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Introduction to Volume 9

This volume aims to give as complete a coverage of the real and possible applications of
coordination complexes as is possible in a single volume. It is far more wide-ranging in its
coverage than the related volume on ‘applications’ in the first edition of CCC (1987).

The chapters cover the following areas: (i) use of coordination complexes in all types of
catalysis (Chapters 1-11); (ii) applications related to the optical properties of coordination
complexes, which covers fields as diverse as solar cells, nonlinear optics, display devices, pigments
and dyes, and optical data storage (Chapters 12-16); (iii) hydrometallurgical extraction (Chapter 17);
(iv) medicinal and biomedical applications of coordination complexes, including both imaging and
therapy (Chapters 18-22); and (v) use of coordination complexes as precursors to semiconductor
films and nanoparticles (Chapter 23). As such, the material in this volume ranges from solid-state
physics to biochemistry.

There are a few points to make about the extent and depth of the coverage of material in this
volume. First, the sheer quantity of material involved necessarily limits the depth of the coverage.
To take a single example, the use of metal complexes as catalysts for carbonylation reactions is a
subject worth a large book in its own right, and covering it in a few tens of pages means that the
focus is on recent examples which illustrate the scope of the subject rather than covering
encyclopedically all of the many thousands of references on the subject which have appeared
since CCC (1987) was published. Accordingly the general emphasis of this volume is on breadth
rather than depth, with all major areas in which coordination complexes have practical applica-
tions being touched on, and extensive citations to more detailed and larger reviews, monographs,
and books where appropriate.

Secondly, many of the chapters contain material which — if a strict definition is applied — is not
coordination chemistry, but whose inclusion is necessary to allow a proper picture of the field to
be given. A great deal of license has been taken with the division between “coordination” and
“organometallic” complexes; the formal distinction for the purposes of this series is that if more
than 50% of the bonds are metal-carbon bonds then the compound is organometallic. However,
during a catalytic cycle the numbers of metal-carbon and metal—(other ligand) bonds changes
from step to step, and it often happens that a catalyst precursor is a “coordination complex” (e.g.,
palladium(II) phosphine halides, to take a simple example) even when the important steps in the
catalytic cycle involve formation and cleavage of M—C bonds. Likewise, many of the volatile
molecules described in Chapter 23 as volatile precursors for MOCVD are organometallic metal
alkyls; but they can be purified via formation of adducts with ligands such as bipyridine or
diphosphines, and it would be artificial to exclude them and cover only “proper” coordination
complexes such as diketonates and dithiocarbamates. In other fields, Chapter 15, which describes
the use of phosphors in display devices, includes a substantial amount of solid-state chemistry (of
doped mixed-metal oxides, sulfides, and the like) as well as coordination chemistry; Chapter 13
describes how a CD-R optical disk functions as a prelude to describing the metal complexes used
as dyes for recording the information. So, some of the material in the volume is peripheral to
coordination chemistry; but all of it is material that will be of interest to coordination chemists.

Thirdly, some obvious applications of coordination chemistry are omitted from this volume if
they are better treated elsewhere. This is the case when a specific application is heavily associated
with one particular element or group of elements, to the extent that the application is more
appropriately discussed in the section on that element. Essentially all of the coordination chem-
istry of technetium, for example, relates to its use in radioimmunoimaging; inclusion of this in
Chapter 20 of this volume would have left the chapter on technetium in Volume 5 almost empty.
For the same reason, the applications of actinide coordination complexes to purification, recovery,

XV
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and extraction processes involving nuclear fuel are covered in Volume 2, as this constitutes a
major part of the coordination chemistry of the actinides.

In conclusion, it is hoped that this volume will be a stimulating and valuable resource for
readers who are interested to see just how wide is the range of applications to which coordination
chemistry can be put. If nothing else it will help to provide an answer to the eternally irritating
question which academics get asked at parties when they reveal what they do for a living: “But
what’s it for?”

M D Ward
Bristol, UK
February 2003
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9.1.1 INTRODUCTION

The period since the mid 1980s has seen a tremendous growth in the use of coordination
complexes to catalyze chain growth polymerization processes. One of the main advances has
been a move away from ill-defined catalysts, where relatively little is understood about the
influence of the metal coordination environment on monomer insertion, to precisely defined
single-site catalysts where macromolecular parameters such as molecular weight and molecular
weight distribution, and microstructural features such as tacticity and monomer placement,
can be controlled through the nature of the ligand donor atoms and their attendant
substituents.

For many metal-mediated polymerization reactions it has proved possible to control the
kinetics of chain propagation vs. chain transfer or chain termination to an extent that “living”
polymerizations can be achieved. This has made accessible a plethora of new materials with novel
topologies and micro- and macro-structural architectures. The following sections outline the
important advances in polymerization catalyst technology for a number of polymerization
mechanisms and polymer types.

Where the emphasis is placed on stereoselective polymerizations, the r and m notation is
employed. Two adjacent stereocenters of the same configuration are said to form a meso (or m)
dyad, whereas a racemic, r dyad contains two centers of opposing stereochemistries. If a
polymer contains all m junctions, i.e., -RRRRRR- or -SSSSSS-, then it is termed isotactic,
whereas a perfectly syndiotactic polymer possesses all r dyads, i.e., -RSRSRS-. Different tacti-
cities are often distinguishable by NMR spectroscopy, with the level of detail dependent upon the
polymer type.

9.1.2 OLEFIN POLYMERIZATION

9.1.2.1 Introduction

The transition metal catalyzed polymerization of ethylene was first reported by Ziegler in
1955 using a mixture of TiCl, and Et,AICI"* and was quickly followed by Natta’s discovery
of the stereoselective polymerization of propylene.** Polyolefins have since become the most
widely produced family of synthetic polymers, the vast majority being produced using
heterogeneous Ziegler systems, e.g., TiCly/MgCl,/Et;Al. However, during the 1980s interest
grew in the use of well-defined homogenecous catalysts, largely stimulated by the discovery
that group 4 metallocenes, in combination with methylaluminoxane (MAO) cocatalyst, afford
exceptionally high activities and long-lived polymerization systems. More recently, attention
has turned towards non-metallocene polymerization catalysts, partly to avoid the growing
patent minefield in group 4 cyclopentadienyl systems, but also to harness the potential of
other metals to polymerize ethylene on its own and with other monomers. A number of
reviews shlzzve outlined the key developments in molecular olefin polymerization catalyst
systems.”

Due to the importance of group 4 metallocenes to the development of the field, we include here
a brief outline of some of their key features. The majority of this section, however, is devoted to
advances in non-metallocene catalyst systems. Where necessary, catalyst activities have been
converted into the units gmmol 'h~'bar~! for gaseous monomers such as ethylene and propy-
lene, and gmmol ™' h™! for reactions carried out in liquid a-olefins such as 1-hexene. Activities are
classigled as very high (>1,000), high (1,000-100), moderate (100-10), low (10-1) and very low
(<.
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9.1.2.2 Catalyst Survey
9.1.2.2.1 Group 4 metallocene catalysts

(i) Ethylene polymerization

In the mid 1950s both Breslow and Natta reported moderate ethylene polymerization activities
for mixtures of Cp,TiCl, and Et,AICL.'*"® Although Ziegler catalysts are very moisture-sensitive,
trace quantities of water were later found to increase significantly the rate of olefin consumption.
This was attributed to the formation of aluminoxanes resulting from the partial hydrolysis of the
alkylaluminum cocatalyst'>** and shortly thereafter it was shown that the addition of water to an
inactive mixture of Cp,ZrMe,/Me;Al afforded a highly active ethylene polymerization cata-
lyst."*?! The direct synthesis of methylaluminoxane, MAO, and its use as an activator (with
typical Al:Zr ratios of 10°—10% followed.*

Generally, zirconocene catalysts are more active towards ethylene polymerization than analo-
gous Ti and Hf complexes.”® Activity generally increases as the metallocene fragment becomes
more electron-donating, but steric bulk tends to reduce the activity.>**® Polymer molecular
weights are influenced by a variety of factors including substituents on the cyclopentadienyl
rings, the reaction temperature®”*® and the catalyst concentration.””" M,/M, values for
polyethylene, PE, produced by zirconocene catalysts are typically ca. 2.0-2.3.

The polymerization of ethylene by group 4 metallocenes is widely recognized to proceed via
14-electron cationic intermediates.>"**? Cationic zirconocene™ > and titanocene®*® complexes, (1-3),
were first isolated in 1986 by Jordan and Bochmann, respectively. Both (1) and (2) are active
for ethylene polymerization in the absence of a cocatalyst.34

In attempts to generate base-free cationic species, [Cp>MR] ™, increasingly non-coordinating
anions have been employed. Perfluorotetraphenylborate has been used to good effect as a
counteranion, but even this may exhibit a non-innocent role as shown by the X-ray structural
determination of complex (4).* Nonetheless, this compound displays an ethylene polymerization
activity approximately 3,500 times greater than its BPh, counterpart. B(C4Fs); has been
employed as an alkyl abstracting agent; zwitterionic complexes such as (5) have been synthesized
in this way.“”*" The development of boron-based activators and their use with metallocene
catalysts has been recently reviewed.***

©) ©
@ BPh, BF,
\® \ @
zr R TivMe
< / THF < é THF
R = Me, (1)
R = CH,Ph, (2) @)

(ii) Isospecific propylene polymerization

One of the most important uses of group 4 metallocene polymerization catalysts has been in the
stereoselective polymerization of propylene.** In 1984 it was reported that Cp,TiPh,/MAO gave
isotactic poly(propylene), i-PP, (73% mm triad content at —45°C) via a chain-end controlled
mechanism.*> Subsequently, the ansa-metallocenes, first introduced by Brintzinger, were shown to
afford stercoselective polymerizations of propylene via enantiomorphic site control. Typically
i-PP is prepared using C,-symmetric complexes such as (rac)-(6)/MAO, which affords 95% mm
PP.*® Subsequent studies showed that many other C,-symmetric ansa-metallocenes may be used
to catalyze the formation of i-PP,*">" and in the case of (7) and (8), high isoselectivity may be
combined with exceptionally high activities.’"* The non-bridged complexes (9)°* and (10)*® have
also been used to prepare i-PP, as has (11) which contains a donor—acceptor interaction between
the two cyclopentadienyl ligands.>®
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(11)

The origin of high isotacticity is generally attributed to a high level of enantiofacial selectivity
governing the propylene insertion.4+57 The propagating PP chain occupies the sterically most
open region of the metallocene and the incoming monomer adopts an orientation which mini-
mizes steric interactions with the metallocene and the growing polymer chain.®® > The transition
state is rendered conformationally more rigid by a-agostic interactions between the metal center
and the PP chain,®*® as shown in the mechanism outlined in (Scheme 1). Stereoerrors could in
principle occur via the insertion of the incorrect enantioface of the olefin. However, there is
considerable evidence that epimerization of the propagating chain end is more likely to be
responsible for stereoerrors.%¢-7! Site migration (i.e., without olefin insertion) should not intro-
duce stereochemical defects since both of the active site enantiomers select the same monomer
enantioface.

B B
© P ® PH o o_Me
~ S| e e
H
Me H Me Me “H
- -1
o Me Me ®
Zr P CsHs -2 )e
\T P oA
Me Me “H
Scheme 1

Several isospecific Ci-symmetry catalysts have also been described including (12-15). When
activated with [Ph3;C] " [B(C¢Fs)4]~, (12) affords highly regioregular i-PP (mmmm = 95%) with the
stereochemical defects predominantly being isolated rr triads, consistent with a self-correcting
enantiomorphic site-control pathway.”>”* The isospecificity was therefore explained by a mechanism
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in which olefin insertion occurs with high facial selectivity and is rapidly followed by site
isomerization. Molecular modeling studies support a similar insertionless mlgratlon mechanism
using (13) (which produces 95% mmmm PP at 30°C).”*"”* Even higher selectivity is observed with
(15) which generates >98% mmmm i-PP even at 60°C.”

= = tB“\@

Me,Si ZrCl, X ZrCly MeoC ZrCly
é\ izcé By ééz
= (1S,2S,5R)-neomenthyl X =MeyC, (13); (15)
(12) X = Me,Si, (14)

(iii) Syndiospecific propylene polymerization

By contrast, the synthesis of syndiotactic PP, s-PP, is generally catalyzed by Cs-symmetry ansa- metallo-
cenes. For example, (16)/MAO affords PP w1th a pentad (rrrr) content of 86% at 25°C.”” The stereo-
selectivity is highly sensitive to ligand variation. For example, substitution at the 3-position of the Cp ring
with a methyl group affords heterotactic PP,”® whilst the ‘Bu analog favors i-PP production.™">"

As shown in (Scheme 2), syndiospecificity is thought to arise from the insertion of the a-olefin
at alternating sides of the metallocene center,® w1th the propylene methyl directed towards the
open space between the two benzo substltuents Mod1f1cat10ns of complex (16) have typlcally
examined the effect of different bridging groups®>® and substituents on the fluorenyl ring.
Most of these have resulted in less syndioselective catalysts. Derivatization of the smaller cyclo-
pentadienyl ring has recently been investigated and several examples of C;-symmetric catalysts
capable of producing elastomeric polypropylene with an isotactic—hemiisotactic structure have
been discovered, such as (17-19).94

In order to mimic the steric accommodation afforded to the a-olefin by the fluorenyl ligand,
a series of doubly bridged C-symmetric zirconocenes has been designed in which isopropyl
substituents are positioned to the sides of the metallocene binding wedge.®""*> When activated
with MAO complexes (20-23) are all highly syndiospecific for propylene polymerization. At 0°C
(21) produces s-PP with an rrrr pentad content of 98.9%, although this decreases to 38.8% at
25°C. The same catalyst also polymerizes 1-pentene with very high syndioselectivity.”® C;-symmetric
analogs such as (24) and (25) have also been prepared. Complex (24) behaves similarly to (21)
(producing 83.1% rrrr PP at 0°C). However, (25) exhibits an unusual stereospecific dependence
on monomer concentration, switching from isoselective to syndioselective with increasing propy-
lene pressure.”” This behavior has been rationalized in terms of chain propdgation competing with
site epimerization. At higher reaction temperatures site epimerization again becomes competitive;
hence, (25) generates 41.8% rrrr PP at 0°C and 61.2% mmmm PP at 25°C.*

(iv) Elastomeric poly(propylene)

PP synthesized using TiCly/Et3Al is mostly isotactic, but two minor fractions are also produced.
One is a soluble, atactic PP, whilst the other fraction is a partially crystalline, elastomeric
stereoblock of iso- and a-tactic PP sequences.”® Elastomeric PP may also be prepared using the
ansa-titanocene complex, (26), (although this catalyst does undergo rapid deactivation).”® Stereo-
block formation was attributed to an equilibrium mixture of slowly interconverting isospecific
and aspecific catalyst sites. Other stereoblock PP materials have been prepared via chain transfer
between two catalysts of different stereoselectivities. "'

Elastomeric PP has also been synthesized using Ti, Zr and Hf ansa-metallocenes, (27). An
alternative explanation for stereoblock formation was proposed, in which epimerization between
isospecific and aspecific sites is rapid, affording predominantly atactic PP with short isotactic-rich
sequences.'**1°
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. R R=H, (20);
R=Pr, (21);
MeaS! \z Cl R-SiMes, (22)
; r“ = 3 ;
MeoC ZrCl, Me,C ZrCl, Me,Si ¢l R - By 23).
- ’ ’
==X R = CHMeEt, (24);
_ t
(16) R = 2-adamantyl, (17); R = CHMe'Bu, (25)

R = 3,3,5,5-tetramethylcyclohexyl, (18);
R = 2-norbornyl, (19)

An alternative route to elastomeric PP, based upon ligand isomerization (rather than site epimeri-
zation) has also been described, using the equilibrium between isospecific and aspecific rotamers of
(28).106:107 The relative rate of propagation and isomerization again determines the block lengths, but
in addition the rotamer interconversion may be controlled by the reaction conditions. This allows
much larger isotactic blocks to be prepared than using either (26) or (27), affording elastomeric PP
with a higher melting point. Recent NMR studies suggest that the oscillation mechanism is more
complex than originally thought. The stereoirregular portions are rich in meso dyads, and are believed
to arise from equilibration between the two enantiomorphous forms of the rac rotamer.'®

E MCl, M = Ti, Zr, Hf
E é E = CMe,, SiMe,
(26) (27)

9.1.2.2.2 Group 4 non-metallocenes

(i) Constrained geometry catalysts

The most successful examples of commercialized non-metallocene catalysts are the constrained
geometry complexes such as (29) developed at Dow and Exxon.'” % The open nature of the
titanium center favors co-monomer uptake. Hence, a-olefins such as propene, 1-butene, 1-hexene
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— XD x> &
Cl=—2Zr—=Cl Cl=—Zr—=(Cl
== & ST <=
Isospecific Aspecific
rotamer, (28) rotamer, (28)

and 1-octene may all be copolymerized with ethylene to afford low-density materials."*'"® In the
absence of co-monomers, PE with small amounts of long chain branches (=3 chains per 1,000
carbons) is generated; $-H elimination of growing chams creates vinyl-terminated macromono-
mers which re-insert into other propagating chains.'' Incorporation of «,w-dienes'’ and
aw-functionalized alkenes such as 10-undecen-1-o1''® has also been reported.

Many variants of complex (29) have been described, including hydrocarbyl bridged analogs
and amido—fluorenyl complexes'* Examples of alkyl-substituted phosphorus bridges have also
been reported. For example, complex (30) produces linear PE with an activity of
100 gmmol~'h~'bar '.'*

Variation in the substltuents at the nitrogen donor atom has also been examined,'?® and in one
case isoselective polymerization of propylene was described (mmmm pentad = 56% using (31))."*’
Syndioselective propylene polymerization with an rr triad content of 63% has been reported using
(32)/MAO, although residual Me;Al must be removed from the MAO in order to suppress chain
transfer to aluminum.'?

Constrained geometry catalysts with alkoxide and phosphide'*® donor arms have also
been reported. The most active examples include complex (33), which polymerizes ethylene with
an activity of 2 100 gmmol "h~"bar™ 1,”' and (34), which exhibits an activity of
2,240 gmmol 'h~ bar* for the copolymerization of ethylene with 1-octene.'*

117-123

129,130

/TlMeg

MGQS

(ii) Nitrogen-based ligands

Zirconium bis(amides) such as (35) and (36) display moderate ethylene polymerization activities.>*'*

Complex (37) containing a chelating diamide ligand has been shown to initiate the living
polymerization of «-olefins such as 1-hexene (M,/M,=1.05-1.08) with activities up to
750 gmmol ' h~'1.13571%7 The living polymerization of propylene using this system activated with
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dried MAO has also recently been reported;'*® M, data increase linearly with monomer conversion
and M,/M,, values lie in the range 1.1-1.4. When trialkylaluminum cocatalysts are used w1th 37)
atactic-PP is produced, but when [Ph;C][B(C¢Fs)a] is employed highly isotactic PP is generated.'® The
seven-membered chelate ring analog, (38), has been reported to be a highly active catalyst for the
polymerization of ethylene (990 gmmol ™' h~" bar™"),"* whilst (39) activated with [Ph3C][B(C¢Fs)4] is
a highly active ethylene oligomerization catalyst.'*! High-molecular-weight poly(ethylene-co-1-octene)
has been reported using both (40) and (41); however, actlvmes are not high and broad polydlspersities
suggest the existence of several different active sites."**'** Activities of up to 300 gmmol "h'bar!
have also been recorded for a series of zirconium complexes of 1,8-naphthalene diamide.'

;3i“463
MesSi—N
\
Zr
Me38i— \
SiMej

\\Cl

(35)

(39) (40) (41)
M =Ti, R=ClI, Me
M =Zr, R = CHyPh

Dianionic bis(amide) ligands bearing additional donor atoms have been described by several
researchers. High activities for ethylene polymerization are observed for pyridyldiamido
zirconium complexes such as (42) (1,500 gmmol~'bar~'h™"),"* although the corresponding
titanium complex is much less active.!4¢

Bis(amide) ligands containing amine, ether and thioether donors have also been investigated.
For example, the hafnium complex (44) polymerizes 1-hexene in a living manner (M,,/M,=1.02—
1.05)."47 By contrast, the use of z1rcon1um analogs is complicated by (-hydride elimination and
the formation of inactive side-products."*® A similar chain termination mechanism has been
observed using (45), reflected by slightly higher polydispersities than expected for a truly living
polymerization (M,/M, =1.2-1.5).14°

Complex (46) also initiates the living polymerization of 1-hexene at 0°C."® Molecular weight
(M, data closely parallel theoretical values and M,,/M,, values are typically below 1.10. Reducm%
the size of the N-substituent to 'Pr or Cy affords far less active oligomerization catalysts."
Similarly, the thioether complexes (47) only oligomerize 1-hexene, decomposing over 3h at

—10°C.152 Catalyst family (48) and complex (49) have also been used to polymerize 1-hexene;
the latter i is particularly active, consuming 30 equivalents of the a-olefin within a few minutes at

0°C."5%155 It has been suggested that too many donor heteroatoms in the bis(amide) framework
substantially reduces activity. Hence, complex (50) displays only moderate activity towards
ethylene at 50 °C when activated with MAO,l56 whilst complex (51) is inactive.'>’

In general, Group 4 benzamidinates show poor activities as olefin polymerization catalysts.
However, b1s(benzam1dmate) complex (52) affords isotactic PP (>95% mmmm) at >7 atm
propylene pressure 3 at ambient pressure atactic PP is produced.'® An unsymmetrical tris
(benzamidinate) zirconium complex has also been shown to afford highly isotactic PP.'%

158-162
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Half-sandwich zirconium complexes of unsymmetrically substituted amidinates such as (53)
exhibit moderate activities for the polymerization of 1-hexene (110 gmmol 'h™" at 25°C); at
—10°C the system displays living character (M,,/M,, < 1.10) and is stereospecific, affording iso-
tactic (>95% mmmm) poly(l-hexene)."®® The isospecific, living polymerization of vinylcyclohex-
ane has also been reported.'®” The related iminophosphonamide complexes (54) dnd (55) are
highly active ethylene polymerization catalysts with activities up to 1,400 gmmol ' h~! bar
High activities have also been reported for a family of titanium phosphinimide catalysts.
Guanidinate complexes such as (56) also exhibit a higher ethylene polymerization activity
(340 gmmol ™' h™! bar™") than related amidinate catalysts.'”

169—171
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The only reported example of a group 4 (- d1ket1m1nate complex which exhibits an activity for
ethylene polymerization in excess of 100 gmmol 'h~'bar~! is complex (57 m which the nor-
mally bidentate ancillary ligand adopts an unusual 7° coordination mode.'”*'”* Bis(iminopyrro-
lide)s, such as (58) polymerize ecthylene to very high molecular weight with high activities
(14,000 gmmol " h~ ' bar")."”> This complex is also highly active for the living copolymerization
of ethylene with norbornene (My/M,=1.16)."7® The same researchers have also reported that
MAO-activated bis(iminoindolide) (59) polymerizes ethylene with an activity of 288
gmmol 'h™'bar™! in a living fashion (M/M, =1.11 at 25°C).'""!"®

[

ANz Ar °N

AN N, | N
Zr.n\CI 1o, 2N

~cl q CI'T"C|Ar
N
L,
Ar = 4-CF3CgHa, (57) (58) Ar = 2,4,6-F3CgHp, (59)

Other anionic nitrogen-containing ligands which have been examined in the SCdI‘Ch for new
non-metallocene catalysts include macrocyclic porphyrins'”® and tetraazaannulenes.'®® However,
activities with these catalysts are low.

(iii) Oxygen based ligands

Certain half-sandwich phenoxides have been shown to be highly active olefin polymerization
catalysts. For example the zirconium complex (60) polymerizes ethylene with an activity of
1,220 gmmol ™ 1h bar """ A similar titanium complex (61) displays an activity of
560 gmmol 'h ™' bar™! at 60 °C."¥*718% Comparable activities were also recorded for the copoly-
merization of ethylene with 1-butene and 1-hexene.

A variety of substituted binaphthol and bisphenol complexes of titanium and zirconium have
also been investigated as ethylene polymerization 1n1tlators of note (62) and (63) exhibit
activities of 350 gmmol 'h~'bar™' and 1,580 gmmol ' h~'bar~!.19"?

ﬁl ﬁ SiMe,Ph
praslle] Cl OO
'Bu O \C| 'Bu O C| O\Z “CHoPh \C|
‘ il
CH,Ph
= e it
Me SiMe,Ph
(60) (61) (62) (63)

The highest ethylene polymerization activity for a tetradentate salen-type group 4 complex was
reported for silica supported (64) (600 gmmol 'h~'bar ')."* Activities for a range of related
zirconium and titanium complexes such as (65)—(67) are typically an order of magnitude lower.'**1%¢

Much improved activities are obtained using bidentate salicylaldiminato ligands, as used in a
family of catalysts of the type (68)."°772°" Activities rise with increasing bulk of the alkyl
substituent ortho to the phenoxide bond. Thus, complex (69) activated with MAO exhibits an
activity of 4,315 gmmol 'h~'bar~'.2* Increasing the imino substituent has a twofold effect;
steric congestion in such close proximity to the active site serves to reduce both the rate of
polymerization and the rate of 3-hydride transfer. As a result, higher molecular weight polymer is
produced, but at a slower rate.2’! The structurally similar bis(iminophenoxide) complex (70)
shows only moderate reactivity towards ethylene when activated w1th MAQO, but much higher
reactivity when 'Bu;Al/[Ph3C][B(C¢Fs)4] is used (5,784 gmmol ' h~!bar1).2?
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Fluorinated bis(salicylaldiminato) titanium complexes have also been examined and complex
(71) produces highly syndiotactic PP (rrrr =96%) at 0°C in a 11V1ng manner (M,,/M,=1.1 up to
M, values of 105 with no terminal olefinic groups detected).?**?** Unlike C,-symmetric zircono-
cenes, the polymerization occurs via 2,l-insertion of propylene.”*>?® Low-molecular-weight
oligomers of propylene prepared using (72) are also highly syndiotactic; however, PP samples
of higher molecular weight are less stereoregular (rrrr =76%) than those prepared using (71). The

living nature of (71) and (72) allow well-defined ethylene/propylene diblocks to be pre-
q,204.207-209

pared.
Rs R
RZ—Q PhMegC-Q \q
N N F5C6 /
/. , N\ Ph /N .
/&' ‘CI R1 &' YCl PR \N/ \\8: v ;\N CoF
MO R
CMe,Ph /é( &
M =Ti, Zr
(68) (69) (70) R ='Bu, (71)
R=H, (72

A variety of group 4 olefin polymerization catalysts featurmg aminebis(phenoxide) ligands have
been examined.”'® Although tridentate ligands result in poor activities (e.g., (73)), tetradentate-
ligated complexes such as (74) are highly active 1-hexene polymerization catalysts
(15,500 gmmol ' h™").>"" The titanium analog of (74) is less active but initiates the living polymer-
ization of 1-hexene when activated with B(CgFs);.21% Incorporation of an additional oxygen donor,
as in (75), affords another catalyst for the living polymerization of 1-hexene; this system is remark-
able as it remams active for 31 hours allowing high-molecular-weight, monodlsperse material to be
prepared.?'**'* Altering the connectivity of the bis(phenolate) ligand allows Cs- symmetrlc analogs
of ansa- metallocenes to be synthesized. As a result, complex (76) polymerizes 1-hexene in a living,
isoselective (>95%) manner.*'

9.1.2.2.3 Group 3 and rare earth metal catalysts

Since group 3 metallocene alkyls are isoelectronic with the cationic alkyls of group 4 catalysts
they may be used as olefin polymerization initiators without the need for cocatalysts. The neutral
metal center typically results in much lower activities, and detailed mechanistic studies on the
insertion process have therefore proved possible. 216220 Among the first group 3 catalysts
reported to show moderate activities (42 gmmol ' h~'bar™!) was the yttrocene complex (77).2*!
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Ansa-metallocene analogs were later described by Bercaw and Yasuda, with ethylene activity
figures of 584 gmmol ' h~'bar™! recorded for (78).?*>?** Such complexes may also be used as
isospecific a-olefin polymerization catalysts.?

A range of rare earth metal complexes were subsequently shown to catalyze ethylene polymer-
ization and, on occasion, living characteristics have been reported.”**>*® Dimeric hydrides such as
(79)—(82) are extremely active with turnover numbers >1800s~' recorded for (79) at room
temperature. The samarium hydride (82) also effects the block copolymerization of methyl
methacrylate (MMA) and ethylene;** further discussion may be found in Section 9.1.4.4.

By Bu
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Et S|\ /SI
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(77) By Bu (78) M = La, (79); M = Nd, (80);
M = Lu, (81); M = Sm, (82)

9.1.2.2.4 Group 5 metal catalysts

The isolobal relationship between the mono-anionic Cp-ligand and dianionic fragments,”*® such
as imido ligands, has been exploited to generate metallocene-related analogs of group 4 metal
catalysts, with high valent, cationic 14-electron alkyls as the proposed active species.>'>** Some
of the more act1ve systems 1nclude (83) which copolymerizes ethylene and 1-octene with an activity
of 1206gmmol* h™'bar~! when activated with [HNMe(CgH37)-][{(CsF5)3A1},C3H3N,]. 235,236
Other tantalum complexes which show high activity for ethylene polymer1zat10n 1nclude (84) and
(85); at 80 C and 5 bar pressure activities approaching 5,000 gmmol 'h~'bar™' have been
reported.”’ Active niobium catalysts are less common, although (86) affords h1$h molecular
weight PE of narrow polydispersities with moderate activity (39 gmmol ' h~ ! bar

When mixed with Et,AlICI, the vanadium(III) complex (87) polymerizes propylene at —78°C in
a living manner.>*""**? Poor initiator efficiency (~4%) and low activities were improved by
employing complex (88); activities of 100 gmmol~!'h~'bar~! were reported and the polymeriza-
tion of propylene remained living (M,/M, =1.2-1.4) up to —40°C.?4324¢ The synthesis of end-
functionalized PP and PP copolymers has also been achieved using these initiators.

More recently, (89)/Et,AICI was shown to exhibit even higher activities
(584 gmmol ' h~'bar").>*> Vanadium(III) complexes such as (90) are also active for ethylene
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polymerization (325 gmmol 'h™! bar™!).2* Several other vanadium catalysts for a-olefin poly-
merization have been detailed in a recent review.'?
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9.1.2.2.5 Group 6 metal catalysts

(i) Cyclopentadienyl systems

Silica-supported heterogenous Cr systems, such as the Phillips**’*** and Union Carbide cata-

lysts,>***" are used in the commercial production of polyethylene. The active sites are widely
agreed to contain low-valent Cr centers. The relatively ill-defined nature of these catalysts has led
to considerable efforts to synthesize well-defined homogeneous Cr-based catalysts.

Among the most highly active examples of molecular Cr-based olefin polymerization catalysts
are a family of amine-functionalized half-sandwich complexes.”®' The activity increases for
substituted cyclopentadienyl rings, such as tetramethyl or fluorenyl analogs. For example, complex
(91) (X=Me) displays an ethylene polymerization activity of 5240 gmmol 'h~'bar™', rising to
25,375gmmol 'h 'bar~! at 80°C (X = Cl).** These catalysts require remarkably little MAO for
activation; typically 100 equivalents are used. Even higher activities are obtained if activation is
performed with 20 equivalents of Me;Al. The active species is believed to be a cationic methyl complex.”™*

For phosphinoalkyl-substituted analogs (92) the phosphine substituents are key to determining
the molecular weight of the resultant PE, with small groups giving oligomers (83.6% C,, 13.0%
Cs for R=Me) and more bulky alkyls favoring linear PE formation (96.9% PE for R="Pr,
Cy).25*255 However, the larger alkyl groups display lower activities (2,310 gmmol 'h~'bar~! for
R =Me vs. 295 gmmol—'h 'bar—! for R ="'Bu).

Other half-sandwich Cr complexes which show good activities for olefin polymerization include
those with ether and thioether pendant arms (93) and (94) which show activities of
1,435gmmol 'h~'bar ' and 2,010 gmmol ' h~' bar~! respectively.252 The half-sandwich phosphine
complex (95) affords a-olefins arising from chain transfer to aluminum,?***%7 while the related
boratabenzene chromium(III) complex (96) generates linear PE.>>*%5° Cationic species have also
been investigated, and (97) polymerizes ethylene with an activity of 56 gmmol ' h~! bar~' 260263

(ii) Nitrogen- and oxygen-based ligands

The complexation of a range of tridentate monoanionic ligands has been examined across the
transition metal series and (98) was shown to catalyze the polymerization of ethylene with an activity
of 500 gmmol~"h~'bar~'.** Bis(iminopyrrolide) complexes, such as (99),%% display moderate ethgfl-
ene polymerization activities (70 gmmol 'h~ ' bar™ "), as does the 5-diketiminate complex (100).2%
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Salicylaldiminato ligands have also been studied and the bis(chelate) complex (101) has been
reported to produce high molecular weight PE with an activity of 96 gmmol 'h™ 'bar '.2%
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Monochelate analogs are accessible if the phenoxide ortho position contains a suitably bulky
substituent, such as an anthracenyl group.’*® High-throughput screening of a ligand library
identified (102) as a particularly potent catalyst capable of producing low molecular weight PE
(M, = 600) with an activity of 6,970 gmmol 'h~'bar~' at 50°C and 4 atm pressure.

Another highly active chromium-based catalyst family is the triazacyclohexane series (103).2% Activ-
ities are dependent upon the length of the alkyl substituents attached to the nitrogen donors, reaching
717 gmmol 'h~'bar~! for R = n-dodecyl. With higher a-olefins, or when branched R substituents
such as 3-propyl-heptyl are employed, these compounds behave as trimerization catalysts.?’**"!

9.1.2.2.6 Group 8 metal catalysts

Highly active catalysts based on the bis(imino)pyridine family of complexes (104)—(107) were
discovered independently in 1998 by Bennett, Brookhart and Gibson, and their co-workers.?’*73
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In the presence of MAO, the ketimine catalysts show remarkably high activities for ethylene
polymerization (comparable to the most active zirconocenes) with PE molecular weights highly
dependent upon the aryl substitution pattern. The presence of only one small ortho substituent
results in highly active oligomerization catalysts which exhibit high selectivity for linear a-olefins.
High molecular weight PE is obtained for derivatives containing two ortho substituents, or a
single ortho ‘Bu group, on the imino aryl unit. Modifications to the original bis(imino)pyridine
ligand framework have been examined extensively, but activities of the resultant catalysts rarely
exceed those found for the parent system. These catalysts are also active for propylene polymer-
ization. A chain end controlled [2,1] insertion mechanism affords isotactic-rich PP (mmmm =
55-67%) at —20°C, with exclusive formation of propenyl end groups.?’®*””

9.1.2.2.7 Group 9 metal catalysts

The Co analogs of iron complexes (104)—(107) are the most active catalysts amongst the group 9
metals, though they are considerably less active than their iron(II) relatives. With an activity of
460 ¢ PE mmol 'h~'bar™!, complex (108) is approximately one order of magnitude less active
than (104), and produces much lower molecular weight PE.2%?74278 The cobalt analogues of
(106) and (107) are more active than (108), with activities >1700 gmmol ' h™! bar~'.?’>Another
widely studied Co catalyst is the 3-agostic d° cobalt(IIT) complex (109) which converts ethylene
into high molecular weight polymer of narrow polyclispersity.”‘"282 Stable, isolable cations are
generated when non-coordinating anions are used*®* and polymerizations initiated by such com-
plexes are partlcularly well-controlled (M,/M, =1.1-1.3), allowing end-group functionalized PE
to be prepared.”®® There are very few other group 9 catalysts of notable activity, although the

slow in aquo polymerization of ethylene using complex (110) has been described.?*2%¢
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9.1.2.2.8 Group 10 metal catalysts

Nickel(IT) compounds, of general formula (111), bearing monoanionic PO chelate ligands, are
used industrially in the Shell higher olefin process (SHOP) for the production of linear a-olefins
(C¢—Cy). If removal of the neutral ligand L (often PPhs) is facilitated, then these complexes
also polymerize ethylene.”®”** Particularly active examples include the fluorinated complexes
(112)— (114) which afford low molecular weight linear PE (M, ~5,000) with <1 branch per 1,000
carbons.?*® These catalysts have also been used in aqueous emulsion polymerizations, although
activities are substantially lower.?"’

Sterically bulky P,O-donor ligands have been used to prepare highly active catalysts, many of
which are also capable of incorporating polar co-monomers. For example, complex (115) has
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been shown to copolymerize ethylene with methyl-10-undecenoate.”*® A very high activity (8,720
gmmol ' h~'bar™") has been recorded for the polymerization of ethylene using complex (116).2%
It also copolymerizes ethylene with methyl methacrylate to give end-functionalized PE; 1nsert10n
of MMA into a propagating PE chain results in immediate termination via 8-hydrogen transfer
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Oligomerization activities may be increased by forming cationic nickel catalysts via the addition
of B(C4Fs); to a phosphinocarboxylate complex. This results in carbonyl coordination, which
reduces the electron density at the nickel center.**’*** For example, complex (117) selectively
dimerizes ethylene to 1-butene at 0°C and 1 atm, but higher olefins are produced at higher
temperature and pressure. Such complexes have been used in conjunction with constrained
geometry titanium Cdtalysts to afford highly branched PE, with the level of branching a function
of the Ni:Ti ratro 303 A similar strategy has been used to activate iminocarboxylate ligands
attached to nickel.*

Complexes contdining monoanionic N,O-donor chelates as alternatives to the P,O-donor
ligands described above have also been investigated. The anilinotroponate complex (118)
produces high molecular weight PE with moderate activity.’® Salicylaldiminato ligands have
been investigated extensively; derivatives such as (119) containing bulky substituents disfavor
the formation of inactive bis(chelate) species and aid dissociation of the monodentate L donor
ligand. (119) produces PE with a notably low branching content, and is tolerant of heteroatom-
containing additives, including water.’*® In the absence of any cocatalyst this complex appears
to have an indefinite polymerization lifetime with activities up to 6,400 gmmol'h~' at 100 psi
ethylene pressure. It also catalyses the copolymerization of ethylene with norbornene and with
w-functionalized a-olefins. Less bulky, polymer- supported variants have also been described,**” as
has the use of salicylaldiminato nickel(II) catalysts in the aqueous polymerization of ethylene. 308,309

The first examples of highly active olefin polymerization catalysts based on late transition
metals were nickel and palladium complexes containing bulky diimine ligands.*'*>*'* For exam-
ple, complex (120) was found to polymerize ethylene with an activity of
11,000 gmmol 'h~'bar~'. A range of PE materials with molecular weights up to 10° and
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morphologies varying between linear and highly branched are accessible by altering reaction
conditions and by modifying the diimine ligand architecture.*'® At low temperature the polymer-
ization of ethylene is living and block copolymers with other a-olefins have been prepared.314-315
Furthermore, syndio-rich PP may by prepared via a chain-end controlled mechanism.*'®>"”

The diimine palladium compounds are less active than their nickel analogs, producing highly
branched (e.g., 100 branches per 1,000 carbons) PE. However, they may be used for the copoly-
merization of a-olefins with polar co-monomers such as methyl acrylate.*'®*'” Cationic deriva-
tives, such as (121), have been reported to initiate the living polymerization of ethylene at 5°C
and 100-400 psi.3?® The catalyst is long-lived under these conditions and monodisperse PE
(M,/M,, =1.05-1.08) may be prepared with a linear increase in M,, vs. time.

When less bulky ancillary ligands are used (-hydride elimination leads to the formation of
a-olefins. As a consequence iminopyridine complexes are typically much less active than the diimine
catalysts and afford lower-molecular-weight PE.3?'-324 For example, MAO/(122) polymerizes
ethylene to branched oligomers with M, < 600, and ~240 branches per 1,000 carbons.3?5 Complex
(123), is highly active for ethylene polymerization (820 gmmol 'h~'bar™!).3*® As with the
diimine systems, reduction in the steric bulk of the ligand substituents results in reduced activity
and lower-molecular-weight products.

9.1.2.2.9 Main group metal catalysts

It is only relatively recently that ethylene polymerizations using molecular aluminum catalysts
have been reported, though polymerization activities are generally low. Examples include the
bis(benzamidinate) complex (124),**7 and the mono-amidinate (125) which afford activities up to
3gmmol 'h~'bar '.328 Aminotroponiminate complexes such as (126) display similar activ-
ities.**® Activities of 0.12 gmmol~'h~'bar~' have been reported for the imino-amidopyridine
species (127) when activated with B(C¢Fs);.>*
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In general, activation of these catalysts is typically performed using borane-mediated
dealkylation, but the intermediacy of simple cationic alkyls has been questioned.>*'* It has
also been shown that compounds similar to (125) may react with Lewis acids to give complex
product mixtures, suggesting that the active component is not a single species.>** In non-coordin-
ating solvents, bidentate salicylaldiminato aluminum dialkyls also do not react cleanly with
B(C¢Fs)s,>* but tridentate Schiff-base analogs yield stable cationic alkyls such as (128) and
(129), which polymerize ethylene with very low activities.**¢3%
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9.1.3 POLYMERIZATION OF STYRENES

9.1.3.1 Introduction

Coordination initiators for polystyrene synthesis have attracted interest due to their ability to
control tacticity. Isotactic polystyrene was first prepared in 1955 using classical Ziegler—Natta
type catalysts (TiCly/AlEt53).338:33% More recently, syndiotactic polystyrene has proved accessible
using a range of group 4 metal catalysts. Its high crystdllinity and high melting temperature
(270°C), combined with its good resistance to common organic solvents, give rise to a material
with potential as an engmeerlng thermoplastic.**® Another area where coordination complexes
have found increased use is in the Atom Transfer Radical Polymerization (ATRP) of styrene, a
versatile and robust methodology for controlled polystyrene assembly.

9.1.3.2 Coordinative Polymerization of Styrenes

Highly syndiotactic polystyrene, s-PS, was first synthes1zed in 1986 using an undisclosed catalyst
formulation consisting of titanium and aluminum species.**' Shortly afterwards, Ti(CH,Ph),/
MAO was also shown to catalyze the syndioselective polymerization of styrene.34>-344 This
system produces s-PS with an rr triad content >98%, but exhibits a low initiator efficiency,
with just 1.7% of the Ti centers catalyzing syndiotactic growth (17% promote atactic propaga-
tion).**> Much higher activities have been reported for monocyclopentadienyl titanium complexes
such as CpTiCly (MAO 6 which polymerizes styrene at 50°C with an activity
>1,000 gmmol ' h~ Zirconium analogs are far less active, with CpZrCl; reported to be 80
times less active than (130).**® In addition, both zirconocenes and titanocenes are poor initia-
tors.>*’ Complex (130) may also be used to polymerize a variety of alkyl- and halo-substituted
styrenes.”*® In each case highly syndiotactic polymers were reported with melting points signifi-
cantly higher than their isotactic analogs. Electron-withdrawing groups severely reduce the rate of
polymerization; even sterically bulky para-'butylstyrene is consumed considerably faster than
meta- or para-halostyrenes.
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Subsequent studies revealed that a variety of cyclopentadienyl-based titanium complexes may
be used to catalyze the production of s-PS and this area has been extensively reviewed.*"=
Indeed, most complexes of the general formula (Cp’)TiX; generate s-PS when activated with a
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large excess of MAO (Cp'=CsRs or indenyl ligands). In addition to halide pre-catalysts,
alkoxide®****3%% and alkyl species have been employed. The alkoxides are activated with
MAO, whereas the alkyl analogs require pretreatment with equimolar amounts of B(C¢Fs)s,
[PhsC "][B(C4Fs)s ], or [PhNHMe, " ][B(C4Fs)s .

The size of the cyclopentadienyl ligand affects activity, syndiotactic content and molecular
weight. However, the other ligands at the titanium center also play a key role. For example,
CpTiF5 (131) is more active than (130), typically affording 3,000 gmmol ' h™';**7*5* intermediate
activities have been observed using the tris(alkoxide) (132). A similar order of reactivity is
observed for the pentamethyl analogs (133)-(135), although these are significantly less active
than (130)—(132).347-355 By contrast, the tetramethyl complex (136) has been reported to be more
active than the unsubstituted (137).%® The yet more bulky (138) produces polystyrene of similar
syndiotacticity and molecular weight to (136), but is an order of magnitude less active. Complex
(139) is almost totally inactive. A family of titanatrane complexes have also been investigated as
catalysts. All are highly syndioselective357-358 and the sterically bulky complex (140) is particularly
noteworthy as it generates high-molecular-weight s-PS at 30°C (M,, =443,000; M,/M,, = 1.97).35°

Some of the most active catalyst systems for the production of s-PS are indenyl titanium
complexes. The parent compound (141), when activated with MAO, is at least 50-100% more
active than (130)/MAO.**® Phenyl substitution of the indenyl ring leads to significantly higher
activities, with activity increasing in the order (142) < (144) < (145) (although the yield of s-PS
displays the opposite trend). In accord with previous reports3*7 it was found that fluorides are
consistently much more active than their chloride analogs.**' Complex (147) was reported to be
~4 times more active than (131), exhibiting an activity of 12,500 gmmol—"h~!. Substitution of the
indenyl ring with small alkyl or phenyl groups generated similarly active catalyst systems. Hence,
the fluorides (148,149,150,143,146) all display activities >10,000 gmmol~'h~'. The bulk of the
indenyl substituent also determines the stereocontrol, with (150,143,146) all giving slightly more
atactic PS than (147,148,149). If the indenyl substituent is a larger alkyl, such as 'Pr, 'Bu or Me;Si,
then the activity and the s-PS content both decrease dramatically. One of the most active
initiators reported to date is the cyclopenta[l]phenanthrene species (151) which exhibits its highest
activity at 75°C when activated with MAQ.362

In an attempt to combine the syndioselectivity of half-sandwich titanium catalysts with the
living characteristics of anionic polymerization initiators, the use of half-sandwich calcium-based
catalysts has been described.3¢3-3¢4 In neat styrene complex (152) affords 76% rr triad PS.
However, polydispersities are still quite high (M,,/M,, > 2.2)
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(152)

The mechanism responsible for the syndiotactic polymerization of styrene from such a range of
precatalysts is not yet fully understood, although certain key components have been elucidated. It
is believed that several different active sites are present, since the s-PS is nearly always produced
alongside a small quantity of atactic material. In addition, attempts to copolymerize styrene with
ethylene using these catalysts tend to result in the production of both PE and s-PS homopolymers,
as well as various copolymers. The presence of multiple active sites could also explain why
polydispersities are often >2.5. ESR studies on systems such as Ti(CH,Ph),/MAO®*® and
(CsMes)TiMes/B(CF5)3°%%%7 suggest that the predominant catalytic site is a cationic titanium(III)
species, although this has been questioned.’®®** In accord with this proposition, studies
have shown that the reduction of Ti'V to Ti' centers is accelerated upon the addition of
styrene. %67

Further evidence for a Ti~ -centered pathway has been provided from model studies comparing
the activity of analogous Ti'¥ and Ti'" precatalysts; for example, (CsMes)Ti(OMe),/MAO was
re?orted to be more active than (CsMes)Ti(OMe);/MAO.?”" More recently it has been shown that
Ti'V catalysts only produce atactic-PS when the polymerization is performed in the absence of

111
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light.*”*> When used in the presence of light, however, they produce s-PS of similar molecular
weight to a Ti'" catalyst, (CsMes)Ti(°—C3Hs), used in the dark, suggesting that similar Ti'"
active sites are involved.

