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This review focuses on the latest advances in homogeneous
catalysis with donor-functionalised (donor = C, N, O, S or P)
N-heterocyclic carbene complexes of group 9 and 10 metals.
The applications of such complexes to C–C coupling reac-
tions, alkyne and ketone hydrosilylation, olefin polymerisa-

Introduction

In this short review we explore the more recent develop-
ments in the application of late-transition-metal complexes
of chelating donor-functionalised N-heterocyclic carbenes
(df-NHCs) in catalysis. By donor-functionalised NHCs we
mean those ligands, containing at least another anionic or
neutral 2e donor atom (e.g. C, N, O, S or P), which can act
as a polydentate ligand upon coordination to a metal cen-
tre. The focus will be on apparent trends, and applications,
which hopefully will provide a steer as to where the best
opportunities lie for exploitation of these ligand systems.
Since the first formative studies of Wanzlick,[1–6] Öfele[7–9]

and Lappert[10–13] in the 1960’s and 70’s looking at the syn-
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tion, transfer hydrogenation, asymmetric hydrogenation and
other catalysed reactions are discussed.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

thesis of N-heterocyclic carbene (NHC) complexes, investi-
gations into their applications in catalysis have been initi-
ated.[10,14,15] However, it was only after the isolation of the
first free NHCs[16,17] and the subsequent catalytic studies
by Herrmann that the field exploded into life.[18] Isolation
of free NHCs meant that they could now be treated in much
the same way as the ubiquitous phosphanes, in that they
could be added to various metal compounds to form new
complexes, or generated in situ to form the desired active
catalyst. Following close behind these initial studies, investi-
gations into chelating, df-NHCs and their application in ca-
talysis were also reported in the literature, pointing to the
scope and potential of these new ligand types.[19,20]

Because of the strong bonds between NHCs and transi-
tion metals, interest in these ligands for applications in ca-
talysis grew rapidly. However, it soon became apparent that
despite the strong bonding interactions, major problems ex-
isted. Electronic and structural factors associated with
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NHC ligands generate conditions wherein they are particu-
larly susceptible to reductive elimination.[21–26] The thermo-
dynamically preferred arrangement for square planar NHC
complexes containing hydrocarbyl-, hydrido- or acyl ligands
is for these groups to be in cis positions to the carbene
ligand. Furthermore, the plane of the NHC is inevitably at
an angle to the coordination plane of the complex (nor-
mally in the range 65–80°), which, in turn, means the pπ-
orbital of the NHC carbon is angled towards the cis hy-
drocarbyl group, ideally arranged to interact with orbitals
on this ligand.[21–26] This leads to decomposition of the cat-
alyst, in some instances before effective catalysis can take
place. Computational studies have established the involve-
ment of these orbitals, and d-orbitals on the metal centre,
in the reductive elimination process.[24] When the nature of
this decomposition pathway was unravelled it was apparent
that one approach to limit the impact of the reaction is to
reduce the dihedral angle between the plane of the carbene
ligand and that of the coordination plane, thus reducing
effective overlap of interacting orbitals. One obvious way to
achieve this would be the use of relatively inflexible chelat-
ing NHC-based ligands. The ease of attaching functional
groups to the nitrogens in heterocyclic carbenes makes them
ideally suited to the synthesis of df-NHC chelating ligands.
Thus the intense activity in the design and synthesis of df-
NHCs, although undoubtedly motivated by a desire to de-
velop exciting and innovative ligand systems, has also in
part been driven by the need to circumvent the decomposi-
tion reaction and develop effective new catalysts. Many
novel and varied ligands have thus been designed.

The field of chelating df-NHC ligands and their applica-
tion in catalysis is now extremely large. To maintain the
concept of a short focussed review it is necessary to restrict
the breadth of the topic. The focus here is on groups 9 and
10 transition metals, their complexes with df-NHCs, and
their application in catalysis. It is very clear that, apart from
a few recent examples the literature has been concentrated
on a small number of reaction classes. A number of impor-
tant catalytic reactions, such as amination, telomerization
etc. appear to be catalyzed by highly coordinatively unsatu-
rated species of the type L–M(0).[27] Chelating ligands, un-
less suitably “hemilabile”, are therefore, generally inappro-
priate for such reactions and hence these processes will not
be covered in this review.

Examples of df-NHCs were reported as long ago as the
1970’s.[28,29] This was followed by several further examples
in the intervening years.[30–39] Functional groups, associated
with the carbene, included P, O, S and N atoms as potential
donors. In an early illustration of the application of df-
NHCs in catalysis, Dixneuf et al. prepared Rh and Ru
complexes of an NHC with a pendant (non-coordinating)
methoxy group, and studied their application as catalysts in
cyclopropanation reactions.[35] This microreview will con-
centrate on recent developments, in the period from 2000,
which is in fact the period when most of the work in this
area has been reported. There are now numerous reviews,
and overview articles covering many aspects of NHC chem-
istry,[27,40–53] and hence, some overlap with these publica-
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tions is inevitable. The ligand design has also encompassed
the design of chiral-NHC systems, and an excellent review
looking at chiral carbene ligands was recently published.[46]

Therefore, this specific aspect of NHC chemistry will not
be reviewed here, apart from the examples of chiral df-
NHCs which obviously fall within the scope of the present
review.

Cross-Coupling Reactions (Ni, Pd)

The vast majority of catalytic studies involving df-NHCs
have focused on palladium-catalysed C–C coupling reac-
tions, such as Heck, Sonogashira, Suzuki, and others�con-
sequently a large part of this review will cover developments
in this area.

In 2000 a comprehensive investigation of Pd–df-NHC
complexes, and more importantly, Me–Pd–NHC com-
plexes, and their catalytic performance in coupling reactions
was reported for the first time.[19] The palladium complexes
1–5 (Scheme 1) and the methyl–Pd complexes 6–9
(Scheme 2) were prepared from the imidazolium ligand pre-
cursors through a silver-transfer process.

Scheme 1. Synthesis of df-NHCs by silver–NHC transfer.

The catalysts exhibited high stability and, at the time,
exceedingly high turnover numbers for the Heck reaction
between 4-bromoacetophenone and butyl acrylate, and for
Suzuki coupling between 4-bromoacetophenone and
C6H5B(OH)2. Sonogashira and Stille coupling reactions
were also studied, in which the catalysts showed only mod-
erate performance. Amination reactions with these systems
were largely unsuccessful. The complexes 7, 8 and 9 gave
rise to the best catalysts overall, with TON (turnover num-
bers) for Heck coupling of 0.6–1.7�106. The important
features of this study were the performance of pyridine-
functionalised NHCs, and the application of Me–Pd–df-
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Scheme 2. Me–Pd complexes of df–NHCs.

carbenes in catalysis. Other reports along a similar theme
appeared soon after.[20,54] A more recent report looked at
the application of a PdII complex of a bulky ortho-substi-
tuted pyridinyl NHC ligand in the Heck and Suzuki coup-
ling reactions; performance was modest and it appeared
that the catalyst decomposed to give Pd nanoparticles as
the active species.[55]

