, segregation of the independent units will not be possible, as
rupture of these solid-state interactions will result in degradation of the cluster cores.
If, however, the solid-state structure consists of discrete cluster units connected via bridging
interactions then removal of the intact cluster core can be achieved by severing these
linkages.""

This approach has been fashioned in the pursuit of molecular rhenium chalcogenide clusters
whose structures have not been accessible by conventional self-assembly techniques. The method,
which has been termed “cluster excision,” involves the addition of a suitable ligand to the
nonmolecular solid, such that the vacant sites on the metal centers will be occupied upon cleavage
of the bridging interactions. Ligands that have been utilized in this approach include CI™ and
CN™, affording molecular rhenium sulfide and selenide clusters (Equation (21))."** This method also
allows access to previously known structures under milder synthetic conditions:

ResSesClg + xs(PryN)Cl — (Pr,N),[Re,SesCls] (21)

Until recently, this approach was useful only in the isolation of cluster units from one- or two-
dimensional solids, as, except for a few reports'’>'!” three-dimensional networks were generally
inert to this type of treatment. To overcome this problem, the process of “dimensional reduction”
was developed, in which the three-dimensional cluster framework is deconstructed by sequential
addition of a reagent A—X (A=Cs, TI; X=Cl, Br).""™®'"® In each step, the anionic ligand,
X, disrupts the bridging interactions in the nonmolecular solid, reducing the overall dimensionality of
the framework (Figure 4). The cations, A, are added to preserve the electron count of the clusters
by balancing the negative charge accumulated in each sequence.

7.2.2.1.9 Additional methods (1X)

In addition to the synthetic approaches described above, a number of alternative routes to
polynuclear metal chalcogenide or chalcogenolate complexes have been described. Organometallic
complexes will reduce elemental chalcogen, often resulting in the formation of clusters'?’~'>
(e.g., Equation (22)). Many other approaches involve the use of chalcogen reagents other than those

described in the previous sections. A selection of these is summarized in Equations (22)—(25)
below:lZO,lZ(klZS

3C0,(CO)g + 1585 — [CogSs(CO)]*3Ss (22)
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:le

Figure 4 The process of dimensional reduction (see text).

(CuSPh), + 2PPh; + xsCS, — (PPh,),Cu(S,CSPh) — [Cu,,S(SPh),,(PPh,),] (23)
(PPh,);CoCl + [S,C=C(CN),]*" — [C0sS4{SC=C(CN), },(PPh,),] + [CogS¢Br,CL(PPh,),]  (24)

Fe(CO); + TeCly (or TeO, or TeO;*") — [FeyTeg(CO),,] (25)

7.2.2.2 Solid-State and Solvothermal Approaches (X)

Direct reaction of elemental chalcogen and metal under ceramic conditions typically results in the
formation of nonmolecular M/E solids (Equation (26)). Ancillary ligands may be included in the
reaction mixture to aid in the stabilization and isolation of molecular complexes (Equation (27)).
A variation of this method, termed the solvothermal approach, involves the use of a small amount
of solvent in the synthesis to promote crystallization of the product. This approach was applied in
the synthesis of the molybdenum polyselenide clusters [MogSeso]® ™ '** and [Mo»Sese]'> .13 and
has become a general route in the synthesis of clusters containing polychalcogenide ligands*® (see
also Table 17). Recently, this method has been utilized in the synthesis of three-dimensional
framework solids containing supertetrahedral cluster units [Myln;¢Sss_,,] (M =Mn, Co, Zn, Cd;
n=0, 2)."3"132 The substitution of the metal and chalcogen elements for suitable metal chalco-
genide reagents, such as tetrachalcogenometallates (Section 7.2.5.3.1) or other solids (Table 2) has
been implemented in the synthesis of molecular clusters.

M) + E) — [M,E,] (26)

M) +E¢) + L — [ME,L] (27)
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7.2.3 STRUCTURE AND BONDING

The extremely rich structural diversity in metal chalcogen cluster chemistry can be credited, in
large part, to the flexibility of chalcogenide and chalcogenolate ligands. This is demonstrated in
their ability to adopt several different coordination modes, their strong tendency to bridge metal
centers, and to form stable bonds with most transition and post-transition metals. The tendency
to adopt bridging coordination modes, of particular importance to the cluster chemist, can be
attributed to the highly polarizable electrons and the anionic nature of these ligands. In contrast,
neutral ligands such as H,E, R,E, and REH form less stable complexes with metal centers, due to
the lability of such ligands in both the terminal and bridging coordination modes.

7.2.3.1 Chalcogen-containing Ligands

7.2.3.1.1 Chalcogenide ligands

Chalcogenide ions (E*7) are the most electron rich ligands in this class. Consequently, terminal
coordination of these ligands tends to occur in early transition metal complexes in their highest
oxidation states. Examples of these include the tetrahedral polychalcogenometallate anions,
ME,/”~ M=V, Nb, Ta; n=3: M=Mo, W, n:2)101’133 and the cluster anions [MGSW]“_
(M =Nb (4a), Ta (4b)), depicted in Figure 5."**'35 The latter complexes contain four differently
coordinated sulfur atoms, including a ug-S, demonstrating the flexibility of the sulfide ligands.
Terminal chalcogenides are also observed in clusters of main group metals such as in [M4E;]*~
(M=Ga, E=S (5a); M=1In, E=S (5b), Se (5¢))"* and [M,S;6(SPh)4]*~ (M = Ga (6a), In (6b))°
(Figure 5). In these complexes, single metal chalcogenide bonds are observed, while the bonds in
the transition metal species tend to be of higher order (1.5-2.0).

The above examples notwithstanding, chalcogenide ligands predominantly form bridging inter-
actions with metal centers. As a result, binary metal chalcogenides are typically nonmol-
ecular solids, with extensive bonding in one, two, or three dimensions. The synthesis of metal

Figure 5 Ball-and-stick representation of the cluster core of [MgS;7]*” @), [M4Eo]>~ (5), and
[Mi0S16(SPh)JI*™ (6).
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Figure 6 Common bridging modes of chalcogenide ligands.

chalcogenide clusters, therefore, requires that these interactions be limited to “molecular” dimen-
sions. This can be achieved via the use of heteroligands (most commonly halides, tertiary
phosphines, or amines), organometallic ligands such as CO or CsHs , or organochalcogenolate
anions (RE™), but other examples also exist. Regardless of their type, these ligands serve to
stabilize the metal chalcogenide cluster core by bonding at the cluster surface, preventing further
condensation to bulk materials. The nature of the ligands can have a profound effect on the
structure of a cluster, and this matter will be addressed in subsequent sections.

The most typical bonding modes of chalcogenide ligands are the py-, p3-, and py-bridging
interactions (Figure 6); however, higher coordination is also observed. Of these, the doubly bridging
(12-) interaction is the least stable. This is not surprising, as these ligands have readily available lone
pairs of electrons, and thus provide an opportunity for further bridging interactions. Correspond-
ingly (and similar to the terminal ligands), this type of interaction is most stable in clusters of main
group metals or early transition metals. Nevertheless, there are many examples of this type of
coordination in later transition metals, such as the iron chalcogenide “basket” clusters’*’~"#* and it
has even been observed in group 10 metal clusters, such as [PdgTe(PEts)g]."*

The three- and four-coordinate bridging modes are the most common for chalcogenide ligands.
These ligands commonly act as capping atoms on M3 faces and this type of interaction is the
foundation for the stability of the general M4E, (cubane) M¢Eg (octahedral) structural types
(Sections 7.2.4.1 and 7.2.4.2). Four-coordinate chalcogenide ligands occur as capping atoms on
M, faces or as core atoms with (typically) tetrahedral geometry.

The ability to bridge metal centers increases going down the group from sulfur to tellurium, a
characteristic that can be ascribed to the larger ionic radii, and thus larger polarizability of the heavier
elements. Hence, higher bridging modes are more common for selenium and tellurium than for sulfur.

7.2.3.1.2 Organochalcogenolate ligands

Organochalcogenolate ligands (RE™) constitute a very important ligand type in metal cluster
chemistry. Like their chalcogenide counterparts, they demonstrate a strong tendency to bridge
metal centers. In contrast to chalcogenides, however, there exists the potential to modify the
coordinating ability of these ligands by changing the organosubstituent (R), and in this sense they
have been referred to as a “chalcogenide with a handle.”*

An important aspect of the coordination chemistry of chalcogenolates is the capacity of these
ligands to adopt a terminal coordination mode on metal centers. As discussed above, this type of
bonding mode is uncommon for the chalcogenide ligands. Several metal chalcogen clusters have
been synthesized in which terminal positions on the cluster surface are occupied by chalcogenolate
ligands. This, in effect, has allowed access to “binary” metal chalcogenide/chalcogenolate clusters
with structures that are not available in metal chalcogenide chemistry.

Despite numerous examples of terminal coordination,* chalcogenolate ligands tend to favor
bridging interactions between metal centers. The most common bonding mode is the doubly
bridging (u,) type, which is observed in clusters with thiolate, selenolate, and tellurolate ligands.
Doubly bridging chalcogenolate ligands possess a free lone pair of electrons that can be donated
to a third metal atom to produce a third M—E bonding interaction. With respect to thiolates, this
type of interaction is more common for selenolate and tellurolate ligands, again attributable to
the larger size of the heavier chalcogens.

7.2.3.1.3 Di- and polychalcogenide ligands

One of the most interesting properties of chalcogens is the ease with which E—E bonds are broken
and reformed, leading to an extraordinary ability to form rings or chains of different lengths.*’
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Figure 7 Common bridging modes of dichalcogenide ligands.

Several of the anionic versions of these complexes (E,> ) are excellent candidates to form bridging
interactions between metal centers directed at the formation of polynuclear complexes.

The use of dichalcogenide ligands, E,*", in the synthesis of metal chalcogenide
clusters represents an active arca of research. These ligands have the ability to form bridging
interactions between two, three, or four metal centers in a variety of different coordination
modes, as demonstrated in Figure 7. As a result, clusters incorporating this type of ligand have
structures not observed with chalcogenide or chalcogenolate ligands. Whereas S,>~ and Se,>~ are
relatively common ligands, complexes containing Te,?~ are often unstable, and usually require
steric protection by bulky stabilizing groups.’

The polychalcogenide ligands, E,”>~ (where n = 3-6), also find applications in metal chalcogen-
ide cluster synthesis. Due to the negative charge associated with the terminal chalcogen atoms,
coordination to metal centers by these ligands occurs, for the most part, by chelating to one metal
center, or via a bidentate interaction between two metal centers. Clusters containing polychalco-
genide ligands constitute a set of chalcogen-rich polynuclear complexes, and are interesting in
terms of the unique structures observed. Some examples also include several different di- or
polychalcogenide ligands in the same complex, such as is observed in [HgsTe;»]*""** (7), and
[NisSexn]* ' (8) (Figure 8).

7.2.3.2 Photophysics of Metal Chalcogen Clusters: Structure—Property Relationships

In addition to the highly flexible bonding characteristics of chalcogenide and chalcogenolate
ligands, investigations of the photophysical properties of metal chalcogen clusters are important
not only in the development of new luminescent materials, but also in the establishment of
structure—property relationships for such complexes. Exploration of the photophysics of soluble
molecular species can provide valuable insight into the optical properties of related insoluble
materials. There has been considerable interest in recent years in the photophysical properties of
transition metal clusters, and in particular, numerous polynuclear ¢'® metal complexes have been
shown to exhibit rich luminescent behavior.'*'47

7.2.3.2.1 Octahedral rhenium chalcogenide clusters

Theoretical investigations'*®'*® have revealed that the electronic structure of the clusters
[RegEsX]*™ (E=S, Se; X=CI, I) are analogous to those of the intensely luminescent
[WeXsX o>~ clusters.*'S! Accordingly, the clusters [ResEgX4]*™ have also been shown to exhibit
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(8)

Figure 8 Ball-and-stick representation of the molecular structure of [HgsTe;5]*~ (7) and [NisSexn]*™ (8).

rich photoluminescence both in solution and in the solid state. The LUMOs of these complexes
are antibonding, with largely metallic character and some contribution from E*~ ligands, while
the HOMOs reside primarily on the terminal halide ligands. Thus, the emitting excited state is
presumably metal-localized. Several investigations have been carried out to probe the influence of
ligand substitution of the terminal and capping ligands on the luminescence behavior. The
absorption maxima of [ResEgX¢]*™ shift to longer wavelength in the order Cl < Br < [,'1%15%153
suggesting that a X — M llgand to-metal charge transfer (LMCT) process is involved. Interest-
ingly, the absorption and emission properties of the paramagnetic complex [ResSgCle]>~ are
rather different from those of the more reduced species, giving evidence of a substantial change
in the electronic structure of the cluster upon oxidation.!4

The emission maxima of the complexes [RegEs(CN)e]*~ (E=S, Se, Te) shifts to longer wave-
length in the order S < Se < Te; however, the luminescence quantum yield decreases in the unusual
order Se>>S > Te.">® This is attributed to a competition between m-donation of the chalcogenide
and m-backbonding to the CN™ ligands, which have an opposite effect on the emission character-
istics of the clusters. A linear relationship between the nonradiative decay constant and the
emission maxima for a series of {RegEgL¢} clusters (E=S, Se; L =halide, PEt;, solvent) demon-
strates that the nature of the emitting species is not significantly affected by the identity of
terminal or capping ligands.">® Alternatively, an investigation of the emission properties of a
number of [ReSgCl4L,] clusters (where L = pyridine derivatives or pyrazine) was recently carried
out."® It was found that the emission quantum yield was much greater for py and 4-methylpyri-
dine (mpy) complexes, than for derivatives containing bipyridine, 4-cyanopyridine, or pyrazine.
Different excited states were proposed for the two sets of complexes: the cluster-centered excited
state was retained for the py and mpy derivatives, while emission from ligand 7*-orbitals were
favored for the others.

7.2.3.2.2 Group 11 metal-chalcogenolate clusters

The photophysical properties of the luminescent copper(I) and silver(I) thiolate clusters
[Cue(mtc)g] (9), [Age(mtc)s] (10a), and [Agg(dtc)s] (10b) (mtc = di-n-propylmonothiocarbamate,
dtc = di-n-propyldithiocarbamate) have been investigated.'” At 77K, each of the complexes
exhibits a strong single emission both in solution and the solid state (Aem (9) solid =767 nm;
Aem (10a) solid =767 nm; A, (10b) solid = 545 nm). Strongly Stokes-shifted emission bands with
respect to the excitation maxima indicate highly distorted excited state structures, likely due to
enhanced metal-metal bonding. Emission lifetimes are quite long (>1 us), suggesting that the
complexes emit from a spin-forbidden state. Emissions from these complexes in the visible region
excludes the possibility that the excited states originate from an intraligand (IL) 7—7* (mtc™ or
dtc™) transition. Similarly, the 7*-orbitals of the thiolate ligands are energetically too high to act
as acceptor orbitals for low energy metal-to-ligand charge transfer (MLCT) transitions. Further-
more, the similar emission energies of (9) and (10a) rule out an MLCT assignment on the basis
that Cu' is much more readily oxidized than Ag'. Based on the above considerations, as well as



High Nuclearity Clusters: Metal-Chalcogenide Polynuclear Complexes 69

(11a)
Figure 9 Ball-and-stick representation of the cluster core of [Cug(u-dppm)4(u3-SePh),*+ (11a).

experimental'>® and theoretical'® investigations of copper(I) iodide clusters, the nature of the

photoemissive state of these complexes was assigned to a triplet cluster-centered state with both
d—s and LMCT [mtc™/dtc™ — Mg] character.

The ability to elucidate structure—property relationships from photophysical data was demon-
strated in the investigations of the optical properties of trinuclear copper-arencthiolate com-
plexes.'® It was found that the orientation of the thiolate ligands played a crucial role in the
excitation energy of different copper atoms. Lower energy transitions were assigned to copper
atoms with thiolate ligands oriented such that the lone pairs on the sulfur atoms are aligned
parallel to each other. This allows the formation of a three-electron two-center sulfur—sulfur bond
in the excited state. For copper centers with the lone pairs of the thiolate ligands oriented
perpendicular to each other, higher energy LMCT transitions were observed. More recently, the
optical properties of a number of trinuclear copper(I) complexes with different thiolate hgands
were reported.’®” A LMCT [RS™ — Cus] was favored in view of the fact that the emission energies
were observed to be largely dependent on the electron-donating ability of the thiolate ligand. Two
hexanuclear copper(I) selenolate complexes, [Cug(u-dppm)s(us-SePh)y*" (11a) and [Cug{pu-
(Ph,P),NH}(113-SePh),* (llb) (dppm = bis(diphenylphosphino)methane; Figure 9) were also
synthesized. The similar emission energies of (11a) (M., acetone =626 nm) and (11b) (A, acet-
one =700 nm) precluded a ligand-to-ligand charge transfer (LLCT) [PhSe™ — phosphine] assign-
ment. Again, the origin of the emitting state was assigned to a triplet LMCT [PhSe™ — Cug],
possibly mixed with a copper-centered d — s state.

7.2.3.2.3 Group 11 metal-chalcogenide clusters

In order to examine the photophysical properties of group XI clusters with chalcogenide (E2 )
ligands, a series of soluble tetranuclear cluster cations of the formula [Ma(dppm)s(us-E)"
(M=Cu, E=S (12a) or Se (12b); M=Ag, E=S (13a), Se (13b), or Te (13¢))!°*71% has been
synthesized recently. These complexes are all structurally related, consisting of a distorted rectangular
array of metal atoms bridged by a p4-chalcogenide ligand (Figure 10). The clusters exhibit solid-state
photoluminescence at room temperature, which, in regard to the strongly reducing nature of the
chalcogenide ligands, has been assigned to an excited state with a high degree of LMCT [E*~ — M,]
character. The order of emission energies ((12a) > (12b)) and ((13a) > (13b) > (13c¢)) follows the same
trend as the ionization energies of the chalcogens themselves, therefore supporting this assignment.

Although the w*-orbitals of the phosphine ligands are sufficiently low in energy to allow a
MLCT [M4— phosphine] transition, comparable emission energies between (12a) and a dtpm
(bis[bis(4-methylphenyl)phosphino]methane) analogue,'®® as well as between (12a) and (13a),
exclude this assignment.

The assignment that the emissions arise from a LMCT [E*~ — M,] excited state with mixing of
a metal-centered (d — s/d — p) state has been substantiated by ab initio and Fenske—Hall molecular
orbital calculations performed for the silver(I) clusters.'®’-1%% These results revealed that the
HOMOs of the clusters are principally Ag—E bonding orbitals, while the LUMOs are metal-
localized orbitals with predominantly 5s and 5p character. Furthermore, the calculated HOMO-
LUMO energy gaps decrease in the order (13a) > (13b) > (13c¢), consistent with the observed trend
for the emission energies of the complexes.
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Figure 10 Ball-and-stick representation of the cluster core of [M4(dppm)s(us-E)** (12) and (13).

O
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Figure 11 Ball-and-stick representation of the cluster core of [Auj(u-dppm)e(us-S)al*™ (14).

The relativistic effects that cause a contraction of the ns orbital of d'® metal centers are greatest
for gold(I),"”” and often lead to inter- and intramolecular gold-gold contacts, commonly referred
to as aurophilic interactions.'””’ As a result, polynuclear gold(I)-chalcogen complexes often
demonstrate interesting luminescent behavior. 1722175 ¢ has been shown for gold(I) thiolate com-
plexes that emlssmn behavior is influenced by gold(I)—gold(I) interactions and the nature of the
thiolate ligand."”® As an extension of the studies on the luminescent copper(I)- and silver(I)-
chalcogenide clusters, a group of gold(I) sulfide clusters has been successfully prepared The
complexes [Auy(u-dppm)g(us-S)al* (14) (Figure 1), [Auyo{u-PhoPN(Pr")PPho y(us-S)aI* " (15),
and [Aug{u-Ph,PN(p-MeC¢H4)PPhs}3(113-S),]*" (16) have been characterized structurally, and
their photophysical properties investigated.”’

All three clusters exhibit long-lived luminescence in both the solid state and solution at room
temperature. The data are summarized in Table 1. This is in contrast to the complex
[S(AuPPh;);]" which only emits in the solid state at 77 K.'”” Based on considerations of the
luminescence properties of clusters (12a-b) and (13aw) the emitting states of (14)—(16) were
tentatively assigned to originate from triplet LMCT [S*~ —>Au] transitions mixed with metal-
centered (d— s/d— p) states, modified by aurophilic Au'---Au' contacts. An unusually large
Stokes shift of the emission band with respect to the excitation maximum is observed for complex
(16). This is indicative of a highly distorted excited state structure compared to that of the ground
state. The Stokes shift is larger in the solution spectrum (Aey,, =810 nm) than in that for the solid
(Aem = 635nm), suggesting that the distortion is greater in the former.

7.2.3.2.4 Group 12 metal-chalcogenolate clusters

Due to many structural similarities to the solid-state structures, the soluble polynuclear complexes
[Zn4(SPh);o]°~ (17a), [Cd4(SPh),]*~ (17b), and [CleS4(SPh)16]2* (18) (Figure 12), may be con-
sidered as molecular models for the photophysical properties of the semiconductors ZnS and
Cds."®17 Lowest energy bands in the absorption spectra have been assigned to LMCT transi-
tions. These can be viewed as the molecular equivalents of the bandgap transition between the



High Nuclearity Clusters: Metal-Chalcogenide Polynuclear Complexes 71

Table 1 Summary of the photophysical properties of the gold sulfide clusters (14)—(16).

Medium Nabs Ao Ty
Cluster (T K) (nm) (nm) (us)
[AugS,{Ph,PN(MeCsH,4)PPh,} ;] CH,Cl, (298) 264,304,346 810 3.6
[C104), (16) CH,Cl, (77) 562 23.2,3.2
MeOH (298) 808 3.1
EtOH/MeOH (77) 564 37.6
Solid (298) 635 14.3,2.5
Solid (77) 603 -
[Au;0S4{Pho,PN(Pr")PPh,} 4][PF¢], CH,Cl, (298) 268,336,400 510,759 0.10
15) (Me),CO (298) 509,768 0.11
Solid (298) 522,657 0.23,1.28
Solid (77) 526,662 3.77
[Auz(u-dppm)g(p3-S)4][PFels MeCN (298) 266,332 546 0.25
(14) Solid (298) 648 2.7,0.3
Solid (77) 634 -

a7 (18)
Figure 12 Ball-and-stick representation of the cluster core of [M4(SPh);o]*~ (17) and [Cd;¢S4(SPh),¢]*~ (18).

filled S*>~ np orbitals of the valence band and the empty (n+ 1)s M>" orbitals of the conduction
band in the bulk semiconductor. Unlike the group 11 clusters described above, significant mixing
of a metal-centered d — s state is not expected due to the stability of the d-orbitals in zinc and
cadmium complexes. However, emission in related mercury(Il) complexes, such as
[Hg4(SPh)¢(PPhs),]*" has been proposed to occur from a mixed metal-centered d— s/LMCT
excited state."®® This is based on the similar energy separation between the relevant nd'® and
nd’(n+ 1)s' configurations of Hg' (~43,000cm ') with respect to Ag' (~39,000cm ™).

The luminescence spectra of the above complexes demonstrate substantial Stokes shifts with
respect to their excitation maxima. Again, this can be attributed to a highly distorted excited state
structure with increased metal-metal bonding interactions via population of a opy bonding
orbital. The absorption and emission energies of (18) are significantly red-shifted compared to
those of (17b). This size dependence is related to the quantum confinement effects observed in
larger nanoclusters and colloids. This topic will be described further in Sections 7.2.7.2. and 7.2.6.3.

7.2.4 COMMON STRUCTURAL TYPES IN METAL CLUSTER CHEMISTRY

7.2.4.1 Cubane-like Clusters

By far the most common structural type in metal chalcogen cluster chemistry is the M4E, cube-
like structure in which a tetrahedral array of metal ions interpenctrates an inverted larger
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Figure 13 Schematic representation of the single cubane cage (top) and various double cubane structures
demonstrating some of the common bridging and vertex- and edge-sharing interactions.

tetrahedron of chalcogen atoms. Conversely, the structures can be viewed as an My tetrahedron,
of which each triangular face is capped by a u3-E ligand. The metal atoms are further coordinated
to one, two, or three terminal ligands, which may be halides, chalcogenolates, organic groups, and
many others. This group also includes the vast number of clusters whose structures are based on
the fusion of two or more cubane units via vertex, edge, or face sharing interactions. A selection
of these is depicted in Figure 13.

Interest in complexes of this type, especially those containing iron, molybdenum and vanadium
is based on their structural relationships to the MyE, clusters that occur in several biological
systems. "> 181182 Thege clusters play a central role in a variety of blologlcal processes including
photosynthesis, nitrogen fixation, and respiration. The role of metal clusters in biology is covered
in Volume 8, Chapters 8.2, 8.7, 8.17, and 8.23.

7.2.4.2 Clusters with Octahedral M¢Eg Cores

The structural type displayed in hexanuclear clusters of the formula MgEgL¢ is among the most
abundant in metal chalcogen cluster chemistry. The structure of these complexes consists of six
octahedrally disposed metal cations with triply bridging chalcogenide (E*7) ions capping the eight
Mj; faces, forming a pseudo-cube around the Mg octahedron. Six donor ligands (L =CsHs, CO,
PR3, NR3, X, solvent, etc.) occupy a terminal site at each metal center (Figure 14).

Much of the interest in clusters of this type arises from their structural similarity to the
fundamental structural element of the superconducting Chevrel phases M, MogEg (M =Pb, Sn,
Cu, etc.)"® and more recently discovered rhenium—chalco-halide phases. 184 Although these sohd-
state compounds are known only for Mo and Re, molecular MgEgL¢ clusters of Zr, V, Cr, Mo,
W, Re, Fe, and Co have been reported (Table 2). The lone examples of octahedral zirconium- and
vanadium-chalcogenide clusters are unique in that they also possess interstitial O and S atoms,
respectively.'® Evidence for interstitial H atoms in the clusters [CrgEs(PEt;)s] (E =S, Se) has been
presented. !¢

Typical synthetic approaches to group 6 octahedral clusters include the “reductive condensa-
tion” technique involving abstraction of chalcogen atoms from M3E;Cly (M =Mo, W; E=S, Se:
M =W; E=S) by PEts, or ion association methods. Improved yields for W¢Sg clusters have been
obtained by utilizing the isolated cluster W¢Cl,4 in place of WCl, (actually W¢Cl;»)."®” Ton
association reactions, along with a variety of other methods (see Table 2) have been used in the
synthesis of octahedral iron- and cobalt-chalcogenide clusters. Many of these readily undergo
reversible oxidation and reduction reactions, and clusters of similar composition display variable
oxidation states in the synthesized products. The ability to undergo multisequential electron
transfer reactions is most pronounced for the cluster [FesSg(PEt3)s]”, for which four members
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Figure 14 Ball-and-stick representation of the cluster core of octahedral [M¢EgLg] complexes.

of the series (n=0-3) have been isolated and structurally characterized. A fifth member (n=4)
has been obtained electrochemically; however, it has been suggested that the structural deform-
ations required to stabilize this high oxidation state will preclude the prospect of isolating it as a
stable complex.'®® The reduced forms of these complexes typically feature longer M—M bonds
with respect to more oxidized species, indicating that the “extra” electron(s) occupies an anti-
bonding orbital with respect to metal-metal bonding. This effect is much more pronounced for
Fe and Co clusters than for those of Mo, indicating that the e, MOs in the latter are only slightly
antibonding."® In contrast, the shorter W—W bonds of the cluster [W¢Teg(py)s] ™ relative to those
in a neutral analogue [WeTeg(pip)e] (pip = piperidene), suggests that the HOMO e, orbitals of
these clusters are metal-metal bonding in nature.'®®

Attempts to utilize MgEg clusters as low temperature precursors to the known molybdenum and
elusive tungsten Chevrel phases have involved the thermolysis of clusters with (relatively) labile
N-donor ligands. To this point, however, such endeavors have been unsuccessful, as only partial deliga-
tion of the terminal ligands is observed at lower temperatures, with disproportionation to MS, and
M occurring at higher temperatures.'®""'*? Dimerization of [MSs(PEt5)¢] (M = Cr, Mo) clusters has
been achieved by removal of triethylphosphine by elemental sulfur to yield [M,S;¢(PEt3);9] (M =Cr
(19a2), Mo (19b))"'*"" (Figure 15). More recently, complexes of the formula [W¢Sg(PCys),-
(4-Bu'pyr)s_,] (n=1-6) have been synthesized with the goal of using differences in thermal labilities
of the ligands in the directed synthesis of extended structures containing the W¢Sg unit.'*®

In contrast to the synthetic accessibility of the above complexes using solution approaches, the
synthesis of octahedral rhenium chalcogenide clusters requires the implementation of high tem-
perature solid-state reactions, or the conversion of cluster-containing solids into soluble molecular
species by the methods of cluster excision or dimensional reduction (see Section 7.2.2.1.8). While
cluster excision has produced the mixed sulfide(selenide)—chloride clusters [R636E4+,7Cl10,2,1]6_”+
(n=1-3), the latter approach has led to the isolation of complexes with rhenium—chalcogenide
cores [RegEgXq]*™ (E=S, Se; X =Cl, Br, I).

An important facet of the chemistry of [Re6EgX6]4_ clusters is the substitution-inert nature of
the terminal halides on the Re' centers. As a result, controlled substitution of the halide ligands
for phosphines, amines, or solvent molecules yields a variety of clusters [RegEgXq_,(L),]¢ "~
(n=2-6). The redox properties of these clusters have been found to be largely ligand-dependent.
Clusters containing different combinations of substitution-inert phosphine and labile solvent
ligands have been used to direct the synthesis of bridged-multiclusters by replacement of the
solvent ligands with bridging amine ligands."”*'*> Thermolysis of similar clusters has resulted in
the formation of condensed diclusters similar to those described for the Cr (19a) and Mo (19b)
systems.'?®'7 A condensed [ReySe;;Brg]*~ (20) (Figure 16) cluster whose structure is comprised
of two octahedral subunits sharing an {Res} face has been synthesized by solid-state synthesis."'*®
Also reported is the synthesis of dendrimers based on the coordination of dendritic pyridyl-based
ligands to the [RegSes]*t cluster by the thermolytic replacement of MeCN.'® Octahedral
[RegEg(CN)e]*~ clusters have also been used in the synthesis of porous materials that are
cluster-expanded analogues of a variety of metal-cyanide frameworks.?***! New materials con-
taining these clusters include the Prussian blue analogues My[RegEg(CN)gls*xH,O (21) (M = Ga,
Fe; E=Se, Te)**? (Figure 17) and chemical sensory materials containing Co*" ions bridged by
Reg clusters.?’3 Related Mo derivatives have been synthesized by the solid-state reaction of Mo/Se
compounds in a KCN melt medium.**
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Table 2 Metal chalcogenide clusters based on octahedral MgEg (M =S, Se, Te) cores.

Cluster Synthetic approach(es) References
[CpesTieSes] 1 205
[Cp()ZFGSg] \'% 185
[V6SesO(PMes)s] v 185
[CreSg(PR3)6] 1 186,206
[CreSes(PR',R?)6] I 186,206
[CreTeg(PEt3)g] 11 66
[Cr]2S16(PEt3)IO] (193) VII 110
[MosSs(PEt;)e]” (n=0, 1) I, VII 189,191,207,208
[MosSs(NO)(PEt;)s] [MosSs(PEt;3)s+ NOBF,] 209
[MogSeg(PEt3)6]” (=0, 1) VII 189
[Mo1,S6(PEt3)0] (19b) VII 111, 209
[W¢SsLg] (L = PEt;, amine) 1, VII, ligand 187,192,193,210,211
substitution
[W¢SegLg] (L = amine) 1 212
[WeSeg_CL(PEt3)¢] 1 213
[WeTegLg]”™ (L =amine, n=0, 1) 1 190,214
[ReS44nClio_n]" (n=1-3) VIII, X 215,216
[Re(,S()Xz(PPr%)()]" \ 217
(X=As, P, NH, O, S)
[Re(,Se4+,,C110 AT (n=1-3) VIII 114
[RecEsE(Clg]*~ (E=S, Se; v 218
E(=0, S, Se, Te)
[RecEs(NR)CI f* (E=S, Se) \% 219
[ReeSsXg_nLl VIII, ligand 118,119,152-156,216,220,221
(X=Cl, Br, I CN; L=PRts, substitution

amine, solvent; n=0-6)
[ResSesXs L] ¢~

(X=Cl, Br, I, CN; L=H,0, PR;j,

amine, solvent; n=0-6)
[RegTeg(CN)g]*~
[Res_,0s,SesClg]"™ (n=1-3)
[RC6T38,,,SC"(CN)6]”7 (n = 178)
RCéTCg(TCX2)6 (X = BI', l)
[(ReeSsOCl;),01*"
[ReoSey;Brgl*~ (20)
[Re;>Se 6(PR3) 0]
[Re2Se6(PR3)10(L2)2]
[FesSg(PEts3)q]” (7 =0-4)
[FeeSes(PEts)q]
[CoeSsLe]"(L=PR3, CO; n=0, 1)
[CogS7(113-H)(PEt3)6] ™
[C012S14(PEt3) 101"
[CO6SCgL6] (L = PR3, CO)
[COGTeg(PEt:;)(,]n (}’l = 0*2)

VIII, ligand
substitution

VIII
VIII
X

X

X
XI
VII
VII

LV, IX

LV, X
11

118,119,153,155,194,195,
197-199,222,223

155

224

225

226,227

228

198

196,197

194,195
31,32,188,229-232
33
34-36,120,233-240
36

241
121,238,242,121
243-245

7.2.4.3 Iron—Chalcogen Clusters Based on Fe,E, Rhombs

Upon examination of the structures of iron chalcogen clusters, one feature that becomes apparent
is that many of these complexes (Table 3) can be described in terms of vertex- or edge-sharing of
Fe,E, rhombs. The simplest of these is the archetypal single planar rhomb structure found in the
dimeric complexes [Fe>S,L4]".%****" Cuboidal [Fe;S4L4]" and cubanoid [FesSsL4]” (see Section
7.2.4.1) clusters are the most elementary examples of condensed structures based on these
rhombohedral building units. The first examples of larger structures based on this structural
motif were the “nest-like” clusters [FesSo(SR),J*™ (22).248-252 Corresponding selenide—thiolate

clusters have also been isolated.?

> The core of these complexes can be described in terms of

eight fused Fe,E, units, two of which share all of their edges, while the other six each have two

unshared edges (Figure 18). The [FeeSo]*~

core is formally mixed valence, although there is no
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Figure 16 Ball-and-stick representation of the cluster core of [ReoSe; Brg]*~ (20).

localization of Fe'"™ positions. These clusters undergo reversible redox reactions, however

attempts to isolate an [FegSo]’~ species resulted in cluster degradation.”*® Cluster degradation
to [FesS4(SR)4>~ and [Fe,S»(SR)4*~ also occurs in the presence of excess thiolate, giving
credence to the notion that the cluster is built up from such units. Further evidence is observed
in the solid-state structure of [{Fe659(SMe)2}2Naz]6_, which can be described in terms of con-
densed [Fe;NaS,] cubane subunits.”"

A second structural type is observed in the prismane clusters [FesSe¢Xs] (23) (X =halide,
thiolate). The prismane structure consists of six Fe,E, units, but is probably better described as
the fusion of two M3E; rings in a chair conformation, connected by M—E bonds (Figure 18). The
structure can be derived from the more stable cubanoid by the addition of a Fe,E, unit to one of
the faces. Coherent with this, one synthetic approach involves an oxidative cluster expansion
reaction by the addition of Cp,Fe' to Fe;S;.?>* Upon heating, the cluster reverts back to a
cubane complex.”®> Recently, the reaction of a diiron-diazanonane—dithiolate complex with
[Fe,S4ls]*~ resulted in the formation of the hexanuclear complex [{Fe(“EtN,S,”)},FesS4l-] (24)
(“EtN,S,” = N,N'-diethyl-3,7-diazanonane-1,9-dithiolate) with a unique “stair-like” configur-
ation.”* The structure is based on the fusion of seven Fe,S, rhombs arranged in an alternating
horizontal-vertical fashion (Figure 18).

The synthesis of the clusters described above involves reaction systems containing halides or
thiolates as the terminal ligands. The use of neutral terminal ligands such as tertiary phosphines
has resulted in the formation of clusters with different structures. The mono-capped prismane
cluster [Fe;S¢(PEt3)sCls] (25)"%?% is an expanded version of the prismanes with an additional
metal center coordinated to one of the M3S; faces (Figure 18). This structure has also been
observed in cobalt sulfide clusters.”*>*7**® The basket-type structure is observed for more
reduced derivatives [FegS¢(PEt;3)] (26a) and [FesSs(PR3)4L,] (26b) (L = halide or thiolate) of the
“FeeSs” series.!37-142:259 The selenide derivative [FesSeq(PR3)4Cls] (26¢) has also been synthe-
sized."?®!*” These complexes are topologically related to the prismane clusters in that they too are
built up from six Fe,S, rhombs. The structure is not constructed entirely from these fragments, as
a Fe—E-Fe unit serves as the basket “handle” (Figure 18). Furthermore, the structure contains a
po-E or -SPh** (handle) as well as a u4-E in its structure, as opposed to the prismane, which
contains exclusively pus3-S.

Remarkable clusters in this series are the large ring-type structures comprised of [u»-E], chains
(Figure 19). The first of these are the [Na,Fe,5S30]°~ (27) clusters, which have been isolated as two
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Figure 17 Ball-and-stick representation of the Prussian blue analogue Gay[RegEg(CN)gls*xH,O (21).

Table 3 Metal chalcogen clusters with structures based on Fe,E, rhombs.