The cationic titanium center is thought to retain the 7°—cyclopentadienyl ligand during pro-
pagation.*”*7> NMR analysis of s-PS produced with CpTi('*CHj); further shows that one of the
alkyl ligands is incorporated as a —CH(Ph)CH,'>*CHj; end group.37¢ This implies a [2,1] secondary
insertion mode in which the phenyl-substituted olefinic carbon becomes directly bonded to the
titanium center.””” These observations suggest that the initiating species is a cationic monoalkyl
species, [Cp'TiR] ". Such species have not been isolated, although the phosphine adduct (153) has
been described.>®” When treated with MAO, complex (153) also catalyzes the formation of s-PS.

== == o
|_ B(CGF5)3 I@ MeB(C6F5)3
TMe  PMes TR "PMes
Me  ‘ve Me PMe;  (153)

The propagating species is generally believed to be (154), a pseudo-tetrahedral cation in which
the electron-deficient metal center is stabilized by interactions with the a-phenyl of the propaga-
ting PS chain and with an incoming molecule of monomer. The precise origin of the stereo-
selectivity has not yet been determined, although a chain-end controlled process in which the
orientation of the incoming monomer is determined by the binding nature of the a-phenyl is
plausible. In this respect, labeling experiments have shown that, using Ti(CH,Ph),/MAO, the
insertion occurs via cis-addition of the styrene to the M—CH(Ph) bond.*’® The main termination
step is thought to be B-hydrogen transfer.’””

9.1.3.3 Atom Transfer Radical Polymerization of Styrenes

Atom transfer radical polymerization, ATRP, is a controlled radical process which affords
polymers of narrow molecular weight distributions. Strictly this is not a coordinative polymeriza-
tion, but its dependency upon suitable coordination complexes warrants a brief discussion here.

Like all controlled radical polymerization processes, ATRP relies on a rapid equilibration
between a very small concentration of active radical sites and a much larger concentration of
dormant species, in order to reduce the potential for bimolecular termination (Scheme 3). The
radicals are generated via a reversible process catalyzed by a transition metal complex with a
suitable redox manifold. An organic initiator (many initiators have been used but halides are the
most common), homolytically transfers its halogen atom to the metal center, thereby raising its
oxidation state. The radical species thus formed may then undergo addition to one or more vinyl
monomer units before the halide is transferred back from the metal. The reader is directed to
several comprehensive reviews of this field for more detailed information.¥%-3%2

Several classes of vinyl monomer are suitable for ATRP including styrenes® and methacry-
lates.*®* Many of the studies have been performed using copper,*®*>*® iron,*” ruthenium,*®® and
rhenium systems.*® The most common catalysts for the ATRP of styrenes are heterogenous
mixtures of a copper(I) halide and a neutral chelating amine, imine or pyridine ligand, often 2,2'-
bipyridine or 1,10-phenanthroline.” In order to increase the solubility of the copper catalyst,
long-chain substituents on the ligand have been examined, and this in turn leads to increased
catalyst efficiency.’**>? The addition of DMF may also serve to make the polymerization
homogenous, but polydispersities are broadened (1.4-1.8).*>* Most copper catalysts require
temperatures of 110-130°C,*** but lower temperatures (e.g., 90 °C) may be used if a particularly
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efficient catalyst, such as CuBr/N,N.N',N' N”-pentamethyl diethylenetriamine, is employed.*
The lower reaction temperatures often result in narrower molecular weight distributions due, it
is believed, to a lower likelihood of thermal self-initiation.**®

R-X + [MI" R + [MN*1—X
Y
n —/
Y Y [M]N+1_X Y

Scheme 3

Despite numerous studies involving copper catalysts, only a few isolated copper. complexes have
been examined, includin complexes (155)-(157). Bipyridine,*’ phenanthroline,*® and pyrldyh-
mine cationic complexes” ° all exhibit tetrahedral geometries, in which the copper center is bound
to two ligands.
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By contrast, much of the work performed using ruthenium-based catalysts has employed
well-defined complexes. These have mostly been studied in the ATRP of MMA, and include
complexes (158)—(165).*°°4%5 Recent studies with (158) have shown the importance of amine
additives which afford faster, more controlled polymerization.*”® A fast polymerization has also
been reported with a dimethylaminoindenyl analog of (161).*"” The Grubbs-type metathesis
initiator (165) polymerizes MMA without the need for an organic initiator, and may therefore
be used to prepare block copolymers of MMA and 1,5-cyclooctadiene.*”® Hydrogenation of this
product yields PE-b-PMMA. N-heterocyclic carbene analogs of (164) have also been used to
catalyze the free radical polymerization of both MMA and styrene.408
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Iron catalysts such as (166)—(172) are generally more active than their ruthenium analogs, and
in view of the lower cost and low bio-toxicity of this metal, are gaining increasing attention.**~*!3
For example, (166) polymerizes MMA in a well-controlled manner, and is faster than (158),
although it is inactive for styrene polymerization.*” Complex (167) has been used to polymerize
both MMA and styrene. Molecular weight distributions are narrow (1.1-1.3) and decrease upon
addition of FeCl; (M,,/M, =1.1), although this slows the polymerization.4' Compounds (168)
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and (169) have been used to catalyze the radical polymerization of acrylates and styrene in
aqueous media.*'* The living polymerization of styrene has also been described using dinuclear
iron(I) complexes such as (170).412 In a recent study, well-defined iron(II) diimine compounds
including (171) and (172) were examined.*'* The alkyl-substituted diimines were found to support
the well-controlled ATRP of styrene, whilst aryl-substituted counterparts gave rise to S-hydrogen
chain transfer processes. Iron(III) complexes may also be used in the “reverse” ATRP process.*'*
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Several nickel(I) complexes (e.g., (173)—-(176)) have successfully been used to catalyze ATRP,
especially when coupled with bromo-initiators, although activities are usually lower than with
copper, ruthenium or iron systems.*'®*'” The alkylphosphine complex (175) is thermally more
stable than (174) and has been used to polymerize a variety of acrylate monomers between 60 °C and
120°C.*"® Complex (176) is an unusual example of a well-defined zerovalent ATRP catalyst; it
displays similar activities to the Ni'! complexes, although molecular weight distributions (1.2-1.4)
are higher.*"* Pd(PPhs), has also been investigated and was reported to be less controlled than
(176).420
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Several rhodium(I) complexes have also been employed as ATRP catalysts, including Wilk-
inson’s catalyst, (177),391:421:422 and complex (178).423 However, polymerizations with both com-
pounds are not as well-controlled as the examples discussed above. In conjunction with an alkyl
iodide initiator, the rhenium(V) complex (179) has been used to polymerize styrene in a living
manner (My/M, < 1.2).3% At 100°C this catalyst is significantly faster than (160), and remains
active even at 30 °C. A rhenium(I) catalyst has also been reported (180) which polymerizes MMA
and styrene at 50°C in 1,2-dichloroethane.***
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9.1.4 POLYMERIZATION OF ACRYLATES

9.1.4.1 Introduction

Several poly(acrylates) and poly(alkylacrylates) are commercially manufactured commodity poly-
mers, one of the most important being poly(methylmethacrylate), PMMA (Scheme 4). Renowned
for its high optical clarity and good weatherability, PMMA forms the basis of the Perspex,
Plexiglass, or Lucite families of materials.**> These polymers are traditionally prepared using
free-radical polymerization technology, but such methods usually offer little control over mole-
cular weight or tacticity. The commercial significance of PMMA has therefore encouraged the
development of a variety of living anionic and coordinative polymerization catalysts. For brevity,
alkyl-substituted monomers are abbreviated as MA for methacrylates and A for acrylates; e.g.,
EtA =ethyl acrylate and 'PrMA = iso-propyl methacrylate.
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Scheme 4

PMMA can exist in two simple stereoregular forms, isotactic and syndiotactic, but commercially
available samples—prepared via free-radical initiators—tend to have tacticities lying in the
range 60-70% syndiotactic triad content, the exact content depending upon the reaction tem-
perature.**® Several terminating side reactions have been identified, the most important of which
is intramolecular cyclization leading to methoxide formation, as shown in Scheme 5.4*

MeO,C Me 9
Me COs>Me
PMMA Me  + [M]OMe
MeO,C Me

Scheme 5

Main group organometallic polymerization catalysts, particularly of groups 1 and 2, generally
operate via anionic mechanisms, but the similarities with truly coordinative initiators justify their
inclusion here. Both anionic and coordinative polymerization mechanisms are believed to involve
enolate active sites, (Scheme 6), with the propagation step akin to a 1,4-Michael addition reaction.
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9.1.4.2 Anionic Initiators of the group 1, 2, and 3 Metals

A large number of group 1-3 metal compounds have been shown to polymerize MMA, especially
lithium, magnesium, and aluminum species.*****” These initiators generally give isotactic-biased
PMMA when performed in toluene, and syndiotactic polymer when conducted in THF.4?%4%
However, most ill-defined main group catalysts generally initiate non-living polymerizations at
ambient temperature, and afford little control over chain length. Molecular weight distributions
are typically broad, consistent with multiple propagating species. Certain organolithium and
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organomagnesium initiators do exhibit living-like behavior at low temperatures, but identification
of the active site is complicated by processes such as aggregation and ligand exchange.

The most studied catalyst family of this type are lithium alkyls. With relatively non-bulky
substituents, for example "BuLi, the polymerization of MMA is complicated by side reactions.**
These may be suppressed if bulkier initiators such as 1,1-diphenylhexyllithium are used,**
especially at low temperature (typically —78 °C), allowing the synthesis of block copolymers.***433
The addition of bulky lithium alkoxides to alkyllithium initiators also retards the rate of intra-
molecular cyclization, thus allowing the polymerization temperature to be raised.*?” LiCl has been
used to similar effect, allowing monodisperse PMMA (M,,/M,, = 1.2) to be prepared at —20 °C.**
Sterically hindered lithium aluminum alkyls have been used at ambient (or higher) temperature to
polymerize MMA in a controlled way.**® This process has been termed “screened anionic poly-
merization” since the bulky alkyl substituents screen the propagating terminus from side reactions.

Stereoregular acrylate polymerizations have been reported using Grignard reagents at very low
temperatures (Table 1). For example, 'BuMgBr polymerizes MMA with almost 100% initiator
efficiency at —78 °C in toluene, affording isotactic PMMA (>95% mm triad).**® The preparation
of syndiotactic PMMA is more challenging, but is recognized as an important technological
objective since the syndio-rich polymer possesses a higher T, than the other forms of PMMA.
Initiators affording high syndiotacticities include bulky alkyllithiums and certain Grignard reagents in
THF, organocalcium species and several aluminum-based systems including amides and phosphine
adducts; however, all require very low temperatures and are therefore not commercially attractive.

9.1.4.3 Well-defined Magnesium and Aluminum Initiators

The use of single-site initiators for the polymerization of acrylates is attractive, since steric
protection of the metal center should eliminate the unwanted side reactions described above,
allowing living polymerization systems to be developed. Further, stereocontrol may be achievable
by appropriate ligand selection.

Upon irradiation, the tetraphenylporphyrinato (TPP) aluminum alkyl species (181) initiates a
slow but well-controlled polymerization of MMA; in the dark the system is inactive.**' The
polymerization exhibits living characteristics and "H NMR analysis of the living oligomers
generated upon ‘BuMA polymerization demonstrates that the propagating species is an oxygen-
metallated enolate.**"**** The di-block copolymerization of MMA with "BuMA**! and of MMA
with epoxides*** is further testament to the living nature of this system.

The rate of polymerization may be dramatically accelerated upon addition of a bulky Lewis
acid. For example, addition of (184) to a sample of living PMMA generated by irradiation of
(181)/MMA causes an increase in polymerization rate by a factor of >45,000.*** The dual-
component systems (181)/(184), and (181)/(185), have been used to prepare monodisperse, ultra-
high-molecular-weight samples of PMMA (M,, > 10°, M,/M,, = 1.2).445
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The thiolate species (182) and (183) do not require photo excitation in order to initiate polymeriza-
tion; (182) consumes 200 equivalents MMA in 18 h at 35°C (M,,=22,000, M,,(calc) = 20,000, M,/
M, = 1.12).**® The propagating species is again believed to be an enolate.**’ Propagation is acceler-
ated upon addition of (185), with 100 equivalents of MMA requiring just 90 seconds for full
conversion. The steric bulk of the Lewis acid prevents scrambling of the propagating enolate between
the two aluminum centers.**® Hence, for aluminum diphenolates, ortho substitution is essential, whilst
smaller Lewis acids such as Me;Al may only be used successfully at low temperatures, e.g., —40°C.
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Table 1 Stereoregular polymerization of MMA

Initiator Conditions Tacticity M, /M, References
‘BuMgBr Toluene, —78°C  95-97% mm 1.2-1.3 436
Me(CH,)4CPh,Li THF, —78°C 84% rr 1.18 437
Et;Al/TiCly Toluene, —78°C 90% rr 4.58 438
(Ph3C)CaCl DME, —63°C 95% rr 3.3 439
Et3;Al/PPh; Toluene, ~78°C 90% rr 1.96 426
EtAI(NPh,), Toluene, ~78°C 86% rr Multi-modal 426
m-vinylbenzyl THF, "110°C 97% rr 1.19 440

magnesium chloride

Complexes (181)-(183) may also be used to polymerize acrylates*** and methacrylonitrile**” in

a living manner, although (181) again requires photoinitiation. Acrylates such as '"BuA polymerize
faster than methacrylates. The rate of propagation of methacrylonitrile is much slower than
methacrylates, although in the presence of (185), 100 equivalents are consumed within 3 hours.

Although Al(salen) complexes are readily accessible and are potentially attractive as initiators
for acrylate polymerization, it is only recently that they have been opened to investigation, largely
due to difficulties in accessing the active enolate species—the Al(salen) precursors are not amenable
to UV activation, nor do thiolate derivatives act as suitable precursors. The solution to forming
the enolate initiator in Al(salen) systems lies in a nickel-catalyzed rearrangement of MMA.*' A
three-component system comprising (186), Ni(acac), and (185), polymerizes 200 equivalents of
MMA within 2 minutes at room temperature (M, =24,700, M,, calc =20,000, M,/M,=1.17).
The resultant PMMA displays a slightly higher syndiotacticity than free radical generated
samples, with rr = 68-72%; at —20 °C this rises to 84% rr. The living nature of the system is demons-
trated by a linear dependence of M,, upon monomer conversion, and the synthesis of a PMMA-
b-P"BuMA diblock by sequential monomer addition. The bulky Lewis acid (185) serves two functions,
one of which is activation of the monomer as described for the porphyrinato aluminum initiators.*** In
addition, it is believed to react with Ni(acac), to afford a Ni-methyl species which then inserts MMA.
The resultant enolate is then transferred onto the aluminum center to give the initiating species.

The well-defined single-site magnesium enolate initiator (187) initiates the living polymerization
of MMA at —30°C.** M,,/M,, values are typically 1.07-1.11, and M,, increases linearly both with

Me
|
Me
I~ /_O\ OMe
—=N_| N= N[ One
A Ni(acac),, MMA a7
tBU O (@] tBu tBU O/ \O tBU
(ArO),AIMe, (185)
'B 'B Bu Bu

(186)

Ar'
( ‘7, A ‘:N
NG g‘Nﬁé
¥ 7
Ar Ar
Ar'

Ar = 2,6-iPI'QCGH3
Ar' = 2,4,6-M63C6H2, (187)



26 Metal Complexes as Catalysts for Polymerization Reactions

conversion and with the [M]y/[I]y ratio. The polymer is highly syndiotactic, with an rr triad
content of 92%, a level of stereocontrol not previously attainable with other polymerization
systems at such a high reaction temperature.

9.1.4.4 Lanthanide Initiators

[Cp*>Sm(u-H)]», (188), affords very high-molecular-weight PMMA with very low polydispersities
(typically < 1.05).*33%¢ At —95°C the polymer formed is highly syndiotactic (95% rr triad).
Isolation and X-ray analysis of (189), the 1:2 complex of (188) and MMA, provides strong
support for the participation of a metal-enolate as the active site. (189) behaves in an identical
manner to the hydride precursor, converting 100 equivalents MMA to polymer with M,, = 11,000
and My/M, = 1.03.*7 The successful structural characterization of (189) provides support for
intermediates proposed earlier.**4>
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The lanthanocene alkyls (190) and (191) are also highly active initiators for MMA polymeriza-
tion. These too are syndioselective, producing 82-85% rr PMMA at 0°C with high initiator
efficiencies and narrow molecular weight distributions. Ln'" complexes such as (192)-(194) also
generate syndiotactic PMMA, but exhibit much lower efficiencies (30-40%).

The lanthanocene initiators also polymerize EtMA, 'PrMA and '‘BuMA in a well-controlled
manner, although syndiotacticity decreases as the bulk of alkyl substituent increases. Reactivity
also decreases in the order MMA ~ EtMA >'PrMA > 'BuMA. Chain transfer to provide shorter
polymer chains is accomplished by addition of ketones and thiols.**” The alkyl complexes (190)
and (191) also rapidly polymerize acrylate monomers at 0°C.*"*%? Both initiators deliver
monodisperse poly(acrylic esters) (M,,/M,, 1.07). An enolate is again believed to be the active
propagating species since the model complex (195) was also shown to initiate the polymerization

of MA.
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The polymerization of MMA has been shown to be subject to enantiomorphic site control
when the C;-symmetric ansa-lanthanocene complexes (196) and (197) are employed as initia-
tors.**® When the (+)-neomenthyl catalyst (196) is used, highly isotactic PMMA is produced
(94% mm at —35°C), whereas the (-)menthyl derived (197) affords syndiorich PMMA (73% rr at
25°C). NMR statistical analysis suggests that conjugate addition of monomer competes with
enolate isomerization processes, and the relative rate of the two pathways determines the tacticity.

Many other lanthanide-based initiators have been shown to polymerize MMA, including lantha-
nocene amides,****® alkoxides,*®® substituted indenyl and fluorenyl bivalent ytterbocenes,*”**”!
hexamethylphosphoric triamide thiolates,*’* and allyl, azaallyl, and diazapentadienyl complexes.*”
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R* = (+)-neomenthyl  R* = (-)-menthyl

Ln = La; R* = (+)-neomenthyl, (196)
Ln = Lu; R* = (-)-menthyl, (197)

As described in Section 9.1.2.2.3, several lanthanocene alkyls are known to be ethylene poly-
merization catalysts.??""*222° Both (188) and (190) have been reported to catalyze the block
copolymerization of ethylene with MMA (as well as with other polar monomers including MA,
EA and lactones).””” The reaction is only successful if the olefin is polymerized first; reversing the
order of monomer addition, i.e., polymerizing MMA first, then adding ethylene only affords
PMMA homopolymer. In order to keep the PE block soluble the M, of the prepolymer is
restricted to <12,000. Several other lanthanide complexes have also been reported to catalyze
the preparation of PE-b-PMMA,***7® a5 well as the copolymer of MMA with higher olefins
such as 1-hexene.*”’

Initiation of MMA polymerization by complexes such as (192) was shown to proceed via a
bimetallic bis(enolate) intermediate, arising from the dimerization of a radical anion.****® Such a
mechanism**"*¥2 explains why efficiencies with such initiators (calculated from polymer molecular
weights) are always <50%. Using a similar methodology, the bimetallic bisallyl complex (198)
was shown to polymerize MMA in a living fashion (M,,/M, =~ 1.1) and triblock copolymers with
methacrylate and acrylate segments have been prepared.
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9.1.4.5 Early Transition Metal Initiators

The polgmerization of MMA using a group 4 metallocene initiator was first reported in the late
1960s.%%% Some years later it was shown that an equimolar mixture of the cationic alkyl complex,
[Cp,ZrMe(THF)] " [BPhy]~, and the neutral dialkyl species, Cp.ZrMe,, generates low polydisper-
sity PMMA (M,,/M, =1.2-1.4) with a syndiotactic bias (80% r diad).*** Initially the active
species was thought to be a cationic enolate complex, but this was refuted when (199) was
shown to be a poor initiator.*®> However, the addition of (199) to Cp,ZrMe, does generate an
active initiator system, shown to be a 1:1 mixture of [Cp,ZrMe(THF)] " [BPhy]~ and the neutral
alkyl enolate, [Cp,ZrMe(OC(OMe)=CMe,)]. This mixture displays first order kinetics in both Zr
species (the polymerization is zero order in MMA). A bimetallic mechanism (Scheme 7) was
therefore proposed, the rate-limiting step of which involves intermolecular Michael addition of
the propagating enolate to activated monomer.**® This system is very moisture-sensitive and
trialkylaluminum compounds have been used in situ to remove traces of water. However, chain
transfer to the Al center may occur unless the alkyl substituents are sufficiently bulky, e.g.,
1BU3A1.

It has since been shown that if less coordinating anions are used, then cationic zirconocene
alkyls may serve as highly active single-component catalysts. Hence, treatment of Cp,ZrMe, with
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B(C¢Fs); to give [Cp.ZrMe] T [MeB(C¢Fs);] prior to addition of MMA results in a rapid and
controlled polymerization.*8” Syndio-rich PMMA results with an rr content in the range 63-70%
depending upon the solvent used. A variety of metallocene ligands were studied under these
conditions and high levels of isotacticity (95% mm) were afforded by rac ansa-bis(indenyl)
zirconium complex, (200), in accord with previous observations.**®* Highly isotactic PMMA
has also been reported using pre-catalysts (201)—(203), 85487490492
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Attempts to prepare highly syndiotactic PMMA using zirconocene catalysts have met with little
success, despite the initial observation of rac dyad selectivity with Cp,ZrMe,. A notable exception
is complex (204), which produces 89% rr PMMA at —45°C with M/M, = 1.31,** although
several other initiators have been reported to generate syndiotacticities of 60-70% rr.487-494-496
An 11 triad content of 88% has been recorded for PMMA initiated by the neutral ansa-titanocene
imido complex (205) at —78°C, but molecular weight control is poor (My/M,=2.4).*7 The
observation that Al(C¢Fs)s-derived anions favor syndiorich PMMA (rr 60%) has allowed the
synthesis of a stereoblock material by exchanging counteranions mid-polymerization.**®
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The block copolymerization of MMA with ecthylene was recently described using (202)/
B(C¢Fs)5.*? The olefin must be polymerized first (as observed with (188) and (190)) and the
diblock nature of the product was inferred from solubility behavior.

Several group 5 complexes have also been examined as MMA polymerization initiators. A
series of 1,4-diaza-1,3-diene tantalum complexes have been investigated and a mixture of (206)/
Me;Al was found to polymerize MMA in a living manner at —30°C (rr = 78%).7°*3"! Cp,TaMe;
also polymerizes MMA when activated with two equivalents AlMe;.>*> However, initiator effi-
ciencies are low and molecular weight distributions are broad.

9.1.4.6 Atom Transfer Radical Polymerization

Acrylate monomers may also be polymerized by atom transfer radical polymerization (ATRP).
The reader is referred to Section 9.1.3.3 for an overview of catalyst systems.

9.1.5 RING-OPENING METATHESIS POLYMERIZATION OF CYCLIC ALKENES

9.1.5.1 Introduction

The first example of the olefin metathesis reaction was the ring-opening metathesis polymeriza-
tion, ROMP, of norbornene using TiCl,/EtMgBr.>* In 1970 Chauvin and Hérisson proposed the
widely accepted mechanism for olefin metathesis based upon a [2, 4+ 2,] cycloaddition of an olefinic
bond to a metal-carbene (Scheme 8).°** Ring-opening of the intermediate metallacycle then
proceeds either productively to give a new metal carbene (the propagating species in ROMP), or
degeneratively to reform the starting materials. If the olefinic bond is part of a cyclic molecule
then productive metathesis affords a propagating carbene, and subsequent monomer insertion
yields a propagating polymer chain.

L,M==CHR R,

4/5 L,M LnMvCHR

Scheme 8

Metallacyclobutanes and metal carbenes are energetically similar®® and on occasion both may be
observed simultaneously during a metathesis reaction.’”>>"" Each stage of the mechanism is, in
principle, reversible. Therefore, most ROMP studies tend to focus on strained monomers, especially
norbornenes, where the release of ring strain drives the reaction forward to the kinetic polymer
product. For monocyclic substrates, the thermodynamics of ROMP are finely balanced and poly-
merizability is strongly influenced by factors such as ring substitution and reaction conditions.308:509

Until the mid-1980s most ROMP initiators were ill-defined multi-component systems, typically
containing an early- to mid-transition metal halide and a Lewis acid cocatalyst.**® In such mixtures,
the active metal-carbene is formed in low concentration and hence identification of the active site(s) is
difficult. Low levels of initiator efficiency also hamper reproducibility. Furthermore, the use of strong
Lewis acid cocatalysts generally makes such catalysts incompatible with organic functionalities. Since
the mid-1980s, a range of well-defined single-site initiators has been introduced which allow con-
trolled, living polymerizations of cyclic olefins. The following sections outline the major advances that
have occurred in the design and applications of well-defined ROMP initiators.

9.1.5.2 Titanacyclobutanes

The first documented example of the living ROMP of a cycloolefin was the polymerization of
norbornene using titanacyclobutane complexes such as (207).3'*5'? Subsequent studies described
the synthesis of di- and tri-block copolymers of norbornenes and dicyclopentadiene.'? However,
functionalized monomers are generally incompatible with the highly electrophilic ¢° metal center.
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9.1.5.3 Group 6 Metal Initiators

The development of well-defined molybdenum and tungsten ROMP initiators of the general
formula M(NAr)(=CHR)(OR’), has been chronicled in several reviews.”'*>'7 Initial studies
revealed the ability of discrete tungsten alkylidenes to metathesize internal olefins in the presence
of Lewis acids such as AICI3.5'851% The tungsten(VI) complex (208) was then found to catalyze
olefin metathesis without the need for a Lewis acid activator.520-521 This complex also initiates the
living ROMP of norbornene, but secondary metathesis (“backbiting”) on double bonds contained
within the propagating chains occurs, leading to a broadening in the molecular weight distribution
and a decrease in the polymer cis content.’>* Replacement of the fluorinated alkoxide ligands with
less electron-withdrawing z-butoxide ligands results in a less electron-deficient metal center; conse-
quently (209) is inactive for the metathesis of cis-2-pentene, and when used to polymerize norbor-
nene monodisperse polymer is produced (My/M,=1.03-1.07). The polymerization may be
terminated in a Wittig-like reaction with PhnCHO to afford metathesis-inactive W(NAr)(O)(O'Bu),
and a benzylidene chain terminus. The influence of the alkoxide substituents on the activity and
selectivity of these initiators is a recurring theme throughout this work (vide infra).>**>**

Although the tungsten initiators allow a variety of functionalized monomers to be studied, the
analogous molybdenum complexes show an even greater tolerance of functional groups.”>>2® The
synthetic route developed for Mo(NAr)(CHR)(OR’), allows for a wide variety of imido, alkoxide
and alkylidene substituents to be prepared, and several (e.g., (210) and (211)) are commercially
available. "%

M = W, R' = CMe(CFa3),, (208);
J% M =W, R' = CMeg, (209);
[ M = Mo, R' = CMe(CFg)s, (210);
CMe,R : 3)2, (210);
Q R'O“yM - _‘:AZ o M = Mo, R' = CMeg, (211)
(207) RO = Me,

H

The range of functional groups compatible with the molybdenum initiators includes fluoroalk-
yls, esters, acetals and maleimides.>*>* However, protic functionalities such as alcohols and
acids are not tolerated, and aldehydes terminate the polymerization.

Confirmation that the polymerizations proceed via metallacyclic intermediates was obtained by
studying the ROMP of functionalized 7-oxanorbornadienes. These polymerize slower than their
norbornene analogs, allowing NMR identification of the metallacyclobutane resonances and
subsequent monitoring of ring opening to the first insertion product. In addition, the X-ray
crystallographic structure of complex (212) has been reported.533
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Stereoselective ROMP has been reported with monomer (213). Initiator (211) affords highly
stereoregular polymer with >98% trans C=C bonds in the polymer backbone.>** However, when
(210) is used, >98% cis-poly-(213) is obtained.>* A similar situation occurs for the diester
monomer (214). Furthermore, a rapidly equilibrating mixture of (210) and (211) can be used to
allow intermediate cis/trans contents to be manipulated by the stoichiometry of the initiator
mixture. '*C NMR>* and dielectric analyses™ suggested that frans-poly-(213) is highly syndio-
tactic (92% r dyad content). The ROMP of other fluorinated olefins has been recently
reviewed.”®
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The four-coordinate molybdenum initiators exist in solution as an interconverting mixture of
syn and anti rotamers, assigned according to the orientation of the alkylidene with respect to the
imido ligand (Scheme 9).53%-340 The rate of rotamer interconversion slows considerably as the
alkoxide ligands become more electron-withdrawing.>*"*** Furthermore, the anti rotamer,
though present in trace quantities, is at least two orders of magnitude more reactive towards
metathesis than its syn counterpart, and ring opening of the monomer via the anti rotamer affords
a trans double bond in the polymer backbone. Therefore, (211), which has a relatively fast rate of
syn/anti interconversion, consumes monomer (213) almost exclusively via its anti form to afford a
highly trans polymer. Initiator (210) polymerizes via its syn rotamer to generate cis-poly-(213)
since the rate of conversion to the anti form is much slower than the rate of propagation. Further
studies revealed the potential to influence syn/anti interconversion rates, and thus cis/trans
contents by performing polymerizations at different temperatures.>*
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The ROMP of (213) and (214) using chiral Mo initiators, (215) and (216) affords >99% cis
and >99% tactic polymers.>** The polymerization of enantiomerically pure chiral norbornadiene
diesters also gives stereospecific polymers with (215) and (216), and COSY NMR experiments
indicate that the cis polymers possess an isotactic structure.>*>>*¢ Imido alkylidene complexes
featuring a variety of chelating C,-symmetric diolate ligands have since been developed>47-54% and
have been used to develop asymmetric ring-closing metathesis chemistry.>>*5%*

Ar ,?\r
PhMe,Si h

(215) (216)

The molybdenum initiators also allow for functionalization of the polymer end groups. The use
of appropriately substituted alkylidene ligands™** and functionalized termination agents™>
have both been described. A more convenient approach using chain transfer agents has also
been dezfseﬁloped, initially with substituted cyclopentenes,®” and then with 1,3-dienes and
styrenes.”

The facility to introduce well-defined chain ends has been used to prepare star polymers™’ and
diblocks via reaction with macromolecular aldehydes.”™® The synthesis of amphiphilic star block
copolymers has also been described using a cross-linking agent.55%560 A similar strategy has recently
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been reported in the preparation of functionalized polymer supports.>*'~3%* The ROMP of macro-
monomers to form comb-like structures has been reported by several research groups.>**>%
The synthesis of poly(alkenamers) via the ROMP of cycloalkenes has also received significant
attention,” "7 as has their subsequent reduction to monodisperse polyethylene-like materi-
als. 75717573 The alterndting copolymers poly(ethylene-alt-propylene) and poly(ethylene-alt-iso-
butylene) were prepared in analogous fashion from the (211)-initiated polymerization of
3-methylcyclobutene, (217), and 3,3-dimethylcyclobutene, (218), respectively (Scheme 10).574
Although the monoalkyl substituted monomer polymerizes in a regioirregular manner, the
analogous dimethyl polymer is >98% head—tail (and >99% trans). Hydroxytelechelic poly-
butadiene was also synthesized via the ROMP of 1,5-cyclooctadiene using the TBS-ether of cis-

1,4-butenediol as a chain transfer agent.””>
M
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Scheme 10

576-578

A route to processible polyacetylene, devised initially using classical initiators (Scheme 11),57%585

has been developed using well-defined molybdenum initiators to prepare conjugated polymers.
They have also been employed to prepare polyacetylene via the polymerization of cyclooctate-
traene, COT,*®® and by the isomerization of poly(benzvalene).587-588 Substituted, and hence
soluble, polyacetylene derivatives may be synthesized by polymerizing monosubstituted COT

substrates 589591
M
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Scheme 11

A related precursor route to poly(1,4-phenylene Vinylene), PPV, has also been reported.™>
Soluble, functionalized PPV may be directly prepared via the ROMP of barrelene monomers such
as (220).>”* This method has been modified to synthesize red—orange electroluminescent poly
(naphthalene-vinylene)s from benzobarrelene substrates, such as (221).**°® Non-conjugated
poly(chromophores) have been synthesized via the ROMP of [2.2] paracyclophan-1-ene and
substituted derivatives, (222).>°7>°% Blue light-emitting polymers have also been prepared via a
metathesis strategy.®*" 01 In addition, the construction of light-emitting devices in which ROMP
materials are also used for the construction of both electron- and hole-transport layers has been
described.®"*
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Norbornenes bearing 4-methoxy biphenyl groups (separated from the blcychc frdmework by a
long alkyl spacer unit) have been investigated as liquid crystalline polymers.®*>*** Several other
mesogens have also been studied, including 4- cyanoblphenyls605 606 and bis[(alkoxybenzoyl)oxy]-
phenyls.®”” Redox-active polymers may be prepared via the ROMP of norbornenes bearing
ferrocene or phenothiazine substituents.998:60% Further, ferrocenyl end groups have been intro-
duced by using an appropriately functionalized alkylidene initiator.>>*
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Well-defined nanoclusters (=~10-100 A diameter) of several metals have been prepared via the
polymerization of metal-containing monomers. The synthetic approach involves the block copo-
lymerization of a metallated norbornene with a hydrocarbon co-monomer which is used to form
an inert matrix. Subsequent decomposition of the confined metal complex affords small clusters
of metal atoms. For example, palladium and platinum nanoclusters may be generated from the
block copolymerization of methyl tetracyclododecane (223) with monomers (224) and (225)
respectively.®'®®!" Clusters of PbS have also been prepared by treating the block copolymer of
(223) and (226) w1th H,S.®"* A similar approach was adopted to synthesize embedded clusters of
Zn and ZnS.%"

(223) (224) (225)
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Alternatively a non-metallated chelating monomer such as (227) or (228) may be copolymerized
with (223) and the metal introduced post-polymerization. Using this strategy nanoclusters of
silver,®'® gold,*'® ZnS®'7 and CdS®'® have been prepared. A related approach has recently been

adopted with the612{OOMP of norbornenes functionalized with crown ether, (229),%"° and triazacy-

clononane, (230),”"" substituents.
NH'Bu d 7
0" g
NH'Bu
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Molybdenum initiators have also been successfully used to polymerize monomers bearing
substituents such as amino esters (protected amino acids),521-623 peptide esters®** and acetal-
protected sugars.®”® However, the synthesis of biologically useful materials usmg these initiators
is restricted by the prevalence of protic functionalities within naturally occurring macromolecules.
For monomers bearing hydroxyl or carboxylic acid substituents, the ruthenium initiators detailed
in the following section are more applicable.

9.1.5.4 Ruthenium Initiators

The limited tolerance of functional groups exhibited by early transition metal catalysts arises
from their high electropositivity, electrophilicity and oxophilicity. On traversing the transition
metal series these properties diminish and tolerance towards polar and protic functionalities
increases. As long ago as 1965 the ability of ruthenium complexes to initiate the ROMP of
norbornene in protic media (EtOH) was established.®* In the late 1980s RuCl; was reinvestigated
and it was found that 7-oxa-norbornenes were polymerized in EtOH after long (=24 h) initiation
times.®?” The induction period is reduced by a factor of ~5,000 by performing the reactions in
water under air. Polymerization is rapid, consuming 750-1,000 equivalents of monomer per
minute, and the catalyst may be recycled many times with no discernible drop in activity.
Subsequent reports revealed that [Ru(H»>O)s](OTs), was even more active and may be used to
polymerize less strained cycloalkenes such as cyclooctene. ¥

The first well-defined Ru alkylidene metathesis initiator, (231), was reported by Grubbs et al. in
1992.%% This complex initiates the ROMP of norbornene and other highly strained monomers
such as bicyclo[3.2.0Jhept-6-ene.®** Examination of alternative ligands®34-636 led to the develop-
ment of more active initiators, in particular (232)%* and (233).638-640
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Initiator (233), and a polymer-supported analog,**' are commercially available and have found
widespread use in the ring-closing metathesis (RCM) and ROMP of functionalized substrates. In
addition, water-soluble variants such as (234) and (235) have been synthesized using aliphatic
ionic phosphines and employed in aqueous media.***~%4°

The ruthenium initiator family offers enhanced air stability and greater tolerance of protic
functionalities than the molybdenum initiators (210) and (211). However, the polydispersities of
polymers prepared from (233) are typically higher due to propagation rates being substantially
faster than initiation. A simple modification using PCy,CH,SiMe; ligands (236) results in more
favorable initiation kinetics and M,/M,, values of 1.05-1.11 have been reported.®*® The ruthe-
nium initiators are also less active than the molybdenum systems, and attempts to overcome this
have recently led to the development of “second generation™ initiators featuring N-heterocyclic
carbene ligands.®*"~%5* Complexes (237) and (238) are much more reactive than (233) with
metathesis activities almost comparable to (210) and (211). In addition, they are more thermally
robust. To date they have mostly been used in olefin metathesis®>*® and RCM reactions,649:657
with few reports describing their use as ROMP initiators. The polymerization of low-strain cyclic
olefins using (238) has been described but polydispersities are broad (M/M,, > 2) due to second-
ary metathesis (backbiting) reactions.®>® Similar effects have been noted using (237).6%%-6¢¢
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Many other ruthenium alkylidene metathesis initiators have been reported in the literature, but
the ROMP activity and control rarely approach the levels shown by (233). Ancillary ligands
examined include tris(pyrazolyl)borates,%01-663 bidentate salicylimines®®4 and bis(amino)pyri-
dines.®*> More active olefin metathesis initiators have recently been reported using electron-rich
carbene complexes.®*®¢7 Although ROMP initiation with such complexes has not been explored at
the time of writing, a preliminary report on the ring-opening of cyclohexene using ester-carbenes
has appeared.®®® Several vinylidene ([Ru]J=C==CR,) and allenylidene (Ru=C=C=CR,) initia-
tors have also been investigated. For example, (239) polymerizes ester-functionalized norbornenes,
but chain length control is poor (My/M, > 2).°®” Somewhat better control is afforded using (240),
which produces polynorbornene with My/M, =1.61.7 A reported synthesis of the allenylidene
complex (241)%”" has since been shown to be erroneous, the sequential addition of diphenylpro-
pargyl alcohol and PCy; to RuCl,(PPhs); actually yielding (242).°”* Interestingly, (242) possesses
similar reactivity to (233), whereas (241), synthesized by an alternative route, displays no appreci-
able catalytic activity.®’3 In general, the vinylidene catalysts (and to a lesser extent the allenyl-
idenes) are better suited to catalyzing RCM reactions.®”**’® Ruthenium arene complexes®’” such
as (243), display good activity for the ROMP of norbornenes and cyclooctenes, especially in the
presence of an added diazo compound®”® or when irradiated.””
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Key elements of the mechanism using initiators such as (233) and (238) have been clucidated
(Scheme 12).% Initiation commences with dissociation of a phosphine ligand; although the
proposed 14-clectron intermediate has never been observed, evidence for the stability of related
complexes has been reported.®®' The olefinic substrate then coordinates to the metal center,
followed by cycloaddition to afford the metallacyclobutane. The N-heterocyclic carbene initiators
(237)—(238) are more active than (233) because, although initial dissociation of phosphine is
slower than from (233),%%% their selectivity for subsequent olefin binding is four orders of
magnitude greater than for reassociation of the phosphine. For (233), a phosphine ligand is lost
quite readily, but its recoordination competes with binding of the monomer. A significant
implication of this has recently been reported: if extra phosphine is added to (233) the rate of
propagation, kp, of a cyclic alkene is decreased. As a result, a more favorable kp/k ratio (k; =rate
of initiation) and narrower molecular weight distributions may be obtained.®®* Several reports of
Ru initiators with chelating diphosphine ligands have appeared;***®¥" it is currently unclear how
relevant the phosphine dissociation mechanism described above is to such complexes.
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Most ruthenium-initiated ROMP studles have been performed using (233) and strained cyclo-
olefinic monomers such as norbornene®®® and cyclobutenes,®® although several reports on the
polymerization of 8-membered rings have also appeared.®”*%* A wide range of functionalities are
tolerated, including ethers, esters, amines, amides, alcohols, carboxylic acids, and ketones.

The production of telechelic 1,4-polybutadiene and, via subsequent hydrogenation, telechelic
polyethylene, has been achieved by the copolymerization of 1,5-cyclooctadiene, (244), with 4,7-
dihydro-2-phenyl-1,3-dioxepin (245).%°* Degradation of the acetal Junctrons affords hydroxyl end
groups. (244) may also be polymerized by (232), (233), (237), or (238) in the presence of allylic
difunctionalized chain transfer agents. The products are again readily converted into hydroxy
telechelic polybutadiene.®***> This approach has been modified to include cross-linking sites,®
amino end groups®”’ and polynorbornenes.***%*° Vinyl ethers have also been used as chain transfer
agents in order to prepare ATRP macroinitiators.”*
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The synthesis of technologwally interesting ROMP materials using (233) includes the prepar-
ation of molecular wires,”®" liquid-crystal polymers 702.703 chiral supports for catalysis,”* redox-
active macromolecules,705 photochromic materials’® 6 and embedded clusters of CdSe. 707 Polymers



36 Metal Complexes as Catalysts for Polymerization Reactions

bearing inorganic functionalities have also been prepared, including metalloporphyrazines,’*®

phthalocyanine complexes,’” and phosphazenes.”'*"!!

The range of blologlcally relevant functionalities appended to cyclic alkene monomers includes
amino acids,”'? SB-amino acid esters,”"? oligopeptides such as RGD sequences for cell wall
binding,”'* 715 nucleotide bases,”'® 77’ penicillin,”!® vancomycin,”"” and sulfonamides.”?® Several
reports have also described the polymerization of sugar-based substituents. In partlcular Kiessling
and co-workers have polymerized several monomers bearing mono-">'"">* and di-’* saccharides
and used the neoglycopolymer products as scaffolds for lectln assembly.”?® Other sugar-based
systems studied include glucose- functlonahzed norbornenes,’”” and the preparation of a polymer
similar in structure to B-D-(—)-ribose.””

9.1.5.5 Acyclic Diene Metathesis

Acyclic diene metathesis (ADMET) is a step-growth polycondensation reaction for the polymerization
of av,w-dienes.” The process is catalyzed by the same metal alkylidene initiators used for ROMP, and is
driven by the removal of ethylene from the system (Scheme 13). Both molybdenum and ruthenium-
based initiators have been used to prepare a variety of materials including functionalized 5polyethy-
lenes,”**7* liquid crystalline macromolecules”**”** and amino acid-based chiral polymers.”
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Scheme 13
9.1.6 RING-OPENING POLYMERIZATION OF CYCLIC ESTERS

9.1.6.1 Introduction

The high level of interest in the ring-opening polymerization (ROP) of cyclic esters (lactones)
stems from the biocompatibility and biodegradability of their polymers. Resorbable aliphatic
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Scheme 14

CL : e-caprolactone, LA =lactide, GA = glycolide, §-VL = §-valerolactone,
~v-BL =~-butyrolactone, S-BL = g-butyrolactone, S-PL = -propiolactone
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polyesters are usually tolerated well by mammalian tissue, making them good candidates for the
construction of in vivo medical devices,”*® while materials based on polylactic acid (PLA) are
derivable from biosustainable resources such as corn starch and dairy products, which provide
attractive feedstocks for the production of biodegradable films and fibers. Traditionally, such polymers
were synthesized via high-temperature polycondensation reactions of appropriate a-hydroxy acids,”’
but this step-growth method is accompanied by poor chain length control and low molecular weights.
By contrast, the ROP of lactones is a chain-growth process, and advances in catalyst technology have
led to high levels of control over molecular weight and polymer stereochemistry.”38.739

Lactide (LA), the cyclic diester of lactic acid, has two stereogenic centers and hence exists as
three stereoisomers: L-lactide (S,S), D-lactide (R,R), and meso-lactide (R,S). In addition, rac-
lactide, a commercially available racemic mixture of the (R,R) and (S,S) forms, is also frequently
studied. PLA may exhibit several stereoregular architectures (in addition to the non-stereoregular
atactic form), namely isotactic, syndiotactic, and heterotactic (Scheme 15). The purely isotactic
form may be readily prepared from the ROP of L-LA (or D-LA), assuming that epimerization
does not occur during ring opening. The physical properties, and hence medical uses, of the
different stercoisomers of PLA and their copolymers vary widely and the reader is directed to
several recent reviews for more information.”36,740-743
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Scheme 15

9.1.6.2 General Features of Lactone Polymerization

Initiators for the coordination—insertion polymerization of lactones are generally metal alkoxides,
although carboxylates, amides, and other nucleophilic ligands have also been used. Initiation
occurs via nucleophilic attack at the carbonyl carbon of the monomer, followed by acyl—oxygen
bond cleavage (Scheme 16). Although most lactones appear to undergo ROP according to the
acyl—oxygen route,”** examples are known in which the ring breaks at the alkyl—oxygen
bond.” In such cases the propagating species is a metal carboxylate

Deviation from truly living behavior occurs primarily via transesterification side reactions
(Scheme 17). Intramolecular transesterification (“backbiting”) affords cyclic oligomers, whereas
its intermolecular counterpart results in a redistribution in the lengths of the living chains. Both
forms of transesterification lead to a broadening of the molecular weight distribution and a loss of
control over the target molecular weight. Transesterification is typically more problematic with
highly active initiators, especially when alkali metal alkoxides are used to polymerize lactones.”*®

9.1.6.3 Aluminum-based Initiators

The most widely studied aluminum-based initiator for the ROP of lactones is Al(O'Pr);, (246),
which has been used to initiate the 11V1ng polymerization of a variety of cyclic esters including
CL,7¥77% LA,5%751 GA,”5? 3-BL™ and cyclic anhydrides.”s*7 Polymerlzatlons initiated by
(246) are normally well controlled and often dlsplay living characteristics.”>> For example, CL
undergoes ROP in toluene solution at 25°C to give a polymer of narrow polydispersity (My,/
M, ~1.1). The ROP of LA at 70°C is also well behaved up to M, values of 90,000 (M,,/M,,
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typically 1.25) and molecular weights indicate that each aluminum center generates three polymer
chains. At higher monomer:initiator ratios, and also at higher temperatures, both inter- and
intramolecular transesterification occur leading to a broadening of the molecular weight distribu-
tion (My/M, ~ 1.5).7¢
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The relative rates of polymerization of a series of substituted e-caprolactones initiated by (246)
demonstrate that methyl groups, particularly adjacent to the acyl oxygen, retard polymerization.”5’
In addition, the rate of polymerization of the parent unsubstituted CL at 25°C was found to be
4 x 10% times greater than L-LA at 70 °C. The slower propagation of LA is usually attributed to
coordination of the nearest inserted carbonyl of the polymer chain to the Al center, leading to
formation of a stable 5-membered chelate, which hinders monomer uptake.”®

For some years it was erroneously believed that, whilst every Al center generated three chains
of PLA, the polymerization of CL proceeded via only one of the alkoxides. In fact (246) exists in
toluene solution as a mixture of trimeric (247) and tetrameric (248) aggregates; (248) is the
dominant component,”>”~7%? but (247) is much more active towards lactones.”63-765 An induction
period prior to initiation (40 min at 70 °C for LA but just 4 min at 0°C for CL"%®) arises from the
conversion of the aggregated trimer into a non-aggregated six-coordinate mononuclear species,
postulated to be Al(O'Pr);(monomer);.”®”"7%® The yttrium analog, YCl3(CL);, has been structu-
rally characterized.”® CL quickly breaks up the structure of (247), but does not disrupt the
structure of the more stable tetrameric (248). Hence, when pure trimeric (247) is employed,
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molecular weights imply that each Al center initiates three PCL chains.?® At the higher tempera-
tures required for the ROP of LA the interconversion of (248) into (247) is more rapid and all of
the aluminum centers are dissociated by monomer coordination.