A novel series of df-NHCs and substituted NHCs and
their Pd (and Me–Pd) complexes were investigated in the
Heck reaction (coupling 4-bromoacetophenone with n-bu-
tyl acrylate) and in the Suzuki coupling reaction (4-bromo-
acetophenone with phenylboronic acid).[20] The new ligand
types (Figure 1) included ethyl-bridged pyridine–NHC (10);
pyridine–NHC–pyridine (11), and amine–NHC–amine (12)
NCN pincer ligands; imidazol-linked cyclophanes, 13, and
half cyclophanes [ortho- and meta-aryl linked bis(carbenes),
14, 15]. The amino complex 12 was found to be very un-
stable and rapidly decomposed at room temperature to give
1,3-bis(diisopropyl-2-ethylamino)-2-methylimidazolium salt.
However, other complexes demonstrated high stability
(particularly the pincer complex 11, and half cyclophane
structure 15), and when tested in Heck and Suzuki coupling
showed good reactivity for coupling aryl bromides; high
turnover numbers were obtained at low catalyst loadings.
More recently Douthwaite et al. have investigated the prep-
aration of amino-bridged bis-NHC ligands, and Pd com-
plexes, synthesised by a Ag-transfer route.[56] The amino
functionality was labile, and complexes in which the ligand
behaved as a CNC pincer, and others in which the amino
functionality was non-coordinating were prepared; exam-
ples of both types of complex were tested in Heck coupling,
low loadings were used, and performance with aryl bro-
mides was good, however, activity with aryl chloride was
low. It appeared likely that colloidal Pd was involved in the
catalysis, particularly at low loadings.

A comprehensive series of studies by Baker et al. has
focused on imidazolium-linked cyclophanes, their coordina-
tion to Pd, structures, and catalytic testing in Heck and
Suzuki coupling.[57–59] A range of ligand types (e.g. 16 and
17) were synthesised, and treated with Pd(OAc)2 or other
Pd salts in the presence of base to give Pd-tetrakiscarbene
[bis(cyclophane)] and bis(carbene) dihalide complexes, e.g.
13, 14, 18, and 19 (Figure 1 and Figure 2).[57] Complexes of
type 13 and 14 again showed high stability and the best
catalytic performance in Heck and Suzuki coupling, be-

Eur. J. Inorg. Chem. 2008, 2781–2800 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2783

Figure 1. Pd complexes used in Heck and Suzuki coupling.

tween iodo- and bromoaryl substituents and acrylates or
phenylboronic acid, respectively. In a follow-up paper, the
same authors reported the synthesis of a series of Pd (20,
21, 22), Pt, and Rh complexes bearing similar carbene li-
gands that were substituted with heptyl or naphthyl groups
in order to improve the solubility.[58] The catalytic perform-
ance was very similar to that previously reported for this
type of compound, despite the addition of solubilising
groups to the ligand framework. Very low catalyst loadings
and high temperatures (140 °C) were used. However, the au-
thors did not rule out the possible formation of colloidal-Pd
species, which could be the active catalyst in these reactions.

In a slightly different approach to the usual pyridine-sub-
stituted df-NHC catalyst systems Shreeve et al. prepared a
pyrazolyl-functionalised NHC complex of Pd, 23 (Figure 3)
and tested it in the Heck coupling of aryl iodides and bro-
mides with n-butyl acrylate, coupling of aryl iodides with
styrene, and in the Suzuki coupling of aryl iodides with
phenylboronic acid.[60] Of particular interest was the fact
that catalytic reactions were carried out in an ionic liquid
solvent (1-butyl-3-methylimidazolium hexafluorophos-
phate). Moderate conversions to coupled product were
achieved with high selectivity, and the catalyst could be re-
cycled up to six times with no decrease in catalytic perform-
ance. In a follow-up paper, the Shreeve group synthesised
pyrazolyl-functionalised imidazolium ionic liquids, pre-
pared a Pd complex of the resulting pyrazolyl-function-
alised NHC, and tested the complex in Heck coupling reac-
tions using the pyrazolyl-functionalised imidazolium ionic
liquid as solvent.[61] The catalyst system was effective for
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Figure 2. Cyclophane based df-NHC complexes.

coupling aryl iodides but more interestingly, the catalyst
system could be recycled up to 5 times with different sub-
strates without loss in activity. Pd complexes of mixed do-
nor tridentate ligands systems, incorporating an pyrazolyl
donor connected to a NHC by a pyridine linker (24, Fig-
ure 3) have been used as catalysts in the Suzuki–Miyaura
coupling of aryl halides (I, Br and Cl) with phenylboronic
acids.[60] Catalytic performance was modest and the aryl
chloride substrate required long reaction times and large
catalyst loadings for effective conversions.

Figure 3. Pd complexes of pyrazolyl-substituted NHCs.

A particularly novel and interesting development is the
synthesis of Pd complexes of functionalised C4-bound “ab-
normal” or non-classical carbenes; Albrecht et al. synthe-
sised the pyridine- and thioether-functionalised systems 25
and 26, respectively (see Scheme 3) and investigated the
complexes in Heck olefination of aryl bromides.[62] Conver-
sions and TONs were modest, and there was some indica-
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tion that colloidal Pd may have been formed under the forc-
ing conditions of the reaction�catalytic performance
dropped quite significantly in the presence of excess Hg.

Scheme 3. Functionalised abnormal NHC complexes for Heck
coupling.

Carbene-based pincers has become a very active area of
study. Following from an earlier report,[20] a series of im-
portant publications by Crabtree et al. and Danopoulos et
al., looking at different variations on the concept of NHC-
based pincer ligands, has appeared.[63–65] The CNC pincer
complex 27 (Figure 4) proved to be a robust catalyst for the
Heck coupling that shows good activity for the conversion
of aryl iodides and aryl bromides, at temperatures �180 °C,
and in air.[64] Importantly, evidence was provided to show
that the active catalyst was probably a homogeneous
species, and not metallic palladium as often proposed for
many of these “homogeneous” catalyst systems. The palla-
dium catalysts 28 that were coordinated by 2,6-lutidinyl-
bis(carbene) ligands were reported to be highly active and
very stable catalysts for the Heck coupling.[63] This report
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also discussed the twisted, or helical symmetry of the com-
plex. Further studies on complexes of type 28 (R = Me, X
= Br), and 29, which was the first reported CCC pincer,
also commented on the twisted structure of the complexes,
and on the fluxional behaviour of the structures.[65] The ex-
cellent air and thermal robustness of the complexes meant
they could be used as Heck catalysts in refluxing DMA,
allowing good conversions with aryl chloride substrate. In
particular, complex 28 (R = Me, X = Br) proved to be an
efficient catalyst. In defining studies on the robustness and
effectiveness of Pd-pincer complexes in catalysis the com-
plex 30 was synthesised.[66] The N-butyl substituents gave
increased solubility, improved catalytic performance and
high thermal stability (catalysis was carried out routinely at
145 °C and on occasions at 165 °C). The catalyst demon-
strated some of the highest turnover numbers known for
the Heck olefination of aryl chlorides. Furthermore, the cat-
alyst showed complete air stability even when operated at
165 °C. The catalysts could be reused (6 cycles) with no
obvious loss of activity. The catalyst was also tested in
Suzuki and Sonogashira coupling reactions with modest
success. Interestingly, preliminary studies looking at the
possibility of a PdII/PdIV mechanism, rather than the gen-
erally accepted Pd0/PdII mechanism, could not find any evi-
dence to support the former.

