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Mono-, Bi- and Tridentate N-Heterocyclic Carbene Ligands for the
Preparation of Transition-Metal-Based Homogeneous Catalysts
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This microreview focuses on the preparation of homo-
geneous catalysts of group 8–11 metals containing N-
heterocyclic carbene ligands. The current status of the design
of mono-, bi- and tridentate NHC ligands is reviewed
through the description of the authors’ own work. The cata-

Introduction
Due to their topological and coordination versatility, N-

heterocyclic carbenes (NHCs) are an increasingly useful
type of ligand for catalyst design. After the pioneering re-
ports by Öfele and Wanzlick,[1] and the early studies by
Lappert[2] on the coordination to late transition-metal com-
plexes, NHC chemistry remained quiescent for more than
twenty years, until Arduengo pointed out the idea that
NHCs could be stable enough for crystallographic charac-
terization.[3] In 1995, Herrmann took the story a step for-
ward, with the use of NHCs in the preparation of the first
NHC-based homogeneous catalysts.[4] Since then, many re-
search groups have provided a large number of NHC-based
catalysts for a wide variety of reactions, and many reviews
covering aspects such as preparation,[5,6] stability,[7] stereoe-
lectronic properties,[8] coordination strategies,[6,9] and cata-
lytic applications[10–13] have been entirely devoted to this
type of ligand.

In 2001, our group started a new line of research aiming
to search for ‘stable homogeneous catalysts’ that could
overcome the temperature threshold of traditional catalysts
and may facilitate the activation of traditionally inert
bonds. For this purpose, we decided to combine two stabi-
lizing effects. First, the strength of the M–C bond when
using N-heterocyclic carbenes, and second, the stabilizing
chelate effect[14] provided by bidentate and tridentate li-
gands. Starting with the preparation of palladium pincer
NHC complexes,[15] we then extended our studies to other
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lytic applications of such complexes include hydrogen-bor-
rowing, C–C coupling, reduction of double bonds and C–H
activation reactions.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

metals such as Rh, Ir and Ru and designed a wide variety
of ligands with different architectures. The easy access to
NHC precursors, and their coordination capabilities, al-
lowed us to design catalysts for a large number of catalytic
applications. In this microreview, we aim to provide the
reader with an overview of our most recent work in the
field of NHC chemistry, with a detailed comparison to the
work carried out by other groups. Some overlap with the
already-existing related reviews is inevitable, but we will try
to cover aspects not reported in previous published articles.

Chelating NHCs

Most of the poly-NHCs reported so far are bis(chelate)
and pincer (tridentate-mer) bis(carbene) ligands. The design
of tripodal chelating carbenes is a more recent development,
and only a few examples are described in the literature.[12,16]

Not only do chelating NHCs yield more stable metal com-
plexes, but they also provide interesting features that can
fine tune the topological properties such as steric hindrance,
bite angles, chirality and fluxional behaviour. This may be
the reason why the number of chelating NHC compounds
has gradually increased over the last decade, and several
reviews have appeared describing the most recent develop-
ments with regard to design, structural features and cata-
lytic activity of complexes containing polydentate NHC li-
gands.[11,12,16–18]

Chelating Bis(NHC)s

The most relevant features of the structural and catalytic
properties of metal complexes containing chelating
bis(NHC)s have been described in a recent review.[12] As
depicted in Scheme 1, the topological and electronic proper-
ties of such ligands can be modulated by introducing modi-
fications in the wingtips, linkers and backbones.
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Scheme 1.

It has been observed that the coordination of bis(imida-
zolylidene) ligands to [RhCl(cod)]2 leads to RhI or RhIII

species, depending on the linker lengths between the azole
rings. Long linkers favour the formation of square-planar
RhI complexes, while short linkers afford pseudo-octahe-
dral RhIII species or dinuclear RhI species in which the li-
gand bridges the two metal centres.[19,20] The origin of this

Scheme 2.
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effect has been ascribed to the restricted rotation of the
azole rings upon coordination and the different preferred
orientation of these rings depending on the linker
lengths.[20] A detailed study on the factors affecting the co-
ordination of bischelating NHCs with a full explanation of
the structural parameters derived was recently reported by
Crabtree and co-workers.[21]