RO OR
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S RO OR
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RO "oR
(247) RO 248y OR

When a mixture of LA and CL is copolymerized usmg Al(O'Pr);, LA is incorporated prefer-
entially (rpa =17.9, rep =0.58).757 The propagating species derived from LA are 2.5 x 10° less
reactive to CL than CL-derived species are towards LA.”*7"! In line with these observations, the
corresponding diblock copolymer has only been prepared by polymerizing CL first.

In order to effect stereocontrol over the ROP of lactones, several research groups have
examined monoalkoxide aluminum initiators of the general formula L ,M(OR). Preliminary
studies mdlcated that dialkylaluminum alkoxides, e.g., Et,Al(OR), initiate the controlled ROP
of lactones.”’

Some of the first examples of single-site initiators for CL and LA polymerization were reported
by Inoue and co-workers using tetraphenylporphyrin (TPP) aluminum initiators.”’®””” The poly-
merizations are slow but display living characteristics such as a linear increase of M, with
monomer conversion and narrow polydispersities. The bulk of the TPP ancillary ligand, and
the lack of a suitable binding-site cis to the propagating alkoxide, greatly reduces transesterifica-
tion reactions. For example, (249) polymerizes 94 equivalents of D-LA over 96 h at 100°C to give
a polymer with M, 16,400 (M,, calc = 13,500) and M,/M, = 1.12.77® The alkoxide (250) displays
similar behavior and ring-opens D-LA exclusively at the acyl—oxygen bond. However, the
corresponding chlorldes alkyls, and carboxylates, (251)—~(253), are inactive for the ROP of LA,
CL, and 6-VL.”’

These initiators may be used in the presence of protic sources such as MeOH.”® The rapid and
reversible exchange of propagating alkoxides with alcohol leads to a narrow molecular weight
distribution (for example, M,/M, < 1.15 for oligomeric PCL), with the number of polymer
molecules closely approaching the sum of the number of molecules of initiator and alcohol. In
the absence of alcohol, the polymerization of CL is less well behaved with M/M,=1.5, pre-
sumably a consequence of unfavorable initiation and propagation rates.

The metalloporphyrin system has also been used to initiate the ROP of the four-membered
rings (-propiolactone, 8-PL, and (-butyrolactone, $-BL. These may both be polymerized in a
living manner by (251); the mechanism proceeds via alkyl—oxygen cleavage (following initial
attack of the halide at the carbon adjacent to the ester oxygen).”#> The propagating species is a
carboxylate; thus (253) (R = CH,CH,CI) also serves as an effective initiator (M,,/M, = 1.0671.20).
Furthermore, a carboxylic acid may be used with (251) as a rapid chain transfer reagent in the
ROP of 5-BL.”®' Although alkoxides such as (250) display very low activity as initiators for the
ROP of §3-PL, the phenoxide (254) is active (again operating via alkyl—oxygen scission).””’
However, (254) fails to polymerize larger lactones such as CL.

Block copolymers of 5-PL and 3-BL have been synthesized using (251), although reaction times
of several weeks are required.”®” Since (TPP)Al-based carboxylates are also known to polymerize
epoxides (see Section 9.1.7.2), the sequential addition of 3-BL and propylene oxide (PO) results in
formation of a p(8-BL-8-PO) diblock.”®* However, reversing the order of addition fails to
produce the block copolymer since the propagating alkoxide (TPP)AI(OCHMeCH,),Cl does
not initiate the ROP of 5-BL.

The polymerization of 6-VL using (250) as an initiator is also living but very slow; 200
equivalents of monomer in the absence of solvent attain a conversion of 86% after 580h at
50°C (M, =12,000, M,/M, =1.12).7%* "TH NMR spectroscopy confirms that ring opening pro-
ceeds at the acyl—oxygen bond. The scope for tuning the catalyst activity by using substituted
tetraphenylporphyrin ligands has been examined and ortho-Cl and ortho-OMe groups have been
shown to give higher activities.”** However, polymerizations initiated with (250) are much more
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dramatically accelerated by the addition of a bulky Lewis acid, such as (251). For example, using
a ratio of 1:1:200 of (250):(251):6-VL, 51% conversion was observed after just 1.3h at 50°C
(cf. 53% after 320 h in the absence of (251)). The rate enhancement is due to activation of the
lactone towards nucleophilic attack by binding to the Lewis acidic center of (251).

Other Lewis acids, such as methyl aluminum diphenolates, have also been shown to be good
activators.”® For example, when (255), MAD, is added to a mixture of CL and (25(7)2 at 50°C, the

rate is approximately 700 times greater than in the absence of the diphenolate.”®® MAD also
accelerates the ROP of 6-VL by a factor of 2,100 at 50°C.”®3
Ph
X = (OCHMeCHy)2oCl, (249); Me
. ‘Bu ‘Bu
X = OMe, (250); Al
X =Cl, (251); TN
Ph Ph 3 Et (252). Me@—o o@Me
X= OQCR, (253), B B
X = OPh, (254) Y (255) °"
Ph

The (TPP)AIX family of initiators has been used to initiate the polymerization of a range of
other monomer classes including epoxides, episulfides, and methacrylates.”’® In the latter case the
propagating species is an aluminum enolate and this too may initiate the ROP of lactones, such as
6-VL, albeit slowly. In this way a block copolymer P(6-VL)-b-PMMA of narrow molecular weight
distribution (My/M, = 1.11) has been prepared.’®’

A range of tetradentate Schiff-base ligands have also been employed to prepare discrete
aluminum alkoxides. The most widely studied system is the unsubstituted parent system (256),
which initiates the controlled ROP of rac-LA at 70°C in toluene. The polymerization displays
certain features characteristic of a living process (e.g., narrow M,,/M,,), but is only well behaved
to approximately 60-70% conversion; thereafter transesterification causes the polydispersity to
broaden.”®® MALDI-TOF mass spectroscopy has been used to show that even at low conversions
the polymer chains contain both even and odd numbers of lactic acid repeat units, implying that
transesterification occurs in parallel with polymerization in this system.”8?

The more Lewis acidic, and hence more active, analog (257) polymerizes lactide in CH»Cl, at
room temperature.””® A linear relationship between M,, and monomer conversion for both L-LA
and rac-LA was observed and M,/M, values were typically between 1.10 and 1.20. A similar
increase in activity has been noted when using the methyl-ketimine salen complex (258).”°" Rate
enhancements due to ortho-phenyl substitution, and by the use of a trimethylene ligand backbone
(e.g., (259)) have also been communicated.”> The ROP of other lactones using salen-based Al
initiators has received less attention; the ROP of CL using (260) has been briefly described”®® and
(261) oligomerizes 3-BL via alkyl—oxygen cleavage.”%%795

Y
Rs f y \ Rs R; = R = Rz = H; Y = CH,CH,; X = OMe, (256);
=N__| _N= Ry = Rg = H; Ry = Cl; Y = CH,CHy; X = OMe, (257);
A Ry = Ry = H; Rz = Me; Y = CH,CHo; X = OMe, (258);
Re o o Re Ry = Rp = 'Bu; Rg = H; Y = CH,CH,CHy; X = Et, (259);

Ry = 'Bu; Ry = Me; Rs = H; Y = (1R,2R-cyclohexyl); X = Me, Et, (260);
R1 =R> =R3=H; Y = (1R,2R-cyclohexyl); X = Cl, (261)
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By studying mixtures of L- and D-LA of varying composition, Spassky er al. have demon-
strated that (256) yields PLA containing long isotactic sequences, with a ratio of homo:cross
propagation of 2.8.7°® Hence, an 80/20 L:D mixture when polymerized to 70% conversion
displayed an optical purity of 87%. Even at the relatively low optical purity of 65/35 L:D,
isotactic block lengths of >12 repeat units were reported. Achiral (259) converts rac-LA into
highly isotactic PLA; a T,, of 192°C indicates that the chains of P(L-LA) and P(D-LA) form a
stereocomplex.”%79777%?



Metal Complexes as Catalysts for Polymerization Reactions 41

Good stereoselectivity is also exhibited by chiral binaphthyl-derived Schiff-base complexes
(262) and (263). These initiators display slightly higher activities than the parent salen initiator
and transesterification is much less of a problem (e.g., My/M,=1.3 at 97.5% conversion).®"’
Enantiopure (262) polymerizes rac-LA with a preference for the incorporation of the D enantio-
mer, with kp/k; ~20. At low conversions the PLA displays high optical purity (>88% e.e. at 19%
monomer conversion), and after just 60% monomer conversion, only L-LA remains. As the
content of L-LA in the monomer feed increases its incorporation becomes more favorable. The
optical activity of the polymer therefore diminishes as the level of conversion increases. The
tapered stereoblock thus formed possesses a Ty, > 185 °C, significantly higher than the T,, value of
isotactic P(L-LA) due to stereocomplex formation. Initiator (262) has also been used to poly-
merize rac-B-BL.*"" The process is living (410 equivalents of 3-BL are consumed over 96h at
20°C to give M,, = 33,600, M,, (calc)=35,000, M,,/M, = 1.10), although stereoselectivity is much
less pronounced with kp/k; =1.3.

|
OO AN R = Me, (-)-(262):
I '\|'/ \o R =Pr, (-)-(263)

The enantiomorphic site selectivity of (R)-(—)-(263) allows highly syndiotactic PLA to be
prepared via the polymerization of meso-LA (M, = 12,030, M,, calc = 13,540, M,/M,, = 1.05).3%?
The ring opening of meso-LA by (R)-(—)-(263) occurs to produce a syndiotactic propagating
chain bound to the metal via an (S)-lactic acid unit.*** Attempts to produce syndiotactic PLA via
the ROP of meso-LA using rac-(£)-(263) instead afforded heterotactic-biased material.

The racemic initiator (£)-(263) converts rac-LA into highly isotactic PLA. DSC analysis and
X-ray diffraction supports the formation of a stereocomplex between the two isotactic homopoly-
mers of p(D-LA) and p(L-LA) (T, = 191 °C).2** Detailed analysis of the '"H NMR spectrum of
the product suggests that low levels of stereochemical impurities in the predominantly isotactic
chains do not arise from occasional incorporation of the “wrong” LA enantiomer, but rather
originate from the exchange of polymer chains between the different enantiomers of the metal
centers.®*¥8%5 Average isotactic sequences of 11 lactide repeat units have been determined by
NMR, and the observed T,, was thus explained as arising from the co-crystallization of enantio-
meric segments within the polymer chains.

A series of bis(phenoxide) aluminum alkoxides have also been reported as lactone ROP
initiators. Complexes (264)—(266) all initiate the well-controlled ROP of CL, 6-VL.3%807 and
L-LA. 2% Block copolymers have been prepared by sequential monomer addition, and resumption
experiments (addition of a second aliquot of monomer to a living chain) support a living
mechanism. The polymerizations are characterized by narrow polydispersities (1.20) and molecu-
lar weights close to calculated values. However, other researchers using closely related (267) have
reported M,/M,, values of 1.50 and proposed that an equilibrium between dimeric and mono-
meric initiator molecules was responsible for an efficiency of 0.36.5%” In addition, the polymeriza-
tion of LA using (268) only achieved a conversion of 15% after 5 days at 80°C (M,,=21,070, M,
cale 2,010, M,/M,, = 1.46).%"°
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9.1.6.4 Zinc—Aluminum Oxo-alkoxide Initiators

Prior to the development of the aluminum initiators described above, a series of bimetallic p-oxo
alkoxides, such as (269) and (270) were examined as lactone polymerization initiators.811-812 At
10°C, (269) polymerizes CL in a moderately controlled manner (60 equivalents, ¢, =23 min), as
shown by a linear DP vs. [M]y/[I]y plot and M,,/M,, values between 1.3 and 1.5. M,, data is
consistent with only one of the terminal alkoxides initiating the ring opening, although in the
presence of "BuOH, which is known to dissociate (269), all four alkoxides are active.

| O OR _n
Al N R ="Bu, (269)

o~ | R = 'Pr, (270)
OR

Further studies have shown that the degree of aggregation, and hence the number of active sites, is a
function of the alkoxide substituent.*'* For example, in (270) one of the iso-propoxide groups bridges
two aluminum centers; the other three are terminal ligands and all three initiate the ROP of CL. Less
aggregated species such as (270) generally exhibit simple first order kinetics.

The use of these initiators to polymerize LA®*'" and methylglycolide®'® has been reported to
proceed in a well-controlled fashion. Block copolymers such as PCL-b-PLA have also been
prepared. Elimination of 'PrOH from the reaction of (270) with preformed hydroxyl terminated
polymers, followed by lactone polymerization, yields diblocks of CL with polystyrene or polybuta-
diene.®'® The preparation of an ABA triblock has also been reported (A=CL, B=LA); since
propagating chains of PLA do not initiate CL ring opening, (270) was pretreated with hydroxy
terminated (PCL-b-PLA)-OH *"*

9.1.6.5 Magnesium and Zinc Initiators

Early reports document the use of Zn(OR), and EtZn(OR), (R =CH,Br, CH,CH,CH = CH,,
CH,CH,NE,)*"” for well-controlled polymerizations of CL. Subsequently, the use of zinc(II)
lactate and related carboxylates was described.®'®#"” For simple magnesium derivatives, low
activities and epimerization are generally observed.®”® In more recent years, research in this
field has been directed towards the development of single-site initiators.

The polymerization of LA using (271) affords a linear relationship between M, and lactide
conversion, coupled with low polydispersities (M,/M, =1.10-1.25).821 'TH NMR spectroscopy
was used to confirm an acyl—oxygen scission pathway. A range of related Mg and Zn complexes
have since been examined.?”” The zinc complexes are less active than their magnesium analogs.
For example, at room temperature, (271) consumes 500 equivalents rac-LA in 60 min in CH,Cl,
(90% conversion), whereas the zinc analog requires 6 days to bring about the same conversion
under identical conditions.

A more active zinc catalyst has been developed containing a S-diketiminate ancillary ligand.?*?
Complex (272) converts 200 equivalents rac-LA in less than 20 min at room temperature to highly
heterotactic PLA (the probability of a racemic junction between monomer units, P =0.90 at
25°C and 0.94 at 0°C) of narrow polydispersity (M, =37,900, M,, calc =28,800, M,,/M,, =1.10).
Kinetic studies reveal that the zinc initiators display a fractional rate law order (1.56 +-0.06). In
accord with the observation that kg ss>> kg rr (0r kg/rr > kg/ss), the polymerization of L-LA
proceledss2 significantly slower than rac-LA (k,pp L-LA=0.031 min~'; k,p, rac-LA=0.22
min~ ).

The substituents on the [-diketiminate ligand play a major role in controlling the monomer
enchainment. For example, changing the 'Pr groups to "Pr or Et leads to a drop in heterotacticity
to Pr =0.76 and Pgr =0.79 respectively at 25°C. (272) also polymerizes meso-LA to syndiotactic
PLA, although the stereoregularity is less than that observed when the chiral Schiff-base alum-
inum complex (R)-(—)-(263) is employed (Pr =0.76 vs. Pr =0.96). Reducing the size of the ortho
substituents on the ancillary ligand again leads to a decrease in the stereoselectivity (e.g., for Et
groups, Pr =0.37) in this chain-end controlled process.

The analogous magnesium alkoxide dimer, (273), is more active than (272), although poly-
dispersities are generally higher (ca.l.5), a result of transesterification side reactions.’?* An
increased level of control may be acquired by the addition of 1 equivalent of 'PrOH (M,,/M,
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values typically 1.25—1.3). Related monomeric Mg and Zn complexes (274) and (275) have also
been examined.®*> The Mg systems are again more active; for example, (274) polymerizes 100
equlvalents of rac-LA in CH,Cl, in just 2min at 25°C (98% conversion), while base-free (275)
requires 10 min (95%).%%° The relative reactivity of the two metals has been demonstrated by the
addition of 1 equivalent LA to a 1:1 mixture of (276) and (277); close to 100% of (276) reacts
whilst the zinc analog is largely unconsumed. Detailed analysis of the PLA derived from (274)
reveals small levels of triads which can only arise from transesterification, thus explaining the
broad molecular weight distribution observed using (273).
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The magnesium initiators (273) and (274) do not display the same sterecocontrol as their zinc
analogs over the ROP of rac-LA in either CH,Cl, or benzene. However, in THF highly hetero-
tactic PLA is produced.®?® In non-coordinating solvents the Mg and Zn initiators are believed to
adopt dimeric and monomeric resting states respectively, whereas both exist as monomeric forms
in THF and hence give rise to similar stereoselectivity.

9.1.6.6 Calcium Initiators

Early studies using calcium oxide, carbonate, and carboxylates reported low activities for the
polymerization of LA, even in bulk at 120180 °C.¥?7:828 PolyGA and copolymers of GA with CL
and L-LA have been prepared using Ca(acac),, but again high temperatures (150-200°C) are
required.®” Under these conditions transesterification occurs, although to a lesser extent than in
analogous Sn(Oct),-initiated polymerizations.

Activities using calcium alkoxides are somewhat higher. Commercially available Ca(OMze),
polymerizes both CL and LA in bulk at 120 °C.** In both cases M,/M,, values imply a significant
degree of control (1.25 for PCL, 1.43 for PLA), although racemization of the lactide stereogenic
centers is also observed. Molecular weight data are also higher than calculated values, and this
has been attributed to aggregation of the active species, rendering some of the alkoxides inactive.®*!

Higher activities may be obtained if the bis(alkoxide) is generated in situ. For example, addition
of 100 equivalents L-LA to a 1:2 mixture of Ca(NTMS,), and MeOH in THF generates PLA to
97% conversion in 18 min at room temperature (c.f. 66% conversion after 90 min in bulk at 120°C
using commercial Ca(OMe),).**" Furthermore, no epimerization is observed. Polydispersities are
narrow (1.1), with M, values slightly higher than those predicted from the monomer:initiator
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ratios. Initiator efficiency may be improved by adding excess MeOH which promotes rapid,
reversible transfer between dormant and active species.

Bulkier alcohols provide improved levels of control.®¥* For instance, Ca(NTMS,),.THF,/
2'PrOH consumes 100 equivalents L-LA in 35min at 25°C (M, =6,900, M,, calc=7,200, M,,/
M, = 1.05). Chain lengths determined by NMR spectroscopy agree closely with GPC data; NMR
spectra also confirm that only the isopropoxide groups initiate polymerization since no silylamide
end-groups are detected. The absence of an induction period suggests that in situ formation of
calcium alkoxides suppresses aggregation; a similar effect using in situ-generated yttrium alkox-
ides has also been observed.833:834

If mono-hydroxyl functionalized poly(ethylene glycol), HO-PEG, is added to
Ca(NTMS,),. THF,, then addition of LA affords the diblock PEG-b-PLA (M, =15,500, M,
calc = 15,500, M,,/M, =1.03).** Using a similar strategy the reaction of CaH, with telechelic
diol HO-(PEG)-OH, followed by polymerization of L-LA results in a triblock structure, PLA-
b-PEG-b-PLA of narrow polydispersity (1.02—1.08).235%3¢ Triblock copolymers of morpholine-2,5-
diones with PEO have also been prepared in this manner.®’

9.1.6.7 Tin Initiators

The most widely used industrial initiator for the ROP of lactide is tin(II) 2-ethylhexanoate, (278),
since it is inexpensive and affords good yields of high molecular weight PLA without racemization.
However, the mechanism of initiation using (278) is not clearly understood, with several studies
reaching conflicting conclusions.®**®* The most widely accepted view involves formation of a Sn
alkoxide moiety, followed by the standard acyl-—oxygen scission coordination—insertion mechan-
ism. The origin of the alkoxide ligand is ambiguous, but proposed sources include moisture
(commercial supplies are =95% pure with =4.6% ethylhexanoic acid, 0.3-0.5% water and traces
of a stabilizer, t-butylcatechol),4 or acidic impurities in the monomer feedstock. In most cases
benzyl alcohol is added to control M,,*** and presumably it too aids alkoxide formation. Tin(II)
carboxylates have been successfully used to polymerize several other monomers including CL,345
GA 84 morpholinediones,®” and cyclic carbonates.?*%:84

Detailed studies have been performed on the simple homoleptic compound Sn(O"Bu),, (279),
and under certain conditions it initiates well-behaved polymerizations.®3"%5" Believed to be
dimeric in solution,®3* (279) initiates the rapid ROP of L-LA and CL in THF at 80°C. M,, values
for PLA samples strongly suggest that each Sn center generates two propagating chains, each
capped with n-butyl-ester end groups as detected by '"H NMR. Polydispersities are <1.25 for
short (5min) reaction times, increasing to 1.3—1.8 for >30 min experiments. Several groups have
employed Sn"Y cyclic (and spirocyclic853) alkoxides such as (280) to polymerize lactones$54855 and
cyclic carbonates.®>® Such initiators may be readily used to prepare telechelic block copolymers
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Scheme 18

Recent findings on the ROP of lactides by Ar;SnX species (X = O'Bu, NMe,) suggest that even
in seemingly simple tin initiator systems, mechanistic insight is complicated by ligand exchange
and chain transfer.*” The use of bulky ancillary ligands to suppress such processes was first
described for a [-diketiminate tin(II) alkoxide, (281),% related to the zinc and magnesium
initiators (272)—(275). This complex initiates the ROP of rac-LA with a slight heterotactic bias
in a well-controlled, living manner. One hundred equivalents of monomer require several days at
room temperature, but at 60 °C the polymerization time is lowered to 4 hours (85%). Polydis-
persities are typically <1.10 and M,, increases linearly with monomer conversion.
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Mononuclear amidinate tin(II) alkoxides, (282) and (283), have also been examined; the latter
consumes 92 equivalents rac-LA over 165min in toluene at 80°C (M, calc=28,900, M,
calc = 14400, M,,/M, = 1.18).%>° Reproducibility of the polymer chain length is problematic, but
the addition of 1 equivalent of an alcohol serves to deliver greater control. Kinetic studies reveal
that the rate law is 0.33 (40.02) in [Sn], suggesting that aggregation of the active species may occur.

9.1.6.8 Iron Initiators

Low activity has been reported for several simgle iron-based initiators including oxides,®*’
porphyrins,86° carboxylates®®#% and alkoxides,***®% However, the ferric cluster [Fes(us-
O)(OEt),3], (284), is a highly active initiator for the polymerization of LA;**7 97% conversion
of 450 equivalents is achieved in just 21 min at 70°C in toluene. Polydispersities are typically
between 1.15 and 1.30, even at monomer loadings of 1,000 equivalents.

The binuclear complex (285) displays similar activities towards LA, although PDI values are
notably higher (1.5-1.6). This compound polymerizes CL in a more controlled manner with
M,/M,, values typically <1.2. '"H NMR analysis indicates chain lengths consistent with three
propagating chains per Fe center. A single-site bis(benzamidinate) Fe'"" alkoxide, (286) has also
been described.®*® With CL this complex is an order of magnitude less active than the binuclear
(285) and the polymerization is also less well controlled. PDI values are typically 1.4-2.0 and 'H
NMR studies indicate that only about one-half of the available iron—alkoxide bonds
effect initiation. This is attributed to an equilibrium between inactive aggregates and the active
mononuclear species, as evidenced by a fractional rate law order for the Fe complex (0.55+0.02).
More recently, two Fe'' complexes have been reported to polymerize lactide. The 3-diketiminate
(287) is particularly active, consuming lactide at a rate comparable to (272).** Anionic Fe'
compounds such as (288) have also been examined.®”®
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9.1.6.9 Yttrium and Rare-earth Initiators

The interest in lanthanide-based initiators stems mostly from a series of patents in the early
1990s.87" A wide range of lanthanide alkoxides were studied and certain yttrium (and to a lesser
extent samarium) complexes, such as Y(OCH,CH,>NMe,);, (289), and Y(OCH, CH,OEt)s, (290),
were found to be highly active initiators for the ROP of CL (and LA and 6-VL) in a rapid yet
controlled manner. In general, lanthanide initiators are extremely active for polymerizations of
CL. However, the high activity is usually accompanied by transesterification side reactions;
indeed, lanthanide alkoxides have been used as transesterification catalysts in organic synthesis.?”*

One of the most widely studied initiators is commercially available yttrium iso-propoxide,
(291), which exists as an oxo-alkoxide cluster of the formula Ys(us—O)(ua—O'Pr)g(us-
O'Pr)4(O'Pr)s, usually abbreviated to Ys(us—O)(O'Pr);3.*”* The ROP of rac-LA using several
Lns(us—O)(O'Pr);3 complexes (Ln=La, Sm, Y and Yb) has been reported;*”* in all cases
polymerization occurs at room temperature with rates La>Sm>Y > Yb. The polymerizations
appear to be living with M,,/M,, values typically <1.30. Transesterification occurs to a minor extent
with the Sm, Y, and Yb initiators, even during the early stages of polymerization,*”* but the La-cata-
lyzed system is particularly prone, with M,,/M,, > 2 at longer reaction times (although La(O'Pr); has
since been used to polymerize a variety of lactones and cyclic carbonates?76-877). Determination of
average polymer chain length by "H NMR spectroscopy indicates that, for Y and La, all 13 O'Pr groups
initiate the polymerization, whereas for Sm and Yb the number of active sites is somewhat less.

When (291) is used as an initiator the rate law is not first order in initiator for the ROP of
either CL** or L-LA,*** suggesting that species of different activities are present in solution. An
induction period occurs before propagation commences and UV studies suggest that CL coordi-
nation to the yttrium centers occurs prior to initiation. For both CL and LA the polymerization is
controlled (M,,/M,=1.15) with a linear correlation between DP and [M]y/[I]y, the gradient of
which confirms that 13 propagating chains arise per 5 yttrium centers. Ring opening occurs via an
acyl—oxygen cleavage and the living nature of the process allows diblock copolymers to be
prepared of narrow polydispersity (1.2-1.3).”® Initiator (291) has also been used to polymerize
a macrolactone: 150 equivalents of w-pentadecalactone are polymerized within 30 min at 60—100°C
in the bulk to give a product with M,, 16,000 (M, calc. 14,000) and My/M, = 1.6.%"°

In order to circumvent the mechanistic complications arising from cluster formation, Feijen
and co-workers have developed a two-component initiating system comprising Y(O-
2,6-'BuyCgHs)s, (292), and 3 equivalents 'PrOH.**" In the absence of alcohol, (292) only slowly
polymerizes lactones and exerts poor levels of control, with broad polydispersities observed.
Furthermore, NMR analysis has failed to identify end-groups suggesting that the initiating
species is not a phenoxide. However, when alcohol is added, ligand exchange occurs rapidly,
followed by rapid initiation. The initiating end-groups have been identified as iso-propyl esters
and the polymerization is first order in yttrium. The polymerizations are rapid; for example,
the rate of propagation for CL at 25°C is 1.65 L mol 'min~' (c.f. 0.5 L mol 'min~" for
Al(O'Pr); at 25°C). M,, closely parallels calculated values, and polydispersities are 1.1-1.2.

B( Bu
o
By v Bu
o ™o
Bu 'Bu
(292)

A similar in situ approach to alkoxide formation employs the readily accessible tris(amide)-
Y(NTMS,);, (293), and 'PrOH.*®! In the absence of alcohol the polymerization of CL is fast but
not controlled (My/M,, > 3). However, upon addition of alcohol, a controlled living system with
polydispersities 1.1-1.2 results. At least 50 equivalents of 'PrOH may be added (the excess effects
rapid chain transfer) with molecular weights in good agreement with theoretical values. Similar
results have been reported using Nd(NTMS,)s, (294), and 'PrOH.*** The reactions of 'PrOH with
(292) and (293) have both been studied by NMR, and in both cases Ys(us—O)(O'Pr);3 is not
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formed. The nature of the actual product remains to be established, but is independent of excess
alcohol, and is stable in solution for several days.

The tris(alkoxides) Y(OCH,CH,OR); have also been reported to be extremely active initia-
tors.® For example, 3-BL is polymerized in a controlled and relatively rapid manner bsét,
Y(OCH,CH,OMe)s, (295) (M,, determined by NMR = 48,000, M,, calc=46,700, M,/M,, = 1.18)%
Linear relationships between DP and conversion, and between DP and [M]y/[I]y, indicate a living
polymerization. Ring opening was shown to occur at the acyl-oxygen bond, generating a
metal-alkoxide which has been used to synthesize the diblock copolymer P(3-BL)-b-PLA with a
M,,/M,, of 1.17. The block copolymers of CL and LA, and of LA with trimethylene carbonate, have
also been prepared using this class of initiator.*®>

A series of structurally characterized di-yttrium(III) complexes bearing alkoxy-derivatized
triazacyclononane ligands have been examined as initiators for lactone ROP.%¥¢ Both (296) and
(297) are active for the polymerization of rac-LA at RT, but little control is afforded over
molecular weights. Chain length distributions are broad, (My/M,=1.5-2.2) and attempts to
identify the initiating group via end-group analysis have not been successful.

Improved control was observed, however, upon addition of benzyl alcohol to the dinuclear
complexes.®®” X-ray crystallography revealed that whereas (296) simply binds the alcohol, (297)
reacts to form a trinuclear species bearing four terminal alkoxides. The resultant cluster, (298),
polymerizes rac-LA in a relatively controlled manner (My/M,=1.15) up to 70% conversion;
thereafter GPC traces become bimodal as transesterification becomes increasingly prevalent.
NMR spectroscopy demonstrates that the PLA bears BnO end-groups and the number of active
sites was determined to be 2.5+0.2. When CL is initiated by (298) only 1.5 alkoxides are
active and kinetic analysis suggests that the propagation mechanisms for the two monomers
are different, the rate law being first order in LA, but zero order in CL.
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As described previously for aluminum, in order to obviate the kinetic complexity arising from
aggregation, several groups have examined potentially less complicated single-site monoalkoxides.
For example, complexes (299)—(301) are active for the ROP of CL, 6-VL and even 5-PL at 0°C.*®
Polydispersities are low (<1.10) even up to 90% conversion and M,, increases linearly with conver-
sion for CL, although initiator efficiencies are typically 50-60%. Lanthanocene alkyls, such as (302)
and (303), and hydrides, (304), exhibit almost identical reactivity for the polymerization of CL and
6-VL to the alkoxides (299)-(301) (although no activity for §-PL was observed).

Analysis of the hydrolysis products of the 1:1 stoichiometric reactions of (304) with §-VL and
with CL suggests that the initiation process involves reduction of the lactone carbonyls to form
[(CII>*)ZSm-O-(CHz)n-O-Sm(Cp*)2] (n=>5, 6). Initiation via the alkyl complexes has been analyzed
by "H NMR spectroscopy using (305) (a diamagnetic analog of (302)) and CL; the product is a
cyclic acetal arising from the attack of the methyl ligand at the carbonyl carbon atom. Hydrolysis
produces ring-opened 7-hydroxy-2-heptanone, suggesting that propagation occurs via acyl—oxygen
cleavage. A methyl ketone end-group has also been detected by MALDI-TOF mass spectrometry.®®’

NMR studies on the alkoxide initiators confirm that all the lactones polymerize via an acyl—
oxygen scission, including 5-PL (which, by contrast, opens at the alkyl—oxygen bond with (251)).
Monomer coordination and subsequent ring opening may be observed by '"H NMR spectroscopy.
Coordination is also observed with y-BL and +-VL, although these adducts are stable to insertion
and polymerization does not proceed.

The lanthanocene systems have been extended to cover a range of monomers including LA,*"°
cyclic carbonates®®' and even MMA.*** Block copolymers of MMA and lactones, with
M, /M, =1.11-1.23, may be prepared but only if the vinyl monomer is polymerized first. The
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lanthanocene hydrides and alkyls can also polymerize ethylene, and may be used to form block
copolymers of the polyolefin with 6-VL and CL.*?° Reverse addition (i.e., lactone followed by
olefin) only produces the homopolyesters. In addition, the use of (304) to polymerize ethylene
generates [(Cp*)2Sm(CH2CH2)nSm(Cp*)2] which has been used to generate the triblock copoly-
mer PCL-b-PE-b-PCL.¥’

Initiators such as (306) initiate the ROP of CL to form telechelic triblock diols.*”® Molecular
weights approach theoretical values with polydispersities <1.3 and no significant level of trans-
esterification was detected at up to 95% conversions. Alternative bimetallic samarium initiators have
been used to synthesize aromatic, cumulene and amine/imine link-functionalized poly(lactones).*””

Non-cyclopentadienyl single-site lanthanide alkoxides mostly feature N-donor-based ancillary
ligands. Examples include bulky bis(arylamidinate)-yttrium(III) alkoxides, phenoxides and amides
such as complexes (307)—(309), which initiate the ROP of LA 892 However, control over molecular
weight is poor and polydispersities are broad (typically >1.5), with the exception of (309) in the
presence of exogenous benzyl alcohol.

The guamdlnate complex (310) polymerizes LA at RT.*** M,, values increase with M,/I, ratios,
but control is only moderate, with M,,/M,, typically >1.5. Transesterification occurs to a large
extent as shown by NMR studies on the isolated PLA. Potentially tridentate 2,5-bis(N-arylimino-
methyl)pyrroles have been explored as ancillary ligands for yttrium.®** Thelr reactions with
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Y(NTMS,); give products whose structures are dependent upon the size of the aryl substituents,
as shown, for example, by (311) and (312). Both complexes rapidly polymerize CL (100 equiva-
lents in 10 min at 25°C), but the monoamide (312) is more controlled (M,,/M, =1.3 cf. 2.0 for
(311)), although both initiators give M,, values greater than expected (e.g., for (312) M,, = 58,000,
M, calc=11,400). The N(TMS), ligand was detected as the PCL end-group suggesting that
initiation involves nucleophilic attack of the amide at the monomer carbonyl unit.
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Tetradentate N,O-donor ligands have also been investigated. The yttrium complex (—)-(313)
does not effect stereocontrol over the ROP of rac- or meso-LA, in contrast to related Al initiators
(262) and (263).2" Polymerization is also slower than for most lanthanide initiators with 100
equivalents meso-LA requiring 14 h at 70°C to attain near-quantitative conversion (97%).
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(313) (314)

Bis(ethylacetoacetonate)- lanthamde(lll) alkoxides, represented by structure (314), also initiate
the well-controlled ROP of CL.**° M, increases linearly with conversion (with My/M, < 1.10
throughout), and increasing [M]y/[I]o. Kinetic analysis implies a first order dependence on the
lanthanide initiator, consistent with a non-aggregated active site. Block copolymers with moder-
ately narrow polydispersities (1.25-1.45) have also been prepared using these initiators. NMR
spectroscopy confirms well-controlled block sequences suggesting that these initiators are less
susceptible to transesterification than other lanthanide alkoxides. Initiation occurs exclusively at the
alkoxide bond, and the tris(ethylacetoacetonate) analogs are inactive under the same conditions.

Several other lanthanide complexes have been tested for ROP activity with varying degrees of
success. Some of these are summarized in Table 2.
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9.1.6.10 Titanium and Zirconium Initiators

Although group 4 metallocenes display high activities as catalysts for the polymerization of
a-olefins, methacrylates and styrenes, to date very few reports have appeared examining their use as
lactone ROP initiators. Zr(OR), and Ti(OR)s (R =Pr, 'Bu) have been briefly investigated for the
polymerization of CL and LA,744213 but high temperatures (100—150 °C) are required. Less control is
afforded by Zr(acac),”'**'* or ZrCl,.”"®

[(Cp)TiCl,(OMe)], (315), has been reported to polymerize CL in a living manner, although high
temperatures (several hours at 110 °C) are required.®'” Molecular weight distributions are narrow
at low conversion (1.04 at 12%), but rise to >1.4 at 80%. Electron-donating Cp hgands generally
enhance the activity, although the highest activity was observed for indenyl (316).”"

Bulky bis(phenolate) titanium(IV) alkoxides have also been found to polymerize CL. Unlike
the monocyclopentadienyl systems, these are active at ambient temperature and transesterification
is much less of a problem.”’ Complex (317) consumes 100 equivalents CL in 5 hours at 25°C
(100% conversion, M,, = 6,500, M,, calc = 5,700, M,,/M,, = 1.15) with each metal center generating
two propagating chains. Narrower polydispersities (but slower kinetics) are observed for the
ortho-phenyl substituted analog (318) (67% conversion after 24 h). NMR and UV studies confirm
that the O'Pr ligands are the active initiating groups, with no phenolate residue detected in the
polymer chains. Both (317) and (318) are inactive towards the ROP of epoxides, but the
analogous dichlorides are active, and hence block copolymers such as PCL-b-PPO may be formed
if the epoxide is polymerized first. The dichloride analog of (317) has also been used to polymerize
cyclic carbonates to give narrow molecular weight distributions, whereas the bis(alkoxide) gives a
bimodal distribution of chain lengths.?%*!

Me 'Bu Ph
o .OPr o\ OPr
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C'C/ “OMe C'C/ “OMe l o/ "Noer o/ ~opr
(315) (316) Me 'Bu (317) Ph (318)

Titanatranes such as (319) and (320) polymerize 300 equivalents of L-LA or rac-LA to
70-100% conversion within 24h at 130°C.922 'TH NMR studies show that the polymer bears the
bulky di-iso-propylphenolate end-group, indicating that initiation occurs in a controlled manner.
However, molecular weight distributions are relatively broad (1.4-2.0), due in part to transesterification.
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Some of the most active group 4 initiators for lactone polymerization are cationic zirconocene
alkyls, which fully consume 100 equivalents CL within 2 hours at room temperature.”> Despite
delivering very low polydispersities (<1.10), chain lengths are much longer than expected, due to
low initiator efficiencies (typically 30%). Identical behavior was recorded for a cationic Hf
complex, but the Ti analog is inactive at room temperature. Initiator efficiencies and reaction
times depend upon the nature of the ancillary Cp ligands. For example, [(Cp*)(Cp)ZrMe,]/
[Ph3C][B(CgFs5)4] polymerizes CL with 100% efficiency, but requires 22 hours to fully polymerize
100 equivalents of monomer; M, = 10,000, M,, calc = 11,400, M,,/M,, = 1.29.

The use of group 4 metallocene alkyne cornplexes9 and bimetallic aluminum derivatives® as
CL polymerization initiators has also been described. These catalysts generally exhibit poor
control with M,, values much lower than expected and M,,/M,=1.4-2.6. End groups have not
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been identified, but the product resulting from the 1:1 reaction of rac-(321) and CL has been

characterized by X-ray crystallography.”® The spiroacetal complex (322) thus formed is similar to
the acetal proposed in the lanthanocene alkyl initiated polymerization of lactones.*®
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9.1.7 RING-OPENING POLYMERIZATION OF EPOXIDES

9.1.7.1 Introduction

Polyethers produced via the ROP of epoxides have many commercial uses, and are especially
important as precursors to polyurethanes (Scheme 20).°27°* Although a wide variety of reagents
can effect the cationic or anionic ROP of epoxides, low molecular weight polyols are generally
prepared using potassium or sodium hydroxide.”3***!
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EO = ethylene oxide, PO = propylene oxide, Et-EO = 1,2-epoxybutane, ‘Bu-EO = 'butylethylene oxide,
BO = 2,3-epoxybutane, ECH = epichlorohydride, CHO = cyclohexene oxide

Scheme 19
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Scheme 20

Higher molecular weight materials are typically prepared using coordination catalysts, such as
the calcium amide—alkoxide system developed by Union Carbide,”** and double metal cyanide
initiators, e.g., [Zn(Fe(CN)g)].>** The nature of the active sites in these catalysts is not well
understood and only a few studies have been published outside the patent literature ¥1%:934935

9.1.7.2 Tetraphenylporphyrin Aluminum and Zinc Initiators

One of the most widely studied systems for the polymerization of cyclic ethers is the tetra-
phenylporphyrinato aluminum system, (TPP)AIX. Most investigations have focused on the
chloride complex, (251), which initiates the living ROP of EO, PO, and Et-EO.?*® For example,
400 equivalents of EO require 3 hours in CH,Cl, at 25°C to reach 80% conversion. M, values
increase linearly with monomer conversion, with polydispersities typically <1.10, and chain
lengths controlled by the initial monomer:initiator ratio.

The initiation mechanism comprises nucleophilic attack of the metal chloride at the least-hindered
carbon. Thus hydrolysis of the 1:1 reaction product of (251) with PO yields 1-chloropropan-2-ol.”%



Metal Complexes as Catalysts for Polymerization Reactions 53

NMR analysis of hydroxyl-terminated oligomers reveals that the initiating CI resides at a
terminal methylene unit, and the OH is bonded to a methine group. As a result, samples of PPO
prepared using (251) are highly regioregular (i.e., predominantly headtail).”*® Similar studies with
EO suggest that for both monomers the propagating species is an Al-alkoxide.

The rate of polymerization is heavily dependent upon the size of the epoxide substituents.
Consequently, Et-EO polymerizes slower than either PO or EO,”*® and (TPP)AICI inserts only
one molecule of '‘Bu-EO over a period of Sdays. Reactivity follows the order EO > PO >-
Et-EO =~ ¢is-BO > ECH > 'Bu-EO. Further, in a 1:1 mixture of cis- and trans-BO, the cis mono-
mer is opened preferentially, possibly because coordination of the monomer to the metal center
occurs prior to ring cleavage. It has also been shown that the 1° alkoxide derived from the ring-
opening of EO is much more reactive than the 2° alkoxide resulting from PO.

The living nature of the system has been utilized to prepare a range of block copolymers,
including PEO-b-PPO,”**?* P(Et-EO)-b-PEO, P(Et-EO)-b-PPO and the triblock P(Et-EO)-b-
PEO-b-PPO.%*® Random copolymerization of EO and PO also affords narrow molecular weight
distributions.”*® However, for the copolymerization of PO with slower monomers, such as ECH,
the more active PO incorporates preferentially to afford block-like materials.

Analogous alkoxides, phenoxides, and carboxylates will also initiate the ROP of epoxides, all
forming propagating alkoxide species.””® Block copolymers of epoxides with S-butyrolactone
have been prepared via the addition of EO or PO to living poly(ester) chains.”8 The oxygen-
bound enolate of living PMMA will also react with epoxides to yield diblocks such as PEO-b-
PMMA and PPO-b-PMMA (M, = 12,800, M,,/M, = 1.16).%’

Much of the work on the living ROP of epoxides parallels developments made using the same
system with lactones. For example, chain transfer has been performed using excess MeOH.”*!
Exchange of propagating alkoxide chains with alcohol is estimated to occur ten times faster than
propagation.’8! As a result, low molecular weight polyethers of very narrow polydispersities may
be prepared, although the polymerization is significantly slowed down when a high concentration
of the chain transfer agent is employed. This may be circumvented by addition of a Lewis acidic
accelerant such as (255).”** Further evidence for a bimetallic mechanism is provided from a study
examining the stereochemistry of the ring opening of cis- and trans-BO at the (TPP)ALI centers.?*3
With the methoxide species (250) in the presence of excess MeOH, cis-BO opens to form threo-3-
methoxy-2-butanol exclusively, whereas trans-BO generates the erythro-isomer (Scheme 21). It
therefore follows that inversion of configuration occurs at the carbon atom where the ring is
opened, consistent with a bimetallic, “backside attack” mechanism.

O
Ph CiS/A M OHH
e__
L(OMe threo
HO H——Me
MeOH OMe
Ph Ph
O
trans OH
J\/O'V'e Me——H
N HO ; erythro
pp X=OMe : Me——H
MeOH OMe
(250)

Scheme 21

A related N-methylated zinc methoxide (323) also polymerizes cis- and trans- BO with inversion
of stereochemistry. In this case, coordination of the monomer trans to the axial alkoxide is hindered
by the N—Me group, so a modified mechanism has been proposed based on cis-coordination of the
monomer, but which still involves the simultaneous participation of two metal centers.

The corresponding thiolate (324) will also polymerize epoxides following photoinitiation.”** For
example, using 190 equivalents of EO, a conversion of <2% was observed after 205 min in the dark.
However, this rises to 97% if the system is irradiated for 80 min (M, =8,700, M,, calc =8,100,
My/M, = 1.05). '"H NMR studies confirm that the propagating species is a metal-alkoxide and as a
result, if irradiation is stopped once initiation has occurred, the polymerization will persist, although
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at a slower rate than if the irradiation is continued. An application of this system has been reported
for the copolymerization of EO with propylene sulfide, PS.”*® In the dark, (324) will preferentially
polymerize PS, so that at 80% PS conversion, >80% of the EO remains unpolymerized. However,
if the reaction is repeated and irradiated, a more random copolymer is produced.