Figure 4. CNC and CCC pincer–Pd complexes for Heck coupling.

A high-yielding one-pot synthesis of the first Me–PdII

pincer complex of type 31 via an intermediate Ag complex
has been developed (Scheme 4).[67] Previous reports had
specifically highlighted the high thermal stability of these
pincer complexes.[64–66] However, as previously stated, a fac-
ile reductive elimination–decomposition route for cis-hy-
drocarbyl–M–carbene complexes (M = Pd, Ni) is
known.[21–26] This tendency to reductively eliminate may be
limited by; preventing the NHC donor and the hydrocarbyl
group from adopting mutually cis geometry; and/or con-
straining the NHC ring to an orientation in which the car-
bene-pπ obital overlap with the hydrocarbyl group is lim-
ited, i.e. by forcing the plane of the carbene to approach
coplanarity with the coordination plane.[67] A pincer-type
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structure addresses both these factors, and hence increased
stability is expected, and is observed, for the Me–PdII

pincer complex 31 (X = Me). In an investigation of the
thermal decomposition of the complex it was shown that
decomposition only occurs with prolonged heating (15–18 h
at 150 °C).[67] Intriguingly, the initial decomposition stage
does appear to go via the ubiquitous reductive elimination
mechanism. Consequently, higher temperatures may be
used when applying these pincer complexes in catalysis. In
a further study on Me–Pd complexes of this type of CNC
pincers, a broad range of ligands, some with no bridge, and
others with a CH2 linker between the pyridine donor and
the NHC components, were synthesised. The Pd complexes
(32, Scheme 4) were tested in a model Heck coupling reac-
tion to gain insight into ligand structural effects on catalytic
performance.[68] The coupling of 4-bromoactophenone with
n-butyl acrylate, with NaOAc as base, and 0.001 mol-% cat-
alyst, was used as the standard reaction. It was apparent
that there was, in general, no particular benefit derived
from the presence or absence of the methylene spacer group.
However, complexes with the more rigid ligand (without the
spacer group), were slightly more active in the absence of
an additive such as Bu4NBr.[68] In general, additional steric
bulk at the ligand “wingtips” (N-substituents) provided the
most significant improvement in catalyst activity. Neverthe-
less, the complex with an extremely bulky N-substituent, the
tBu group, was notably less stable than other complexes.

Scheme 4. Other CNC pincer–Pd complexes.

The high stability of complexes of the pincer ligand type
33 (without a CH2 spacer), was utilised in an interesting
study by SanMartin, Domínguez et al. A hydrophilic CNC
pincer–Pd complex was synthesised and tested in the Su-
zuki–Myaura coupling reaction with water as the sol-
vent.[69] Water solubility was provided by a p-carboxy group
on the backbone of the pincer. The reaction conditions con-
sisted of: 0.1 mol-% catalyst, appropriate substrate, K2CO3,
in pure water as solvent, refluxed for 2 h. A range of elec-
tron-rich, electro-neutral and electron-poor bromoarenes
and arylboronic acids were tested, all giving 100% yield of
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Scheme 5. CNC pincer–Pd complex used in Heck coupling.

product. Catalyst loadings as low as 10–7 gave �99% con-
version after 6 h (TON: 1�109 and TOF: 1.67�108 were
claimed). The catalyst system could be recycled 5 times
without any discernible loss in activity and the authors ar-
gued against the formation of Pd-nanoparticles.[69]

A variation on the carbene-based CNC pincer ligand
theme has been investigated by Hahn et al.[70] A range of
pyridine-bridged bis(benzimidazolin-2-ylidene) pincers (34,
Scheme 5) have been synthesised, coordinated to Pd, and
tested as catalysts in the Heck olefination of various aryl
bromides.[70] The stability of the catalysts was again a fea-
ture; the catalyst performance was similar to those CNC
pincer systems previously reported. Very recently, Hahn et
al. have also investigated the synthesis and catalytic per-
formance of phenyl-bridged bis(benzimidazolin-2-ylidene)
Pd, CCC pincer complexes. These catalysts, which could be
operated under aerobic conditions, gave moderate perform-
ance in the Heck coupling of aryl bromides.[71]

An ether-bridged, quasi-pincer bis-NHC ligand has been
synthesised and the Pd complex (35, Figure 5) prepared by
a Ag transfer route. The resultant complex was studied in
a model Heck coupling reaction (between 4-bromoace-
tophenone and n-butyl acrylate); the activity was modest.[72]

The ether link does not coordinate and it is not clear what
role it plays in the catalytic reaction. Other examples of O-
and S-bridged bis(imidazolium) salts and their Ag com-
plexes have been synthesised (36, Figure 5); the salts have
been employed in situ as ligands in Pd-catalysed aryl coup-
ling amination reactions; activity was low.[73] Pd and Au
complexes of monodentate 3-tert-butylimidazol-1-(o-meth-
oxybenzyl)-2-ylidene, containing a non-coordinating ether
functional group, have been prepared.[74] The Pd complex
was tested in Suzuki–Miyaura coupling and showed moder-
ate performance with aryl iodides and bromides.

Figure 5. O- and S-donor ligands and their complexes.
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The strong coordinating ability of NHCs and the high
stability of NHC-based pincer ligands should make these
pincer ligands ideal systems for immobilisation on various
support materials. A number of valuable studies on the im-
mobilisation of carbene-based pincers have been re-
ported.[75–77] Peris and Claver et al. have immobilized the
rigid pincer complexes, type 27 (Figure 4), in clays (mont-
morillonite and bentonite), and tested the resulting systems
in the Heck olefination of aryl halides and Sonogashira
coupling of aryl halides with terminal alkynes.[76,77] In the
first example, Peris and Claver et al., employed the catalyst
system to couple phenyl iodide and styrene at temperatures
of 180 °C and recycled the system up to 10 times with little
loss in activity.[76] Aryl bromides could also be coupled with
good yields. In the second report, the same catalyst systems
were tested for Sonogashira coupling and operated in re-
fluxing pyrrolidine (87 °C) as both solvent and base.[48] The
catalysts were tested for the coupling of aryl iodides and
bromides with, in general, good yields. One catalyst system
was recycled several times with little loss in activity. In a
further study, by Steele and Teasdale, on immobilised Pd–
CNC pincers, a preformed complex (37, Scheme 6) was at-
tached to a polymer support.[75] The highly robust immobi-
lised catalyst was applied in Heck and Suzuki coupling re-
actions and could be used at least 14 times with little or no
loss in activity. The pincer complex was supported through

Scheme 6. Immobilisation of a CNC pincer–Pd complex for Heck
and Suzuki coupling.
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Scheme 7. Heck coupling catalysed by preformed and in situ catalysts.

caproate linkage to the amino-terminated polymer (Tenta
Gel resin) giving approximately 0.22 mmol Pdg–1 catalyst.
Very low levels of leaching were observed even after 14 recy-
cles. Catalytic performance was modest, and aryl bromides
and iodides were tested.[75]

A number of reports have appeared in which (diphenyl-
phosphanyl)alkyl-functionalised NHC complexes have been
synthesised and tested in coupling reactions.[78–81] In the
first such study, Nolan et al. used ligand 38 (Scheme 7), in
in situ catalytic studies on the Heck coupling of aryl bro-
mides with n-butyl acrylate.[81] Catalytic performance was
promising and in general high yields were obtained in short
reaction times. Danopoulos et al. studied preformed com-
plexes of the same ligand systems, 39, as catalysts in coup-
ling reactions.[80] It was found that the preformed com-
plexes were not as effective in the coupling reaction as the
in situ catalyst system, although catalyst loadings were
lower. Such variation between preformed and in situ reac-
tion behaviour is not uncommon and has been reported on
a number of occasions. A key feature of the catalysis with
preformed complexes was the generation of Pd-colloids, due
to catalyst decomposition, possibly via reductive elimi-
nation enabled by the flexible and highly labile –PPh2 arm
of the ligand. Brief mention was also made of the applica-
tion of this catalytic system in ethylene/CO copolymerisa-
tion.