Synthetic

Cluster approach(es) Structure References

[FesSs(1-SPh)(PBu"3)4(SPh),] VI Basket 259
[FeSeXsl"™ (n=2, 3) (23) I, VI, ligand Prismane 254,255,264-270

substitution
[FeeSe(PR',R?)4X5] (26b) IV, VI Basket 137-140,259,271
[FeeSe(PEt3)s] " (26a) I Basket 140,141
[{Fe(“EtN,S,”)}2FesSqls) VI Stair-like 252
[{Fe(“EtN,S,”)},FesSs(u-SR)4] VI Nest-like 252
[FeeSo(SR),]*™ (22) I 11 Nest-like 248-251
[FeeSes(PR1,R?)4X5] (26¢) \Y% Basket 138
[FesSeo(SR),]*~ I Nest-like 253
[Fes(CO) 5 (TePh)g] (30) v Ring 263
[Fe;S¢(PEt3)4Cls] (25) v Monocapped 140,256,273
prismane
[{FeGSeg(SMe)z}zNag](’f 11 Two prismanes 251
joined by Na™

[Fei2(SePh),y4] (29) A% Ring 262
[Na,Fe;sSs0]°~ (27) I See text 260,272
[NagFesoSess]”™ (28) I See text 260,261
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Figure 18 Ball-and-stick representation of the cluster cores of iron chalcogenide clusters with structures
based on Fe,E, rhombs.

isomers, designated the a- and B-forms. The structure of the a-isomer (27a) is constructed entirely
from vertex- and edge-shared Fe,S, rhombs and can be viewed as a combination of two cuboidal
Fe;S4 and two FegSo units. Alternatively, the G-cluster (27b) consists of two Fe,S,, four Fe;Sy,
and two FeS, fragments and contains two S atoms that cannot be viewed as being part of a Fe,S,
rhomb. In the a-form, the Na™ ions form bonding interactions with the S atoms in the cluster,
and are thought to be essential in stabilizing the structure, while in the S-isomer, the Na*t ions are
less tightly connected.?®® Replacement of Li,S for Li,Se in the self-assembly system of (27)

Figure 19 Ball-and-stick representation of a-[NasFe sS;08~ (27a), B-[NasFeisS;0°~ (27b), and
[NagFeySess]”™ (28).
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Figure 20 Ball-and-stick representation of the cluster core of [Fe;>(SePh),4] (29) and [Fes(CO),2(TePh);5] (30).

resulted in the isolation of a selenide derivative [NagFeSess]” (28).2°! The structure of this
cluster is related to those of the sulfide counterparts in that it is constructed from 21 nonplanar
Fe,Se, rhombs. It is also quite different in that it is a bicyclic structure, in which the two cycles
are connected via j4-Se bridges. Nine sodium ions are found encapsulated within the cavity of the
cluster. This structure is unique in metal chalcogen cluster chemistry, and can be regarded as an
inorganic cryptand. Extended Hiickel calculations reveal a band-like structure and a small
HOMO-LUMO gap, giving rise to antiferromagnetic properties.*’

Similar ring-type structures have been observed for iron selenolate and tellurolate complexes
synthesized from silylated chalcogen reagents. The clusters [Fe »(SePh),4] (29) and [Feg(CO)»-
(TePh);,] (30) consist of 12 and six Fe,E, units, respectively, connected through vertex-sharing
interactions (Figure 20).2%%%% All iron centers in the clusters are in the 42 oxidation state. This is
in contrast to (27) and (28), which contain both Fe'' and Fe'. Just as in (27) and (28),
antiferromagnetic coupling is also observed for (29).

7.2.4.4 Cubic Clusters

The organization of eight metal atoms in a cubic array, in which the six M4 faces are capped by
14-E ligands, is a fundamental unit in a number of mineral compounds including pentlandite,?”*
bartonite,”’> and djerfisherite."" Thus, it is not surprising that this structural type (Figure 21) is
observed in (albeit a small number of) molecular cluster complexes of iron, cobalt, and nickel
(Table 4), as well as the lanthanide chalcogen clusters (see Section 7.2.5.5). The E-centered copper
and silver cubes bridged by dichalcogenophosphate ligands (Section 7.2.5.3.2) may also be
included in this group. An alternative E-centered structure is observed in the cluster [M4(u-
S)(SPh)»(PPh3),] M =Cu, n=6 (31a), M =Ag, n=8 (31b)), which consists of a Cug cube
encapsulated by an icosahedron of thiolate ligands.'***’® The six additional Cu atoms form an
octahedron that encapsulates the S;, icosahedron (Figure 22). Extended Hiickel calculations
performed on a Ni-centered cube, as observed in [NigTe6(PEt3)6],67 and a hypothetical Te-centered
cube demonstrate that the latter is much more stable, owing to both Ni-Te and Te-Te inter-
actions.?”” A unique M-E cube is observed in the large Zintl ion [Cu,As;Te5]* .27

A different type of cube-like structure is observed for the clusters [M,Eg]*~ in which the
chalcogen atoms form the eight vertices. The metal ions are located at the midpoints of the 12 edges
of the cubes (Figure 21). The cluster [NaAu,»Seg]’~ is an inorganic cryptate in which the Na™ ion is
trapped inside the cube.?”® A similar complex, [KAuygTe;]*~ with a “missing” AusTe fragment can
accommodate a larger (K™) ion.?®°

7.2.4.5 Clusters with Structures Based on Adamantane
or Barrelene Cages and Related Fragments

The single adamantane-like cage (Figure 12) is a fundamental structural type, frequently observed
for chalcogen-bridged clusters containing a variety of metals adopting tetrahedral coordination
geometry. The M4Eq core of these complexes features a tetrahedral array of metal ions, the edges
of which are bridged by six chalcogen ligands. The bridging ligands are generally chalcogenolates
(RE"), with chalcogenide (E*")-bridged species observed only for clusters of post-transition
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Figure 21 Ball-and-stick representation of the cluster core of cubic [MgEgLg] and [M,Eg]*".

Table 4 Metal chalcogen clusters with cubic core geometry.

Cluster Synthetic approach References
[szOzSCsCu6(PMC3)6] VI 108
[MnyCuy(SPr');,S]*~ VI 281
[FegSels]*~ VI 282
[FegSe(PCy3)4Cly] Decomposition of 283
[FegSg(PCys)g] in CHCI;
[FesNisSeI]* ™ VI 109
[FeqNiySsl4(PMePh,)4] VI 284
[FesNi>Sels(PMePh,),]*~ VI 284
[COgSéBI'zClQ(PPhg)g]”7 IX 127
[CogSe(SPh)g]"™ (n=4, 5) I 285,286
[Cu14S(SPh)»(PPh3)] (31a) IX 126
[Ag14S(SPh)»(PPhj3)g] (31b) IX 276
[ngTeé(PEt3)g] 111 67
[Cu;As;Te 5] X 278
[Cu,Ss]*™ I 287
[Au;»Ss]* I 288
[NaAuIZSeg]% 1 279
[KAugTes]*~ I 280

O

Figure 22 Ball-and-stick representation of the cluster core of [Cuj4(u-S)(SPh);>(PPhs)e] (31a).
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metals. Each metal center is bonded to three u,-bridging chalcogen ligands, and, with the
exception of the Cu' clusters [Cus(u-ER)¢]>~ (E=S, Se),28*2% terminal ligands such as chalco-
genides, chalcogenolates, halides, or tertiary phosphines, complete the tetrahedral coordination.

Of particular interest amongst complexes adopting this structural type are those containing the
group 12 metals, Zn, Cd, and Hg. The adamantoid structure of these clusters is very similar to
the basic structural unit of the cubic (sphalerite) phase of the corresponding bulk semiconductor
(i.e., ZnS, CdSe, etc.),””> and thus these complexes represent molecular models of the solid-state
materials. In addition, several larger clusters, whose structures are based on the fusion of
adamantane cages via edge-sharing interactions, have been synthesized, allowing investigation
of the effects of cluster size on physical properties. Recently it has been demonstrated that the
quantum confinement effects observed for colloidal CdSe nanoparticles can be extended to the
molecular (albeit nanoscale) size regime**® (see Section 7.2.6.3).

The fusion of four adamantoid cages results in the supertetrahedral structure (Figure 12)
observed for the clusters [E'4M;o(E’R);sLs]"™ (M =Zn, Cd; E', E°=S, Se, Te; L=E’R, X,
PR3, n=0, 4). An expanded structure is observed for [Cds(SePh);,(PPhs),] (32), where the four
cages are separated by SePh bridges (Figure 23).?°7 While it is possible to envision an endless
series of clusters representing larger and larger sections of the sphalerite ME lattice, with the next
members being [M20E13(ER)22]8* and [M;3sE>s(ER)xs]'>™ no such complexes have been structur-
ally characterized, and it is suggested that the high charge of these clusters may preclude the
isolation of such species.””® Instead, larger tetrahedral clusters such as [Cd;7E4(EPh)_,L,]
(E: S, L =SPh (333), E:SC, L:PPh3 (33b)), [Cd32E14(ER)3()L4] and [Hg32Sel4(SePh)36] (34)
(Figure 24) feature sphalerite-like core structures, with terminating barrelenoid cages residing at
the four corners of the tetrahedron. The barrelenoid unit represents a cutout of the less thermo-
dynamically stable hexagonal (wurtzite) phase of bulk II-VI semiconductors.?*> The interesting
photophysical properties of these and other II-VI nanoclusters are discussed in Section 7.2.7.2.
The reaction of ZnEt, with sulfur produced the zinc-thiolate cluster, [Zn(SEt)Et];q (35) that
resembled closely a portion of the wurtzite lattice of crystalline ZnS (Figure 25).%% This complex is
unique in regard to other [Zn(SR'")R?], clusters,?**?*? which do not resemble either the wurtzite
or sphalerite phase of ZnS. A number of clusters containing a [MgE;] core have been isolated,
and although their structures have been described recently as four very distorted barrelene
cages,*” they are not representative of the corresponding bulk hexagonal lattice.

There are few examples amongst 11-VI clusters in which the basic structural unit is not related
to the adamantane or barrelene cage, granting evidence to the thermodynamic stability of such
structures. This is substantiated by the fact that similar structures are accessible via different
synthetic routes (see Table 5). Nonadamantoid/barrelenoid structures usually consist of

Figure 23 Ball-and-stick representation of the cluster core of [Cd;4(SePh)s,(PPhs),] (32).
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Figure 25 Ball-and-stick representation of the cluster core of [Zn(SEt)Et];o (35).

multi-bridging or chelating ancillary ligands, which restrict the capacity of some of the metal centers
to assume the customary tetrahedral configuration via metal-chalcogenolate bonding interactions.
The cluster [anOS7(py)9(SO4);] 1 contains a Zn,(S; core which is capped by tridentate sulfate
ligands, while a serles of ZnTe clusters with chelating TMEDA or dppm ligands has also been
isolated recently.”® The structures of these complexes are unique with respect to those observed for
other II-VI clusters, and significant deviations from the ideal tetrahedral geometry of the Zn
atoms are observed.

Structures based on fused adamantane-like units have also been observed in a selection of main
group metal chalcogenide clusters.”*®!*® Recently, ternary copper(I)-indium(III)-selenide clusters
have been isolated from reactions of InCl; and CuCl with silylated selenium reagents in the
presence of phosphine ligands.>®? The clusters [CuglngSe;;Cly(PPhs)s(THF)] and [Cuglng-
Se 3Cl4(PPr",Ph)g] contain [ InSSenCLﬂ2 cores, analogous to those observed for corresponding
II-VI complexes, but with Cu(PR',R?), units (n=1, 2) coordinated to the external selenide
ligands. The structure of the larger cluster [Cu;iInisSe;s(SePh),4(PPhs)y] (36) (Figure 26) is
derived from face-sharing interactions of adamantane and barrelene units containing copper,
indium, and selenium atoms.

7.2.5 DIVERSE STRUCTURES FROM WIDELY APPLICABLE SYNTHETIC ROUTES

7.2.5.1 Clusters from Silylated Chalcogen Reagents

The use of silylated chalcogen reagents in the synthesis of chalcogen-bridged metal clusters has
produced a remarkable number of complexes with a variety of structural types. The nuclearities
and structures of these complexes can be highly dependent on the reaction conditions, the steric
demands of the ancillary and/or chalcogenolate ligands, as well as the ratio M:E. Complexes
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Table 5 Metal chalcogen clusters with structures based on adamantane, barrelene and related structures.

Synthetic
Cluster approach(es) References
[Mny(SR)sL4]*~ (L =SPh, CI) I, VI 303,304
[Mny(SePr')¢Brs*~ VI 304
[Fe4(SPh)sL4]*~ (L =SPh, CI) I 305-308
[Fe;Cu(SPri)sCl5]*~ VI 309
[Fe3Cu(SePr‘2)6c13]2* VI 310
[Co4(SPh)o)*~ I 308,311,312
[Cu4(SPh)e]*~ I 289-292
[Cua{o-(SCH2),CeHa}sI* I 293
[Cuy(SePh)g]*~ I 294
[Zn4(SPh)1o_,L.J*~ I, I, ligand 59,313-316
(L=SPh, Cl, Br; n=0, 1, 4) (17a) substitution
[Zn4(SePh)eCl,*~ \% 94
[Cd4(SR)0_,L.J*~ (L=SPh, Cl, Br, PPh;, I, ligand 59,315-320
0OClO3; n=0, 2-4) (17b) substitution
[Cd4(SePh)L4]*>~ (L =Cl, Br) A 296,316
[Zns(SBu')sMes] I 298
[Hgg(SePh) 2(PBu's)] Vv 321
[Hge(SePh) 4>~ \% 321
[Zn8se(seph)l2+nL4771]27n7 Vv 94
(L=Cl, n=0; L=PPr";, n=2)
[ZngTe(TePh),Cly*~ A 94
[XCdg(SCH,CH,OH);,X5] (X=Cl, Br, I I 322
[CICdg{SCH(CH>CH,),NHMe);¢]">* I 323
[CdgS(SPh) 6>~ I 324
[CdgSe(SPh)¢]*~ I 324
[CdgSe(SePh)¢*~ I 324
[CdgSe(SePh)i4_,L,.]"~ (L =PPhs, Cl (84), A 300
DMF; m = 2-4; n=0, 2)
[CdgTe(SPh)¢]*~ I 324
[CdgTe(SePh) >~ I 324
[CdgTe(TePh)14(PEt3)3] \ 300
[Cu6ln3(SEt)16]7 1 327
[Zn10(SEt)10Et 0] (35) v 85
[Z110S4(SPh) 6_,L,]*~ (L =amine; n=0, 4) LI, IV 59,325,326
[Zn,0S7(pyridine)y(SO,)s] “ZnyS4(SPh);»” 301
+ pyridine
[Zn,0Seq(SPh),6]*~ il 59
[anoTe4(TePh)12(PR3)n] (}’l = 2, 4) \% 94,95
[Cd,S4(SPh);¢]*~ (18) I, II 59,325
[Cd;0S4(SePh);¢]*~ 11 59
[CdoSes(SPh)¢]*~ I 59
[CleSe4(SePh)12(PR3)4] (85) \'% 296,297
[Zn |, Teg(TeMes)s(dppm),] v 95
[Zn14Tel3C12(TMEDA)6] V 95
[Zn14Teis (TMEDA)(" \% 95
[Zn14TCI3(TCMCS)(TMEDA)6]+ A\ 95
[CuGIn8Sel3Cl4(PPh3)6(C4H80)] (36) \' 302
[Cu6InSSe13Cl4(PPr“2Ph)12] V 302
[Zn16Te15(TePh)s(TMEDA)s] A% 95
[Cd,¢(SePh);»(PPh;),] (32) A% 297
[Cd;7S4(SPh),s]*~ (33a) I 328
[Cd,7Se4(SePh),4(PPhs3),]*~ (33b) \ 300
[Cul III]15SC]6(SCPh)24(PPh3)4] \" 302
[Cd3,S14(SR)36L4] I, Cd;S4(SPh);6 329,330
(L=DMTF (83a), H,O (83h)) + pyridine
[Cd}zse14(S€Ph)36(PPh3)4] (83(!) \'% 331
[Hgs»Se 4(SePh)sq] (34) A 331
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Figure 26 Ball-and-stick representation of the cluster core of [Cu;;In;sSe;s(SePh),4(PPhs),] (36).

ranging in size from truly molecular to the “giant” copper and silver selenide nanoclusters have
been characterized structurally.

7.2.5.1.1 Early transition metal-chalcogenide clusters

The relatively small number of early transition metal chalcogen clusters synthesized via this route
(Table 6), includes the sulfur-rich clusters of Ta and Nb. The reaction of CpTaCly with S(TMS),
results in a mixture of polynuclear complexes including [CpsTasS;3] and [CpsTaeSio].>** The
former is isostructural with [Mo4(NO),S;5],>* consisting of a “butterfly” arrangement of Ta
atoms, capped by two pus3-S, one pu4s-S, and further bridged by four pu,-S, ligands.
In [CpsTayS;3], two TaSg units are each connected to two Cp,Ta, and to each other by u,-S bridges.
Perhaps the most remarkable structures in this group are observed for the hexanuclear complexes
of the formula [MS17]*~ (4) (M =Ta, Nb)."**135 The clusters are built up from 10 fused M,S,
rhombs, resulting in a crown-type open cage structure as shown in Figure 5. Interestingly, these
complexes contain four different types of coordinated sulfur atoms. Five us-S ligands connect the
“apical” M atom to the other five metal atoms, which are linked to each other by u,-S bridges.
A central ug-S ligand resides inside the cage, and each metal atom is additionally bonded to a
terminal sulfur atom. The existence of four different types of sulfur atoms in the same complex is
quite interesting, especially considering the wide range of coordination modes (terminal to )
adopted by these ligands.

Table 6 Early transition metal chalcogenide clusters synthesized using silylated chalcogen reagents.

Cluster Structure References
[(RCsH4)TisS4] Cubane 334
[Cp4TisSe, 0] O-centered TiySe, cubane with one p-Se and two p-Se, 335
[CpsTisSe] Distorted trigonal bipyramid of Ti capped by six u3-S 336
[CpeZreSo] S-centered octahedron 185
[VeSesO(PMes)g] O-centered octahedron 185
[NbeS,7]*~ (4a) See text 134,135
[Cp4TayS;s] Two edge-sharing Tas units bridged by one 332
14-S, two ps-S and five p-n>-S
[CpsTaeSiol*" Two Tas(u-S), units bridged by two p-S 332

[TaeS7]*~ (4b) Pentagonal pyramidal open cage 134,135
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Table 7 Middle transition metal chalcogen clusters synthesized using silylated chalcogen reagents.

Cluster Structure References
[RegE'sE*CIs]*~ (E' =S, Se; E>=S§, Se, Te) Octahedron 217,218
[FesSs(PEt3)4X5] (X =CI, Br, I, SR (26b)) Basket 138-140
[FesSes(PEt3)4Cl] (26¢) Basket 138
[Fe;S¢(PEt3)4Cls] (25) Mono-capped prismane 140,256
[Fes(CO)2(TePh),] (30) Feg planar ring bridged 263
by 12 pu-TePh
[Fe2(SePh),4] (29) Fe|, planar ring bridged 262
by 24 u-SePh
[Co4Sesq(PR3)4] Cubane 242
[CogSs(PR3)4]" (n=0,1) Octahedron 235
[CogSes(PR3)4]" (n=—1,0,1) Octahedron 337
[Co;S6Cly(PPh;3)s] (X=Cl, I) Mono-capped prismane 235,258
[CogSes(PPh;3)g]" (n=0, 1) (38) See text 337
[CooSeq1(PPh3)g] (37) See text 242

7.2.5.1.2 Middle transition metal—chalcogenide clusters

The two binary iron—chalcogenolate clusters”***%* isolated from reactions of PhE-TMS (E = Se,
Te) with iron-containing salts have ring-type structures as described in Section 7.2.4.3. The
reaction of E(TMS), (E=S, Se, Te) with (PEt;),FeX, or (PR3),CoX, has produced several
clusters with the frequently observed structures discussed in Sections 7.2.4.1-7.2.4.4 (Table 7).
In addition, the complexes [CooSe;;(PPh3)g] (37)**? and [CogSes(PPhs)g]" (38) (n=0,1)* have
been isolated. The structures of these clusters are related to the octahedral structures commonly
observed in Co/E chemistry. [CogSe;;(PPhs)e] is constructed from two face-sharing Cog octahe-
dra, with eight p3-Se atoms capping Co; faces (Figure 27a). The three “butterfly-like” faces
created by the fusion of the octahedral units are each capped by a u4-Se ligand. The octanuclear
clusters resemble edge-shared octahedra, except that a vertex is “missing” from the individual
subunits (Figure 27b). Structures based on face-sharing octahedra are also common among nickel
chalcogenide clusters (see Section 7.2.5.1.3(i)). Substitution reactions of face-capping chloride
ligands for chalcogenides on octahedral {Res} clusters have been carried out using E(TMS),
(E=S, Se, Te).?'7-218 These clusters are described in Section 7.2.4.2.

7.2.5.1.3 Late transition metal-chalcogenide clusters

(i) Group 10 metal clusters

From a historical perspective, the application of this approach to the synthesis of chalcogen-
bridged nickel clusters is of significance. First of all, it was in this system in which the ability to
synthesize a wide variety of structural types by controlling the reaction conditions was first
demonstrated. Ni-E clusters with nuclearities in the range of 3-34 have been isolated (Table 8).
Secondly, the synthesis of the “giant” cluster [NissSesn(PPhs)io], (39)*** whose structure is
described below, opened up a whole new domain in metal chalcogen cluster chemistry by
confirming the existence of nanometer-sized “molecules” which could be structurally characterized.

The reaction of nickel phosphine halide complexes with Se(TMS), always results in a mixture
of products, in which trinuclear complexes of the formula [Nis(us-Se)-Xo(PR',R?),] (X =Cl,
Se-TMS) are inevitably present.**® It is likely that the formation of larger clusters involves
condensation of these complexes, as the structures of many can be viewed as being constructed
from Ni; triangular units. The strongest evidence for this route is observed in the structure of
[Ni;»Se;;(PPh;)sCl** which appears to be a “frozen intermediate” between face-shared bioctahe-
dral “[NigSeo(PPh;)g]” and trioctahedral [Ni;»Se;»(PPh;)g] clusters (40) (Figure 28).>* While the
“NigSey” complex has not been isolated, its occurrence is suggested by the structure of
[Ni;»Se;;(PPh;)sCl*t, as well as the existence of a corresponding sulfide derivative,
[NigSo(PEts)e]*" (41).** Structures based on the condensation of octahedral Nig units are
common among nickel chalcogenide clusters, although no “NigEg” cluster has been isolated. Con-
sidering the “extra” electrons in the octahedral CogEg(PRj3)s clusters usually occupy Co—Co
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Figure 27 Ball-and-stick representation of the cluster core of [CogSe;(PPh3)s] (37) and [CogSeg(PPh3)g]” (38).

Table 8 Group X metal chalcogenide clusters synthesized using silylated chalcogen reagents.

Cluster References Cluster References
[Ni3S,Clo(PPhs)4] 343 [Ni, sSe;s(PPhs)g] 339
[NisSe,(Se-TMS),(PPhes).] 343 [NisoSeio(SeMe) o>~ (42) 262
[NigSex(CsHs)y(PPhy), ] (1=0,2) 344 [Nis;Se 4(PEt,Ph) ] 338
[NigTex(CsHs)g(PPh3), )] (1=0,2) 344 [NizsSex(PPhs)io] (39) 242
[Ni,Ses(CO)BrCp's] 345 [Pd3S,Clo(PPhs),] 343
[Ni,Ses(PPhes)s] 338 [Pd;Se,(Se-TMS),(PPhs),] 343
[NisSe,Cl(PEtMe)y] 338 [Pd,NiS,Clo(PPh)] 341
[NigSes(CsMes)s] 345 [PdsSe,Cly(PPhs)e] (43) 341
[NIGSGS(PPhg)ﬁ] 339 [Pd5SC5(PPh;)5] 341
[N17Se5(PPrl3)5] 338 (773-C4H7)()Pdése3 (44) 342
[NigSs(PPhs),] 335 [Pd¢SesCly(PPhs)] 341
[NigSeClo_(PPhs).] (1=0,2) 235,346 [Pd;Seq(SeH)CI(PPhs),] 341
[NigSes(PR'5R?)g ] (n=0,2) 338 [PdgSesCl,(PPhy)s]” (=0, 1) 341
[Nilzsel 1(PPh3)8C1]2+] 339 [PtzMzSCzClz(PPh3)4] (M = Cu, Ag) 347
[Nl]zSC]z(PEtg)ﬁ] (40) 339 [szAHzSCzClz(PPh‘;)d 347
[Ni}5SejoL3(CsMes)s] 345

=7 i = AT )
\ \, /

Figure 28 Ball-and-stick representation of the cluster core of [Ni;»Se;2(PPh;)s] (40) and [NigSo(PEt3)e]* " (41).

antibonding orbitals (see Section 7.2.4.2), the absence of related group 10 species can be explained
in terms of electron counting arguments. The cubic Nig structures found for many nickel
chalcogenide clusters (see Section 7.2.4.4) are also observed in this system. In the columnar
structure of cluster [Niy;Se4(PEt,Ph);5] two Nig cubes are fused to the basal faces of a
Ni-centered, Ni;, cubeoctahedral core, with all square faces being capped by 14-Se ligands.**®
The structure of the largest structurally characterized nickel selenide cluster, [Ni3sSes»(PPhs)g]
(39) is unique with respect to other Ni/E clusters. The cluster has virtual fivefold symmetry, with
layers of 5, 10, 10, and 5 nickel atoms (Figure 29). A Ni4 unit resides at the center of the molecule.
The selenium atoms all act as p4-capping ligands, save for the two us-Se that cap the top and
bottom Nis pentagons. A similar arrangement is observed in the structure of the mixed selenide/
selenolate cluster [NisoSe;»(SeMe)o]*~ (42) (Figure 29).2°* The formal oxidation number (1.7) of
the Ni atoms in (42) suggests a mixing of valence states, which is quite common in Ni/E clusters.
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Figure 29 Ball-and-stick representation of the cluster core of [NizsSe,n(PPhs)]l (39) and
NiySe a(SeMe) o]*~ (42).

Figure 30 Ball-and-stick representation of the cluster core of [PdsSe4Cl(PPhs)g] (43) and
[(7°-C4H7)6PdgSes] (44).

Complexes analogous to the trinuclear NisE, clusters described above are also prominent in
reactions of E(TMS), with palladium halide salts (Table 8). Higher Pd/E clusters can also be
isolated, and although many of their structures can be described in terms of triangular Pd;E,
units, these clusters show no structural relationships to the nickel clusters described above. While
the structures of the latter tend to be more condensed, the Pd clusters are typically based on the
linking of intact Pd;E, fragments through bridging or vertex-sharing interactions such as
observed in [PdsSesCl,(PPhs)s] (43)**" and [(1’-C4H;)sPdeSes] (44)**? (Figure 30). The strong
preference of Pd"' to adopt a square planar coordination geometry may prevent the formation
of more spherical structures.

The reactive pendant —Se-TMS groups of the complex [Pd,Se,(Se-TMS),(PPh3)4] have been
exploited in the synthesis of a number of homo- and heterometallic clusters. The reaction of this
complex with chloride salts of Pd, Pt, Ir, and Au have been reported to result in cluster expansion
reactions via the elimination of CI-TMS.? In certain cases the synthesis of heterometallic clusters
is accompanied by the formation of Pd-only complexes. The clusters [Pd;Pt,Cl,Se4(PPhs)g] and
[IrgPdSe4(COD)g] feature spirocyclic structures, in which Pt,Pd or IrsPd units are joined at the Pd
atom.” The individual units are capped by us-E and u4-E ligands, respectively.

(ii) Group 11 metal clusters

(a) Copper clusters. All copper sulfide clusters synthesized by this method to date®**—!

are neutral complexes whose Cu/S cores adhere strictly to the general formula [Cu,S], (Table 9)
observed in the bulk semiconductor.**® The cluster cores of these complexes are roughly spherical,
consisting of deltahedral S,, units, with 2n Cu atoms coordinated on the edges and within the
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Table 9 Copper sulfide clusters synthesized using
silylated chalcogen reagents.

Cluster References
[Cu2S¢(PR',R?)g] (452) 349,350
[Cus0S 0(PR',R)g] 349,350
[Cuz4S12(PPr'yMe), 5] 351
[Cu28sl4(PBut2Me)12] 47) 351
[CusoS,s(PBu';Me) ] (46) 351

Figure 31 Ball-and-stick representation of the cluster core of [Cu,Eq(PR';R?)g] (45).

polyhedron. The most common structure is the dodecanuclear [Cu;,S¢(PR',R?)s] (45a) (Figure 31),
representing half the number of structurally characterized “Cu,S” clusters reported to date,
accessed via this method.®” The condensation of two spherical clusters, results in an overall
“cylindrical” structure, such as that of the largest known copper sulfide complex [CusS,s(Pt-
Bu',Me),¢] (46), which can be described as arising from the condensation of two [CuygS;4(Pt-
Bu',Me),] (47) units.>>' The structural relationship between (46) and (47) is demonstrated in
Figure 32. Coordination environments of the copper atoms in Cu-S clusters approximate either
trigonal planar or linear geometry, while sulfur atoms almost always act as j4 bridges. Additional
bridging modes of the sulfur atoms, however, are observed in the larger derivatives (47) (us, (s)
and (462 (s, te). Although the higher coordination numbers in (46) are characteristic of Cu,S
phases,*® its structure is not strongly related to that of the Cu,S lattice.

While many of the metal sulfide clusters discussed to this point have selenide analogues, such
congruence is not observed for the large Cu—Se clusters. Many copper selenide clusters, like their
sulfide counterparts, display spherical structures; however, [Cu;,E¢(PR',R?)g] (45) (E=S (45a);
E = Se (45b)) represent the only topologically similar complexes between the two series. Structural
differences can be attributed, in part, to the greater tendency of selenide ligands to adopt higher
coordination modes compared with S*~. This has led to a much larger structural diversity in the
former, as well as the incidence of much larger species, including the Cu,Se “megaclusters” whose
structures are closely related to that of the bulk material (see Section 7.2.6.1). Coordination
environments of the copper atoms vary from linear to trigonal to tetrahedral, with an inclination
for higher geometries occurring in larger clusters. In addition to the majority of clusters with their
strict obedience to the [Cu,Se], formula (Table 10), nonstoichiometric species [Cu 2x_ySex(PR12R2)m],
containing both Cu' and Cu!! centers have also been isolated.

The structural diversity observed in copper selenide clusters has been expanded further via the
use of alkyl- or arylselenolate reagents (RSe-TMS). Due to the steric requirements of the organic
substituent (R), these ligands are restricted to the surface of the clusters. As a result, clusters
containing exclusively selenolate ligands are generally smaller than selenide derivatives. The
presence of RSe™ surface ligands via the selenolate reagents, introduces an additional variable
as to the structural type observed. Thus whereas only spherical frameworks are observed for
copper—selenide clusters [(Cu,Se),(PR3),] (7 < 35) such as [Cus,Sesq(PPh3),¢] (48),7>* mixed sel-
enolato/selenide clusters yield both spherical (e.g., [CussSe;e(SePh),4(dppa)s] (49)*** and layer-
type structures such as [Cus,Ses(SeBu™),s(PPr'5)¢] (50)*** (Table 10, Figure 33). The coordination
modes of the RSe™ ligands in these clusters range from doubly to quadruply bridging. Higher
connectivity is favored by the Se*~ ligands, and zu4—us and even 1,-Se—Cu contacts are observed.
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Figure 32 Ball-and-stick representation of the cluster core of [CusyS,s(PBu'sMe)ig] (46) [CuasSis-
(PBu';Me) 2] (47).

Coordination numbers for Cu of two, three, or four are common with again, a tendency towards
higher geometries in larger clusters. A five-coordinate copper atom is observed in the cluster
[CussSes(SePh),s(dppp)»].°> In the structure of (50) the 25 Se atoms comprise a triple-layer
structure with a cubic close-packed arrangement, comparable to that observed in bulk
Cu,Se.*™ Similarly, silver selenium megaclusters with Bu"Se™ ligands®® show a strong structural
relationship to nonmolecular Ag,Se,**® suggesting that appropriate choice of surface groups may

Table 10 Copper selenium clusters synthesized using silylated chalcogen reagents.

Cluster References Cluster References
[Cug{Fe(n’-CsHySe)s} 4 PPh,Et)y] (51) 97 [Cu3,Ses(SeBu®) 5(PPr's)q] (50) 354
[Cu;>Ses(PR',R?)g] (45b) 349 [CuseSe s(PBu's),] 360
[CuyeSe4(SePh)s(dppbe)s] 357 [Cu36Ses(SePh)g(dppa)s] 353
[CuxSe 3(PEL3)1] 358 [CuzsSe 3(SePh)5(dppR)g] 353
[CuasSeq(SePh)s(dppp)a] ™ 353 [CussSexn(PR':R) 5] (=0, 6) 361
[CuzeSer3(PR'SR) 14-,] (1=0, 4) 359 [CuygSerq(MerPh)so] 350
[CunoSe;s(PPr'),;] 360 [CusoSe(SeBu');o(PPr's) ] 354
[Cu3OSe15(PR12R2)12] (82) 360 [Cus,Ser6(PPhs) ;6] (48) 352
[Cu3 1 SC|5(SC-TMS)(PBut2MC)]2] 350 [Cu58561G(SePh)24(dppa)6] (49) 353
[Cus,Se 6(PPh3) ;2] 352 [CusoSes0(PCy3)16] 359

dppbe = 1,4-bis(diphenylphosphino)benzene, dppa = bis(diphenylphosphino)acetylene.
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Figure 33 Ball-and-stick representation of the cluster core of [Cus,Se,s(PPhs)is] (48), [CusgSejq-
(SePh),4(dppa)s] (49) and layer-type [Cus,Se,(SeBu™)3(PPr'3)¢] (50).

be important in the stabilization of nanometer sized fragments of the bulk lattice (see Section
7.2.6.1). The Se*~ ligands that occupy interstitial positions in the core of (49) and (50) are
suggested to arise from Se—C scission reactions.333-354357

The use of reaction mixtures containing a combination of RSe-TMS, Se(TMS),, and mono-
dentate phosphines, has also been investigated.*** Curiously, mixed RSe™/Se*”/Cu' complexes
have only been produced when the phosphine employed is PPr's. The use of other phosphine
ligands (PEt;, PBu's) resulted only in the synthesis of [(Cu,Se),(PR3),,] clusters. The fact that
these clusters contain relatively few (or no) RSe™ ligands with respect to Se*>~ suggests that Se—C
bond cleavage might also accompany cluster growth in these systems. The molecular formulae of
such Cu/Se/RSe clusters are listed in Table 10.

This approach of using a combination of RSe-TMS and Se(TMS), for cluster synthesis should
allow for the tailored functionalization of semiconductor nanoparticles. Recently, the ability to
functionalize the surface of Cu,Se clusters has been demonstrated. The synthesis of 1,1’-bis(trimethyl-
silyDferrocene, and its consequent reaction with CuOAc and excess phosphine has produced the
polynuclear copper selenide cluster [Cug{Fe(r’-CsH4Se),}4(PPh,Et),] (51) with surface redox-active
ferrocene units that are intimately coupled to the cluster core (Figure 34).”7

Large deviations in structure and nuclearity notwithstanding, clusters synthesized via the
reaction of Cu' salts with E(TMS), (E=S, Se) have Cu:E ratios that invariably approach 2:1.
This is a consequence of the (relatively) large discrepancies in ionization potentials, electron
affinities, and electronegativities of the relevant ions. These differences are much smaller between
Cu™ and Te®". Accordingly, this “rule” is not so stringently observed in the Cu/Te system, and
nonstoichiometric “electron-rich” (Cu,,,Te) and “electron-deficient” (Cu,_,Te) complexes are
frequently observed (Table 11). If a formal charge of 2— is assigned to the telluride ligands in these
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Figure 34 Ball-and-stick representation of the cluster core of [Cug{Fe(n>-CsHsSe),}4(PPh,Et)s] (51),
demonstrating the surface ferrocenyl selenolate ligands.

complexes, oxidation states of (+1 and +2) and (+1 and 0) respectively must be designated to the
copper atoms. Theoretical studies have shown that in the latter case, as is observed in the cluster
[CussTe »(PEt,Ph);,], localization of charge creating Cu® centers is not possible.’** Instead, the
“extra” electrons are assigned to a valence band MO comprised of Te(5p) and Cug4s) orbitals.
Mixing of valences is also observed in certain nonmolecular (Cu,_,Te) phases,***% as well as
ternary alkali copper tellurides.***% Despite this, close structural similarities between molecular
species and bulk materials, such as those observed in the Cu,Se system, are not found. Alter-
natively, strong correlations to the bulk structure for molecular [Cu,Se], clusters does not occur
until the number of copper atoms is greater than 59 (see Section 7.2.6.1). The largest copper
telluride clusters characterized to date [Cu58Te32(PR12R2)16_n] (52) (n=0, 2)*"°3"" do reveal a
layered type structure for the 32 Te atoms (Figure 35), and the isolation of (as yet elusive) larger
complexes may reveal more pronounced relationships.

As a result of the penchant for forming nonstoichiometric species, as well as the increased
capacity for higher coordination of tellurium relative to its lighter congeners, tellurium-bridged
copper clusters tend to be structurally disparate from those bridged by sulfur and selenium.
Nevertheless, they still feature spherical, or shell-like construction, and a few smaller examples
such as [Cu;,Teg(PPhs)s]*”? (45¢) do have structural analogues in the other systems (Figure 31).
The distribution of tellurium atoms in copper telluride clusters can be described in terms of
deltahedral frameworks, many of which are related to Frank-Kasper polyhedra.*’® The coordin-
ation numbers of Te?~ ligands vary from four to 12, with Cu atoms adopting three-coordinate
(PCuTe, or CuTe;) or four-coordinate (PCuTe; or CuTe,) geometries. A small number of clusters
containing ditelluride (Te,”>") ligands have also been isolated from these reactions (Table 11).

Table 11 Copper tellurium clusters synthesized using silylated chalcogen reagents.