Ph
X
Me"" X ----Me Me"" X = Ph Ph
¥
)
h

X = OMe, (323);
X = S"Pr, (324) P

9.1.7.3 Non-porphyrinato Aluminum Initiators

The dramatic acceleration observed for the ROP of epoxides when (255) is present has also been
observed with several other aluminum-based initiators, including salen- (325)—(327), tetraazaan-
nulene- (328) and phthalocyanine- (329) ligated systems.”*® For example, (325) polymerizes PO
extremely slowly at room temperature (4% conversion of 50 equivalents over § days), but in the
presence of MAD (255), 200 equivalents require just 70min to attain 43% conversion.”**7?%%47
Complex (328) shows a similar increase in activity upon addition of MAD; 200 equivalents PO
reach 74% conversion within 90 seconds; in the absence of MAD such a yield requires several days.

Y = CH,CHj, (325);
Y = CH,CH,CH, (326); (328)
Y = CgHa, (327)

Several aluminum biphenolate complexes have been investigated as initiators for the ROP of
PO.31%935 Unlike the TPP and salen-based systems, a cis coordination site is realistically accessible
and in theory an alternative “cis-migratory” mechanism to the backside attack pathway might
operate. However, NMR analyses on the resultant PPO show that stereochemical inversion still
occurs when the biphenolate initiators are used (Scheme 22). It has also been confirmed that the same
process occurs with the Union Carbide calcium alkoxide—amide initiator for both PO and CHO.*'"°

Several other Al-based initiators have been described, including ill-defined aluminophosphates
for the ROP of PO and ECH.,**® and a diamidoamine chloride complex, which displays low
activity for the ROP of PO.*** A variety of cationic 5- and 6-coordinated aluminum(IIT)-salen
species” have also been investigated; molecular weights of 4 x 10° (M,,/M, = 1.32) and 1.8 x 10°
(My/M, = 1.16) are achievable using (330) and (331), respectively.?>!-52 The ease with which the
chloride complexes dissociate when in the presence of Lewis bases has also been noted, leading to
the suggestion that PO may cause a similar effect, and therefore the catalytically active species in
all Schiff-base A" complexes may be cationic.”>

9.1.7.4 Copolymerization of Epoxides and Carbon Dioxide

The synthesis of polycarbonates from the alternating copolymerization of epoxides with CO, was
first reported in 1969 using a ZnEt,/H,O mixture.®5* Subsequent studies have focused upon a
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range of alkylzinc and alkylaluminum compounds, and several complexes were found to catalyze
the coupling of epoxides and CO, to monomeric cyclic carbonates.” On occasion they would
produce varying quantities of the polycarbonate. However, these systems require very high
pressure, and usually exhibit low activities.

RII

RI LnM\O
o) |

cis-migratory H OR
MA/K(; :@: erythro
Ln - \ H Ru

R R’
R" 1
LM R' M\o
N ,
07 \/ backside R OR

Y O—R  attack H- R threo

H

Scheme 22

tBu O/ \O ‘g \AI/ Y = (CH2)2, (330),
THF O/ @O Y = (CH2)3, (331)
'‘Bu 'Bu ] ©
THF BPhy
L

L = Lewis base /J[\
N N

More active zinc phenoxide initiators of the type [Zn(OAr),(Et,0),]”*° were found to catalyze

both the copolymerization of CHO with CO, and the terpolymerization of CHO, PO, and CO,;
attempts to copolymerize PO and CO, yielded predominantly cyclic carbonates. For example,
(332) copolymerizes CHO and CO, at 80°C and 800 psi to give a copolymer containing 91%
syndiotactic polycarbonate linkages (and 9% polyether junctions due to the non-insertion of CO,)
with good activity (>350g polymer/g [Zn] in 69 h).*57 However, the polymerization is not well-
controlled (M,/M,, >2.5). Variation of the phenoxide ligands revealed that (333) is ~4 times
more active.”®

Several other zinc catalysts for this reaction have since been reported, but activities are signifi-
cantly lower than for (332) or (333).”°% More recently the zinc carboxylate (334), featuring a
bulky (-diketiminate ancillary ligand, was shown to catalyze the highly alternating copolymeriza-
tion of CHO and CO,, with activities significantly higher than any previously reported.”®® Further-
more, (334) operates under much milder conditions (100psi, 20-80°C). The polycarbonates
produced exhibit narrow molecular weight distributions (<1.20), are atactic, and contain only
trans cyclohexane junctions, consistent with backside attack on the epoxide monomer.
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Related alkoxides, such as (272), and the amide (277) display a similar activity to the acetate,”®*

suggesting that both alkoxide and carbonate intermediates are formed during the reaction. 'H
NMR spectroscopy has been used to demonstrate that (334) reacts reversibly with CHO to
generate an alkoxide intermediate which subsequently inserts CO,. The amide complex initiates
the copolymerization by flrst inserting CO, into the Zn—N bond and subsequent elimination of
trimethylsilyl isocyanate.”®

The substituents on the ancillary (-diketiminate ligand play a crucial role in determining the
activity of these catalysts. Hence, although (335) and (336) are highly active, the less bulky (337)
and (338) are inactive. The most active example reported is (339) which produces 558 g polymer/g

[Zn]/h.
N
& A0
/ .
R ll_ R N o Re Ry = Rp = Pr, (335);
% o R: = Ry = Et, (336);
R 0-Zn-0 Z Zn
ZQ ] O i "o~ ? 1 = Rp = Me, (337);
1

N \\/ Ry R1 =Ry ="Pr, (338);
i
Ry =Ph, Rp =H, L = Et,0, (332); Ry ='Pr, Ry = Et, (339)

Ry = Ry = Me, L = pyridine, (333) (334

By

A related enantiomerically pure zinc amide initiator, (340), has also been described.”®® This
complex catalyzes the alternating copolymerization of CHO and COz to yield isotactic material
(RR:SS =86: 14) Similar enantiomeric excesses have been achieved using a mixture of Et,Zn and
the chiral amino alcohol (341).°%” Molecular weight distributions are much broader than using
catalyst (340), but this protocol is still a convenient way to prepare optically pure diols (Scheme 23).

Pr 0
QW

A "By
'Pr N
i\
MesSi SiMej
(340)
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O e
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Scheme 23

The formation of relatively ill-defined catalysts for epoxide/CO, copolymerization catalysts,
arising from the treatment of ZnO w1th acid anhydrides or monoesters of dicarboxylic acids, has
been described in a patent disclosure.”® Employing the perﬂuoroalkyl ester acid (342) renders the
catalyst soluble in supercritical CO,.”%® At 110°C and 2,000 psi this catalyst mixture performs
similarly to the zinc bisphenolates, producing a 96:4 ratio of polycarbonate:polyether linkages,
with a turnover of 440 g polymer/g [Zn] and a broad polydispersity (M/M,>4). Related
aluminum complexes have also been studied and (343) was found to be particularly active.
However, selectivity is poor, with a ratio of 1:3.6 polycarbonate:polyether.””

Under ambient pressures, the Al''—porphyrinato— alkox1de complex (250) traps C and
subsequent addition of EO affords the cyclic carbonate.””® However, at higher pressures (50 kg

m ) (TPP)AIX complexes initiate the copolymerization of PO and CO», although activities are

O 971,972
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poor and the reaction affords only moderate polycarbonate content.”’*7® Polycarbonates with
no discernible polyether content Iay be prepared using a mixture of (251) and a quaternary
ammonium or phosphonium salt.””” Copolymers of CO, with EO, PO, and CHO have all been
reported with M,/M,, values of 1.06—1.14, although this process is extremely slow (several weeks).
The addition of EtPh;PBr (or EtyNBr) generates a bifunctional initiator®’®””® which allows chain
growth to proceed simultaneously on both sides of the porphyrin plane. Evidence for such a
mechanism includes molecular weights which are approximately half the calculated values based
upon [M]y/[1], ratios.

FFFFFF O O 0] (0]
AICI
CFSW\/UE)J\OH < CSH17_O)]E)J\0>2/
FF FF
(342) (343)
PPh3Et
EtPhsPBr S
° c —2 =~ Br---- @CI %VO ] TOA\CI
PPh3Et
(251)
CeFs
CeFs CeFs
CeFs (344)

More recently, a CO,-soluble chromium(III)-porphyrin catalyst, (344), has been reported to
initiate the copolymerization of CO, with CHO.”®" Carbonate llnkages of >90% are observed
and M,/M, values are consistently low (1.1-1.4). Complex (344) is highly active, producing
3,900 g polymer/g [Cr] over 18 hours; even higher activities have been achieved by supporting
the catalyst on polymer beads.”®

9.1.7.5 Copolymerization of Epoxides and Aziridines with Carbon Monoxide

A 1992 patent describes the carbonylatlon of EO to yield B-propiolactone using a mixture of
Co,(CO)g and 3- hydroxypyrldme > A recent re-investigation of this system has indicated that
the major product is the alternating copolymer a polyester, catalyzed by the [Co(CO)4]” anion
(Scheme 24).%3 The synthesis of lactones via this methodology has successfully been achieved
using Lewis acidic counter-cations (Scheme 25);”*%5 a similar strategy allows (-lactams to be

A = Aot

n

HCo(CO); \—
OH

Scheme 24
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prepared via the carbonylation of aziridines.”®® The living copolymerization of carbon monoxide
with aziridines to afford polyamides has also recently been described (Scheme 26).7%7-9%%

o)
0 co ofr
R’ [Cp2Ti(CO)2]"Co(COy) R
Scheme 25
R o)
N co M ]L
/\
(PhCH,CO)Co(CO), 2 n
Scheme 26

9.1.8 OTHER LIVING COORDINATION POLYMERIZATIONS

9.1.8.1 ROP of N-carboxyanhydrides and S-lactams

The synthesis of high molecular weight polypeptides can be accomplished by the ROP of a-amino acid-
N-carboxyanhydrides (a-NCAs) as shown in (Scheme 27).”®° Traditional catalysts for this process
include group 1 alkoxides and organic amines.””® More recently, zerovalent late transition metals,
such as (bipy)Ni(COD)**"**? and Co(PMe5),,””® have been shown to initiate the living polymer-
izations of «-NCAs. High molecular weight, low polydispersity (M,/M, < 1.20) poly
(a-peptide)s, and block copolymers may therefore be prepared as detailed in recent review
articles.”

R‘f« co HoP
- 2

° %N%

H R

Scheme 27

Low molecular weight poly(S-peptide)s may be synthesized in an analogous manner via the
ROP of -amino acid-N-carboxyanhydrides.”*® Longer chain materials may be prepared by the
ROP of (-lactams (Scheme 28). This polymerization is initiated by a range of metal amides, of
which Sc[N(TMS),]; offers particularly high levels of control.”’

O BnO._ _O

@)

'H f\N N
OBn H

Scheme 28

9.1.8.2 Polymerization of Isocyanates and Guanidines

The anionic polymerization of isocyanates using NaCN as an initiator was first reported in
1960.°”® The living coordinative polymerization of n-hexylisocyanate has been described using
the titanium(IV) complexes (345)—(348).°”°7'%" A trifunctional initiator has also been used to
prepare star polyisocyanates.1002
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Cl
\\\-'ll'i q X = OCH,CF3, (346)
C|C|4 “OCH,CF3 CI“"Ti\X X = NMe,, (347)
4
X = Me, (348
(345) cl e, (348)
ISiMe3
N
( >TiCI3
N RI
! 349 -
R SiMeg (349) N
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R [I\] n
R
Scheme 29

Structurally related complexes are also active initiators for the living polymerization of carbo-

diimides (which are isoelectronic to isocyanates).'’** The proposed intermediate for this polymer-
ization process is a metal amidinate (Scheme 29), and the model complex (349) has been reported
to be a highly efficient catalyst, polymerizing 500 equivalents of di-n-hexylcarbodiimide in less
than 10s. A more hydrolytically robust series of initiators has also been developed, based upon
copper(I) and copper(II) amidinates.'***
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9.2.1 INTRODUCTION

Hydrogenation plays a key role in chemical synthesis. Homogeneous hydrogenation has become
increasingly important in recent decades, mainly due to its application in the industrial production
of specialty chemicals.'"® Homogeneous hydrogenation is a chemical transformation during which
one or more H atoms are incorporated into the product of the reaction, by the action of an active

catalyst present in the same phase of the reactants.

Hydrogen (H,) is the simplest molecule and its properties are fully understood. Because this
clean resource is available in abundance at a very low cost, catalytic hydrogenation is a core

technology in both research and industry.
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The term “homogeneous hydrogenation” is generally referred to homogeneous catalyzed addition of
H, to unsaturated organic substrates; however, also the processes “transfer hydrogenation” and
“hydrogenolysis” must be taken into account.” The former comprises all catalyzed hydrogen transfer
reactions where hydrogen donors (DH>) other than simple molecular hydrogen are involved as reactants
in hydrogen addition, while the latter indicates those reactions, subsequent to hydrogenation by H, or
DH,, in which the original substrate undergoes fragmentation leading to new products. However,
hydrogenation involving activation and addition of H, constitutes, without doubt, the main field of
homogeneous hydrogenation where the wider number of studies and examples of catalysts can be found.

Molecular hydrogen is rather unreactive at ambient conditions, but many transition and
lanthanide metal ions are able to bind and therefore activate H,, which results in transformation
into H™ (hydride) H- (hydrogen radical) or H* (proton), and subsequent transfer of these forms
of hydrogen to the substrate.”® In this context, not only metal hydride but also dihydrogen
complexes of transition metal ions, play a key role,>10 especially since the first structural
characterization of one of these species in 1984 by Kubas.""

At present, the economic impact of industrial homogeneous hydrogenation is rapidly growing. Some
hydrogenation reactions are very useful in practical applications in organic synthesis on the laboratory
scale and more recently some enantioselective hydrogenation reactions have become very important in
the industrial manufacture of fine chemicals and pharmaceuticals. The expanding interest in this area
and the resulting increased knowledge in the field of asymmetric catalysis resulted in the award of the
2001 Nobel Prize in Chemistry to three prominent scientists, among whom William S. Knowles'? and
Ryoji Noyori'® were honored for their work on asymmetric catalytic hydrogenation.

The last decades have witnessed a continually increasing effort into the study of homogeneous
hydrogenation,'® mainly because activation and addition of H, has proven to be amenable for
detailed investigations under gentle conditions, with respect to more unreactive small molecules
such as, for example, CO or N,; and also because the characterization of the product distribution of
alkene hydrogenation requires cheaper and simpler spectroscopic techniques compared to reactions
carried out under high pressure and high temperature. In addition, knowledge of the mechanisms
can be very important for the growing field of heterogencous hydrogenation, and for biological
studies on the structure—activity relationship of several naturally occurring hydrogenase enzymes.

Here we focus on the most representative aspects of the catalytic mechanisms so far elucidated
and the catalytic systems developed, without covering all the literature; recent reviews are cited
where appropriate.

9.2.2 HISTORICAL BACKGROUND

Homogeneous catalytic hydrogenation was first discovered in 1938."*'> Interestingly, the discovery
of the Meerwin—Ponndorf—Verley hydrogen transfer reaction, in which a ketone is reduced by an
alcohol in the presence of an aluminum alkoxide, is still older, dating to 1925.''® Subsequent
research in this field did not result in any important progress until the discovery of the catalytic
properties of [RhCI(PPhs)s], commonly known as “Wilkinson’s catalyst,”'®** which marked the
start of modern homogeneous catalysis.”’ Subsequently, Schrock and Osborn reported new cata-
lytic systems based on cationic Rh and Ir phosphine complexes,”* > and laid the foundations for the
development of asymmetric hydrogenation of prochiral substrates using catalysts containing chiral
diphosphine ligands.?®?” Knowles and co-workers developed the concept of chiral catalysts by
introduction into the metal coordination sphere of chiral diphosphines, in order to obtain
significant ee (enantiomeric excess) in the hydrogenation of functionalized olefinic substrates.”®

The most important progress in the last decade has been in the design and synthesis of
[RuCl,(diphosphine)(1,2-diamine)] catalysts exploiting the “metal-ligand bifunctional concept”
developed by Noyori and co-workers.2?3! The Noyori catalysts seem to possess all of the desired
properties, such as high turnover number (TON), high turnover frequency (TOF), and operationally
simple, safe, and environmentally friendly reaction conditions.

9.2.3 HOMOGENEOUS HYDROGENATION

Since the first reports on Wilkinson’s catalyst,'®?* many transition-metal-based catalytic systems

for hydrogenation of unsaturated organic molecules have been developed. Two major pathways
seem to occur, one involving monohydride (M—H) species, and the other, dihydride (MH,)
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species. Elucidation of the mechanisms has required detailed kinetic and spectroscopic measure-
ments of as many of the individual steps as possible, with analytical tools (IR, UV and particu-
larly conventional NMR spectroscopy, but also new methods such as parahydrogen-induced
nuclear polarization (PHIP)**77). Additionally, the isolation and/or independent syntheses of
stable intermediates or model compounds, and theoretical calculations, have provided detailed
mechanisms for the catalytic cycles.

In Scheme 1 is represented an idealized picture of the two possibilities for the hydrogenation of
alkenes by metal complexes not containing an M—H bond. One possibility involves initial
coordination of the alkene followed by activation of H, (alkene route). The other (more general)
possibility is the hydride route, which involves initial reaction with H, followed by coordination
of the alkene. The second general mechanism, usually adopted by catalysts containing an M—H
bond, is shown in Scheme 2.

[(M]
saturated » Ho
product f alkene
[M(alkene)] [MH,]
-k
alkene
[MHy(alkene)]
Scheme 1
[M-H]
saturated
product alkene
Hy
[M-alkyl]
Scheme 2

9.2.3.1 Metal Monohydride Mechanism

One of the most famous catalysts, which operates through a mechanism involving formation of a
mono-hydride (M—H), is [RuCl,(PPh;)3].3%40 In the catalytic hydrogenation of alkenes (Equa-
tions (1) and (2)) it shows very high selectivity for hydrogenation of terminal rather than internal

C=C bonds.
X H2/25°C,latm 0
RUC|2(PPh3)3
H,/25°C, 1 atm

N N+ X 2)
RUC|2(PPh3)3
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Subsequent studies?’ have shown that the active species is probably the 16-electron
monohydride species [RuHCI(PPh;);] (2) which forms from the dihydrogen complex (1) in the
presence of Et;N. Complex (2), having a vacant site, interacts with the alkene to give (3),
which undergoes 1,2-insertion to form the alkyl-Ru complex (4). Finally, heterolytic cleavage
with H, ((4) — (5) — (2)) regenerates the active catalyst and gives the alkane (Scheme 3).

Recently, two other kinetic and mechanistic studies of the hydrogenation of cyclohexene with
modified neutral and cationic ruthenium catalysts have been reported involving a monohydride
intermediate. Sanchez-Delgado and co-workers employed [RuCl,(4-Bu' py)z(PPhg)z] which, after
dissociation of one N-donor, forms an unsaturated monohydride wh1ch is the active catalyst, the
steps of the mechanism bemg analogous to those of [RuHCI(PPhs);].**

Probably more mterestlng is the examination of the catalytic cycle of hydrogenation studied by
Rosales and co-workers*® which used [RuH(CO)(NCMe),(PPhs),]BF, as catalyst (spec1es (6)).44
The reversible displacement of the MeCN ligand trans to the hydride by cyclohexene is followed
by an isomerization prior to rate-determining addition of hydrogen ((7) — (8) — (9)) (Scheme 4).

Other interesting examples of catalyzed hydrogenation proceeding through a monohydride
intermediate are the so called “Zaragoza—Wurzburg catalysts,” developed by extended cooperatlon
between Oro and Werner.*>* The complexes [OsHCI(CO)(PR5),] (PR;=PPr';, PMeBu',) are
selective catalysts for the sequential hydrogenation of phenylacetylene to styrene in 2-propanol
solution with selectivity close to 100%. Mechanistic studies*’*° suggest the catalytic cycle in
Scheme 5.

The monohydride (11) reacts rapidly with Hj, giving the dihydrogen—hydride complex (10), and
also with phenylacetylene initially through coordination of the triple bond to Os (12), followed by
isomerization to (13), in which alkyne and hydride are mutually in cis positions, well suited for
subsequent insertion of C=C into the M—H bond and formation of the vinyl derivative (14). The
slow step is the reaction of the vinyl intermediate with H; to yield styrene and regenerate the
starting hydride. The dihydride [OsH,(CO)(PPr'3),] catalyzes hydrogenation of styrene, methyl-
styrene, cyclohexene, cyclooctene, and the C—=C bond of «,S-unsaturated ketones.*’~*°

Another example of selective C=C bond hydrogenation has arisen from mechanistic studies on
an iron cis-hydride dihydrogen complex, [Fe(PP5)(H)(H,)|(BF,) [PP; = P(CH,CH,PPh,);], a cata-
lyst inactive with alkene substrates. Scheme 6 shows that no decoordination of dihydrogen is
required in any step of the cycle and that the vacant site is created by unfastening of one of the
P-donor atoms (species (16)).5° Extensive studies on catalytic alkene hydrogenation by analogous
tripodal (polyphosphine) Rh, Os, and Ir complexes have been carried by Bianchini and
co-workers.51,52
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Marks and co- workers have reported several organo-lanthanide complexes of formula
[{(Cp")>-MH},] (Cp’ =7-CsMes, M =La, Nd, Sm, Lu) and [(Me,SiCp”),MH], (Cp” =n’-CsMes,
M=Nd, Sm, Lu), very active as catalysts in olefinic hydrogenation under very
mild conditions (25°C and latm H,).>* In Scheme 7, the proposed mechanism for the
catalytic cycle shows that these hydrido-complexes (20) undergo hydrogenation through
a mechanism involving close coupling of olefin/hydride insertion ((21) — (22) — (23)) followed by a
four-center hydrogenolysis (24), rather than via classical oxidative addition/reductive elimination

sequences.

H
Clu., | .«PPhy
S
Ph—C=CH Pth/L\CO
=ph
(12)

H Hsy H
C|,,,| wPPhs ) clu, | .PPh

Phs P/L\CO «ﬁhgp/ O’ ~co
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Ph—CH=CH, H
Clo,

1 .WPPhg
/Os\
PhsP ‘ Cco
O
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(PR3 = PPr'; or PMeBuUY)

Scheme 5
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9.2.3.2 Metal Dihydride Mechanism

One of the most well-studied and synthetically useful catalysts involving a dihydride (MH,)
intermediate is Wilkinson’ S, catalyst, [RhCI(PPh;);].">" After molecular orbital calculations per-
formed by Morokuma,* the following mechanism (Scheme 8) is generally accepted.
The pre-catalyst (25) dissociates into the 14-electron species (26), which adds H, with a rate
about 10,000 times greater than (25). Then the dihydride species (27) coordinates the alkene
(species (28)), which undergoes 1,2-insertion into an M—H bond affording the alkyl species (29).
This intermediate contains the alkyl group in the trans position with respect to remaining hydride,
but for the subsequent step (reductive elimination) these two ligands must be situated cis with

H_ .
C|:<
/C"" \ /
HN\ M-H -
/C C\
(20)
H s
R M-H
cl: \ Ty, | )
W€ se=c
H--H (21)
(24)
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" N M--H
\\‘\‘C:Cw,,, _— ||---~C:C ol

Scheme 7
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respect to each other. This requires an isomerization, and theoretical calculations predict
sequential hydride and chloride migration both with low activation barriers. The species (30)
has now the correct geometry to undergo reductive elimination easily, yielding the alkane and
regenerating the active catalyst (26).

This catalytic cycle shows other side cycles not proceeding with appreciable rates. In particular,
the species (31)—(34), while detectable and isolable, are not responsible for the catalytic process; in
fact their presence during hydrogenation may even slow down the overall reaction.

This is a valuable lesson for chemists trying to determine a catalytic mechanism: compounds
readily isolable are probably not true intermediates. Instead, they can be seen as “labile reser-
voirs” to catalytic intermediates that usually do not accumulate in sufficient concentrations to be
detected. It is important to bear in mind that this mechanism or any other catalytic process could
be different dependent on the nature of the alkene, solvent, and phosphine ligands.

Many cationic Rh- or Ir-based hydrogenation catalysts were subsequently developed. Members
of the Rh series were prepared according to Equation (3).22-25

ﬂb
o 2H, sol\{ /solv
Rh + (3)

Rh
P pph, SOVent  op B’ “pph,

(] (]

(solvent = THF or acetone)

Ph,

In catalytic reaction conditions (H, pressure), by interaction of a solvent such as THF or
acetone, the 16-electron cationic [Rh(diphos)(NBD)|™ affords a 12-electron unsaturated
diphosphine intermediate, which is the real active species. The catalytic cycle begins with alkene
binding, followed by oxidative addition of H,. These cationic catalysts can reduce alkenes to
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alkanes, can convert alkynes to cis-alkenes, and also transform ketones to alcohols, their most
important function being, however, the promotion of asymmetric hydrogenation of olefins.

The iridium analog of Wilkinson’s catalyst, [IrCl(PPhj3);], is not effective in reducing C=C
bonds because the phosphines are more strongly bound to Ir than to Rh, thereby preventing
phosphine dissociation to give the active species [IrCI(PPhs),]. In contrast, cationic catalysts
[Ir(L)(L')(COD)]", developed mainly by Crabtree,” are even more active than Wilkinson’s
catalyst; they can promote saturation of even tetra-substituted C=C bonds almost as fast
as mono- and di-substituted double bonds. In the presence of CH,Cl, and H,, an active and very
reactive 12-electron species forms, similar to that formed by cationic Rh catalysts (Equation (4)).
This active species is a relatively hard Lewis acid, able to bind not only alkene and hydrogen, but
also polar ligands such as alcohol and carbonyl oxygen.

|/"'|r"‘\\Py 2 H, SO|\<|/SO|V
| PCys solvent oy PCys .

(solvent = CH,Cl,)

The stereoselectivity obtained in hydrogenation of an enone can be due to the formation of an
intermediate in which alkene, hydrogen, and alcohol groups bind simultaneously to the metal
(Equation (5)). This kind of stereoselectivity is typical in catalytic reactions where a polar group
resides near to a C=C bond.

e ¥ ) i{ i
(I‘ {If/H o Q' OH
H/, ‘\\\O\ (5)
9] CH2C|2 Zre H 0o

{Ir} = [Ir(Py)(PCy3)(COD)]"

The hydrogenation of arenes also has attracted interest, but until recently only a few catalytic
systems have been found effective.’*% The catalytic activity of [Rh(MeOH),(diphos)]X and of
[RuH,(H;)(PPh3);3] in the hydrogenation of 9-trifluoroacetylanthracene and 9-methylanthracene
has been explored.””

9.2.3.3 Asymmetric Hydrogenation Mechanisms

Enantioselective catalysis is rapidly becoming very important in the areas of pharmaceuticals,
agrochemicals, flavors, and fragrances that require high degrees of chemical precision in their
syntheses. Transition metal catalysts in some cases are highly stereoselective. Many metal
catalysts have been developed containing chiral diphosphines such as those shown in Scheme 9,
which provide a chiral environment around the metal center during the catalytic cycle.*** One
of the best-known cases of stereoselectivity is the asymmetric hydrogenation in the synthesis of
L-Dopa, where a Rh' complex catalyses the enantioselective addition of H, across an
unsymmetrical C=C bond. This is a key step in the industrial-scale synthesis of this drug,
developed by Monsanto in 1974, which is used to treat Parkinson’s disease (Equation (6)).28:6
The reduction proceeds with remarkable stereoselectivity, producing the S enantiomer in 94% ee.
Thanks to the work of Halpern,®” we have now a good understanding of the mechanism of
this asymmetric hydrogenation, which is the prototype of many others. In Scheme 10 is reported
the catalytic cycle for hydrogenation of ethyl (Z)-1-acetamidocinnamate (EAC) using a cationic
Rh-DIPAMP complex as the catalyst. The catalyst (36) can bind the EAC through either C=C
and C=0 via a 7 and a ¢ interaction, respectively (37), and then undergoes H, oxidative addition
(38). The dihydride Rh'" intermediate (38) undergoes hydride migration onto the C=C unit, with
formation of a M-alkyl o bond (39). Subsequently, the reduced product is released and the
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catalyst regenerated. The presence of a chiral ligand such as CHIRAPHOS complicates the cycle
because there are two parallel pathways that are diastereomerically different. Halpern was able to
isolate (37') and obtain its crystal structure, but if hydrogen adds to (37'), then the final hydro-
genation product should be the (S) enantiomer of N-acetylphenyl-alanine ethyl ester, in accord-
ance with the mechanism in Scheme 10.

On the basis that the major product in the presence of Rh'-CHIRAPHOS is the R-enantiomer,
Halpern deduced that (37) and (37') form an equilibrium mixture rapidly and reversibly from
reaction of EAC and the catalyst. Although the complex (37’) is more stable than (37), the former
reacts much faster during rate-determining oxidative addition of Hj, leading to the R-amino acid.
Later, Halpern conducted the same experiments using a Rh'-DIPAMP complex to catalyze
hydrogenation of methyl-(Z)-1-acetamido-cinnamate (MAC) and the results were entirely
analogous to the CHIRAPHOS system.®® The conclusion was that “it is not the preferred mode
of the initial binding of the prochiral olefinic substrate to the chiral catalyst, but rather differences in
the rates of the subsequent reactions of the diastereomeric catalyst—substrate adducts that determine
the enantioselectivity in the asymmetric catalytic hydrogenation of prochiral olefinic substrates.” ®
This interpretation also explains the inverse dependence of the optical yield on the H, partial
pressure, observed for many asymmetric catalyzed hydrogenations. The reversibility of the initial
catalyst—olefin adduct formation should be reduced by increasing the rate of the subsequent H,
oxidative addition step, i.e., by increasing the H, concentration. This study further supports that,
also in the mechanism for asymmetric hydrogenation, isolable intermediates are typically not the
active species involved in the catalytic cycle, but rather labile “reservoirs” for the real catalytic
intermediates. This means that it is necessary to have another group attached to the C=C bond
which can also bind to the metal (like the amide carbonyl group in EAC), in order to obtain an
efficient catalysis. This secondary binding helps to lock the C=C bond in a rigid conformation in
the presence of the chiral diphosphine ligand, thus enabling stereoselection to occur. In fact,
common unsymmetrical alkenes having only alkyl groups as substituents close to C=C undergo
hydrogenation with much less stereoselectivity.

Allylic and homoallylic alcohols can be hydrogenated in the presence of [Ru(OOCCFj),-
(BINAP)] catalyst, which shows high specificity. For example, both enantiomers of citronellol
are produced with high ee, starting from either geraniol or nerol, depending on whether (S)- or
(R)-BINAP is used (Scheme 11).7 The reaction shows C=C face selectivity, since the same
catalyst, Ru-(S)-BINAP, transforms geraniol into (R)-citronellol and nerol into (S)-citronellol

Me Me Me Me H

)\/\/\ﬂ 2 )\/\)\\A
Me OH

OH Ru-(S)-BINAP Me

geraniol \ / (R)-citronellol

H, / Ru-(R)-BINAP

Me Me / \ Me
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Me Me H Me Me\H
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W Hy
X S .
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(Scheme 11). This kind of catalyst is regioselective, the remote C=C being unaffected, thus
indicating that the allylic alcohol group provides a necessary secondary coordination during the
cycle. Further confirmation comes from the evidence that extension of the carbon chain by just
one more carbon, with respect to homoallylic alcohols, results in no reaction.

The great selectivity of Ru—BINAP species is also evident when they are used in kinetic
resolution of enantiomers. When a racemic allylic alcohol reacts with H, in the presence of
Ru-(S)-BINAP, the (R)-alcohol reacts preferentially, thus leaving the (S)-enantiomer unreacted
(Equation (7)).”!

OH OH OH
COOMe Hz /S/COOMe . _COOMe
Me Ru-(S)-BINAP ~ Me™ 7 'V'e/\[f
H Me
(£) > 99% ee S

Conversion of benzene to cyclohexene by partial catalytic hydrogenation is a very important
industrial process, since it provides a new route to cyclohexanol, a precursor of nylon, when
combined with hydration of cyclohexene. For example, Asahi Chemical Company of Japan
developed a selective bilayer catalytic system including a Ru catalyst, ZrO, and ZnSO, under
S50atm of H, pressure, a process affording the olefin with up to 60% selectivity after 90%
conversion of benzene.”?

Various niobium and tantalum aryloxides are able to carry out regio-and stereoselective
hydrogenation of aromatic substrates.”>’® Recent studies on species of general formula
[Nb(OATr);R,] and [Ta(OAr)s_(H)(PR3),] (OAr=0-2,5-Pr'-C¢H;; x=2, 3; n=1 or 2) give a
better insight into the overall mechanism of arene hydrogenation by these catalysts.””-’® In
Scheme 12 the hydrogenation mechanism of benzene, 1,3-cyclohexadiene and cyclohexene by a
metal dihydride species is reported. The 7*-cyclohexadiene species (40), formed by transfer of
the two hydrides to benzene, is known to have structural parameters consistent with
a metallonorbornene bonding description.”® Successive H, additions and hydride transfers
((41) — (42) — (43) — (44)) afford a hydride cyclohexyl intermediate (45), which finally releases
cyclohexane.

MH, +
B M ] B I\IH/I ] B M ] B MH ] B M ] 2
S| el &l & | v
+H> o +H, o +H> 2
== = =] ] =D
M S
A5 R Ay [P S ] e
H H M+
(40) (41) (42) (43) (44)
| n I

Scheme 12
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Hydrogenation of heteroaromatic compounds also attracts much interest, mainly because it is
regarded as a key step in industrially important hydrodenitrogenation (HDN) and hydrodesul-
furization (HDS) processes. Several homogeneous Ru, Os, Rh, and Ir complexes are able to
catalyze the regioselective hydrogenation of N-containing rings in quinoline, isoquinoline, indole,
and benzoquinolines.””® Mechanistic studies on hydrogenation of quinoline (Q) to 1,2,3,4-
tetrahydroquinoline (THQ) catalyzed by [Rh(COD)(PPh;),](PF¢) are in accordance with a cycle
like the one depicted in Scheme 13. Substitution of two phosphines by two Q units affords the
active species, which undergoes rapid and reversible oxidative addition of H,, and hydrogenation
of one coordinated Q to dihydroquinoline (DHQ), followed by rate-determining reduction of the
DHQ intermediate to yield THQ.85

N+ Z... | weH H

+
. = H
) G . N
=N <> THQ | NH
\ Y N\ / H —
(51) (50)
Scheme 13

With regard to S-aromatic compounds, Sanchez-Delgado and Bianchini have elucidated the
mechanism of hydrogenation of benzothiophene (BT) to 2,3-dihydrobenzothiophene (DHBT)
catalyzed by [M(COD)(PPh;),]J(PFs) (M =Rh or Ir).8087 The same authors have designed a
much more active catalyst precursor for hydrogenation of BT, of the form [Ru(TRIPHOS)(NC-
Me);](BF,) [TRIPHOS = CH;C(CH,CH,PPh,);] operating in THF.*® The mechanism proposed,
shown in Scheme 14, involves a zero-order dependence on substrate concentration, and a rate-
limiting hydride transfer to coordinated BT. Otherwise, the elementary steps which compose the
cycle are very similar to those in BT hydrogenation mechanisms for previously mentioned
[M(COD)(PPh3),](PF¢) (M =Rh or Ir).86:87

Recent developments in asymmetric hydrogenation have witnessed the increasing employment
of Ru'' catalysts, mainly in the enantioselective reduction of compounds containing C=O or
C=N bonds. Hydrogenation by use of the complexes [MHX(CO)(PPh;3);] (M =Ru, Os; X =ClI,
Br) has been extensively studied by Sanchez-Delgado and co-workers.®® In Scheme 15 is shown a
cycle involving these catalysts in hydrogenation of aldehydes, where a vacant site of the metal (59)
serves to coordinate the carbonylic oxygen (60). Subsequent H, oxidative addition, hydride
migrations to carbonylic carbon and then to the oxygen ((61) — (62) — (59)), afford the alcohol
and regenerate the catalyst.®""!

The generally accepted mechanism of homogeneous hydrogenation of simple ketones seems to
occur by a [72 + 02] pathway as depicted in Scheme 16.
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In early 1990, Ru" complexes of chiral diphosphines were found to effect highly enantioselect-
ive hydrogenation of various 3-ketoesters to chiral 8-hydroxy esters.””"** Noyori’s work helped in
elucidation of the mechanism of (R)-BINAP-Ru catalyzed hydrogenation of (-keto esters
(Scheme 17).”° The catalytic cycle probably proceeds through a monohydride Ru!! species (64)
formed by the heterolysis of H, on Ru" precatalyst (63). The hydride interacts reversibly with the
substrate affording the chelate complex (65). Protonation of the keto oxygen increases the
electrophilicity of the carbonyl carbon.

[RuCly(BINAP)(s0lv),] LI—TCF [RUHCI(BINAP)(solv),]
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Scheme 17

This facilitates intramolecular hydride transfer resulting in a Ru-hydroxy ester complex (66)
which readily releases the chiral product. When an (R)-BINAP-Ru catalyst is used, the
R enantiomer is obtained in >99% ee. The chirality of the BINAP ligand accounts for the difference
in energy between the possible transition states TSg and TSg.

Takasago International Co. commercialized this hydrogenation method for the production of a
chiral intermediate for the synthesis of carbapenem antibiotics (Equation (8)).%

The use of an analogous (S)-BINAP-Ru-diacetate catalyst with axial chirality has led to
important industrial applications, such as the synthesis developed by Monsanto where the
asymmetric hydrogenation is involved in the last step to yield naproxen, a widely prescribed,
non-steroidal, anti-inflammatory drug (Equation (9)).%¢
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The hydrogenation of simple ketones without additional functionality close to the carbonyl
group has been the object of many extensive studies. However, apart from some Ru catalysts
designed by Schrock and Osborn,®” and Rh catalysts by Tani and Otsuka,”® ! this field was
open until a few years ago, when Noyori developed a new conceptual turning point: the “metal—
ligand cooperation in molecular functions”. The lack of reactivity of simple ketones in the
presence of conventional Ru'’~diphosphine complexes is probably due to the absence of coord-
inating heteroatoms near to the carbonyl group, since the H, is readily activated by ruthenium.
Since electrophilic metals like ruthenium tend to form o complexes rather than = complexes with
carbonyl ligands, the relative locations of the nucleophile and carbonyl carbon are inappropriate
for reactions involving a M—H species (Scheme 18a). The delivery of hydride from the metal to
the carbonyl carbon is therefore difficult for geometric reasons. Noyori hypothesized that the
presence of a protic LH ligand in the metal complex could be useful to form a L—H:--O=C
hydrogen bond, thus facilitating the interaction between the M—H and the 7 face of the C=0
unit. Scheme 18b illustrates a possible H-bond-assisted hydride transfer from the metal to
the carbonyl carbon. The alcohol product may form in either the inner or outer coordination
sphere of the MH species. Based on the above concept, Noyori and co-workers designed new
stable ruthenium pre-catalysts of the form trans-[RuCly(phosphine),(1,2-diamine)] able to perform an
even more rapid and productive hydrogenation of ketones.'92 Also chemo-selective hydrogenation
of C=0 in the presence of an additional olefinic linkage in the substrate has been achieved. The
complex [RuCl,(PPhj3);] is an excellent catalyst for hydrogenation of terminal olefins, as stated
previously, 341 but very inactive for reduction of carbonyl compounds. However, addition of
ethylendiamine and KOH to [RuCl,(PPhj3)s] in a 1:2:1 ratio completely reverses the selectivity,
with the hydrogenation being therefore applicable to a variety of carbonyl compounds containing
a C=C bond.103

(a) difficult pathways (b) pathways assisted by hydrogen bond
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inner-sphere reaction outer-sphere reaction

Scheme 18
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In enantioselective hydrogenation of aromatic ketones, a catalytic system consisting of [RuCl,-
(BINAP)(dmf),], a chiral diamine such as (S,S)-DPEN and KOH in a 1:1:2 ratio, affords the
R alcohol with 97% ee and quantitative yield (Equation (10)):'**

)‘13\ [RUCI,(BINAP)(dmf),] OH
R "™ 5.5 DPEN/ KOH /\R

HPh - Hpnp
$e

H,N  NH,
(S,S)-DPEN

(10)

The high degree of enantioselectivity is a result of the synergistic effects of the chiral diphos-
phine and diamine. Other useful applications of these metal-ligand difunctional catalysts involve
selective C=0 hydrogenation of heteroaromatic ketones, cyclopropyl ketones, amino ketones,
a-alkoxy ketones, and olefinic ketones.”> The mechanism of action of this new generation of
catalysts is depicted in Scheme 19. First, the pre-catalyst is converted into an active hydride
species by H,, where KOH neutralizes the HCI thus formed. The cycle involves two ground-state
components, (68) and (69), which are linked by transition states TSy and TS,. The NH proton in
(68) is important in hydrogen delivery to ketones, while the amide nitrogen in (69) cleaves H,. The
high turnover efficiency relies on the universal functions of the complexes (68) and (69), in which
the metal centers and the ligands directly cooperate in the bond-breaking and -forming reactions.

\ |
H - —C- H
C=0 @]
H | /H / o | /,O
| /N /A H H /N e C|: - |._|
[Ru] j N [Ru] / y H
\ Y \ H o
N 4 N L
||_|\H 2 ||_|\H [Ru]\ j
(68) 18 e~ (69) 16 e~ Ny
H
base base || H* TSy
+ +
||-|/H_‘ ||_|/H—| = H
HTH/N Ha N H l:\l/
Ru Ru v/
[ 1\Nj [ ]\Nj el j
| “H | N
H HoH | H
(71) 18 &~ (70) 16 e~
TS,

([Ru] = RuX(PR3),; X =H, OR)
Scheme 19

Recent developments in chirality induced by ligands, and in efficient synthetic methods for
ligands such as diphosphines, chiral diamines, amino-phosphine-phosphinites, phosphino-
oxazolines and diimino-diphosphines, are available in the literature.'’>

These “new generation” catalysts have been applied to the asymmetric activation of an inactive
racemic metal compound by a non-racemic enantiopure ligand, called a “vitamer” (Scheme 20a).
In contrast, a racemic catalyst can interact with an enantiopure “chiral poison” (asymmetric
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deactivation, Scheme 20b), such that asymmetric catalysis is achieved only by the remaining
enantiomer. In fact, diastereomeric interactions lead to unique stabilities and reactivities of the
associates, resulting in unique chemical consequences.®?* Thus, enantiomeric selective activation
of racemic metal complexes by a chiral “vitamer” is becoming a viable approach for practical
asymmetric catalysis when enantiomerically pure ligands are not available.

(a) asymmetric activatio (b) asymmetric deactivation (chiral poisoning)
@ KrR KrR e
® EXR) ® ®
inactive "vitamer" ive active "poison” inactive
® Ksr Ksr e
© CXR) ® @
inactive weakly active active inactive
Scheme 20

Another application of the metal-ligand difunctional concept is the dynamic kinetic discrimin-
ation of stereoisomers.”’ This methodology has been applied to the production of sanfetrinem
by Glaxo Wellcome and its metabolically labile ester which possesses high antibacterial
activity (Scheme 21), the key step being the hydrogenation of racemic 2-methoxycyclohexanone
with the catalyst [Ru(S-XylBINAP)(S,S-DPEN)] which affords (1R,2S5)-2-methoxycyclo-
hexanol,29-108,109

(0] OH
OMe (S,SS)-{Ru} OMe
+ H2 -_— ] TTm s >
(+) 1R,2S
(S,SS)-{Ru} = [RuCly(S-XyIBINAP)(S,S-DPEN)] R = Na (sanfetrinem) or

YOEOO

AP AP Ar=35-Mey-Ph

(S)-XyIBINAP

Scheme 21

I

Asymmetric catalysis is “four-dimensional chemistry” as stated by Noyori,® because high effi-
ciency can only be achieved through the coordination of both an ideal three-dimensional structure
(x, y, z) and suitable kinetics (¢). Recently developed metal-ligand difunctional catalysts really
provide a new basis for developing efficient catalytic reactions.

The catalytic hydrogenation of the C=N bond of imines has attracted considerable attention,
and a useful review covering the literature until 1996 has been reported by James.''" Chiral
ansa-titanocene [(Cp'y)TiCly] (Cp’, = ethylene(bis-tetrahydroindenyl)) and cationic
[Ir(H,)(PPh3)(solv),] " catalysts for imine hydrogenation have been kinetically explored. This
area is notably less developed than the reduction of C=0O bonds.**!?
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9.2.4 HOMOGENEOUS TRANSFER HYDROGENATION

Hydrogen transfer reactions from an organic hydrogen source to another organic substrate
constitute an alternative method of direct hydrogenation. The hydrogen is supplied by a donor
molecule DH,, which itself undergoes dehydrogenation during the course of the reaction, to an
acceptor molecule A (Equation (11)):

OH OH
[Ru]*/base @) 1
+ )\ —_ Ej/k + )k ( )

The donor molecules are generally organic compounds also employed as solvents, able to
donate hydrogen. Suitable donors include alcohols, glycols, aldehydes, amides, ethers, amines,
and even aromatic hydrocarbons, whereas acceptors are unsaturated organic molecules such as
alkenes, alkynes, carbonyl compounds, nitriles, imines, azo- or nitro-compounds.”> However, the
most investigated fields involve asymmetric reduction from secondary alcohols or aldehydes of
C=0 and C=N forming chiral alcohols and amines, respectively, and our discussion will be
limited to this kind of hydrogen transfer reaction.> Extensive reviews on systems catalyzing other
hydrogen transfer reactions involving simple hydrocarbons or heteroatom-containing hydrocar-
bons as donors can be found in the literature.>112

Apart from the Meerwin—Ponndorf-Verley (MPV) reaction, catalytic asymmetric transfer
hydrogenation has remained quite primitive,"""""? with successful examples of reduction of
activated olefins, using alcohols or formic acid as hydrogen source, being reported only
recently. !4

The generally accepted essential features for a catalyzed hydrogen transfer reaction are quite
severe: (a) the DH, molecule must bind to a metal; transfer hydrogen to it; and must be released
from the metal environment before back-transfer takes place; (b) the A molecule must be stable to
hydrogen abstraction under the reaction conditions employed.

Recent studies on Ru catalysts bearing an arene and a secondary diamine or ethanolamine as
ancillary ligands, in the presence of a base such as KOH as co-catalyst, seem, however, to
contradict statement (a), suggesting a mechanism where substrate/metal complexation is not
essential for alcohol — C=X (X =0 and N) hydrogen transfer to occur.30-115

From a mechanistic point of view, two very general pathways can be envisaged for hydrogen
transfer: direct hydrogenation transfer, consisting of a concerted process that involves a six-
membered cyclic transition state in which both the hydrogen donor and the acceptor are coordin-
ated to the metal (1 in Scheme 22) and a hydridic route (2 in Scheme 22).'"¢

O

16-18

L,MX

M. L M-H* + HX
: M-O O-H /" (path 2a)
: Fij*H*

‘ R TN LM v
(1) ®) (path 2b) =M.