With regard to the coordination of the bis(NHC) ligands
from their corresponding bis(imidazolium) precursors, an
interesting consequence could be derived from the prepara-
tion of the first stable NHC–IrIII–H complex (2,
Scheme 2).[22] This species was obtained by direct oxidative
addition of the imidazolium salt 1 to [IrCl(cod)]2 in the
presence of NEt3. At this stage, it was postulated that, in
the coordination of an imidazolium precursor by C2–H oxi-
dative addition, a reductive elimination of HX (supported
by a weak base) might follow the process (Scheme 3).[22] In
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the particular case of compound 2, it was initially proposed
that the ferrocenyl fragment between the azole rings may
sterically protect M–H from further reductive elimination
of HCl, but further studies showed that this fragment was
not necessary in order to obtain the NHC–IrIII–H spe-
cies.[23]

Scheme 3.

A combined experimental and theoretical approach was
performed in order to find a unified mechanism for the me-
tallation of a series of bis(imidazolium) salts with different
lengths of the linker between the azole rings of the bis(car-
bene) ligand.[23] From these studies, it was concluded that
metallation of the second imidazolium ring proceeds by
C2–H oxidative addition, and consequently, that the final
formation of bis(NHC)–IrIII–H (short linker) or bis(NHC)–
IrI (long linker) depends on whether the oxidative addition
yields the trans (short linker) or cis (long linker) products,
because only the latter can undergo reductive elimination of
HCl (Scheme 4). The trans products are thermodynamically
favoured, but with long linker lengths, the cis complexes
are kinetically favoured and thus provide the bis(NHC)–IrI

reductive elimination products.[23]

The coordination of bis(NHC)s was also extended to ‘η6-
arene-Ru’ complexes and leads to chelate or monometallic
species. The type of species formed depends on linker
lengths and the bulkiness of the wingtips.[24]

Scheme 4.
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In order to influence the electronic properties of
bis(NHC)s, substitution at the 4 and 5 positions of the
azole ring was found to significantly modify the basicity of
the carbene.[25] In this context, the introduction of chlorine
substituents in the backbone of imidazolylidene reduces the
σ-donor capability of the ligand.[26,27] This effect is shown
to have important implications on the catalytic properties
of the chelating bis(NHC)s compounds 4–7 (Scheme 5)
when compared to the related nonchlorinated complexes,[27]

as will be discussed later (vide infra).
Abnormal carbenes (aNHC), NHC ligands bound to the

metal centre through the backbone C4 or C5 carbon atom,
were first reported by Crabtree and co-workers[28] and have
been recently reviewed by Arnold.[29] In order to prepare
abnormal NHC complexes, one of the most convenient
methods is to block the imidazolium ligand precursors by
substitution at the C2 position with alkyl or aryl groups.[30]

The use of bis(imidazolium) salts with C2–Me substitu-
ents was found to give unexpected results in the reactions
with [Cp*IrCl2]2. As depicted in Scheme 6, reaction of imid-
azolium precursor 8 (only one azolium ring blocked) with
[Cp*IrCl2]2 yielded compound 9, in which the chelating
bis(NHC) ligand is coordinated in both the abnormal and
normal modes.[31]

With the use of doubly C2–Me substituted bis(imidazol-
ium) salts, it was found that the length of the linker between
the azole rings clearly determines the outcome of the reac-
tion (Scheme 7). Reaction of the methylene-bridged ligand
10 with [Cp*IrCl2]2 afforded compound 11, in which the
bischelating ligand is coordinated as an aNHC and a
metallated methylene group. In the case of the ethylene-
bridged bis(imidazolium) 12, the major product obtained
was the expected chelating bis(aNHC), together with the
chelating C2–Me activated compound and a new neutral
species with a 1,2-dimethylimidazole ligand (compounds
13, 14 and 15, respectively).[31]
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Scheme 5.

Scheme 6.