Cluster References Cluster References

[Cuy(Te,)2(PPr';)4) 376 [CuysTe 5(PR3)12—y] (n=0,2) 376,370,372,376
[Cu4(TePh)4(PPr'3)3] 375 [CU24T€12(PPI'I3)12] 372
[Cu5(TePh)6(PEt3)3]7 375 [Cu26Telz(PEt2Ph) 1 2] 372
[Cu(,(TePh)G(PthEt) 5] 374 [CUQGTG 1 0(T€2)_3(PBut3) 1 ()] 376
[Cul lTe(TeBu")g(PPh3)5] 370 [CU27T61 5(PPI"2M€)|2] 371
[CugTey(PPhs)] 372 [CuygTe 5(Te,)2(PEt,Ph) o] 376
[Cuy,Tes(PPh3)g] (45¢) 372 [CupeTe4(PPr'3);5] 376
[Cu12T63(TePh)6(PR3)6] 374,375 [CU29T€9(TePh)12(PEt3)g]7 (53) 375
[CuIGTeg(PPr"ZPh)m] 372 [CU39T616(TCPh)| I(PEt3)|3] 375
[Cuy6Teo(PR'HR?)g] 372,376 [CugsTer3(PR',R?) 5] 372
[Cu;sTeq(TeBu)g(PRLR?)g ] 370,371 [CusoTe 7(TePh)xo(PPh,Et)s]*~ 374

n=0,1)
[CuyoTeg(TeBu'),(PEt;)g] 371 [CussTeso(PR';R?) 6, 370,371

(n=0,2) (52)
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Figure 36 Ball-and-stick representation of the cluster core of [CuygTeo(TePh);»(PEt;)s]™ (53).

In reference to the Se—C scission that occurs in the production of Cu/Se clusters with mixed
Se*”/RSe™ ligands (vide supra), Te—C bond cleavage is even more facile. As a result, silylated
organotellurolate complexes (RTe-TMS, where R =Ph, Bu”, Bu') represent good sources of both
RTe™ and Te? . Indeed, the use of these reagents in cluster synthesis has resulted a variety of
copper—tellurolate, mixed tellurolate/telluride, and telluride complexes (Table 11). It has also been
demonstrated that “low-nuclearity” copper—tellurolate complexes can be used in the formation of
larger telluride-containing clusters via the elimination of TePh,. The cluster
[Cuso(TePh),,Te;7(PPh,Et)s]*~ is formed from solutions of [Cue(TePh)s(PPh,Et)s], with NMR
evidence suggesting the presence of additional intermediate species.”’* Similarly, photolysis of a
2:1 mixture of [Cu;,Tes(TePh)s(PEts)g] and [Cus(TePh)e(PEts3);] in THF produces the nanoclus-
ters [CuygTeg(TePh);»(PEt3)g]™ (583) (Figure 36) and [CusgTe ¢(TePh),(PEts),3] via the generation
and elimination of TePh,.3”> The structures of these complexes are markedly different from those
of triethylphosphine-stabilized clusters synthesized from Bu"™-TMS or Bu'-TMS, demonstrating
the dependence of product formation on the organo-substituent of the tellurium reagent. Neither
of these condensation reactions occurs in the absence of light, indicating that the formation of
TePh, is photochemically induced.

In addition to the great number of binary copper chalcogenide clusters that has been isolated,
silylated reagents have also been utilized in the synthesis of ternary clusters containing
two different types of metal atoms. Ternary copper(I)-indium(IIT)-selenide clusters have been
isolated from reactions of InCl; and CuCl with silylated selenium reagents in the presence of
phosphine ligands (see Section 7.2.4.5).>"> The ternary niobium—copper chalcogenide clusters
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[Nb,CueSeCls(PEt;3)s] and [NbCugTes(Te,)>(PEts)g] have been synthesized by the addition of
E(TMS), (E=S, Te) to a mixture of NbCls, CuCl, and PEt;.*”” The structure of
[Nb,CueSeCls(PEt3)g]” consists of two NbCu;3S;Cl cubane subunits connected via three u-Cl
bridges, and is thus related to the fused cubane structures observed in tetrachalcogenometallate
chemistry (see Section 7.2.5.3.1). The core of the telluride cluster features a Nb centered Cu6
trigonal prism, of which the two triangular faces, and one rectangular face are capped by Te®~
ligands. The remaining two rectangular faces are capped by Te,”~

As part of the development of a general route to ternary M'MZE nanoclusters, a series of
phosphine-stabilized copper chalcogenolate complexes, (L);CuE-TMS (3) (L =PEt;, PPr";; E=S,
Se, Te) has been synthesized.>”® These complexes contain a pendant trimethylsilyl moiety, and can
be used as a source of “copperchalcogenolate” fragments Their utility in ternary cluster synthesis
has been demonstrated by reaction with mercuric acetate in the presence of excess phosphrne to
produce the nanoclusters [Hg; 5Cu20E25(PPr ;)18] (54) (E=S (54a), Se (45b)) in good yield.”® The
structure of the selenide derivative is depicted in Figure 37.

(b) Silver clusters. Despite the substantial success in the synthesis of copper—chalcogenide
clusters using bis(silylated) chalcogenide reagents, similar efforts to extend this chemistry to
silver—chalcogenide clusters have not yet proved successful. Instead, it is reported that the
addition of E(TMS), to silver(I) salts in the presence of phosphine results only in the precipitation
of amorphous binary Ag/E solids.”® Evidently, the phosphine ligands used to protect the Cu/E
cluster cores are not able to stabilize molecular silver—chalcogenide complexes in a similar fashion.
Alternatively, the use of monosilylated chalcogen reagents (RE-TMS) has led to the 1solat1on of
crystalline products at low temperature whose structures could be determined.®®** In these
complexes, the surface of the Ag/E cluster core is shielded by both phosphine lrgands and the
organic substituents of the chalcogenolate ligands, preventing condensation to bulk phases.

The addition of RSe-TMS (R =Bu", Bu') to silver carboxylate salts at low temperatures has
resulted in the isolation of a small number of silver—selenide/selenolate clusters. The two “smaller”
clusters [AgsoSeg(SeBu'),4(PPr"s)g] (55) and [AgooSess(SeBu') 4(PEts)»,] (56) are spherical, and
show no structural relationship to bulk Ag,Se.>>* Their structures can be described in terms of
the selenium framework. Cluster (55) consists of three layers of selenium atoms, with top and
bottom layers containing six Se atoms (four Bu'Se™ and two Se’”) sandwiching a layer of 10 Se
atoms (six Bu'Se™ and four Se’”). The selenium atoms in cluster (56) constitute a “shell-like”
framework with an outer shell consisting of both Bu'Se™ and Se?” ligands, and an inner shell
comprised of only Se (Figure 38). The coordination modes of the Bu'Se™ ligands are either
ps or s, while the Se?~ gands assume 15—t (55) or pg—pg (56), with the higher coordination modes
being adopted by the Se”™ atoms of the inner shell. The geometries of the silver atoms in these
complexes are similar to those observed in the Cu/Se system, ranging from almost linear to
trigonal planar and distorted tetrahedral. Larger complexes feature structures that show remarkable

[\
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Figure 37 Ball-and-stick representation of the cluster core of [Hg;sCuyE>s(PPr"3)15] (54).
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Figure 38 Ball-and-stick representation of the cluster core of [AgsSeg(SeBu'),4(PPr";)g] (55) and [AggoSess-
(SeBu')14(PEt3),5] (56).

similarities to bulk Ag,Se, and these are discussed along with the Cu,Se “megaclusters” in
Section 7.2.6.1.

A number of tellurium-bridged silver clusters have also been synthesized using monosilylated
organotellurolate reagents (Table 12). The only complex synthesized by this method containing
exclusively butyltellurolate ligands (other than phosphine), [Age(u3-TeBu")4(pr-TeBu™),(PEt3)4]37°
is also, not surprisingly, the smallest cluster characterized, with the telluride ligands occupying
vertex positions of a nonbonded Teg octahedron. In higher nuclearity clusters, silver atoms are
held together by both RTe™ and Te® . One such structure, [Ags»(TeBu");sTes(PR3)¢] (57) can be
synthesized using a variety of phosphines, suggesting an inherent stability for this Ag—Te frame-
work. The largest Ag/Te cluster characterized to date [Agss(TeBu™)»4Te »(PEts);4]*"° (58) has also
been synthesized using Bu"Te-TMS, the structure of which can be viewed as a dimer of two
Agy4Te; s units, connected via four ps-TeBu" ligands (Figure 39). Unlike certain examples in other
systems (e.g., Cu/S),*" the corresponding “Ag,4Te;s” subunit has not been isolated. The Te*~
ligands in these complexes may occur via the unavoidable presence of Te(TMS), as an impurity
produced in the synthesis of the butyltellurolate reagent. However, the inability to “target” the
larger clusters using a mixture of Bu"Te-TMS and Te(TMS),, suggests that Te*~ may result from
the facile Te—C bond cleavage of the butyltellurolate ligand, probably from intermediate cluster
species such as [Agg(us-TeBu™)4(uo-TeBu),(PEt3)4).

The use of aryltellurolate reagents (ArTe-TMS, where Ar =Ph, Mes) with silver(I) salts may be
viewed as “milder,” resulting in the isolation of several Ag/Te complexes even at room tempera-
ture. “Low nuclearity” (<nine Ag atoms) complexes containing exclusively ArTe and PR3 ligands
have structures consisting of three Ag—Te layers. Interestingly, the clusters [Agi4(TePh) »(ue-
Te)(PR3)s] (PR3 =PMes (59); PR3 =PEt,Ph (60)) with identical Ag:TePh:Te:PR3 have distinctly
different structures. While the Te;; framework of (60) represents a centered icosahedron,
a monocapped centered octadecahedral construction is observed in (59). Once again, it is shown
that the nature of the ancillary phosphine ligand can play a central role in the structure of a
polynuclear complex. This is strongly emphasized with the structures of silver—telluride/tellurolate
with bidentate phosphines,®’ which are markedly different than those with monodentate phos-
phine ligands. In contrast to the reaction chemistry of Bu"Te-TMS described above, crystalline

Table 12 Silver tellurium clusters synthesized using silylated
chalcogen reagents.

Cluster References
[Ago(TePh)o(PEt,Ph)] 382
[Agi4(TePh)»(PMes)s] (59) 382
[Ag14Te(TePh)»(PEt,Ph)g] (60) 382
[AgisTe(TePh);s{Ph,P(CH,);PPh,};Cl] 380
[AgaoTeo(TePh)2(PEGR) 5] 381
[Ags>Tes(TeBu") 3(PEt3)q] (57) 379
[AgssTe 3(TeBu');2{Ph,P(CH,),PPh,} ;] 380
[AgssTe 7{Te(mes)}5(PEt3)4] 381

[AgasTeo(TeBu™),y(PEt3)14] (58) 379
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)

Figure 39 Ball-and-stick representation of the cluster core of [Agsx(TeBu®);sTe7(PR3)g] (57) and [Agys(Te-
Bu")4Te 2(PEt3)14] (58).

products have been isolated from reactions employing a combination of ArTe-TMS and
Te(TMS),. The structure of [Ag;o(TePh);>Teo(PEts);,]38! is very similar to that of the aforemen-
tioned Cu/Te cluster [CuygTeo(TePh)»(PEt;)g]™ (53). Despite the similar coordination geometries
observed for the copper and silver atoms (trigonal planar and tetrahedral), this represents the only
distinct structural relationship found between these two systems. Also absent from the Ag/Te
series are mixed-valence complexes such as those observed in the Cu/Te system, attributable to
the much higher oxidation potential of Ag' with respect to Cu'.

(c¢) Gold clusters. As was described in the previous sections, a wide variety of polynuclear
complexes have been isolated from the reaction of Cu' or Ag' salts with silylated chalcogen
reagents. Access to a similarly rich diversity for Au' is expected, however, it has possibly been
inhibited by the strong preference of monovalent gold to adopt linear coordination geometry.
Nonetheless, the cationic clusters [Au;oSes(dppm)s]*" (61) and [Au,sSes(dppe)s]* " (62) have been
synthesized from the reaction of Se(TMS), with gold halide species stabilized by bidentate
phosphine ligands.*®* Cluster (61) features a planar structure with eight phosphine-coordinated
gold atoms forming an octagonal array, and two additional gold atoms at the center (Figure 40).
The four Se’~ ligands act as ps-capping ligands between two “outer” and one “inner” Au atom.
The structure of cluster (62) is much different, consisting of an AugSe, heterocubane unit, which is
bonded by six “(dppe)Au,Se” units. All gold atoms in complexes (61) and (62) are nearly linearly
coordinated (P—Au—Se or Se—Au—Se). Noteworthy is that the use of monosilylated organose-
lenolate reagents invariably results in the formation of (61) (via Se—C scission), indicating the
high stability associated with its structure.

(iii) Group 12 metal clusters

Several chalcogen-bridged clusters of the group 12 metals (Zn, Cd, Hg) have been synthesized
utilizing silylated reagents. Mostly, the structures of these complexes are based on adamantane-
like cages, and are similar to II-VI clusters synthesized by other approaches, as described in



High Nuclearity Clusters: Metal-Chalcogenide Polynuclear Complexes 95

Figure 40 Ball-and-stick representation of the cluster core of [AujoSes(dppm)s*™ (61) and
[AusSes(dppe)s] ™ (62).

Figure 41 Ball-and-stick representation of the cluster core of [HgzoFes{Fe(CO)4}5Ss(SBu'),4Brsg] (63).

Section 7.2.4.5. Alternatively, the reaction of Bu'S-TMS with the bimetallic complex
[Fe(CO)4(HgX),] (X=CIl, Br) has produced a series of Hg—Fe clusters whose structures are
not related to those of the II-VI complexes.”® These clusters consist of Hg—Fe chains, which
are bridged by sulfur and halide atoms. The structure of the largest cluster [HgsoFeg{Fe-
(CO)4}15Ss(SBuY) 4Brag] (63) is constructed from two HgoFe;; clusters connected by a central
Hg atom (Figure 41). In the center of the Hg9Fe 3 structure there exists an almost planar six-
membered Fe;S; ring which is very similar to that observed for the iron thiolate complexes
[Fe3(SR)3X4]."*

7.2.5.2 Clusters from E=PR;

The endeavor to isolate cluster intermediates en route to solid-state materials is an attractive one,
as these molecular species can provide insight into the mechanism of their formation, as well as
the development of properties with particle size. To this end, the reaction system involving
trialkylphosphine chalcogenide and low valent organometallics has been shown to produce
molecular complexes under mild conditions (Table 13). In the MnTe and FeTe, systems,
the isolated molecular complexes are small, and bear no resemblance to the bulk lattice.5%¢3-3%¢
The reaction of TePEt; with Co,(CO)g produces a series of small clusters which culminate with the
octahedral cluster [CogTeg(PEts)s]*** (Section 7.2.4.2). Thermolysis of the cluster in solution leads
to the formation of 3-CoTe, suggesting that this complex may be an intermediate in the formation
of the solid. Similar results have shown that the octahedral Cr/Te cluster [CrsTeg(PEt3)6]*® can be
formed en route to bulk Cr3Te,.
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Table 13 Metal chalcogenide clusters synthesized using
phosphine chalcogenide.

Cluster References
[CF6T68(PEt3)6] 66
[Fe,Tey(PEts)4] 386
[CO4T€2(pEt3)4(CO)6] 243
[CogTeg(PET3)6] 243
[Pd6T€()(PEt3)8] 143
[NigTes(PEts)g] (64) 67
[NixTe;g(PEts)10] (1) 67
[Niz3Se;2(PEts) 3] (65) 65

Cluster intermediates in what has been termed the “molecules-to-solids” pathway®* have also
been isolated from similar reactions involving Pd and Ni precursors. The structure of [PdéTe6—
(PEt;)s]"* can be described as u»-Te bridged triangular Pd;Te, units, and in this sense it is
closely related to that of other Pd/E clusters (see Section 7.2.5.1. 3(1)) Thermolysis of this
complex results in the formation of bulk PdTe. The same reaction that produces crystalline
NiTe at high temperature yields the clusters [NigTes(PEt3)s] (64) and [NiyyTeg(PEt;);] (1)
under mllder conditions.*” Cluster (64) converts to (1) upon standing at room temperature in
toluene.*®”**® The structure of (1) is that of a Ni-centered cube capped by six Te ligands.
Cluster (1) represents the largest structurally characterized Ni/Te cluster, with dimensions in the
nanometer size regime. The structure can be described in terms of a twisted Nig trigonal prism
with a central Te, and capped by two additional Ni atoms (Figure 1). A similar fragment is
present in the structure of NrHXTe It is also related to the structure of [NigS(SBu')e], 390
which can be isolated from the reaction of NiCl, with NaSBu'. The other 12 Ni atoms are
bonded to four Te*~ ligands in an approximately square coordination, and further bonded to an
ancillary phosphine ligand.

The reaction of Ni(COD), and Se = PEt; in refluxing toluene results in a mixture of Ni3;Se, and
elemental nickel. Srmrlar to the telluride system, a molecular intermediate has been isolated en
route to the solid.®> The structure of [N123Se12(PEt;)13] (65) can be divided into two identifiable
fragments (Flgure 42). The top of the cluster is a Se-rich NijoSey unit. Like many other Ni/Se
clusters, the Se*~ ligands are found on the surface of a nickel-only cluster core, acting as either
4= OT [L5-CAPS. The bottom of the cluster, however, is Ni-rich, being comprised of 13 nickel atoms
and only three Se’~ ligands. In this section, a central Ni atom makes bonding contacts with
12 other Ni. The Se*~ ligands cap the bottom of the cluster. Noted resemblances of the top half to
the structure of NiSe and that of the bottom half to elemental nickel suggest this cluster may
result from an intergrowth of two different cluster types. Interestingly, thermolysis results in the
formation of NisSe,, of which neither substructure is reminiscent.

Figure 42 Ball-and-stick representation of the cluster core of [Niy3Se »(PEt3)3] (65).
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7.2.5.3 Cluster Synthesis via Reactive Chalcogenometallates and Related Reagents

7.2.5.3.1 Clusters synthesized from tetrachalcogenometallate anions [ ME,]"™

The ability of tetrachalcogenometallates [ME4]"™ M=V, Nb, n=3; M=Mo, W, n=2; M=Re,
n=1) to act as multidentate ligands to a variety of transition metals has been well documented.”®'"!
As a result of this coordinative versatility, these complexes have been widely implemented in the
synthesis of homometallic and heterometallic metal chalcogenide clusters with intact or altered
[ME4]"" units. In particular, the synthesis of ternary polynuclear M-Fe-E and M—Cu(Ag)-E
complexes has received much attention, due to their relevance to biological systems as well as
interesting catalytic and physical properties.

(i) Ternary M/coinage clusters

Early interest in the synthesis of M—Cu(Ag)-E clusters was stimulated by the phenomenon of
Cu—Mo antagonism observed in biological systems.'®" More recently, several of these complexes
have been shown to exhibit strong nonlinear optical behaviors such as optical limiting effects and
third-order NLO susceptibilities that can be orders of magnitude greater than that of Cgy.>"
Syntheses of these complexes using chalcogenometallate reagents have been carried out using both
solution and solid-state approaches (see Table 14). The formation typically occurs via the
sequential addition of L, Cu(Ag) units to one or more of the six E-**E edges of the chalcogen-
ometallate constituent. As a result, the tetrahedral coordination geometry of the ME,"™ reagent is
generally retained in the products M'M?, (where n = 1-6).

A common structural type in tetranuclear M—Cu(Ag)—E systems is the cubane-like assembly
observed in clusters of the formula [(13-M'E4)(M?L);X] (M!, M>=Mo, W or Re; E=S, Se). The
structure of these complexes can be described as a distorted cube completed by three copper or
silver atoms (M?) (each with a terminal halide, phosphine or arsine ligand, (L), a halide ligand
(X), and a tridentate [ME,4]"™ unit, itself consisting of three bridging (E;) and one terminal (E),
chalcogenide ligands (Figure 43, left). The M—E; bond distance is shorter than the M—E,
distances, and closer to that of the M=E double bond in [ME,]"". If the starting material is
MOS;>", the O atom always adopts the terminal position. The large distortion in the cube is a
consequence of the relatively weak interactions between the Cu or Ag atoms and the ps-halide
ligand. Although the coordination environment of the Cu or Ag atoms is formally tetrahedral,
the geometry ranges from a strongly distorted tetrahedron to nearly trigonal planar, depending on
the strength of the Cu(Ag)—X interactions.

A second structural type for clusters with a {M?*sM'E5} core is the incomplete cubane arrange-
ment. The structures are similar to those described above, except that the vertex occupied by the
halide ligand is missing (Figure 43, middle). Addition of halide to these complexes yields
the corresponding distorted cubane structure. Clusters with structures intermediate between
those described above are referred to as “half-open” cubane-like complexes. The structure can
be viewed as an incomplete cubane in which an open M>~M? edge is bridged by a ligand such as
Br~, I, or OAc™ (Figure 43, right). Similar structures are observed for complexes in which the
Cu(Ag); face is bridged by tridentate thiophosphate ligands. An interesting variation of this
arrangement (Figure 44) is observed in the complex [ReS4CusCls]*~ (66), synthesized by the
addition of CuCl,” to ReS,;~, the structure of which can be viewed as an incomplete cubane
with an “extra” face.’”

Other clusters with the tetrachalcogenolate unit are all based on the sequential addition of
[ML,]" to the E-E edges of ME,"". The addition of [Cux(dppm)(MeCN),J*" to MS4*~ (M = Mo,
W) has resulted in the formation of the “flywheel”-shaped clusters [MS4Cus(dppm);]™ (67)
(M =Mo (67a); M =W (67b)).***3°° The clusters consist of two different types of sulfur atoms.
Three p,-S ligands are bonded to the Mo(W) and one Cu, while the fourth S adopts a p4-bridging
mode and is bonded to the Mo(W) and all three Cu atoms, these Cu centers existing in a distorted
tetrahedral environment.

Another structure featuring the coordination of M? atoms to three E:-*E edges of the
chalcogenometallate ligand is seen in the open tetranuclear M'M?; clusters (Figure 45).
These clusters can effectively be described as T-shaped, with the four metal atoms essentially
coplanar and M*-M'-M? angles close to 90°. The M? atoms adopt either a trigonal planer or
tetrahedral geometry, depending on whether one or two ancillary ligands are attached. In clusters



98 High Nuclearity Clusters: Metal-Chalcogenide Polynuclear Complexes

Table 14 Clusters synthesized via the reaction of tetrachalcogenometallate or related reagents with late

transition metal salts.

Cluster Structure References
[VS4AU3(PP]’13)3] T-shaped 424
[VoS4aM%LLL% P (M2 =Cu, Ag; Cubane 425-427
L!'=SPh, CS;;
L*=S,CN(OC,Hy), PPh;)
[VS4Cus(SPh)s_,(S,CNR),]*~ Planar 425,428
(n=0-3)
[VS4CugLsX5]"™ (L =PPh;, Cl; VS, bridging Cug octahedron 55,56,58,55
X =Cl, Br)
[NbS;Cu3(PPh;);(DMF);Br] Cubane with X as one vertex 108
[NbS4Cus(PPh;),] T-shaped 108
[NbSe;Cu;Cl3(DMF);] Incomplete cubane 108
[NbSesAuz(PPhs),] T-shaped 108
[Nb,SesAu,Cly(PMes)s] Cubane 108
[NbSesCuys(PR3),X,] (X=Cl, Planar 108,377
SCN; n=0, 1)
[NbSe4CusCly(dppm),] Five CuL coordinated to 108
NbSe4
[Nb,SecCuy(PMes)s] Two cubanes sharing a NbyE, 377
face
[szOzSCéCU(,(PMe:;)(,] NbZCu6 cube 108
[NbeSe;,0Cus(PMe;) >+ O-centered Nbg octahedron 377
with four faces capped with
Se;Cu(PMes)
[MoOS;Cu;X;L,J*~ (X=Cl, Br; Incomplete cubane 429-432
L=NCsHy n=0, 1
[MoOS;CusL!, L2, (L'=1, SCN; Incomplete cubane 433-435,470

L =amine; n=1,2;m=1, 2, 5)
[MoES;M%L:X]"™ (E=0, S;
M?=Cu, Ag; L = PPh;, AsPPh;,
CL Br,;n=0, 3)
[MoES;M?3(PPhs)3{S,P(OR)}]
(E=0, S; M>=Cu, Ag)
[MoS,Cus(dppm)s] " (67a)
[MoS4Re3(CO),S]
[MOSC4CU3(PPh3)3]Jr
[MoSe;M?5(PPhs);X] (M?=Cu,
Ag; X=Cl, Br, I)
[MoSe4Cus(S,CNE,)s]*~
[MoS,CusL,**~ (L=PR,CH,
PR,, S,CNE,)
[Mo0S4CusX,Ls_,]" (X=Br,
SCN; L =amine)
[Mo0S,Cu,Cls]*~
[MoSe4CusX»(NCsHy)g] (X =Cl,
Br, CN)
[MoSe4Cu,(S;CNMe,)s]>~
[Mo0S,4CusCl,]*~
[M0S4CugClo]®~

[Mo0,SgAgy(PPhs)4] (692)
[M0,85Cus(S2CNMe)s]*

[M02E286Cu6Xn]4_ (E=0,
X=Br, I
[(MoOS3)4Cuyl*™
[Mo,S4Pds(dppm),] (73a)
[M0S4Cu,;oCl;5]*~ (68a)

Cubane with X as one vertex

Half-open cubane

“Flywheel”
Cubane
Incomplete cubane
Cubane with X as one vertex

T-shaped
Planar

Planar

Cubane with an extra face
Planar

Planar

MoS, bridging five CuCl,

MoS, bridging Cug
octahedron

Hexagonal prism

Two incomplete cubanes
bridged by S,CNMe,

Two incomplete cubanes

bridged by X

Square M4Cuy bridged by S

“Windmill”

MoS, bridging Cug
octahedron with four
additional Cu

432,436-440,471

441,474
393

442
442-447

448
395,396,449,395

391,450,451,391

432
442,449

448
452
409

414
416

453,454
417

423
411
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Table 14 continued

Cluster Structure References
[MoSe4Cu10(SPh)12]4’ MoSe, bridging Cug 448
octahedron with four
additional Cu
[(M00S3)4,Cug(TMEDA),4] (70a) Planar M4Cuy bridged by S 417
with additional
Cu(TMEDA) units
[Mo04S6Cu;0E'LE** (E!', E>=0, S) Fused butterfly, incomplete 419,420
(71a) cubane and triprism units
[MogE4S»sCup,]*™ (72) Cube 102,421
[WOS;Cu;Cli*~ Incomplete cubane 432
[(CsHs)WS;Cus(PPh;3)s] " Incomplete cubane 455

[WES;M%EL-X]"™ (E=O0, S;
M?=Cu, Ag; L =PPh;, AsPPh;,
Cl, Br, I, n=0, 3)

[WES;M?3(PPhy);{S,P(OR),}]
(E=0, S; M>=Cu, Ag)

[WS4Cu3(S,CNCsH )51~

[WS,4Cu;sBry(dppm)s]™

[WS4Cus(dppm)s]™ (67b)

[WS4Re3(CO)oS]

[WSesM23(PR,R?)5Cl) (M? = Cu,
Ag; X=CL 1)

[WSesCus(S,CNEt)s]*~

[WS,4Cuy(P Rz(:HzPRz)d2+

[WS4Cuyle*™

[WS,CuyX, Ls_,]" (X=Br, I,
SCN; L =amine)

[WS4CuyCls]>~

[WSe4CuyLy]*™ (L =dppm,
S,CNEL,)

[W5Sey(SeCH,),Cus(Pey; )]

[WS4CusX,]" 9~ (X =Br, I;
n=06,7)

[W2SgAga(AsPhs)s] (69b)

[{(CsHs)WS3},CueXel*™ (X =Br,
SCN

[W>S6Cus(S2CNMey)s]*

[(LWS3)4Cuy] (L=0, CsHy)
(70b), (70¢)
[W>S,4Pdg(dppm)] (73b)
[WSesPde(dppm),] (73¢)
[(WSe4)3Se>Cugl*™
[{(CsHs)WSes3}3Cus(MeCN)]

[WS4CuyoBr;o]*~ (68b)

[(WOS;)4Cug(TMEDA),]

[W4S;6CuoELE?* (B!, E>=0, S)
(71b)

[MogESasCups]*™

[ReS,Cu;CLyJ*~

[ReS4CusCls]*~ (66)

Cubane with X as one vertex

Half-open cubane

T-shaped

T-shaped

“Flywheel”

Cubane

Cubane with X as one vertex

T-shaped
Planar
Planar
Planar

Cubane with an extra face
Planar

Cubane
WS, bridging five CuCl,

Hexagonal prism

Two incomplete cubanes
bridged by X

Two incomplete cubanes

bridged by S,CNMe,

Square M4Cuy bridged by S

“Windmill”

“Windmill”

“Pinwheel”

Three incomplete corner-
shared cubanes

WS, bridging Cug octahedron
with four additional Cu

Planar M4Cuy bridged by S
with additional
Cu(TMEDA) units

Fused butterfly, incomplete
cubane and triprism units

Cube

Cubane with Cl as one vertex

Incomplete cubane with an
extra face

432,437,456,472,473

457,475,476,457

456

395

394-396

458
442,459-461

462

395, 396

439
391,450,451,463-465

432
401,462

466
403-405

413
467

415
417,418
423
422
461
468
411

417

419,420

421
392,469
392

with bidentate ligands, such as dithiocarbamates, all M? atoms attain a distorted tetrahedral

geometry.

The only structural type known for pentanuclear M'M?, clusters synthesized from chalcogenome-
tallate anions is the open structure in which the M'E,*~ unit acts as a tetradentate ligand with a fourth
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Figure 43 Schematic representation of the structural types displayed by M'M?E cubane-like clusters

synthesized via tetrachalcogenometallate reagents.

.-

Figure 44 Ball-and-stick representation of [ReS4CusCls]*~ (66).
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Figure 45 Schematic representation of the structures of clusters synthesized via the sequential addition of
M?2L,, units to tetrachalcogenometallate reagents.

L,,Cu coordinated on an E---E edge (Figure 45). Due to the tendency of ancillary ligands such as
halides and thiolates to partake in bridging interactions, many of these complexes occur as dimers, or
as one-, two-, or three-dimensional aggregates in the solid state,**’ "' the dimensionality of which can
be altered by changing the size of the countercation.*”” Discrete molecular species have been isolated
using bulky, chelating, and/or nonbridging ligands (Table 14). The four Cu atoms are typically
coplanar, with the central tetrahedral M atom either part of the same plane, or very slightly displaced.

Clusters with higher nuclearity (n=>5 or 6]) can be achieved by coordination of M? atoms to one
or both of the remaining S-S edges of the M'S,*~ ligand. In the clusters [M'S4(CuL)sX,] (Figure 45)
the five copper atoms constitute a distorted square pyramid in which the M atom lies on or
just below the basal plane.****%5 The structures may also be described as distorted double
cubanes with elongated Cu—X bonds. The Cu atoms on the basal plane are tetrahedrally
coordinated, while the “apical” Cu is three-coordinate. The sulfur atoms involved in face sharing
interaction between the two pseudo-cubane units assume a p4-bridging mode, while the other two
adopt the more customary us-coordination.
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Figure 46 Ball-and-stick representation of the cluster core of [MS4Cu;oX;,] (68), [M',S¢E-M24(L),] (69),
[M4Cu481204] (70), and [M4S1sCuioE2E’* (71).

The ultimate degree of addition of copper(I) to the tetrathiometallate ligand is achieved in the
complexes [MS4(Cul)sX,CuX] (Figure 45), in which all six S:**S edges are coordinated to a
copper atom. The six copper atoms form a distorted octahedral array, which encapsulates the
central MS, unit. All four sulfur atoms are in a m-bridsging mode, each connecting the central
M atom to a triangular Cus face of the octahedron.****? Notably, the metal-sulfide core of one
such cluster [VS4(CuPPh;)s(CuCl)Cl,] bears resemblance to the mineral sulvanite (CuszVSy), the
structure of which is based on VS;Cug clusters connected through Cus face-sharing inter-
actions.*'” Increasing the Cu:MS, ratio has led to the isolation of the clusters [MS,Cu;¢X;,] (68)
(M =Mo, X=CI (68a); M =W, X=Br (68b)), which are extensions of these clusters with the
addition of four copper atoms via Cu—Br—Cu bridging interactions (Figure 46, top left).*!!#12

A number of ternary M—Cu(Ag)-E clusters containing more than one intact ME,"™ unit
have also been isolated (Table 14). The formation of such complexes is proposed to result from
the condensation of two or more of the various structures already described in this section. The
hexanuclear clusters [M',SgE-M?4(L)s] (69) (M'=Mo, M?=Cu, L=PPh; (69a); M'=W,
M?>=Ag, L=AsPh; (69b)) have been synthesized from MS;E>~ starting materials both by
solution and solid-state methods.*'**'* The clusters feature a cage structure in which two six-
membered {M';S;} rings are connected via M'-S and M-S linkages (Figure 46, top right). The
structures may also be portrayed as a combination of two anti-parallel butterfly-shaped
[EM'S5(M>L,),] units. The latter description may better reflect the process of formation, as
evidenced by the significantly longer “interbutterfly” M*—S bonds vs. the “intra-butterfly” M'-S
bonding interactions. The fusion of a butterfly (EMS;Cu,) fragment with a nest-shaped
(SMS;Cus) moiety yields the clusters [M>CusS¢Ex(S:R)s] (M =Mo, W; E=0, S). 4546 The
units are linked via weak Cu—S bonds, as well as two bridging dithiocarbamate (dtc™) ligands.
The third dtc™ ligand acts as a chelating ligand.

The few high-nuclearity M—Cu—E clusters in which the ME,4 unit acts as a bidentate ligand
include the octanuclear clusters [M4CuyS;,04] (70) (M = Mo (70a); M =W (70b)) synthesized by
the reduction of Cu(NOs), by BH, followed by subsequent additions of [ME,*~ and
[MO,S,1*~.*"7 The clusters exhibit an approximately square array of metal atoms, of which the
Mo(W) atoms occupy the four corners (<M—Cu-M = 180°; < Cu—M—-Cu = 90°). Eight u,-S atoms
are found bridging the M—Cu linkages, while each Cu—M-Cu connection is bridged by a u3-S
ligand (Figure 46, bottom left). A similar structure is observed in the cluster [{(CsHs)WS;5}4Cuy]
(70¢).*"® The strategy of utilizing a source of sulfide ion (Li»S) to displace weakly “copper-philic”
bromide ligands in reaction mixtures containing MES;>~ (E=0, S) has led to the formation of
new Mo/Cu complexes bridged exclusively by chalcogenide ligands.*'**** The structure of the
tetradecanuclear clusters [M4S;Cu;oE'>E**™ (71) (M =Mo (71a); M =W (71b) consist of two
butterfly {ME'S;Cu,} fragments, one incomplete cubane {ME?S;Cus}, and one triprism
{MS4Cus} unit (Figure 46, bottom right).
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Figure 47 Ball-and-stick representation of the cluster core of [MgCu;,S,5E4] (72).

Figure 48 Ball-and-stick representation of the cluster core of [M,Pd;4Eg(dppm),] (73).

The largest clusters in the Mo—Cu(Ag)-E system to date are the icosanuclear clusters with the
formula [MgCu;>S-sE4] (72).'02’421 The overall arrangement can be described in terms of a large
cubane in which the eight corners are occupied by M atoms, with Cu atoms occupying positions
on each M-M edge (Figure 47). Each face consists of a M4CuyS>E4 unit, similar in structure to
the octanuclear [M4Cu4S;,0.] clusters (70). In [Cu;sMogSso]* ™ (72a) there are four different types
of sulfur centers, including terminal as well as u,-S, p3-S, and puy-S bridging ligands. This is the
only Mo—Cu-S cluster that contains all four of these types in the same cluster. The Mo atoms are
tetrahedrally coordinated either by one terminal and three p3-S, or by three p,-S and one py-S.
The two different types of Mo atom each occupy four nonadjacent positions in the cube. The Cu
atoms are bonded to one pu»-S, two us3-S, and one p4-S in an approximate tetrahedral geometry.

Recently, related niobium reagents [NbE'5(E*R)]*~ (E' =S, Se; E*> =S, Se) have been utilized in
the synthesis of ternary NbCuE clusters.'*®*”” While several of the products feature the structural
types discussed above, a few of the clusters exhibit very different frameworks. The cluster
[Nb202866Cu6§.PMe3)6] consists of cubic Nb,Cug arrangement, the faces of which are capped by
p4-Se ligands.'"® Palladium-containing clusters [M,Pd4Eg(dppm),] (M =Mo, E =S (73a); M=W,
E=S (73b), Se (73c)) (73) have been synthesized by reaction of ME,*~ with [Pdy(u-
dppm),CL,].#?**?3 These clusters exhibit a “windmill” shape, consisting of a planar Pd4E, unit
that is bridged by two ME4 units and two dppm ligands (Figure 48).

(ii) Ternary M|Fe clusters

The reaction of ME,"~ with iron salts has resulted in the formation of a number of heterometallic
M/Fe clusters. Several of these complexes exhibit structural relationships to the FeMo-cofactor
and P-cluster of the enzyme nitrogenase,*’” with research directed towards the synthesis of
molecular models of this enzyme.!618:478

7.2.5.3.2 Related main group ligands

The ability to readily coordinate and bridge metal ions demonstrated by the ME,"™ reagents is
also observed for a variety of main group-based ligands which possess terminally bonded
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Table 15 Metal clusters with dichalcogenolate and related ligands.