Scheme 22

In this latter hydridic route for hydrogen transfer from alcohols to ketones, two additional
possibilities can be considered: one involving a metal hydride arising purely from a C—H (path 2a),
and another in which it may originate from both the O—H and C—H (path 2b); in this case
any of the hydrides on the metal may add to the carbonyl carbon.

Suitable catalytic systems for secondary alcohols as donor (2-propanol is the widest employed,
being the best hydrogen-donating alcohol), and aldehydes or ketones as acceptors, include Co,""”
Rh, 18 Ir,"" Fe,"?® Ru,"?' 0s,!22 and Sm'*® complexes with m-acceptor ligands such as phos-
phines, thiophenes, N,-chelating ligands, or arenes, which are able to stabilize low oxidation
states of the metal and prevent its decomposition under reducing conditions.” Recent studies
indicate path 2a for many Rh, Ir, and Ru catalysts bearing ligands such as PPhs;, DIPHOS, bipy,
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thiophenes,'"® whereas path 2b is more likely for Ru and Rh catalysts containing secondary
diamine ligands.""®'** For some Al, Co, and Sm catalytic systems a direct hydrogen transfer with
a cyclic transition state seems more likely, although the involvement of a radical-based mechan-
ism cannot be excluded."'”'*

As with hydrogenation, hydrogen transfer of imines is a poorly developed field.'**""*” However,
recent arene-Rull systems bearing chiral 1,2-diamine co-ligands have been found to be excellent
catalysts for asymmetric reduction of imines with formic acid as donor.*"'317134

An important aspect of hydrogen transfer equilibrium reactions is their application to a variety
of oxidative transformations of alcohols to aldehydes and ketones using ruthenium catalysts.”?
An extension of these studies is the aerobic oxidation of alcohols performed with a catalytic
amount of hydrogen acceptor under O, atmosphere by a multistep electron-transfer process.'** >4

9.2.4.1 Direct Hydrogen Transfer Mechanism

Beside the well-known AI(OPr'); catalyst,"*'®'35 Lin and co-workers have recently developed a
new and highly effective aluminum alkoxide catalyst for MPV hydrogen transfer reactions.'*®
Isolation of some intermediates suggests the mechanism shown in Scheme 23. The aldehyde
molecules coordinate to aluminum centers forming the pentacoordinate intermediate (73); this
is followed by H-transfer from the alcoholate to the C=0 via a six-membered transition state to
give the bridging ketone (74). Because acetone is a much weaker donor than bridging alkoxide,
rapid isomerization and release of acetone occurs ((74) — (75) — (76)). The four-coordinate (76)
can react with another aldehyde (— (77)) or with 2-propanol to regenerate the catalyst.

Me Me H Ph Ph
MeQ(H @)J\H Meﬁ/J |f MeTrMe(
2 {
SN PN O ( O\ /O\\ /Oo H-transfer ( O\ 0L /90
Al___Al _ _Al Al _ _Al Al
, \O N O , \O/ \ O ; \O/ \ )
o} )v ¢} ol/A 0. j J\ O.
Me ) vy /\ Me Me” ~Me
H Me P’ "H Me PR
(72) (73) (74)
isomerization
2 PhCH,OH 2 PrOH
Ph Me Me

/ \
o} o o 0
| LPh LF>h 2 I | kPh
Ph Me’ Me Me Me
77 (76) (75)
Scheme 23

9.2.4.2 Metal Monohydride Mechanism

Several Rh, Ir, and Ru complexes follow the well-established hydrogen-transfer mechanism via
a metal alkoxide intermediate and S-elimination."'®

Examples of these catalysts are reported in Scheme 24, and a general catalytic cycle involving
an M—H species is shown in Scheme 25.

Most of these reactions are promoted with an inorganic base such as KOH, NaOH, or K,CO;
as an essential co-catalyst. For reaction without alkaline bases see Mizushima ez al.'*” Many of these
complexes contain a chloride ligand, which is easily displaced by an alkoxide displacement/
(B-hydride elimination sequence in the presence of a base to remove HCI formed (Scheme 25). In
contrast, cationic L,M™ systems add the alcohol by formation of M—O bond, with the base
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deprotonating the alcohol (Scheme 25). In both cases the a-C—H of the alcohol is the origin of the
M—H hydride (80) (and based on the principle of microscopic reversibility, the M—H adds
exclusively to the carbonyl carbon of the C=0). Subsequent insertion of the ketone (or aldehyde)
into the M—H bond results in the formation of the alkoxide intermediate (82). Finally, ligand
exchange between this intermediate and alcohol results in the final product and the active
metal-alkoxide species (78)."'%''¢
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9.2.4.3 Metal Dihydride Mechanism

Ruthenium dichloride-based catalysts [RuCly(PPhs);] and [RuCly(PPhs),(ethylenediamine)]’
probably catalyze transfer hydrogenation by a dihydride mechanism (Scheme 26)."1% The
pre-catalyst is transformed under hydrogen transfer reaction conditions, and in the presence of
a base, to an active dihydride species (83), through a mechanism in Whlch both O—H and a-C—H
hydrogen atoms of the alcohol are transferred to metal (Scheme 26)."

base

L,RuCl, + Me,CHOH L,RuH,
(83)
OH
; #\
prh [Ru]
/ (85) \
Me
Me M
?)<H )< e
[Ru]— Rul—H
(84) \ (86)
o) ’/

)J\ [Ru]—H Me

Ph” “Me (83) j(
[Ru] = L,Ru ©

Scheme 26

This species adds a ketone yielding the alkoxide complex (84) which, after reductive elimination
of the corresponding alcohol, generates the 16-electron species (85). This intermediate undergoes
oxidative addition of 2-propanol (species (86)) and subsequent reductive elimination of acetone,
regenerating the hydride complex (83).

9.2.4.4 Metal-Ligand Bifunctional Concerted Mechanism

Among the most active catalysts for the asymmetric transfer hydrogenation of prochiral ketones
and imines to chiral alcohols and amines are arene—ruthenium(II) amino—alcohol (or primary/
secondary 1,2-diamine)-based systems, with an inorganic base as co-catalyst, developed by

Noyori'3*- 141 and further explored by others (Scheme 27).14%7145

Ru} =

Me,CHOH )
R —_— R e “y
Me,CO {Ruy= CI” | 7Y,
o) o} H2N
(R = alkyl, H) (Y =N-Ts, O)

Scheme 27

A monohydride mechanism is not operating in reactions catalyzed by these complexes. Noyori
observed that the presence of an NH or NH, in the auxiliary ligands was crucial for catalytic
activity, the corresponding dialkylamino analogs being totally ineffective. These findings indicate
a novel metal-ligand bifunctional cycle (Scheme 28): KOH reacts with the pre-catalyst (87)
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affording a 16-electron amide intermediate (88) which binds 2-propanol, oxidizing it and reducing
itself to the 18-electron hydride (89). Subsequent saturation of a C=O0 function with (89) takes
place v1a a six-membered pericyclic transition state TSy utlhzlng an “NH effect” instead of
7>+ o” insertion of the C=O0 bond into the M—H llnkage via a transition state like TS,. The
18-electron hydride species (89) is regenerated by dehydrogenation of 2-propanol with the
16-electron Ru amide (88) via a similar cyclic transition state.3%115

Me Me. _Me

Me>( il

o
R2
RI—C=Q
H H
M=N—H
HoH . y HoH R
M=—N—H = LaM=—N-H LoM=—:N—H TSy
@7)R @8)R @9)R R
16 e~ 18 e~ |
R
O-M— N—H
R
TS,

Me Me Me

W<Me

Scheme 28

O

During this non-classical mechanism neither a carbonyl oxygen atom nor an alcoholic oxygen
interacts with the metal throughout the hydrogen transfer process, the carbonyl reduction
occurring in an outer sphere of the metal hydride complex, with the direct participation of the
metal and the surrounding ligand in H-bond forming and breaking steps of the dehydrogenative
and hydrogenative processes.3%115

The kinetic asymmetric bias is generated by the combination of several steric and electronic
factors, where also the arene ligand on ruthenium plays an important role. Theoretical structural
studies'*! suggest (Scheme 29) that Ru hydride (90) reacts with the carbonyl substrates preferen-
tially through the “sterically congested” transition state TSy, rather then the uncrowded TS,. The
reverse process occurs via the same TS. In addition to the chiral geometry of the five-membered
chelate ring provided by the auxiliary ligand, the enantioselectivity originates from the C—H/x
attractive interaction between the n°-arene ligand and aryl substituents in ketone or aldehyde
substrates (Scheme 29). Other theoretical studies on Rh! complexes bearing chiral secondary
diamines as auxiliary ligands confirm the above concerted mechanism for the transfer of both
the hydride and an amine proton from the hydride-Rh complex to the C=0 of the substrate."*

An interesting dinuclear Ru—hydride complex (structure (91) in Scheme 30) bearing CO ligands,
known as “Shvo’s catalyst”, has recently attracted interest;'47-148 it can catalyze the reduction of
aldehydes and ketones, and also the kinetic resolution of secondary alcohols.'**™"** A feature of
(91) is that no addition of external base is needed as co-catalyst, since it dissociates into (92) and
in a coordinatively unsaturated dienone dicarbonyl mononuclear fragment (93), where one of the
coordinating sites of the ligand acts as a basic center. Theoretical and kinetic studies''®'*®
indicate formation of a Rul!l intermediate (92) via a concerted transfer of both hydrogens from
the alcohol through a six-membered transition state (94) as depicted in Scheme 30. The reduction
of the substrate follows a similar transition state (95).116

9.2.4.5 Mechanism of Aerobic Alcohol Oxidation

The principle of hydrogen transfer reactions has been applied to a variety of oxidative transforma-
tions of alcohols with Ru" catalysts.”> Among them, one interesting application is the aerobic
oxidation of alcohols developed by Bickvall,!33-157 which can be performed with a catalytic
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amount of a hydrogen acceptor under an O, atmosphere by a multistep electron-transfer process
(Scheme 31). A variety of Ru complexes (for example, [Rqu(PPh3)3] [RuCl,(PPh3)3], and the
Shvo catalyst (91)) can catalyze this reaction, coupled with a quinone acceptor (96) and a Co'!
complex such as (100) which act as redox mediators. The Ru—dihydride species (99) formed
during the hydrogen transfer can be regenerated by a multistep electron-transfer process including
hydroquinone (97), metal complexes, and molecular oxygen (Scheme 31). When the Shvo catalyst
is employed, it divides into two parts which constitute the hydrogen acceptor (98) and the
hydrogen donor (99) (Scheme 31).155
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9.2.5 HOMOGENEOUS HYDROGENOLYSIS

The discovery of heavy oil reservoirs world-wide, and the growing use of coal and oil shale for the
production of fuels contaminated by variable amounts of organic compounds containing sulfur,
nitrogen, oxygen, and metal ions, are pushing the petrochemical industry to invest an increasing
amount of resources in the development of more efficient catalysts for removing heteroatoms
from fossil fuels. This purification is currently carried out under hydrotreating conditions in the
presence of heterogeneous catalysts and involves four main chemical processes: hydrodesulfuriza-
tion (HDS), hydrodenitrogenation (HDN), hydrodeoxygenation (HDO) and hydrodemetalation
(HDM) (Equations (12), (13), (14), (15)).158-169

C,HS + ¢H, — H,S + C,Hy Hydrodesulfurization (HDS) (12)
C,HyN + cH; — NH; + C,Hy Hydrodenitrogenation (HDN) (13)
C.H,O + cH,; — H,0 + C,Hg4 Hydrodeoxygenation (HDO) (14)
ML + aH; + bH,S — MSy, + LH, Hydrodemetalation (HDM) (15)
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The importance of heteroatom removal from crude oil feedstocks has therefore directed most of
the R&D investments toward the design of more efficient heterogeneous catalysts for the
reactions in Equations (12), (13), (14), (15). A considerable contribution to a better understanding
of the HDS and HDN mechanism has been provided by homogencous studies involving soluble
metal complexes.'®!-'¢2

9.2.5.1 Hydrodesulfurization

Of the four heterogeneous reactions outlined above, HDS has received, and is still receiving, the
greatest attention. This is because sulfur, contained in thiols, sulfides, disulfides, and thiophenic
molecules, is actually the most abundant heteroatom in fossil fuels and is also the element with
the highest environmental impact. Furthermore, sulfur compounds are largely responsible for the
poisoning of the hydrotreating catalysts.!®3-175 In the search for heterogeneous HDS catalysts
with improved efficiency, homogeneous modeling studies have substantially contributed to a
better understanding of fundamental aspects related to the interactions with transition metals of
thiophenic substrates and of the sulfur compounds derived from them (e.g., thiols, sulfides).
Many types of reaction between discrete organometallic complexes and thiophenes occur also
on the surface of heterogeneous catalysts and the mechanistic understanding obtained in solution
can be applied to elucidate surface phenomena.'®*'”> The hydrogenation to thioethers and the
hydrogenolysis to thiols represent the preliminary and mechanistically crucial steps of the HDS of
(102) (Scheme 32) as well as other thiophenic substrates (103-104). Whether the hydrogenation
and hydrogenolysis paths are parallel, alternative, or competitive under HDS conditions, is the
subject of a heated debate among heterogeneous and organometallic chemists. Indeed,
understanding this mechanistic aspect, which is strictly related to the electronic nature of the
surface metal atoms and to the preparation and pretreatment of the catalytic material, is of
crucial importance for the development of catalysts specifically tailored for the HDS of
thiophenes via the energetically favored hydrogenolysis mechanism. Of the three thiophenes
generally employed in homogeneous studies, benzo[b]thiophene (102) is the most easily
hydrogenated to the corresponding thioether, d1hydrobenzo[b thiophene (105).176-185

o o OO
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©\/\ hydrogenolysis% hydrogenation Q—>
SH S S
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desulfurlzatlon desulfurization
X
+ S(ads) — 2~ +HpS — 2 + S(ads)
Scheme 32

The high reactivity of (102) has been attributed to the more pronounced “olefinic” character of
the C,=Cj3 double bond as compared to thiophene (103) and to its reduced aromatic character
compared with dibenzo[b,d]thiophene (104), for which no example of hydrogenation to either
tetrahydrodibenzothiophene or hexahydrodibenzothiophene has been reported so far. The regio-
selective hydrogenation of (102) to (105) is catalyzed by several metals, all of them belonging to
the class of promoters (Ru, Os, Rh, and Ir),!7%-185 under reaction conditions that may be as mild
as 40°C and subambient H, pressure.!8%181 The catalytic rates are generally low A hydrogen-
ation mechanism proposed on the basis of deuterium labeling experiments,'®® kinetic studies
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applying gas uptake techniques,'®*'®! and theoretical methods,!8! comprises the following steps:

oxidative addition of H,; coordination of (102) via the double bond; hydride migration to give
2- or 3-dihydrobenzothienyl; reductive coupling of hydride and dihydrobenzothienyl ligands; and
displacement of (105) by the substrate (Scheme 33).
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The mechanistic features of the hydrogenation of (102) have been -elucidated using
[Cp*Rh(CH;CN)3](BF,), (Cp* =pentamethylcyclopentadienyl) as a catalyst precursor (which
suggested the reversibility of the first hydride migration step, and possible n°-coordination of
DHBT) 176 and by Sanchez-Delgado using [Rh(COD)(PPh3)2](PF6) (which showed that the reaction
rate is determined by the hydride migration that gives the dihydrobenzothienyl intermediate).'®’
On the basis of a comparative study of the catalytic activities of [Rh(COD)(PPhs),](PFy)
and [Ir(COD)(PPh3),](PF¢) in different solvents (THF, 2-methoxyethanol, and 1,2-dichloro-
ethane), Sanchez-Delgado and Bianchini have shown that the hydrogenation reactions proceed
with the same mechanism but may be retarded (Rh) or even inhibited (Ir) depending on the
coordinating properties of the solvent.'®%!®!

A quite efficient homogeneous catal}/st for the regioselective hydrogena.tlon of (102) to (105) has
recently been developed using the Ru" complex [(triphos)Ru(CH;CN);]** in THF [triphos = Me-
C(CH,PPh,);] as precatalyst."®® In an attempt to apply aqueous biphasic catalysis to the
HDS process, particularly to the purification of naphtha, various water-soluble catalysts capable of
catalyzmg the hydrogenation of (102) to (105) in a 1:1 water/decalin mixture were recently
demgncd 3 The catalysts are generated in situ by reaction of sulfonated phosphines with various

or Rulll precursors. The catalytic rates are generally low (at 69 bar of H and 130°C, TOF =2.5),
but they increase significantly in the presence of quinoline or aniline cocatalysts. It was suggested that
these nitrogen bases have several beneficial effects on the reaction rate by leading to faster formation
and better stablhzatlon of the catalytlcally active species and to more efflclent emulsmns as well. Also,
if (103) forms 7*-(C,C) adducts using the double bond adjacent to sulfur,"®'*" its hydrogenation to
tetrahydrothlophene (106) is a rare reaction, the only example being a reaction catalyzed by the
precursor [Ir(H),{n'-(S)-(103)},(PPh;),](PF,) in 1,2-dichloroethane.'®" This hydrogenation reaction is
a stepwise process that involves the intermediacy of 2,3-dihydrothiophene in accordance with several
reactor studies with commercial HDS catalysts (Scheme 34).158-160 The overall mechanism for the
formation of (106) is not too different from that proposed for (102) in Scheme 33. A major difference,
however, may be seen in the first hydride migration step which gives a thioallyl ligand (stereoselective
endo migration to the C, carbon atom of 1*(C,C)-(103)). The poor catalytic activity has been
attributed to the good o-donor properties of (103). The thioallyl ligand is not easily dlsplaced by
(103) and traps all the catalytlcally active species as the bis-(106) complex [Ir(H)x(n'-S-
(106)),(PPh;),](PF,) which, in fact, is the termination metal product of the catalysis.'”!

In the design of a homogeneous catalyst for the plain hydrogenation of thiophenes it is
necessary to take into account that, unlike simple alkenes, (102) and (103) are polyfunctional
ligands which can bind metal centers in a variety of bonding modes, often i ina rapid equlllbrlum
with each other."®*"7>!2 Among the possible coordination modes, the 5'-(S) and the 7*(C,C)
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ones are the most common and also the most important to direct the following reactivity of the
coordinated thiophene toward H,. The 7?-(C,C) bonding mode is more sterically demanding than
the '-S bonding mode (the immediate precursor to C—S bond cleavage)'**'** even in the absence
of substituents in the thiophene. No example of homogeneous hydrogenation of substituted
thiophenes has ever been reported, this reaction being thwarted.!58-160 Bulky metal fragments
are poor hydrogenation catalysts, although they may be effective catalysts for the hydrogenolysis
of thiophenes.184185.195-198 Tn 3 gimilar way, a high basicity at the metal center is not required for
an effective hydrogenation catalyst as it may favor C—S bond cleavage (hence hydrogenolysis
pathways) via transfer of electron density from a filled metal orbital of appropriate symmetry into
a o* C—S orbital (generally the C,—S).'637 175193194 The most critical feature for a successful
hydrogenation catalyst is a low thiophilicity to disfavor both 1'-S coordination of the incoming
thiophene and the formation of stable adducts with the thioether products. Ideal candidates are
Ru'T fragments with moderate steric crowding.

The hydrogenolysis of thiophenes to thiols is a relevant reaction in the HDS process (Equation (16)).

C.H,S +H, — C,H,,;SH (16)

In particular, the thiols, like the thioethers, can efficiently be desulfurized over conventional
catalysts under milder reaction conditions than those required to accomplish the HDS of the
thiophene precursors.'*'>°

Ring opening of thiophenes can be achieved in several different ways that have extensively been
reviewed.163-175 Most common procedures involve either the direct interaction of electron-rich
metal fragments with the desired thiophene (e.g., [(triphos)MH] (M =Rh, Ir),'84185.195-204
[Cp*Rh(PMe3)], > 1742057207 [P{(PEt3);],20820 [Fe(dmpe)o],”'" [Ir (PMe3)s]",*!! [Cp,W].*" or
[Tp*Rh(PMe3)]*"?) or the addition of nucleophiles?'#21¢ or electrophiles?!’21° to n* and
1°-thiophene complexes. Alternative strategies for C—S bond scission have recently been reported
by Sweigart??>?*! and Chisholm.??*> The activation of the carbocyclic ring of (102) by an appro-
priate metal fragment (e.g., [Mn(CO)s]" or [Ru(C¢Meg)]” 7) can favor the regioselective insertion
of an electron-rich fragment (e.g., Mn(CO),) into the S—C,,,; bond (Scheme 35),229221 which is a
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quite unusual reaction unless (102) is substituted in the 2-position,2? whereas the cooperation of
two metal centers can promote the opening of 2-thienyl ligands (but not of 3-thienyl ligands) in
such a way that the carbon atom of the C—S inserted thiophene bridges two metal centers
(Scheme 36).%
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Scheme 36

Unlike C—S insertion, the conversion of metallathiacycles to thiolato complexes via M—C
bond cleavage, followed eventually by the formation of free thiols, is a quite rare reaction occurring
both stoichiometrically and catalytically. Stoichiometric reactions proceed via either protono-
lysis??®20%223 o1 hydrogenation of metallathiacycles.?21:224:225.226-228 Selected examples are illus-
trated in Scheme 37 for (103),208 (102),%2"224225 and (104).%**
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One-pot hydrogenolysis, followed by desulfurization, has recently been observed by Vicic and
Jones using the dimer [{Cp*IrHCIl},], which reacts with (103) and (102) in the presence of H, to
give {Cp*erl}z(pJ H)(u-SC4Hy)] and {Cp*IrCl}z(,u—H){u S(C¢H4)CH,CH3}], respectively
(Scheme 38).2" A mechanism has been proposed in which both the C—S bond cleavage of the
thiophene and the hydrogenation of the unsaturated thiolate is brought about by a mononuclear
species derived from the fragmentation of [{Cp*IrHCI},]. The remaining Ir fragment,
[Cp*IrH(CI)], stabilizes the hydrogenolysis products and ultimately contributes to form the dimers
which can be desulfurized upon thermolysis under a high pressure of H,.

Catalytlc examples of hydrogenolysis of thlophenlc substrates are known exclusively for the
16¢~ species [(triphos)MH] (M = Rh184.185,195.196 and [r'®7) generated in situ by either thermolysis
of appropriate precursors'’”'®7or  base-assisted heterolytic  splitting of H, (e. g
[M]" " + H, + base”— [M-H]"~" " + baseH).'#5151%6 For kinetic reasons, the Rh fragment is
more active than the Ir analog and effectively catalyzes the hydrogenolysis of (103),'**
(102),"84185195 (104),'5 and dinaphtho[2,1-b:1,2"-d|thiophene'®® to the corresponding thiols in
common organic solvents under relatively drastic conditions (160 °C, 30 atm of H,).

The capability of triphos complexes to tolerate reaction temperatures as high as 200 °C with
no substantial decomposition, and the high energy of the 16e~ fragments [(triphos)MH], are
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important factors in ensuring catalytic activity. Typical reaction sequences that transform thio-
phenes into thiolate ligands by action of [(triphos)RhH] and H, are shown in Scheme 39.
A sulfonated phosphine in combination with a strong Bronsted base has allowed the hydrogenolysis
of (102) to 2-ethylthiophenol (ETP) using rhodium catalysts in liquid biphasic systems comprising
n-heptane as hydrocarbon phase and water or methanol as polar phases (Scheme 40).'%
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In the base-assisted reactions, the hydrogenolysis products are recovered as sodium or potas-
sium thiolates which can either be converted to thiols by acidification with protic acids, or be
oxidized to disulfides by exposure to air.”1%5 In turn, all of the Rh catalyst of the aqueous
biphasic reactions remains in the polar phase for use in a further catalytic run after the thiolate
product is extracted as thiol.

The combined information gathered from kinetic studies,'®* in situ high-pressure NMR experi-
ments,"®#1851%5 and the isolation of intermediates related to catalysis, leads to a common
mechamsm for all the hydrogenolysis reactions of (102)-(104) and other thiophenes catalyzed
by triphos- or SULPHOS-rhodium complexes in conjuction with strong Bronsted bases. This
mechanism (Scheme 41) involves the usual steps of C—S insertion, hydrogenation of the C—S
inserted thiophene to the corresponding thiolate, and base-assisted reductive elimination of the
thiol to complete the cycle.184.185,195-198
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R | —
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Scheme 41

The overall degradation of (103) assisted by the cluster [(Cp’)>M0,C0,S3(CO)4] (Cp’ = CH3CsHy)
is the model reaction that best resembles the heterogeneous counterparts, particularly those
classified as “Co/Mo/S” phase,'® in terms of both structural motif and HDS activity.”** Morever,
the Co/Mo/S cluster has successfully been employed to show that the C—S bond scission in the
desulfurization of aromatic and aliphatic thiols occurs in homolytic fashion at 35°C and that
thiolate and sulfido groups can move over the face of the cluster as they are supposed to do over
the surface of heterogeneous catalysts.”

The mechanism proposed involves hydrogenation of the C,—Cs; double bond, formation of
2-vinylthiophenol by an E, elimination, and hydrocarbon elimination by homolysis of the S—C,,y
bond. This pathway rationalizes the primary formation of (104) observed in some HDS reactions
of (102) over “Co/Mo/S” catalysts, as well as the kinetic evidence that the rate-determining step
on real catalysts is the removal of surface sulfur.'>*1¢

Both the cooperation of component and promoter metals in the desulfurization step of (102) to
ethylbenzene and the walking of thiolate groups from one metal to another have recently been
observed to take place in the reactions of the (102)-derived heterometal dimer [(triphos)RhH-
(n-H){p-0-S(CeH4)CH,CH;3}W(CO)4] with H; and CO, respectlvely (Scheme 42a, 42b)224225 Most
importantly, in the absence of the W component, [(triphos)Rh{7*-S(C¢H,)CH= CHz}] reacts with
H, under comparable conditions undergoing M—C cleavage but not S—C cleavage (Scheme 42c),'*
while in the absence of the Rh promoter, [W(CO)4{S(C¢H4)CH,CH3}]™ undergoes M—S
cleavage but not S—C cleavage (Scheme 42b).224 In light of these findings, it was concluded that
the major activity of promoted catalysts in the HDS of (102) might also be due to the ability of
promoter metals to favor hydrogenolysis pathways due to the lower energy barrier to C—S
insertion as compared to component metals.
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In contrast to hydrogenation and hydrogenolysis, no catalytic desulfurization reaction of
thiophenes by soluble metal complexes has ever been shown to take place through a clear and
unambiguous homogeneous process. It has been found the C—S insertion product
[(triphos)IrH{n? (C S)-(104)}] reacts in THF with (104) under 30 atm of H, at 160°C to give
biphenyl and H,S in excess of the stoichiometric amounts.'®” More recently, catalytic production
of butane, butenes, and H,S has been observed upon hydrogenation (30 atm of H,) of (103) in the
presence of the [(triphos)RhH] catalyst (generated in situ) and a strong base (Scheme 43).'%%
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The great stability of the M=S and M-S-M’ moieties toward the elimination of S as H,S
probably explains the lack of success of polynuclear species in assisting a catalytic reaction. The
first example of hydrogenation of M=S to M(H)SH in a discrete homogeneous metal system was
reported only in 1997 by Bergman and co-workers for [(Cp)*,TiS(pyridine)].>*'

9.2.5.2 Hydrodenitrogenation

The increasing interest for HDN reaction is due to environmental push and business pull. The
degradation of nitrogen compounds to ammonia and hydrocarbons consumes more hydrogen
than any other hydrotreating reaction, and therefore any improvement in the efficiency of HDN
catalysis would produce an immediate business advantage.

Nitrogen in petroleum and coal is contained in various organic compounds, which include five-
and six-membered heterocycles, aliphatic and aromatic amines and nitriles. Amines and nitriles are
less abundant and their degradation is efficiently performed under hydrotreating conditions apply-
ing commercial catalysts. The HDN of the aromatic heterocycles, generally pyrroles (107), indoles
(108), pyridines (109) and quinolines (110) (Scheme 44) is much more difficult to accomplish, even
more than the HDS of fused-ring thiophenes. Moreover, HDN of the aromatic N-heterocycles
requires a greater amount of H, than HDS of thiophenes, as the latter does not necessarily involve
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the saturation of the heterocyclic ring prior to hydrogenolysis.>*>*** HDN model studies in solution
are essentially based on four relevant issues: modes of bonding between N-heterocycles and metal
centers; reactivity of coordinated N-heterocycles; elementary steps of metal-catalyzed hydrogenation
of N-heterocycles; and insertion of metal centers into C—N bonds. A common strategy in HDN
modeling is the reaction between mononuclear or polynuclear metal complexes, containing either
coordination vacancies or weakly bound ligands, and N-heterocycles. The model substrates may be
divided into two main categories according to the donor properties of the nitrogen atom. In (107)
(pK,=0.4) and (108) (pK, =-3.6), the nitrogen lone pair is delocalized over the five-membered ring
and is not available for interaction with electrophiles. In contrast, the nitrogen atom in (109)
(pK,=15.2) or (110) (pK,=4.9) is a good nucleophile susceptible to attack by various electrophilic
metal fragments. This greatly influences their interaction with the heterogeneous catalyst surface
and, consequently, the mechanisms for their reduction.

o 3 o O
N N ~ —
) L N

pyrrole indole pyridine quinoline
(207) (108) (109) (110)
Scheme 44

Although the intimate mechanism of metal-catalyzed HDN is still far from being understood
completely, heterogeneous studies have provided data on product distribution, kinetics, and select-
ivity, whereas the homogeneous ones have contributed to the explanation of the binding of the
nitrogen substrates to metal centers and the mechanisms of fundamental steps such as the hydrogen
transfer from metal to coordinated substrate and the C—N bond scission. It has been experimen-
tally demonstrated that aromatic nitrogen molecules undergo HDN via preliminary hydrogenation
of the heterocyclic ring, followed by C—N bond scission (hydrogenolysis). The hydrogenation of the
heterocyclic ring is necessary to reduce the high energy required to cleave the carbon—nitrogen bond
that, in a typical N-heterocycle, is close to that of a C=N double bond.**”**' Since the hydro-
genation of the heterocycle to a saturated amine occurs prior to C—N bond cleavage, the position
of the hydrogenation equilibrium actually controls the removal of the nitrogen atom, mainly when
the hydrogenolysis rate is much slower than the hydrogenation rate. Unfavored hydrogenation
equilibria would result in a low concentration of saturated amine with the consequent decrease of
the overall HDN rate. Then, high pressures of H, are required for efficient HDN. Kinetic modeling
of the HDN process indicates that dehydrogenation of partially hydrogenated substrates such as
tetrahydroquinoline can be competitive with C—N bond cleavage, even in the presence of H,.>¥" 24!

The principal reaction pathways proposed for the heterogeneous HDN of the model substrate
(110)232-242 are shown in Scheme 45. A similar sequence of steps has also been suggested to occur
for the HDN of (107).
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The most efficient and selective HDN of (110) likely occurs via the reaction sequence a—b—-c,
which does not involve the hydrogenation of the carbocyclic ring. However, most of the deriva-
tives of (110) undergo HDN via the alternative sequence a—d—e—f that involves the hydro-
genation of both rings and therefore consumes twice the amount of H,, yielding
propylcyclohexane It was proposed that the hydrogenation of N-heterocycles to saturated cyclic
amines involves the formation of metal w-adducts, followed by a reductive 7— o shift once the two
consecutive hydrogen transfers have occurred from vicinal N—H groups.>****

The interaction of the surface metal atoms with saturated N- heterocycles has been the object of
model studies by Laine and co-workers, which suggest that the C—N scission in saturated hetero-
cycles may not require acidic sites, but rather metal centers.>*>**® Two possible pathways have
been proposed for the HDN of piperidine involving a metal alkyl (a) or a metal
alkylidene intermediate (b) (Scheme 46). In either case, the first step has been suggested to involve
the oxidative addition of the C—H bond adjacent to the nitrogen atom to give a metal-hydride
species. The subsequent migration of the hydride from the metal to either the C, atom or the
N atom of an 7’ plperldmyl hgand determines the nature of the intermediate that is ultimately

hydrogenated to a primary amine.
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The 7°-pyrrolyl complexes [(p-cymene)M(NC4Mey)](OTf) (M =Ru, Os) are readily converted
into the correspondmg 7-(107) by selective alkylation at the nitrogen atom (Scheme 47).
Interestingly, the 7°-(107) ligand in [(p-cymene)M(MeNC4Me,)(OTf), undergoes regio- and
stereoselective hydride addition to an a-carbon atom to give a n*-MeNC4Me,H derivative. This
compound reacts with pI‘Oth acids, leading to further (107) reduction and dissociation from the
metal as an iminium salt.**
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X N-Me N-pMe

Scheme 47
n°-(108) complexes are activated toward nucleophlllc substitution at the carbocyclic ring,>**2>
as well as reduction of the heterocyclic ring.?*® The n°-coordination through the carbocychc ring
of (108) promotes the hydrogenation of the heterocyclic portion of the molecule to give an
n’-indoline complex (Scheme 48).

In the dihapto mode the pyridine ring can be protonated intermolecularly at nitrogen, or even
intramolecularly deprotonated at carbon. The first evidence for metal C—N insertion is the
reaction of the metallaaziridine complex (111) with homogeneity: LIHBEt; in THF at low temp-
erature that yields (112) (Scheme 49).251-254 Experiments with carbon nucleophiles (RMgCl,
MelLi) in place of LiHBEt; have provided valuable information to allow discrimination between
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the two possible pathways (exo-attack vs. endo-attack) to (109) C—N scission (Scheme 49).258

It has been established that the reaction occurs via an intramolecular endo-attack of the hydride
that migrates to the (109) C, atom as a o-nucleophile.
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An interesting case of metal-assisted ring opening of (109) has been described by Wolczanski
using the low-valent (silox);Nb fragment that binds (109) in the n*(N,C) mode (Scheme 50).
Derivative (113) undergoes C—N insertion by thermolysis in benzene at 70 °C only. The reaction
gives 0.5 equiv. of (109) and 0.5 equiv. of (114) as a thermodynamic mixture of cis,cis-, trans,cis-,
trans,trans- and cis,trans-isomers.255-257
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Fish and co-workers investigated the hydrogenatlon of 2-methylpyridine to 2-methylpiperidine
catalyzed by [Cp*Rh(MeCN);J* ™ with an in-depth study.”>® On the basis of the deuteration pattern
it was concluded that the reductions of the C=N and C=C bonds are reversible (Scheme 51). The
initial C=N bond hydrogenation, which disrupts the aromaticity of the molecule, is the most critical
hydrogenation step in the overall reduction process. Six-membered mononuclear N-heterocycles such
as (109) are much less prone to undergo hydrogenation than bi- and trinuclear N-ring compounds
(e.g., quinolines, benzoqumolmes acridines) due to their higher resonance stabilization energy.

Several Rh', Ru'" and Ir' catalysts contalnlng tris(pyrazolyl)borate ligands (Tp) have been
tested for the hydrogenatlon of (110), with Rh' complexes being the most active catalysts. The
activity was found to increase with the ease of formation of Tp complexes, while the presence of
ligands capable of competing with (110) for coordination decreased the hydrogenatlon rate
(e.g., cyclo-octene and ethylene undergo competitive metal insertion into sp> C—H bonds).?
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Scheme 52 explains the [(Cp*)Rh(MeCN);]* " -assisted regioselective hydrogenation of
pyridines, benzoquinolines, acridines as well as indoles and benzothiophene.”® The relative
hydrogenation rates were attributed to both electronic and steric effects, the rate generally
decreasing with increasing basicity and steric hindrance at the nitrogen atom.
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The deuteration pattern of the tetrahydroquinoline (Scheme 53)*%® is rather similar to that
reported by Laine for the hydrogenation of (110) with the clusters H,Os3(CO);o, and
0s3(C0O) ;5,20 as well as with sulfide/Co-Mo/y-Al,O3 heterogeneous catalysts.?43:24° The
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differences in the deuteration pattern have been explained in terms of the oxidative addition of the
Os cluster to C—H bonds in (110) and to the occurrence of 1,4-hydrogenation as well.
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9.2.6 NEW DEVELOPMENTS IN HYDROGENATION

9.2.6.1 Hydrogenation in Aqueous Systems

Water-soluble complexes able to catalyze hydrogenation reactions were generally regarded as
curiosities, water being generally described as a medium which should be strictly avoided.
[HCo(CO),] and [HCo(CN)s]*~ were reported as water-soluble hydrogenation catalysts in
1980,%%" but until 1990 few examples of water-soluble complexes were described in the literature,
because most of the substrates to be hydrogenated were not water soluble. Interest in this area
increased dramatically in the 1990s, due to ever-increasing demand for complete recovery of
precious-metal catalysts in industrial processes.

In particular, the impetus in the area of water-soluble catalysts derives from the well-known
advantages (high activity, selectivity, and reproducibility under relatively mild conditions) and
disadvantages (separation and recycling problems) of homogeneous with respect to heterogeneous
hydrogenation catalytic processes. Several methods have been developed to combine the
benefits of homogeneous and heterogencous catalysis, the basic concept being to transfer a
homogeneous catalyst into a multiphase system according to Scheme 54.
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One possibility is to bind the homogenous system to a solid support, to give a liquid—solid system.
A second possibility is a liquid-liquid phase transfer system, and a third consists of microheterogeniza-
tion of the catalytic system on organized amphiphiles in the colloidal or nanoscale regime. In the last
of these cases, compounds and additives may form micelles, liposomes, or a lyotropic liquid crystalline
phase, where hydrogenation occurs under the direct influence of the close environment. On an
industrial scale only the first two methods are generally used. A number of examples have been
reported of hydrogenation reactions resulting from combination of homogeneous organometallic and
phase transfer catalysis (PTC), and from coupling of a metal-complex-catalyzed hydrogenation with
simple enzymatic transformation (in order to model more complicated enzyme-catalyzed reactions).

An aqueous system is defined a homogeneous aqueous solution or a mixture of an aqueous and
a water-immiscible organic solution in which the catalytic hydrogenation occurs. In the former
case catalytic hydrogenation can proceed in either (or both) phases(s) or at the liquid/liquid
interface, the transfer of reactant across the interface being in some cases facilitated by appro-
priate phase transfer agents. Water may also act as a reactant both in purely aqueous solution
and in wet organic solvents, so it is not easy to distinguish between its molecular and bulk effects.
Water is able to form strong hydrogen bonds to itself and to solutes, thereby exerting a significant
influence on the final outcome of catalytic hydrogenations. All kinds of unsaturated functional-
ities can be reduced in aqueous systems, with high regio-, stereo-, and enantioselectivity being
generally observed. Another advantage of aqueous media for hydrogen transfer reactions is that
water-soluble donors such as ascorbate or EDTA can be employed as the hydrogen sources.

9.2.6.1.1 Water-soluble hydrogenation catalysts

(i) Ligands

Solubility of a metal complex in water can be provided by appropriate ligands having ionic or
polar substituents. The most important ligands are sulfonated phosphines, quaternary ammonium
phosphines, and ligands containing carboxylate groups; but any ligand (halide, cyclopentadienyl,
carbonyl) which stabilizes a lower-oxidation-state metal ion in an aqueous environment, retaining
a net charge on the complex ion, could be employed. In the preparation of water-soluble ligands,
direct functionalization can pose serious problems with respect to the precise control of the
number and position of the substituents. For example, sulfonation is by far the most widely
used method, but the reaction of PPhs with fuming sulfuric acid needs to be monitored and
strictly controlled to achieve one of the possible products (115)—(117).

The most important development in direct functionalization is the method proposed by
Hermann for the sulfonation of arylphosphines and arylphospholes in a superacidic medium made
up from orthoboric acid and anhydrous sulfuric acid.262:263 Steltzer and co-workers have developed
a general method for the synthesis of 4-sulfonphenylphosphines based on the reaction of 4-fluoro-
benzenesulfonates with PH3, primary or secondary phosphines in strongly basic solutions.***
Sulfonated and non-sulfonated forms of otherwise identical phosphines only show small differ-
ences in their complexation properties, the main ones being found in the number of coordinated
phosphine ligands. Steric requirements for the bulky SO;™ substituent and the electronic repulsion
of the charged ligands generally contribute to the decrease in the number of coordinated phos-
phines. It is not very simple to rationalize the effects: kinetic studies showed a stabilizing effect
against dissociation in cis-[Mo(CO)4(PPhs),] when PPhy was replaced by (117),%% whereas in the
case of rhodium complexes there is often a large tendency to undergo hydrolysis even in non-
alkaline solution.?®® Scheme 55 contains some relevant examples of ligands generally employed in
the synthesis of catalysts for aqueous hydrogenation.

(ii) Catalysts in homogeneous aqueous systems

Hydrogenation was one of the first organometallic catalytic processes observed in aqueous
solution. The results obtained prior to 1994 have been summarized by Oro and co-workers.
Recent studies are devoted to understanding the changes in reaction rates and selectivities which,
in most cases, have been investigated in comparison with analogous non-aqueous hydrogenation
reactions. We report here only selected examples useful to the reader for the choice of the catalytic
system, showing the ways in which different metals can be employed.
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When H, or NaBH,4 was added to a mixture of an aqueous solution of (NH4),[PdCl,] contain-
ing the water-soluble chelating ligand polyvinylpyrrolidinone, a highly active catalyst for hydro-
genation of alkenes and alkynes was obtained.26”7 A series of water-soluble cationic Rh complexes
with pendant quaternary ammonium groups, able to carry out highly efficient hydrogenation of
acetamidoacrylic acid derivatives in aqueous media, has been reported by Yan; but the enantio-
selectivities of these reactions in neat aqueous media are generally lower than in organic media.”®
The ruthenium-catalyzed reduction of aromatic ketones using an enantiomerically pure catalyst
derived from water-soluble analogs of Noyori’s (15,25)-N-(p-tolylsulfonyl)-1,2-diphenylethylene-
diamine and Knochel’s ligands (1R,2R)-N-p-(p-tolylsulfonyl)-1,2-diaminocyclohexane, and
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[{RuClz(p cymene)},], has been investigated; high enantioselectivity and moderate activity were
observed in the 2-propanol/base system. Addition of water is necessary to stabilize the catalyst.?®
The organometallic aqua complex [(Cp*)Ir(H,O);]* " is a pH-selective catalyst precursor for the
transfer hydrogenation of carbonyl groups by HCOONa in water,”’” acting as catalyst precursor
for hydrogenation of water-soluble carbonyl compounds and alkenes in water over a pH range of
about —1 to 4 under H, at pressure 0.1-0.7 MPa. The aqueous hydrogenation shows unique pH
selectivity, governed by the following factors: (i) pH-dependent structural change of the catalyst
precursor, which is deprotonated to form a catalytically inactive dinuclear complex [(Cp*Ir),(u-
OH);]" above pH 4; (ii) stability of a putative iridium hydride active catalyst depending upon pH;
(iii) difference in the proton affinity of the substrates, i.e., Lewis basicity of the carbonyl oxygen
atoms of the carbonyl compounds and the C=C moieties of the alkenes. Turnover frequencies of
the hydrogenatlons are also discussed on the basis of Lewis acidity of the carbocations that accept
a hydride ion from the active catalyst.’”" A catalytic system containing [Rh(acac)(CO),] and a
water-soluble phosphine was recently used for the hydrogenation of C4 unsaturated alcohols.?”>
Formation and characterization of water-soluble rhodium and ruthenium complexes and their
activity in hydrogenation of CO, and HCO;  in aqueous solution under mild conditions is
reported by Joo and co-workers.2”3 By using water-soluble Ru'’~phosphine complexes, the initial
turnover frequency of the reduction increases with increasing H, pressure. High pressure FT-IR
can be used to find evidence for the formation of the catalytically active ruthenium hydride
species.”’**”> Homogenous catalysis using a water-soluble Ru complex of (117) is suitable for the
combined hydrolysis and hydrogenation of inulin, a polysaccharide containing one D-glucose and
10 to 50 D-fructose units; the selectivity to D-mannitol in the hydrogenation of inulin is higher
than expected, particularly at higher pH.*’® Both enantiomers of ligand (118) are used in the
ruthenium-catalyzed hydrogenation of methyl acetoacetate and (Z)-acetamidocinnamic acid in
methanol and water. With (118) in water, a slight drop in the ee of the products is observed.
When %7small amount of acid was added, a fast reaction and high asymmetric induction was
found.”

The catalyst precursor prepared in situ from rhodium dimer [{Rh(COD)CIl},] and the water-
soluble phosphine (119) is an effective olefin hydrogenation catalyst. Catalytic hydrogenation
reactions have been tested in either two phases: aqueous catalyst/insoluble olefin or methanolic
catalyst/olefin systems. The observed reaction rates were higher for terminal than for internal
olefins. The system has also been used in the form of a supported aqueous phase catalyst.>’®
Water-soluble rhodium and iridium complexes of 2,2'-bipyridine derivatives, functionalized with
—PO;sNa, groups, show very good catalytic activities in the reduction of various substituted
acetophenones under hydrogen pressure in basic aqueous media. No significant loss of catalyst
is observed after one use. The effect of NaOH in the catalytic site of Rh-catalyzed hydrogenation

of ketones in water under hydrogen pressure is proposed in Scheme 56.27°
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Rhodium complexes based on the chiral ligand (120) have been used in the asymmetric
hydrogenation of functionalized chelating olefins in methanol and water. The results are com-
pared to those obtained using the corresponding non-sulfonated catalysts; in water all sulfonated
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complexes are superior.”®’ A detailed study of hydrogenations in aqueous solution was carried
out with [RhCI(121)3]. The complex is an active catalyst for reduction of olefinic and oxo-acids, as
well as of allyl alcohol and sulfostyrene. Mechanistic investigations were done with crotonic acid
and allyl alcohol substrates. Pronounced maxima in the rates of hydrogenation of both substrates
were found at pH 4.7. In these processes [HRh(121)3] has been proposed as the catalytically active
species, formed by dehydrochlorination of the primary product of H, oxidative addition.?®’
[RhCI(121)3] is able to catalyze hydrogen transfer from aqueous formate to «,(-unsaturated
aldehydes.?82 [RhCI(121);], in contrast to [RuCly(121)4],** showed marked selectivity towards
the reduction of the C=C bond and can be recycled in the aqueous phase. [RuCl,(121)4]
is catalytically quite active for the conversion of unsaturated aldehydes to unsaturated alcohols
using a biphasic aqueous/organic medium with formate as the source of hydrogen. Under similar
conditions [RhCI(121);] is a very active catalyst for olefin hydrogenation. Water-soluble analogs
of Vaska’s complex, trans-[IrCI(CO)(PPhjs),], have been prepared using the water-soluble phos-
phine ligands (115) and (121). The solution behavior of [IrCI(CO)(115),] in water is markedly
different from that of the Vaska’s complex in organic solvents, its reaction with O, and H, being
irreversible due to formation of the strongly hydrated proton and chloride ions produced.
[IrCI(CO)(115),] has been shown to be an active catalyst for the hydrogenation of olefinic double
bonds in short-chain unsaturated acids in aqueous solution. The turnover frequency for the
hydrogenation of maleic acid in water was significantly greater with [IrCI(CO)(115),] as a catalyst
than the comparable process using Vaska’s complex in dimethylacetamide at a much higher
temperature.?8* Rhodium complexes containing a series of phosphonium phosphines (122),
described by Baird and co-workers, are very active olefin hydrogenation catalysts in aqueous
and aqueous—organic biphasic media.**

9.2.6.1.2 Immobilization on solids

Immobilization of catalysts is an important process design feature (see Chapter 9.9). A recent
example of catalyst immobilization is the biphasic approach which seems superior to immobiliza-
tion on solids, as successfully proven in the Ruhrchemie/Rhone Poulenc process for the hydro-
formylation of olefins.*®® Supported liquid phase catalysis was devised as a method for the
immobilization of homogeneous catalysts on solids. When the liquid phase is water, a water-
soluble catalyst may be physically bound to the solid.