The triazolium salt 16 constitutes the only example of a
bis(NHC) ligand with a direct N–N bond linking the azol-
ium rings (Scheme 8). Precursor 16 presents a wide chemi-

Scheme 7.
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cal versatility and was recently coordinated to Rh, Ru and
Pd.[32,33] For the coordination of 16 to Rh, different prod-
ucts were obtained, depending on the conditions employed
(17, 18 and 19, Scheme 8).[32,33]

Interestingly, the reaction of 16 with [Rh(OAc)(CO)2]2
yielded the dirhodium(II) species 20 (Scheme 9). Com-
pound 20 constitutes the first example of a dirhodium(II)
species containing an NHC ligand.[32]

The coordination of 16 was also extended to RuII

and PdII, which led to monometallic and dimetallic
compounds.[33] Scheme 10 shows the coordination of 16 to
Ru.
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Scheme 8.

Scheme 9.

Scheme 10.
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Chelating Functionalized NHCs

Cavell and co-workers have recently reviewed the latest
advances in homogeneous catalysis with donor-function-
alized NHC complexes.[13]

Scheme 11.

Scheme 12.

Scheme 13.
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Pyridine–imidazolylidene ligands (pyridine–NHCs) have
provided a large diversity of coordination modes.[28,34] For
the coordination of precursors 23 and 24 to Rh and Ir, the
type of coordination obtained seems to be clearly influ-
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enced by the method of activation used and the metallic
precursor employed (Scheme 11).[35]

An interesting result was achieved by direct reaction of
[IrCl(cod)]2 with 24 in the absence of a weak base. In this
reaction, compound 33 was obtained by C2–H oxidative
addition of the imidazolium salt, which is triggered by the
chelate effect of the pyridine–NHC ligand (Scheme 12).[35]

With the use of oxazoline–imidazolylidene ligands (oxa-
zoline–NHCs), a series of Ru,[36] Pd[37] and Rh[37] chelate
complexes were obtained. Scheme 13 shows the transmetal-
lation of the oxazoline–NHC precursors 34–36 from a silver
carbene to [RuCl2(p-cymene)]2; the half-sandwich RuII com-
pounds 37–39 were obtained. Abstraction of the chlorido
ligands in 37 and 38 furnished the dicationic aqua species
40 and 41, respectively.[36]

In a very recent example, an unprecedented chelating Cp*
ligand functionalized with a pendant NHC was coordinated
to [IrCl(cod)]2 (Scheme 14). The chiral IrIII complex 43 was
obtained as a racemic mixture of two possible enantio-
mers.[38] Related η6-arene-NHC chelating ligands have also
been coordinated to Ru by Cetinkaya and co-workers.[39]

Scheme 14.

Pincer NHCs

Pincer carbene complexes have appeared as an interest-
ing family of ligands in the design of homogeneous cata-
lysts. Thus far in the literature, there are numerous exam-
ples of this type of ligand incorporating one or more NHC
units. All these examples, as well as their coordination ac-
ross the periodic table, were reviewed recently by Dano-
poulos.[18]

The first example of a pincer NHC complex was de-
scribed in 2001.[15] The reaction of the imidazolium salt 44
with Pd(OAc)2 in dmso afforded the PdII species 45 with a
rigid CNC ligand (Scheme 15).

Scheme 15.

The coordination of 44 was soon extended to other tran-
sition metals. The reaction of 44 with [RhCl(cod)]2, in the
presence of a weak base, led to the formation of two types
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of complexes, depending on the reaction temperature. When
the reaction was performed at 40 °C, the dimetallic RhI spe-
cies 46 (Scheme 16) was obtained, in which the ligand brid-
ges the two metal centres. In contrast, when the reaction
was carried out in refluxing CH3CN, a pseudo-octahedral
RhIII complex with the ligand in a mer disposition could be
isolated (47, Scheme 16). Interestingly, the dimetallic species
was converted into the monometallic complex by heating it
to reflux in CH3CN with 1 equiv. 44 in the presence of a
weak base.[40]

Scheme 16.

More recent studies by Haynes and Danopoulos demon-
strated that the CNC pincer ligand 44 can be coordinated
to RhI in a mer disposition to afford square-planar mono-
metallic species. These complexes easily undergo oxidative
addition reactions of C–halide bonds to form octahedral
RhIII species, but are resistant towards less polar bonds.[41]

The coordination of the CNC pincer ligand was also ex-
tended to Ru. Precursor 44 was treated with [RuCl2(cod)]n
in the presence of NEt3 in EtOH to yield the pseudo-octa-
hedral RuII complex 48, as shown in Scheme 17.[42] It was
proposed that the CO ligand was produced by decarbon-
ylation of EtOH used as solvent. The generation of a CO
ligand has also been observed in the synthesis of other RuII

complexes in EtOH.[43]

Scheme 17.