Cluster References Cluster References
[M04CugO4S>{(PhoPS),N14]*~ 485 [Ags{S,CC(CN), 4]+~ 479,493,
494,479
[Co5(CO),S3(SCsH4N)/] 486 [Age{S,CC(CN),} 6]~ 479,490,
491,479
[C05S84{SC—=C(CN),}2(PPhs).] 127 [Age{S-P(OPF)s} ] 495
[Cuy(2-Se-NCsHy)q) 487 [Ags{2-HS(CsH;N)CO,H} ] 496
[Cuy(3-TMS-2-Se-NCsHy)4] 487 [Age{Se,P(OPr'),} 6] 480
[Cus{(Bu™CS(NBu')}4] 488 [Ags{S,CC(CN),}6(PPh3),]*~ 479,493,
494,479
[Cu4{82CC(CN)2}4]4* 489 [AgsS{S,P(OEt),} ] 490
[Cuﬁsé{SZCC(CN)2}6 479 [AgsSe{Se,P(OPr'),}¢] (74) 480
[Cue{(Bu" )CS(NBug}e] 488 [Ago{S:CC(CN),}(PPha)) 493
[Cus{S,CC(CN),} 6] 489 [Ag11S(S2CNEt)o]; 497-499
[Cug{S,P(OR),}6] 479,490 [Ag;1Se(Se;CNEt,)o] 498
[Cug{S,CC(CN),}(PPhs),]*~ 489 [Zn4Et4(OSCNEL,)(NEt,),] 500
[Cug{S,CC(CN),}e]*~ 479 [Zn4S(S>AsMe,)g) 501
[CugS{S>P(OR),}¢] 479,490,491 [Zn4S{S,P(OEt),}¢] 479
[CUSS{SQP(OR)z}()] . 503 [Cd4S(SzASM62)6] 501
[Cuy1Se(Br);{SesP(OPr'),} ¢] 492 [Cda(Sex)2(PSes)a]*” 502
[Cu2(P2Ses){SeaP(OR)1}5] 481 [Hga(Se2)2(PSes)s]* 502

chalcogen atoms. Two such ligands that have been used extensively in cluster synthesis are
dialkyldithiocarbamates, DTC (S,C=NR,N), and dichalcogenophosphates, DCP [E,P(OR),].
Related ligands, such as chalcogenoamidates and ethylenethiolates, can bridge metal atoms
through both hard (N, C) and soft (S) donor atoms. Like the metallachalcogenolate reagents,
much of the success in the use of these ligands in cluster synthesis has been achieved by reaction
with Cu' or Ag' sources (Table 15). Alternatively, in contrast to ME,*~ in which cluster form-
ation is achieved via the coordination of metal ions across an E-E edge, these ligands typically act
as bridging ligands between two metal atoms. The two chalcogen atoms of DTC or DCP ligands
can coordinate to metal centers either in a terminal or p,-bridging fashion. Thus, these ligands
typically act as tridentate (up, 1) or tetradentate (u,, pp) ligands resulting in clusters based on
{ME;} and/or {ME,} units, respectively.

As a result of their limited bonding capabllltles clusters containing these ligands are restricted
to a small number of geometrical arrangements.*’® The common structural types amongst these
clusters include those based on tetrahedral, octahedral, or cubic arrangements of metal atoms,
many of which contain central chalcogen atoms. Encapsulated chalcogenide amons are also
observed in the structures of higher nuclearity clusters, which contain central E*~ ligands in
uncharacteristically high (us-S, po-Se) coordination modes. In several cases, multiple products
can be isolated from the same reaction mixture, including the cocrystallization of [Agg(us-
Se){Se,P(OPr'),}¢] (74) (Figure 49) and }Agﬁ{SezP(OPr )>}6] with equal occupancies, which
share a common [Age{Se,P(OPr"),}¢] core.”” Moreover, it has been demonstrated that tetrahe-
dral or octahedral complexes can be converted to the corresépondmg cuboidal structures

The addition of sulfur to a basic solution of [Cuy(i-MNT)y4] or [Cug(i-MNT)e]*~ produces the
hexanuclear cluster [CugSe(i-MNT)4]°~ (-MNT = [S,C=C(CN),]*"). The structure of thrs com-
plex consists of a planar hexagonal array of Cu atoms, connected by the S*~ ligands.*’”® Each
i-MNT ligand forms an unusual chelate bridge between a Cu and a S atom. The addition of PPh;
to the complex results in the abstraction of the S*~ hgands (as S=PPhj3), and a reversion back to
the tetranuclear cluster. Another unusual structure is found in [Cu;,(P,Seq){Se, P(OEt)z} o 8!
This complex contains a central P>Seq*™ ligand, which is produced from Seng Pr' )2 by an
unknown mechanism. The ligand bridges eight copper atoms in a pg-1>-n>n>->-n*-n’- fashion.
The other four Cu atoms are connected to the Cug core by the bridging dlselenophosphate hgands
Similar structural features are observed in the clusters which contain a central C,S¢>~ moiety.*%?
Related PS;~ and PS,’~ ligands are found in the clusters [Pd6(PS4)4(PPh3)6] [Cuy(P>Se)(PPhs)4],
[Cug(P>S6)Cly(PPhy),], and [Au4(PZS6)(PPh;)J which have been synthesized using the silylated deri-
vative of tetrathiophosphate, (S)P(S-TMS);.* 3484
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Figure 49 Ball-and-stick representation of the cluster core of [Agg(,ug-Se){SezP(OPri)z}6] (74).

7.2.5.3.3 Clusters from polynuclear metalloligands

The use of polynuclear transition metal chalcogenide/chalcogenolate complexes as starting reagents
for the synthesis of larger metal clusters has also been explored. The most common of these are the
“butterfly-type” complexes bridged by two chalcogenide ligands, denoted by the general formula
[L,M»(u>-E),]. Like the tetrachalcogenometallates, the available lone pairs of electrons on the
chalcogenide ligands make these complexes versatile “metalloligands” for cluster synthesis. The
addition of metal electrophiles to these reagents results in cluster expansion in which the “M,E,”
dimer may act as a monodentate, bridging, or chelating ligand. Amongst the most common of these
reagents are the chalcogen-bridged iron carbonyl dimers [Fe,(u>-E)>(CO),]. Typical cluster-forming
reactions involve coordination of one or two metal ions to a planar or “butterfly” type [Fe,(uo-
E)»(CO),] unit. The largest example, [Fe()CuSS()gCO)IS(PPh3)2]*, can be viewed as an aggregate of
three of these units surrounding a central {Cus}.” Many of the clusters synthesized using these and
other related precursors are organometallic, and thus beyond the scope of this review. The reader is
directed to a number of recent reports®> ¢ and review articles'®*>'751 describing the synthesis
and properties of these complexes. Related late transition metal dimers of the formula [M,(u»-
E),(L),,] have been used in the synthesis of polynuclear complexes containing up to seven metal
centers (Table 16)."°%52% Very recently, a novel approach involving the reductive coupling of
[(Cls-cat)MoOFeS,Cl,]*~ and [Fe,S,Cly]*~ has been implemented in the synthesis of biologically
relevant, higher nuclearity Mo/Fe/S clusters.?”! )

Related chalcogenolate-bridged metal complexes [Ma(EPr')s]*” (M=Mn, E=S; M=Fe, E=S,
Se) have also been utilized in the synthesis of the heterometallic chalcogenolate clusters. The
structure of [Mn4Cu4S(SPr1)12]2* is based on a CuyMny4 cube, which is occupied by an interstitial
14-S atom bonded to the four Mn atoms®®' (see Section 7.2.4.4). The 12 thiolate ligands bridge
the Mn—Cu edges of the cube. Reaction of the Fe derivatives with Cu' have produced thiolate-
and selenolate-bridged clusters with “truncated” adamantane-like structures (Section 7.2.4.5).3%-31

A second series of polynuclear metalloligands used extensively in the synthesis of larger clusters
are the incomplete cuboidal reagents, L,,M3E4, where M is often Mo. Since the bonding arrange-
ments in these precursors bear much resemblance to those in cubane structures, the products of
these reactions are typically single cubanes, corner-shared double cubes, or edge-linked double
cubes (Figure 50), but some exceptions exist.'” %7 Heterometallic clusters containing grou
VI 345547 YI[ 5498 Y[[[ 5% [ 348550554 y 555567 y(] 443,554,569-575 [ 553.560.564.576-579 y ]| S34.580-5
XIV, 38559 and XV33859%600 have been synthesized. Fenske—Hall molecular orbital calculations
on a number of complexes of this type have been performed. The results demonstrate that the
electronic structure of the corresponding cubane depends on the nature of M2.%°" If M? is a main
group metal, the M? atom is oxidized upon incorporation into the cubane, with no M'—M? bond
formation occurring. Alternatively, the incorporation of a transition metal results in M'—M?
bond formation, without oxidation of the heterometal atom.

7.2.5.4 Clusters Synthesized from Polychalcogenide Reagents

The chemistry of metal polychalcogenide clusters represents an area of increasing activity due to
the structural diversity as well as the potential for the use of these clusters as precursors to new
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Table 16 Metal chalcogen clusters synthesized using dimeric metal-chalcogenide or —chalcogenolate

precursors.
Cluster M>E, Precursor References
[(CsHs)2TixS4Rus(CsHss),] [(CsHs5), TiSy(p- S)z] 521
[(CsHs),TixSsMy(cod),] [(CsH5),TiSx(u-8)o~ 521
(M = Rh, Ir)
[(CsH5)2Ti2S4Cua(PPh;),] [(CsHs),TiS(i-S)a]*~ 521
[(CsH5)2:M0,S4CusCly] [(CsH5),TiSy(u-S)a] 522
[(S2CNEt;):M0,Cl,8,M»(cod),] [(S2CNEt;:):M0,S,(p- S)z] 523
(M =Rh, Ir)
[(S2R)2M0,84Cu,L;] [(S2R)2Mo02Sx(p- S)z] 524,525
[{MoCl,(DMF)}{MoCl, [M0,05(11-S)2(DMF)** 526
(D)}S4lr(CsMes)] (L=0, and [(CsMes),IrCla(u-SH),)
NNPhMe)
[(Cls-cat);Mo,Fe;Ss(PEts)s] [(Cly~cat),MoOS,FeCl,]*~ and [Fe,S,Cly]*~ 271
(Cly-cat = tetrachlorocatechol)
[(Cls-cat);Mo,Fe,S;O(PEL;);Cl [(Cl4- Cdt)zMOOSZFeCIﬂ 271
[M0,Cu,S5(S2)02(SCoH4S) [M0,05(p- S)z(SCzH4S)z] 527,528
[MOzCUzSz(SCz)Oz(SC2H4S)3]27 [MOZOZ(/,L S)z(SC2H4S)2] 528
[(SCH2CH25)2W254CU2(PPh3)z] [(SCH2CH25)2W252(M S).l*” 524
[W>Cu,S4(SCN)s]*~ [W2S5(1-8)2(S)a]”~ 529
[W2Cu282(Sz)Oz(SC2H4S)3] [W20,(u- S)2(5C2H4S)2] 527
[Mny(SPr)sCLI* [Mn(SPr)]~ 304
[Mn4Cu4(SPr )12S] [Ml’lz(SPI‘ )6] 281
[Mny(SePr! )GBr4] [Mn,(SePr )6]2’ 304
[Fe;Cu(SPr')sCls*~ [Fes(SPr')g]*~ 309
[Fe;Cu(SePr’ )(,Clg]zf [Fe,(SePr! )(,]2* 310
[Fe>Cuy(SePr)sClLJ*~ [Fex(SePr! )6] 310
[FC6SG(PR3)4C12] [F62S2C14] 271
[(C14-Cat)2MOzFeésg(PR_g)()] [(Cl4-cat)2M0052FeC12]27_and [F62S2C14]27 271
[Pd(PPh;)(SPr")) [(CsMes)Rua(p-S)o(pu-SPr'),] 530
(u-SPr')S5(CsMes),Ru,]
[(CsMes)sRhyS,] [(CsMes),RhyCla(u-SH)o) 531,532
[(CsMes)sRhy(S2)2(S3)I* [(CsMes),RhyCly(u-SH),) 533
[(CsMes)sRhySe] [(CsMes):RhyCla(u-SeH),] 534
[(CsMes)4Ir,Sy] [(CsMes),IraCly(u-SH)o] 531,532
[(CsMes)aIraSqFe] [(CsMes),IrCly(u-SH)o) 535
[(CsMes)3Ir3(S2)3(CuCly)] " [(CsMes),IryCly(u-SH)o] 533
[(CsMes)lr,Seq] [(CsMes)aIrClay(u-SeH),) 534
[Pd,S5(PPh3)4AgoCly] [Pd(14-S)2(PPh3)y] 536
[{Pd>Sex(dppe),}-M] [Pda(p-Se)a(dppe).] 537
(M =Ni, Pd, Pt)
[{Pd,Tex(dppe)o} .M [Pda(u-Te)x(dppe)-] 538
(M =Pt, Hg)
[Pt2S2(PPh3)sM,Cly] [Pta(1-S)2(PPhs)4] 536
M=Ag, Au)
[PtzSz(dppy)4Agz(dppm)] ot [Pt2(1-S)2(dppy)2] 539
[{Pt:S2(PPh3)4},Pd]** [Pta(11-S)>(PPh3),] 540
[{Pt2S2(PPh3)4},P dzC12] >+ [Pta(1-S)2(PPhs),] 540
[{Pt2S5(PPh3)4},Cul** [Pt2(14-S)2(PPh3)y] 541
[{Pt:S5(dppe),}M]"" [Pta(1-S)2(dppe)s] 542
(M = Cu, Hg)
[{Pt,Tex(dppe),}oMI** [Pta(u-Te)x(dppe)o] 538
(M = Pt, Pd)
[{Pt2S2(PPhs3)sCuj,(pi- -dpph]** [Pta(1i-S)2(PPhs)a] 536
[Ag2PtyS4(PPhy)s]*" [Pta(p-S)2(PPhs)4] 543
[{Pt:Sx(dppy saAg [Pta(1-S)2(dppy):,] 539
[S(AuPR',R )Z(Auzdppf) [S(Aundpph)] 544
[Au{S(Auydpph)}.]* R [S(Auxdppf)] 544
[(1-Au,dpph) {S(Auadppf)}o]** [S(Au,dppf)] 544

dppf = 1,1'-bis(diphenylphosphino)ferrodine, dppy = 2-(diphenylphosphino)pyridine.
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Figure 50 Schematic representation of the structures of common heterometal cuboidal complexes with
Mos;MS, cores.

s
L

Figure 51 Ball-and-stick representation of the cluster core of [MooSes]*™ (75).

solid-state materials.>**** The wide variety of complexes obtained can be attributed to the umque
and expansive coordination properties of polychalcogenide ligands, E,>~ (n=2-5), as discussed in
Section 7.2.3.1.3. In solution, these reagents exist as complex mixtures of anions, and thus several
different species may be formed in a particular reaction. The isolated products may represent the
most thermodynamically favorable option, or those that are most readily crystallized. The ability to
delocalize the negative charge increases with increasing n. As a result, higher order polychalcogenide
ligands (n=3-5) are better suited for stabilization of clusters contalnmg late transition metals,
while harder metals in higher oxidation states most often form complexes with Ez ligands. That said, the
single example of a lanthanide polychalcogenide cluster contains Se;>~, Se,”>, and Ses ligands.®?

The syntheses of polynuclear complexes of this type are typically carrled out via ion association
or solvothermal techniques (methods I and X in Section 7.2.2). For groups IV and V, these
approaches almost exclusively lead to binary or ternary one-dimensional M/E solids, with isolated
clusters remaining quite rare. All molybdenum polychalcogenide clusters isolated to this point
have structures derived from triangular Mo units that are stabilized by bridging and chelating
E,>" ligands. These include the interesting “clusters of clusters” in which MosE,, subunits are
linked together by E,>~ bridges as observed in [Mo,Sess] and [MoySeso]®~ (75) (Figure 51).'2%130

Polychalcogenide llgands will oxidatively decarbonylate transition rnetal complexes. If only
partlal oxidation/decarbonylation occurs, as is often the case for Te,, ~ and to a lesser extent
Se,”~, polynuclear complexes may be formed. Because the reaction is associated with E—E bond
cleavage of the polychalcogenide reagent, these clusters often contain exclusively E“~ ligands.
Even so, the structures of the resultant metal carbonyl chalcogenide complexes are remarkably
different compared with other E*~-containing clusters. 0037695

A list of clusters synthesized from polychalcogenide ligands is presented in Table 17. Complexes
of this type are of relatively low nuclearity, and My structures predominate. Amongst these,
complexes of the formula [M4E'4(E%3)¢_(E%),] seem to be particularly stable, which is not
surprising considering they consist of the well-established M4E, core.

7.2.5.5 Chalcogen-bridged Clusters of the f~block Elements

Interest in complexes of this type arises from the potential use of solid-state lanthanide materials
in optical applications,**>%%7 as well as a fundamental interest in the nature of the Ln—E bond.
The bonding in molecular lanthanide complexes is typically described as being ionic,*** %" while
covalent bonding arguments are used to describe solid-state Ln—E materials.®31-032 Accordingly,
the study of polynuclear Ln—-E complexes may be important in the development of structure—
property relatlonshlps and an understanding of the chdnge in physical properties in the transition
from the molecular size regime to bulk LnE, solids.*
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Table 17 Metal chalcogen clusters synthesized from polychalcogenide reagents.

Cluster Synthetic approach(es) References
[TigOSs(S2)6]®~ X 606
[Mo0S4Cus(Ss)s] ™ I 607
[{Mo3Se(Se2)a(Ses)s}a(Ses)] X 608
[MooSesol®~ (75) X 129
[Moj,Sese] >~ X 130
[ResSa(S3)e]*™ I 609,610
[ResSes(S3)4(Sa)al* I 611
[ResTea(S3)a(Sa)]" ™ I 611
[CpsRes(Ses)s(Sez)s] I 612
[{FeaTes(CO) o} o(Tex)] X 604
[Fea(Te,),Tes(TeMe)o(CO)s]*~ X 603
[Fe4Tef,(TeEt)2gc0)g]2* X 605
[FC5T€4(CO)14] R 1 53
[FegTe 4(CO) o>~ X 605
[FesTe1o(CO)ol” I 53
[Ruy(Te,),Tes(TeMe),(CO)s]*~ X 603
[Nis(S2)(SCH,CH,) >~ I 613
[Ni4Se4(Se3)5(Se4)] N (8) 1 145,614
[Ni4Te4(Te%22(Te3)4]4’ L, 111 614,615
[Pt4Sa(S3)e]™ X 616
[PtyTea(Tes)s]*™ L, 111 615
[Cuy(Ss).L4] (L =amine) 1 617,618
[Cua(Sa)a(Ss5)]*~ I 619
[Cus(S4) (Ss)o]*~ I 619
[Cus(S4)3(Ss)]™ I 620
[Cus(Ses).4(Ses)ol*~ I 621
[Cuu(SbTes)(Te;)]*~ X 622
[Aga(Seq)r.1(Ses)ool”~ I 621
[Cd4Tes(Ter)x(Tes)n]*~ I 623,624
[HgsTes(Tes)s(Tes)o]* (7) I, X 144,623
[Eug(Ses)(Se)2(Ses)2O(0H) 12(DMF), 5] I 602

The first structurally characterized lanthanide chalcogen clusters were isolated as decomposi-
tion products of monomeric or dimeric species. Trivalent tellurolate complexes Ln[TeSi(TMS);];
(Ln=Ce, La), which can only be isolated as dmpe derivatives, decompose in solution to yield
polynuclear complexes.®**%*> The cerium derivative, CesTes[TeSi(TMS);], was structurally char-
acterized. The cluster contains a central [(RTeCe)Te]; hexagonal ring, with a capping Ce(TeR);
group on each side of the ring. Similarly, the hexanuclear cluster [(CsMesSm)gSeq;] (76) forms
over several days from solutions of [(Cp*Sm),Se;] at room temperature.®*® The structure of (76) is
unique (Figure 52), consisting of a distorted Smg octahedron that envelops a central Se atom. The

Figure 52 Ball-and-stick representation of the cluster core of [(CsMesSm)sSe ] (76).
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central Se is part of a linear Ses*~, in which the two peripheral Se atoms cap triangular Smj faces.
Four Se,”~ ligands encapsulate the octahedral core.

The realization that sterically hindering ancillary ligands are not requisite for the stabilization
of molecular Ln—E complexes, coupled with a need for a more general approach to Ln—E clusters
has led to the development of two general synthetic strategies for accessing such species.’®
Lanthanide chalcogenolate complexes, Ln(EPh);, will reduce elemental E (E=S, Se) via the
attendant elimination of PhEEPh to generate polynuclear mixed chalcogenide/chalcogenolate
clusters in good yields. A second approach involves the reductive cleavage of E—C bonds by
low valent Ln ions. Identical products are often available by both synthetic routes, though yields
may vary significantly. The most common structural type amongst lanthanide chalcogen clusters
is observed for the octanuclear clusters [LsLngE'¢(E*Ph);»] (77) (L =Lewis base; E', E*=S§,
Se).3:633.637.638 A cubic array of eight Ln ions is capped at each face by a u4-E ligand. Twelve
u-EPh ligands bridge the edges of the cube (Figure 53). This basic structure is ubiquitous amongst
the lanthanides from Ce—Er, with the exception of Eu and the radioactive Pm. The peculiar
absence of the Eu derivative from this series may be explained by the relative instability of the
trivalent oxidation state of Eu with respect to other Ln metals. Clusters with several different
combinations of E, ER, and L have been synthesized (Table 18), and ligand displacement
reactions have been carried out to produce heterochalcogen complexes. The ability to perform
such reactions without decomposing the cluster core suggests an inherent stability for the Mg
framework. The colors of most of the clusters are representative of that of the parent Ln ion, and
thus assigned to forbidden f-f transitions.®*® Clusters of the redox-active lanthanides, Ce and Sm
are more deeply colored and absorptions in the latter have been assigned to E*~ to Sm charge
transfer interactions.®*® Similar synthetic approaches involving the smaller lanthanides (Tm, Yb)
have not yet produced octanuclear clusters. The cluster [(py)sYbsSes(SePh),]** is an addition to
the broad group of cubane-like complexes (see Section 7.2.4.1). An attempt to synthesize the
sulfur derivative of this cluster produced [(py)ioYbeSs(SPh)s] whose structure is based on two
“Yb,S,” cubane units sharing a Yb,S, face.®3

Modification of the procedures used to synthesize the octanuclear and cubane clusters has
resulted in the isolation of tetranuclear [Ln,Se(SePh)s] (78) clusters, albeit in modest yield.**” Charge
balance in these complexes requires two Ln*" and two Ln** jons. Consequently, either redox active
(Sm, Yb), or a combination of Ln"/Ln™ metals can be used. Magnetic susceptibility results for
the Yb, derivative (78a) support the assignment of a 1:1 mixture of Yb*"/Yb*". The structures of
these complexes are based on a square arrangement of lanthanide ions, with a p4-Se ligand capping
one side of the M4 face and two u-SePh ligands bridging each M, edge (Figure 54). The LnsSe unit
is similar to a single face of the cubic LngE'¢(E*Ph);, clusters (77), indicating that these complexes
may represent intermediates in the formation of larger clusters and solid-state materials. However,
in contrast to the octanuclear series, sulfur derivatives of the square clusters remain elusive.

Due to the EPh ligands present in the clusters described above, thermal decomposition of these
complexes relies on E—C bond cleavage, and the associated elimination of RER. As a result, solid-
state materials produced by the thermolysis of these clusters are contaminated with organic residues.
The reduction of I, and PhEEPh by ytterbium metal and subsequent reaction with elemental sulfur
produces the cluster [(THF)sYb4(S2)4(114-S)].**" A Yb, square is capped by a pu4-S ligand, with S,>~
ligands bridging adjacent Yb atoms in a u-1"-n~ fashion. Similar approaches have been used to
synthesize square clusters containing Se’>~, Se,”~, and PhS™ or PhSe,E~ (E=Se, Te; n=1-3)
ligands.®*? These lanthanide clusters expand upon the structural chemistry of related M4 complexes

Figure 53 Ball-and-stick representation of the cluster core of [LsLngE'¢(E*Ph);»] (77).
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Table 18 Chalcogen-bridged clusters of the f~-block elements.
Cluster References
[(NCsHy4);Eu(SPh);M(SPh)], (M =Zn, Cd, Hg) 643
[(THF);Eu(SePh);Hg(SePh)], 644
[((THF)s Y bal(S2)4S] 041
[(pyridine)gY bsSe4(SePh)4] 639
[(NCsHa)sY bsSes(Sea)»(SPh)] 642
[(NCsHy)9Yb,Se(Se,),(SeSeTePhSeSePh)(SeTePh)) 642
[(DME)4Ln,Se(SePh)g] 640,642
(Ln4: Sm4, Yb4, szsz, Nszbz) (78)

[CesTe;{TeSi(TMS);]y 634,635
(NCsHy4)10YbsSs(SPh)g 639
[(CsMes)sSmeSey] (76) 636
[Sm7S7(SePh)6(DME)7]+ 58

[(THF)gLngS4(SPh);5]
(Ln=Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er) (77)

633,637,638,633

[(THF)sNdgSeq(SePh), 5] 633
[(THF)gsmgS()(SCPh)lz] 633
[(THF)gSmSSeG(SePh)lz] 633
(LgSmgSeq(SePh);,)] (L =THF, pyridine) 58,633

Figure 54 Ball-and-stick representation of the cluster core of [LnsSe(SePh)g] (78) (Lng = Smy, Yby, Sm>YDb,,
Nd,Yb,).

of early transition metals.®*>*® The cluster [(py)sYbsSe(SeSe);(SeSeSePh)(Se 3sSePh)] can be
converted to the cubane [(py),YbSe(SePh),]4 by reaction with (py),Yb(SePh),. The reverse reaction
can be achieved by the addition of Se to (py).Yb(SePh),.%*

7.2.6 NANOCLUSTERS

7.2.6.1 Copper Selenide and Silver Selenide “Megaclusters”

As described in Section 7.2.5.1.3, the use of silylated chalcogen reagents in cluster synthesis has
resulted in the isolation of numerous copper or silver chalcogenide complexes encompassing a
wealth of nuclearities and structural types. However, the spherical nature of most of these clusters
precludes any substantial structural relationships to bulk M,E materials. Alternatively, above a
certain number of metal atoms, an abrupt changeover to a layer-type arrangement of metal and
chalcogen atoms resembling that of the bulk lattice can be observed. For copper selenide clusters,
this “transition-point” appears to be somewhere between 60 and 70 copper atoms.*”*** In the Ag/Se
system, spherical structures are still observed for a cluster with 90 silver atoms, but larger
complexes feature a more “bulk-like” construction.”?

The structures of the copper selenide “megaclusters” are all related, adopting an overall
trigonal prismatic shape. The Se atoms of these clusters are arranged into three planar layers
resembling a hexagonal close-packed array. Structural differences between clusters of related size
are quite nominal and oceur, for the most part, on the corners of the cluster. For example,
[Cu73Se35(SePh)3 PPr'y), > consists of the identical {Cus,Sess} core as the clusters
[Cu70Sess(PR',R?),] (79) (n=21-24)*"38 (Figure 55), but with three additional [CuSePh] units
on three corners. Remarkably, this general hexagonal arrangement is observed in the 2.67 nm core
in [Cuj46Se73(PPhs)30] (2) (Figure 2).°> Copper atoms are located in the holes of the selenium
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Figure 55 Ball-and-stick representation of the cluster core of [Cu;oSess(PEts),;] (79) demonstrating the
prismatic shape of the cluster (left) and the layered arrangement of the Se atoms (right).

lattice, typically adopting trigonal or tetrahedral coordination. Similar assemblies are observed in
binary Cu,Se phases,*> although the organization of Se atoms in these structures is based on a
cubic close-packed arrangement. Nonetheless, these giant clusters can, in principle, be presumed
to represent nanometer-sized fragments of the bulk semiconductor. Consistent with this, thermo-
lysis of [Cu7OSe352PEt2Ph)24] results in a cleavage of the phosphine ligand shell, and the formation
of bulk a-Cu,Se.**’ The factors controlling the selectivity of cluster formation using E(TMS), at
low temperatures are numerous, and small changes in reaction conditions can have a marked
effect in product distribution. These factors have recently been reviewed.®” A selection of the larger
Cu/Ag—chalcogenide clusters obtained using silylated chalcogen reagents is listed in Table 19.

A selection of the giant Ag/Se nanoclusters that have been structurally characterized is shown
in Figure 56. In these clusters, the Se framework is arranged in a distorted cubic-centered
structure that is closely related to that of Ag,Se.** The trigonal and tetrahedral coordination
geometries favored by the Ag atoms in these clusters are also consistent with those observed in the
bulk semiconductor. Furthermore, in the largest cluster, [Ag;72Ses0(SeBu)ox(dppp)al.”” the Ag™
ions are highly disordered, as they are in bulk Ag,Se. All of these nanoclusters were obtained
from the reaction of phosphine-solublized AgO,CR salts and RSe-TMS at low temperature, with
the interstitial Se*~ ligands arising from Se—C scission reactions. The progression of increasing
cluster size is highlighted with the structures of [AgooSess(SeBu')4(PEts),,] (Figure 38) (56),
[Agi12Se3x(SeBu")45(PBu's) 2] (80), and [Ag75Seso(SeBu™)ox(dppp)a] (81) (Figure 56).”

Table 19 Copper— and silver—chalcogen “megaclusters” (>50 Cu atoms) synthesized using silylated
chalcogen reagents.

Cluster References
[CusoS2s(PBu';Me);q] 351
[CusoSex(SeBu')o(PPr'3) 0] 354
[CuseTe 7(TePh),(PPh,Et)s]*~ 374
[CuszSeas(PPhs)i6] (48) 352
[CussSe s(SePh)as(dppa)e] (49) 353
[CussTeso(PR,R?) 16, (=0, 2) (52) 370,371
[CusoSe30(PCy3)is] 359
[Cus0Sess(PRSR)os,] (1=0-3) (79) 87,351,358
[Cu7,Se36(PPhs)s) 352
[Cu73Sess(SePh)y4(dppa)e] 354
[Cu74Sess(PCya)ig 87
[Cuis0Se70(PR'5R)36_,] (n=0, 2) 87,354
[Cuy46Se73(PPh3)30] (2) 92

[AgooSess(SeBu') 4(PEt3)»,] (56) 93
[Agi12Ses2(SeBu™)ys(PBu's) 2] (80) 93
[Agi145e34(SeBu™)s6(PBu's) 4] 93
[Agi72Seq0(SeBu™)ox(dppp)4] (81) 93
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Figure 56 Ball-and-stick representation of the cluster core of [Ag;;»Ses»(SeBu®)4s(PBu's);»] (80) and
[Agi72Se40(SeBu”)ox(dppp)a] (81).

In order to probe the electronic properties of Cu/Se nanoclusters, X-ray photoemission spectros-
copy (XPS) studies have been carried out on the megaclusters [Cuj46Se73(PPhs)s] (2) and
[Cus0Sess(PEts)»5] (79a), as well as the smaller cluster [CusoSe;s(PPr's);5] (82), and compared to
that of bulk 3-Cu,Se.®"%! XPS binding energy can be related to the size of a semiconductor
nanoparticle in the following way:*>> the photoemission process results in a core hole in the
valence band. The cluster core compensates for this by drawing conduction electrons to screen
the hole, which results in a Coulomb charge at the cluster surface. The final state energy is, as a
result, increased by the Coulomb energy, which is equal to e*/2r (r =radius of the cluster). This is
observed as an increase in the binding energy in the XPS spectrum. XPS investigations of the
Cu,Se clusters revealed an increase in binding energy with respect to bulk 5-Cu,Se; however, the
anticipated increase with decreasing cluster size was not observed. The relative binding energy
shift between the Cu 2ps), and the Se 3d spectra did however increase with decreasing size. This
can be explained in the following manner: due to the effects of quantum confinement (see Section
7.2.7.2) the energy levels near the Fermi level will be more discrete in smaller clusters, and thus
localization of the holes within the 4p band will become more prominent. This valence hole
localization results in a local polarization of the surroundings of the core hole. This effect results
in a negative shift in the binding energy and this suggests that the smaller clusters exhibit a
reduced conductivity because of a decrease in the efficiency of conduction-electron screening in
core hole relaxation. In these cases, polarization of the surroundings of the core hole becomes
a more significant factor. Thus, the positive binding energy shifts observed for these clusters are a
result of the combination of a positive Coulomb charge effect and a negative polarization effect.

7.2.7.2 Quantum Confinement Effects

The electronic structure of a bulk semiconductor can be described in terms of the overlapping of
atomic orbitals resulting in the formation of energy bands. A filled valence band and an empty
conduction band are separated by an energy bandgap. This situation is depicted in Figure 57
(left). When an electron is excited into the conduction band, it becomes delocalized in three
dimensions. This leaves a positively charged hole in the valence band, which is also delocalized
throughout the semiconductor crystal. The free particles are delocalized over a distance much
larger than the lattice constant, and thus the electronic properties are independent of the size of
the crystal. On the opposite extreme lies the situation in a molecular crystal in which the linear
combination of atomic orbitals leads to the formation of localized molecular orbitals (Figure 57,
right). Intermolecular interactions are weak with respect to intramolecular bonding forces, so the
electronic properties are essentially the sum of individual molecular contributions and are, again,
independent of crystal size.

As the size of a semiconductor crystal is decreased to the nanometer size regime, the situation
develops in which the particle size becomes on the order of, or even smaller than, the wavelength
of the electron. In this circumstance, electrons must assume a state of higher kinetic energy
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Figure 57 ‘Schematic representation of the electronic structure of bulk semiconductors (left), nanometer-sized
clusters and colloids (middle), and molecular complexes (right).

(shorter wavelength) to “fit” into such a particle. The electrons thus abandon the delocalized state
present in bulk semiconductors, and become trapped in what is said to be a “zero-dimensional”
space. Electron-hole pairs are still freely mobile, as they are in the bulk state, but they also exhibit
coulombic attraction, and are thus confined to the boundaries of the particle. This is known as
the quantum confinement effect, and can be viewed as an experimental realization of the “particle-
in-a-box” phenomenon.®33%7 The result is an increase in the size of the “bandgap” and the
quantization of levels within the bands with decreasing size. In this size regime, the electronic
density of states lies between the continuum observed in the band structure of a bulk solid and the
discrete energy levels described by molecular orbital theory (Figure 57, middle). Consequently,
the photophysical and electronic properties of nanometer-sized particles are also intermediate
between those of molecules and bulk solids.

The effects of quantum confinement are more pronounced in semiconductor nanoparticles than
those of metals. The development of a band structure upon increasing size from the molecular
regime occurs first for the center of the band, followed by the band edges. In metals, the Fermi
level lies at the center of a band, and, therefore, even small particles resemble the bulk metal in
terms of electronic properties. Alternatively, the Fermi level in semiconductors lies within the
bandgap. As a result, the “bandgap” remains relatively large, and the energy levels remain
quantized (even at the band edges) even for particles as large as 10 nm.%’

7.2.6.3 The Photophysical Properties of II-VI Nanoclusters

The study of the optical properties of semiconductor nanoclusters is attractive because the effects
of polydispersity are removed, and because they allow the study of the development of bulk
properties in the “molecular” size regime. In this sense, many II-VI nanoclusters represent ideal
candidates for photophysical studies because their structures can be viewed as “cutouts” of the
bulk semiconductor. Early examples of large II-VI nanoclusters were dominated by CdS.¥*33
The largest examples are the [Cd3>S14(SR)36 * soly] (83) nanoclusters in which the cluster cores are
nearly identical in structure and composition, the only differences lying in the nature of the SR
groups, and the terminal solvent molecules (sol).*****" The structures of these clusters are related
to that of the cluster [Hgs,Se 4(SePh)s¢] (34) (Figure 24),*" except for the existence of terminal
ancillary ligands coordinated at the four corners of the tetrahedral structure of the cadmium
analogues. The nature of the thiolate ligand also plays an important role in the nature of packing
of clusters within the crystal lattice. While the effect of quantum confinement in cadmium sulfide
clusters is demonstrated by a blue shift in the lowest-lying transition with decreasing cluster size,
unambiguous assignment of these to “excitonic” transitions in many cases is not possible. This is
a result of the fact that CdS has a relatively wide bandgap (2.4 eV in the bulk) and thus, when the
particle size is reduced to that of “molecular” clusters (<1.2nm for known CdS clusters), the
transitions of the first excited state become overshadowed by surface (SR) transitions. For
example, in the {Cd3,Sso} clusters, when R=Ph and sol=DMF (83a), a A,.x of 358nm is
obtained.”® If R=CH,CH,OH and sol=H,O (83b), a blue shift of the first excitation
is observed with Ay, = 325n0m.** This inconsistency must be attributed to the different surface
ligands on the clusters, and the “mixing” of intraligand transitions with the “bandgap” absorp-
tion. Similar problems have also been encountered in experimental®' and theoretical®>® studies of
ZnS clusters, the bulk bandgap of which is 3.6eV. Inhomogeneous broadening in the absorption
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spectra was attributed to cluster—cluster interactions. A recent study on the photophysics of
[Cd;7S4(SCH,CH,0OH),6] (33a) has demonstrated the importance of cluster interactions on
photophysical properties. In the solid state, each cluster is bound covalently to its neighbors via
sharing of a sulfide ligand at the corners of the tetrahedra, forming a “double-diamond super-
lattice.”**® The reflectance spectrum of crystalline solid of (33a) exhibits a red-shift in the
maximum with respect to that obtained in absorption spectra of nanocrystals in a dispersed
solution.® The red-shift was attributed to stronger dipole-dipole interactions in the crystalline
solid vs. those in solution.

In contrast to ZnS and CdS, the relatively narrow bandgap of CdSe suggests that surface ligand
transitions are less likely to overshadow the “bandgap” excitation in the absorption spectra of
nanoclusters of this type. Recent synthetic success?*7-30%331 has allowed the study of the optical
properties of a series of CdSe nanoclusters of different sizes.?*®6*%6! The position of the first
excitation is shifted to higher energy with decreasing core size for the clusters [Cds,Seq4-
(SePh)s¢(PPhs)s] (83c), [Cd;-Ses(SePh),4(PPh,Pr),]*" (33b) (Figure 24). [CdgSe(SePh);>Cly]*~
(84), and [Cd¢Se4(SePh);>(PPr3),] (85) (Figure 12). Surprisingly, however, the absorption profiles
of these clusters are relatively broad. If inhomogeneous broadening is a result of size distribu-
tions, then particles of a uniform size should negate this effect. The source of this broadening is
unclear, however, it has been suggested that the cause may be the inhomogeneous distribution of
surface coverage by phenyl ligands. It was also shown that the size dependence of the bandgap
was an extension of those for previously prepared CdSe colloids, demonstrating that the effects of
quantum confinement can be extended into the size regime of molecular clusters of II-VI
semiconductors.