The supports used for metal complexes are very different. Initially, several researchers investi-
gated conventional polymers such as polystyrene bearmg functional groups for metal coordination.
Silica and other metal oxides, which are inexpensive, easily functionalized, and thermally and
mechanically stable, were generally employed. In soluble polymer- bound catalysts the attached
ligand groups have little effect on physical properties of the polymer.”®” Attachment of chiral
catalysts to soluble polymeric ligands including dendritic polymers combines the advantages of
catalysis in a homogeneous phase with facile separation by ultrafiltration in a membrane reactor.
Several types of polymer have been used as ligands supports for water- soluble catalysts. They
include poly(ethylene oxide),”®® poly(acrylic acid)s,® poly(N-alkylacrylamide),?*® and derivatives of
polyamines.??! Catalysts for reduction of simple alkenes supported on phosphinated polystyrene
including [RhCI(PPhs)s] and [RuCl,(PPhj);] have been also described.?®? Polystyrene functionalized
with bipyridyl units has been coordinated to Pd" to give a catalyst for alkene reduction.?** Pd" has
been supported also on poly(vinylpyridine)s and used as catalyst for reduction of unsaturated
aldehydes, alcohols, and carboxylic acids.?* Rhodium or platinum complexes immobilized on
acrylate polymers are good catalysts for reduction of alkenes, dienes, arenes, and nitroarenes.>*
Radiation-induced copolymerization of cis-[PdCl,{CNMe,OC(O)CH=CH,},] with acrylamides
gave a terpolymer which catalyzed reduction of phenylethylene, styrene, or nitrobenzene under
ambient conditions.”*® Palladium supported on a polymer obtained by photochemical grafting of
4-vinylpyridine onto polyethene showed good selectivity for reduction of nitroarenes to anilines.'
Nickel derivatives supported on polyethyleneimine catalyzed stercospecific reduction of alkynes to
cis-alkenes.?”” Chiral metal complexes can be immobilized on organic polymers and inorganic
oxides as well as encapsulation in zeolites, mesoporous silicates, and polydimethysiloxane mem-
branes. Zeolites offer the possibility not only to immobilize metal complexes but also to influence
reaction selectivity based on the size of pores, which give access to the intrazeolitic space.”®

Catalysts for hydrogenation can be also supported on ion exchange resins. For example,
rhodium(III) chloride, attached to a 3-carboxy-butenolic acid/DVB cation exchange resin with
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a macromolecular structure, showed selectivity in alkene reduction similar to a homogenecous
analog.”®® Allyl benzene was reduced to propyl benzene using rhodium complexes attached to
silica which had been modified with {=Si(CH,);NHR} side-chains;*** both alkenes and dienes
reacted in the presence of rhodium derivatives of SiO,/(EtO); Si(CH»),PPh,.>*" Catalysts sup-
ported on clays have been also employed. The adjustment of interlayer spacing by the introduc-
tion of substituents, pillaring, or solvent swelling, and the Lewis acidity nature of the interlamellar
regions can also give usefully altered selectivity. As an example, [Rh(Me,CO),(NBD)](ClO,4)
supported on polygorskite or montmorillonite is active for 1-hexene reduction but only after a
substantial indiction period.**> Supported metal complexes are active also toward enantioselective
reaction. For example, dehydroaminoacids were reduced in the presence of a rhodium complex on
a derivatized silica gel.3%3 Bianchini and co-workers showed that both [Rh(COD)(122)] and
[Rh(CO),(122)] can be grafted onto a high-surface-area silica with an immobilization procedure
based on the capability of the sulfonate tail of (122) to link the silanol units of the support via
hydrogen bonding.*** The catalysts obtained with this technique are denoted supported hydrogen
bonded (SHB) catalysts. A similar heterogenization strategy has been previously employed for the
preparation of supported transition metal oxide catalysts.35 The grafted [Rh(COD)(122)]/SiO5 is
active for the hydrogenations of alkenes in either flow reactors (ethene, propene) or batch reactors
(styrene) in hydrocarbon solvents.

The effects of catalyst site accessibility on the activities of supported olefin hydrogenation
catalysts have been defined using rhodium complexes of phosphonium—phosphine ligands (123)
tethered to a cation exchange resin via the tetra-alkylphosphonium moieties of the coordinated
ligands. The most active catalysts are those containing the longer chain ligands, where the catalyst
sites are farthest from the resin surface.’*®

Complexation of (124) and (125) with [{Rh(COD)CIl},] in the presence of Si(OEt)y, followed by
sol-gel hydrolysis condensation, afforded new catalytic chiral hybrid material. The catalytic
activities and selectivities of these solid materials have been studied in the asymmetric hydro-
gen-transfer reduction of prochiral ketones and compared to that of the homogeneous rhodium
complexes containing the same ligands (124) and (125).%"7

Water-soluble rhodium(I) and ruthenium(II) complexes containing ligands (115) or (121) have
been shown to catalyze the hydrogenation of aqueous HCO;~ and HCO, ™ under mild conditions.
No amine additive is needed for good turnovers. CO, accelerates the reactions with [RhCI(115)3],
whereas it slightly inhibits the reductions catalyzed by [RuCl,(115),]. Bicarbonate formed in the
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reaction of limestone with aqueous CO, can also be used as starting material for the formate
production.*”® The water-soluble complex [RhCI(121)5] was also succesfully employed for hydro-
genation on phospholipid liposomes as model membranes in aqueous media under mild condi-
tions; the highest conversion was achieved at pH 4.7. Formation of asymetrically dideuterated
lipids, together with results from isomerization and kinetic experiments, revealed the important
role of reversible formation of an alkyl-rhodium intermediate in the mechanism (Scheme 57).3%
The solid-phase synthesis of a new asymmetric transfer hydrogenation catalyst and the use of
these silica-supported systems in batch and flow reactors is described by Sandee.*'’

The ruthenium complex of NH-benzyl-(1R,2S)-norephedrine covalently tethered to silica
showed a high activity and enantioselectivity in the reduction of acetophenone.*'®

Synthetic approaches to silica-immobilized aminoalcohol ligands are reported in Scheme 58.%'°
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9.2.6.1.3 Immobilization via biphasic catalysis

One of the most documented applications of biphasic catalysis relates to the selective hydro-
genation of unsaturated organic molecules, from the simple reduction of olefins®'' and hetero-
aromatics®'? to the controlled transformation of lipids in biomembranes and living cells.*'* At the
present time the main efforts in this area are directed to the synthesis of new water-soluble ligands
and to the development of mass transfer promoters to permit the reaction of water-insoluble
substrates. Water-soluble [RuCl,(DMSO),4] is an active catalyst precursor for 1-hexene hydro-
genation in water/organic solvent biphasic systems, giving 98% total conversion (400 psi Hj,
80°C, 6h), with n-hexane as the principal product and 2-hexene isomers produced as by-products
by isomerization of the substrate. [RuCl,(DMSQO),] is very sensitive to O, dissolved in water, and
decomposes when halide salts or alcohols are added. It is also active in an alcoholic homogeneous
phase, but less so than in the biphasic system, giving a greater extent of isomerization of the
substrate instead of reduction.’

An investigation of different organic solvents, buffer, surfactants, and organorhodium com-
pounds established that the catalytic reduction of tetralin using [{Rh(1,5-hexadiene)Cl},] proceeds
with high efficiency at high substrate-to-catalyst ratios. The reaction occurs at r. t. and 1 atm.
pressure in a biphasic mixture of hexane and an aqueous buffer containing a low concentration of
a surfactant which stabilizes the catalysts.>'*

Paez reported the hydrogenation of frams-cinnamaldehyde using as catalyst precursor the
complexes [MCL,(CH3CN),] (M =Ru'"" and Os"), stabilized with the water-soluble ligand
(115).'5 The results are compared with those found for hydrogenations of ¢rans-cinnamaldehyde
carried out by other water-soluble organometallic complexes (Table 1).

Monflier and co-workers recently described a new approach based on the use of chemically
modified f-cyclodextrins to peform efficiently the functionalization of water-insoluble olefins in a
two-phase system. These compounds behave as inverse phase transfer catalysis, i.e., they transfer
olefins into the aqueous phase via the formation of inclusion complexes.3?2

The ion-pairs formed in solution by group 8-10 metal halides and quaternary ammonium salts
with long chain substituents can be extracted into nonpolar organic solvents, where they catalyze
a range of reactions (isomerization, hydrogenation, dehydrogenation). The catalytically active
species are not always well characterized, and the formation of stabilized metal colloids and
halide and/or hydroxide bridged polynuclear complexes cannot be excluded. One of the best
studied of these catalysts is the RhCIly-3H,0/Aliquat-336 system, containing the
[(CgH,7);sN(CH;3)]"[RhCl4(H>0),]~ ion pair which hydrogenates arenes in water/CICH,CH,CI
at 30°C and 1 bar total pressure.”™ Dehydropeptides have been reduced in a two-phase system
using [{Rh(cod)Cl},] associated with chiral water-soluble ligands; diastereoselectivities of up to
87% were obtained.¥ Ellis reported the use of water-soluble ruthenium clusters

Table 1 Hydrogenation of trans-cinnamaldehyde using water-soluble organometallic complexes.

Time Temperature P(H) % %
Catalyst precursor (h) ®) (bar) Conversion  Selectivity ~ References
RuCl;-3H,0 + 6 moles 3 100 30.1 100 90 312
of (115)
RuCl;-3H,0 + 6 moles 3 100 30.1 100 95 316
of (117)
RuCl;3+3H,0 + 5moles 3 35 20 99 98 317
of (117)
RuCl;3+3H; + 5 moles 3 40 20 100 96 316
of (117)
[RuCly(115),] 5 80 NaO,CH 98 92 318
[{RuCl,(115),},] 3 100 30.1 100 83 319
[{RuHCI,(115),}5] 3 100 30.1 100 54 319
[RuHCI(CO)(115)5] 8 100 17 90 23 320
[RuHCI(CO)(117);] 8 100 17 87 30 320
[cis-RuCly(121)4] 3 80 NaO,CH 21 100 321
[{RuCl(u-CH(117),} 5] 3 40 20 100 91 316,319
[RuH(CH(117)5] 3 40 20 100 96 316
[RuH(117),4] 3 40 20 100 95 316
[RuH(OACc)(117)5] 3 40 20 100 96 316
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[Rus(C0O);1»(117)3] and [H4Ru4u(CO);1(117)] as catalyst precursors in the hydrogenation of non-
activated alkenes under biphasic conditions. Each cluster displays activity under moderate con-
ditions, ca. 60 atm. H, at 60°C with catalytic turnovers up to ca. 500. The trinuclear clusters
undergo transformations during reaction but can be used repeatedly without loss of activity.*?

[(PPh3);Ru(H)CI] and [(Pr;'P),Ir(H)Cl,] react with H, (1 atm, 20°C) in a 50% NaOH/benzene
two-phase system in the presence of triethylbenzylammonium chloride as a PTC to form
polyhydride complexes [(PhsP);Ru(H,)(H),] and [(Pr3'P),IrHs]. 326 [(Cy;P),Rh(H)Cl,] is an effect-
ive catalyst precursor for the hydrogenation of the double bond of «,8-unsaturated aldehydes and
ketones under mild and biphasic conditions. Water or 0.5 M NaOH are necessary to promote the
generation of the catalytically active species.®*” Some rhodium hydride complexes containing the
ligand (126) are efficient catalysts for hydrogenation of C=C bonds in two-phase catalytic
systems.**® Water-soluble Ir and Rh complexes with tris(hydroxymethyl)phosphine catalyze the
selective hydrogenation of the C=0 bond of cinnamaldehyde under biphasic conditions.3?° Two
Rh complexes containing the carboxylated phosphine (127) were found to be effective catalysts
for hydrogenation of olefins and polybutadiene in aqueous and aqueous/organic biphasic media.
With these catalysts, terminal olefins were hydrogenated much faster than internal olefins, but an
unusudlly enhanced hydrogenation rate was found for hydrogenation of the internal double
bonds in 2-pentene and 3-pentenenitriles. The catalysts show select1v1ty for the hydrogenation
of 1,2 (vinyl) sites over 1,4 (internal) sites in the polybutadiene.®

Hydrogenat10n of nitrobenzene can be catalyzed by the water-soluble catalyst [PdCl,(117),]
under normal pressure at 65°C in an H,O/toluene biphasic solvent system. The water-soluble
bimetallic catalyst system [PdCI,(117),]-H,PtClg exhibits higher catalytic activity and selectivity
than [PdCl,(117),] and H,PtClg alone for the hydrogenation of aromatic nitrocompounds. The
transmission electron micrographs demonstrate that the monometallic catalyst is composed of
ultrafine palladium particles of almost uniform size while the particles of the bimetallic catalyst
are more widely distributed in size than those of the monometallic ones.*' A new chiral hetero-
geneous catalytic system obtained by occlusion of a Rh complex (Scheme 59) in polydimethyl-
siloxane was tested in the asymmetric hydrogenation of methyl-2-acetamidoacrylate in aqueous
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9.2.6.1.4 Microheterogenization on organized amphiphiles in the colloidal or nanoscale dimension

The use of aqueous phase catalysis relies on highly water-soluble ligands to keep the catalytically
active metal in the aqueous phase. Ligand modification has led to the use of tenside or amphi-
philic ligands. Micelles derive from amphiphiles with one polar headgroup and one hydrophobic
chain, whereas in most cases vesicles can be obtained from two amphiphiles with two chains per
headgroup. The geometric shape of phosphine amphiphiles limits the way in which they may
aggregate in micelles or vesicles. Amphiphilic phosphines serve not only as solubilizers for
substrates in the aqueous phase, but also form micelle-like aggregates and in some case also
vesicles. In addition to tenside ligands, surfactants may be added to water-soluble catalysts with
the aim of increasing or altering the reaction selectivity.

The effect of surfactant on enantioselective hydrogenation has been thoroughly investigated.
Rhodium complexes of phosphinated glucopyranosides were used for hydrogenation of prochiral
dehydroaminoacid derivatives in aqueous systems in the presence of sodium dodecylsulfate (SDS)
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at 25°C and 1 atm H,. Addition of SDS generally increases both the rate and enantioselectivity of
hydrogenations.>** Water-soluble Ru'' complexes containing the sulfonated ligand (117) exhibit,
in the presence of various salts, an extremely high catalytic activity for the hydrogenation of
aldehydes. Mechanistic studies indicate clearly that the salt effect occurs both via the cation and
the anion in the catdlytic cycle; the electrophilic cation favors an unsual type of aldehyde
coordination, and the anion modifies the coordination sphere around the ruthenium atom
(Scheme 60), 334 both of which influence the mechanism.
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Oheme and co-workers investigated®” in an aqueous micellar system the asymmetric hydro-
genation of a-amino acid precursors using optically active rhodium—phosphine complexes. Sur-
factants of different types significantly enhance both activity and enantioselectivity provided that
the concentration of the surfactants is above the critical micelle concentration. The application of
amphiphilized polymers and polymerized micelles as surfactants facilitates the phase separation
after the reaction. Table 2 shows selected hydrogenation results with and without amphiphiles
and with amphiphilized polymers for the reaction in Scheme 61.%

H\ ) /COOCH?, [Rh(COD)Z]BF4 + (128), 0.1 MPa H» . COOCHs
c=¢ PhH,C-CH
Ph NHCOCH; NHCOCH3;

surfactant or amphiphiles
Scheme 61

Ruthenium complexes of (129) and (130)**® were investigated for the asymmetric hydrogen-
ation of prochiral 2-R-propenoic acids (Scheme 62a); rhodium complexes of these ligands were
used for hydrogenation of acetoamido—cinnamic acid methyl ester (Scheme 62c) and
hydrogenation of acetophenone—benzylamine (Scheme 62b). The results obtained with these
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Table 2 Selected hydrogenation results with and without amphiphiles and with amphiphilized polymers for
the reaction in Scheme 61.

Surfactant Rh:surfactant:substrate t/2 (min) Optical yield (%ee R)
None in water (methanol) 1:20:100 90 (2) 78 (90)
Anionic 1:20:100 6 94
Sodium dodecylsulfate (SDS)
Cationic 1:20:100 5 95
Cetyltrimethylammonium hydrogen sulfate
(CTA HSOy)
Zwitterionic 1:20:100 5 93
N-dodecyl-N,N'-dimethyl-3-ammonio-

I-propanesulfonate
Nonionic 1:20:100 7 95
Polyoxyethylene(10)hexadecylether (Brij 56)
Amphiphiles Rh:amphiphiles
Silica ion exchanger 1:20 11 92
0.63mmol g~
Silica bound amphiphile 1:20 24 93
0.31 mmol g™
Alumina adsorbed SDS 1:20 7.5 90
0.25mmol g™!

catalysts have been compared with those obtained with BINAP as ligand. Amphiphilic
water-soluble phosphines in aqueous biphasic catalysis lead to improved reaction rates with
substrates that are poorly water soluble; the amphiphilic ligands (129) and (130), for example,
aggregate in aqueous solution and there is evidence that these ligand aggregates solubilize the
substrate in the aqueous phase.

COOH COOH T
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Scheme 62

Rhodium-catalyzed enantioselective hydrogenation of acetamido—cinnamic in water was also
achieved using pyrphos bound to poly-acrylic acid as ligand.**” Roucoux described some Rh’
nanoparticles which function as reusable hydrogenation catalyst for arene derivatives in a biphasic
water—liquid system.*®

9.2.6.1.5 Enantioselective hydrogenation in aqueous systems

Excellent enantioselectivities have been observed for hydrogenations both in homogeneous solu-
tions (alcohols in water) and in biphasic systems. The effect of water on enantioselectivity varies
from system to system; in some cases the ee value increases with increasing water concentration—
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for example, in hydrogenation of 2-ethanamido-propenoic acid with water-soluble complexes**—
whereas no change was found in the enantioselectivity of the hydrogenation of Z-2-ethanamido-
3-phenylpropenoic acid catalyzed by a Rh complex in ethanol or ethanol:water mixtures.**

Rhodium complexes containing disulfonated phosphines can be used for enantioselective
hydrogenation of enamides (<88% ee) and phenylethanone (28%).*>* The hydrogenation of
propenoic acid derivatives in ethanoate/D,O mixtures catalyzed by Rh' complexes containing
sulfonated phosphines resulted in selective monodeuteration at the position « to the ethanamide
and the ester groups (Scheme 63).%!

COZCHB [sjgt():r?azg%;sphines COZCH3
T H,/D,0 D
R NHCOCHj3 R NHCOCHj3
Scheme 63

Prochiral imines can be hydrogenated to the corresponding amines with extremely high enan-
tioselectivities in H,O/ethyl ethanoate biphasic systems, using Rh' complexes of sulfonated
phosphines.**? The cationic rhodium complex [Rh(NBD)(131)]" was an active catalyst for hydro-
genation of 2-ethanamido-propenoic acid in aqueous solution.™

9.2.6.1.6 Transfer hydrogenation and hydrogenolysis in aqueous systems

Methanoic acid and methanoates were amongst the most effective donors used for reduction of
alkenes in aqueous solution, using Rh, Ru, Pt, and Pd complexes of (115), the most active catalyst
being [RuCly(115),].%*

Prochiral derivatives of propenoic acid were reduced by hydrogen transfer from aqueous
solutions of M[HCOO] M =K ™, Na* and [NH,4]") catalyzed by Rh! complexes of (117) or the
tetrasulfonated cyclobutanediop (132).>*> Aldehydes were reduced in a phase transfer catalytic
system having [RuCl,(PPhj3);] as the catalyst in the organic phase (for example chlorobenzene)
and the hydrogen donor (Na-methanoate) in the aqueous phase.®

The complexes [PdCl,(133),] catalyze the hydrogenolysis of I-chloromethylnaphthalene with
K[HCOO] or NaJHCOO]. Both the solid methanoates and their aqueous solutions could be used.
Addition of [R4N]*X ™ phase transfer agents significantly accelerated the hydrogenolysis of aryl
halides with methanoates.>*’

9.2.6.1.7 Hydrogenations with CO[H,0 mixtures

Several studies have reported the catalysis of the liquid-phase water gas shift reaction (WGSR).
Actually, homogeneous catalysis of the WGSR is not competitive with its heterogeneous counter-
part due to the limited rate, instability of the catalysts, and high costs. Scheme 64 shows the most

important steps.
OH or Hzo /,O
M-CO M-C

OH
+CO 1 ‘ —CO,
Y
{m} —H, {m-H}
Scheme 64

Reduction of nitro compounds is a classic application of WGSR systems (Equation (17)).
PhNO, + 3CO + H,0 — PhNH, + 3CO, (17)
A good catalyst for this reaction is [FeH(CO)4], produced by the reaction of [Fe(CO)s] with

OH.**® Aldehydes were reduced by CO in 60:40 water: 2-ethoxy-ethanol mixtures under mild
condition (30-80°C, 20bar CO) with a [Rhe(CO)¢]/diamine catalyst system.*** In aqueous
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methanol at 150°C and 35bar CO, [Fe(CO)s] catalyzed the reduction of quinolines only at the
aromatic ring; under identical conditions anthracene was reduced only stoichiometrically.

9.2.6.2 Hydrogenation in Supercritical Carbon Dioxide

Supercritical carbon dioxide (scCO,; Tc=231°C, p.=73.75bar, d,=0.468 gmL™") is considered
as an ecologically benign and economically feasible reaction medium for metal catalyzed reactions
with unique properties for chemical synthesis.*** The miscibility of scCO, with many gases, and
the absence of a liquid/gas-phase boundary in the supercritical state, results in the maximum
availability of gaseous reactants, avoiding potential problems of mass-transfer limitations.*'-*5?
Beneficial effects can also arise from high compressibility of scCO,, allowing for selectivity
changes by variation of the density with comparably small changes in the reaction conditions.333
The chemical interaction of CO, with functional groups of the substrate can lead to better
compatibility with the employed catalysts (temporary protecting group). In favorable cases, the
extractive properties of scCO, may allow simple separation of catalysts and products.

The first report of homogeneous hydrogenation of organic substrates in any supercritical fluid
is probably a patent describing the hydrogenation of coal extracts in scH,0.354 The first example
using scCO, was the hydrogenation of a cyclopropene by MnH(CO)s via the radical mechanism
in Scheme 65.3%
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This reaction can be performed catalytically or stoichiometrically. Carbonyl complexes such as
[MnH(CO)s] can hydrogenate or hydroformylate activated olefins; the selectivity for hydrogena-
tion over hydroformylation is often used as a measure of the strength of the solvent cage.
Complex (134), where R = C¢Hy4-m-(CH,)>(CF,)sCF3, catalyzes the hydrogenation of isoprene
in scCO, (Scheme 66).3°
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In addition to the practical advantage of a “solvent-free” reaction, the replacement of organic
liquid solvents with scCO, can produce remarkable effects on the selectivity and rate of asym-
metric hydrogenatlon processes. For example Burk et al.*7 reported significantly higher enan-
tioselectivities in scCO, than in organic solvents during hydrogenation at ,5-disubstituted
dehydroaminoacids using rhodium cataysts bearing chiral phosphinated ligands (Scheme 67).
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In a study by Leitner of the iridium-catalyzed hydrogenation of imines, a nearly 20-fold
increase in catalytic efficiency was observed due to a different kinetic proﬁle in scCO, as
compared to methylene chloride.*® The change in rate and select1v1ty found in scCO, with
respect to the other solvents can be related to the following major points:

(1) Changes in the catalyst can result from adjusting the complex to the special properties of
scCOs, e.g., by attaching “CO,-philic” groups such as fluorocarbon chains.

(i) Changes in solvent polarity or other typical solvent parameters can influence the reaction.

(iii)) Changes in H, availability can result from the high miscibility of scCO, with gaseous
reagents. Mass transfer limitations, which can have effects not only on rates but also on
selectivities, are avoided under single phase conditions.

(iv) Subtle changes in the reaction mechanism, such as variations in rates and equilibria of the
individual transformations of a multistep catalytic cycle, may result from changes in solva-
tion and/or stabilization of transition state and intermediates in a complex reaction pathway.

(v) Major changes in the reaction mechanism can result from chemical interaction of the
CO» molecule with reactive intermediates of the catalytic cycle. The generally accepted
pathway for asymmetric hydrogenation reactions often involve solvato-complexes, and
proceed always via metal hydride intermediates; CO, can directly interfere with such
intermediates by acting as a ligand or by reversible insertion into the M—H bond.

Recent research has demonstrated enhanced reaction rates in the ruthenium-catalyzed hydro-
genation of CO, to formic acid and its derivatives.*****” The highly enantioselective hydrogena-
tion of C=C double bonds has been demonstrated with prochiral «,8-unsaturated carboxylic
acids as substrates.®

A new “CO,-philic” chiral rhodium diphosphinite complex was synthesized and applied
as catalyst precursor in the asymmetric hydrogenation of dimethyl itaconate in scCO,, scC,Hg,
and various liquid organic solvents.363 A water-soluble ruthenium(II) complex bearing
tris(hydroxymethyl)phosphine is highly effective for the catalytic hydrogenation of supercritical
carbon dioxide (scCO,) under scCO,~H,O multi-phasic conditions.364

Enantiopure phosphinodihydrooxazoles were used in the Ir-catalyzed enantioselective hydro-
genation of imines in CH,Cl,. Leitner reported that it is possible to replace the organic solvents
with scCO, without loss of enantioselectivity, if these Ir catalysts are suitably tailored to the
specific properties of the reaction medium by careful choice of the substituents on the chiral
ligands and in the anion.®

Hydrogenation of cinnamaldehyde was performed in scCO,—water biphasic catalyst system,
which eliminates gas-liquid-liquid mass transfer and gives better activity and selectivity.**® The
combined use of scCO, as a reaction medium, and water-soluble metal complexes for easy
recycling of the catalyst, afford a truly environmentally friendly process. This eliminates the use
of organlc solvents and also gives easy catalyst/product separa‘uon and catalyst recycling. Table 3
summarizes the results for hydrogenann of cinnamaldehyde using several catalyst systems.””

Hydrogenation of tiglic acid in scCO, catalyzed by a chiral complex such as (136) (Scheme 68)
proceeds cleanly with cis stereochemistry to afford 2-methylbutanoic acid in up to 89% ee and
over 99% vyield.**” These studies revealed a different influence of H, pressure on the selectivity
between liquid solvents and scCO».
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Table 3 Hydrogenation of cinnamaldehyde using various catalyst systems.®

Pressure  Pressure Selectivity Selectivity
Catalyst (MPa) (MPa)  Conversion (%) (%)

Reaction type  precursor Ligand Solvent system scCO,  H, (%) UOLS® SALY

Homogeneous RuCls PPh; toluene 40 29 92 8
Homogeneous RuClj PPh; scCO, 140 40 1.5 89 11
Biphasic RuCl; (115) toluene/water 40 11 92 8
Biphasic RuCl; (115) scCO,/water 140 40 38 99 0.5
Biphasic RhCl; (115)  scCO,/water 140 40 35 100
Biphasic Pd(OAc), (115) scCO,/water 140 40 22 100
SAPC® RuCl, (115) toluene/water 40 13 93 7
SAPC RuCl; (115) scCO,/water 140 40 44 96 4

2 Reaction conditions: Catalyst precursor: 0.012 mmol; ligand/Ru: 8; T =40°C; cinnamaldehyde: 7.8 mmol; toluene: 25cm®™ time: 2h;
water=0.5cm’. ® Gas-liquid-liquid on solid support (silica: 1.5g). © UOL: unsaturated alcohol; ¢ SAL: saturated aldeyde.

H COOH Ru Cata|yst H COOH
— + H2 H H
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Scheme 68

Heterogeneously catalyzed hydrogenations have also been investigated.**® The enantioselect-
ivity of the hydrogenations of ethylpyruvate using cinchonidine-modified Pt on alumina in
scC,Hg was equal to that in toluene and greater than in ethanol (Scheme 69).%%
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Scheme 69

Hydrogenation of CO, using H, is strongly dependent on the conditions and catalysts
employed.””® High-temperature hydrogenation conditions, usually with heterogenous catalysis,
produce CO, CH;0H, or CHy, whereas mild conditions usually yield formic acid or related
compounds. Noyori’s group showed that reacting N(C,Hs);, 0.0006 eq. [RuH,{P(CHj3);}4] and
85atm of H, in 50ml of scCO, (50°C) leads to rapid production of formic acid. At higher
temperature the preferred catalyst precursor is [RuClL,{P(CH3)3}4] due to its greater stability.371-374

Mono- or dialkyl-formamides can be obtained in turnover numbers up to 420,000 when
primary or secondary amines were hydrogenated at 100°C in scCO, using [RuClL,{P(CHj3)3}4]
as catalyst precursor.”’*%* A heterogenized analog of [RuCl,{P(CH;);}4], supported by a
sol-gel-derived silica matrix, was also very active for the synthesis of DMF;3’5 [RuCl,(dppe)] is
an even better catalyst, showing higher rates of reaction.37®
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9.2.6.3 Hydrogenation by Cluster Catalysis

A metal cluster can be considered as a polynuclear compound which contains at least one metal—
metal bond. A better definition of cluster catalysis is a reaction in which at least one site of the
cluster molecule is mechanistically necessary. Theoretically, homogeneous clusters should be
capable of multiple-site catalysis. Many heterogeneous catalytic reactions require multiple-site
catalysis and for these reasons discrete molecular metal clusters are often proposed as models of
metal surfaces in the processes of chemisorption and catalysis. The use of carbonyl clusters as
catalysts for hydrogenation reactions has been the subject of a number of papers, an important
question actually being whether the cluster itself is the species responsible for the hydrogenation.
Often the cluster is recovered from the catalytic reaction, or is the only species spectroscopically
observed under catalytic conditions. These data have been taken as evidence for cluster catalysis.

For homogeneous hydrogenation reactions catalyzed by clusters, three different mechanisms
have been proposed. Shapley’”” and Bassett’’® suggested that the hydrogenation of alkenes
catalyzed by [Os3H,(CO);¢] or by the silica-supported cluster [Os3(CO);o(u-H)(u-OSi=)]
proceeds via a multiple-site mechanism (Scheme 70). In contrast, when [RusH4(CO);,] was
employed as catalyst, only one site seems mechanistically necessary.*”® Cluster fragmentation
has been hypothesized in the hydrogenation of styrene catalyzed, for example, by
[Os4H,1(CO)o] .

Duckett38! reported on the use of parahydrogen-induced polarization (PHIP) to delineate the
pathways involved in the catalytic hydrogenation of alkenes and alkynes by [Ruz(CO);,_(PPh;),]
(x=1 or 2) and showed that the mechanism is highly dependent on the solvent. Bassett and
co-workers™’® also found the silica-supported cluster [0s(CO),o(u-H)(1-OSi=)] to be an efficient
catalyst for the gas—solid hydrogenation of ethylene. The reaction was found to be zero-order in
ethylene and first-order in hydrogen. The kinetic results together with volumetric and IR meas-
urements on this system and on the soluble analog [Os3(CO);o(u-H)(-OPh)] led to a mechanism
involving the intact triosmium framework in all the steps, confirming the catalytic cycle. Sanchez-
Delgado and co-workers reported that a number of tri- and tetranuclear osmium clusters can
serve as catalyst precursor for hydrogenation of alkynes.*®® The reaction of [Os3;H,(CO);o] with
alkynes is more complex than with olefins. In the case of terminal alkynes the four products
reported in Scheme 71 are formed. Only the o-m-vinyl complex (137) goes on to yield alkene and
the starting [Os3H»(CO);¢]. The proposed mechanism for the reaction of terminal alkynes with
[Os3H5(CO),] and para-hydrogen at —60 °C in CDCl; is reported in Scheme 72.%%2
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The trinuclear cluster [(u-H);Rusz(u3-O)(CO)s(DPPM),] is also an efficient catalyst for alkene
hydrogenation reaction, for which Bergounhou proposed the catalytic Scheme 73.°
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Doi and co-workers®”® carried out kinetic and mechanistic studies for the hydrogenation of
ethylene with [H4Ru(CO);,] as the precatalyst. The hydrogenation rate is first-order with respect
to cluster concentration, and increased to constant values with increasing ethylene and hydrogen
pressure. An inverse dependence of the reaction rate on CO pressure was also observed. The
mechanism proposed is in accordance with a cluster-catalyzed reaction (Scheme 74).
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Hydrogenation catalysts from non- -platinum group have been also reported. For example, some
orgdnolanthamdes of formula [{(n°-CsMes),MH},] are active catalyst for alkene hydrogena-
tion.*® It has been proposed on the basis of kinetic studies that first the dimer dissociates

according to (Equation (18)),
[{(n’ — CsMes),MH},] ===2[(/" — CsMes),MH] slow (18)
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The addition of the lanthanide hydride to the cyclohexene double bond is the rate-limiting step
(Equation (19)),

[(n° = CsMes),MH] + CjoH ;g === [(° — CsMes),M(C,,H,;)] slow (19)

followed by fast reaction with H, (Equation (20)):

[(775 — C5M€5)2M(C10H11)] + Hz — [(7)5 — C5M€5)2MH} + C10H12 fast (20)

Hydrogenation reactions of 1-hexene with [Ru3(CO);,] and [Ruz(CO)o(PPh3);] were recently
compared. It has been reported that at H, pressures of 32 psi and 48 psi, [Ruz(CO);,] was more active
in hydrogenation, but at 16 psi [Ru3(CO)o(PPh;)3] was the better catalyst. The catalytic activity of
these clusters is diminished by an excess of PPh;.**> Homo- and heterometallic ruthenium-
containing carbonyl clusters catalyze the hydrogenation of alkynes™® and of cyclic dienes;*®’
substitution of phosphine ligands for carbonyls in some cases increases the catalytic activity.™®
Thus, the phosphine-substituted clusters [Ru;(CO)q(PR3);] are active homogeneous catalysts for
the hydrogenation of diphenylacetylene. In the catalytic reaction involving [Ru;(CO)y(PEt3)s],
formation of [Ruz(CO)y(PEts),], which shows a hydrogenating activity greater than
[Ru3(CO)o(PEt3)s], has been observed.3¥® Cabeza and co-workers reported a systematic investigation
of homogeneous alkyne hydrogenations promoted by alkenyltriruthenium clusters;*° as an example,
the cationic cluster (141) promotes homogeneous catalytic hydrogenation of diphenylacetylene to
cis- and trans-stilbene under very mild conditions (333 K, p(H,) < 1 atm). Reactivity, spectroscopic
and kinetic studies support a hydrogenation mechanism in which the catalytic intermediates are
cationic trinuclear complexes (Scheme 75).%!
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Catalytic hydrogenation of aromatics under biphasic conditions has been carried out with the
water-soluble cluster cation [(7°-C¢Meg)o(n°-CeHg)Rus(to-H)(12-OH)(u3-0)] ", the catalytic
activity of which depends markedly on the substrates, with extremely high activity observed for
ethylbenzene.**? The water-soluble organometallic cluster cation (142), prepared by reaction of
[(n°-C¢Hg)Ru(H>0)s]** with [(n°-C¢Meg)>Rus(1o-H)s]" in aqueous solution, was found to cata-
lyze the hydrogenation of aromatic substrates under biphasic conditions (Scheme 76).39%3%4
The water-soluble and air-stable triruthenium carbonyl cluster [Ru3(CO)o(115);] was an effective
catalyst precursor for hydrogenation of acrylic acid and phenylethylene in good yield.**?

The use of chemically assembled multiclusters as precursors to solids with metastable porous
microstructures constitutes a new approach to the preparation of heterogencous hydrogenation
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catalysts. Fehlner and co-workers prepared an extended cluster lead(I) carboxylate
[Pb{(CO)yCo5(u3-CCOy)}5], (143) which, converted on pyrolysis into two metastable forms of
solid material, was tested for hydrogenation of 2-butenal. The core metals play a direct chemical
role in the activity of the catalyst which is a “clusters of clusters.”**® Fehlner also described a Ti/Co
“cluster of clusters”-based catalyst for the selective hydrogenation of «,(-unsaturated aldehydes.*”’”
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Nagashima reported the hydrogenation of di-, tri- and tetranuclear ruthenium complexes
bearlng azulenes below 100 °C revealed that only the triruthenium compounds reacted with H,
via triruthenium dihydride intermediates.>*® This indicates that there exists a reaction pathway to
achieve facile activation of dlhydrogen on the face of a triruthenium carbonyl moiety.”

Complexes [HRu3(CO)o(C,Bu")] and [Fe;(CO)o(u-RC,R’)] (R =R’ =Ph, Et; R =Me, R’ =Ph),
containing respectively an acetylide and an alkyne unit, catalyze hydrogenatlon of alkynes and
1,4-cyclohexadiene under homogeneous conditions. Cluster catalysis is probably occurring; evi-
dence for partial fragmentation of the cluster has been also found.#?0-401 The hydrogenation of
aromatic nitriles by [Fe;(CO)o] cluster has been described by Vahrenkamp.**>

Four tetranuclear ruthenium carbonyl hydride clusters containing chiral diphosphine ligands
catalyze asymmetric hydrogenation of trans-2-methyl-2-butenoic acid with high conversion rates
under relatively mild reaction conditions. The predominant enantiomeric form of the hydro-
genated product, dependent on the configuration of the diphosphine, indicates strong chiral induc-
tion.#%3 Wang described a cyclometalation reaction of N-(3-methyl-2-thienylmethylidene)aniline
with [Fe,(CO)y] that induces not only methyl migration and imidoyl complex formation, but also
hydrogenation.*® The catalytic hydrogenation of various benzene derivatives using [(n°-
CsHg)>Ru,Cly] in aqueous solution as the catalyst precursor has been reported by Fidalgo.40s
A theoretical study of the potential energy surface has been recently carried out for the catalytic
cycle of ethylene hydrogenation by a Pd, cluster.*’®

Using functionalized polystyrenes and [Rhg(CO) 4], polymer-bound Rh-cluster complexes were
obtained in the presence of CO and H»O, which exhibited high catalytic activities for hydrogena-
tion of aldehydes to alcohols.**74%

9.2.7 HYDROGENATION IN BIOLOGICAL SYSTEMS

Molecular hydrogen is an important intermediate in the degradation of organic matter by
microorganisms in anoxic habitats such as freshwater and marine sediments, wet land soils, and
the gastrointestinal tract of animals. In these particular conditions H, is produced during
fermentation of carbohydrates, lipids, nucleic acids, and proteins by anaerobic bacteria and,
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depending on the particular habitat, also some anaerobic protozoa, anaerobic fungi, anaerobi-
cally adapted algae, and/or anaerobic archaea may also be involved.

Some microorganisms are able to produce or consume molecular hydrogen through particular
enzymes generally named “hydrogenases,” which catalyze the forward and reverse reactions in
(Equation (21)):

H, = 2H' 4 2¢~ (21)

Other transformations supplied by these enzymes are para-ortho-hydrogen conversion, and the
exchange reaction between H, and protons of water.#0%-412 The hydrogenase enzymes found in
various microorganisms are very different in their protein structure and in the types of electron
carrier they use.

In 1980 the role of nickel in certain hydrogenases as active catalytic center was definitely
proved.*'¥#!4 Electrons produced by the oxidation of molecular hydrogen, or required for reduc-
tion of protons, are transported between the enzyme and the other components of the cell by
primary electron carriers such as quinones, ferredoxin, rubredoxin, cytochrome c¢;, etc. The
hydrogenase reducing power gives to the cell the possibility of transforming a wide number of
terminal acceptors such as CO,, E-2-butene-diolate or inorganic ions such as SO4*~ and NO; ™.
Hydrogenases assist the maintenance of energy balance of the cell, energy being supplied, for
example, by reduction of CO, to CH,4 or by reduction of O, to H,O.*'> Almost all hydrogenase
enzymes are iron—sulfur proteins, {Fe;S,} clusters being always present and bonded to the protein
by S-coordination of the cysteine residues, apart from some new examples of purely organic
hydrogenases.*'> In some enzymes {Fe;S,} clusters and/or selenium have also been detected.

The metal-based hydrogenase enzymes known can be subdivided into three main groups:

(1) [Fe] hydrogenases. These contain only iron—sulfur centers, in particular two {FesS4}
clusters, and a third site with two iron atoms which are believed to be the active site of
H, oxidation and H™ reduction.

(i) [NiFe] hydrogenases. These contain various iron—sulfur centers such as {Fe4S;} and
{Fe3S4} clusters, and also a nickel-iron site.

(iii) [NiFeSe] hydrogenases. These contain equivalent amounts of Ni and Se (the latter
probably replacing some sulfur atoms in the coordination environment of the Ni), and
two {Fe4S4} clusters.

Because of the different kinds of enzyme, several synthetic models have been proposed which
can be evaluated with regard to their composition and structure or to particular features of the
enzymatic function. One of the most successful, proposed by Crabtree and co-workers some years
ago,”® involves the ionic complex [NiL,]Cl, (144; L =2-HOC4H,CH = N-NHC(S)NH,).
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This system, rather stable in air, can be reduced electrochemically or with NaBH,, affording a
Ni' compound. Moreover, it catalyzes the D,/H exchange with EtOH at 25 °C and 1 bar pressure
of D,, in the presence of promoters such as HI or HBF,. Because of the evidence that in solution
the phenolic OH group is not coordinated to Ni, it has been suggested that hydrogen bonding
between the Ni-coordinated H, and free OH groups in the ligand L could promote the activation
of molecular hydrogen.

The structures of all three types of enzyme have been recently resolved.*'”*?! The first was the
structure of the [NiFe] enzyme from Desulfovibrio gigas,*** which revealed an active site contain-
ing a Ni center coordinated by «-S of a cysteine (Cys 530) in an apical position and by three
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equatorial 7-S of cysteine ligands (Cys 65, Cys, 68, Cys 533) (Scheme 77a). An iron atom is less
than 3 A away from the nickel atom, and bound by +-S of Cys 68 and Cys 533, the latter bridging
the two metals, and by three diatomic molecules, recently identified as one CN ™, one CO, and one
SO.423424 The Ni coordination site labeled Y, which is also a coordination position for the iron, is
not occupied by any protein ligand, and could be a binding site for Ho.
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Scheme 77

In the structure of the [NiFeSe] enzyme from Desulfomicrobium baculatum, one of the
four cysteines involved in Ni coordination, one sulfur cysteine is replaced by a selenocystelne
(Scheme 77b).40%:419

In the [Fe] hydrogenase structure, the active site seems to consist of a typical {Fe4S4} cluster
bridged through Cys382 to an unusual Fe binuclear center (145). The two Fe are bridged by a
small molecule which could be 1,3-propanediol (PDT) and, in addition, are coordinated by
(probably) CN~ and CO ligands as well as a monoanionic bridging oxygen species (X).*!”
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Many resolved crystal structures of enzymes are of inactive proteins obtained after aeroblc
purification, thus the active site might look quite different when the enzymes are active.*?>42¢
However, a recent example of crystal structure of the Desulfomicrobium baculatum [NiFeSe]
hydrogenase was obtained by growing crystals anaerobically in a glove-box, from a hydrogen-
treated protein solution, thus providing the first image of the active site in a reduced form.41?

Recently, on the basis also of the resolved structures of a typical [NiFe] hydrogenase from
Desulfovibrio vulgaris, a mechanism of actlon for the active site has been proposed (Scheme 78).4"
The isolated hydrogenase contains a Ni'! center coordinated by five ligands, hence the sixth coordm-
ation site must be occupied by an unpaired electron (structure a), because the pentacoordinated Ni"
has a 17-electron configuration. Moreover, there are three Fe-S clusters, the proximal {FesSs}
(proximal the active Ni-Fe site), the distal {Fe4S;} (distal to the active site) and {Fe;S4}
(located between the two {Fe Sy} clusters). When H, is introduced to the enzyme in the presence of
its electron carrier, H, will occupy the sixth coordination site (structure b). It undergoes heterolytic
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cleavage giving electrons to reduce Ni'™ to Ni", which now has the sixth coordination site
occupied by paired electrons (zstructure ¢). The other electron released may be consumed to
reduce the {Fe;S,} cluster.*? Removal of HS™ from the reaction intermediate (¢) produces
the active enzyme (d), with the concomitant delivery of H,S. The Fe atom is considered to
be in a diamagnetic Fe'' state.*”” At the moment of formation of (d), with unoccupied
coordinating bridge site between Ni and Fe atoms, catalytic cycles including the coordination
and heterolytic cleavage of H, proceed to supply electrons to reduce an externally added
electron carrier.
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9.3.1 INTRODUCTION

Since 1985, several thousands of publications have appeared on complexes that are active as
catalysts in the addition of carbon monoxide in reactions such as carbonylation of alcohols,
hydroformylation, isocyanate formation, polyketone formation, etc. It will therefore be impos-
sible within the scope of this chapter to review all these reports. In many instances we will refer to
recent review articles and discuss only the results of the last few years. Second, we will focus on
those reports that have made use explicitly of coordination complexes, rather than in situ
prepared catalysts. Work not containing identified complexes but related to publications discuss-
ing well-defined complexes is often mentioned by their reference only. Metal salts used as
precursors on inorganic supports are often less well defined and most reports on these will not
be mentioned.