Reaction of RuCl3·nH2O with 44 under similar reaction
conditions gave a bis(pincer)–RuII complex (49,
Scheme 18).
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Scheme 18.

Tripodal NHCs

Despite the fact that the number of poly-NHC ligands is
continuously increasing, the design of such ligands with a
tripodal (fac) topology is restricted to a few examples. The
design of ligands with a tripodal coordination has a major
significance because the fac geometry should determine the
catalytic properties of the complex, especially in the cases
of NHC-based complexes, where the stability of the ligand–
metal bond is high, and the catalytic activity of the complex
must rely on the relative disposition of the potential vacant
sites.

Several groups have described the synthesis and coordi-
nation of new tris- and bis(NHC) ligands designed in order
to afford a tripodal coordination; unfortunately, in not all
cases was this coordination achieved. The design and coor-
dination of tripodal carbene ligands has been recently sum-
marized in two reviews.[12,16]

In 2003, the group of Meyer and co-workers reported the
synthesis of the tris(carbene) ligand precursor 50
(Scheme 19), as well as its coordination to group 11 met-
als.[44] Although 50 apparently presents the topological
requirements to coordinate in a fac disposition, bi- and tri-
metallic species were instead formed in all cases. The coor-
dination of 50 was then extended to Rh and Ir. Depending
on the coordination strategies to [MCl(cod)]2 (M = Rh, Ir),
two different types of complexes were obtained. In the pres-
ence of a weak base, such as NEt3, mononuclear RhI and
IrI species were formed, where only two of the NHC units
are coordinated and the third azole ring remains out of the
coordination sphere of the metal (51 and 52, respectively,
Scheme 19). On the other hand, transmetallation of 50 from
a silver carbene afforded dimetallic Rh and Ir complexes
(53 and 54, respectively, Scheme 19), in which the ligand
bridges two metal fragments and is coordinated in a bischel-
ating manner to one of the metal centres.[45]

Coordination of the N-anchored tris(carbene) ligand 55
(Scheme 20) afforded Co,[46] Ni,[47] Cu[16,48] and, more re-
cently, Fe[49] complexes, in which the ligand is coordinated
in a tripodal tri- or tetradentate form. The coordination of
55 to Rh and Ir was attempted, and in all cases, trinuclear
compounds in which two ligands bridge three metal centres
were obtained (56 and 57), as shown in Scheme 20.[50]
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Scheme 19.

Scheme 20.

In order to achieve a fac coordination of an NHC ligand,
other functionalized bis(NHC) ligands were obtained, in
which the third coordination site is a heteroatom, such as
O or N. The imidazolium salt 58 (Scheme 21) combines two

Scheme 21.
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Scheme 22.

NHC groups and a phenoxy unit. In the presence of NEt3,
58 reacted with [RhCl(cod)]2 to afford the RhIII complex
59 (Scheme 21), which constitutes the only example of a Rh
compound with an NHC in a tripodal disposition.[51]

Substitution of the phenoxy unit by a pyridine ring failed
when the ligand was coordinated in a tripodal manner. Pre-
cursor 60 coordinated to [Rh(cod)2]BF4 to yield the RhIII

polymeric species 61 displayed in Scheme 22.[52]

Dicarbenes in a Facially Opposed Coordination:
Janus-Head-Type Ligands

The straightforward preparation of NHC precursors has
allowed the design of carbene ligands with different top-
ologies. In this sense, Bielawski and co-workers described a
series of benzobis(imidazolylidene)s that show facially-op-
posed coordination abilities to two metallic fragments
(Janus-head-type ligands).[53] We recently showed that 1,2,4-
trimethyltriazolium tetrafluoroborate 62 (Scheme 23) can
be used for the synthesis of dinuclear homo- and hetero-
metallic compounds.[54,55] As shown in Scheme 23, 62 re-
acted with [MCl(cod)]2 (M = Ir, Rh) in the presence of
tBuOK to give the dinuclear compounds 63 and 64, respec-
tively.[54] These compounds consist of two metallic centres
bridged by the azole ring. Compound 63 readily reacted
with CO to yield the tetracarbonylated species 65
(Scheme 23). From the IR spectrum of 65, it was concluded
that the triazol–diylidene ligand displays a lower electron-
donating ability than other known NHCs.