Because of their small size, the number of surface atoms in colloids and nanoclusters is a large
fraction of the total atoms. As a result, the optical properties of these nanoparticles are greatly
affected by the nature of the surface.®®> It has been demonstrated that surface ligand transitions
can play a role in the overshadowing of bandgap absorptions and in the inhomogeneous broad-
ening of absorption spectra, especially for nanoclusters in which the role of the surface is most
profound. The greatest effect of surface states, however, can be observed in the emission spectra
using photoluminescence (PL) spectroscopy.

The photoluminescence of II-VI nanoparticles can occur as two types; band edge PL and deep
trap PL.%®* Band edge emission occurs due to the recombination of trapped charge carriers from
shallow trap states within the particle. This type of emission results in a slight red shift with
respect to the absorption due to the relaxation of the trapped charge carrier into lower lying
energy states prior to recombination and usually has a narrow linewidth. In contrast, deep trap
emission occurs via the recombination of trapped localized carriers from deep mid-gap trap
states, which are usually hole traps at the surface of the colloid or cluster. Deep trap emission
is characterized by a broad linewidth and is shifted significantly to the red of the excitonic
absorption.

The effects of surface on the emission properties of II-VI materials is most pronounced for
I1I-VI nanoclusters because of their small size. Thus, the PL spectra of the nanoclusters exhibit only
trapped emission. The emission of the CdSe nanoclusters discussed above has been attributed to
optically forbidden transitions involving surface ligands.?*®% The clusters can be viewed as
having an “imperfect” surface, which results in the generation of surface trap states. The trapped
emission is independent of the size of the cluster, an effect that is also observed in colloidal
samples. This indicates that the nature of the emitting state is similar for all species, also giving
strength to the argument that surface states are responsible for this type of emission.

The effect of temperature on deep trap emission is similar to that observed for bandgap
emission, with the intensity of the emission decreasing as the temperature increases. This can be
explained by the involvement of nonradiative recombination processes dominating at higher
temperature. Nonradiative relaxation in CdSe nanoclusters has been assigned to the involvement
of a multiphonon relaxation mechanism mediated by a vibrational mode of the surface phenylse-
lenolate ligands.?”®

Behavior similar to the fluorescence intermittency that occurs in II-VI colloids is also demon-
strated in CdSe nanoclusters as photodarkening. Prolonged irradiation of a cluster sample at low
temperature with a Xenon lamp coincides with the decreasing intensity of the emission over time.
This can be viewed as a transfer of the clusters into a dark state caused by the trapping of a
charge carrier in the ligand shell of the nanocluster, or the Nujol environment. When the samples
were warmed from 2 K to 200 K in the dark the photoluminescence intensity of most samples was
at least partially recovered, indicating that the photodarkening was not caused by photochemical
degradation of the clusters.
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7.3.1 INTRODUCTION

7.3.1.1 Explanation and Apology

The area of polymetallic cage compounds has received much of its impetus from the fascinating
magnetic properties many of these cages show. In particular, the observation of magnetic hyster-
esis of molecular origin reported by Christou, Hendrickson, and Gatteschi and co-workers"? is an
extraordinarily exciting phenomenon. This magnetic behavior, which has been termed single

125
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molecule magnetism, is discussed elsewhere (see Chapter 7.13), and therefore this chapter con-
centrates on the structures displayed by these cage compounds.

The discussion is largely derived from a longer review article, as are the figures. Self-plagiarising is
not usually an acceptable practice; however, as the original article was intended to be a comprehensive
account of the subject, removing or rewriting material would have produced a markedly worse
review—which seems even less acceptable. The review has been edited—Iargely by removing detailed
discussion of magnetic behavior or long discussions of results from the author’s own group—and an
attempt has been made to update the review to approximately the end of 2001. The extraordinary
number of new compounds reported in 2002 and 2003 have, unfortunately, not been included.

7.3.1.2 Strategies for Making Polynuclear Cages

There are two broad synthetic strategies that are being pursued to make new cages that, ideally,
will satisfy the criteria for a room-temperature single molecule magnet or SMM. One route uses
ligands with predictable and controllable binding modes; this area is dominated by cyanide as the
bridging ligand and is covered in Chapter 7.4.

The second strategy, discussed here, can be termed “serendipitous assembly” as there is much less
element of strict design.* It is clear, however, that you cannot simply trust to luck in making such cages,
there has to be considerable forethought in the ligands, metals, and conditions used for any significant
progress to be made. Before reviewing the range of complexes that has been reported, it is perhaps worth
considering some of the thought processes behind this approach. It is also worth commenting that there
is no strict boundary between these two approaches, and that some of the results below are achieved by
design, e.g., the many beautiful cages reported by Saalfrank and co-workers.

7.3.1.3 Serendipitous Assembly

Serendipitous assembly often relies on creating a mismatch between the number or type of
coordination sites available on a single metal site, and the donor set supplied by the ligand.
This is perhaps best illustrated with two examples.

Carboxylates and pyridonates are frequently used as bridging ligands in this chemistry. They
act as bridges because the alternative is for the two donor atoms present to chelate to one metal
center, which creates a strained, four-membered chelate ring. For carboxylate ligands the end
result is normally for the ligand to become 1,3 bridging (Scheme 1). For pyridonate ligands the
behavior is more varied, and while the 1,3 bridging mode is observed, other modes where the two
donor atoms bind to one metal and the oxygen binds to a second and sometimes third metal are
also seen (Scheme 1). The M—O bond involving the metal to which the N atom is also bound is
normally the longest. The oxygen of the pyridonate ligand is not coordinatively saturated by
binding to one metal, and therefore acts as a bridge, which leads to the build-up of larger cages.

The second example involves the reaction of oxo-centered manganese carboxylate triangles with
bidentate ligands, e.g., 2,2'-bipyridyl (bpy). The oxo-centered triangles have the general formula
[Mn;0(0>CR)¢L;]” ! where L is a monodentate ligand, typically water or pyridine. Addition of a
chelating ligand creates a mismatch, as there is only a monodentate site available for substitution
if the triangular metal array is retained. Therefore, the structure is disrupted, and a larger Mn4O,
butterfly is formed as the major product.” In this case it is possible to predict that addition of a
chelating ligand will disrupt the initial structure, but it is not possible to predict the product that
will result. This is a frequent observation in serendipitous assembly: you can predict there will be
an effect, but cannot predict how that effect will be manifested.

The recognition that this synthetic approach generates unpredictable results should influence
the choice of ligands. There is little point carrying out initial experiments with ligands that require
considerable effort to make, as it cannot be foreseen whether they will have any utility. Secondly,
as minor variations in the ligands may influence structure and solubility, ideally a series of related
ligands should be explored. Thirdly, as a range of solvents will need to be used for crystallization
of the cage compound, it is useful if the ligand has solubility in as many solvents as possible. One
frustrating result, regularly encountered but rarely reported, is the formation of perfect, colorless
crystals of ligand grown from intensely colored solutions of complexes.

The use of mixtures of organic ligands appears to lead to higher nuclearities than result from the use
of single ligands. Examples of this are the octanuclear copper(Il) complexes [CugO,(O,CR)4(chp)g]
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which feature both carboxylates and pyridonates.® Dinuclear complexes form when either of the
ligands is present solely. It is unclear why the larger cage results from heteroleptic ligand arrays.

The choice of solvent for crystallization is important, but if a project is to make progress it is vital
that a range of solvents is tested for every crystallization. The coordination of solvent molecules is
frequently observed in structures of crystals grown from solutions of MeOH or MeCN. Sometimes
changing to a non-coordinating solvent will lead to much larger cages because the absence of solvent
molecules to complete the coordination sphere of metal sites can lead to greater bridging by the
ligand(s). A specific example is the formation of [N13(chp)4(OzCMe)2(MeOH)6] from Ni(O,CMe) and
Hchp (Hchp = 6-chloro-2-hydroxypyridine), crystallized from MeOH whereas the identical reaction
crystallized from THF gives [Ni;»(chp);2(0,CMe);»(THF)g(H,0)4].? The difference in the synthesis is
that in the former cage six molecules of MeOH block coordination sites on the terminal Ni atoms,
while in the latter cage the less strongly coordinating THF does not bind and thus allows growth of a
wheel. More frequently, a change in solvent has a less easily rationalized influence.

7.3.1.4 Harris Notation

The method currently used to describe the binding of polydentate ligands to multiple metal
centers can seem clumsy—a mixture of Greek letters and sub- and super-scripts. An alternative
is “Harris Notation”, developed in Edinburgh by Dr. S. G. Harris. Harris notation describes
the binding mode as [X.YY,Y3---Y,], where X is the overall number of metals bound by the whole
ligand, and each value of Y refers to the number of metal atoms attached to the different donor
atoms. Therefore, for a pyridonate, there will be two values for Y, while for PhPO+>~ there will be
three values of Y. The ordering of Y is listed by the Cahn-Ingold-Prelog priority rules, hence
O before N. This notation is given in Scheme 1, and is used below in some examples.

7.3.2 SURVEY OF THE 3d METALS

This review will proceed systematically across the 3d metals, beginning with vanadium and ending
with copper. The other 3d metals are excluded, because their polynuclear cages are diamagnetic.
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Discussion is restricted to N- and O-donor ligands for reasons of space. Finally, discussion will
concentrate on cage compounds containing six or more metal centers. Literature searching has
predominantly used the Cambridge Structural Database. Some examples will have been missed;
for this I apologize.

7.3.2.1 Vanadium

Polynuclear vanadium chemistry is dominated by polyoxovanadates, and cages containing
organic ligands are rare; the subject was authoritatively reviewed by Khan and Zubieta in
1995.° Two ligand types feature in most of these cages: alkoxides and phosphonates/arsonates.
They lead to distinct structural types—for alkoxides the structures are clearly related to the
polyoxovanadate cages, where some of the external oxygen centers are now part of a ligand—
whereas for phosphonate ligands the P atom becomes part of the framework. Cages featuring
other ligands are found, but they are the exceptions.

The most interesting cage from a magnetic viewpoint is a tetranuclear V'™ cage,
[V40,(0>CEt)7(bpy)-](ClOy4) (bpy = 2,2'-bipyridyl), reported by Christou and co-workers.'” This
has a “butterfly” structure, i.e., two V50 triangles sharing a V---V edge, and has an S=3 spin
ground state and is a SMM with an energy barrier of ca. 13.5cm~! for reorientation of the
magnetization. Other tetranuclear V"' complexes have also been reported, but there are few
examples of larger cages containing exclusively this oxidation state. One is a V' wheel,
[Vg(OH)4(OEt)5(0,CMe);,], reported by Kumagai and Kitagawa in 1996."" The eight vanadium
centers within the wheel are alternately bridged by two carboxylates and a hydroxide, or by one
carboxylate and two ethoxides. Both these bridging motifs are found in rings of other metals. No
further studies have been reported on this cage.

7.3.2.1.1 Alkoxides

With alkoxide ligands hexametallic cages are found which are related to the [M¢O;o]®~ core found
for M =Nb, Ta, Mo, W. The central ug-oxygen is surrounded by an octahedron of V atoms, with
each edge of the octahedron bridged by a u,-oxygen and with a single terminal oxygen attached to
each vanadium. O atoms from alkoxide ligands replace some of the u,-oxides. The series,
[VeO19_3.{(OCH,);CR},]*~ is known for n=1-4, featuring tripodal alkoxides."”
Different protonation and oxidation states of the n=2 cage are known, i.e.,
[V6O13_(OH) {(OCH,);CR},]>~ (R =Me, Et), where x=0, 2, 3, 4, or 6 and the cage contains
between zero and six V' ' centers. In each case the unpaired electrons couple anti-ferromagnetically.
Replacement of the u,-oxides by monodentate alkoxides has also been observed—completely in
[V6O7(OEt);5]"* and partially in [V¢O,2(OMe);]"."* The former is presumably mixed-valent.
One cage [V40,3(OMe);{(OCH,);CEt}]*~ has been reported where both tris(alkoxide) and alkoxide
ligands are present in place of bridging oxides."”

Not all the hexanuclear cages containing {(OCH,);CR}® ligands form octahedra.
[V¢Os{(OCH,);CEt}3{(OCH,),C(CH,OH)R}4,]*~ contains a central {V40,4} core bound to two
peripheral vanadium square pyramids via two uy O atoms from the doubly deprotonated tripodal
ligands.'® The cage is again mixed valent, with a net four V¥ and two V'V sites, however the two
d electrons are delocalized over four of the vanadium centers. In [H4VeOio-
{(OCH,);CCH,0H},P,0,4]*", two V;0,0{(OCH,);CCH,OH} units, each containing a triangle
of VIV centers, are linked by four {PO,} units."® The magnetochemistry of (6) confirms
the presence of exclusively V!V and demonstrates that at low temperature one unpaired electron
remains on each triangle, and that there is not a significant interaction between the two triangles.

A hexanuclear “metallocrown” [(VO)e{(OCH,),N(OCH,OH)!Na]*, in which six vanadyl ions
are bridged by the alkoxides, is derived from deprotonation of two arms of triethanolamine. The
Na ion is encapsulated within the wheel, and is six coordinate. Magnetic studies suggest ferro-
magnetic exchange within this wheel."”

A variation of the triangular motif is found in [{V;04F{(OCH,);CCH,OH}(V,0,)]*".'® Here
the triangular fragment, which contains a central fluoride, is linked by six corners to three {VO,}
tetrahedra, which are further linked through corners to a fourth {VO,} tetrahedron so that the
entire anion has C3, symmetry (discounting the terminal CH,OH group on the ligand). The four
tetrahedra contain VV centers.
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The octanuclear vanadium(IV) cage, [(VO)s(OMe);4(C>04)]*>", contains a pug-oxalate within a
cyclic {(VO)(OMe),}s wheel.!® Each V---V edge is bridged by two methoxides, with every second
edge further bridged by an O atom from the central oxalate.

The majority of decanuclear cages have the decavanadate core, i.e., {V9Os}, with bridging
oxides displaced by oxygen atoms from tripodal tris(alkoxide) ligands. Where the cage contains
four such ligands both the oxidation and protonation state can change to give a family of cages of
formula [V(O¢_(OH),{(OCH,);CR}4]"” (x=0, R=Et,n=4; x=0, R=Me or Et, n=2; x =2,
R =CH,OH, n=2)"""* (Figure 1) while there is a unique cage, [V003{(OCH,);CEt}s]", con-
taining five tris(alkoxides).?® Magnetic studies of this family of cages reveal the anti-ferromagnetic
exchange between spin centers. A tris(alkoxide) ligand also features in a further decanuclear cage,
[{V509F{(OCH,);CCH,OH},(V404)], in which two {V;0¢F{(OCH,);CCH,OH} triangles are
linked by four {V(V)Os} pyramids.'® The two V!V centers in this mixed-valence cage are in the
triangular fragments and the interaction between them is negligible.

A further example of {V3;09F{(OCH,);CCH,OH} triangles linked by vanadium containing
fragments is found in [{V30oF{(OCH,);CCH,OH},V40]°"."® Here two triangles are linked by
four {V(IV)Os} and two {V(V)Os} triangles. The connectivity was deduced by reference to the
vanadate cage [HgV1,030F,]°. The mzbgnetic behavior of both these cages shows strong anti-
ferromagnetic exchange between the V'V centers, but a resulting ground state that contains two
uncorrelated unpaired electrons.

The alkoxide cage, [V14020{(OCH,);CCH,OH}3(H,0),],>" is related to the decavanadate struc-
ture, and the construction can be considered to involve four corner-sharing interactions between
two {VgO»4} cores which are derived from the decavanadate by removal of two adjacent {VO,}
caps (Figure 2). The synthesis is similar to that of [V,0014(OH),{(OCH,);CCH,OH} 4>, with the
major difference being that the solvothermal synthesis was performed at 170 °C, and at 150°C to

Figure 1 The structure of [V90;6_(OH) {(OCH,);CR};]"" (based on data from ref. 19) (shading: V,
hatched circles; O, open circles; C, lines).
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Figure 2 The structure of [V,6020{(OCH»);CCH,OH}¢(H,0),]*" (shading as Figure 1).

give the decanuclear cage. All the metal centers present are V'V, and magnetic studies show anti-
ferromagnetic exchange between these centers.

Nonadecanuclear [{V;0,,{(OCH,);CCH,OH}V,40+7]" "% is closely related to a naked vana-
date cage, [H;oV19049]" . Each contains two {V30,3} triangles, seven {V(V)O,} tetrahedral and
six {V(IV)Og} octahedral, with the tris(alkoxide) ligand attached to one of the triangles. There are
a net 12 VIV centers in the cage, and they couple anti-ferromagnetically. Larger vanadate cages
are known which do not contain organic ligands.

7.3.2.1.2 Phosphonates and arsonates

In [(VO)s(tBuPO3)sCl] the six vanadium centers are arranged in an octahedron with each
organophosphonate group capping a triangular face of the octahedron.?” The chloride is encap-
sulated within the cage which has one V!V and five VV centers. A very similar cage can also be
formed with the ligand Me;SiOPO; ™.

An unusual hexanuclear cage is formed on reaction of [(tBupz),VO(H,0),]Cl, with Na(PhPOj3)
(tBupz = 3-tert-butylpyrazole).>* The phosphonate displaces some of the pyrazole ligands, linking
VO units together to give [(VO)s(O3PPh)¢(tBupz)s(H>0O)3]. This cage contains three pairs of
vanadyl units, differing in the number of pyrazole ligands to which they are bound. The structure
is a bicapped pentagonal prism, with alternately P and V centers at the vertices. Thus, in the
1:5:5:1 polyhedron, the first cap would be a vanadium, the first pentagon would contain two V
and three P centers, the second pentagon three V and two P centers, and the final cap is a
phosphorus.

The six vanadium centers in [Ho{V0,0(O3AsPh)s}]>~ are mixed valent (four VY and two V')
and arranged in a cyclic structure consisting of a twisted 24-membered ring {V—O—As—0O—}¢
with additional intra-ring V—O—V and As—O—V bridges.”®
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[(VO),05(OsPPh)¢CI]*~ is spherical and contains an encapsulated chloride ion.”® The metal
polyhedron is irregular—perhaps best described as an edge-capped octahedron. Four of the
phosphonate ligands sit on triangular faces of the octahedron, while the remaining two phospho-
nates bind to the “edge- capplng site. All the metals are present in the +5 ox1dat10n state.

[V10024(03AsC¢H4NH,)5]*~ has a quite distinct structure, and exclusively VV centers; however,
it undergoes a reversible one-electron reduction to a paramagnetic compound.”® The structure
may be described as a [VoO,;(03AsCsH4NH,);]°~ toroid encapsulating a VO;~ fragment. The
toroid consists of {V30,3} triangular units linked through the arsonato groups.

Several dodecanuclear vanadium cages have been reported containing phenyl- phosphonates or
-arsonates The first, [{VO(OH)},»(O;PPh)s]*~, is mixed-valent, containing four V'V and eight VV
ions.”” The structure is best described as a pentagonal dodecahedron of V and P centers, with each
V---P edge bridged by one oxygen from a phosphonate, and each V-V edge brrdged by two
hydroxides. The magnetic data reported show anti-ferromagnetic exchange between the V'V centers.

Two further dodecanuclear cages contalnmg phenylarsonate ligands have been reported. In
[(MeOH),CV,0,4(OH)4(05AsPh);o]*~ two MeOH molecules are encapsulated within a
cavity created by the cage.2®8 Two cages of very similar structure can also be isolated which
contain 14 Vanadlum centers, [(MeCN)ch14022(O3PPh)g]6* and [(NH4)2C12CV14022—
(OH)4(H,0)5(05PPh)s]°, with the phosphonate or arsonate ligands playing identical roles in
all the cages. Two of the AsPh units in the dodecanuclear cage are replaced by VO units in the
larger cages.”” The structures are complex. Increasing the ratio of phenylarsonic acid in the
reaction produces another, structurally distinct dodecanuclear cage, [(H,0),CV,0:2(OH),-
(HZO)z(O;AsPh)10(HO;AsPh)4]2 2 This structure is very hard to describe, but features vana-
dium-centered, square-based pyramids and octahedra, and organoarsonate tetrahedra and square
pyramids.

The phosphonate cage, [Hg(VO,)16(0OsPMe)g]® ™, resembles a tire with four (VO,), tetramers
spanning the “tread” and linked together along each “rim” by four O;PMe™ ligands.*® Redox
titrations were used to confirm the presence of 14 V'V centers. No further studies of this cage have
appeared in the open literature.

The octadecanuclear vanadium cage, [Cl,CV,30,5(H>0)>(OsPPh)>]* ,**> contains four
[V406(O;PPh)5] clusters linked through P-O-V interactions to a central {V,O(H»0),}*" unit.
It is made in MeCN, however the same reaction in MeOH generates a structurally related
pentanuclear cage, [VsO7(OMe),(OsPPh)s]~. All the vanadium centers are V.

7.3.2.1.3 Other ligands

The cages [Cpg_, V6O (143-O)g], (x=0, n=1; x=1, n=1 or 2] contain an octahedron of V centers
with ps-oxides on the faces of the octahedron and terminal cyclopentadrenyl or oxide hgands
All these cages are mixed-valent, e.g., [CpeVe(u3-O)s] must contain four V!V and two V™' centers,
and are paramagnetic at room temperature. Larger oligomers are known, and are related to other
cyclopentadienyl metal oxides, an area which has been revrewed by Bottomley.?!

In [V4O19(O-CPh)o] a cyclic array of five VY and one V!V centers are found, bridged by
carboxylate and oxide groups in an irregular manner.” Three sequential edges are bridged by
one oxide and one carboxylate, two edges are bridged by two carboxylates, and the final edge is
bridged by one oxide and two carboxylates.

A nonanuclear mixed-valent Vanadlum complex, [(VO4){V,05(bdta)}s]’" is known
(bdta = butanediaminetetracetate).”> The cage consists of a central {V(V)O,4} tetrahedron with
each oxide bridging to a dinuclear {V,03(bdta)} fragment. These dinuclear fragments are each
mixed-valent with one V'Y and one V" in each pair. Magnetic studies of this cage show anti-
ferromagnetic exchange between the S=1/2 centers. A further nonanuclear cage,
[VoO,6(0,CMe)s]>~, forms on reaction of [VOCL,J*~ with silver acetate.*® The cage is mixed-
valent, with four VV and five V!V centers. The structure resembles a hemispherical bowl, with four
acetates bridging along the edges of the bowl, and one acetate within the bowl. Magnetization
data show the cage has an S=3/2 ground state.

A decanuclear cage, [H6V10022(02CMe)6] is known which contains two sets of four edge- sharrng
{V(IV)OG} octahedral, linked through two {V(V)O,} tetrahedral to form a double layer structure.
The six carboxylates bridge some of the VIV---VIV edges on the exterior of the cage.

Use of squarate as a ligand has led to the largest coordination cage containing vanadium:
[(VO)24(C404)12(OMe)3,]3 3¢ The topology of this cage is fascinating. Eight [(VO);(OMe)s]
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sub-units lie at the corners of a cube with the edges of the cube bridged by squarate. One methoxide
within each sub-unit is u3 bridging, while the remaining three each bridge a single V-V edge.

The range and structural diversity of the vanadium cages is extraordinary. Reactions are
sensitive to a wide range of variables—solvent, counter-cation, temperature, substitution pattern
of organic ligands—in an unpredictable manner. There is no straightforward relationship between
the larger clusters and any extended structure. The range of organic ligands used is small,
with phosphonate/arsonate and alkoxide ligands dominant, and a limited number of cages
known with carboxylate ligands. The remainder of the 3d-period shows a quite different use of
ligands, with carboxylates extremely common and phosphonate/arsonate ligands very rare in cage
complexes.

7.3.2.2 Chromium

Until 1990 polynuclear chromium chemistry was largely restricted to the oxo-centered metal tri-
angles.3” The lack of larger clusters appeared to be due to the stability of the oxo-centered triangles, and
the unreactive nature of the Cr'" ion, which meant that strategies that work with more substitutionally
labile metals, e.g., Mn'" or Fe"!, simply failed. However, forcing conditions has recently led to a
number of new cages, some of which have interesting magnetic properties. All the cages involve
carboxylate ligands, and all of this chemistry has its origins in work from the group of Gérbéléu.

The cages can be broken into two groups. A series of chromium wheels has been reported,
which feature a carboxylate and a second ligand that might be fluoride, hydroxide, or alkoxide.
The first such cage is an octanuclear wheel [CrF(O,CCMe;),]s.*® This is made by reaction of
chromium trifluoride with pivalic acid at around 130°C. [CrF(O,CCMes)5]s been the subject of
extensive studies—both in its capacity to act as a guest for organic hosts® and for its magnetic
properties.*” Anti-ferromagnetic exchange is found giving an S=0 ground state in zero field, with
a ground state crossover occurring as the external magnetic field is increased. A similar structure
can be made with benzoate and hydroxide taking the place of pivalate and fluoride,*" on this
occasion by oligomerization of the oxo-centered triangle at 200 °C.

Oligomerization of oxo-centered triangles can also occur on heating in protic solvents. Refluxing
basic chromium acetate in water for two hours produces a wheel of stoichiometry
[Crg(OH),5(0,CMe);5].** The Cr:+-Cr vectors are alternately bridged by two u-OH and one
1,3 bridging carboxylate or two 1,3-carboxylates and one p-OH. Again, anti-ferromagnetic exchange is
found between Cr centers. Mclnnes and co-workers have reported a more complicated magnetic
picture for a pair of “chromic wheels,” made by heating basic chromium acetate in MeOH or EtOH
in an autoclave at 200 °C,* a piece of solvothermal chemistry reminiscent of the vanadium chemistry
discussed above. These cages have the formula [Cr(O,CMe)(OR),];o (Where R = Me or Et), and the
wheel is in each case symmetric, with each Cr-*+Cr vector bridged by one 1,3-carboxylate and two
p-alkoxides. The wheels therefore contain the same metal topology as the older “ferric wheels”
(see Sections 7.3.2.4 and 7.3.3.1). An oddity is that while the Cr*--Cr exchange in the ethoxide
wheel is found to be very weak (0.9cm™') and anti-ferromagnetic, the exchange for methoxide is
weak (4.5cm™") but ferromagnetic with significant inter-wheel interactions. Each wheel in the latter
case should therefore have an S = 15 ground state, which is among the highest known.*

A final version of these chromium wheels can be made by addition of secondary amines to the
reaction mixture that gave [CrF(O,CCMes),]s. A hydrogen-bonded assembly of cages can be
formed of stoichiometry [(RoNH»);{CrcF;;(0,CCMe;);o}(H,0)], (R =n-propyl or n-pentyl).** The
supramolecule consists of two symmetry-related [CrgF;;(0,CCMes)q 3= “horseshoes,” held
together by H bonds to protonated amines. Each [CrgF;;(O,CCMes)9]” horseshoe is derived
from [CrF(O,CCMes),ls by removal of two of the Cr sites. Magnetic studies indicate
anti-ferromagnetic exchange between the Cr centers within the molecule.

The second group of cages involves more compact structures—all of which have been
made by thermal oligomerization of oxo-centered triangles. The original synthesis was of
[Cr1,00(OH);(0,CCMes);5].4%% Sodium pivalate is added to an aqueous solution of chromium
nitrate in the first step, producing a blue-green precipitate. In the second step this precipitate is
heated to 400 °C under a stream of Nj, leading to a color change to dark green. This green solid
can be crystallized from isopropanol. The structure consists of a centered pentacapped trigonal
prism (Figure 3). The ground state has S =6, which is best shown by EPR spectroscopy*® where
the 12-line fine structure associated with this spin state can be observed. EPR spectroscopy also
shows that the zero-field splitting parameter D = +0.085cm™'. The S =6 ground state was, at the
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Figure 3 The structure of [Crj;09(OH);(0,CCMes),s]*® (shading: Cr, cross-hatched; O, open; C, lines).

time, the equal highest for this metal, matching the ground state observed for [CryS(O,CMe)g-
(H,0)4][BF.4]» by Bino and co-workers.*’

This high-temperature reaction can be varied productively. For benzoate at temperatures above
300°C only water is lost in generating the cage [CrgO4(O,CPh);¢].*" The structure contains a
central CryO4 heterocubane, with each oxygen center of the cube p4 bridging to an additional
Cr cap. The benzoate ligands adopt two coordination modes, either 1,3 bridging between Cr atoms
within the heterocubane and capping Cr centers, or chelating to the capping chromiums. The
structure of the octanuclear capped heterocubane is closely related to a mixed-valent cobalt
cubane [CogO4(0O,CPh);s(sol)4] reported by Christou and co-workers prepared by oxidation of
cobalt(I) benzoate in DMF or MeCN with H,0,.*®

With isobutyrate as the carboxylate a further structural type forms at 400°C. This has the
stoichiometry [Cr;2(u4-0)s(OH)4(O,CCHMe,),s(HO,CCHMe,),4],*’ illustrated in Figure 4. The
cage consists of three face-sharing Cr4O4 heterocubanes, with the two terminal cubanes capped by
further chromium centers attached to the external u4-oxides. The central cubane is held together
exclusively through four u4-oxides with an unusual “saw-horse” geometry rather than tetrahedral.
The p4-oxides involved in the external heterocubanes have a geometry approximating to tetrahed-
ral. The structure is related to both [CrgO4(O,CPh);¢] and other cubane cages. The nearest relation
is an octanuclear triple-cubane containing mixed-valent cobalt(II)/(III), reported by Beattie and
co-workers, which lacks the final four capping atoms.”

Including the carboxylate as the counter-ion of the oxo-centered triangle precursor can influ-
ence the amount of acid lost on heating. The reaction of [Cr;O(0O,CCMej3)s(H->0)3][O,CCMe;] at
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Figure 4 The structure of [Cr»(14-0)s(OH)4(0,CCHMe,),(HO,CCHMe,)4]* (shading: Cr, cross-hatched;
O, open; C, lines).

300°C is very different to the reaction of [Cr;O(0,CCMe;)s(H,0)3][NO;] or [Cr;O(0O,CCMes)g-
(H,0),(OH)].>" Whereas the latter two complexes lose pivalate to give a {Cr;»} cage,
[Cr;0(0,CCMes3)6(H,0)3][0,CCMes] loses less pivalate to give a hexanuclear complex of appar-
ent stoichiometry [CrgO4(0,CCMe;),;].>" This again contains a heterocubane, but now only
doubly capped on two u4-oxo sites. If the remaining two u3-oxygen sites are either both proto-
nated or both deprotonated, the cage would be mixed-valent. However, electrospray mass
spectrometry reveals one multiplet centered at m/z 1,488 in the negative ion spectrum, while in
the positive ion spectrum the multiplet is found at m/z 1,490. These peaks match well for
[Cre04(0>CCMes) ;] and [CrgO,(OH)»(O,CCMes) ]t respectively. Therefore, it appears that
the crystals contain both these species, and presumably also the monoprotonated neutral complex.
Preliminary magnetic studies on these cages reveal that, other than in the cases noted above,
anti-ferromagnetic exchange between chromium(III) centers leads to low-spin ground states.

7.3.2.3 Manganese

Work on manganese cages is dominated by work from the Christou/Hendrickson grouping,
which in the main concentrates on carboxylate chemistry.>>

The earliest hexanuclear manganese cage was reported by Thornton and co-workers in 1986.%
[MngO»(0,CCMes);o(HO,CCMes),4] consists of an edge-sharing bitetrahedral cage, with each tetra-
hedron centered by a pu4-oxo ion. The cage is mixed-valent, containing four Mn" and two Mn"™
centers, with the Mn"" centers localized at the shared edge of the bitetrahedron. Several similar cages
have been made,>*>® differing in the terminal ligands, which include: pyridine, MeCN, EtOH, H-O,
acetone, THF; and in the bridging carboxylate which may be either pivalate, benzoate, or nitro-
benzoate. The simplicity of the reaction, and moderate yields, makes these cages suitable starting
materials for further synthesis. The magnetic properties have been studied for [MngO,(O,CPh);(-
(py)»(MeCN),], and the cage has an S=0 ground state.>

The second hexanuclear manganese cage reported is the first “high-spin cage”.”” It is a
cyclic molecule with a formula [Mn(hfac),(NITPh)]s (hfac=hexafluoroacetyl-acetonate,
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NITPh = 2-phenyl-4.,4,5,5-tetramethyl-4,5-dihydro-1 H-imidazoyl-1-oxyl-3-oxide—see Scheme 2),
with each nitronyl-nitroxide ligand bound to two {Mn(hfac),} fragments through the two oxygen
atoms, giving a wheel which is homovalent (Figure 5). Synthesis involves mixing the two
components in heptane. Magnetic studies show a value for x,,7 at low temperature consistent
with an S=12 ground state, which arises from anti-ferromagnetic exchange between the S=1/2
radicals, and the S=15/2 metal centers.

Hexanuclear cages with carbamate ligands have been reported for manganese, iron, and cobalt.
The manganese cage, [Mng(O>CNEt,)s], is made by addition of [Mn(Cp),] to a solution of NHEt,
in toluene, followed by reaction with carbon dioxide.®® The structure consists of an edge-sharing
bitetrahedron of manganese(I) centers. Both five- and six-coordinate Mn'" sites are found, and the
carbamate ligands show three different bridging modes: 1,1,1,1,3, and 1,1,3,3 bridges are found.

Further hexanuclear cages can be made with the pentadentate Schiff-base ligand, N-(X-sub-
stituted saliyclylidene)-N, N'-bis(2-hydroxyethyl)ethylenediamine (X = 5-MeO, 5-Cl, 5-Br).*! These
cages contain exclusively Mn'"" centers, which are arranged in a planar array, bridged by two
usz-oxides, two ps-methoxides, four p,-methoxides, two py-acetates, and two ligands. Magnetic
studies of the cages indicate anti-ferromagnetic exchange between the Mn'" centers.

A series of hexanuclear cages featuring the anions of derivatives of dibenzoyl methane (Hdbm)
have been made, and show S=12 ground states.”” These cages have the general formula
[MngO4X4(Rodbm)g] (X =Cl or Br, R=Me, Et). The structures consist of a Mn'" octahedron
with four nonadjacent faces bridged by pus-oxides and the other four faces bridged by
us-chlorides. A chelating R,dbm group is attached to each manganese center completing a

Figure 5 The structure of [Mn(hfac),(NITPh)]> (shading: Mn, cross-hatched; O, open; N, diagonal lines;
C, lines).
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Jahn—Teller distorted octahedral coordination sphere. The syntheses of these cages is by slow
evaporation of solutions containing the mononuclear Mn'"' complexes [MnX(R,dbm),]. Magnetic
studies show an S=12 ground state and D =0; the latter is consistent with the T, symmetry.

The hexanuclear cage, [Mng{(PhSiO»)s},Cl(nBuOH)¢] , contains a {MngCl} plane sandwiched
between two cyclohexasiloxanolate ligands,”” as shown in Figure 6. The manganese centers are at
the corners of a regular hexagon, with each Mn-++Mn edge bridged by two O atoms from the
cyclohexasiloxanolate ligands, creating an approximately square plane of O atoms about the Mn
centers. The coordination geometry of each site is then completed by a coordinated alcohol
molecule and by a long contact to the central chloride.

The compounds [MngOg(O,CR)5(3,2,3-tet)a]’" (3,2.3-tet = 1,5,8,12-tetraazadodecane; R =Me
or Ph) were reported by Weatherburn and co-workers, and contain a planar, mixed-valent cage.**
The structure consists of an approximately linear arrangement of four manganese ions, with each
Mn---Mn vector bridged by two oxides. The central two oxides also bind to the final two Mn
centers in the structure. One of the three carboxylates spans the central Mn*-*Mn contact, and
the remaining two bridge from these Mn centers to the fifth and sixth Mn centers. The tetra-
dentate amine ligands bind to the four external Mn sites. The two Mn'" sites in the structure are
assigned as the external manganese of the central linear portion of the structure, with the other
four sites being Mn"!. No magnetic measurements are reported.

This group also synthesized the first heptanuclear manganese cage,
[Mn,Oy(trien),(dien)»(O,CMe)s]*" (trien = triethylenetetramine, dien = diethylenetriamine) which
also features both carboxylate and amine ligands.®® The cage can be described as two mixed-
valent {Mn4O,} butterflies, three Mn'™!, and one Mn'!, sharing the Mn'! center. The cage is held
together by the four oxides, which are each p3 bridging, and the carboxylate ligands, which all act
as 1,3 bridges. The dien ligands act as chelating, terminal ligands while the trien ligands bind to
both Mn'! centers which act as the body of the butterfly fragments. The synthetic procedure
illustrates the redox-activity of manganese; the cage can be made from either Mn" or Mn'"
acetate with trien in air, and the dien found must result from oxidation of trien ligands during the
reaction.

—

Figure 6 The structure of [Mng{(PhSiO,)s}>CI(ROH)c]-* (shading: Mn, hatched; O, open; Si, diagonal
stripes top right bottom left; Cl, open; C, lines).
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A similar arrangement of six manganese centers is found 1n [Mn;04(0,CMe)o(dbm)y]
(dbm =the anion of d1benzoy1menthane) which is homovalent.®® The dbm ligands are found
chelating to two of the four Mn"" centers which make up the “butterfly bodies.” Eight of the ten
acetates adopt the 1,3-bonding mode, while the additional two acetates bridge in a 1,1,3 mode.
The synthetic procedure is quite different, involving addition of NEt,Cl to a tetranuclear man-
ganese(I1I) butterfly, [Mn402(02CMe)6(py)2(dbm)2] in CH»Cl,. This transformatron is solvent
dependent; in MeCN the same reaction gives [Mn4O3C1(02CMe);(dbm)3] Magnetic measure-
ments indicate a spin ground state of either S=3 or §=4.