Palladium complexes of similar phosphane-function-
alised NHC ligands have been investigated in the Suzuki
coupling of aryl bromides with phenylboronic acid.[79] Li-
gands with a variety of different N-substituents were
studied. The catalysts showed modest performance, and no
mention is made of the catalyst stability. However, it is
noted that prolonged reaction times gave relatively small
improvement in product yields, indicating that catalyst de-
activation is occurring. The same group investigated the ap-
plication of PCP pincer–Pd complexes 40 and 41 (Figure 6)
in Heck and Suzuki coupling.[78] The catalysts showed mod-
est performance. Catalysts stability is not discussed, how-
ever, the observation that TONs improve significantly on
reduction of catalyst concentration (down to 10–6 mol-%)
suggests that Pd-colloids may be forming. Hahn et al. have
synthesised phosphane-functionalised benzimidazolin-2-
ylidenes, and a variety of Pd and Pt complexes of these
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ligands were prepared by the Ag-transfer route.[82] The Pd
complexes were investigated in Heck-type reactions coup-
ling aryl bromides with styrene and n-butyl acrylate. Both
bidentate (42) and pincer-type (43) ligand systems were
studied, good catalyst performance was noted and high
yields of products obtained.

Figure 6. P-donor functionalised NHC complexes of Pd used in
Heck and Suzuki coupling.

Shi et al. have synthesised a phosphanyl(ferrocenyl)imid-
azolium salt (44, Figure 7) which was used in situ, with a
suitable Pd precursor complex, to give a robust catalyst for
the Suzuki–Miyaura coupling of aryl bromides with phen-
ylboronic acid.[83] In general, Pd(OAc)2 was employed as
the precursor complex and loadings between 0.5 and
0.005 mol-% were employed to good effect. The pre-formed
Pd complex 45 was also an effective catalyst giving similar
performance to the in situ systems. Sterically congested sub-
strate and substrate with electron-withdrawing groups were
successfully investigated, as were activated aryl chloride
substrate (although higher loadings of catalyst were re-
quired in this case).[55]

Figure 7. Other P-functionalised NHC Pd complexes.
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Several novel tridentate NHC-based ligands have been

prepared and their Pd complexes applied in catalytic coup-
ling reactions. Yagyu et al. have prepared the neutral Pd
complexes 46 and 47 (Figure 8) and investigated their ac-
tivity in Heck coupling of iodobenzene with styrene. Not
surprisingly, given the reactivity of aryl iodides, the catalysts
were quite effective in this coupling reaction even at low
catalyst concentration.[84] Shi et al. have synthesised a Pd
complex 48 of an unusual tridentate ligand containing a
binaphthyl backbone. The complex showed moderate ac-
tivity in Suzuki- and Heck-type coupling reactions. Aryl io-
dides and aryl bromides were used as substrate and in gene-
ral long reaction times and quite high temperatures were
required to obtain high yields.[85] Chelating o-hydroxyaryl-
functionalised NHC ligands and their Pd complexes 49
have also recently been prepared and tested in Suzuki coup-
ling of phenyl halides with phenylboronic acid.[86] The cata-
lytic performance for aryl bromides was modest but poor
for aryl chlorides.

Figure 8. Various aryl-functionalised Pd–NHC complexes for Heck
and Suzuki coupling.

A diverse array of other functional groups have been at-
tached to NHCs, coordinated to metal centre and tested in
catalytic coupling reactions.[87–93] Batey et al. have synthe-
sised the Pd complex 50 (Figure 9) with a non-chelating car-
bamoyl-substituted NHC.[87] When operated at room tem-
perature the complex formed an effective catalyst for the
Sonogashira cross-coupling of aryl iodides with a variety of
primary alkynes. For effective cross-coupling of aryl bro-
mides, heating to 80 °C was necessary. Sames et al. have
investigated the Pd complex of a closely related carbamoyl-
functionalised NHC in the catalytic C–H arylation of sub-
stituted indoles and imidazoles with aryl iodides and bro-
mides.[88] Complex 51 was used in 0.15–5 mol-% to give
moderate to high yields of coupled product. As with the
previous complexes 6, 7 and 50, the carbonyl group was
not observed to chelate, however, it is possible that a weak
interaction may occur during catalysis. Imido-function-
alised NHCs have recently been prepared and tested in situ
and as preformed Pd complexes in Suzuki coupling with
aryl bromides – catalytic performance was poor.[89]
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Figure 9. Other df-NHC complexes used in C–C coupling reac-
tions.

Gade et al. have prepared a Pd complex 52 of an oxazole-
functionalised NHC, which was synthesised by direct coup-
ling of mesitylimidazole with bromodimethyloxazoline, and
found that the resulting complex is an effective catalyst for
Heck and Suzuki coupling of activated and deactivated bro-
moarenes.[90] Higher catalyst loadings (3 mol-%) also gave
very good product yields even with aryl chlorides. The Heck
coupling of styrene with aryl halides showed the catalyst to
be highly selective for the trans product. Two reports have
appeared describing Pd complexes of bis-NHC ligands,
connected by different linking groups, and their catalytic
performance in coupling reactions.[91,92] In the first example
the ligand forces the complex 53 to adopt a trans configura-
tion. The complex was tested in intramolecular asymmetric
Heck coupling with poor yields and enantioselectivities; it
is clear that the trans configuration and the strong coordi-
nating ability of NHCs disfavour a reaction requiring a re-
ductive elimination step.[92] In the second example a dimeric
complex, 54, is formed which shows activity in Suzuki and
Heck coupling reactions.[93] Complex 54 has also been ap-
plied in the homocoupling of terminal alkynes using CuI as
a cocatalyst. Moderate to good yields of coupled product
were obtained for a range of terminal alkynes under mild
conditions and 0.5 mol-% Pd catalyst. A similar catalytic
performance was noted for the related system based on
complex 55.[93]

Although not strictly belonging to the category of donor-
functionalised NHCs, one novel approach to “functionali-
sation” has been the studies of Schatz et al.[94,95] and Di-
narès, Alcande et al.,[96] in which bidentate NHC–Pd com-
plexes are attached to a calix[4]arene framework such as in
56 (Figure 10). Both in situ (using imidazolium salts with a
variety of R groups), and preformed Pd catalysts were used
for the Suzuki coupling of aryl halides with phenylboronic
acid�the catalyst systems were effective for the coupling of
aryl chlorides.[94,95]
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Figure 10. Calix[4]arene-based NHC–Pd complex used in Suzuki
coupling.