Scheme 23.
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The coordination of 62 was also extended to IrIII and
RuII, which led to dimetallic and tetrametallic com-
pounds.[55,56] Scheme 24 shows the coordination of 62 to Ru.

Scheme 24.

Remarkably, 62 could also be coordinated to two dif-
ferent metallic fragments to afford the heterobimetallic
complex 69 (Scheme 25).[54] The formation of compound 69
was thought to proceed via a nonisolated monometallated
species 68, as shown in Scheme 25.

Scheme 25.

Following an alternative reaction pathway, the monomet-
allated compound 68 and a related IrIII species 70
(Scheme 26) could be isolated and used as synthons for the
preparation of several hetero-dimetallic complexes.[55]
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Scheme 26.

Mono NHCs

Inter- and intramolecular C–H activation abilities of
‘Cp*Ir(PR3)’ complexes were extensively studied by
Bergman and co-workers.[57,58] The replacement of the
phosphane ligands by NHCs has provided new aspects for
the C–H activation processes. The ability of Cp*Ir(NHC)
complexes to undergo intramolecular C–H activation was
initially reported by Herrmann[59] and Yamaguchi.[60] In
other studies, aromatic and aliphatic intramolecular C–H
activation of NHCs was shown to be a highly favourable
process, when the NHC ligand contained the appropriate
aliphatic or aromatic N substituents.[61–64] In the cases
where both aliphatic and aromatic C–H activation were
possible, as in the case depicted in Scheme 27, steric factors
seem to determine the selectivity of the reaction.[62]

For the outcome of this reaction, it seems that the steric
hindrance of the reaction products determines the selectiv-
ity of the process, as shown in Scheme 28. In this sense,

Scheme 27.

Scheme 28.
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the formation of the aliphatic C–H activation product (74,
Scheme 27) is explained by the highly unstable structure
that would be formed if aromatic C–H activation was pro-
duced for the tBu-substituted NHC (central structure in
Scheme 28). For the iPr analogue, aromatic C–H activation
produces a more relieved structure, because the iPr group
can orientate its small hydrogen atoms towards the methyl
groups of the Cp* ring (left in Scheme 28).

Catalytic Properties

Hydrogen-Borrowing Processes

The search for efficient catalysts for ‘hydrogen-bor-
rowing’ strategies is very challenging. It can provide easy
access to a wide variety of highly valuable organic mole-
cules that have environmental benefits.[65] With regard to
these processes, we have focused our interest on three cata-
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lytic reactions (Scheme 29): namely, (i) transfer hydrogena-
tion, (ii) β-alkylation of secondary alcohols and (iii) N-alk-
ylation of primary amines with alcohols.

Scheme 29.

Transfer Hydrogenation

Hydrogen-transfer processes that involve the use of Rh,
Ir and Ru NHC complexes probably constitute the most
extensively studied processes for this family of com-
pounds.[11–13] The results obtained with the Ru pincer cata-
lyst 48 (Scheme 17)[42] are among the best in terms of cata-
lytic activity, higher than those with other phosphane and
amine pincer complexes of Ru.[66] Another significant ex-
ample is the tripodal RhIII complex 59 (Scheme 21), whose
catalytic activity in transfer hydrogenation is one of the
highest reported for a Rh catalyst.[51]

The catalytic activity of Cp*IrIII complexes in the Op-
penauer-type oxidation of alcohols is considerably en-
hanced by the introduction of N-heterocyclic carbene li-

Scheme 31.
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gands.[67] The coordination of hemilabile ligands of the type
N-alkenylimidazol-2-ylidene yielded a new family of trans-
fer-hydrogenation catalysts (Scheme 30), although only
moderate activities were found for these complexes.[64]

Scheme 30.