A heptanuclear manganese(Il) cage, [Mn;O4(OEt);s(HOEt),], has also been crystallized from
the reaction of anhydrous MnCl, W1th NaSb(OEt), by controlled hydroly51s in toluene—ethanol.®®
The structure contains a central Mn'' center surrounded by a trigonal prism of six further Mn"
atoms, with the cage held together by us- and puy- ox1des and ps3- and po-ethoxides.

The cationic species, [MnCMng(OH);Cly(hmp)o]*™, is a mixed-valent “metallocrown” (hmp 2-
hydroxymethylpyrrdme) with the metal centers W1th1n the crown alternating between Mn!" and
Mn'", while the encapsulated metal is Mn".® Magnetic studies indicate a high-spin ground state
of erther S=10 or S=11. For either spin state, fit of reduced magnetization plots requires a
negative D-value of either —0.15cm ™" or —0. 180m71 respectively.

Similar cages can be formed by reacting MnCl,, Na(OMe), and Hdbm in MeOH, which gives
[NaCMn6(dbm)6(OMe)12]+,70 and [MnCMng(dbm)s(OMe);,];”" the only dlfference in the syn-
thetic procedure is that Na(BPhy) is required for the former. The structures consist of a metallo-
crown containing six Mn centers, each bound to one chelating dbm ligand, with each Mn**-Mn
vector bridged by two u-OMe ligands. A seventh metal, either sodium or manganese, is encapsu-
lated in the cavity. The magnetic proPertles of both cages are interesting. The Na-containing cage
is homovalent, containing only Mn' centers and ferromagnetic exchange is observed between
the metals, giving an S=12 ground state.”

The {Mn5} metdllocrown is mixed-valent, and probably contains a net three Mn" and four
Mn'" centers.”’ The crystallographically imposed symmetry of the cage (S¢) requires tha.t there
are only two independent Mn sites—the encapsulated manganese, which appears to be Mn'!, and
the manganese sites which form part of the metallocrown. These sites are therefore required to be
1/3 Mn" and 2/3 Mn'"". Magnetization data are consistent with three sets of parameters:
(a) S=15/2 ground state with g=2.36 and D= —0.34cm™'; (b) S=17/2 ground state with g=2.08
and D=—0.27cm™'; (c) S=19/2 ground state with g = 1.86 and D= —0.21cm™". The authors prefer
the S=17/2 ground state, however it is not even clear that an isolated ground state will be found in
such a complicated spin-frustrated system.

[Mn{Mn(L1)}¢** (for L1 see Scheme 2) takes the “metallocrown™ concept further towards
“metallocryptands,” and contains a Mn"' center within a twisted trigonal prism of six further
Mn"" centers.”” The cage is stabilized by a tetradentate imino-carboxylate ligand, which binds to
the equatorial sites of the manganese centers comprising the prism, with the second carboxylate
oxygens either binding to axial sites of neighboring Mn'! centers of the prism, or binding to the
encapsulated Mn'". No magnetic data are reported for this cage.

The majority of octanuclear manganese cages are formed by dimerization of tetranuclear
butterflies. For example, ("Bus™)[MnsO,(0,CMe);(pic),] (pic= picolinate) reacts with one
equivalent Me3SiCl, with removal of one acetate per tetranuclear cage, followed by dimerization
to give [MngO4(O,CMe);5(pic)s].”> The tetranuclear butterfly structures are maintained, and the
major change is that picolinate ligands, which are chelating via the ring N atom and one
carboxylate oxygen in the tetranuclear cage, bridge to a second tetranuclear unit via the second
carboxylate oxygen in the octanuclear cage. Alternatrvely, a bridging ligand can be added to
replace the abstracted carboxylate, e.g., ("Bus)[MnsO0,(0,CMe);(dbm),] reacts with Me;SiCl to
give [Mny40,(0,CMe)g(dbm),], which can be linked through trans-1,2-bis(4-pyridyl)ethane (bpe)
to give [Mn40,(0,CMe)g(dbm),(bpe)], in which two butterflles Jare linked through the diimine
ligand.” A similar reaction with 4,4’-bipyridyl gives a polymer.”*

Direct displacement of monocarboxylates by dlcarboxylates can also lead to dimerization.
Addition of 2,2- dlethylmalona.te(Etzmal ) to  ("Bug)[MngO,(0,CMe)o(H,0)]  gives
[Mn804(02CMe)12(Et2mal)2(H20)2] 2=75 where the drcarboxylates link the cages by chelating to
a manganese site in one tetranuclear fragment through O atoms in differing carboxylates, making a
six-membered chelate ring, and to a manganese in the other fragment through both O atoms of a
single carboxylate, making a four-membered chelate ring. There is also a further bridging interaction
provided by one of the oxide groups of the butterfly. The octanuclear cage is mixed-valent, containing
six Mn"" and two Mn"" centers, whereas the precursor contains exclusively Mn'" ions. Magnetic
studies suggest an S = 5/2 ground state for each butterfly and no inter-butterfly coupling.”>

I
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If ("Bus™)[Mns0,(0,CPh)y(H,0)] is treated with Me;SiCl a homovalent octanuclear Mn'"
cage is formed, but one which is not so clearly related to the tetranuclear precursor. The structure
of ("Bus™)[MngOsCls(0>CPh);(H,0),],’® contains an {Mn;O¢Cl,} core, related to two
{Mn4O;Cl} cubes sharing an edge; however, there are two oxides in the shared edge rather
than one. These two oxides bridge to the eighth manganese center in the cage. The benzoate
ligands are all 1,3 bridging. Magnetic studies indicate an S=11 ground state, with a very small
negative D-value of —0.04cm™'. This reaction should be compared with the designed synthesis
that gave the other octanuclear manganese cages. It shows that disruption of the structure of a
tetranuclear cage can be sufficient to generate a larger complex without addition of ligands
designed to bridge the fragments. The element of design is lost, but the resulting cage has more
interesting magnetic and electrochemical behavior.”®

Work by Saalfrank and co-workers using polydentate ligands, L2 and L3 (see Scheme 2), has
led to two strikingly beautiful octanuclear compounds. [MngO,(L2)g] contains a trigonal prism of
Mn'' centers capped on the trigonal faces.”” The six dianionic ligands each bind to three
manganese centers. The result is a bis(triple-helicate) arrangement of ligands about the metal
core. [Mng(L3)s(HOPr),], shown in Figure 7, contains two differently sized Mn'! squares with the
same center and with the large square turned 45° relative to the small one.”® The dianionic ligands
again bridge three manganese centers. NMR studies of analogous zinc and cadmium cages
indicate these structures are maintained in solution.

A further octanuclear manganese cage forms part of a study of heterometallic alkoxides.”’
[MngSb404(OEt),] is made from reaction of Na(OEt), Sb(OEt);, and MnCl, in toluene.

Figure 7 The structure of [Mng(L3)s(HOPr),]’® (shading: Mn, shaded; O, open; C, lines).
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The oxides are all 115 bridging, while both y53- and p»-ethoxides are present. Three of the Mn'" sites are
six-coordinate with distorted octahedral geometries, and two are five-coordinate with square pyra-
midal geometries. The overall structure is perhaps best described as two {MngSb,} square anti-prisms
sharing a square face.

Wright and co-workers have reported an octanuclear Mn cage bridged by imido and amido
ligands derived from 2-amino-4,6-dimethyl-pyrimidine via reaction of [Cp,Mn] with the parent
ligand.®® The structure contains a {Mn4Ny4} core, bridged to peripheral CpMn units, and is
unusual. Even more interesting is this use of an organometallic approach to the synthesis of
coordination cages, which is a path worth further exploration.

The nonanuclear cage [MngO4(O,CPh)g(sal)s(salH)»(py)a] (salH, =salicylic acid)® contains
fragments which can be recognized as tetranuclear butterflies, containing a central {Mn(sal)}®~
fragment, with an eight-coordinate Mn"' center bound to the oxygen centers of four chelating
carboxylates. Each of these carboxylate oxygens then bridges to Mn centers of the tetranuclear
{Mn40,(0,CPh),(salH)(py)}* " units which sandwich this central fragment. The tetranuclear units
contain exclusively Mn'!" sites. The hydroxyl oxygens of the sal’>~ ligands also bind to metals
within the tetranuclear units. The benzoate ligands act as 1,3 bridges within the butterflies. The
magnetic data suggest an S=3/2 ground state.

The tetranuclear cage ("Buy " )[MnsO,(0,CPh)o(H,O)] reacts with dibenzoyl peroxide to give a
second nonanuclear cage, [MnyNa,O,(O,CPh),s(MeCN),].”® Other cages containing this core
have also been reported.®82 If the alkali metal cations present are included in the description,
the polyhedron found in each case is very close to a centered icosahedron missing two vertices.
Magnetic studies show the ground state to be S=4.

A nonanuclear manganese(I) 3 x 3 grid has been reported. [Mng(2poap)s] (for 2poap see
Scheme 2) contains a polydentate N,O-donor with three “pockets” designed to bind to metal
sites.®® Six such ligands bridge to create the planar metal array. The magnetic ground state of the
cage is S=5/2. [Mng(2poap)e] has an extremely rich electrochemistry, with five reversible redox
waves found between +0.72V and +1.58 V (vs. SCE). The first wave is a four-electron oxidation,
while each of the following waves corresponds to a one-clectron oxidation. The most oxidized
cage therefore corresponds to one Mn'" and eight Mn"" centers.

The first decanuclear manganese cage reported was formed by aerial oxidation of a solution of
Mn(CF3803), and N(CH,CH,NHa)s(tren) in MeCN, which gives [Mn,00 4(tren)s]*+.** which is
mixed valent, containing four Mn'" and six Mn'Y centers. The cage consists of a planar core
containing six octahedral Mn centers, with each octahedron sharing an edge with a neighbor. The
14 oxide ligands are found within this central raft. The four additional manganese centers are
attached above and below the raft, and are bound to four of the six tren ligands, with the final
two tren ligands bound to the terminal Mn atoms of the raft. No detailed magnetic studies have
been reported.

The decanuclear cage, [MnIOOZCIg{OCH2)3CMe}6]2*,85 reported by Zubieta and co-workers is
a direct analog of the equivalent cages made with vanadium and has the {M;,O»3} decametallate
core with 18 of the bridging oxide sites replaced by alkoxides from the tripodal ligand and the
eight terminal oxides replaced by chlorides. The cluster is mixed valence, containing two Mn'" and
eight Mn'" sites; the eight Mn'" sites are those attached to the terminal chloride ligands. The
room-temperature moment suggests anti-ferromagnetic exchange between the metal centers.

[Mn;404(biphen),X;,]*~ (biphen = 2,2’-biphenoxide; X = Cl or Br)®*® can be made from reac-
tion of appropriate manganese(II) halide with 2,2’-biphenol in the presence of a base (either
triethylamine or tetramethylammonium hydroxide). In each case the structure of the cage consists
of a central {MngO,4} adamantane structure, i.e., a tetrahedron of oxide ions with each edge
containing a Mn center. Each oxide therefore binds to three Mn centers within the adamantane
structure and also binds to a fourth Mn center, which creates a larger Mny, tetrahedron
outside this central adamantine core. The 12 halide ions have three distinct structural roles;
four are bound terminally to the Mn centers of the external tetrahedron, four are p, bridging
between an Mn atom of the adamantane and an Mn of the tetrahedron, and the final four are p3
bridging between Mn centers within the adamantane. The four biphen ligands each chelate to one
Mn center of the adamantane, then each O atom bridges in a p, fashion to an external Mn. The
molecular structure therefore has D,,; symmetry. As is usual for Mn, both cages are mixed-valent.
The four Mn'"! sites are the four metal centers within the adamantane which do not lie on the
principal rotation axis; the remaining sites are Mn''. EPR measurements at 245 GHz support an
assignment of an S= 12 ground state with D around —0.04cm~'.'*”

Two further decanuclear homovalent Mn'™ cages, [Mn;,0g(O,CPh)(pic)s] and [Mn;,Og(O,CPh)s-
(pic)e(dbm),],¥” can be made by dissolving the tetranuclear cage [MnsO»(O,CMe)y(pic),(MeCN),]
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in N,N -dimethylacetamide, followed by dilution with CH,Cl,; the difference in the two syntheses is that
the latter compound requires addition of Hdbm to the reaction mixture. The metal cores of the two
structures are identical, with an {Mn;oOg}*" core surrounded by the carboxylate ligands. The core can
be described as two {Mn¢O,} adamantanes sharing an Mn- - -Mn edge. Susceptibility studies show both
cages have diamagnetic ground states.

A decanuclear wheel, [Mn(bzshz)(MeOH)];9, has been reported (for Hzbzshz = N-phenyl-
salicylhydrazidate, see Scheme 2).%® Each Mn"' is bound to three donors from one bzshz ligand,
and two donors from a second bzshz, with the coordination geometry completed by a coordinated
MeOH. Magnetic studies suggest antiferromagnetic exchange between the metals. The iron analog
has also been described.®®

The structure of [Mn;;0,0Clo(0>CMe);1(bpy)>(MeCN),(H,0),]*" (bpy = 2,2’-bipyridyl) con-
tains a linear, trinuclear manganese core which lies on a mirror plane and bridges between two
{Mn4O5Cl} heterocubanes.®?” The bridges are provided by four 5 oxides, which each bind to two
Mn centers of the trinuclear block and to one Mn from a cubane, and four carboxylates which
bridge between the terminal Mn centers of the central fragment and Mn centers of the cubanes.
The bpy ligands chelate to Mn centers within the cubanes.

A dodecanuclear manganese(Il) cage, [Mn;,(OH)4(L4)s(O,CMe),], was reported by Tuchagues
and co-workers in 1988,°" using a binucleating Schiff-base ligand (L4, see Scheme 2). Each
pentadentate L4 ligand binds to two Mn'' centers, with the phenol oxygens bridging to further
Mn'! centers, generating a cyclic belt-like structure. Magnetic susceptibilities studies indicate anti-
ferromagnetic coupling between the metal centers giving a diamagnetic ground state for the cage.

This very beautiful structure has been largely overlooked because of the fascinating magnetic
behavior of the dodecanuclear cages with the general formula, [Mn;,0,(0O,CR);c(H,0),], shown
in Figure 8."°""%7 Lis first reported this structure in 1980,”" but significant work on these cages
dates from a report in 1988 by Christou, Hendrickson, and co-workers.”” The properties of this
family of cages are discussed in detail in Chapter 7.13.

Figure 8 The structure of [Mnl2012(02CR)16(H20)4]9' (shading: Mn, hatched; O, dotted; C, lines).
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The cages are known with a wide—and ever increasing—range of carboxylates.”® Nitrate and
phosphonate can also be incorporated.”**> The Christou and Hendrickson groups have also
pregared isolated, and studied the cages in three different oxidation states: neutral  mononega-
tive’® and dinegative,”” and a heterometallic [Fe,MngO,(0>CMe);s(H,0)4] cage.”® While the
majority of physical studies have concentrated on the neutral [Mn;,O;,(0,CMe);4(H,O),] cage,
the availability of other derivatives of this cage has given much insight into why this specific
family of cages displays such unusual magnetic behavior.

The common structure for this family consists of a {Mn4O4} heterocubane surrounded by an
octanuclear manganese wheel, bridged by carboxylates and oxide ligands. In the neutral molecules
the central heterocubane contains exclusively Mn'" sites, while the octanuclear wheel contains
eight MnIII sites. Where the cages are redox-active the reduction sites are the external MnIII
centers 6,97 Wthh means the mono- and di-negative cages contain three oxidation states—Mn"
Mn"", and Mn". The octanuclear manganese wheel cannot be found in isolation for this metal,
although it resembles the octanuclear vanadium and chromium wheels discussed above.

The compounds are remarkably straightforward to make. The parent acetate cage can be made
in ca. 80% yield by reaction of manganese(Il) acetate with potassium permanganate in acetic
acid." While other cages can be made directly by use of other manganese carboxylates in this
comproportionation reaction, they are more easily made by simple ligand exchange of the
acetates.

Most of these {Mnj,} cages have an S=10 ground state, which arises because the antiferro-
magnetic exchange between the Mn " and Mn'Y centers is stronger than the antiferromag-
netic exchange between either Mn'""-Mn'"" or Mn"'-Mn'". This leads to the spins on the metals of
the central cubane being aligned parallel with each other, but anti-parallel to the spins on the
metals of the wheel. The S=10 ground state is highly anisotropic, with D-values of around
—0.5cm ™", This leads to a srgniﬁcant energy barrier to reorientation of the magnetization. There-
fore, the cage behaves as a “single molecule magnet” (SMM),"* with very slow relaxation of
magnetization in the absence of a field at sufficiently low temperatures.

The ability to vary the carboxylate in the {Mn,} cages creates many possibilities for systematic
study of these materials. The large anisotropy of the spin in the cages results in the main because
the Jahn-Teller axes for all the Mn'" centers in the cage are aligned parallel. The Christou/
Hendrickson groups have demonstrated that variation of carboxylate and even lattice solvation
can change the relative orientations of these Jahn— Teller axes, producing cages with a lower
energy barrier to reorientation of the magnetization 3 Unfortunately it appears the original
systems were optimized, and no increase in the energy barrier has yet been found, in these
cages or in the other SMMs.

A further class of {Mn;,} SMMs have been reported,” involving 2-(hydroxymethyl)- or
2-(hydroxyethyl)-pyridine(hxp) in addition to the carboxylate. [Mnl203Cl4(02CPh)8(hxp)6] each
contain three, incomplete, face-sharing double cubanes. The cage is mixed-valent, containing ten
Mn"" and two Mn'! centers. Magnetic measurements suggest an S=6 or 7 ground state, with
significant anisotropy.

Several larger manganese cages are known A tridecanuclear cage, [Mn13Og(OEt)6(02CPh)12]
has perhaps the most appealing structure'® which is shown in Figure 9. It is a supercubane
containing eight cubanes arranged in a cube. The central manganese site is a Mn'¥ center, and is
shared by all eight cubanes. The 12 surrounding Mn centers are half Mn'" and half Mn"', and can
be assigned because the Mn'" sites show a Jahn-Teller elongated coordination geometry. Six
oxides are found at the centers of the faces of the cube, and are us bridging, while two oxides and
six ethoxide oxygens are found u3 bridging at the corners of the supercubane. The 12 benzoates
are all 1,3 bridging between pairs of Mn sites on the faces of the supercubane, with two
carboxylates per face. The magnetic properties suggest an S=15/2 ground state with
D=0.33cm™"

Murray and co-workers have reported a {Mn,¢} cage,'”" which is clearly related to the classic
{Mnlz} cage. [Mn16016(0Me)6(02CMe)lé(MeOH)g(H20)3] contains a central {MngOg(OMe),}%"
unit In which all sites are Mn ", surrounded by a ring of ten carboxylate- and methoxide-bridged
Mn"" sites. Preliminary rnagnetic studies suggest many spin states are populated even at 1.8 K,
but there are indications that this cage may be a SMM.

Three octadecanuclear cages have been reported. The earliest involves reaction of the butterfly
cage (NnBuy)[Mns0,(0O,CPh)y(H>O)] with the monopotassium salt of phthalic acid in MeCN.
Phthalate (phth) displaces benzoate, and slow concentration of the solution gives
[MnlgO16(OZCPh)22(phth)2(H20)4] 4= 192 The structure can be described as contain1ng a central
region of three {Mn4O,} butterflies sharing body vertices, which gives an {Mn;(O¢} “raft.” This
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Figure 9 The structure of [Mn;305(OEt)¢(O,CPh);»]'""" with phenyl groups excluded for clarity (shading:
Mn, hatched; O, open; C, lines).

section links together two {Mn4O3} fragments where the Mn centers describe tetrahedra which
are bridged on two faces by p3 oxides and on the opposite edge by one further oxide. This oxide
binds to the wing-tip Mn site of the central {Mn4O,} butterfly of the raft, and is therefore also u3
bridging. The benzoates all act as 1,3 bridging ligands and the two phthalates are j4 bridging. All
16 oxides are 3 bridging. The cage has a diamagnetic ground state.

A second {Mng} cage has been reported by the Christou group.'®® [MnyO,(O,CC¢H4-p-
OMe)5(4,4-bpy)], contains two nonanuclear manganese cages linked by a 4,4-bipyridine(4,4’-bpy)
ligands. The nonanuclear core is similar to other {Mny} carboxylates, and magnetic exchange
is restricted to interactions within the individual {Mng} cages.

The third octadecanuclear cage, JMnl8014(OMe)14(OZCCMe3)8(MeOH6)], is mixed-valent, with
a net 14 Mn"" and four Mn'" sites."™ The cage is made by mixing manganese(II) chloride, sodium
pivalate, and Na(mhp) (mhp = the anion of 6-methyl-2-hydroxypyridine) in MeOH, followed by
crystallization from hot MeOH. The structure consists of a central cubane capped on each face by
a further cubane, generating a heptacubane {Mn;50;4(OMe),] core. Of the 14 oxides, four are
e, tWO pi4-, and eight pi3 bridges while both methoxides are pi3 bridges. Twelve of the metal sites show
some form of Jahn-Teller distortion typical of Mn'", while the remaining four sites need to be
mixed-valent for charge balance considerations, and it appears they are a mixture of two Mn"
and two Mn"! sites. The two additional metal sites, which are attached to the heptacubane by
14 bridging oxides, are clearly Mn''. The pivalate ligands all act as 1,3 bridges.
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[Mn19012(OCH2CH20M;)14(HOCH2CH20Me)10] contains a central {Mn,} core surrounded
by 12 further Mn centers.” - The structure of the cage is remarkably simple, with the core of the
cage bridged by 0x1de whlle the periphery is bound to alkoxide ligands. The structure is strongly
reminiscent of {Fe;o}'* and {Coa4} cages. 10

The largest manganese cage reported is [Mn30024(OH)s(O,CHCH,>CMes)s,(H,0)>(MeNO,),].' %
Unfortunately, little beyond a crystal structure has appeared, and even the structure is difficult to
interpret as neither the figure nor the discussion is clear. The preparation is probably from a
ligand exchange of HO,CCH,CMe; with [Mn,0;,(0,CMe);4(H,0)4] followed by crystallization
from nitromethane. The influence of solvent here must be important—in almost all other cases
this reaction produces a new form of {Mn,,}. The formation of {Mn;¢}'*" and {Mns,} cages'®
from reactions that were probably intended to give the well-known {Mn,} cage suggests there
remain many more large and curious manganese carboxylate clusters to discover.

7.3.2.4 TIron

The studies of high-nuclearity iron cages were originally motivated by a desire to understand
biomineralization. As with manganese, a very broad range of structures has been found. Unlike
manganese, the cages tend to be homovalent, containing Fe'"" in the main.

The earliest hexanuclear iron complexes reported contain two {Fe;O} carboxylate-bridged
triangles linked by two py-hydroxide to form a planar {FesO,(OH),} unit. Gérbéléu and
co-workers reported the derivative with pivalate ligands,'® followed closely by a report by
Micklitz and Lippard of the benzoate analog.110 The benzoate analog has a diamagnetic ground
state. Lippard and co-workers also demonstrated that oxo-centered iron triangles could be
linked by a ps-peroxide, to give a planar cage, [Feg(02)02(0>CPh)»(H>0),].""" Pivalate and
trifluoroacetate analogs of the peroxide-bridged cage have been prepared with a variety of
monodentate ligands attached to the terminal Fe sites of the triangles.!!? These cages have been
studied as mediators in the Gif-like oxygenation of organic substrates by O,/Zn. Much more
extraordinary is the trigonal prismatic cage, [Feg(O,);0,(0,CMe)g]”, made by reaction of
hydrogen perox1de with basic iron acetate."’ The cage contains two oxo-centered iron triangles
arranged in a face-to-face fashion, forming a trigonal prism, with three 7,-u4-peroxides placed
within each rectangular face of the prism (Figure 10). Each of the nine edges of the trigonal
prism is bridged by a u»-acetate. The magnetic data on this cage indicate an S=1 ground state
for the cage.

Further hexanuclear cages have been reported using polydentate ligands featuring N-hetero-
cycles. Reaction of 1,1-bis(N-methylimidazol-2-yl)-1-hydroxyethane(mimOH) with
[FesO(0,CMe)g(py)s] (ClO) in MeCN, followed by crystallization from CH,Cl, gives [FesO»-
(OH),(0,CMe),o(mimO),]'"* where the hydroxy diimidazole ligand has displaced a terminal pyridine
and a bridging carboxylate group from the original oxo-centered triangle, while two p,-hydroxides
and four 1,3 bridging carboxylates now bridge two triangles into a hexanuclear cage. A very
similar cage, [Fes0»(OH)>(0,CMe);o(mimO),],""” results if 2-(N-methylimidazol-2-yl)-2-hydroxy-
propane(mimOH) is used in this reaction. Reaction of 2-hydroxymethylpyridine (Hhmp) with
hydrated iron(III) chloride in MeCN gives a further hexanuclear cage, [FesO-(hmp)sCly].!'> This
cage also has a core involving two bridged {Fe;O} triangles. Magnetic studies of these cages
illustrate the complexity that can result in such compounds. Whereas the earlier hexanuclear cages
studied have diamagnetic ground states, the cages containing methyhmlzoly ligands have S=5
ground states while the cage with hmp has an S=3 ground state.""

Hegetschweiler and co-workers have made a series of octahedral iron(III) cages, based on the
{MgO;9} hexametallate core. [F eﬁO(OMe) 1s]*~ can be made by addition of sodium methoxide to a
solution of anhydrous FeCl; dissolved in MeOH,''® while two cages are known with tripodal
tris(alkoxide) ligands, [FecO{(OCH,);Et}¢)* """ and [FesO{(OCH,);Et};(OMe);Clg]*~.""® These
cages are very similar to the hexavanadium cages reported by Zubieta (see Section 7.3.2.1.1), with
a central pg-oxide surrounded by an octahedron of iron(IIl) centers, with the remaining oxygen
atoms of the hexametallate structure provided by the alkoxide or chloride ligands. Magnetic
studies show diamagnetic ground states for these cages.''®

Further octahedral iron cages result from reaction of oxo-centered iron(IIl) triangles with
Hhmp in MeCN. [FegO,(O>CR)¢(hmp)s]*" cages result for R=Ph and CMe;."" Here, two
{Fe;0(0,CR);} triangles are linked by hmp ligands, with an oxygen of each hmp ligand u,
bridging each Fe--*Fe vector of the triangle while the pyridine nitrogen binds to an Fe atom in
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Figure 10 The structure of [Fes(0,);0,(0,CMe)o]~ ''* (shading: Fe, hatched; O, open; C, lines).

the second triangle. The cages, therefore, have noncrystallographic Sg symmetry. Magnetic studies
of these octahedral Fe cages indicate that they have S=0 ground states.

A rare example of a high-nuclearity Fe'' cage is formed when anhydrous iron(II) chloride is
reacted with NHEt, and CO, in toluene."? [Fe(O,CNEt,),]¢ forms in good yield to give a
structure with the six Fe'' centers arranged in an edge-sharing bitetrahedron; the structure is
analogous to [Mn(O,CNEt,),]¢ (see Section 7.3.2.3). Hydrolysis of the isopropyl derivative gives
an octanuclear Fe'' cage, [FegO2(0O,CNiPr,);5]."?" This cage contains two oxo-centered {Fe,}
tetrahedra, bridged by carbamate ligands. The iron sites are either four- or five-coordinate, and
the carbamate ligands show both the 1,3- and 1,1,3 bridging modes.

The hexanuclear cage [NaFeq(OMe);»(dbm)e]™"*! is a structural analog of the equivalent
manganese metallocrown (see Section 7.3.2.3). The ground state is diamagnetic, however the
S=1 excited state can be studied, either by torque magnetometry or EPR spectroscopy.'?' Larger
wheels involving {Fe(dbm)} bridged by methoxide have also been reported when sodium is
replaced by potassium or cesium. [Fe(OMe),(dbm)];»'** contains a twisted cyclic structure,
which appears to be a compromise between the requirements of a regular dodecagon (where
each Fe-+Fe'--Fe angle would be 150°), and the preferred angle in edge-sharing octahedra (120°).
Magnetic studies reveal an S=0 ground state for both these cages. The dodecanuclear wheel
reacts readily with sodium and lithium ions to form the hexanuclear metallocrown.'*?

Control of the size of metallocrowns has also been reported for cages made with the ligands
triethanolamine and N-methyldiethanolamine. Reaction of the former ligand with FeCl; in THF
in the presence of either NaH or LiH gave [MFes{OCH,CH>);N1¢]Cl (M = Li or Na).'** The cage
contains six iron centers at the corners of a regular hexagon, bridged by alkoxide oxygens from
the tripodal ligand. Six of these oxygens line the inside of the cage, creating a cavity for
incorporation of the alkali metal ion. Use of Cs,COjz; leads to an octanuclear cage
[CsFeg{OCH,CH,);N}]C1,"** which has an octagon of Fe'! centers in the metallocrown, encap-
sulating the larger Cs cation. Clearly, the alkali metal plays a templating role favoring the
formation of one cage over another. With N-methyldiethanolamine, reaction with FeCl; in
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THF in the presence of Cs,CO;5 leads to an empty cage [FeqCle{OCH,CH,),NMel¢],"** with six
terminal chloride ligands attached to the six Fe sites and no encapsulated alkali metal cation.
Magnetic studies of the octanuclear crown have allowed some correlations to be made between
magnetic exchange interactions and single-ion anisotropy.'*

Use of a bis(bipyridine) ligand has generated a hexanuclear iron(IIl) cage, [FeqOq4-
Cl4(O,CPh)4(L6),]**,126 where L6 = 1,2-bis(2,2’-bipyridyl-6-yl)ethane. This cage contains an
{Fe4O4) ladder at its core, with two further Fe''' centers attached to the external oxides of the
ladder. These final iron sites are tetrahedrally coordinated to two terminal chlorides, the bridging
oxide and an oxygen from a 1,3 bridging carboxylate. The bis(bipyridine) ligands each bind to
two iron centers of the ladder. This cage has a diamagnetic ground state.

A further hexanuclear cage has been reported simultaneously by two groups,'?”"'*® using N-(2-
hydroxypropyl)imino-diacetic acid (hpida). The six Fe'"! sites in [NaFeq(hpida)sOs]" lie at the
corners of a distorted trigonal prism. A carboxylate group bridges each edge of the triangles of
the prism, while oxides bridge the edges linking the triangles. Carboxylate oxygen atoms also
form a trigonal prismatic cavity where the sodium ion is encapsulated. Magnetic studies indicate
the cage has a diamagnetic ground state.

A mixed-valent heptanuclear iron complex has been reported using the anion of bis(2-pyridyl-
carbonyl)amine (bpca) as the chief ligand."” A mononuclear complex of this ligand, lFe(bpoa)-
CL,(EtOH)], is reacted with NaOH to give a trinuclear anionic Fe'" cluster,
[Fe;O(bpca),Cly(EtO),]~, in which a T-shaped iron array is bridged by a pus-oxide and two
po-ethoxides. Reaction of this cage with [Fe(H>0)¢]*" gives a heptanuclear cage, [Fe{Fe;O(bpca),-
Cl4(EtO),},(EtOH),]. Magnetization studies suggest an S=6 ground state.

[Fe;(PDK),Clg(H,0),]"*" (PDK is a porphyrin substituted with Kemp’s triacid imide) contains
a pentanuclear Fe square-based pyramid, held together by chlorides and carboxylates which are
derived from the PDK ligands. The final two Fe centers sit at the centers of the porphyrin rings.
The cage is mixed valent, with two Fe''' and five Fe" centers.

The oldest octanuclear Fe'" cage is also the iron cage with the most heavily studied magnetic
properties; again, a detailed discussion of this molecule is given in Chapter 7.13.
[Fes(0)»(OH) »(tacn)g]* " (tacn = 1,4,7-triazacyclononane), shown in Figure 11, was first reported

Figure 11 The structure of [Feg(O)z(OH)12(ta<:n)6]84r131 (shading: Fe, hatched; O, dotted; N, striped; C,
lines).
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by Wieghardt and co-workers in 1984."*" The cage was made by hydrolysis of [FeCls(tacn)] at pH
9 in the presence of bromide. The structure consists of a planar octanuclear iron core bridged by
two ps-oxides and 12 u,-hydroxides. The iron atoms can be considered to be a central {Fe,O,}
butterfly “capped” on each edge by a further Fe'! center. The six tacn ligands bind in a tridentate
fashion to all the iron atoms except the two Fe''' atoms at the “body” of the butterfly. Magnetic
studies indicate an S=10 ground state'** with slow relaxation of the magnetization at low
temIE)erature133 and is therefore a SMM.'* The S= 10 state arises because the spin on the two
Fe'! sites at the “wing-tips” of the central butterfly are aligned anti-parallel to the spins at the
other six Fe"" centers.

Replacement of the macrocyclic tridentate amine ligand, tacn, by the tripodal amine ligand tren
leads to another octanuclear cage [FegOs(O,CMe)s(tren),]°"."> The structure has noncrystallo-
graphic S, symmetry. There is a central {Fe O} square, with each edge of the square bridged by
an acetate ligand and an oxide, which alternate in being either above or below the plane of the
square. The oxides bridge to the four further Fe""" centers, which are bound to the tridentate tren
ligands. The final four acetates each bridge between one Fe''' of the square and an external Fe'!
site. Preliminary magnetic studies indicate that anti-ferromagnetic exchange dominates, but that
either the ground state or a low-lying excited state is paramagnetic. NMR studies reveal that the
structure is maintained in solution.

A further cage with S; symmetry, this time crystallographically imposed, is [FegO4(bmdp)s-
(OH)4(0,CMe)4]"*® (Hbmdp = N,N,N’-tris((N-methyl)-2-benzimidazoylmethyl)- N’-methyl-1,3-
diamino-2-propanol, see Scheme 2). This cage was made by reaction of hydrated iron(III)
nitrate with the polydentate ligand in water/acetone followed by addition of sodium acetate.
This gives a tetranuclear tetracation. Metathesis of the anion with tetrafluorborate leads to
formation of the octanuclear cage. The Fe'"' centers lie on a square, with four centers at the
corners and four at the mid-points of the edges. The Fe---Fe vectors are bridged alternately
around the square by either a 1,3 bridging acetate and an alkoxide oxygen from bmdp, or by a
o-oxide. No magnetic data have been reported for this cage.

A cage of still higher symmetry is formed from reaction of anhydrous FeCl; with pyrazolate.
[FesO4(pz)1>Cls]"*" (Hpz = pyrazole) has a central {Fe4O,} heterocubane core, with each oxide
binding to an additional Fe'' center, the oxides are therefore 14 bridging and the additional Fe
centers form a second Fe tetrahedron around the first. Each contact between an Fe within the
cubane and an external iron is bridged by a pyrazolate ligand, and each external iron has a
terminal chloride attached. The cage therefore has noncrystallographic 7-symmetry. The cage
shows three reversible reductions between —0.43V and —1.07V (vs. ferrocene/ferrocenium).
A fourth reduction is irreversible at 285 K, but becomes quasi-reversible at lower temperatures.

[FeF(O,CCMes),]s"*® is an octanuclear wheel, isostructural with the chromium analog dis-
cussed above in Section 7.3.2.2. It has not been studied in as much detail as its chromium
counterpart, nor the larger “ferric wheels.”

In [FegO4(OCH,CCMe;)>(0,CPh),4(HOCH,CCMe;),]'* the core is based on an edge-sharing
bitetrahedron, bridged by oxide, alkoxide, and carboxylate ligands. The cage was made by
reaction of the oxo-centered iron benzoate triangle with neopentanol in toluene. At the center
of the cage six Fe'" centers are arranged in a bitetrahedron, with a pi4-oxide at the center of each
tetrahedron. The two centers in each tetrahedron which are not in the shared edge are bridged by
further oxides, which also bridge to the final iron centers in the polyhedron; these are therefore
us-oxides. The carboxylates bridge in a typical 1,3-fashion, while the alkoxides are either
1r-bridging or terminal. Magnetic studies reveal antiferromagnetic exchange, leading to an S=0
ground state.

Reaction of FeCl; with Na(O,CR) (R=Ph or Me) and Na(hmp) in MecOH gave further
octanuclear cages, [FegO4(O,CPh);;(hmp)s] and [FegO4(0>CMe);,(hmp),].118 The two structures
are clearly related, involving four {Fe;O} triangles linked either through a single Fe atom or
through a shared Fe, edge. The shared edge is at the center of the cage, creating an {Fe4 05}
butterfly. In the former cage the two terminal triangles are anti about the central butterfly, while
in the latter cage they are syn. The carboxylates adopt their usual 1,3 bridging mode. The hmp
groups all chelate to one Fe center, and bridge to a second via the O atom.

A nonanuclear iron cage, [Fe,O(cit)s(H,0)s]"™ (cit = citrate),'** has been reported by Bino et al.
from reaction of iron(IIl) nitrate, sodium citrate, and 2,9-dimethyl-1,10-phenanthroline in water.
The structure consists of three parallel {Fe;} units that form a slightly distorted trigonal prism.
Each exterior plane is connected to the central fragment by three tetradentate cit*~ ligands, and is
also capped by a further citrate. The central plane has a typical oxo-centered triangle structure,
with a central ps-oxo group surrounded by three Fe''! atoms, with each Fe---Fe edge bridged by
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two carboxylates from citrate groups. The external planes have {Fe3;04} cores, with the O atoms
supplied by the alkoxide groups of the deprotonated citrates. The remaining coordination sites on
the Fe atoms are occupied by terminal carboxylates. No magnetic data are reported.

The first decanuclear iron(IIT) cage reported was the “ferric wheel,” reported by the Lippard
group and shown in Figure 12. This cage has the formula [Fe(OMe),(O,CCH,Cl)];(.14! Similar
cages have since been reported with other carboxylates: acetate'*” and 3-(4-methylbenzoyl)-
propionate.'*® The original preparation involves reaction of the oxo-centered triangle of chloro-
acetate and hydrated iron(III) nitrate in MeOH, however, latter reports suggest that direct
reaction of iron(III) nitrate with the sodium salt of the carboxylate and sodium methoxide in
MeOH can also be used. The structure consists of a decanuclear wheel, with each Fe---Fe edge
bridged by one 1,3 bridging carboxylate and two u,-methoxides. Magnetic studies of these wheels
all show an S=0 ground state in zero field. However, detailed studies'*' show that at 4.6 T, a
component of an S=1 state becomes the ground state, then at higher field sequentially S=2, 3, 4,
5,6, 7,8, and 9 states.