In an interesting series of studies, NiII complexes of df-
NHC ligands have been investigated in various coupling re-
actions. A NiII complex of a CNC carbene based pincer of
the type described for Pd has been tested in Heck and Su-
zuki coupling. The catalyst was be operated at 150 °C and
in air.[97] The activity of the catalyst in Heck olefination is
considerably lower than its Pd counterparts, but both elec-
tron-rich and electron-poor aryl bromides could be con-
verted into the coupled product. Activated aryl chlorides
could also be converted. However, the catalytic behaviour
of the system and the total loss of activity on the addition
of Hg suggests that a heterogeneous catalyst system is gen-
erated and is the active species.[97] NiII complexes of an
ethyl-bridged diphenylphosphanyl-NHC ligand, of the type
previous designed by Nolan et al.[81] and Danopoulos et
al.,[80] has been tested in aryl Grignard cross-coupling of
aryl chlorides and in the Kumada–Corriu coupling reac-
tion.[98,99] In one particular study worthy of note, Lee et al.
have investigated cationic NiII complexes of ethyl-bridged
diphenylphosphanyl-NHC ligands 57 (Figure 11). The com-
plexes are air stable and the complex 57a was found to be
a very effective catalyst (1–3 mol-% loading, 80 °C, 2 h) for
the Suzuki cross-coupling of aryl chlorides with phenylbo-
ronic acid.[100] For unreactive aryl chlorides, at low catalyst
loading, the addition of PPh3 accelerated the reaction. Ac-
tivities are superior to those of other reported Ni and Pd–
NHC complexes.

Figure 11. P-functionalised Ni–NHC complexes used in Ni-cata-
lysed Suzuki coupling.

A tetradentate NHC precursor (58, Figure 12) has been
synthesised, complexes with Ni and Pd prepared, 59, and
the Ni complex tested in Suzuki coupling between aryl ha-
lides and phenylboronic acid.[101] The tetradentate chelate
ring has a highly twisted helical coordination, however, the
ligand undergoes a rapid fluxional ring-twisting process.
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The catalytic activity of the Ni complex in the Suzuki reac-
tion, including some activity with the coupling of aryl chlo-
rides would suggest a degree of hemilability for the ligand
under reaction conditions.

Figure 12. Tetradentate Ni and Pd–NHC complexes used in Suzuki
coupling.

Asymmetric Allylic Alkylation (Pd)

Asymmetric allylic alkylation (AAA, Scheme 8) is a well-
established methodology for the synthesis of chiral mole-
cules.[102] Very efficient ligands for this reaction have been
developed by Helmchen and Pfaltz, the most prominent be-
ing phosphanyloxazoline ligands (a.k.a. PHOX, 60).[103,104]

Scheme 8. Popular benchmark allylic alkylation reaction and li-
gand.

The key to the high enantioselectivities displayed by 60
lies in the different electronic properties of P- and N-donor
ligands. Pfaltz et al. have shown that nucleophilic attack on
the π-allyl system occurs selectively trans to P.[104] On this
basis, a variety of functionalised NHC catalysts have been
developed.

Fernández et al. have synthesised the Pd complex 61
(containing a chiral imidazo[1,5-a]pyridin-3-ylidene thio-
ether ligand) by Ag transfer, and tested the complex in
AAA, giving good yields of product and moderate to good
ee values (ranging up to 91% ee).[105] Visentin and Togni
have investigated phosphanyl-ferrocenyl-carbene–Pd cata-
lysts 62, and tested them in allylic amination coupling reac-
tions.[106] Poor conversions and low enantioselectivities were
observed. Canac, Duhayon and Chauvin have synthesised
a NHC with a phosphonium ylide functional group, coordi-
nation to Pd gives a novel CC chelating ligand:[107] complex
63 was tested in the allylation of dimethyl malonate with
3-acetoxy-1,3-diphenylpropene, with 100% conversion and
100% selectivity under mild conditions. This encouraging



A. T. Normand, K. J. CavellMICROREVIEW
result should prompt the development of chiral analogues
of 63. In a short note Douthwaite et al. have demonstrated
the potential of carefully designed functionalised NHC in
asymmetric C–C bond-forming catalysis.[108] An imine-
functionalised imidazolium salt 64 has been synthesised and
investigated under similar conditions to those employed
with 63. In one case �99% conversion was achieved with
92% ee. Finally, while the present manuscript was being
finalised, Buono et al. reported NHC precursors 65 in a
very interesting study investigating synergic effects between
NHCs and chiral P-ligands.[109] Whilst 65 afforded 71 to
89% ee, the authors demonstrated that the combination of
bulky NHCs and P-donor ligands can reach even higher
enantioselectivities (in excess of 95%) (Figure 13).

Figure 13. Examples of df-NHCs used in allylic alkylation.

In related examples, Gischig and Togni have synthesised
complexes of tridentate PCP ligands containing phos-
phanyl-ferrocenyl functional groupings on the ring nitrogen
atoms 66.[110] The complexes were tested in asymmetric hy-
droamination, and in the asymmetric addition of thiomor-
pholine to methacrylonitrile, giving ee values of up to 63
and 75%. Shi et al. have prepared axially chiral chelating

Figure 14. Chiral df-NHC–Pd complexes used in asymmetric catal-
ysis.
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binaphthyl-bridged NHC complexes of Pd, 67, and tested
the catalysts for the oxidative kinetic resolution of second-
ary alcohols; only modest yields of products were obtained
but with good ee values (Figure 14).[111]

Olefin Polymerisation (Ni, Pd)

A limited number of complexes of df-NHC ligands have
been tested in catalytic reactions other than standard coup-
ling reactions. For example, Chen and Lin prepared a vari-
ety of Pd complexes of the tridentate NCN, pyridine–car-
bene–pyridine ligand and undertook preliminary testing in
the copolymerisation of CO/norbornylene with complex 68
(Figure 15).[112] In all complexes the ligand acts as either a
bidentate or monodenate ligand, no tridenate (pincer) com-
plexes were isolated. Of importance is the fact that the cata-
lyst is stable enough to show some activity and does not
decompose immediately by reductive elimination. In a fur-
ther study on olefin polymerisation Jin et al. have found
that the Pd complex 69 shows high activity for the poly-
merisation of norbornene [up to 108 g of PNB per mol of
NB per hour] when activated with methylaluminoxane
(MAO).[72] Interestingly, the trinuclear Ag–carbene com-
plex, which was formed and used in the preparation of the
Pd complex, was also found to be active for the polymerisa-
tion of ethylene.

Figure 15. Functionalised Pd–NHC complexes used in copoly-
merisation.