Interestingly, it has recently been found that for the en-
hancement of the catalytic activity of Cp*IrIII complexes
with monodentate NHC ligands, the addition of an external
base is not required.[68] It has been proposed that these cat-
alysts may operate through a hydridic mechanism that is
based on the oxidative addition of the O–H bond of iPrOH
to generate a “Cp*IrV(NHC)H(OiPr)” intermediate, as
shown in Scheme 31. The advantages thereof allowed the
synthesis of chiral acetates through catalytic transfer hydro-
genation/enzymatic dynamic kinetic resolution of alde-
hydes.[68]

β-Alkylation of Secondary Alcohols with Primary Alcohols

The catalytic β-alkylation of secondary alcohols with pri-
mary alcohols has important benefits relative to the tradi-
tional multistep processes, especially when the economical
benefits of a high-yielding one-pot procedure and the use
of an environmentally friendly process are considered.
Ru[69] and Ir[70] catalysts have been used in this catalytic
reaction.
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Scheme 32.

The first example of a Ru–NHC complex used in this
reaction was reported in 2007.[56] The dimetallic and tetra-
metallic RuII compounds 66 and 67 (Scheme 24) are very
active toward this catalytic transformation, especially rela-
tive to previously reported species.[69] Since the two metallic
centres are connected by the triazol–diylidene ligand, it was
pointed out that some cooperativity may enhance the cata-
lytic performance of the compounds. Further, a series of
Ru–(mono-NHC) compounds with improved catalytic
properties was recently reported (Scheme 32).[71] An inter-
esting feature of this work is that the different types of
NHC ligands lead to different activities according to their
basicity. In this sense, the more basic pyrazolylidene ligand
enhances the catalytic behaviour of the compound in such
a way that compound 79 (Scheme 32) is among the most
efficient Ru catalysts for this type of reaction.

The unprecedented IrIII compound with a Cp*-function-
alized NHC ligand (compound 43, Scheme 14) was tested
in the catalytic β-alkylation of secondary alcohols with pri-
mary alcohols. The results showed high activities and good
selectivities for the production of the alcohols.[38]

Amination of Alcohols

The metal-mediated alkylation of amines with primary
alcohols is an important, fundamental reaction in synthetic
organic chemistry that has been the focus of increasing
interest for the preparation of molecules with pharmaceuti-
cal applications. For this reaction, only a few examples of
Ru[72,73] and Ir[74,75] catalysts have been reported, such as
RuCl2(PPh3)3,[76] RuClCp(PPh3)2,[77] and, in a remarkable
example, Ru3(CO)12 in combination with tri-o-tolylphos-
phane.[72,78]

The iridium catalyst [Cp*IrCl2]2 was shown by Fujita,
Yamaguchi and co-workers to be an efficient catalyst for
the N-alkylation of amines with alcohols.[74,79] DFT calcu-
lations carried out on this system show that the addition of
carbonate, which may coordinate to the metallic centre,
lowers the energy barriers of many steps.[80] The proposed
mechanism for this catalytic reaction in the presence of
K2CO3 is shown in Scheme 33.

Compound 43 (Scheme 14) constitutes the first example
of an Ir–NHC complex tested for this catalytic reaction,
and shows activities that are comparable to those provided
by other Ir catalysts.[38] In a very recent contribution, it was
shown that compound 81 (Scheme 34) is a very versatile
catalyst that can be used in several C–O and C–N coupling

Eur. J. Inorg. Chem. 2009, 1700–1716 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1711

Scheme 33.

reactions involving alcohols and amines.[81] The catalytic
performance of 81 is based on its great activity towards the
hydrogen-borrowing processes.

Scheme 34.

Hydrosilylation

The hydrosilylation of multiple bonds represents a useful
class of catalytic processes for the functionalization of or-
ganic molecules. Vinylsilanes, which are widely used as in-
termediates for organic synthesis, can be efficiently pre-
pared by transition-metal-catalyzed addition of silanes to
alkynes (Scheme 35).[82] Most of the recent efforts in the
study of this reaction involve the design of efficient catalysts
to enable the preparation of α, β-(E) or β-(Z) isomers inde-
pendently (Scheme 35).