9.3.2 CARBONYLATION OF METHANOL

9.3.2.1 Rhodium Catalysts

The carbonylation of methanol was developed by Monsanto in the late 1960s. It is a large-scale
operation employing a rhodium/iodide catalyst converting methanol and carbon monoxide into
acetic acid. An older method involves the same carbonylation reaction carried out with a cobalt
catalyst (see Section 9.3.2.4). For many years the Monsanto process has been the most attractive
route for the preparation of acetic acid, but in recent years the iridium-based CATIVA process,
developed by BP, has come on stream (see Section 9.3.2):

CH;0H + CO — CH;3CO,H AG (standard conditions, —17.8 kcal mol ') (1)

The rhodium catalyst has several distinct advantages over the cobalt catalyst; it is much faster and
far more selective. The higher rate is in process terms translated into much lower pressures (the
cobalt catalyst is operated at pressures of 700 bar). Nickel- and palladium-based catalysts have
also been reported, but no applications have resulted from these. The mechanism for group
10 metals has not been studied (see Section 9.3.2.3).

The reaction sequence has been well established."™ The two components of the Monsanto
catalyst are rhodium and iodide, which can be added in many forms. Under the prevailing
conditions, carbon monoxide and water reduce Rhl; to monovalent rhodium. A large excess of
iodide may be present, and both on a weight basis as well as on a molecular basis it would be fair
to say that the catalyst is iodide and the promoter is a trace of rhodium; usually it is described the
other way around. Under the reaction conditions, methanol and the iodide component form
methyl iodide. Rhodium is present as the anionic species (1), RhI>,(CO), . The first step of the
catalytic cycle (see Scheme 1) is the oxidative addition of methyl iodide to this rhodium complex,
to give (2) in the rate-determining step of the Monsanto process. The iodide enables the formation
of a methyl rhodium complex; methanol is not sufficiently electrophilic to carry out this reaction.
As for other nucleophiles, the reaction is much slower with methyl bromide or methyl chloride as
the catalyst component. Migration of the methyl group gives an acetyl-rhodium complex. Carbon
monoxide complexation and reductive elimination of acetyl iodide complete the cycle. Acetyl
iodide hydrolyzes to give acetic acid and hydrogen iodide. The latter regenerates methyl iodide in
a reaction with methanol.
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A comprehensive kinetic, spectroscopic, and analysis study into the Rh-catalyzed carbonylation
of ROH (R = Me, Et, Pr) has been reported.** In all cases, the reaction rate is first order in both
[Rh] and added [HI] and independent of CO pressure. The only Rh species observed under
catalytic conditions was (1). The rates of carbonylation decreased in the stated order of R, with
relative rates of 21:1:0.47, respectively at 170°C. All the data are consistent with rate-determining
nucleophilic attack by the Rh complex anion on the corresponding alkyl iodide.

The methyl-rhodium complex (2) was detected, at low concentration in neat CH;lI solution, by
a combination of FTIR and NMR spectroscopy.® The rate of the reaction (2) — (3) was measured
between 5°C and 35°C. An Arrhenius plot yielded activation parameters of AH =63kJmol™!
and AS=—59Jmol~' K~ for the methyl migration step.

Rh K-edge EXAFS analysis’ showed that (3) exists in tetrahydrofuran (THF) at —20°C, but
fragments at temperatures >0°C to give [Rh(COCH;)I3(CO)(solvent)] .

It is important that in the two “organic” equilibria involving iodide reaction (Equation (2))
shows complete conversion of methanol to methyl iodide, whereas the reaction with acetyl iodide
shows complete conversion to acetic acid and hydrogen iodide (Equation (3)):

CH;0H + HI — H,0 + CHjl (2)

CH;COI + H,O — CH;CO,H + HI (3)

As a result of the kinetics and the equilibria mentioned above, all iodide in the system occurs as methyl
iodide. The reaction in Equation (2) makes the rate of the catalytic process independent of the
methanol concentration. Within the operation window of the process, the reaction rate
is independent of the carbon monoxide pressure. The selectivity in methanol is in the high 90s but the

selectivity in carbon monoxide may be as low as 90%. This is due to the water—gas shift reaction:

CO + H,O — H, + CO, 4)
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Thus, while water is an indispensable ingredient for the “organic” cycle (Equations (2) and (3)),
a high concentration of water causes the major loss of one of the feedstocks. Water is also made
in situ from methanol and acetic acid together with methyl acetate. In addition to water, HI is the
cause of by-product formation:

[CH,;RhI;(CO),]” + HI — CHy4 + [RhI,(CO),]” (5)
[RhI,(CO),]” + 2HI = H, + [RhI,(CO),]” (6)

The reactions in Equations (5) and (6) involve oxidation of rhodium(I) to rhodium(III). Equations
(6) can also be written as an oxidative addition of I, (formed thermally from 2 HI) to (1).
Rhodium(III) iodides may precipitate from the reaction medium. They have to be converted to
rhodium(I) again by water and carbon monoxide.

(dppp)Pd** o o

7
nCH,=CH, + nCO + CH30H ——> CH30(CCH2CH2)n lCCHzCH3 @

Other companies (e.g., Hoechst) have developed a slightly different process in which the water
content is low in order to save CO feedstock. In the absence of water it turned out that the catalyst
precipitates. Clearly, at low water concentrations the reduction of rhodium(III) back to rhodium(T)
is much slower, but the formation of the trivalent rhodium species is reduced in the first place,
because the HI content decreases with the water concentration. The water content is kept low by
adding part of the methanol in the form of methyl acetate. Indeed, the shift reaction is now
suppressed. Stabilization of the rhodium species and lowering of the HI content can be achieved
by the addition of iodide salts. High reaction rates and low catalyst usage can be achleved at low
reactor water concentration by the introduction of tertiary phosphme oxide additives.® The kinetics
of the title reaction with respect to [MeOH] change if H,O is used as a solvent instead of AcOH.’
Kinetic data for the Rh-catalyzed carbonylation of methanol have been critically analyzed. The
discrepancy between the reaction rate constants is due to ignoring the effect of vapor-liquid
equilibrium of the iodide promoter.'”

Todide and acetate salts increase the rate of reaction of Li [1] with CH;I at 25°C in acetic acid.
The effects of water, LiBF,4, and other additives are also reported. Iodide salts also promote
catalytic methanol carbonylation at low water concentrations. In the case of Lil promoter, lithium
acetate is produced. The promotional effects of iodide and acetate on both the model and catalytic
systems are rationalized in terms of iodide or acetate coordination to (1) to yield five-coordinate
RhI anions as reactive intermediates for rate-determining reactions with CH;I."!

Complex (5) undergoes methyl migration after oxidative addition of CHslI to afford the acyl
complex (6) containing two Rh—O bonds. Heating (6) in the presence of CO results in the
reductive elimination of Acl, which upon hydrolysis is transformed to AcOH."?

Ph y COCH
N i Ph | Ph._[ o)

P N NN | N~ N
CO. / | Si P. P Si H.C. __P
Rh\oj\ >Rhi 0 (')\/\Pth
g o | Yo -~
| O

®) (6) )

[Rh(CO)z(acac)(dppp)] as a catalyst (where acac =acetylacetonate) gives high rates (100-200
turnovers h™') and selectivities in the reductive carbonylation of methanol to acetaldehyde
comparable to the best Co catalysts, but at a much lower temperature (140°C) and pressure
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(70 bar). Addition of Ru to this catalyst results in the in situ hydrogenation of acetaldehyde and
production of EtOH." The treatment of 2-(chloroethyl)phosphonic acid dimethylester with
diphenylphosphine affords 2-(diphenylphosphino)ethylphosphonic acid dimethylester, (7), which
can be used as a hemilabile complex ligand. Rhodium complexes of the type (MeO),-
P(O)CH,CH,P(Ph),RhL; were obtained and exhibit excellent catalytic properties in the
carbonylation of methanol to acetic acid." Rhodium(I) carbonyl complexes containing
phosphino-thiolate and -thioether ligands are four times as active in catalyzing the carbonylation
of MeOH to AcOH as (1). The crystal structure of [Rh(SC¢H4PPh,)(CO)], (8) has been reported.'”

Ph,
CCKRH/P
. CO
oo e’
~ N
" “co g |

(8) (9)

The complex cis-[RhI(CO)(Ph,PCH,P(S)Ph,)] (9) is eight times more active than (1) for the
carbonylation of methanol at 185°C; the X-ray crystal structure of the analogous complex with
chloride in place of iodide was reported together with in situ spectroscopic evidence in the
catalytic cycle."® A more detailed study of (9) showed that indeed oxidative addition is faster,
but that in this instance due to a steric effect the migratory insertion was also accelerated."”

Under mild conditions (10), [RhI(CO)(PEts),], catalyzes the carbonylation of methanol in the
presence of CHsl and water at a rate 1.8 times that for (1) at 150 °C.181? The reaction is first order
in [CH;3l] and zero order in pCO. The phosphine complex degrades to (1) during the course of the
reaction. Stoichiometric studies show that the rate of oxidative addition of CHsI to (10) is 57 times
faster than to (1) at 25°C. Complex (11) can be isolated and characterized. In CH,Cl,, (12)
reductively eliminates CH3COI. Complex (10) reacts with CO to give [RhI(CO),(PEt;),]. Catalyst
degradation occurs via [RhHI,(CO)(PEt;),], formed by oxidative addition of HI to (10), which
reacts further with HI to give [RhI5(CO)(PEts),] from which [Et;PI]" reductively eliminates and is
hydrolyzed to give Et3PO. In the presence of water, much less [RhI3(CO)(PEt;),] and Et;PO are
formed. The rate-determining step of the catalytic reaction in the presence of water is CHjl
oxidative addition to (10).

CH, C(O)CHs
CO—_,, —PEts CO— g, —PEty  CO—pgp—PElL
= T~PEt, |- I “NPEt, = | TNPEt,
i !
10) a1 42)

A series of square planar cis-dicarbonyl polymer-coordinated Rh complexes with uncoordin-
ated donors near the central Rh atoms for carbonylation of MeOH to AcOH have been
reported.”’ The work of the Sheffield group (UK),?" in developing a deeper understanding of
the mechanism of the process, has been reviewed. The efficiency of methanol carbonylation arises
primarily from rapid conversion of (2) into (3), leading to a low standing concentration of (2),
and minimizing side reactions such as methane formation. By contrast, in the iridium-catalyzed
carbonylation, for which similar cycles can be written, the migratory insertion reaction is rate
determining. Model studies show that while k(Rh)/k(Ir) is ca. 1:150 for the oxidative addition, it
is ca. 10°-10%1 for migratory CO insertion. The migratory insertion for iridium can be substan-
tially accelerated by adding either methanol or a Lewis acid (Snl,); both appear to facilitate
substitution of an iodide ligand by CO, resulting in easier methyl migration. The greater stability
of [CH3Ir(CO),15]" compared with (2) accounts for the very different characters of the reactions
catalyzed by the two metals.

Rh' carbonyl complexes [Rh(CO),CIL] where L = Ph;PO, Ph;PS, and Ph;PSe were synthesized
and their catalytic activity was found to be higher than that of (1).?> A series of novel group 9
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transition metal complexes, [M,L,(CO),] and [ML(CO)(PEt;)] (M =Rh, Ir) containing the
P,S-chelating ligand diphenylphosphino-o-carboranylthiol (LH) have been prepdred The bimet-
alhc rhodium carbonyl complex was characterized by X -ray crystallography and is much more
effective in the carbonylation of methanol than (1).>* Rhodium complexes of unsymmetrical
diphosphines of the type Ph,PCH,CH,PAr,, where Ar= F-substituted Ph groups, are efficient
catalysts for carbonylation of methanol and have extended service life compared with
ligand-modified catalyst under temperatures of 150-200°C and pressure of 1060 bar.** Rho-
dium complexes of [Rh(CO),Cl], with various ligands containing electron donors (amine,
carboxy, pyridine, furan, etc.) were evaluated as catalysts in carbonylation of methanol to acetic
acid.*

Open-chain structures [CIRh(COD)PPh,-X-P(O)(OR),] (COD =cyclooctadiene; X = CH,,
CH,CH,, CH,CH,CH,, p-C¢Hy; R =iso-Pr, Me) were isolated and used to catalyze the carbony-
lation of methanol. FTIR investigations at temperatures between 150°C and 250°C suggest
that the phosphonate—phosphane ligand stabilizes rhodium monocarbonyl species and allows
the formation of free coordination sites to form dlcarbonyl species, which is in accord with the
proposed hemilabile behavior of the complexes.”® The dimeric complex, [(OC),Rh(u-
CI);Rh(CO),], undergoes a bridge spllttmg reaction with Ph,PCH,CH,SEt (P-S) to produce the
chelated complex, [Rh(CO)CI(PS)] (PS = n*-coordinated P-S), which on oxidative addition with
CH;I and I, yields [Rh(COCH;)ICI(PS)] and [Rh(CO)I,CI(PS)]. As catalysts they were found to
be faster than [Rh(CO)CI(PS)].?”

Evidence was shown for migration of an alkyl group in carbonyl insertion, and deinsertion
steps between the methyl carbonyl rhodium complex [{n°:n'-Indenyl-1-(CH,);PPh,} Rh(CO)-
Me](BF,) and the acetyl rhodlum complex [{n°:n'-(Indenyl-1-(CH,)sPPh,)} RhI[(COMe)] by crys-
tallography as well as by "H NMR spectroscopy.”®

9.3.2.1.1 Immobilization studies (see also Chapter 9.9)

In the carbonylation of MeOH in the presence of Rh-exchanged zeolites, the Rh'! jons are
reduced to Rh! ions, which lead to Rh-dicarbonyl and Rh-carbonyl-acetyl complexes.?* = IrY
and RhY zeolites catalyze the carbonylation of MeOH in the presence of a Mel promoter. The
kinetics have been determined and IR spectra suggested that with the Ir catalyst the rate-
determining step was the addition of MeOH to the active species followed by migration of a
Me coordinated to Ir. With the Rh catalyst, oxidative addition of Mel was the rate-determin-
ing step.*® A series of EXAFS measurements was made to determine the structural basis for
the activity of transition metals exchanged into zeolite frameworks. Solutions of
[RhCI(NH3)s]Cl, exchanged with NaX form a highly active catalyst (RhA) for MeOH car-
bonylation when used with an organic iodide promoter. Systems prepared from RhCl; are far
less active. EXAFS spectroscopy from the Rh K-edge was used to follow the fate of the Rh
species for the two preparatlon techniques. The former 1s a mobile aqua complex while the
nonactive catalyst is in the form of Rh,O; crystallites.>® Rh and Ir trivalent ions exchanged
into faujasite-type zeolites undergo facile reduction to monovalent metal dlcarbonyls The
chemistry of these complexes closely parallels the more familiar ones in solution.*® Supported
mixed bidentate rhodium and iridium complexes derived from phosphonate—phosphanes were
studied for methanol carbonylation and hydroformylation of ethylene and propylene.*® Metal—
ion exchanged heteropoly acids of the general formula M[W,PO4] (M =1Ir, Rh, Pd, Mn, Co,
Ni, Fe) supported on SiO, are excellent catalysts for the vapor phase carbonylation of MeOH
or Me,O to MeOAc at 225°C and 1 atm total operating pressure.®’ In high-pressure gas phase
conditions, methanol and syn-gas mixtures can be converted to acetic and higher carboxylic
(C3-C5) acids on supported rhodium catalysts in presence of methyl iodide.*® Rhodium cata-
lysts supported on ZrO,, carbon, a cross-linked polystyrene with pendant Ph,P groups, or PVP
have been tested as catalysts for the heterogeneous carbonylation of methanol in the bulk liquid
phase. In all cases, leaching of the catalyst into solution occurs.** For the carbonylation of
MeOH to AcOH, the ionically supported complex (1) was equal in catalytic activity to the
homogeneous complex, and leaching of the catalyst could be minimized by suitable choice of
solvent and resin:Rh ratios. These experiments suggest a general application of anion-exchange
resins as a mechanistic tool for detecting catalysis by anionic species in homogeneous
processes. !
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The preparation, performance, and characterization of Cu-containing mordenite catalysts for
carbonylation of MeOH under moderdte conditions in the vapor phase and in the absence of
halide promoter have been reported.*” The copolymer of 2-vinylpyridine and vinyl acetate
coordinated with dicarbonyl-rhodium was used as a catalyst for carbonylation of methanol to
acetic acid and acetic anhydride.*® The kinetic study of carbonylation of a methanol-acetic acid
mixture to acetic acid and acetic anhydride over (1) coordinated with the ethylene diacrylate
cross-linked copolymer of Me acrylate and 2-vinylpyridine shows that the rate of reaction is zero
order with respect to both reactants methdnol and carbon monoxide, but first order in the
concentrations of promoter CH;I and rhodium.** Rhodium catalysts supported on a diphenylphos-
phinated copolymer of styrene and divinylbenzene (SDT) or poly(vmylpyrrohdone) (PVP) have
been tested as catalysts for the heterogeneous carbonylation of methanol in continuous long-term
vapor phase experiments under mild working conditions (P =80 bar, T=180-190°C).*> A novel
Rh-containing diphenylphosphinated styrene-divinylbenzene copolymer was prepared, character-
ized, and used as a catalyst for MeOH carbonylation.*® Porous C beads, prepared from poly
(vinylidene chloride) (PVDC), were used as supports for Rh catalysts for carbonylation of MeOH.
Transverse-electromagnetic (TEM) and scanning transmission microscopy (STM) show uniform
pores spread over the surface of the beads. The optimum temperature for the pyrolysis of PVDC
is 1,000 °C. The catalyst exhibits excellent activity and selectivity to MeOAc in MeOH carbonyl-
ation.?” A catalyst derived from Linde 13X zeolite exchange with [Rh(NH;)sCI]Cl, was active for
MeOH carbonylation.*®

9.3.2.2 Iridium Catalysts

The use of Ir catalysis in the production of HOAc by carbonylation of MeOH has been discussed;
advantages over Rh catalysis include less propionic acid by- product formdtlon and very httle
generation of hlgher molecular weight derivatives of acetaldehyde.®” There are three major
catalyst systems for “acetyls” processes developed by BP. The first is the homogeneously pro-
moted iridium methanol carbonylation system for acetic acid manufacturing recently
commercialized-based in the USA and Korea (CATIVA). The second is a noncommercialized
ruthenium-promoted rhodium system, also for methanol carbonylation. The third is a vapor-
phase reaction of ethylene with acetic acid over silicotungstic acid supported on silica giving
commercially viable activity and catalyst lifetimes for the manufacture of ethyl acetate. All three
examples illustrate the importance of exploring process conditions to reveal the advantages of new
catalyst systems, or transform known catalysts into commercial viability.”” [Ir(CO),IsMe] ™ reacts
with carboxylic acids, e¢.g., RCO,H (R =Me, Et), or H (but not with mineral acids) at elevated
temperature to cleave the Ir'"'—Me bond liberating methane; a cyclic transition state is proposed
for the reactions with RCO,H.>" Methanol carbonylation to acetic acid is catalyzed with high
rates at low water concentrations using an iridium/iodide-based catalyst. The catalyst system
exhibits high stability allowing a wide range of process conditions and compositions to be
accessed without catalyst precipitation. Two distinct classes of promoters have been identified
for the reaction: simple iodide complexes of zinc, cadmium, mercury, indium, and gallium, and
carbonyl complexes of tungsten, rhenium, ruthenium, and osmium. The promoters exhibit a
unique synergy with iodide salts, such as lithium iodide, under low water conditions. A rate
maximum exists at low water conditions, and optimization of the process parameters gives acetic
acid with a selectivity in excess of 99% based upon methanol. The levels of liquid by-products
formed are a significant improvement over those achieved with the conventional high water
rhodium-based catalyst systems and the quality of the product obtained under low water con-
centrations is exceptional.”> The rhodium-based Monsanto process, the CATIVA iridium catalyst
for methanol carbonzllatlon purification, the environmental impact of CATIVA, and cost reduc-
tion were reviewed.®

9.3.2.3 Palladium and Nickel Catalysts

Several nickel catalysts for the carbonylation of methanol have been reported,” > and an IR
study has been described.™® The carbonylation of MeOH to form MeOAc and HOAc was studied
using phosphine-modified Nil, as the metal catalyst precursor. The reaction was monitored using a high-
pressure, high-temperature, in situ Cylindrical Internal Reflectance FTIR reactor (CIR-REACTOR).
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The reaction of alcohols with CO was catalyzed by Pd compounds, iodides and/or bromides, and
amides (or thioamides). Thus, MeOH was carbon'}/lated in the presence of Pd acetate, NiCl,,
N-methylpyrrolidone, Mel, and Lil to give HOAc.” AcOH is prepared by the reaction of MeOH
with CO in the presence of a catalyst system comprising a Pd compound, an ionic Br or I
compound other than HBr or HI, a sulfone or sulfoxide, and, in some cases, a Ni compound
and a phosphine oxide or a phosphinic acid.®® Palladium(II) salts catalyze the carbonylation of
methyl iodide in methanol to methyl acetate in the presence of an excess of iodide, even without
amine or phosphine co-ligands; platinum(II) salts are less effective.®’ A novel Pd" complex (13) is
a highly efficient catalyst for the carbonylation of organic alcohols and alkenes to carboxylic
acids/esters.®

HSC\C//O Phy H | Phy
OTs Ph P 1] _P
P4 b | ¢ \th/ "RH.
~ TSR P RN
O Ph, Ph, Ph,
(13) (14) (15)

9.3.2.4 Cobalt Catalysts

The reduction steps on active Co sites are strongly affected by activated hydrogen transferred
from promoter metal particles (Pt and Ru). Several indications for the existence and importance
of hetero-bimetallic centers have been obtained.®® [Cp*Co(CO),] in the presence of PEt; and Mel
catalyzes the carbonylation of methanol with initial rates up to 44 mol L~! h™' before decaying to a
second catalytic phase with rates of 3 mol L~'h™'.** HOAc-AcOMe mixtures were prepared by
reaction of MeOH with CO in the presence of Co(Il) acetate, iodine, and additional Pt or Pd
salts, e.g., [(Ph3P),PdCl,] at 120-80°C and 160-250 atm.*

9.3.2.5 Miscellaneous

Three equivalents of Me,PR (L; R =(2-(1,4-dioxanyl))methyl, (2-tetrahydrofuryl)methyl,
2-methoxyethyl)) react with [CLLRu(PPhs);] to give trans-[Cl,Ru(L-n'-P)(L-n*-P,0),] which can
be used for the carbonylation of methanol.®® Carbonylation of MeOH to give AcOH catalyzed by
Ru complexes such as trans-|[Ru(CO),Cly(PPhs),], cis-[Ru(CO),Cl,(PPhjs),], and [H,Ru(CO)(PPhs);]
was reported.®’

9.3.2.5.1 Reductive carbonylation

[Rh(CO),(acac)(dppp)] catalyst gives rates (100-200 turnovers h™') and selectivities (80-90%) in
the reductive carbonylation of MeOH to acetaldehyde; this is comparable to the best Co-based
catalysts, but requires a much lower temperature (140°C) and pressure (70 bar). Addition of Ru
to this catalyst results in the in situ hydrogenation of acetaldehyde and production of EtOH.®

X-ray structure analyses of Rh(COCH;)(I),(dppp) (14) and [Rh(H)(I)(u-I)(dppp)]» (15), where
dppp = 1,3-bis(diphenylphosphino) propane, were reported. Unsaturated complex (14) possesses a
distorted five-coordinate geometry that is intermediate between sbp and tbp structures.®” Under
CO pressure, the rhodium/ionic-iodide system catalyzes either the reductive carbonylation of
methyl formate into acetaldehyde or its homologation into methyl acetate. By using labeled
methyl formate (H'?CO,CH3) it was shown that the carbonyl group of acetaldehyde or methyl
acetate does not result from that of methyl formate.”®

The cluster anion, [Os3Ir(CO)3]~, was prepared in 50% yield by reaction of Os;(CO);, with
[Ir(CO)4] . The single-crystal X-ray structure analysis shows it to consist of a tetrahedral metal
core with one of the 13 carbonyl ligands bridging. The catalytic activity for carbonylation of
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MeOH was studied. Using Mel as co-catalyst, catalytic turnover numbers of 1,800 were
obtained within 14 h.”!

Poly(N-vinyl-2-pyrrolidone)-Rh complex was used to catalyze the carbonylation of MeOH to
MeOAc and AcOH in supercritical CO, at rates approximately 50% of those in liquid solution,
but with minimal catalyst leaching.”*

9.3.2.5.2 Calculations

Quantum-mechanical calculations were carried out on the migratory insertion process (2) to (4)
(both for Rh and Ir). The calculated free energies of activation are 27.7 kcal mol " (Ir) and 17.2 kcal
mol ! (Rh), Wthh are in good agreement with the experlmental estimates at 30.6 kcal mol ! (Ir) and
19.3 kcal mol_ (Rh) The higher barrier for Ir is attributed to a relativistic stabilization of the
Ir—CHj; bond.”® The potential energy profile of the full catalytic cycle of MeOH carbonylation
catalyzed by [Rh(CO),I,] was explored computationally. The equilibrium structures of all isomers
of the intermediates involved in the catalytic process were calculated. The rate- determmmg step of
the reaction, CH3l oxidative addition, proceeds via a back-side Sy mechanism.” Experimental
work has confirmed the existence of the cis forms of the active catalytic species, but they do not rule
out the possibility of the zrans isomers. The gas phase calculation results show that the cis isomer has
4.95kcalmol ' lower free energy than the frans isomer. Conversion barriers for the isomers were
calculated.” Density functional theory with hybrid B3LYP exchange and correlation functional has
been used to investigate the first two catalytic reactions, the oxidative addition and migratory
1,1-insertion of the Monsanto and CATIVA processes. The calculated free energies of activation
for the oxidative addition of methyl iodide to all isomers were calculated.”®

9.3.3 HYDROFORMYLATION

9.3.3.1 Platinum

Although most of the reports that have appeared since 1980 on hydroformylation of alkenes
focus on rhodium catalysts, alkene hydroformylation catalyzed by Pt complexes in the presence
of Sn" halides has been the object of great interest and platinum can be considered as the second
metal in hydroformylation.”7-79

These systems based in Pt complexes with phosphorus ligands have been studied extensively
mainly for the asymmetric hydroformylation of styrene, because until 1990, the platinum com-
plexes provided the highest enantioselectivities in asymmetric hydroformylation.8%-81 In the 1990s,
however, several rhodium catalysts displayed higher enantioselectivity in asymmetric hydroformy-
lation together with h1gher activity and regioselectivity than Pt—Sn catalysts. The catalytic systems
based on Pt'"/SnCl, are in general less active and selective than rhodium catalysts, although they
allow formation of high yields of straight-chain aldehydes from terminal alkenes.

Phosphorus ligands are crucial for the stabilization of the systems and the complex cis-
[PtCl,(PPhs),] (16) is most often employed, but complexes with chelating diphosphines also have
been studied extensively. The stability of the related alkyl- and acylplatinum(II) complexes has
favored extensive mechanistic investigations based on studies of the reactivity of model complexes.

9.3.3.1.1 Cis-PtCl,(PPh;3),/SnCl, systems

(i) Studies on the mechanism of catalytic hydroformylation

The isolation and molecular structures of complexes considered as intermediates in the cis-
[PtCl,(PPhs3),]/SnCl, Cdtalyzed hydroformylation of alkenes have been reported in the last ten
years. Other related Pt'' complexes derived from the studies of the reactivity of the species involved
have also been described. Most of the studies deal with the hydroformylation of 1-alkenes, which are
more reactive than internal alkenes. Hydrides such as alkyls such zrans-[PtH(SnCl;)(PPh;),], alkyls
such as trans-[PtR(SnCl3)(PPhs),], and acyls trans-[Pt(COR)(SnCls)(PPhs),] have been suggested to
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be involved in the catalytic process promoted by the cis-[PtCl>(PPhs),]/SnCl, system, according to

the catalytic cycle in Scheme 2.

PtH(SnCl3)(CO)L RCHoCH

RCHZCHZCHO\ ( -CH=CH;

R-CHZCHzc(O)Fl’t(SnCIg)(CO)L I|°tH(SnCI3)(CO)L
H R-CH=CH,

HZJ l

R-CH,CH,C(0O)Pt(SnCl3)(CO)L ﬁ R-CH,CH,Pt(SnCl3)(CO)L
CcoO
Scheme 2

Among the several hydrides formed when trans-[PtHCIL,] (L =PPhj3) (17) reacts with SnCl,,
only trans-[PtH(SnCl3)L,] (18) rapidly inserts ethylene at —80 °C to yield cis-[PtEt(SnCl;)L;] (19).
At —10°C, (19) irreversibly rearranges to the trans isomer, thus indicating that the cis isomer is the
kinetically controlled species and that the trans isomer is thermodynamically more stable. At —50°C,
a mixture of (17) and (18) reacts with ethylene to give cis-[PtEtCIL,] (20) and (19).

Phg PPh3

Phs

P\Pt /CI P\Pt /SnCIg \Pt /SnCI3 %
H/ \PPhg H/ \PPhS PPh3/ \Et / \Et

(17) (18) (19) (20)

CO promotes the cis—trans isomerization of (19), which occurs rapidly even at —80°C. This
rearrangement is followed by a slower reaction leading to the cationic complex trans-
[PtEt(CO)L,] " SnCl;~. At —80 °C, this complex does not react further when kept at room temperature.
Ethyl migration to coordinated CO takes place to give several acylplatinum complexes, i.e., trans-
[PtCI(COEt)L,], (21a) trans-[Pt(SnCl;)(COEt)L,], trans-[PtCI(COEt)L,SnCl,], and
trans-[Pt(COEt)(CO)L,]" SnCl;~.*° The isolation of trans-[PtCI(COPr)(PPhs),] (21b) and rrans-
[Pt(SnCl5)(COPr)(PPhs),] (22) has also been reported.®” The crystal and molecular structures of
several acyl complexes (21b),82 (23),** (24),*° (25), and (26)*® have been determined. The structures
have approximately square planar geometry, the Pt atom is in a slightly distorted square-planar
environment and shows no unusual dimensions,3*3:85:86

Phsp\Pt/COR PhaP—__ Pt/COPr PhsP—__ Pt/COR
o~ PPhs Clsn™ “PPhg o~ PPh
(21a)R = Et (22) (23) R = hexyl
(21b)R =Pr (24) R = phenylethyl
(25) R=nBu

(26) R =sBu
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The acyl complexes (25) and (26) have been characterized by IR, '"H NMR and '*C NMR
spectroscopy. The formation of two isomers when 2-butene is used involves an isomerization
process, which is likely to be limited to the alkyl precursor complexes. The reactivity of these acyl
complexes has been tested in reactions with SnCl,, H,, HCI, and (17). From the reaction
solutions, crystals of cis-[Pt(PPh3),CIl(SnCl;)] have been obtained and its molecular structure
has been determined by XRD. The Pt atom has cis square planar coordination, with angular
distortions due to steric factors. The strong trans influence of the SnCl; group is confirmed by the
lengthening of the frans Pt—P distance.®

The system (23)/SnCl,, an active intermediate in the catalytic hydroformylation of 1-hexene,
has been investigated by 3'P NMR spectroscopy and two species are observed at low temperature,
in equilibrium with the starting Pt complex (23). One is complex (27), and the other is a species
which does not show Sn—P coupling and which has been tentatively attributed to a complex
having chloride ions bridging the Pt and Sn metal centers. Formation of the complex (27) does
not occur when EtOH is added to the CD,Cl, or acetone solutions.”!

Co
PhsP_ COR cl *© PhsP
P /Pt\ /Pt\
SnCI3/ PPh; cl PPhg Cl PPh;
(27) R = n-hexyl (28) (29)

Stoichiometric model reactions in alkene hydroformylation by platinum—tin systems have been
studied for the independent steps involved in the hydroformylation process, insertion of the
alkene, insertion of CO, and hydrogenolysis, with use of Pt—Sn catalysts and 1-pentene as alkene
at low pressure and temperature.

(ii) The role of the trichlorostannyl ligand in the Pt-catalyzed hydroformylation

The importance of the platinum—tin linkage in hydroformylation chemistry has promoted the
publication of several articles dealing with this subject. >'P, '"”Sn, ”*Pt, and '*C NMR studies
have been helpful in this aspect of the reaction.®3-95

The reactions of trans-[PtCI(COR)(PPh;3),] (R=Ph, CdH4NO,-p, CcHsMe-p, CcH,OMe-p,
Me, Et , Pr, hexyl, CH,CH,Ph, Me;C) with SnCl, and SnCl, plus H, have been studied. The
reactions with SnCl, alone afford a mixture of trans-[Pt(SnCl;)(COR)(PPhs),] and trans-
[PtCI{C(OSnCl,)R}(PPhjs),], with the last having a tin—oxygen bond. The ligand rearrangement
reactions in the formation of an alkene hydroformylation catalyst precursor have been studied for
the reaction of cis-[PtCl,(CO)(PR3)] (28) with SnCl,2H,0O. Complex (28) reacts with
SnCl,-2H,O to give solutions active in catalytic hydroformylation. NMR studies including
experiments using '°CO, showed the formation of the cationic complex, trans-
[PtCI(CO)(PPhs),] " (29) and the anionic complexes, [Pt(SnCls)s]’~, trans-[PtCl(SnCl5),(CO)] ",
and trans-[PtCl(SnCls),(PPhs)]~.”

The catalytic system (16)/SnCl, is also highly active for the regioselective of hydroformylation
ethyl 3-butenoate. EtOH strongly inhibits the catalytic activity. In EtOH the catalytic precursor
was recovered as the acyl complex, trans-[PtCI(COCH,CH,CH,CO,Et)(PPhs),], which is also
catalytically active.”® Internal alkenes are hydroformylated to linear aldehydes in substantial
amounts with the cationic Pt-Sn catalyst system (29)/SnCl,. By altering the nature of the
phosphine ligand, PR; (R =Bu, OPh, substituted Ph) as well as the reaction conditions the
selectivity for terminal aldehyde production can be varied widely.”” The activity of the catalytic
system (16)/SnCl, in the hydroformylation of alkenes (I-pentene, cyclopentene, cyclohexene,
allylbenzene, styrene, methyl acrylate, vinyl acetate, and acrylonitrile) has been reported.”®

(iii) Cis-PtCly(diphosphine)/SnCl, systems

Mono and binuclear platinum(IT) complexes with diphosphines have been reported as catalysts in
the hydroformylation reaction. Dppp and related diphosphines are used as ligands in platinum/Sn
systems for the hydroformylation of different substrates.”® %’
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The complexes cis-[PtCI(Et)(diphosphine)], diphosphine = dppp (30) or dppb (31), were used as
models for the hydroformylation of alkenes catalyzed by PtCl,/diphosphine/SnCl,. The reaction
of (30) and (31) with SnCl, gives cis-[Pt(SnCl3)(C,Hs)(diphosphine)], which in the absence of free
ethylene decomposes to form the species cis-[PtCl,(diphosphine)], via an unstable hydrido species.
Both the chloro- and trichlorostannate-alkyl complexes react with CO to give the acyl species cis-
[PtX(COEt)(diphosphine)] (X =Cl, or SnCl5).*”

t-Bu t-Bu
Ph,P PPhy  Ph,P PPh, (32) X=Y =PPh,
30 - (0] (33) X=PPh, Y = AsPh,
(30) (31) X Y (34) X =Y =AsPh,

Mechanistic studies using variable temperature HP NMR spectroscopy have been performed to
establish the role of Pt—SnCl; bond in the CO insertion and hydrogenolysis steps of the
Pt-diphosphine-catalyzed alkene hydroformylation reaction.'”®'"” The formation of the four-
coordinate ionic complex cis-[Pt(Me)(CO){(S,S)-bdpp!]* X, where X=CI, and X =SnCls,
bdpp = (25,4S)-2,4-bis(diphenylphosphino)pentane, has been observed through reaction with
CO. The covalent acetyl [Pt(COMe)(C){(S,S)-bdpp}], and ionic acetyl compound [Pt(COMe)
(CO){(S,S)-bdpp}]"SnCl;~, have been described.!%8 The reactions of alkylplatinum-diphosphine
complexes, [Pt(Me)(Cl)(bdpp)] and [Pt(Me)(SnCl;)(bdpp)], as well as [Pt{CH(CO,Et)CH;}(Cl)
(dpclla_p)] I\(J)&;ith carbon monoxide have been studied and been observed through high-pressure NMR
studies.

Large bite angle diphosphines derived from heteroatomic xanthene-type hydrocarbons have
been used to form Pt—Sn catalyst systems. These xantphos ligands (32) combine the large bite
angle with a rigid backbone and these catalysts show high regioselectivity for formation of the
terminal aldehyde."' Related amine, arsine and mixed phosphine-amine, and phosphine-arsine
ligands based on xanthene backbones were synthesized. The coordination chemistry and the
catalytic performance of these ligands were compared to those of the parent phosphine. Ligands
(33) and (34) have been applied in the platinum/tin-catalyzed hydroformylation of 1-octene
providing high activity and selectivity which is explained by its wide natural bite angle and the
formation of cis-coordinated platinum complexes.!!!

Platinum complexes [PtCl,(diphosphine)] and [PtCl(SnCls)(diphosphine)] of the ferrocenyl
diphosphine ligands (35a), (35b), and (36) have been synthesized. Complexes [PtCl,(35)] and
[PtCI,(36)] have been structurally characterized by XRD. Both the preformed and the in situ
catalysts have been used in the hydroformylation of styrene.''>

PhoP oy CyP. oy PP S

Fe PPh2 P(p-FC6H4)2

Fe PPh; Fe

" < |\

(35a) (35b) (36)

(iv) Miscellaneous

Mixed phosphines,'"® phosphates,"*'"> phosphinites (diphenylphosphine oxide) and related

diphenylphosphine acids,!16-11% phospholes,'*” and other phosphorus ligands'*'™'** have been
used in Pt-catalyzed hydroformylation. [PtCl,(COD)] has been used as starting material for the
preparation of catalytic precursors.!14.124-126

A review on Pt-based catalysts containing phosphinous acid derivative ligands for the hydro-
formylation of alkenes has been published.'"® Platinum complexes containing phosphinito ligands,
Ph,PO(H), afford active hydroformylation catalysts.""” Both 1- and 2-heptene were hydroformyl-
ated by [Pt(H)(Ph,PO)(Ph,POH)(PPh;)] to give products of 90% and 60% linearity, respectively.
Intermediate alkyl and acyl complexes, e.g., [Pt(COEt)(Ph,PO)(Ph,POH)(PPhs)] were isolated
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and characterized.""® The reactivity of [(Ph,POHOPPh,)Pt(H)(L)], in particular the reactions
related to hydroformylation, has been reported.'” Ligands L carrying alkenyl and alkynyl groups
undergo intramolecular insertion into the adjacent Pt—H bond. Diphenylvinylphosphine initially
gives a phosphaplatinacyclopropane, which rearranges to a phosphaplatinacyclobutane complex
(37), for which the crystal structure has been determined. The crystal structure of a dimeric
inactive complexes (38) containing a phosphido and a hydrido bridge has been determined.'"

Ph2 Phg th Ph2 Ph2
o—P P o—P P P—O
\ / /NN /N
H Pt H Pt Pt H
N\ / N /N N/
0O—P O—P H P—O
th th Ph2
(37) (38)

Thiolate-Pt" complexes, in particular dinuclear thiolate and dithiolate bridged complexes, have
been prepared and characterized a catalyst precursor in hydroformylation reactions for use as.'?”"1?8

9.3.3.2 Palladium

Until recently, the hydroformylation using palladium had been scarcely explored as the activity of
palladium stayed behind that of more active platinum complexes. The initiating reagents are often
very similar to those of platinum, i.e., divalent palladium salts, which under the reaction
conditions presumably form monohydrido complexes of palladium(II). A common precursor is
(39). The mechanism for palladium catalysts is, therefore, thought to be the same as that for
platinum. New cationic complexes of palladium that are highly active as hydroformylation
catalysts were discovered by Drent and co-workers at Shell and commercial applications may
be expected, involving replacement of cobalt catalysts.

PC Cl Z X L
PPhg\Pd/CI yg\Pd/ \M/ \M'/ thp\ /02CCF3
Pd
Pph3/ \C| PCyg/ Cl L/ \X'/ \Z thp/ \OZCCFS
(39) (40) (41) (42)

Bimetallic catalysts involving palladium and cobalt were developed'?® and reviewed by Ishii

and Hidai."® Complex (39) in the presence of Co,(CO)g leads to a bimetallic catalyst effective for
the carbonylation of Arl with CO/HSIiEt; to give benzyl silyl ethers. Addition of NEt; to the
reaction system changed the distribution of the carbonylation products to 1,2-diaryl-1,2-disiloxy-
ethanes. The former reaction proceeds via the aldehyde intermediate, while a mechanism invol-
ving the aroylcobalt complex [(ArCO)Co(CO);(PPhs)] formed by way of a Pd—Co bimetallic
complex is proposed for the latter reaction. [PdCI,(PCys),] (40) was found to work as a selective
catalyst for the hydroformylation of internal alkynes to give the corresponding «,0-unsaturated
aldehydes (150°C, 6 h; 84% conversion, 83% yield), and the combined use of (40) and Co,(CO)g
remarkably improved the catalytic activity with little change of the selectivity (150°C, 1 h; 100%
conversion, 95% yield).

A series of low oxidation state planar, triangular clusters containing palladium, including
[szMOszz(CO)éLz], [szWszz(CO)ﬁLz], and [szcrchz(co)6L2] (Where Cp:'I]S-C5H5 and
L =PPh; or PEt;) were studied as homogenecous catalysts in several reactions including the
hydroformylation of I-pentene.’

A review'?! on the preparation, characterization, and reactivity of complexes (41) [MM'(u-X)(u-
XNZ,L,] M =M’ =Pt or Pd; M=Pt, M'=Pd; X=X'=Cl, SR’; X=Cl, X'=SR’; Z=Cl, SnCls,
R, L =tertiary phosphine) has been published. The catalytic activity of some of these complexes in
the presence of SnCl,*2H-O as co-catalyst in homogeneous hydroformylation has been described.
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Fast hydroformylation reactions using palladium were reported by Drent'**'** in 1987. Com-
plex (42), prepared in situ from palladium acetate, dppp and CF;CO,H, catalyzed the hydro-
formylation of l-octene in diglyme (CO and H, 68bar, 100°C) to give l-nonanal (71.9%
linearity, 100% selectivity to nonanals) with a very low amount of alkane by-product. Using
1,3-(dio-anisylphosphino)propane 76% nonanal was obtained."*® Various carbonylation reac-
tions'*® can be catalyzed by palladium complexes of the type PdX,L, (where L,=mono- or
bidentate phosphorus or nitrogen ligand, X =anion with low coordination ability). The chemos-
electivity of the catalytic systems is influenced both by the ligand and the anion. Using styrene,
ketones are the main product, even in the presence of hydrogen. Using 2-phenylpropene or (E)-
I-phenylpropene only aldehyde formation was achieved. Aliphatic substrates give oligomeric
ketones. Catalyst systems consisting of a palladium(Il) diphosphine complex with weakly or
noncoordinating counterions are efficient catalysts for the hydrocarbonylation."*” Moreover,
variations of ligand, anion, and/or solvent can be used to steer the reaction towards alcohols,
aldehydes, ketones, or oligoketones. Noncoordinating anions and arylphosphine ligands produce
primarily (oligo)ketones; increasing ligand basicity or anion coordination strength shifts select-
ivity towards aldehydes and alcohols. For the mechanisms of the aldehyde-producing step, Drent
and Budzelaar proposed a heterolytic dihydrogen cleavage, assisted by the anion. At high
electrophilicity of the palladium center, selective ketone formation is observed.

Structure (43) (QPCH,CH,PQ) (Q = mixture of 1,4- and 1,5-cyclooctanediyl) was reported to be a
very effective ligand for the palladium catalyzed hydroformylation of internal and terminal alkenes

using small amounts of NaCl or HCI as an additive in PhOMe or diglyme as the solvent."**#!
P Ph Ph
A o
OC)3Co—|—Co(CO (OC)3Co—|—,Co(CO)2L
o (OC)3 NP ( \)2 N
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(43) (44) (45)

9.3.3.3 Cobalt

Cobalt carbonyls are the oldest catalysts for hydroformylation and they have been used in
industry for many years. They are used either as unmodified carbonyls, or modified with
alkylphosphines (Shell process). For propene hydroformylation, they have been replaced by
rhodium (Union Carbide, Mitsubishi, Ruhrchemie-Rhone Poulenc). For higher alkenes, cobalt
is still the catalyst of choice. Internal alkenes can be used as the substrate as cobalt has a
propensity for causing isomerization under a pressure of CO and high preference for the forma-
tion of linear aldehydes. Recently a new process was introduced for the hydroformylation of
ethene oxide using a cobalt catalyst modified with a diphosphine. In the following we will focus
on relevant complexes that have been identified and recently reported reactions of interest.