[Fe1004(OMe);¢(dbm)g]"** can be made from a very similar route to that which gives the
metallocrown [NaFes(OMe);,(dbm)e]™: reaction of FeCl; with Hdbm and Na(OMe) in MeOH.
The structure consists of three layers of a cubic close-packed array of oxygen atoms, with five
Fe! ions occupying octahedral holes between each of the layers. The five Fe'! sites in each case
describe a trapezium. The magnetic behavior indicates a low-spin, probably S=0, ground state.
A very similar core structure is found in [Fe;oClgO4(OMe)4(MeOH)g],'#5 where chlorides and
MeOH are found in terminal positions. The preparation of the latter cage is simple: addition of
hydroxylamine to a MeOH solution of FeCl,. No magnetic data are reported.

[Fe;oNa,Og(OH)4(0>CPh);((chp)e(H,0),(Me>CO),] (chp = 6-chloro-2-pyridonate),'** has a
very-high-spin ground state of around S=11. It is made by reaction of [Fe;OCls*~ with
Na(chp) and Na(O,CPh) in MeCN, followed by crystallization from acetone/ether. The
{Fe oOjo} core is perhaps best described as two {FesOq} hexagonal prisms sharing a square face.

Figure 12 The structure of [Fe(OMe),(O,CCH,CD)];0"" (shading as Figure 10, plus CI, open).
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The complicated structure and mixture of bridging groups present make modeling the variable-
temperature magnetic data difficult; however, Cano et al. have recently reported Monte Carlo
studies which allow exchange parameters to be calculated.’*® AC susceptibility studies also reveal
it is a SMM, with an energy barrier of 5.3 K to reorientation of the magnetization.'*®

The first undecanuclear iron cage, [Fe;;O4(OH)s(O,CPh);5], was also reported by the Lippard
group.'’ It is formed by controlled slow hydrolysis of a solution containing [Fe,OClg]*~ and
Na(O,CPh) in MeCN. The structure consists of a pentacapped trigonal prism of Fe'"' centers,
with six ps-oxides inside the prism and six us-hydroxides on the exterior of the prism. The
carboxylates bridge in a 1,3-fashion. Magnetic studies show a low-spin ground state, probably
S=1/2; however, there are clearly low-lying excited states of higher spin multiplicity. The
presence of exterior hydroxides on this cage make this {Fe;;} core a good model for iron-oxy-
hydroxide surfaces, and a derivative has been made with the corrosion inhibitor for mild steel,
3-(4-methylbenzoyl)-propionate.'*® This keto-carboxylate shows the same carboxylate binding
mode as benzoate; however, the ketone groups form hydrogen bonds to the pz-hydroxides. It
has been suggested that this H bond plays an important part in the utility of 3-(4-methylbenzoyl)-
propionate as a surface-modifying agent.'*

A mixed-valent dodecanuclear iron cage can be made from reaction of iron(Il) acetate with
lithium methoxide in MeOH, followed by careful addition of dry dioxygen. [Fe;,0,(OMe);s-
(0,CMe)s(HOMe), 67]"*® contains four Fe' and eight Fe'' centers arranged in a core which is
related to the decametallates, {M9O,g}, found for vanadium and manganese with two additional
octahedral Fe sites attached to the decametallate core. The terminal groups are methoxides or
acetates, without the “naked” oxygen centers typical of the vanadium cages. The four Fe''! sites
are assigned as the four metal sites trans to the shared edge of a decametallate core. Magnetic
studies show a diamagnetic ground state.

It has always been intriguing that the Keggin structure, so well known for d° configurations,
had not been reported for open-shell configurations. Work from Bino et al. has corrected this,
with the structure of [Fe;304F»4(OMe),»]>~, which has the full 7, symmetry required by a Keggin
ion." The involvement of fluoride appears vital, and possibly this may be the trick to produce
further polyoxometallate analogs; terminal F~ may function for middle 3d metals the way
terminal O~ functions for early metals.

Burger and Kliifers have reported a tetradecanuclear iron cluster stabilized by a deprotonated
poly-ol ligand—meso-butane-1,2,3,4-tetraol (known as erythritol trivially).">® The 14 Fe""" centers
form a hexacapped cube which is surrounded by Ca'' and poly-ol ligands.

A mixed-valent heptadecanuclear iron cage has also been reported by the Lippard group as
part of a series of general formula [Fe;sMO;o(OH);o(O>CPh),] (M =Fe, Mn or Co).'3! These
cages are formed in low yield from reactions of the mixed-valent triangle [Fe;O(O,CPh)g-
(H>O0)>,(MeCN)]; the {Fey7} cage results from hydrolysis of a solution of the triangle in MeCN,
while the cages containing Mn or Co involved reaction with suitable metal salts prior to crystal-
lization. The structures of all three cages are virtually identical and complicated. The core is in
each case a {[Fe;05(OH)]M} double cubane sharing a corner with the divalent ion [Mn", Co", or
Fe''] at the shared corner. This double cubane is surrounded by an {Fe;(O4(OH),} ring, with the
surface coated with benzoate ligands. There are structural similarities to the undecanuclear cages
reported by the same group.!'*” Magnetic studies show low-spin ground states.

Another heptadecanuclear cage, [Fe;70;5(OH)s(chp)i»(phen)s(OMe)s],">* can be formed by
reaction of [Fe,OClg>~ with Na(chp) and phen in MeCN, followed by crystallization from
EtOAc—again with a poor yield. The structure is extremely irregular, which may be due to
packing of the chelating phen ligands, which leads to “ridges” along the cage.

A further heptadecanuclear cage is found co-crystallized with a nonadecanuclear cage in work
from Heath and Powell (Figure 13).'° More recently, Goodwin et al. have isolated the pure
nonadecanuclear cage by variation of the polydentate ligand used.'>® The original work used the
ligand heidi, [Hsheidi=N(CH,COOH),(CH,CH,OH)], reacted with hydrated iron nitrate in
water, with the pH controlled by addition of pyridine. The more recent work uses methyl or
ethyl-substituted derivatives, N(CH,COOH),(CHRCH,0OH) (R =Me, metheidi or Et, etheidi),
which traps exclusively the larger cluster. The structures contain a core which resembles a
fragment of an {Fe(OH),} lattice, surrounded by the tripodal ligands. The spin ground state for
the cage [Fejo(metheidi);o(OH);404(H>0),](NO3) is S = 33/2, and a small negative zero-field split-
ting is present. This cage is therefore a SMM with one of the highest spin ground states known.'>

The final iron cage discussed is the largest known “ferric wheel.” The octadecanuclear wheel,
[Fe(OH)(XDK)Fe>(OMe)4(0,CMe),]s'** (XDK = the dianion of m-xylylenediamine bis(Kemp’s
triacid imide), see Scheme 2), shown in Figure 14, is made from reaction of the dinuclear iron
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Figure 13 The structure of [Fe,704(OH),¢(heidi)s(H,0);,] 1% (shading: Fe, hatched; O, striped; C, lines).

complex of XDK with [NEt4]J(O,CMe) in methanol, followed by addition of 1-methylimidazole.
The dinuclear units of the precursor are retained, but these are linked by additional Fe'! centers
which are bridged to the dinuclear units through two p,-OMe and one acetate bridges. Magnetic
studies reveal the usual anti-ferromagnetic exchange between Fe''" centers, resulting in a diamag-
netic ground state.

7.3.2.5 Cobalt

There are far fewer high-nuclearity cages known for cobalt than for manganese or iron and their
magnetic properties have not been well studied. Unless otherwise stated, magnetic data have not
been reported for the following complexes.

The first hexanuclear cobalt(Il) cage reported was [Cog(O,CNEt,);5],">> which has a similar
structure to Mn"" and Fe" complexes of the same ligand (see Sections 7.3.2.3 and 7.3.2.4 aboveg.

A hexanuclear cobalt(II) metallocrown has been reported by Thornton and co-workers.'>®
Reaction of Na(OMe) with cobalt(Il) acetate and Hmhp in MeOH apparently gives [CogNa-
(mhp);,]"; an anion was not located in a highly disordered crystal structure. A yield is not
reported, and crystallization required a period of months. The structure contains six tetrahedral
Co" centers each bound to two N and two O donors from pyridonate ligands. Six of these oxygen
atoms lie within the metallocycle, and form an ideal cavity for coordination of sodium. This cage
is closely related to the previously reported hexanuclear copper metallocrown, [CugNa(mhp);,]* 157
(see Section 7.3.2.7 below).

A better-characterized cobalt wheel is made from the solvothermal reaction of hydrated cobalt
nitrate with the tripodal ligand N(CH,PO5H,)(CH,CO,H), in the presence of KOH in MeOH.">®
Within K,[Co{N(CH,PO3)(CH,CO,),}]s each cobalt(Il) center is five-coordinate, with a trigonal
bipyramidal geometry. This compound shows a room-temperature magnetic moment consistent
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Figure 14 The structure of [Fe(OH)(XDK)Fe,(OMe)s(O-CMe),]¢">* (shading: Fe, hatched; O, open;
C, lines).

with noninteracting cobalt(II) centers; at 14 K there is a magnetic phase transition to a canted
antiferromagnetic state.'>®

A planar hexanuclear cobalt cage, [Cog{(PhSiO,)s},Cl(solvent)s] ", which has the same metal
core as a manganese(Il) cage, has been reported.” The experimental details are so limited that it
is difficult to identify the molecules attached in the axial positions of the six cobalt centers.

A further hexanuclear cobalt cage involves 6-(dieth¥1amino)-2-hydroxo-4-sulfanyl-1,3,5-triazine-
(H,OSta) and a condensation product of this ligand."> The cage was formed in very poor yield by
reaction of Na(OSta) with cobalt(II) chloride and Na(O,CPh). The complex has the formula [CosNaO-
(OSta);(L7)»(0,CPh),(H>0),], and a complicated array of two Co'™ and four Co'! sites.

At the opposite extreme, the cage [Co(hathc)]s>*™ gHGhathc = hexzazatriphenylenehexacarboxylic
acid) has a beautifully simple structure:'®” the Co'" centers are at six of the eight corners of a
cube and ligands lie on each edge creating a chair conformation. The magnetic moment of this
cage falls with temperature.

Six cobalt centers are also found in the mixed-metal cage [CosCuy(OH)4(mhp),-
(O,CPh),o(mhp),(Hmhp)4(H,0),],'®" which is formed by reaction of a mixture of copper and
cobalt benzoates with Hmhp, followed by crystallization from EtOAc. The structure is dominated
by oxo-centered metal triangles. At the core of the cage is a {Co40,} butterfly. The wing-tip
cobalt sites are then each part of a further {Co,CuO} triangle. All Co' sites have octahedral
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coordination geometry, while the two Cu'" are five-coordinate. The benzoate ligands show three

different binding modes: two are bound through a single oxygen to a cobalt; two are 3.21
bridging; the remainder bridge in the conventional 2.11-fashion. The mhp ligands chelate to the
copper sites, and bridge to a cobalt atom through the oxygen donor.

The equivalent reaction involving copper and cobalt acetates reacted with Hchp gives a nona-
nuclear cage, [C07Cu2(OH)2(chp)10(02CMe)6].'6' Here, the copper sites are both five-coordinate,
while the cobalt atoms are found with either five or six ligands bound to them. The polyhedron
defined by the metal sites is extremely irregular. The seven Co"' sites can be described as belonging to
two {Co,40,} butterflies which share a body vertex. The two Cu'' atoms then cap opposite edges of this
central {Co,0,} fragment. Magnetic studies indicate a spin ground state of at most S=3/2.

A series of heptanuclear cobalt cages has been reported of general formula [Co;(OH),-
(0,CR)4(chp)s(solv)],'®*> where R =Ph or CMe; and solv=MeCN or 0.69 Hchp:0.31 MeCN or
0.75 Hchp:0.25H,0. The basic structure consists of a square-based pyramid of Co'' centers
capped on one triangular face and on the adjacent edge of the square base by two further cobalt
atoms. One of the pz-hydroxides bridges between the capping atom on the edge and the two
atoms within the edge, while the second us-hydroxide bridges the three Co centers in the
triangular face opposite. The four carboxylates are all 2.11 bridging; however, the eight pyrido-
nates show four different bonding modes.

The other heptanuclear cobalt(Il) cage in the literature involves o-mercaptophenolate ligands.
[Co,Nas(1,2-0OSCH4)s(DMF);,]'® is formed from reaction of CoBr(PPhs); with sodium mer-
captophenolate in DMF. The structure consists of an almost linear chain of five tetrahedrally
coordinated Co" and two sodium centers, with two further Co centers attached at the end of the
chain. The room-temperature magnetic moment is a little lower than would be expected for seven
cobalt(Il) centers.

The octanuclear cobalt cages fall into two categories. A number of mixed-valence clusters based
on cubane cores have been reported, and there are two cyclic structures known. The cubane cages
have two distinct structures. The earlier structure, found in [CogO4(O>CPh);»(solv);(H,0)]** and
(solv=MeCN or DMF), contains a central {Co404} heterocubane, with each oxide also bridging
to a further cobalt site, and thus acting as a pu4 bridge. These structures are therefore directly
analogous to an octanuclear chromium cage (see Section 7.3.2.2 above). These cobalt cubanes are
made from addition of hydrogen peroxide to cobalt(I) benzoate dissolved in either DMF or
MeCN. Structural parameters indicate that the molecule is valence-trapped with the cobalt sites
within the heterocubane being Co™' and the external sites Co'’. Each Co™-:-Co" contact is
bridged by a 2.11-bound benzoate. The external Co" sites have trigonal bipyramidal coordination
geometries, with the fifth coordination site occupied by a solvent molecule. Magnetic studies show
a decline in magnetic moment with temperature; however, this decline is likely to be due to
single ion effects of the five-coordinate Co'' sites, rather than as a result of antiferromagnetic
exchange between them. These cages have interpretable' H-NMR spectra, which suggest the
structures are maintained in solution.

The second cubane-related structure was originally found in [CogO4(OH)4(O>CMe)s(L8),]*"
(L8 = 1,2-bis(2,2'-bipyridyl-6-yl)ethane).'® The cage forms from treatment of an ethanol solution
of cobalt(Il) acetate and L8 with hydrogen peroxide. The structure consists of a triple-cubane
structure, with the central {Co4O4} heterocubane containing four Co™ centers and the four Co"
centers in the exterior sites of the cage. The four u4-oxides have a “saw-horse” arrangement.
There are also four ps-hydroxides which bridge within the exterior cubanes. Each Co!-+-Co"
edge is bridged by a bis(bipyridyl) ligand while the carboxylate ligands bridge in a 1,3 fashion
across six of the faces of the triple cubane. Magnetic studies again show a decline in magnetic
moment with temperature. A very similar structure is found for [CogO4(O>CMe)s(OMe)y-
Cl4(OH,)s] (n=1 or 2),°° which is formed by passing ozone through a solution of cobalt(II)
acetate in acetic acid. The triple cubane and the bridging modes adopted by carboxylate and
ps-oxide ligands are identical to those in the former cage,"® with the role of the us-hydroxides taken
by ps-methoxides. The formula as written suggests that at least six Co'"" centers are present;
however, the room-temperature magnetic moment reported is too high for this proposition to be
correct.

The two known octanuclear cobalt(Il) wheels contain very different ligands
[Cog(L9)1(ClOL)* " (L9 = bis{3-(2-pyridyl)pyrazol-1-yl}dihydroborate, see Scheme 2)."*5 The eight
Co" centers are each bound to three ligands which act as bidentate ligands to individual centers,
then bridge to a second. Either one or two L9 units bridge the Co*-*Co edges of the octagon.
A perchlorate anion is found at the center of the ring. Electrospray mass spectrometry indicates
the structure is maintained in solution, including the encapsulated anion.
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[Cog(0,CMe)g(OMe);6]"® is a much more typical wheel, clearly related to the “ferric” and
chromium wheels described above. The cage is formed by dissolution of cobalt(IIl) acetate in
MeOH in the presence of NH4PF¢. Each Co--+Co edge is bridged by two methoxides and one
carboxylate. An ammonium cation is found at the center of the cage. As the cage contains
exclusively Co™" centers it is diamagnetic.

The nonanuclear cobalt(IT) cage [Coo(chp)ig shown in Figure 15, is a rare example of a
homoleptic paramagnetic cage. It is formed by reaction of freshly prepared cobalt hydroxide with
Hchp at 130°C, followed by crystallization from EtOAc. The structure has crystallographic D,
symmetry and contains four {Co4O4} adamantanes, sharing either {Co3;03} faces or a single
cobalt vertex. The chp ligands each bind in a 2.21 fashion (Harris notation), i.e., chelating to one
cobalt center through both N-and O-donors, and bridging to a second cobalt through the oxygen.

The nonanuclear cobalt(IT) cage, [Coo{(py)>CO-}4(0,CMe)s(OH),],'*® shown in Figure 16, is
formed by reaction of cobalt(Il) acetate and di-2-pyridylketone, (py)>CO, in MeCN. This struc-
ture contains two {Cos} square-based pyramids sharing a cobalt vertex. The two hydroxides
bridge the four cobalt centers within the square bases while each of the eight acetates bridge an
edge of the base. The two pyramids are bridged by the {(py),CO,} dianions which act as 5.3311
ligands (Harris notation). The central Co atom is bound to all eight oxygens from the four
{(py)2CO,} dianions. Magnetic studies reveal a fall in magnetic moment with temperature.
Perlepes and co-workers have shown the hydroxide can be replaced by azide,'® with a dramatic
transformation of the magnetic behavior. The analogous nickel chemistry is equally exciting.'”

The four decanuclear cobalt cages known all come from similar chemistry, which originally
gave a dodecanuclear cage, [Co;»(OH)s(mhp);2(0,CMe)g].'”" The dodecanuclear cage was
reported by Garner and co-workers in 1983 from reaction of cobalt acetate with Hmhp. The
structure contains a centered-pentacapped trigonal prism; however, while the dodecanuclear
nickel analog has since been reported,!’? no further studies of the original {Co;,} have been
possible. Two decanuclear cages, [Co;o(OH)s(mhp)s(O,CPh);(Hmhp);Cl(MeCN)] and
[Co19(OH)g(mhp)s(O,CCMe3);(Hmhp)Cl(MeCN);], contain a similar core, but it is now a
centered-tricapped-trigonal prism (ttp) missing the two caps on the trigonal face.'”*

[Co1o(OH)4(chp)10(0,CCMes)s(EtOH),]'"* was made from a similar reaction, involving cobalt
chloride, Na(chp), and Na(O,CCMes) in MeOH, followed by crystallization from EtOH. Here,
the pentacapped centered-trigonal prism in (Coj,) is missing two metal centers from one edge of
the prism.

[Co,o(OH)¢(mhp)s(0,CCPhs)s(Hmhp);(HCO5)5]'" is formed in very low yield from reaction of
cobalt chloride with Na(mhp) and Na(O,CCPh;) in MeOH, followed by crystallization from

] 167
b

Figure 15 The structure of [Cog(chp);s]'®” (shading: Co, random shading; O, striped, N, dotted; C, lines).
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Figure 16 The structure of [Coo{(py)>CO,}4(0>,CMe)s(OH),]'®® (shading: Co, hatched; O, open; N, dotted;
C, lines).

EtOAc. The structure contains a centered trigonal prism; however, this prism is capped on the mid-
point of the edges of the prism. The central cobalt site is Co'™, rather than Co'" and is surrounded by
six pz-hydroxides, which each bridge to a cobalt at a vertex of the prism and a capping cobalt site.
The triphenylacetate ligands bind in the 2.11 mode, while the mhp ligands each adopt the 2.21 mode.
A curiosity of the structure is the apparent presence of coordinated hydrogen carbonate.

A second dodecanuclear cage, [Coy»(chp);s(OH)4Cly(Hchp),(MeOH),], is known."”* This cage
is centrosymmetric, and contains two {Co405Cl} cubanes linked by a central eight-membered ring
involving four Co'! centers and four O atoms from pyridonate ligands. The final cobalt sites are
at the periphery of the cage and are attached to the cubanes through u, oxygen atoms from chp
ligands. The chp ligands show four different bonding modes.

A tridecanuclear cobalt cage, [Co;3(chp)ao(phth)»(OH),],'%* shown in Figure 17, can be made
by the procedure which gives the heptanuclear cobalt pyridonate cages, but replacing the mono-
carboxylate ligand benzoate with the dicarboxylate ligand, phthalate. The structure contains an
irregular, centrosymmetric cage, which can be considered to contain two square-based pyramids
of Co" centers arranged about a central cobalt, which lies on the crystallographic inversion
center. Two further Co'' sites cap edges of the square bases of the pyramids. The two phthlate
ligands are both bound to four metal centers, with a 4.1111 mode in Harris notation, while the 20
pyridonate ligands adopt three binding modes: 3.21, 2.21, and 3.31.'%

The largest cobalt cage reported is [C024(OH)18(0Me)2C16(mhp)22].'07 This is formed by reac-
tion of partially hydrated cobalt chloride with Na(mhp) in MeOH, followed by evaporation to
dryness and crystallization from EtOAc. The structure is based on the structure of cobalt
hydroxide, with a central raft of {Co3(OH),} incomplete cubanes sharing edges, surrounded by
mhp ligands. Ten of the cobalt(Il) sites at the center of the cage have regular octahedral
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Figure 17 The structure of [Co;;(chp)ao(phth)>(OH),]'®* with all C atoms of pyridonate ligands except C2
removed for clarity (shading: Co, hatched; O, open; N, striped; C, lines).

geometries, while the cobalt sites at the periphery have very distorted geometries. The mhp
ligands adopt three binding modes: 2.11, 2.21, and 3.21. It is clear that the immense coordinative
flexibility of the pyridonate ligands is important in stabilizing these large cobalt cages. The
structure is clearly related to the {Fe;o} cages reported by Heath and Powell.'?®!5?

7.3.2.6 Nickel

High-nuclearity cage complexes of nickel(II) with O- or N-donor ligands are rather rare, which is
surprising as ferromagnetic exchange is frequently found for this metal in smaller cages, and
hence high-spin ground states could be expected. Some of the chemistry is very similar to that of
cobalt,161,167,170,172

A heterometallic cage, [NigZn,O,(O,CNiPr;);,], was made by addition of [Ni(7MeCN)6][ZiCl4]
to a toluene solution of HNiPr, which had been previously saturated with CO,."”® The structure
is very similar to [FesO,(O,CNiPr,);5]"?" and contains two oxo-centered {Ni;Zn} tetrahedra,
bridged by carbamate ligands. The nickel sites have trigonal bipyramidal geometries and the
zinc sites are tetrahedral. No magnetic data were reported.

The hexanuclear cage [Nig{(PhSiO-)¢}>CI(ROH)¢] (R = Et or nBu)'’® is very similar to Mn and
Co cages with this ligand.®> Magnetic studies show anti-ferromagnetic exchange between the
nickel centers, leading to an S=0 ground state."’® A related octanuclear nickel cage has also
been reported.'”’

Three further heterometallic cages containing six nickel centers have been reported. The first,
[NigCu,(OH)4(mhp),>(O,CPh);o(mhp),(Hmhp)4(H->O),], is isostructural with the cobalt cage, and
is made by an analogous procedure.!®! The other two contain central 4f ions surrounded by
nickel-containing “complex ligands.” Yukawa and co-workers reported [SméNi(pro)z}é]3+
(pro = L-prolinate) (Figure 18),"”® and the Schréder group reported [La{Ni(L1)}¢]*" (for L1 see
Scheme 2);"% very similar principles apply to both structures. A nickel(II) center is coordinated by
two N- and two O-donors from the ligands, either two prolinates or one L1 ligand, with a square
geometry. Six of these units then coordinate to a lanthanoid ion, which has an icosahedral
coordination geometry. Carboxylate oxygens from neighboring units bind to the apical positions
of the nickel centers, making the nickel sites octahedral and hence paramagnetic. No magnetic
data are reported for any of these heterometallic complexes. The complex ligand {Ni(L1)} can
also be used to construct a nonanuclear cage, [Nas{Ni(L1)}o(H,O)(MeOH)(ClO,)]>" " in which
the Ni centers are arranged in a tricapped trigonal prism encapsulating the four sodium ions. This
surprising change in nuclearity may be related to the size of the cavity of the metallocryptand; the
icosahedral cavity formed in [La{Ni(L1)}¢]’" is probably too large for a single sodium center, but
too small for two.
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Figure 18 The structure of [Sm{Ni(pro),}¢]**'"® (shading: Ni, hatched; Sm, striped top-left bottom-right;
O, striped top-right bottom-left; N, dotted; C, shaded).

[Ni7(OH)4(NO,)s(OHpn)>(Opn),] (89) (OHpn = 1,3-diamino-2-propanol) was reported in
1996,17° however without any description of the preparation. The structure consists of a distorted
hexagon of Ni'' centers, with a seventh nickel at the center. Magnetic studies reveal antiferro-
magnetic exchange between the spin centers, giving a low-spin ground state, presumably S=1.

[Ni;(chp);2Clo,(MeOH)¢] and [Nis(chp);»(OH)>(MeOH)4] are formed from reaction of freshly
prepared nickel hydroxide or methoxide with Hchp at 130°C."*” Both cages contain {Ni Og}
adamantanes sharing a nickel vertex, and are therefore related to [Coo(chp);s].'®” The oxygen atoms
on the Ni---Ni edges are from chp ligands, which all adopt the 2.21 bonding mode. In the former
{Ni;} cage the adamantane cages are regular, and the vacant sites on the exterior triangular nickel
faces are occupied by six MeOH ligands, which then H bond to two chloride counter-ions. In the
latter this regularity is lost, as a u3 hydroxide is found at the center of each of these faces. A closely
related nonanuclear cage, [Nig(chp);s(OH)>»(MeCN),], has also been prepared.'®” This is an
extension of the distorted {Ni;}, but with two of the coordination sites on each triangular face
occupied by O-donors from {Ni(chp)s;}— “complex ligands”; the third O atom of this unit H bonds
to the uz hydroxide group. Magnetic studies are not reported.

[Ni;(teptra)4Cl,] is made by reaction of nickel chloride with the ligand in refluxing naphthalene
in the presence of r-butoxide as a base."® The structure has approximate D, symmetry, with
the linear {Ni;} wire surrounded by four polydentate ligands. The inner five Ni centers have square
planar geometries, disregarding Ni-*Ni contacts, and are therefore diamagnetic, while the outer
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two Ni centers are square pyramidal. Anti-ferromagnetic exchange is found between these two
paramagnetic centers.

An octanuclear nickel(II) cage, [Nig(cit);(O Q(Hzo) , is formed from the reaction of nickel
hydroxide and 01trlc acid in water at pH 9.20.”%" The structure consists of two highly distorted
tetrahedral Ni"' centers whose coordination sites are occupied in the main by oxygen donors from
the citrate ligands. No magnetic data are reported. This work has been extended by Murrie
et al."® who have produced {Ni;} and {Ni,;} cages by varying the conditions reported. Control is
achieved through pH variation and crystallization times. [Nis(cit)s(H>0),]'"" contains two
O-centered Ni triangles linked via a seventh nickel. The citrates are tetradeprotonated and use
all binding groups. Magnetic data suggest an S=7 ground state, due to weak ferromagnetic
exchange interactions.

An apparently mixed-valent nonanuclear nickel cage has been reported with trimethylacetate
ligands.183 [NigO3(OH)3(0,CCMes);,(HO>CCMes)4] can be made by reaction of nickel chloride
with potassium pivalate in water, followed by extraction of the precipitate into CH,Cl,, benzene,
or hexane. A mirror plane passes through the center of the molecule. Six of the Ni centers form a
trigonal prism, with the three further nickel centers forming a {Ni;O} oxo-centered triangle. A 1y
oxygen links the two Ni atoms in one edge of the prism to two Ni atoms comprising one edge of
the triangle. The exterior of the cage is then coated with carboxylate ligands, which show a range
of binding modes, including 1,3 and 1,1,3 bridging and terminally bound through one O-donor.
The authors suggest Ni'"' is present in addition to Ni',, however neither the synthesis nor the
structural parameters for each Ni center support this proposition. It is more likely that additional
protons are present, possibly attached to the “oxide” ligands. Magnetic data are reported down to
83 K, which suggest weak anti-ferromagnetic exchange between metal centers.

A further nonanuclear cage, [N19(CO3)(OH)6(Chp)3(Hchp)3(02CCH2NMe3)9Cl] , 1s formed
from the reaction of hydrated nickel chloride, Na(chp), and O,CCH,NMe; in MeOH, followed
by crystallization from EtOAc.'”® The yield is extremely poor. Two features dominate the
structure. First, a central carbonate ion which is g bridging, leading to a planar hexagon of Ni
centers. Secondly, the preference of the tertiary ammonium groups of the nine betaine ligands to
lie as far apart as possible leads to a very open structure.

[Nig{(py)>CO»}4(0>CMe)s(OH),] has been prepared, which has an analogous structure to the
nonanuclear cobalt cage [Coo{(py)>CO}4(0,CMe)s(OH),]."'%® discussed previously in Section
7.3.2.5 (see also Figure 16). This has an S=1 ground state. Perlepes et al. have shown that this
hydroxide can be replaced by azide, leading to an S =9 ground state.'” This is exciting chemlstry,
not only because of the dramatic transformation in the magnetic properties, but because it is a
rare example of reaction chemistry taking place at a coordination cage with the structure
remaining intact.

Decanuclear, undecanuclear, and dodecanuclear nickel cages can be made by similar chemistry
to that employed for cobalt cages.'”* The decanuclear cages [Ni;o(OH)g(mhp)ss(O-CCHMe>)s s-
(Hmhp);CI(H>O)] and [Ni;o(OH)g(chp)s(O>CCHPh,)s(Cl)>(Hchp)(H,0),(MeOH)] both involve
carboxylates with two substituents at the « carbon, while the undecanuclear cages
[1\1111(OH)é(l’l’lhp)g(OzCMe)@(Hzo)ﬂJr and [Nll1(OH)6(mhp)9(02CMe)7(Hmhp)2] both involve
acetate. The dodecanuclear cage [Nij»(OH)g(mhp);»(O,CCH,Cl)¢] involves chloracetate as the
carboxylate. These subtle variations in carboxylate must in some way cause the differences in
the nuclearity observed for the cages, but it is far from clear how. In the undecanuclear cages one
of the Ni centers capplng the trigonal face of the prism is missing when co 1pared with the
dodecanuclear cage; in the decanuclear cages both these trigonal caps are absent.

Magnetic studies of these cages reveal a very complicated picture.'” Cons1der1ng only the
trigonal prlsmatlc core, the presence of six p3 hydroxides around the central Ni'' site creates a
position where six distorted {Niz(OH)} triangles intersect at this point. The relative magnitudes of
the exchange interactions along the edges of these triangles decide the spin ground states for the
cages. It appears that the ttp core of the {Ni;,} cage has an S=28 ground state, while {Ni;;} has
an S=4 ground state and a {Ni;o} has an S=2 ground state.

[Ni;o(OH)4(mhp);o(O2CCMe3)s(MeOH),] and [Ni;o(OH)4(mhp),o(0,CCMe3)s(H,0),] contain
a pentacapped-centered trigonal prism missing an edge of the prism, and therefore have an
analogous structure to decanuclear cobalt cages (see above).'”> No magnetic studies of these
cages have been reported.

A further decanuclear nickel cage contains two fused pentanuclear nickel(IT) metallocrowns.'®*
The cage has the formula [Niy(mcpa),][Nis(shi).(pko),(MeOH),] [Niy(shi);(pko)(MeOH)(H,0)]
(Hmcpa = 2-methyl-4-chlorophenoxyacetic  acid, Hpko =di-(2-pyridyl)ketone oxime, Hjshi=
salicylhydroxamic acid). The cage was made in good yield by reaction of nickel chloride with
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Hj3shi and Hpko and NaOH in MeOH, followed by addition of Na(mcpa). While other groups have
frequently introduced two potential bridging ligands, this use of three different bridging ligands in
one pot is unusual. The structure consists of two {Nis} planes joined by Ni—O and Ni—N bonds
between the two planes. The {Nis} fragments contain a Ni square with a fifth nickel at the center.
Magnetic studies show anti-ferromagnetic exchange between the nickel centers.

The undecanuclear cage [{Nig(OH)g}{Ni(mhp);}s(Hmhp)CI(H,0),] can be made by reaction of
nickel hydroxide with Hmhp at 160°C, followed by crystallization from MeCN.'"™ The
{Nig(OH)s} double-cubane core is bound to five {Ni(mhp);}~ complex ligands, using either
three or two of the O atoms of the pyridones. All the nickel sites are six-coordinate, with terminal
water, chloride, or Hmhp ligands completing the coordination environment of four of the nickel centers
within the cubane. Magnetic studies show anti-ferromagnetic exchange between the metal centers.

[Nij»(chp)12(0-CMe)»(THF)s(H,0)6]® is a cyclic molecule made from reaction of nickel acetate
with Hchp, followed by crystallization from THF. The Ni---Ni contacts within the dodecanuclear
wheel are each bridged by two u, oxygens, derived from either a chp ligand, a water, or an
acetate, and a 1,3 bridging carboxylate. Ferromagnetic exchange between the nickel(IT) centers
leads to an S=12 ground spin state, however the exchange is weak and lower spin levels are still
occupied at 1.8 K. The equivalent cage with 6-bromo-2-pyridonate can also be made. The S=12
state has a small negative anisotropy, and the cage is a SMM. '35

[Ni;¢Nag(chp)a(phth),o(Hphth)>(MeO),o(OH),(MeOH),0],'*¢ shown in Figure 19, is made from
reaction of nickel chloride with Na(chp) and Na,(phth) in MeOH. The structure consists of four
nickel cubanes arrayed about a central sodium octahedron. The {Nag} octahedron provides the
anchoring point for the structure; a phthalate ligand bridges from each face of this octahedron to
one of the nickel cubanes. There are therefore two phthalate bridges between each cubane and the
central octahedron. The Ni sites are all octahedral. Magnetic studies are consistent with an S=2
ground state for each cubane, with immeasurably weak coupling between the cubanes.

The reaction from which [Ni7(§:it)6(HzO)2]10* crystallizes produces crystals of
[Niy(cit);2(OH)o(H,O 10]'¢~ when left."®> The core—a {Ni7(OH)s} unit—matches the core of
the {Feo},1% {Mno},"" and {Coy}'"" cages. At the periphery of the cage, however, the structure
is far less regular. Magnetic studies on this cage suggest an S=3 ground state.
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Figure 19 The structure of [NijeNag(chp)s(phth)io(Hphth),(MeO);o(OH),(MeOH),]'®¢ (shading: Ni,
random shading; O, dotted; N, striped; Na, light shading; Cl, hatched; C, lines).
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The largest nickelgII) cage known is [Nir4(OH)g(mpo);6(0-,CMe),4(Hmpo),¢] (Hmpo = 3-methyl-
3-pyrazolin-5-one),"®” which can be made from reaction of nickel acetate with Hmpo in MeOH,
followed by crystallization of the green precipitate from MeCN. The structure consists of an
octamer of chemically equivalent trinuclear building blocks {Niz(OH)(mpo),(O-,CMe);(Hmpo),}.
Each Ni--*Ni contact is bridged by a 1,3 carboxylate and two u, oxygens, with the latter groups
derived from mpo, acetate, and hydroxide groups. In addition to the metal-ligand bonding, the
structure is stabilized by a large quantity of H bonding. The majority of these interactions arise
from the proton on the second N atom within the pyrazolinone ligands. All the metal centers are
six-coordinate, with approximately octahedral symmetry. Magnetic measurements indicate that
while the magnetic behavior is dominated by anti-ferromagnetic exchange this is weak and many
magnetic states remain populated at even very low temperatures.

7.3.2.7 Copper

The high-nuclearity cages reported for copper(Il) contain a greater variety of ligands than for other
3d-metal cages. While cages of earlier 3d-metals tend to be stabilized by simple O-donor ligands, e.g.,
carboxylates, alkoxides, for copper polydentate and macrocyclic N-donor ligands are more common.

With carboxylates the “lantern” structure of copper(Il) acetate is most commonly found, i.e.,
two copper centers bridged by four ligands. An exception is the hexanuclear cage formed by
phenoxyacetate.'®® [Cu(O,CCH,OPh),]s contains a compressed trigonal anti-prism of copper
centers bridged by phenoxyacetate ligands which adopt one of two binding modes. Six bridge
in the conventional 1,3 fashion common for carboxylate ligands, while the remaining six use
the ether oxygen to bond in addition to the carboxylate group, which binds in a 1,1,3 fashion.
The ether oxygen bonds to one of the three Cu'' centers to which the carboxylate is bound,
forming a five-membered chelate ring.

Addition of alcohols to dimeric copper carboxylates can also produce hexanuclear complexes.
Dissolving copper(Il) acetate in 2-diethylaminoethanol followed by addition of ether produces
[Cug(0,CMe)s(OH)>(OCH,CH,NEL,)4(H,0)]."® The structure is described as two distorted cop-
per—oxygen heterocubanes sharing a common face. The oxygen vertices within the shared face
come from aminoalkoxide ligands, while two hydroxides and two aminoalkoxide oxygens occupy
the four external O sites of the dicubane. A Verly imilar cage, [Cug(O,CCH,Cl)s(OH),(OCH,CH,-
NEt,)4(H,0)], is found for chloropropionate.”” No magnetic data are reported for either com-
pound.

[Cug(amp)g](ClO4)4 (amp = 2-amino-2-methyl-1-propanolato) is formed from reaction of
copper(Il) perchlorate with Hamp in MeOH."®" The structure consists of a bicapped Cu4O, hetero-
cubane, with the four O atoms within the cubane derived from p3; O atoms from amp ligands and
the remaining coordination sites of the copper centers occupied either by amino groups, or by pu,
bridging oxygens from further amp ligands which attach the two capping Cu centers to the central
cubane. The magnetic behavior of the cage shows a diamagnetic ground state.