A number of examples of chelating functionalised NHC
complexes of NiII have been synthesised and tested in olefin
polymerisation.[86,113–116] These key studies demonstrate
that chelating ligand systems can provide a degree of sta-
bility against the facile reductive elimination process pre-
viously noted for monodentate NHC complexes of Ni.[24]

However, it appears that the reductive elimination from
these hemilabile systems may still lead to catalyst deactiva-
tion. Complexes 70 (Figure 15), when activated with meth-
ylaluminoxane (MAO) showed high catalytic activities for
the polymerisation of norbornadiene and moderate activity
for the polymerisation of ethylene.[113] Maximum activity
was obtained at 80 °C, however stability decreased as the
temperature was raised. Even at 30 °C the catalyst deacti-
vates quite rapidly. Toluene solutions of the neutral NiII

complex 71, containing a novel anionic NHC-enolate li-
gand formed single component catalysts (no cocatalyst nec-
essary) for the polymerisation of ethylene to linear polyeth-
ylene, with high α-olefin end groups.[115] However, the cata-
lysts were short-lived, and a possible decomposition mecha-
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nism was proposed, involving chain-transfer by β-elimi-
nation, generating a carbene–Ni–H intermediate, which de-
composed by reductive elimination. In related studies, NiII–
allyl complexes of NHC-enolate ligands were prepared and
tested in ethylene polymerisation.[116] Toluene solutions of
complex 72b, activated with diethylzinc yielded a catalyst
with modest activity, but high linearity, and greatly im-
proved stability compared with previous Ni–NHC-based
polymerisation catalysts. This improved catalyst stability is
an important breakthrough in the application of function-
alised carbene in catalysis (Figure 16).

Figure 16. Functionalised Ni–NHC complexes used in ethylene
polymerisation.

In the same way that phosphane-based ligands have
undergone important design stages, novel df-NHC ligands
are now being designed and their performance investigated;
in further polymerisation studies, the NiII complex 73 (Fig-
ure 17) was treated with NaBPh4 and tested as a catalyst
for the polymerisation of styrene, at 80 °C in toluene.[114]

On the basis of the relatively high average molecular weight
of the resultant polymer it was suggested that the catalysts
with a tridentate salicylaldiminato-carbene demonstrate
higher stability. The same group also studied the polymeri-
sation of styrene using a NiII complex containing an NHC
functionalised with a C3-bridged indenyl group, 74.[117] The
indenyl group also appeared to improve the stability of the
catalyst.

Figure 17. Ni–NHC complexes of df-NHCs used in styrene poly-
merisation.

Catalytic Transfer Hydrogenation (Rh, Ir)

Rh and Ir are known to be effective catalysts for the
transfer hydrogenation of unsaturated subtrates by hydro-
gen donors (e.g., cyclohexene or 2-propanol).[118] In par-
ticular, transfer hydrogenation of carbonyl compounds in
iPrOH (Scheme 9) is a popular benchmark reaction to test
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the catalytic properties of Rh and Ir complexes as it is a
very simple protocol. The driving force is provided by the
use of the hydrogen donor as solvent. In the case of unsym-
metrical ketones, one generates two enantiomers and it is
thus possible to test chiral complexes.

Scheme 9. Catalytic transfer hydrogenation of carbonyl com-
pounds.

Nolan first reported the use of a cationic IrI–NHC com-
plex, [Ir(COD)(Py)(ICy)]PF6 (ICy = N,N�-dicyclohexyl-
imidazol-2-ylidene) 75 in catalytic transfer hydrogenation of
unsaturated substrates such as carbonyl compounds.[119]

This catalyst is an NHC analogue of Crabtree’s catalyst 76
(Figure 18; a general use hydrogenation catalyst). Since this
initial report, several Rh and Ir complexes of donor-func-
tionalised NHCs have been applied to catalytic transfer hy-
drogenation.

Figure 18. Crabtree’s catalyst and its NHC analogue.

In 2002, Crabtree et al. reported the use of bis(carbene)
complexes of RhIII and IrIII 77a–d.[120,121] The two NHC
moieties in these complexes are linked by a methylene
bridge. Interesting activities were obtained with 0.005–
0.1 mol-% catalyst, in particular 77c enabled the hydrogena-
tion of acetophenone at room temperature (Figure 19).
Also, this catalyst was found to be more active by four or-
ders of magnitude than similar complexes with different
alkyl substituents.[121] In a subsequent paper,[122] the same
group expanded the linker and the resulting Ir complex was
applied to the transfer hydrogenation of aldehydes (a more
challenging reaction due to possible decarbonylation and
aldol side reactions in the presence of base) at low catalyst
loading (0.1 mol-%). Finally, other chelating bis(carbene)
complexes were tested in transfer hydrogenation,[123] no-
tably a bitriazole NHC,[124] however activities were low.

An intriguing tripodal NHC complex of RhIII (78,
Scheme 10) was described by Peris, displaying good activi-
ties (loadings down to 0.001 mol-%) for a range of sub-
strates including imines.[125] The stability profile of this
complex (24 h reaction in refluxing iPrOH) is consistent
with the favourable thermodynamics of its formation, for
which no mechanism was proposed.
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Figure 19. Bis(carbene) Rh and Ir complexes for transfer hydrogen-
ation.

Scheme 10. Synthesis of a tripodal NHC complex of Rh.

Peris et al. also reported the use of a CNC pincer com-
plex 79 (Figure 20), obtained by the same method as 78.
The activity of this complex in the hydrogenation of cyclo-
hexanone, acetophenone and benzophenone was slightly
lower than that of 78, with loadings of 0.06–0.006 mol-%.

Figure 20. CNC-pincer NHC–RhIII complex.

Transfer hydrogenation catalysts discussed so far are
likely to remain firmly chelated during catalysis. In the view
of the success of the concept of hemilability in cataly-
sis,[126–128] it is quite surprising that hemilabile NHC ligands
only display moderate catalytic activity in transfer hydro-
genation. Complexes based on such ligands (Figure 21)
have been described by Oro (80),[129] Peris (81)[130,131] and
Liu (82),[132] with relatively high catalyst loading (0.1–
5 mol-%) and/or limited substrate scope.
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Figure 21. Hemilabile NHC complexes for transfer hydrogenation.

Hydrosilylation of Ketones (Rh, Ir)

The hydrosilylation of ketones (Scheme 11) by silanes is
similar to transfer hydrogenation in that chiral secondary
alcohols can be generated from prochiral substrates (after
hydrolysis; alternatively, the silyl ether can be used as a pro-
tected alcohol).[133]

Scheme 11. Hydrosilylation of carbonyl compounds.

Spectacular achievements in this field have been ac-
complished with ligands 83–85 (Figure 22),[134–136] reaching
ee values in excess of 95% at 1 mol-% Rh loading.

Figure 22. P-, N- and S-donor functionalised phosphanes for the
asymmetric hydrosilylation of ketones.

Gade et al. have synthesised a library of NHC-oxazoline
RhI complexes, taking advantage of the availability of a
variety of imidazoles and their reactvity towards bromoox-
azolines (Scheme 12).[137,138]

These complexes were investigated for their activity in
the asymmetric hydrosilylation of acetophenone. Complex
86d was found to give the best results, and the reaction con-
ditions were systematically optimised (silane, temperature
and activating silver salt). Very good activities (conversions
between 65 and 99% at 1 mol-% Rh loading) and enantio-
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Scheme 12. Synthesis of oxazoline–NHC RhI complexes.