Reactions of Co,(CO)g with ferrocenylphosphine oligomers or polymers have been studied.
Detailed IR and *'P NMR studies showed that the polymeric ligands chelate Co in a tridentate
fashion when a high P/Co ratio is used. Use of such Co catalysts at 170-90°C for 1-hexene
hydroformylation showed reactivity and selectivity similar to those of PhsP. The observed
tendency for tridentate chelation in these complexes inhibits the aldehyde-to-alcohol reduction
step.'*? Addition of (dppe) or Bu,P(CH,)sPBu, to HCo(CO), or Co,(CO)s gave complexes
containing stable five-membered and unstable seven-membered rings; these were catalytically
inactive for hydroformylation of C3;Hg. Under the action of the hydroformylation system, the
seven-membered ring complex opened to give a catalyst of almost exactly the same activity as a
catalyst modified with Bu;P."** The hydroformylation, aminomethylation, and hydrocarbonyl-
ation of alkenes with Co,(CO)s and dppe using CO/H,O has been examined.'** Reaction of [(y3-
CMe)Co3(CO)g] with (dppm) gave the cluster [(u3-CMe)Coz(CO),(dppm)] (44) which was a
catalyst for the hydroformylation of 1-pentene at 80 bar H,-CO and 110°C. The dppm bridging
ligand stabilizes and activates the cluster for catalysis.'*
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Density functional calculations have been carried out on the addition of H, to
[CH;3(O)CCo(CO);] as well as the product elimination step, in which AcH and HCo(CO); are
formed.'*® Mono-substituted derivatives of phenylmethinyltricobalt enneacarbonyls [PhCCos;
(CO)sL] (L =PPhj;, AsPhs, SbPh3) (45) were used as hydroformylation catalysts.!47

The stability of phosphine-substituted Co clusters derived from Co4(CO);((u4-PPh), was exam-
ined under hydroformylation conditions using cylindrical internal reflectance (CIR) spectroscopy.'*®
[(CO)4Fe(u-PtBu,)Rh(CO)L], PPN[(CO);Co(u-P(CMe3),)Rh(CO)(HP(CMe3),)], and
[(CO),(PPh3)Co(u-H)(u-P(CMe3),) Rh(CO)(HP(CMes),)] were used as hydroformylation
catalysts.”” Cobalt—phosphine—carbonyl catalysts give hydroformylation catalytic activities in
the following decreasing order: C(CH,PPh,)4~ Ph,P(CH,),PPh, > Ph,P(CH,);PPh, > Ph,PCH,
PPh, > Ph,P(CH,),PPh,."" The complex [Co(CO)s(r>-dppp)] is an efficient catalyst for hydro-
formylation because of its thermostability.!>! A review on metal carbonyls from 1951 to 1993 on
the preparation of more than 80 novel Co and Fe carbonyls and their application in catalytic
alkene hydroformylation has been published.">* 1,3-Diols and 3-hydroxyaldehydes were prepared
by the hydroformylation of 1,2-epoxides with Co carbonyl catalysts modified with ligand (43),
also used for Pd-catalyzed hydroformylation.">® The catalytic system Co,(CO)s/diphos/THF-H,O
was studied for simultaneous hydroxycarbonylation and hydroformylation of cyclohexene. Using
this catalytic system, the cyclohexene reaction with CO and H,O gives cyclohexene—carboxalde-
hyde and cyclohexenecarboxylic acid as the main reaction products and cyclohexyl-methanol as a
by-product."* The rate of hydroformylation of cyclohexene to cyclohexanecarboxaldehyde in the
presence of Co0,(CO)g is strongly reduced by the presence of an additional gas, such as
dinitrogen or argon, under very high pressure, other conditions being kept constant.'>> The rate
of cobalt-catalyzed hydroformylation of cyclohexene to cyclohexanecarboxaldehyde is significantly
reduced when xenon is added to the reaction mixture at a concentration similar to that of the
alkene. These experiments suggest competitive coordination of xenon to the catalytically
active cobalt species.>® The equilibration reaction of Co,(CO)g with HCo(CO), in the presence
of H, has been measured under semi-in situ conditions.">” The two main equilibrium reactions
involving Co,(CO)g have been studied. The first is the equilibrium reaction of Co,(CO)g with H,
to yield HCo(CO)4. The second is the equilibrium decomposition of Co,(CO)g to Co4(CO);,.
The results were discussed as to their possible relevance and role in the mechanism of the
hydroformylation reaction. Specifically, the formation of the trinuclear cobalt carbonyl hydride,
HCo5(CO)y, has been described.'>® Complexes of cobalt efficiently catalyze the hydroformylation
of epoxides in the presence of hemilabile P-O chelating ligands to give 5-hydroxyaldehydes in high
selectivities and yields."> Time-resolved IR spectroscopic studies have been used to characterize
the reactive intermediate CH3;C(O)Co(CO),-PPh;, which is relevant to the mechanism of the
catalysis of alkene hydroformylation by the phosphine-modified cobalt carbonyls.'® Hydro-
formylation of internal alkynes is catalyzed by homogeneous Pd—Co bimetallic systems.'®!
Homogeneously catalyzed propylene hydroformylation in supercritical carbon dioxide using
Co,(CO)g precatalyst was studied at temperatures of 66-108 °C and pressures of 90-194 bar;
selectivity changes were explained.'® The homogeneous hydroformylation of 1-pentene under
synthesis gas experimental conditions was studied using Wilkinson’s catalyst and Co,(CO)g
modified by different triarylstibines. The maximum yield of aldehydes was 85% with linear:
branched ratio of 3.4 when the Co carbonyl and trimesityl stibine system was used.'®® Catalytically
active complexes of Rh' and Co® were used in the preparation of complexes of 3-pyridyldiphenyl-
phosphine. Co,(CO)4(3-PyPPh;), has been characterized. Activities of the prepared complexes
were tested in hydroformylation reaction of 1-hexene.'®* The effects of temperature, concentrations
of alkene and the catalyst Co,(CO)g, and solvent nature on the rate and selectivity of hydroformyl-
ation of propylene dimers have been studied."®™ Toroid NMR probes have been employed to
examine phosphine-substituted and unsubstituted cobalt carbonyl hydroformylation catalysts
under catalytic and noncatalytic conditions in a variety of solvents.'®

9.3.3.4 Rhodium

9.3.3.4.1 Introduction to phosphine catalysts

The best known rhodium catalyst precursor for hydroformylation is undoubtedly RhH(PPh3);CO,
first reported by Vaska in 1963,167 but its activity for hydroformylation was discovered by Wilkinson
and co-workers a few years later.'®'7! The chemistry reported in the late 1960s and early 1970s is still
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relevant for the hydroformylation studies of the 2000s. The chemistry and catalysis of Rh'-PPh;
systems has been reviewed many times."”*"7* A review has been published on the synthesis and
coordination chemistry of aminophosphine-phosphinites and closely related ligands.!’> A variety
of ligands and complexes were discussed in a review by Trzeziak.'’® Hydroformylation was
reviewed by Ungvary.””””® Controlling stereoselectivity with the aid of a reagent-directing group
was reviewed by Breit."”” Catalysts for the hydroformylation of higher alkenes with emphasis on
the work of Mitsubishi Kasei Company has been reviewed.'”® A book on Rh-catalyzed hydro-
formylation containing more than 600 references was published in 2000. It discusses catalysis with
carbon monoxide ligands only, phosphite and phosphine ligands, enantioselective catalysis, appli-
cations in organic chemistry, two-phase catalysis, processes being applied and in development,
catalyst preparation and decomposition, and future trends. The work focuses on the more
common ligands and in spite of the many references even this work is far from comprehensive.'”

The mechanism accepted for Rh-catalyzed hydroformylation is the one proposed by Heck and
Breslow for cobalt."® The so-called dissociative mechanism proposed by Wilkinson is depicted in
Scheme 3. At low hydrogen pressures dimer (46) is formed. For L =PPh; the dimer has been
characterized crystallographically.’® At high concentrations of ligand, species (49) forms. At
moderate concentrations of the phosphine or phosphite ligand with respect to the concentration
of CO, species (47) and (48) are formed containing two phosphorus ligands. These species can
occur in bis-equatorial and equatorial-apical isomers. For the hydride and PPh; as the ligand the
bis-equatorial isomer is the dominant one. In the acyl species (56) the two phosphine ligands
occupy preferably one apical and one equatorial position.!82

O
u H H H H
Lo /C\ICOL § Lo . L< 4‘L
Rh—Rh< — th—CO — Rh-CO —— Rh-L
LVC'O\(”;/ co oc” | )
(49)
(46)

Scheme 3

Moser has studied complexes [RhH(CO),L,] (47), (48), (54), (56) by in situ IR reflectance
spectroscopy'®® during 1-hexene hydroformylation. Claver and van Leeuwen studied the system
containing PPhj as the ligand during the hydroformylation of 1-octene using in situ IR transmis-
sion spectroscopy. They observed four bands, which were assigned to four CO stretching modes
of the mixture of [RhH(CO),(PPhs),] isomers (47) and (48) as reported in the NMR studies by
Brown. Studies of the Rh catalyst systems [Rh,{u-S(CH,);N(Me,)},(COD),]/PR3 (R =Ph, OPh),



Metal Complexes as Catalysts for Addition of Carbon Monoxide 157

[Rhy{-S(CH,)>S}(COD),]/PPhs, [Rho{y-S(CH,)4S}H(COD)oo/PPhs, [Rho{p-XANTOSS}H(COD),)/
PPh;, and [Rh(Acac)(CO),]/PR; (R =Ph, OPh) revealed mononuclear Rh-hydride species under
hydroformylation conditions (80°C, 5-30 bar). The activities and selectivities, obtained during the
hydroformylation of 1-hexene using these systems as catalyst precursors, can be fully accounted for
by the mononuclear species observed. Deuterioformylation experiments using dinuclear [Rho{u-
S(CH»);N(Me,)}»,(COD),]/PR; systems lent no support to a dinuclear mechanism.'® Using the
same ligand to metal ratios as in the IR studies above and pressures up to 4 bar, but significantly
higher ligand concentrations, Oswald found in NMR studies that the predominant species is now
the tris-PPh; complex (49)."® Wilkinson and Andreetta suggested that species (49), formed at high
PPh; concentration, lead to higher linear aldehyde selectivity (I:b=20:1)."%¢

Since the mid-1980s bidentate phosphines and phosphites have become very popular as ligands
in hydroformylation and many compounds have been spectroscopically identified. The bidentate
ligand PPh,NMeCHMeCHPhOPPh, shown in (57), having two very distinct absorptions for the
amido phosphorus and the phosphinite phosphorus nuclei, gives 'H and *'P spectra that are
readily interpreted.'®’

Ph H
Ph\\P_R|h\\\“‘.CO
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0 | co O PPh, O Ph, 1
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v SRt
Me Me Ph;
(57) (58) (59)

In 1987 Devon et al. from Texas Eastman reported a new diphosphine ligand, BISBI, (58) that
shows a very high regioselectivity for the formation of linear aldehydes.!8%-189 Examination of
molecular models of metal complexes of BISBI indicates that the chelate bite angle is much greater
than 90°, the most common bite angle for bidentate ligands used in coordination chemistry and
organometallic chemistry. Casey et al. have shown that ligands with wider bite angles form com-
plexes in which the bidentate ligand occupies equatorial positions (59). Furthermore they found that
the wider the bite angle is, the higher the selectivity for linear aldehyde.!90-191

Ligand (60) forms an exception; Casey and Yamamoto reported a low selectivity for linear aldehyde
even though the calculated bite angle is high (126°)."**'** Electronic effects have been investigated.194:195
The potential energy hypersurface for ethylene hydroformylation catalyzed by [HRh(PH3),(CO)] was
mapped out at the CCSD(T)//B3LYP and B3LYP//B3LYP levels of theory using effective core

potentials.'*®
Ph, I
QF’% H Ph, | _.co
- P—Rh{_

o) "Rh—CO

X . co
PPh, / ‘ o
PPh, P CoO X PPh,
Ph,
(60) (61) (62)

A series of diphosphines (show in complexes (61) and (62)) with a tunable bite angle were
developed (X =PhP, Me,Si, S, Me,C, Me,C=C, HN, PhN, etc.) covering a range of angles from
102° to 121° and applied in hydroformylation. Their complexes (61) and (62) were identified by
in situ IR spectroscopy and NMR spectroscopy and the ratio of the two isomers depends on the
bite angle. Electronic effects were also studied.!?’-19° Several MO studies on hydroformylation have
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been published. DFT calculations including hybrid QM/MM calculations using the IMOMM
method and hybrid QM/QM methods have shown that the origin of the selectivity for linear
product is steric.200-203

Dppf forms complexes (64) in preference to the bis-equatorial complexes (63) which are formed
with related ligands, replacing one phenyl group at each phosphorus atom with a 1-naphthyl
substituent leads to a wider bite angle and formation of (63) as the major species, and a higher
selectivity for linear aldehyde than dppf. It’s new electronically modified derivatives bearing
methoxy and/or trifluoromethyl groups in para positions of the Ph rings were also studied.
Depending on ligand basicity, HP NMR and IR characterization of the respective (diphosphine)-
Rh(CO), precursor complexes revealed subtle differences in the occupation of bis-equatorial (ee)
and equatorial-apical (ea) coordination geometries.”**

H
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Fe /Rh—CO | Co
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NpPh CO
(63) (64)
Np=naphthyl

9.3.3.4.2 Introduction to phosphite catalysts

Phosphites have been used as ligands in Rh-catalyzed hydroformylation from the early days since
their introduction in 1969.205:206 [dentification of complexes occurred more recently. Ziolkowski
and Trzeciak have studied extensively the use of phosphite ligands in the Rh-catalyzed hydro-
formylation of alkenes.?’”'"" The ligand tris(2-zerz-butyl-4-methylphenyl) phosphite (65) leads to
extremely fast catalysis and in situ spectroscopy showed that under the reaction conditions only a
mono-ligated complex [Rh(H)(CO)3(65)], (66), is formed due the bulkiness of the ligand.211-213
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Remarkably, Claver et al. showed that in a square planar rhodium carbonyl chloride complex,
two bulky phosphite ligands (65) were able to coordinate in a trans orientation.”'* Diphosphite
ligands having a high selectivity for linear aldehyde were introduced by Bryant and co-workers.
Typical examples are (67)—(70).%'5-1

The selectivity was found to be dependent on the exact ligand structure. Structures of rhodium
hydridodicarbonyls were shown to contain a bis-equatorial coordination mode for bisphenol
backbones, 1,3- and 1,4 diol backbones, but apical-equatorial for 1,2-diol based backbones.
The latter always lead to low selectivities.”!”*2° Dimer formation was observed.??!

The less bulky ligand (71) studied by Gladfelter leads to dimeric complexes [Rh,(71),(CO),] and
even tetramers.??? Transformations of rhodium carbonyl complexes in alkene hydroformylation
are discussed from the standpoint of the catalytic system self-control under the action of reaction
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medium. The effect of the number of metal atoms in a cluster on the catalytic properties is
considered.?*® Several reports have appeared on hydroformylation in supercritical carbon dioxide
using well-defined complexes [HRh(L);(CO)].?**??¢ The hydroformylation of 1-octene using
[HRh(CO){P(p-CF;C¢H4)s}5] in  scCO, was investigated.””” A fluorinated catalyst,
[HRh(CO){P(3,5-(CF;),CsHj3)s3}3], was found to be an extremely active catalyst in scCO, for
hydroformylation of 1-octene.??® Several fluoroalkyl- and fluoroalkoxy-substituted tertiary aryl-
phOSphineS 3,5-[(CF3)2C6H3]3P, [4-CF3C6H4]3P, [3-CF3C6H4]3P, [4-CF3OC6H4]3P, and
[4-F(CF,)4(CH,);C¢HysP were studied in the homogeneous catalytic hydroformylation of
l-octene.??? A series of ponytail-appended arylphosphines P(CsHy-m-R); (where m is 3 or 4,
denoting meta or para substitution (m:4, R:n-C6F13, I’l-CHzCH2C6F13, I’l-C6H13, I/l-Clonl, or
n-CigHzs; m=3, R =n-C4F3) have been studied in the Rh-catalyzed hydroformylation of higher
alkenes in scCO,, with the perfluoroalkylated ligands exhibiting the highest and the alkylated one
the lowest activities.”*® The reaction rates and selectivities in the hydroformylation of various
alkenes over [Rh(CO),(acac)] and P[CsH4CH,CH,(CF,)sF]; in supercritical CO, have been
examined.”" A continuous process for the selective hydroformylation of higher alkenes in super-
critical carbon dioxide was presented; the rhodium complex of N-(3-trimethoxysilyl-n-propyl)-4,5-
bis(diphenylphosphino)phenoxazine immobilized on silica as catalyst shows high selectivity and
activity over several hours and no decrease in performance was observed over several days.**>
P(OPh)3, P(OC6H4-4-C9H19)3, and thPCHch(COZC16H33)CH2C02C16H33 provide ligands for
Rh,(OAc)4-based catalysts which are insoluble in supercritical CO, but which can show high activity
and selectivity in the hydroformylation of 1-hexene; removing the products from the reaction
by flushing them into a second autoclave and decompressing gives the aldehyde product.”** Rh'
complexes [Rh(acac)(CO)(PR3)] with 1,3,5-triaza-7-phosphatricyclo[3.3.1.13,7]decane (tpa),
tris(2-cyanoethyl)phosphine (cyep), tris(3-sodium sulfonatophenyl)phosphine (TPPTS), tris
(o-methoxyphenyl)phosphine (ompp), tris(p-methoxyphenyl)phosphine (pmpp), tris(2,4,6-tri-
methoxyphenyl)phosphine (tmpp), PPh,(pyl), PPh(pyl), and P(pyl); (pyl =2-pyridyl) have been
synthesized and characterized. They are efficient catalysts for hydroformylation of alkenes.?**
1-Aryl-phospholes [1-(2',4,6'-triisopropylphenyl)-3-methylphosphole, 1-(2',4',6'-tri-tertbutylphenyl)-
3-methyl-phosphole, and 1-(2',4'-dizertbutyl-6'-methylphenyl)-3-methylphosphole] were reacted with
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[Rh(nbd)ClI], to give [Rh(nbd)(phosphole)Cl] complexes. Both the conversion and the regioselectivity
of Rh-catalyzed hydroformylation of styrene show strong dependence on the basicity of the phos-
phole ligand.** 5.11,17,23-tetra-tert-butyl-25,26,27,28-tetrakis(2-diphenylphosphinoxy-ethoxy)calix[4]
arene and 5,11,17, 23 tetra-tert-butyl-25,26,27,28-tetrakis(2-diphenylphosphinoethoxy)calix[4]arene
have been synthesized. High chemoselectivity was obtained in hydroformylation in the presence of
rhodiun%;gontaining catalysts with both of the above calixarene-based phosphine and phosphinite
ligands.

Various bifunctional potentially hemilabile ligands (72) bearing phosphorus groups were pre-
pared and their coordination to rhodium was studied. Their effect on the hydroformylation of
styrene was assessed.”’

SiO,-tethered Rh'-thiolate complex catalysts Rh-S/SiO, and Rh-S-P/SiO, were prepared which
exhibit high activity for 1-octene hydroformylation.238

The solution structures of the dominant species present during the styrene hydroformylation
using rhodium precursors [Rh(u-OMe)(COD)], in the presence of bdpp have been determined.
The high-pressure spectroscopic studies have revealed that the mononuclear complex
[HRh(bdpp)(CO),] is the predominant species during the hydroformylation process, but the dimeric
species [Rh(bdpp)(CO)s,], is also present.>** Dicarbonylsalicylaldoximatorhodium [Rh(sox)(CO),]
combined with phosphorus ligands exhibits high activity for hydroformylation of alkenes under
mild conditions.?#® The hydroformylation of 1-decene was studied in the presence of the fluorous-
soluble P[CH,CH,(CF,)sCF;];-modified rhodium catalyst. HP NMR under 2 1 8.3 MPa of CO/H,
(1:1) revealed that HRh(CO),{P[CH,CH,(CF,)sCF;]5}» is formed.?*' Copolymers of
4-Ph,PC¢H4CH:CH, with F3;C(CF,),CH,CH,O,CCH:CH, in 1:5 or 1:9 ratio have been prepared
and shown to be active and selective catalysts when combined with rhodium for the fluorous biphase
hydroformylation of various alkenes.?*

The effect of the bite angle has been reviewed.****** The 'Rh chemical shifts of a series of
hydrldorhod1umbls(carbonyl)d1phosphme compounds contammg chelating bidentate P-ligands
have been obtained by inverse HMQC detection sequences.’*

The hydroformylatlon of acetylenic thiophenes is readily accomplished by using the zwitterionic
rhodlum catalyst [(n®-C¢HsBPh; )-Rh™ (1,5-cod)] and triphenylphosphite in the presence of CO
and H,.>*® A hydroformylation catalyst covalently anchored to a silicate matrix by the sol-gel
technique was prepared by simultaneous cocondensation of tetraalkoxysﬂane with functionalized
trialkoxysilane, e.g., a dlphosphanylphenoxazme derivative.?*” Under the reaction conditions, the
hydroformylatlon of 1-octene was studied using in situ IR spectroscopy. The intermediate com-
plex is [HRh(CO),(OPPh;),] (x 4y =3 or 4) when ligand OPPh; is added to the catalytic system,
and dimers and multicarbonyl rhodium complexes are also detected.”*® The structure and com-
position of rhodium dicarbonyl acetylacetonate complexes with the P-containing ligands ettriol
phosphite, triphenyl phosphite, and PPhs, were studied using *'P NMR.**

Phosphacyclic diphosphines (73a) and (73b) with wide natural bite angles were synthesized and
the effect of the phosphacyclic moieties on the coordination chemistry in the [(diphosphine)
Rh(CO),H] complexes was studied. Both NMR and IR spectroscopy showed that the phospha-
cyclic xantphos ligands exhibit an enhanced preference for diequatorial chelation compared to the
diphenylphosphino-substituted parent compound. In the hydroformylation of 1-octene the intro-
duction of the phosphacyclic moieties leads to higher reaction rates. The dibenzophospholyl- and
phenoxaphosphino-substituted xantphos ligands exhibit a high activity and selectivity in the
hydroformylation of trans-2- and 4-octene to linear nonanal. CO dissociation rates from the
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[(diphosphine)Rh(CO),H] complexes were determined using '*CO labeling in rapid-scan IR
experiments.250
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Tonic liquids such as 1-butyl-3-methylimidazolium hexafluorophosphate (BMIM(PF¢)) have
been applied to hydroformylation of methyl 3-pentenoate.”™' The new guanidinium-modified
diphosphine ligands (75) with a xanthene backbone show high overall activity and high regio-
selectivity in the biphasic hydroformylation of l-octene using (BMIM (PFg)) as solvent.252
Sulfonated Xantphos ligands have also been applied in ionic liquids (BMI(PFg)). Using 1-decene
a linear branched ratio of 61:1 was obtained for the aldehyde product and a low isomerization was
observed. Rates are much higher than in aqueous biphasic catalysis.?>* The use of electron- -poor
phosphine-substituted cobaltocenium salts as ligands for the biphasic hydroformylation in ionic
liquids has been studied. 1,1’-bis(diphenylphosphino)cobaltocenium nitrate, 1,1’-bis(diphenylphos-
phino)cobaltocenium hexafluorophosphate, and 1,1’-bis[1-methyl(1-diphenylphosphino)ethyl]
cobaltocenium hexafluorophosphate were synthesized. 1,1’-bis(diphenylphosphino)cobaltocenium
hexafluorophosphate, in particular, proved to be a very suitable ligand for the biphasic
hydroformylation of 1-octene in BMIM(PF¢), enabling high catalyst activity and high selectivity
to the linear product.**

Bayon and co-workers observed that constrained 1,2-diphosphines such as (3R,4R)-1-benzyl-
3.4- bls(dlphenylphosphmo)pyrrohdlne (deguphos) form dimeric complexes in addition to the
expected monomeric complexes.*

Hydroformylation of 1-octene with [Rh(CO),(acac)] and ligands (74) as catalysts at 5-20 bar
CO/H, showed a 99.5% regioselectivity for nonanal.?5¢ The homogeneous hydroformylation of
styrene catalyzed by the dlhydndorhodlum complex [RhH,(Ph,N3)(PPh;),] with synthesis gas
(CO/H,0 = 1/1) was carried out in DMSO.*” The tetranuclear early—late heterobimetallic com-
plexes [CpTl(u; S);{Rh(diolef)};] (diolef =tfbb, cod) in the presence of P-donor ligands are active
precursors in the hydroformylation of hex-1- -ene and styrene.”

The heterogenization of the zwitterionic Rh' catalysts [(sulfos)Rh(cod)] and [(sulfos)Rh(CO,)]
[sulfos = ~O;S-p-(CsH4)CH,C(CH,PPh,);; COD = cycloocta-1,5-diene] is performed by controlled
adsorption on partially dehydroxylated high surface area silica.z59 The reactions of rhodium(I)
substrates with the ligands {4-(Ph,PO)C¢H,}-X (I) (X =0, Me-»C, S) have been studied in order to
obtain rhodium complexes useful as precatalysts in hydroformylation of alkenes. The results have
been explained considering both the flexibility and the number of phosphorus atoms (considering
each of them as a monodentate ligand) coordinated to each metal center in the trigonal bipyramidal
hydridorhodium intermediates formed.?®® Three hitherto unexplored classes of strong T-acceptor



162 Metal Complexes as Catalysts for Addition of Carbon Monoxide

ligands for use in homogeneous catalysis: phospha-m-aromatic compounds, pyrrolyl phosphines,
and phosphenium cations were evaluated for Rh catalyzed hydroformylation of styrene.

The novel rhodium complexes with the bidentate PO ligand (PO =O0OCH4PPh,)
[Rh(PO)(CO)L] (L=POH, PPh;, etc.) catalyzes hex-l-ene hydroformylation.?6> Zr(n>-
CsHs)[>-CsH4CMe,-n-C13HgRh(COD)]Cl, has been used as a hydroformylation and
cyclotrimerization catalyst.263 The preparation and coordinative properties of two upper-rim
functionalized calixarenes, 5,17-bis(fert-butyl)-11,23-bis(diethoxyphosphinoxymethyl)-25,26,27,28-
tetrakis(2-ethoxyethoxy)calix[4]arene and 5,17-bis(zert-butyl)-11,23-bis(diphenylphosphinomethyl)-
25,26,27,28-tetrakis(2-ethoxyethoxy)calix[4]arene were reported. Their complexes catalyze the
hydroformylation of styrene.”®* A polyamine dendrimer containing a 1,4-diaminobutane core
was prepared from acrylonitrile, treated with Ph,PCH,OH to give diphenylphosphine end groups,
and complexed with Pd, Ir, Rh, or Ni to give dendritic complexes. The rhodium complexes were
useful as catalysts for hydroformylation.**

Polyamidoamine dendrimers, constructed on the surface of silica, were phosphonated by using
diphenylphosphinomethanol, prepared in situ, and complexed to rhodium using [Rh(CO),Cl], and
used in hydroformylation.2%¢ Cyclodextrin monophosphinite was prepared from cyclodextrin and
CIPPh, and combined with cyclooctadienylrhodium chloride dimer to give a catalyst that exhibits
substrate selectivity in hydroformylation of C-8 and C-10 alkenes due to the inclusion of
substrates in the cyclodextrin cavity.?®” The reaction of dinuclear rhodium(I) derivatives of
formula [Rh(DIOL)X], with the axially chiral phosphinyl-phosphane 2-(diphenylphosphinyl)-2'-
(diphenylphosphanyl)-1,1’-binaphthalene (S)-BINAPO led to formation of cationic complexes
[(BINAPO)Rh(DIOL)]" in which the ligand (S)-BINAPO consistently displays a P,O-chelate
coordination. The mononuclear rhodium(I) complexes [Rh(S-BINAPO)(cod)][BF,;] and [Rh
(S-BINAPO)(nbd)][BF,] were isolated. These complexes are active catalysts for the hydroformyla-
tion of alkenes.2%8 Diphenylphosphine functionalized carbosilane dendrimers Si((CH»),-
Si(CH3),(CH,PPhy)), (n=2,3; generation 1-3) and Si((CH,),,Si(CH3)(CH,PPh,),)y (n=2,3;
generation 1-2) have been synthesized and used as ligands in the Rh-catalyzed hydroformylation
of 1-octene. The activity of the system depends on the size and flexibility of the dendrimeric
ligand.**® [Rh(acac)(CO),] in combination with the bidentate ligand ESPHOS (76a) was applied to
the asymmetric hydroformylation of vinyl acetate. Use of monodentate ligand SEMI-ESPHOS
(76b) under the same conditions gave very low yields of essentially racemic product. ESPHOS
and SEMI-ESPHOS were effective in styrene hydroformylation, but the product is essentially
racemic.”’® Three ligands were synthesized, of which the nucleophilicity is ordered as
Ph,P(CH,)4PPh; > Ph,P(O)(CH,)4PPh, > Ph,P(O)(CH,)4P(O)Ph,. When these ligands were used
with [Rh(CH3CO,),], precursor as catalysts in hydroformylation of mixed octenes, the catalytic
activities and selectivities to isononylaldehydes reversed completely in the nucleophilicity order
of synthesized ligands as mentioned above.?”" Results of linear alkene and styrene hydroformyl-
ation catalyzed by rhodium catalysts containing the ligand 1,4-bis(diphenylphosphino)benzene are
reported. The catalyst is highly active and selective (branched product) for styrene.?’? Styrene
hydroformylation over the rhodium [Rh(u-OMe)(COD)],/bdpp system was studied. /n situ IR and
high-pressure (HP) NMR spectroscopic studies revealed the presence of different species as resting
states, depending on the CO-H, total pressure.””> A novel catalyst consisting of encapsulated
[HRh(CO)(PPh3)3] in NaY zeolite was synthesized and characterized using ICP, FTIR, powder
XRD, SEM, and TEM methods. Its application to hydroformylation of alkenes (e.g., styrene and
1-hexene) has been demonstrated.”’* Two carbene-Rh complexes are reported that are active
hydroformylation catalysts, giving very high selectivities for the branched isomer (>95:5) when
vinyl arenes were used as substrates. The carbene analog of Wilkinson’s catalyst, [Rh
(IMes)(PPh;3),Cl], (IMes = 1,3-dihydro-1,3-bis(2,4,6-trimethylphenyl)-2H-imidazol-2-ylidene), and
the related carbonyl complex [Rh(IMes)(PPhs)(CO)CI], were both prepared.”””

The Rh-catalyzed hydroformylation reaction of 1-octene with phosphorus diamide ligands
(77a) and (77b) has been investigated. Four monodentate phosphorus diamide ligands and six
bidentate phosphorus diamide ligands derived from a 1,3,5-trisubstituted biuret structure and
various bridge structures have been synthesized. These types of ligand combine steric bulk with
m-acidity. The rhodium complexes formed under CO/H, have been characterized by high-pressure
spectroscopic techniques, which revealed that the monodentate ligands form mixtures of
[HRhL,(CO),] and [HRhL(CO);3]. The HRhL,(CO),:HRhL(CO); ratio depends on the ligand con-
centration and its bulkiness. The bidentate ligands form stable, well-defined catalysts with the
structure [HRh(L-L) (CO),] under hydroformylation conditions.”’® The rhodium(I) complexes
[HRh(CO){Ph,P(CH,),Si(OMe);}3] [a: x=3 or 6] were sol-gel processed with the bifunctional
cocondensation agent (MeO);Si(CH,)¢Si(OMe); and in a separate reaction also with three
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additional equivalents of the phosphine ligand Ph,P(CH,),Si(OMe);. The resulting stationary
phases show a relatively narrow particle size distribution.?””
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(dCdC)Rh(COd) and oxy-functionalized phosphonite ligands, (78), catalyzed the hydroformyl-
ation of isomeric n-alkenes.?’®

Eight monodentate phosphites (79) based on the calix[4]arene backbone were synthesized following
two synthetic routes. Out of six conformations, only three were actually formed under the applied
reaction conditions. X-ray analysis of two conformers provided insight into the three-dimensional
structure of two of these conformations. The three conformations were characterized by NMR
spectroscopy. NMR experiments showed that several of the phosphites were flexible showing flux-
ional behavior of the backbone in solution, but no interconversion between the different conformers
was observed. The conformation of the product in the phosphite synthesis is determined at the point
where the P atom is linked to two hydroxy groups of the calix[4]drene (P amidite). Such an
intermediate P amidite was isolated. Several phosphites were tested in Rh-catalyzed hydroformyl-
ation.””” The monophosphites derived from calix[4 ]arene and p-tert-butylcalix[4]arene such as (79)
react with [Rh(CO)x(piv)] (piv=Bu'COCHCOBuU") to give the mononuclear complexes [Rh(CO)(L)
(piv)]. The crystal structure of [Rh(CO)(L)(piv)] shows the calixarene conformation to have aryl groups
in {down, out, up, up} orientations with one aryl blocking the axial site at the square planar metal.
The rhodium complexes are very active and chemoselective catalysts for the hydroformylation of
hexene but the regioselectivity is low.?*

A variety of ferrocene-based 1-phosphonite-1’-phosphine ligands (80) have been prepared
and their rhodium(II) complexes tested in hydroformylation reactions.?8! (Cp-PPh,),ZrCl, reacts
with dicarbonylrhodium chloride dimer to yield the triply bridged complex, [CIZr(u-Cp-PPh,),(u-
CD)Rh(CO)CI]. [(Cp-PPh,),ZrMe,] reacts with [H(CO)Rh(PPh;);] with loss of two PPh; ligands
and instantaneous liberation of methane to form [CH;Zr(u-Cp-PPh,),Rh(CO)PPh;s] (Zr-Rh),
which probably contains a metal-metal bond between the early and late transition metal. The latter
complex is an active 1-hexene hydroformylation catalyst.®

Three generations of dendritic phosphines have been prepared from 3,5-diaminobenzoylglycine
and 9-fluorenylmethoxycarbonyl-L-phenylalanine. The dendrimers were then attached to MBHA
resin, treated with CH,O and Ph,PH, and converted to their Rh complexes. The polymer-
supported complexes are excellent catalysts for the hydroformylation of alkenes, which could
be recycled.?8® The bidentate diphosphine N,N-bis-(P-(phosphabicyclo[3.3.1] nonan)
methyl)aniline was prepared by phosphanomethylation of aniline. It forms a Rh-complex which
is a highly regioselective catalyst in the hydroformylation of citronellene.***
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The new bifunctional ligand PhNHC(S)NHCH,CH,PPh, (Ptu), containing thiourea and the
phosphine functions, and its Rh' complexes [Rh(COD)(Ptu)]X (X=Cl or PFq and [Rh(cod)
(Ptu)],[CoCly] were prepared. Ptu behaves as a bidentate ligand forming seven-membered chelaten
rings in a boat-like conformation. The related ligand (EtO);Si(CH,);NHC(S)NHCH,CH,PPh,
(SiPtu) was sol-gel processed giving xerogels. Anchored Rh' complexes were active catalysts for the
hydroformylation of styrene.?85

The bite angle effect on rhodium diphosphine-catalyzed hydroformylation has been investi-
gated. Xantphos-type ligands with natural bite angles ranging from 102° to 121° have been
synthesized, and the effect of the natural bite angle on coordination chemistry and catalytic
performance was studied. X-ray crystal structure determinations of the complexes [(nixant-
phos)Rh(CO)H(PPh3)] and [(benzoxantphos)Rh(CO)H(PPh;)] were obtained.?8¢ The hydro-
formylation of 1-hexene with syngas (40bar of 1:1 CO/H,) in the presence of the catalyst
precursor [RhH(CO)(PPh3);] has been studied by HP NMR spectroscopy.287

First to fourth generation dendrimers were constructed on silica gel from acrylate and
H,N(CH,),NH, [n=2, 4, 6, 12]. The dendrimers were complexed with [Rh(CO)CI], and used to
catalyze the hydroformylation of styrene and vinyl acetate.”®® A tetramethoxy hemilabile N,P,N-
ligand, and the corresponding amphiphilic tetrahydroxy ligand, have been synthesized via ortho-lithia-
tion of N, N-bis(2-methoxyethyl)-benzenamine and N, N-bis[2-(methoxymethoxy) ethyl]-benzenamine,
respectively. The rhodium complex of the former ligand was applied to hydroformylation of styrene
and the complex of the latter ligand was evaluated in the hydrogenation of frans-cinnamaldehyde.”®
Rhodium diphosphine systems, including chiral ones, were used as catalyst precursors for the hydro-
formylation of 2,5-dihydrofuran. The solution structures of the species present have been investigated
spectroscopically through HP NMR experiments during the hydroformylation reaction.??® The
compounds (C¢H40,P),NN, (Ph,P),NN, and (iPr,P),NN (where NN = homopiperazine) prepared
and in presence of Et;N have been tested in Rh-catalyzed hydroformylation.?*! Phosphinine/rhodium
catalysts for the hydroformylation of terminal and internal alkenes were presented. Trans-[(phos-
phabenzene),RhCI(CO)] complexes have been prepared. The hydroformylation of oct-1-ene has
been used to identify optimal catalyst preformation and reaction conditions. Hydroformylation
studies with 15 monophosphabenzenes have been performed. In situ pressure NMR experiments
have been performed to identify the resting state of the catalyst. A monophosphabenzene complex
[(phosphinine)Rh(CO);H] could be detected as the predominant catalyst resting state.”*> A rhodium
complex containing a 16-membered chelated diphosphite, with the appropriate combination of
stereogenic centers, produces ees above 70% in the hydroformylation of vinylarenes, while a
related diastereoisomeric ligand renders very low ees because it does not form a chelated
species.?”* The geometry optimization for 1-phenyldibenzophosphole (PDBP) and triphenylphos-
phine were carried out using quantum chemical AM1 method.?%4

The results of unsymmetrical 7-acid bidentate ligands, e.g., (81), have in the hydroformylation
of n-octenes was described. The preparation of seven such ligands was described. Thus, [Rh-
(acac)(cod)]-catalyzed hydroformylation of n-octene in the presence of a phosphinite ligand gave
94% n-nonanal.?®> A new upper-rim phosphacalix[4]arene 5,17-bis(diphenylphosphinomethyl)-
25,26,27,28-tetrapropoxycalix[4]arene has been prepared. It reacted with [(cod)RhCI], to give a
dirhodium complex that is an active catalyst for the hydroformylation of 1-octene and styrene.>*®
Rhodium complexes of [l-propyl-3-methylimidazolium™], [PhP(C¢H4SO;),] dissolved in the
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ionic liquid, BMIM (PFy) catalyze the hydroformylation of 1-octene at a constant rate for >20h in
a continuous flow process in Wthh the substrate, gases, and products are transported in and out
of the reactor dissolved in scCO,.”*” Two new cationic rhodium(I) complexes with a hemilabile
nitrogen-containing bis(phosphinite), PhN(CH,CH,OPPh,),, or bis(phosphine), PhN(CH,CH,PPh,),,
ligand have been prepared. Phosphorus-31 NMR studies provide evidence that the ligands are
coordinated to the metal in a P,P-bidentate mode, whereas for the bis(phosphine)-based ligand, a
P,N,P-tridentate mode is also found at low temperatures. The complexes were applied to the
hydroformylation of st})/rene and displayed a high chemoselectivity for aldehydes with a very good
branched/linear ratio.””® Effects of ortho-alkyl substituents of TPP on the Rh-catalyzed hydro-
formylation have been investigated.?*® Bisphosphines containing two electron-donating alkyl
groups linked by a diamine backbone are extremely electron-rich o-donor bidentate ligands and
have been used, alon% with Ph- and catechol-substituted bis-phosphinoamines, to study hydro-
formylation reactions.*”® A series of PPhy derivatives modified with different heteroatom groups in
the ortho or para position of the Ph ring(s) were synthesized and tested for their catalytic behavior in
the rhodium catalyzed hydroformylation of 1-hexene and propene. The ligands thus studied were
[(2-methylthio)phenyl]diphenylphosphine, [(4-methylthio) phenyl]diphenylphosphine, 2-(diphenyl-
phosphino)  -N,N-dimethylbenzenamine, [(2-methylseleno)  phenyl]diphenylphosphine,  (2-
methoxyphenyl)diphenylphosphine, diphenyl[2-(trifluoromethyl)-phenyl]phosphine, tris[2-(trifluoro-
methyl) phenyl]phosphine, and tris[4-(trifluoromethyl)phenyl] phosphine.3!
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Cluster complexes [M,Rh(u-PCy,)(u-CO),(CO)s] were used as hydroformylation catalysts.**

The stepwise intramolecular hydroformylation reaction of allyldiphenylphosphine using a mono-
dentate phosphorus diamide-based Rh catalyst was studied using NMR spectroscopy. Reaction of
the Rh-hydride complex [HRhL;(CO)] (L = triethylbiuretphenylphosphorus diamide) with
allyldiphenylphosphine gave [HRhL,(allylPPh,)(CO)]. Hydride migration gives a cyclic Rh-alkyl complex.
CO insertion occurs giving the cyclic Rh-acyl complex [Rh(COCH,CH,CH,PPh,)L(CO),]. Add-
ition of H, completes the cycle forming the coordinated hydroformylated allyldiphenylphosphine
ligand. The aldehyde-functionalized phosphine ligand is hydrogenated to the alcohol.3%3 The reac-
tion of the amphiphilic ligand [4-[bis(dicthylaminoethyl)aminomethyl]diphenyl]phosphine with
zirconium phosphate, of intermediate surface area, provided a phosphine-functionalized support
in which electrostatic interaction between ammonium groups on the ligand and de-protonated
surface hydroxy groups on the support provided the binding force. When applied as catalyst in
continuous gas-phase hydroformylation of propene, and in liquid phase hydroformylauon of
1-hexene, the immobilized complex showed intermediate activity and regioselectivity.** The synthesis
and the effect of phosphite-phosphonate ligands in the Rh-catalyzed hydroformylation of styrene
have been reported. The activity and selectivity of the catalyst are improved at low temperatures by
increasing the bulk of both phosphite and phosphonate moieties.3®> The mechanism of the
Rh-catalyzed hydroformylation reaction using a monodentate P diamide ligand (1,3,5-triethyldihydro-
2-phenyl-1,3,5,2-triazaphosphorine-4,6(1H,5H)-dione) was studied. Which step is rate determining
depends strongly on the conditions used. The Rh hydride complex [HRhL,(CO),] and several
Rh-acyl complexes were observed during the hydroformylation reaction. The exchange rates of the
equatorial and apical carbonyl ligands with dissolved CO differ significantly, the equatorial CO
ligands being much more labile.3%¢ The homogeneously catalyzed styrene hydroformylation in
supercritical carbon dioxide was studied and it was shown that the reaction rate and the regioselect-
ivity can be varied by changes in pressure at constant temperature.*’’



166 Metal Complexes as Catalysts for Addition of Carbon Monoxide

9.3.3.5 Asymmetric Catalysis Using Platinum

Platinum complexes with chiral phosphorus ligands have been extensively used in asymmetric
hydroformylation. In most cases, styrene has been used as the substrate to evaluate the efficiency
of the catalyst systems. In addition, styrere was of interest as a model intermediate in the synthesis
of arylpropionic acids, a family of anti-inflammatory drugs.>**2" Until 1993 the best enantio-
selectivities in asymmetric hydroformylation were provided by platinum complexes, although the
activities and regioselectivities were, in many cases, far from the obtained for rhodium catalysts.
A report on asymmetric carbonylation was published in 1993.*'" Two reviews dedicated to
asymmetric hydroformylation, which appeared in 1995, include the most important studies and
results on platinum-catalogued asymmetric hydroformylation.®*®! A report appeared in 1999
about hydrocarbonylation of carbon—carbon double bonds catalyzed by Pt!! complexes, including
a proposal for a mechanism for this process.*"!

9.3.3.5.1 Chiral diphosphine ligands

The cis-PtCl,(diphosphine)/SnCl, constitutes the system mostly used in catalyzed hydroformyl-
ation of alkenes and many diphosphines have been tested. In the 1980s, Stille and co-workers
reported on the preparation of platinum complexes with chiral diphosphines related to BPPM
(82) and (83) and their activity in asymmetric hydroformylation of a variety of prochiral
alkenes.*'*'* Although the branched/normal ratios were low (0.5), ees in the range 70-80%
were achieved in the hydroformylation of styrene and related substrates. When the hydroformyl-
ation of styrene, 2-cthenyl-6-methoxynaphthalene, and vinyl acetate with [(-)-BPPM]PtCl,*SnCl,
were carried out in the presence of triethyl orthoformate, enantiomerically pure acetals were
obtained.

Chiral ligands, e.g., (83) and (84) were copolymerized with styrene (or with SDT). Hydro-
formylation in the presence of triethyl orthoformate could be carried out by using a catalyst
containing the [(-)-BPPM]PtCl,*SnCl, complex bound to 60 um beads composed of cross-linked
polystyrene.>'? Hydroformylation utilizing the polymer-supported catalysts showed comparable
rates, and gave nearly the same optical yields, as the homogeneous analogs although they had
lower regioselectivities.*'>
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Platinum(II) complexes with diphosphines based on DIOP (85),*'5~*! CHIRAPHOS (86),*'%?
and bdpp (87)322-325 backbones have been prepared to be used, in the presence of SnCl,, as catalyst
precursors in asymmetric hydroformylation of styrene and other alkenes.

1-Butene and styrene were hydroformylated with Pt catalysts using CHIRAPHOS (86) as
the chiral ligand. The results were compared with those obtained when the chiral ligand is
4R,5R-DIOP.*'® [PtCI(SnCl5){(R,R)-DIOP}] (88) was used in the asymmetric hydroformyla-
tion of butenes. Depending on the conditions, hydroformylation can be accompanied by
extensive isomerization and hydrogenation of the substrate. Enantiomeric excess and regio-
selectivity depend on the extent of conversion, providing as best ee 46.7%.%'” Vinylidene esters
such as CH,=C(CO,Me)CH,CO,Me are hydroformylated by (88), and (R)-OHCCH,CH
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(CO,Me)CH,-CO,Me was regioselectively prepared in >82% enantiomeric excess by homo-
geneous catalytic hydroformylation. For other vinylidene esters, the asymmetric induction was
lower.

[Pt(CH,){(+ )-DIOP}] (89), [PtCl{(+)-DIOP}] (90), or [PtCl,{(f+)-DIOP}] (91) were used as
catalyst precursors for the hydroformylation of styrene and 1-hexene. A mixture of (89) and (90)
hydroformylates styrene with 49% overall yield; the product contains 32.5% of linear aldehyde
and the optical purity of the (R)-PhCHMeCHO was 28%. The hydroformylation of 1-hexene
over the same catalyst gave Me(CH,)sCHO and (R)-Me(CH,);CMeCHO in 64% overall yield;
whereby the product contained 86.5% Me(CH,)sCHO and the optical purity of the
(R)-Me(CH,);CH,CHO was 11%.

Alkylated diphosphines (R,R)-(92) and (93) were used as chiral ligands in the Pt-catalyzed
hydroformylations of some alkeneic substrates. These ligands bring about a loss of catalytic activity
with respect to the corresponding diphenylphosphine homolog, particularly in the case of the
platinum systems. The regioselectivity favors the straight-chain (or less branched) isomer in the case
of terminal alkenes with the exception of styrene; the enantioselectivity is very low in all cases.**
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The platinum complexes cis-[PtCl,(S,S)-(87)] and cis-[PtCI(SnCl5)((S,S)-(87))] were prepared to
be used as catalyst precursors in asymmetric hydroformylation.322-325 Tin(II) fluoride was used as
co-catalyst with Pt(IT) complexes containing (S,S)-(87) as chiral ligand giving a catalytic system of
unusually high stability. Although the addition of 2-diphenylphosphinopyridine to the catalytic
system strongly reduces the catalytic activity, the (S,S)-bdpp-2-diphenylphosphinopyridine
“mixed-phosphine system” gave 86.7% ee.*** Tin(Il) triflate (or silver triflate) were also used as
co-catalyst using the optically active Pt-(S,S)-(87) systems.**

The reaction of PtCl,(diphosphine) with mono- and bidentate phosphines has been inves-
tigated by NMR spectroscopy. [Pt(diphosphine)(PMes),]*", [Pt(diphosphine),]*", and
[Pt((S,S)-(87))((S,S)-(86))]*" cations have been characterized by *'P NMR. The presence of
tin(IT) chloride promotes the formation of the complex cations. Evidence for coordination of
the diphosphine in monodentate mode has been obtained by NMR spectroscopy. The plati-
num species possessing a platinum—tin bond and ionic complexes with an SnCl; counterion
can easily be distinguished by ''”Sn Mossbauer spectroscopy. Asymmetric hydroformylation of
styrene with [Pt((S,S)-(87)),]>* (SnCl3), as catalyst precursor gave chemo-, regio-, and enantio-
selectivities different from those obtained with the covalent cis-[PtCI(SnCl3)((S,S)-(87))] as catalyst
precursor.**