With  1,3-bis(dimethylamino)-2-propanolato(bdmap), a  hexanuclear  copper  cage
[Cug(bdmap);Clg(O-H)] with an elongated trigonal anti-prismatic structure is found.'®* The
three bdmap ligands each chelate to two copper centers with the alkoxide oxygen shared between
the two coppers. This creates the edges of the trigonal antiprism. The trigonal faces have a central
oxygen atom, below the face of the {Cus} triangle with an O---O separation of 2.45A; a H atom
lies between these two O atoms forming a very strong H bond. The six chlorides are each
terminally bound to a copper site. Magnetic studies show a diamagnetic ground state.

Reaction of copper(Il) pivalate with sodium methoxide in ethanol (presumably a source of
ethoxide not methoxide) produces a cyclic hexanuclear structure [Cu(O,CCMes)(OEt)]e."** The
Cu---Cu vectors are alternately bridged by two 1,3 carboxylates or two pu, ethoxide oxygens.
Magnetic studies show strong anti-ferromagnetic exchange between the Cull centers.

Two hexanuclear cages have been reported with oxime ligands, [CuzO(dpmieo)s;(ClOy)],
(dpmieo = 1,2-diphenyl-2-(methylimino)ethanonel-oxime)'** and [Cu30(bibo);(ClOy4)]»
(bibo = 3-(benzylimino)butanone2-oxime).'”> In both cases two triangular {Cu;O} fragments
are linked through Cu—O bonds to form the hexanuclear unit. Magnetic studies of the former
cage indicate a diamagnetic ground state, while electrochemical studies of the latter indicate a
reversible one-electron oxidation per triangle to a mixed-valent species.

Linked copper triangles are also found in [Cug(OH)»(pz)s(NO3)4(Hpz)e] (Hpz = pyrazole).'”® Each
triangle has a central hydroxide group, with each edge of the triangle bridged by a pyrazolate
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ligand. The triangles are linked by two nitrate groups, which bridge in a 1,3 fashion. One further
nitrate binds to the upper face of each triangle in a p3—74 fashion. The Hpz ligands bind through
one N atom to a copper site.

[Cu,(OMe),(tftbd),];  (tftbd = 4.4,4-trifluoro-1-(2-thienyl)-butane-1,3-dionate)'”” consists of
three planar methoxo-bridged copper dimers, joined by out-of-plane copper—oxygen bonds invol-
ving either the methoxide or §-diketonate ligands. The former ligands are therefore present as
both u, and p3 bridges, and the latter ligands are either chelating or chelating and bridging within
the structure. The molecule has a diamagnetic ground state.

Linked (-diketonates are found in [KC{Cus(L3);}»,(OMe)],'”® which contains triangles of
copper(Il) centers, with each edge of the triangle bridged by a bis(3-diketonate). The O atoms
of six L9 ligands then form a cavity in which a single potassium ion is found. This cage is
prepared by adding potassium hydroxide to a solution containing copper(Il) chloride and H,L9
in MeOH. The analogous reaction with sodium generates [NaC{Cu3(L3);3}(X)], (X = CuCl, or BF,)
in which the Na centers sit within the copper triangles. A triple-decker cage,
[NacC{Cu;(L3);}(BF,)]3, can also be made.”® No magnetic data are reported for these cages.

Two hexanuclear copper(Il) cages, [Cué{(zPhSiOz)G}z(sol)G]* (sol=EtOH or DMF), related to
Mn, Co, and Ni cages have been reported;**'*® they differ from the cages of the other metals in
lacking the central g chloride.

[Cu3(OH)(CO5)(bipy)s),*" is a centro-symmetric hexanuclear copper(Il) cage.?’® The center of
the cage is a {Cuy(OH),} ring, with each five-coordinate Cu atom of this ring bound to one
chelating bipy ligand. The apical site of the square pyramidal copper sites is occupied by an
O atom from carbonate. These carbonate groups are u3 bridging, attaching the remaining copper
sites to this central core. The external copper sites are each bound to two chelating bipy ligands.
The cage is made from reaction of bipy with copper hydroxide in air, followed by addition of
sodium perchlorate or hexafluorophosphate. The carbonate ions therefore come from fixing of
atmospheric carbon dioxide. Magnetic studies of the cage show ferromagnetic exchange between
the metal sites, and a resulting S =3 ground state.

[Cug(0x)3(N3)o(tmen)g(H,0),]*" also contains simple dimine ligands, in this case N,N,N',N'-
tetramethylethane-1,2-diamine (tmen).?’" Six copper centers, to each of which is coordinated a
chelating tmen ligand, are alternately bridged by oxalate or azide groups. The azide ligands bridge
in a 1,3 fashion. Magnetic studies indicate a diamagnetic ground state.

The ligand, 2-(4-imidazolyl)-ethylimino-6-methylpyridine (HL10, see Scheme 2), contains four
N donors, and can form a cyclic hexameric structure depending on the pH of the solution.?’?
Reacting HL10 with copper(II) chloride in MeOH at high pH gives a cyclic hexamer, [Cu(L10)]e-
(ClO4)6. Within the hexamer each copper site is four-coordinate, bound to the pyridine and imine
N atoms and one imidazole N atom from one ligand, and the second imidazole N atom from the
neighboring atom.

Several hexanuclear copper cages are known with more complicated ligands. With the zris-
tridentate ligand L11 (see Scheme 2), [Cus(OH)»(N3)(L11)],*" forms in the presence of azide**?
and contains a central {Cu,y(OH),} ring, with the remaining coordination sites on the central
copper sites occupied by one tridentate unit from L11. The remaining tridentate binding sites
bond to the four further copper(Il) atoms. EPR spectroscopy suggests strong antiferromagnetic
exchange is present within each dinuclear unit.

[Cug(tidah),Clyo(H,0)4] results from reaction of 1,1,6,6-tetrakis(imidazol-2-yl)-2,5-diazahexane-
(Htidah) with copper chloride in ethanol,*** and contains an irregular array with a central
copper(Il) rectangle with opposite edges bridged by chloride or imidazolate groups. The add-
itional two copper sites are attached to the rectangle by bridging chlorides that are approximately
co-linear with the Cu---Cu vector bridged by the imidazolate. Magnetic studies show a low-spin
ground state.

Reaction of 2,6-bis(aminomethyl)-4-methylphenol monohydrochloride, 2,6-diformyl-4-methyl-
phenol, copper(I) acetate, and (NBu4)(BF42 in boiling MeOH gives [Cug(L12)(O,CMe),
(OH),(MeOH),(H,0),]*" (L12, see Scheme 2).”> The six copper centers have a cyclohexane-like
boat configuration, with each Cu*--Cu vector bridged by a phenolate O atom from L12 and one
further bridge. This is provided either by a u, hydroxide or by a 1,1,3 bridging acetate ligand. No
magnetic data are reported.

A similar reaction of 2,6-diformyl-4-methylphenol or 4-tert-butyl-2,6-diformylphenol with 1,5-
diamino-3-hydroxypropane in MeOH in the presence of copper salts generates a series of tetra-
nuclear cages.”*® Slow recrystallization of these tetranuclear cages from DMF-MeOH, or from
dry MeOH in presence of a base generates octanuclear cages. [CusO(L13)(ClO4)],>" (L13 shown
in Scheme 2), contains a planar tetranuclear copper cage encapsulated within the Schiff base
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macrocycle, with the four copper centers bound to a central oxide. This oxide bridges to a copper
of the second tetranuclear fragment within the cage. The magnetic behavior of the cage indicates
antiferromagnetic exchange between the Cu' centers.

A similar reaction involving 2,6-diformyl-4-methylphenol with 1,3-diamino-2-hydroxypropane
in the presence of copper nitrate gives a second hexanuclear cage encapsulated within a macro-
cyclic ligand, L14 (see Scheme 2).2%7 A difference is that in [Cug(L14)(OH)3],(NO3)s the planar
hexanuclear cages “dimerize” via out-of-plane Cu—O bonds to create a dodecanuclear array.
Within the hexanuclear cage Cu---Cu contacts are alternately bridged by a single phenolate
oxygen or by a phenolate oxygen and an exogenous hydroxide. Two of the hydroxides also
bridge to Cu centers in the second hexanuclear cage in the dimer. Magnetic properties show
strong anti-ferromagnetic exchange between the Cu centers within the hexanuclear cage.

Several hexanuclear copper “metallocrowns” have been reported, formed from the solid state
reaction of copper(Il) nitrate with Na(mhp), followed by crystallization from CH,Cl,.
[Nac Cug(mhp);,](NO5)""7 is related to earlier metallocrowns, with six four-coordinate copper
sites bridged by pyridonate ligands, which are 1,3 bridging with regard to Cu sites alone. Six of
the mhp O atoms form a central cavity, in which the sodium ion is found. The analogous cage,
[CucCug(mhp);»]*" with copper at the center has been reported.””® No magnetic data have been
reported for either of these metallocrowns.

Similar crowns have been formed using N-(2,5-dimethylbenzyl)iminodiethanol as the ligand.?"’
These cages are related to hexanuclear iron crowns discussed in Section 7.3.2.4 above. Both Na
and Li can be coordinated to the O atoms of this cage, however they do not lie within the cavity but
coordinate on an external face, i.e., they bind to three O donors per {Cug} crown rather than six.

A further wheel has been reported where the copper centers are linked by organic radicals,
4-pyrimidinyl nitronyl nitroxide (PMM).?'® This chemistry is similar to that reported for manga-
nese by Gatteschi ez al. in 1988.%°

Heterometallic cages containing six copper centers form when perchlorate salts of copper and
lanthanoids are mixed in the presence of sodium iminodiacetate.”""
[LnCug{(0O,CCH,),N14(OH);{(0,CCH,)N(HO>CCH,)},]*~ forms for Ln=La and Tb, and con-
tains a central lanthanoid surrounded by a trigonal prism of copper centers. Susceptibility
measurements suggest anti-ferromagnetic exchange between metal centers.

A heptanuclear complex results from the reaction of Na(O,N,NEt,) with copper(II) chloride and
Na(OMe) in MeOH.?'?> The structure contains a central linear trinuclear copper unit, [Cus-
(OMe)4(O>N5,NEY,),], in which the Cu---Cu contacts are each bridged by two methoxides with
O>N,NEt, ligands chelating to the external copper sites. This trinuclear unit is bound through
Cu---O(methoxide) contacts to two dinuclear [Cuy(OMe),(O,N,NEt,),] fragments. Preliminary
magnetic measurements suggest strong anti-ferromagnetic exchange between the copper centers.

Crystals of a vertex-sharing double cubane, [Cu;(OH)s(bpym)s(H>0),]°" (bpym = 2,2-bipyri-
midine) can be grown from slow evaporation of an aqueous solution of copper(Il) nitrate, bpym,
and sodium carbonate.”"® The central {Cu;(OH)g} double cubane is somewhat distorted, with two
trans Cu—O bonds involving the shared copper vertex longer than other Cu—O bonds within the
cubane (Figure 20). The bpym ligands chelate to the six copper vertices that are not shared.
Magnetic studies show weak ferromagnetic exchange between the copper(Il) centers, with an
S=7/2 ground state.*"?

Work from the Perlepes group has produced a series of copper cages using ligands derived from
di-2-pyridyl ketone, (py),CO. A heptanuclear cage, [Cus{(py),CO>}3(0,CMe)s(OH),] and a
dodecanuclear cage, [Cui»{(py)>CO,}¢(O,CMe);,], result from reaction of copper(Il) acetate
with (py)>CO in hot MeCN.?'* The smaller cage forms green crystals, while the latter gives
violet—blue crystals. The {Cu;} cage contains a highly distorted, vertex-sharing copper dicubane
core. The (py),CO,*~ gem—diolate ligands adopt two bridging modes, 3:2211 and 4.3211 (Harris
notation) and lie at the center of the cage. This contrasts with the 5.3311 mode adopted in
nonanuclear Co and Ni cages [Mo{(py)>CO,}4(0,CMe)s(OH),]'®® (see Sections 7.3.2.5 and 7.3.2.6
above). The acetate groups bridge the external edges of the cage in the classic 1,3 mode (2.11 by
Harris notation). Magnetic studies show an S=1/2 ground state.

The minor product of the reaction is a dodecanuclear copper cage, which has a beautiful
“flywheel” structure shown in Figure 21.2'* Six internal Cu centers form a chair-shaped cluster,
which lies within a second, larger, chair-shaped cluster consisting of the outer copper(Il) sites. All
the (py),CO,>~ ligands adopt the 4.3211 bonding mode, bridging one outer and three inner
copper sites. Six acetate ligands bridge between copper centers of the inner and outer chair in a
2.11 fashion, while the final six acetate ligands bind monodentately to exterior copper sites. No
magnetic data are reported for this unique cluster.



Clusters and Aggregates with Paramagnetic Centers: Oxygen and Nitrogen Bridged Systems 163

Figure 20 The structure of [Cu,(OH)g(bpym)s(H,0),]®7?'* (shading: Cu, hatched; O, open; N, dotted;
C, lines).

When copper(I1) acetate and (py),CO are mixed in water, followed by addition of sodium perchlor-
ate  and slow evaporation of the solution, an octanuclear copper cage,
[Cug{(py)>CO(OH)}(0,CMe),]*" can be isolated.?’> This features two {CusO,} heterocubanes
bridged by acetate ligands, with the oxo atom of the (py),CO(OH)™ ligands occupying the O atom
vertices. The bonding mode of the ligand is therefore 3:3011, with the hydroxyl oxygen not bound to
any metals. EPR studies suggest a spin triplet may be the ground state, but this is a tentative assignment.

[Cug{(py)>CO}4(0-CMe)4(Hhp),]*" (Hhp = 2-hydroxypyridine)*'® is formed from reaction of
copper acetate with (py),CO in MeCN/H,O0, followed by addition of Hhp, sodium acetate, and
sodium perchlorate. Here, the inner copper structure is a tetrahedron while the outer structure is a
distinctly flattened tetrahedron. The (py)>»CO->~ ligands adopt a new 4:2211 mode, while the
acetate ligands are bridged in a 2.11 fashion and the Hhp ligands are attached through the
exocyclic oxygen atom. Magnetic studies show a low-spin ground state. The cage also shows
two quasi-reversible reduction processes.

The copper cage, [{Cu;O(L15)},Cu], is mixed-valent, containing two oxo-centered copper(II)
triangles, bridged by a single copper(I) center, bound to the two oxo groups.>'” The triangles are
encapsulated in a polydentate N-donor ligand L15 (see Scheme 2). Magnetic studies show anti-
ferromagnetic exchange between the Cu" centers giving a diamagnetic ground state.

[Cug(urid)gNa(H,0)s]"~ (urid = uridine) contains copper centers bound to a pyrimidine nitro-
gen atom from one uridine, and ribose oxygen atoms from two different uridines.”'® The resulting
cage has a square anti-prismatic array of copper centers, with the eight bridging uridine ligands
forming a torus. A {Na(H,O0)e} " cation is found at the center of the cage. No magnetic data are
reported for this cage.

Reaction of polymeric copperg)-iS-dimethylpyrazolate (dmpz) suspended in wet CH,Cl, with
dioxygen gives [Cu(dmpz)(OH)Js.>" The cage contains a planar ring of copper(Il) centers, with each
Cu- -+ Cu vector bridged by a dmpz and hydroxide. No magnetic data are reported for the compound.

Wang and co-workers have reported [Y,CugO,(hp);2ClL(NO;3)4(H,0),] and [Nd,CugO,-
(hp)1,Cl(OMe)4(H,0),4],*° which are made from reaction of copper methoxide with Hhp in
MeOH, followed by addition of either yttrium nitrate or neodymium chloride. The metal core
is similar in both compounds, with a central {M,Cu4} octahedron (M =Y or Nd), with the
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Figure 21 The structure of [Cul2{(py)2C02}6(02CMe)12]2'5 (shading: Cu, hatched; O, open; N, dotted; C, lines).

heterometallic centers trans to one another. The final four copper(Il) centers are then arranged in two
pairs parallel to the M-+ M axis. Two u4 oxides are found within the {M,Cuy} octahedra, while all
the hp ligands adopt the 3.21 bridging mode. Antiferromagnetic exchange is found between the
copper centers.

The homometallic cages, [CugO,(O,CR)4(xhp)s] (R=Me, Ph or CF;; xhp=6-chloro-,
6-bromo- or 6-methyl-2-pyridonate),® can be prepared either from reaction of the copper carboxy-
late with the neutral ligands, or by reaction of the copper carboxylate with copper complexes of
pyridonate ligands, [Cus(chp)4]**' or [CugNa(mhp),,]".'57 The structures consist of a central edge-
sharing, oxygen-centered bitetrahedron {CueO,}, surrounded by two {Cu(xhp)s}*>~ “complex
ligands”. Each carboxylate ligand bridges in a 2.11 fashion, while the pyridonate ligands adopt
both the 2.11 and 3.21 binding modes. Magnetic studies of the cages show a decline in magnetic
moment at low temperature, with either an S=0 or 1 ground state.

The ligand 6,6'-oxybis[1,4-bis(2'-pyridylamino)phthalazine] (obpp) binds to four copper centers,
with the resulting cage linked through a nitrate group to give [{Cu4(obpp)(OH),(NO3),-
(H,0)7}5(NO3)]"".*** The ligand, obpp, contains two distinct cavities, in each of which is
bound a {Cu,(OH)} fragment. In one cavity of the pair a nitrate ion bridges between the two
copper centers, while in the second cavity the nitrate present bridges to a neighboring tetranuclear
fragment, generating the complete octanuclear cation. The magnetic behavior of the compound
could be modeled as a strongly antiferromagnetically coupled dimer.

The trianion of a pentadentate Schiff-base, 2-hydroxy-1,3-propanediyl bis(acetylacetoneimine)-
(hpbaa) reacts with copper(Il) perchlorate in MeOH to give the octanuclear cage
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[Cug(hpbaa)s(OH);]".*** The cage has an unusual structure containing four dinuclear
{Cus(hpbaa)} units linked through hydroxides. No magnetic data are reported for the cage.

An octanuclear copper complex has been reported using azathioprine (aza) as a co-ligand with the
B-diketonate 2,2,6,6-tetramethylheptane-3,5-dione(thd).??* [Cu4(aza),(thd)s(OH)], was made by reac-
tion of [Cu(thd),] with aza in MeCN. The cage contains {Cu3(OH)} fragments, with two edges of the
triangles bridged by in a 1,3 fashion by aza ligands. The second N atom of the imidazole ring binds to
further copper atoms, in one case binding a fourth copper center to the triangle and in the second case
bridging to the second triangle within the octanuclear cage. Magnetic measurements indicate anti-
ferromagnetic exchange between the copper centers within the triangle.

An octanuclear copper(Il) cage has been reported with linked 3-diketonate ligands.””® The
structure is of a 4 x 2 parallelogram, with the central region linked by methoxide. The polydentate
ligand encloses the metal cage. Susceptibility measurements show a diamagnetic ground state.

A nonanuclear cage, [Cug(O,CCHCl»);o{ OCH,C(NH,)Me,}s(OH),], can be made from reaction
of copper(Il) dichloroacetate with 2-dimethylaminoethanol in ethanol.?*® The structure consists of
two distorted copper heterocubanes bridged, via carboxylate and hydroxide ligands, through a
central ninth copper center. The carboxylates adopt both the conventional 2.11 bonding mode, and
the less frequently found 3.21 mode. The aminoalkoxide ligands triply bridge through the O atom,
with the N-donor bound to one of the three copper centers to which the O atom is bound—the 3.31
bonding mode in Harris notation. The magnetic behavior suggests a doublet ground state.

The nonanuclear cage [Cuo(2poap)s]'>" has a structure??’ closely related to the equivalent
manganese cage [Mno(2poap)s),5* containing a 3 x 3 grid of copper(II) centers bridged by the linear
polydentate ligand (see Section 7.3.2.3). Magnetic studies support an assignment of an S=7/2
ground state cage due to predominant ferromagnetic exchange between the copper(Il) centers.

The majority of cages containing 12 copper(II) centers are heterometallic. The first to be reported
was [Cuj,Lag(OH)»4(NO3),; »(Hmhp);3(H>O)s s][NOs]» g, which contains a cuboctahedron of
copper(Il) centers within a cube of eight lanthanums, with a us-hydroxide at the center of each
Cu,La triangle."” The remaining ligands are bound to the lanthanum sites, except for a central nitrate
anion, which is encapsulated within the cage. No magnetic data have been reported for this cage.

A curious observation is that the same copper and hydroxide arrays are found in several
other heterometallic cages, formed with betaine and carboxylate ligands. Thus,
[Cu;2M(OH)24(0,CCHLNCsHys)15(H20)15(C104)](Cl04) 17 (M =Y, Nd, or Gd);*** [Cu;,M(O-
H),4(0>,CCH,CH,NCsH5)15(H20)16(C104))(ClO4)17 (M =8Sm  or Gd)aZZ9 and [Cu;sMg(OH)y4
(0,CR)5(H50),5(Cl0,)](NO;3)4(OH) (R = CH,Cl or CCl;; M = La or Nd)** all contain a copper
cuboctahedron, but in these cages the second metal forms an octahedron. The encapsulated
perchlorate ions found in all these cages are j;, bridging. Magnetic studies***** reveal anti-
ferromagnetic exchange between copper(Il) centers to be the dominant magnetic interaction in
most cases.

A further dodecanuclear copper(Il) cage also contains a cuboctahedron of copper centers. The
ligand is the trianion of 2,4,6-triazophenyl-1,3,5-trihydroxybenzene (tapp, see Scheme 2), which
acts as a tri-bidentate chelator.”*' The centroids of these ligands in [Cu;»(tapp)s] are at the corners
of a cube, placing the copper centers at the mid-point of the edges of this cube, thus creating a
cuboctahedron. No_magnetic data are reported for this extraordinary complex that contains an
approximately 816 A3 cavity.

Recently, a mixed-ligand cage has been reported, which also contains a dodecanuclear copper core.**
[Cuy,Clg(dmpz);o(OsPBu)s(HOsPfBu),], shown in Figure 22, contains an elaborate array of metal
centers held together by p3 and uy4 chlorides, u, pyrazolates, us and p, phosphonates, and p, hydro-
genphosphonates. The cage consists of two linked hexanuclear units. Within each unit there is a { CuyCl,}
butterfly, with the two wing-tip copper sites linked by a third chloride. This chloride bridges to the fifth
copper of the hexanuclear block, with one of the chlorides within the butterfly binding to the sixth
copper. Magnetic measurements show weak anti-ferromagnetic exchange between copper centers.”

Two mixed-valent tetradecanuclear cages, [Cu(II)¢Cu(I)s{SC(Me),CH,NH,}»]’*?* and
[Cu(IT)¢Cu(I)s(pen);»Cl]>~ {H,pen = D-penicillamine, HSC(Me),CH(CO,)NH3},>* also contain
mixtures of high-symmetry polyhedra, with Cu' centers at the corners of a cube and the six
Cu'! atoms at the corners of an octahedron. No magnetic data are reported, beyond a statement
that the room-temperature value for the magnetic moment of these compounds is consistent with
ca. 40% of the copper being present as copper(Il).

The largest copper cage is a hexadecanuclear cage reported by Klifers and Schumacher, which is
stabilized by deprotonated sorbitol.>*® The structure contains a wheel of copper centers held together by
alkoxides derived from the poly-ol. As with the {Fe4} cage discussed in Section 7.3.2.4 above, this
extraordinary structure has not led to a greater exploitation of poly-ols as ligands in this chemistry.



166 Clusters and Aggregates with Paramagnetic Centers: Oxygen and Nitrogen Bridged Systems

)/

Figure 22 The structure of [Cu;,Clg(dmpz),o(OsPrBu)s(HO;PrBu),]*** (shading: Cu, hatched; O, striped;
N, dotted; P, random shading; C, lines).

7.3.3 FAMILIES OF CAGES

The structures discussed above show an enormous range of structural types, and a frustration in
this area is the inability to recognize any central organizing principle to describe and rationalize
these structures. Several “families of cages” exist, however, where cages can be grouped by the
metal polyhedron displayed. Four of these families of cages are discussed briefly below.

7.3.3.1 Wheels and Metallocrowns

Cyclic structures have an enormous esthetic appeal. For cages ranging upward from hexanuclear
in size, wheels (Table 1), which contain no central metal, are more common than the metallo-
crowns (Table 2), which contain a further metal encapsulated within the cyclic array. Pecoraro
and co-workers have made many smaller metallocrowns, and have recently reviewed the area.”*

An obvious observation concerning these larger cyclic structures is that they always contain an
even number of metal centers within the backbone of the wheel or crown. There is no straightforward
explanation for the absence of hepta- and nonanuclear wheels, especially as metallocrown
analogs of 15-crown-5 are well known.**® Hexa- and octa-nuclear wheels are known for most of
the 3d metals—chromium is absent from hexanuclear wheels, while no octanuclear nickel wheels
are known. An octanuclear titanium(IV) wheel has been included for completeness.>*” These cages
involve a range of ligands that bridge the M---M edges of the wheel in a variety of ways. For
octanuclear cages, bridging by two 1,3 carboxylates and one further u, bridge (fluoride, hydro-
xide, methoxide, or oxide) is the most common motif, but many other variants are known. For
decanuclear wheels only one bridging type is seen, the bis-u, alkoxide and single 1,3carboxylate
bridge originally seen for the “ferric wheel”."*! This nuclearity is also only seen for the metal
centers in the +3 oxidation state. The two cages with higher nuclearity both consist of repeating
trinuclear units; the octadecanuclear Fe''' cage is a hexamer of trinuclear fragments,'>* while the
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Table 1 Metal wheels.

Cage References
Hexanuclear
[V6010(O2CPh)g] 32
[Mn(hfac),(NITPh)]s 59
[FesCls{OCH,CH,),NMe}q] 124
[Co{N(CH,PO3)(CH,CO),}]s> 168
[Cog{(PhSi0,)s},Cl(solvent)s] 63
[Cu(O,CCMes3)(OEt)]s 193
[Cus{(PhSiO,)s}2(EtOH)] ™ 63
[Cu(L10)]s 202
[CuX,»(PMM)]¢ (X=CIl or Br) 210
Octanuclear
[TIO(0,CCgFs),]s 237
[Vs(OH)4(OE)(0,CMe), 5] 11
[(VO)s(OMe),(C204)] 18
[CrF(O,CCMes3),ls 38
[FeF(O,CCMes)slg 138
[FesO4(bmdp)4(OH)4(0,CMe)4] 136
[COS;(L9)12(CIO4)]3+ 165
[Cos(02CMe)s(OMe), 4] 166
[Cu(dmpz)(OH)]s 220
Decanuclear
[Cr(O,CMe)(OMe)]io 43
[Cr(0O>CMe)(OEt)a]1o 43
[Mn(bzshz)(MeOH)];, 88
[Fe(OMe),(O,CCH,Cl)1o 141
[FC(OMC)z(OQCMC)] 10 142
[Fe(OMe),(O,CCH,CH,C(0)-CsH Me)] o 143
[Fe(bzshz)(MeOH)]o 88
Dodecanuclear
[(RoNH,)3{CrsF1(02CCMe3)10}(H20)] 44
[Fe(OMe),(dbm)];» 122
[Ni2(chp)12(02CMe) 15(THF)s(H20)4] 8
[Nij2(bhp)2(02CMe) 12(THF)s(H20)6] 185
Higher nuclearities
[Fe(OH)(XDK)Fe,(OMe),(0,CMe),]s 154
[Ni2s(OH)g(mpo)6(02CMe)24(Hmpo) 4] 187
Table 2 Metallocrowns containing six or more metals.
Cage References
Hexanuclear
[MnCMng(OH);Cl3(hmp)s]** 69
[NaCMnG(dbm)6(OMe)12]+ 70
[MnCMn6(dbm)6(OMe)12] 71
[NaCFeG(OMe)lz(dbm)6]+ 121
[LicFes{OCH,CH,);N}¢| " 124
[NacCog(mhp),2] " 156
[NaCCug(mhp);2] 157
[CucCCug(mhp)5]** 208
[(NaBr2)2CCu6{(OCH2CH2)2NCH2C6H3M62}6]2+ 209
Octanuclear
[CsCFeg{ OCH,CH,)3N}g] 124




168 Clusters and Aggregates with Paramagnetic Centers: Oxygen and Nitrogen Bridged Systems

tetraicosanuclear Ni'' cage is an octamer of trinuclear blocks."®” Therefore, if still larger wheels are
to be constructed, a design principle might be to look for either larger oligomers of trinuclear
fragments, or oligomers of higher nuclearity building blocks.

Only one metallocrown containing more than six metals in the cyclic backbone has been
reported.'” This may be due to problems with templating larger metallocrowns. Where larger
cations or more than one cation is encapsulated, spherical cages or “metallocryptands” tend to
result; for example, in the nonanuclear cage [Nas{Ni(L1}o(H,O)(MeOH)(ClO,)]>" reported by
Doble et al.”* where four sodium ions lie within a tricapped trigonal prism of Ni'' centers.

7.3.3.2 Cubanes

These are very common building blocks in larger cages. Inclusion of incomplete {M30,4} cubanes
would increase the members of the family to include most of the planar structures described above.
The structures listed in Table 3 contain only those with at least one complete {M4X4} cubane core.

There are several points worth noting. Face-sharing cubanes exist for dicubanes, tricubanes,
heptacubanes, and octacubanes, with additional capping metal centers found for di-, tri-, and
hepta-cubanes. The decavanadate core is described here as a “face-sharing dicubane, capped by
four V centers”; each of these capping V centers is part of incomplete cubanes which share edges
with the central dicubane. In the dodecanuclear iron cage, [Fe;,0,(OMe);3(0,CMe)g-
(HOMe),47],"*® the presence of two additional iron centers completes these additional cubanes.
Similarly, in the hexanuclear vanadium cage, [Vl6020{(OCH2)3CCH20H}8(H20)4],2l the add-
itional centers are part of incomplete cubanes.

The capping atoms in the hexa-, octa-, dodeca-, and octadeca-nuclear structures listed in Table 3 all
have the same disposition, i.e., they are attached to a 114 0xo group of the central cubane(s) to complete
a tetrahedral coordination geometry about this site. This contrasts to the additional metal sites in the
decanuclear cages, where they are attached to ug oxo groups, which have octahedral geometries.

7.3.3.3 Trigonal Prisms

While examples of this polyhedron are formed for chromium, manganese, and iron, the majority
of structures containing this core are formed for cobalt and nickel (Table 4). All nuclearities
between hexa- and dodeca-nuclear are observed, differing in the presence of additional metal
centers. Thus, simple hexanuclear trigonal prisms have been found for iron(III), and two-centered
heptanuclear trigonal prisms for manganese(II). If only the trigonal faces of the prism are capped,
an octanuclear manganese(Il) cage is observed, while capping exclusively on the edges of the
rectangular faces or on these faces themselves generates nonanuclear cages.

Decanuclear cages can be formed in three ways, but all require the presence of a central atom.
They are found with caps on the edges of the rectangular faces, on the rectangular faces, and with
caps on all faces of the prism but with one edge of the prism missing. Undecanuclear cages form
two related polyhedra: capped on both trigonal and all three rectangular faces, but without the
central metal site, and centered but lacking one cap on a trigonal face. The three dodecanuclear
cages are all centered and capped on all five faces of the trigonal prism. No clear cut examples of
linked trigonal prisms have been reported, although the heptanuclear [Fe;gMOqo-
(OH),0(O,CPh),0] cages can be related to the undecanuclear iron(III) cages."!

While the regular occurrence of cages based on cubane units can be easily rationalized as
related to the sodium chloride structure, it is considerably more difficult to rationalize the regular
occurrence of trigonal prisms. An attempt has been made to relate the cobalt and nickel structures
to the structure of the M(OH), hydroxide."®*

7.3.3.4 Planar Cages Based on Cadmium lodide Cores

Many of the largest cages known have central cores based on {M;0,4} fragments sharing edges
(Table 5). Whether this is coincidence is doubtful; more likely a fragment of a mineral is being
trapped. The earliest of these cages is the {Feg} cage reported by Wieghardt."*' Larger cages
containing this fragment are now known for all the metals from Mn to Ni.
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Table 3 Cubanes.

Cage Description References

Hexanuclear

[Crg04(0,CCMes) 1]~ Cubane, capped by two Cr centers 51

[CreO,(OH),(0,CCMes) ]+ Cubane, capped by two Cr centers 51

[Cug(O,CMe)s(OH),(OCH,CH,NELt,)4(H,0)] Face-sharing dicubane 189

[Cu6(02CCH2C1)6(OH)z(OCHzCHzNEt2)4(H20)] Face-sharing dicubane 190

[Cu7(OH)g(bpym)s(H,0),]°* Vertex-sharing dicubane 214

[Cu{(py)>,CO,}53(0,CMe)s(OH),] Vertex-sharing dicubane 215

Octanuclear

[CrgO4(O,CPh) 4] Cubane, capped by four Cr centers 41

[MngO¢Clg(O,CPh);(H,0),] ™ Dicubane, sharing an edge 76

[FesOu4(pz)12Cly] Cubane, capped by four Fe centers 137

[C0304(02CPh)lz(solv)3(HZOg] Cubane, capped by four Co centers 48

[CogO4(OH)4(0O>CMe)g(L8),]*+ Triple cubane, sharing two faces 164

[Cog04(0,CMe)s(OMe),Cl4(OH,,)4] Triple cubane, sharing two faces 50

[Cug{(py)>CO(OH)}5(0-,CMe)4]** Two linked cubanes 216

Nonanuclear

[Cug(O,CCHCl,)o{OCH,C(NH,)Me,}4(OH),] Two cubanes linked via a Cu center 226

Decanuclear

[V10016—(OH) {(OCH,);CR},]"~ Face-sharing dicubane, capped by 19,20
four V centers

[MnlOOZCIS{OCH2)3CM6}6]27 Face-sharing dicubane, capped by 85
four Mn centers

Undecanuclear

[{Nig(OH)g}{Ni(mhp);}s(Hmhp)CI(H,0),] Face-sharing dicubane, capped by 104
five further Ni centers

Dodecanuclear

[Cr12,05(OH)4(0,CCHMe,);s(HO,CCHMe,),4] Face-sharing tricubane, capped by 49
four Cr centers

[Mn;,015(0,CR)16(H,0)4] Cubane surrounded by ring of eight 1,91
Mn centers

[Fe120,(0Me);5(0,CMe)s(HOMe), 7] Four cubanes, sharing one face and 148
two edges

[Co12(chp);5(OH)4Cly(Hehp),(MeOH),] Two linked cubanes 174

Higher nuclearities

[Mn304(OEt)s(O,CPh);,] Eight cubanes sharing faces, arranged 100
in a cube

[V16020{(OCH,);CCH,OH }s(H>0)4] Two linked cubanes, each capped by 21
four V centers

[Ni;gNag(chp)4(phth),o(Hphth),(MeO);q Four linked cubanes 186

(OH)>(MeOH),]

[Fe;sMO1o(OH);¢(O>CPh)y] Double cubane sharing a vertex 151
surrounded by ring of ten Fe centers

[Mn;30:4(OMe);4(0,CCMe;3)s(MeOHg] Six cubanes arranged on the faces 104

of a seventh cubane capped by
two Mn centers

A further observation is that these cages can be simply related to the heterocubanes: they
simply lack one metal vertex per {M304} block. The trigonal prismatic nickel and cobalt cages
have also been related to the cadmium iodide structure.'®® Therefore, it is possible that these
many diverse structures for Mn to Ni are beginning to fall into a common, albeit highly complex,
pattern based on the ways {M3;04} blocks are linked.

7.3.4 CONCLUSION

The rate at which polynuclear cages are reported is accelerating. The diversity of structures is
remarkable, and has prevented any guiding structural principles being proposed. The cages do not
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Table 4 Trigonal prisms.

Cage Description References

Hexanuclear

[Fes(02)302(0,CMe)g] 113

[NaFeq(hpida)sO5]* 127,128

[LnCug(OH)5(Hida),(ida)** 211

Heptanuclear

[Mn706(OEt)|8(2HOEt)2] Centered 68

[Mn{Mn(L1)}¢]*" Centered 72

Octanuclear

[MngO,(L2)¢ Capped on trigonal faces 77

Nonanuclear

[FeoO(cit)s(H20)3]~ Capped on edges linking triangles 140

[Nag{Ni(L1}¢(H,0)(MeOH)(CIO,)]** Capped on rectangular faces 72

Decanuclear

[Co10(OH)(mhp)e(O,CPh);(Hmhp)s Capped on rectangular faces and centered 172
CI(MeCN)]

[Co19(OH)¢(mhp)s(O,CCMes3);(Hmhp) Capped on rectangular faces and centered 172
CI(MeCN);]

[Co19(OH)4(chp);9(0O,CCMes3)s(EtOH),] Pentacapped, centered, missing one edge 172

[Co19(OH)s(mhp)s(O,CCPh3)s(Hmhp); Capped on edges linking triangles and 173
(HCO3);] centered

[Ni;o(OH)¢(mhp)e.5(0>,CCHMe,), s(Hmhp); Capped on rectangular faces and centered 172
CI(H,0)]

[Ni;o(OH)e(chp)s(O,CCHPh,)6(Cl),(Hchp) Capped on rectangular faces and centered 172
(H20)>(MeOH)]

[Ni;o(OH)4(mhp);o(O,CCMe;)s(MeOH),] Pentacapped, centered, missing one edge 172

[Ni;o(OH)4(mhp);o(0,CCMe3)s(H,0),] Pentacapped, centered, missing one edge 172

Undecanuclear

[Fe;106(OH)6(0O,CPh); 5] Pentacapped 147

[Fe;104(OH)4(0,CCH,CH,C(O)CsHyMe); 5] Pentacapped 143

[Ni;;(OH)¢(mhp)e(0,CMe)s(H,0)5]" Capped on rectangular faces and one 172

trigonal face, centered