Scheme 13. Hydrosilylation of ketones catalysed by 86d.

selectivities (between 53 and 95%) where obtained for a
wide range of arylalkyl and dialkyl ketones (Scheme 13).

Shi et al. reported the use of complex 87, with a bis(imid-
azol-2-ylidene) ligand derived from (S)-BINAM, for the
hydrosilylation of ketones[139] and β-keto esters[140] (Fig-
ure 23).

Figure 23. RhIII complex with BINAM-based bis(carbene) ligand.

Near complete conversions and excellent enantio-
selectivities (up to 98%) were obtained for a variety of sub-
strates at 2 mol-% Rh loading. This is higher than the load-
ing used with 86d, but an advantage of this system over that
of Gade is that the reaction can be conducted at 15 °C in-
stead of –40 °C.

In addition to 86d and 87, other catalytic systems have
been investigated: Bolm et al. reported several chiral ferro-
cene-based oxazoline–NHC RhI complexes,[141] whilst a
family of chiral binaphthyl alkoxy-NHC–RhI and IrI com-
plexes were reported by Crabtree.[142] However, these com-
plexes did not give satisfactory enantioselectivities. Finally,
achiral ligands were applied to the hydrosilyation of ketones
by Poli (ferrocene-based phosphanyl-NHCs),[143] Shi (de-
rived from 2,2�-diaminobiphenyl),[144] and Tsuji [dendritic
bis(carbenes)].[145]
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Hydrosilylation of Alkynes (Rh, Ir, Pt)

The reaction of silanes with terminal alkynes is a remark-
ably challenging reaction in which to test new catalysts. In-
deed, no less than four types of silylated products [i.e. (E)
and (Z) β-silylalkenyls, α-silylalkenyls and silylalkynes,
Scheme 14] can be obtained, making it a very difficult pro-
cess to optimise. Remarkably, NHC–Rh complexes were
used by Hill[14] and Lappert[15] in the hydrosilylation of ole-
fins and alkynes long before the isolation of the first stable
free NHC by Arduengo.[16]

Scheme 14. Hydrosilylation of alkynes.

It is generally accepted that the reaction proceeds by oxi-
dative addition of the silane to the metal, followed by inser-
tion of the alkyne in the metal–hydrogen (so called Chalk–
Harrod mechanism[146]) or the metal–silicon bond (so called
modified Chalk–Harrod mechanism[147]), followed by re-
ductive elimination of the silylated product.[148]

Peris et al. reported several NHC complexes active in
alkynes hydrosilylation, including bimetallic NHC–
RhI,[76,149] bis-NHC–RhI,[149–151] bis-NHC–IrI[149,150,152]

and pyridine-functionalised IrI and RhI complexes.[131] For
example, complex 88 enabled the reaction of phenylacetyl-
ene with HSiMe2Ph with 98% selectivity for the (Z)-β-silyl-
alkenyl product at 1 mol-% loading (Scheme 15). By con-
trast, the same complex only gave the dehydrogenative si-
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Scheme 15. Hydrosilylation of phenylacetylene with a bis-NHC–RhI complex.

lylation product (silylphenylacetylene) when HSi(OEt)3 was
used, highlighting the importance of the choice of silane.

The same group also found that Ir complexes were gen-
erally less active than their Rh counterparts.[150] Thus, tak-
ing advantage of the lower activity of the Ir complexes, a
mechanistic study (by ESI-MS[153]) of the hydrosilylation of
terminal alkynes was conducted with the complexes 89a
and 89b (Scheme 16).

Scheme 16. Pyridine-functionalised NHC–Ir complexes used in
mechanistic studies.

The authors identified all the expected intermediates for
both the M–H and M–Si insertion pathways, and con-
cluded (in accordance with previous studies by
Crabtree[148]) that higher alkyne/silane ratios favored the
latter, which in turns increases the amount of undesired si-
lylalkyne product.

Perhaps the most interesting results in terms of catalytic
activity were reported by Lee et al.[154] These authors syn-
thesised RhI and RhIII complexes 90–92[155] containing a
PCP-pincer carbene ligand (Figure 24).

The complexes 90–92 all dislayed high activities, enabling
the reaction of phenylacetylene with HSiMe2Ph at 0.1–
0.001 mol-% loading with �80% selectivities on average for
the (E)-β-silylalkenyl product. The very close activities of
90–92 led the authors to conclude that the catalytic active
species was the [RhCl(PCP)] fragment.

Another pincer carbene RhIII complex was reported by
Hollis et al. Whilst most functionalised NHC complexes are
obtained by transfer from a AgI complex[156] or in situ de-
protonation of an imidazolium salt precursor followed by
coordination to a metal,[157] complex 93 was prepared by
transmetalation from a ZrIV complex (Scheme 17). This cat-
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Figure 24. Pincer NHC–Rh complexes for alkyne hydrosilylation.

alyst gave 95% selectivity for the (Z)-product at 2 mol-%
loading in the reaction of phenylacetylene with HSi-
Me2Ph.[158]

Scheme 17. Synthesis of a pincer NHC–RhIII complex for alkynes
hydrosilylation.

Finally, Oro et al. recently reported several neutral and
cationic dimethylamino-NHC–RhI complexes (Scheme 18)
and tested them against a range of alkynes.[159] Neutral
complexes were generally more selective and more active
than cationic ones. Interestingly, complexes 94–96 displayed
almost complete selectivities (� 95%) for the (Z)-product
in the case of hex-1-yne whilst tert-butylacetylene mostly
gave the (E)-product (� 76%).[160]

There has been relatively few publications where Pt com-
plexes of df-NHCs have been applied in catalysis.[161,162] An
oxazole-NHC ligand precursor (97, Scheme 19) has been
synthesised, and coordinated to Pd, Rh, and to
PtCl2(COD) via a silver transfer route.[162] Both the Rh,
and Pt complexes were tested in hydrosilylation. The Pt
complex 98 was investigated in the hydrosilylation of phen-
ylacetylene and styrene with various silanes; the hydro-
silylation of 1-octene was also investigated. In all cases ac-
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Scheme 18. Alkyne hydrosilylation with amino-NHC–RhI complexes.

tivity was modest, however, selectivity was generally good,
and favoured the linear product. Of significance, very little
isomerisation or dehydrogenative silylation of the alkene
substrate was observed.

Scheme 19. Benzoxazole-based NHC–Pt complex used in hydro-
silylation.

Despite the advances made in the design of selective and
highly active catalysts for alkyne hydrosilylation, there is to
date no clearly defined direction which would hold much
promise to achieve this goal. This is in contrast with other
reactions, such as asymmetric olefin hydrogenation (vide in-
fra), for which very efficient families of catalysts have been
identified.

Asymmetric Olefin Hydrogenation (Rh, Ir)

The asymmetric hydrogenation of functionalised olefins,
pioneered by Knowles and Noyori,[163–165] was first devel-
oped with Ru and Rh. Inspired by the success of Crabtree’s
IrI catalyst 76 (Figure 18) in the hydrogenation of unfunc-
tionalised, polysubstituted olefins, Pfaltz et al. have devel-
oped extremely efficient IrI systems containing the PHOX
(60) and SimplePHOX P,N ligands (99).[103,166] More re-
cently, phosphanyl-oxazoline ligands 100 were reported to
efficiently catalyse the hydrogenation of tetrasubstituted
substrates (Figure 25).[167]
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Figure 25. P,N-ligands for the asymmetric hydrogenation of un-
functionalised olefins.