A vast number of RhI- and IrI–NHC complexes have
shown activity for this reaction.[12,13] An interesting hypothe-
sis that has been pointed out is the high dependence of the
catalytic properties of bis(NHC) complexes of Rh and Ir on
the length of the linker between the two azole rings.[19,20,50]

As shown in Scheme 36, longer linkers favour the orientation
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Scheme 35.

of the azole rings perpendicular to the coordination plane of
the molecule, hence sterically hindering the z axis and dis-
favouring the oxidative addition of the silane.[20]

Scheme 36.

According to this, it has been found that RhI–bis(car-
bene) complexes with propylene linkers (long linker) are
completely inactive for catalytic hydrosilylation reactions.[27]

However, the introduction of chlorine substituents in the 4
and 5 positions of the imidazolylidene rings (compounds 4–
7, Scheme 5) clearly enhance the activity of the compounds
under the same conditions. It was pointed out that, in the
absence of significant steric differences, the lower basicity
of the chlorinated bis(NHC) ligand may favour the labiliz-
ation of the cod or CO ligands, which thus provides the
required coordination vacant site to start the catalytic cycle.

Taking advantage of the lower activity of IrI compounds
than that of their RhI counterparts, a mechanistic study on
alkyne hydrosilylation was performed with mass spectrome-
try (MS).[83] The complexes used for this study were the IrI

compounds 26 and 28 depicted in Scheme 11. Remarkably,
all the expected intermediates for this catalytic reaction
could be detected by MS under real catalytic conditions for
the first time. As previously reported,[84] the presence of ex-
cess alkyne was found to favour the reaction that proceeds
by the silylation mechanism, which yields the alkene and
the corresponding alkynylsilane.

IrI complexes with N-alkenyl NHC ligands (compounds
82–86, Scheme 37) were found to be very selective towards
the formation of the β isomers, with a clear preference for
the (Z)-vinylsilanes, which in some cases were obtained as
the only products. These selectivities represent the highest
reported to date for Ir complexes.[85]

Scheme 37.
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H/D Exchange

Deuterium-labelled compounds can be used in a wide
range of applications, e.g. in biologically active systems, as
solvents for NMR spectroscopy, and for the study of reac-
tion mechanisms.[86]

The Cp*IrIII complexes with phosphane ligands de-
scribed by Bergman showed excellent results in catalytic H/
D exchange (Scheme 38), in that they can activate a wide
range of organic molecules with a variety of deuterium
sources.[58,87] It was observed that substitution of the phos-
phane ligands by NHCs results in an improvement of the
catalytic performance. A parallel study of the catalytic per-
formance of compounds 81, 87, 88 (Scheme 39) and
[Cp*IrCl2(PMe3)] for H/D exchange reactions was carried
out.[61] The catalytic results showed that NHC species dis-
play higher activities and stabilities than the related phos-
phane complex in the deuteration of a wide set of organic
substrates. Both the decrease in the basicity and the chelat-
ing coordination of the NHC ligand strongly affect the ac-
tivity of the complex; the best performance is achieved with
compound 81 (Scheme 39).

Scheme 38.

Scheme 39.

Recent significant examples in this catalytic reaction in-
volve the use of a series of IrI–NHC complexes (Scheme 40)
for the deuteration of aromatic substrates with D2 gas.[88]

Scheme 40.
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Heck and Related C–C Bond Formation Reactions

The use of Pd–NHC complexes in Heck C–C coupling
reactions (Scheme 41) constitutes the earliest catalytic ap-
plication reported for N-heterocyclic carbene ligands.[4] The
high stability shown by this class of compounds together
with their easy accessibility prompted the development of
heterogenized catalysts for the design of recyclable systems.
Some approaches to support[89] and heterogenize Pd cata-
lytic systems involved immobilization of Pd catalysts on
polymers,[90] modified mesoporous silica gel[91] or modified
silica gel.[92]

Scheme 41.

Pd–CNC-pincer complexes (Scheme 15)[15] were used in
the design of recyclable C–C coupling catalysts
(Scheme 42).[93] The catalysts were immobilized onto mont-
morillonite K-10 and bentonite by solvent impregnation,
and the activities in the Heck reaction compare well with
their homogeneous counterparts, which shows that the ac-
tivity of the catalyst is preserved upon immobilization.