Burgess developed a library approach to 4-oxazoline-
functionalised NHC ligands from which 101 emerged
(Scheme 20). Complex 101 is an air-stable cationic IrI cata-
lyst displaying excellent activities and enantioselectivities in
the hydrogenation of trisubstituted arylalkenes.[168,169]

Scheme 20. Library approach to the synthesis of 4-oxazoline-func-
tionalised IrI complexes for asymmetric hydrogenation.
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Compared to other complexes of the same family, 101 is

both much more active and selective (Table 1).

Table 1. Hydrogenation of trisubstituted alkenes.[168]

Entry[a] R R� R1 R2 Conv. (%) ee (%)

1 Ph Ph Dipp Ph 25 13
2 Ph Ph Dipp tBu 81 50
3 Ph Ph Dipp Bz 12 25
4 Ph Ph Dipp Ad 99 98
5 p-C6H4OMe Ph Dipp tBu 45 45
6 p-C6H4OMe Ph Dipp Ad 99 97
7[a] p-C6H4OMe Me[b] Dep[c] Ad 84 27
8[a] p-C6H4OMe Me[b] Dipp Ad 100 79

[a] 1 bar H2. [b] (Z)-Alkene. [c] 2,6-Diethylphenyl.

The exquisite selectivity of 101 appears to arise from a
combination of electronic and steric effects. Electronic ef-
fects drive the alkene substrate trans to the NHC, enabling
steric effects (mainly adamantane/alkene interaction) to ef-
ficiently control enantioface discrimination.[170] The appli-
cation of 101 to the hydrogenation of more complex func-
tionalised dienes has also been described,[171,172] whilst a
pyrimidine analogue was recently described.[173]

In direct line with the work of Burgess, Pfaltz has re-
ported a library approach to 2- and 4-oxazoline-NHC cat-
ionic IrI complexes (Scheme 21). A large number of imid-
azolium precursors were generated (e.g., 102 and 103) and
the NHC–IrI complexes were tested in the hydrogenation of
a range of di- and trisubstituted alkenes, with results (essen-
tially complete conversions at 1 mol-% loading, ee values
up to 90%) approaching those obtained with 101 and the
best SimplePHOX ligand.[174]

The obvious advantage of library approaches to func-
tionalised ligands is that a wide variety of substituents can
be investigated, allowing for fine-tuning of the catalyst, de-
pending on the substrate and/or reaction conditions. Also,
as pointed out by Burgess,[172] and Pfaltz,[174] Ir-catalysed
asymmetric hydrogenation is a complex process, the mecha-
nism of which can vary according to a wide range of pa-
rameters (including stirring speed!). This makes rational
catalyst design almost impossible, hence the need for such
approaches.

Other, more isolated examples of N-functionalised
NHC–IrI complexes for olefin hydrogenation have been re-
ported by Bolm (planar-chiral paracyclophane-based li-
gand),[175] Messerle (pyrazole-functionalised NHC),[176] and
Andersson (thiazole-functionalised NHC)[177] whilst P-
functionalised NHC–IrI complexes were reported by Pfaltz
(ligands structurally close to 99 and 100)[178] and Bolm
(planar-chiral phosphanyl-NHC).[179]
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Scheme 21. Synthesis of libraries of functionalised NHC–IrI com-
plexes for asymmetric olefin hydrogenation.

Finally Helmchen reported a P-functionalised RhI com-
plex (104, Scheme 22).[180] This catalyst displayed both high
activities (0.1 to 1 mol-% loading) and enantioselectivities
(ee values from 63 to 99%) for a range of functionalised
olefins.

Scheme 22. P-functionalised NHC–RhI complex for asymmetric
olefin hydrogenation.

Miscellaneous Reactions

Functionalised NHC complexes have been applied to a
number of less systematically investigated reactions. For ex-
ample, 104 (see Scheme 22) was applied to the conjugate
addition of arylboronic acids to cyclic enones with ee values
reaching 94%.[181] Peris et al. also reported the application
of a CNC pincer dimetallic RhI complex to the hydrofor-
mylation of olefins.[182] Other reactions include the follow-
ing steps.
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H/D Exchange (Ir)

Complex 105 was reported by Peris et al. amongst other
[Ir(Cp*)Cl(NHC)] complexes.[183] The ability of these com-
plexes to undergo reversible metalation/solvolysis of the
substituents on the NHC seem to make them very active in
deuteration reactions.[184] Interesting selectivities were ob-
tained (Scheme 23), and these complexes certainly deserve
more investigation. The same group recently reported a chi-
ral analogue of 105 and tested it in the chiral diboration of
olefins. The activity was modest, and ee values were low
(10%).[185]

Scheme 23. Rare NHC–IrIII complex active in deuteration.

Cyclisation of Alkynes (Rh, Ir)

Amino and carboxylato alkynes can be cyclised by an
intramolecular addition of NH or OH across the carbon–
carbon triple bond.[131,186–188] These reactions produce
interesting cyclic imines or lactones in an atom economical
process. Amongst other cationic RhI and IrI complexes, tri-

Scheme 24. Alkynes cyclisation-mediated by functionalised NHC–Rh and Ir complexes.
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metallic complex 111, containing a tertiary amino function-
ality, displayed high activity towards pentynoic acid cycli-
sation (Scheme 24).

Conclusions

It is clear from this brief overview of chelating df-NHC
ligands and their complexes that many opportunities still
exist for the design and development of novel and poten-
tially very useful ligand systems for catalysis. In the case of
group 10 metals, the facile reductive elimination reaction
that NHC ligands undergo does present a problem, how-
ever, compared with the extensive investigations and ligand
design studies carried out, over many years, on phosphane
ligands it is still very early in the design process for these
NHCs. Because of the inherently strong NHC–M bond, key
opportunities exist in the design of pincer ligands en-
compassing NHCs, and immobilised ligand systems offer
some key areas for development. The use of these ligand
systems in ionic liquid solvents based on imidazolium salts
also offers an interesting approach to forming stable com-
plexes and catalysts. The investigation of Pd complexes of
df-NHCs has been heavily focused on catalytic coupling re-
actions, particularly Heck and Suzuki coupling processes.
The design of suitably hemi-labile ligand systems may allow
the application of df-NHCs in reactions such as amination
or telomerization – reactions in which it is believed that the
active catalyst is a monodentate, zero-valent intermediate.
In the case of Rh and Ir systems, df-NHCs have benefited
from considerable groundwork with phosphane analogues.
The ease with which large libraries of complexes can be
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obtained, allowing for extensive ligand optimisation, is key
to the success of these catalysts in reactions such as asym-
metric hydrogenation and ketone hydrosilylation. As the
understanding of NHCs and their complexes progresses,
and new synthetic methods emerge, df-NHCs might enable
the development of industrially viable catalytic processes in
a not-so-distant future.
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