Scheme 42.

Similar heterogenized catalytic systems were tested in the
Sonogashira coupling of aryl halides with phenylacetylene
(Scheme 41).[94] The activities of the immobilized systems
are higher than that of previously reported Pd–carbene cat-
alysts[95] or Pd-immobilized catalytic systems[96] for the
coupling of the same substrates.

Alkene Diboration

One of the main challenges in the catalytic diboration of
alkenes is the design of proper catalysts that selectively pro-
vide 1,2-bis(boronate) esters, whilst avoiding the generation
of undesired hydroborated products (Scheme 43).[97]
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Scheme 43.

In 1995, Marder and co-workers reported that the use of
AuI-based catalysts could avoid undesired β-elimination
side reactions, thus enhancing the chemoselectivity of the
diboration.[98] From this seminal work, the introduction of
NHC ligands in the coordination sphere of group 11 metals
(Cu, Ag, Au, Scheme 44) was found to improve the per-
formances of the catalytic systems both in terms of conver-
sions and chemoselectivities.[99]

Scheme 44.

Group 10 metal catalysts with N-heterocyclic carbene li-
gands have also been recently applied in this catalytic reac-
tion.[100] Mechanistic studies on alkene diboration with
PdII–NHC complexes showed that, for these systems, the
reaction proceeds through a base-mediated heterolytic
cleavage of the B–B bond of the diborane rather than
through oxidative addition to the metallic centre.[101] As a
consequence, an excess of the diboron reagent is needed for
the chemoselective 1,2-diboration, because only one of the
borane units is transferred to the alkene. A similar mecha-
nism was found for a chiral IrIII–NHC catalyst (compound
97, Scheme 45).[63]
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Scheme 45.

Other Catalytic Reactions

In addition to the reactions already discussed, other cata-
lytic applications of NHC complexes have been reported in
the last years. For example, compound 48 (Scheme 17) was
used as a catalyst in the oxidative cleavage of alkenes to
aldehydes (Scheme 46).[42] The reactions are highly selective
and, remarkably, no side products from overoxidation reac-
tions were observed, nor from the presence of epoxidation
or diolization processes.

Scheme 46.

Several RhI- and IrI–NHC complexes were tested in the
catalytic cyclization of alkynoic acids to yield the corre-
sponding exocyclic enolic lactones (Scheme 47),[27,35,50,54]

which show similar and even higher activities than those of
complexes reported before.[102] The high catalytic activity
shown by dimetallic RhI and IrI complexes with a triazol–
diylidene ligand (Scheme 23) is remarkable.[54] Again, it has
been observed for this catalytic reaction that the activity of
the RhI and IrI catalysts containing bis(carbene) ligands
with Cl substituents on the imidazole backbone (Scheme 5)
is higher than that of the analogous species with unsubsti-
tuted NHC backbones.[27]

Scheme 47.

An important field in which N-heterocyclic carbenes are
beginning to play a role is tandem catalysis. The heterobi-
metallic triazol–diylidene-based compounds 71 and 72
(Scheme 26) were successfully employed as tandem cata-
lysts[54,55] in the synthesis of substituted bis(indole)s by
catalytic cyclization of 2-aminophenethyl alcohol and sub-
sequent indole functionalization with a series of primary
alcohols (Scheme 48). The catalysts proved to be very active
in the overall process, and a controlled tuning of the selec-
tivity of the process could be achieved by changing the
amount of the primary alcohol added in the second step of
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the reaction so that either the bis(indolyl)methane or the 3-
alkylated indole could be obtained as the unique products
of the reaction.

Scheme 48.

Conclusions

N-Heterocyclic carbenes are an extremely versatile class
of ligands from both the topological and coordinative
points of view. The design of NHC-based homogeneous
catalysts is a straightforward task, which continuously al-
lows the development of new products with enhanced cata-
lytic activities and that are, in some cases, capable of per-
forming new organic transformations. At first NHCs were
known to mimic phosphane chemistry, but we are now sure
that NHCs have found their own place in chemistry re-
search, and still many new applications of complexes con-
taining this type of ligands are to come.
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