
C

A

a
c
t
o
©

K

1

p
t
t
d

u

0
d

Coordination Chemistry Reviews 251 (2007) 874–883

Review

Stereoelectronic parameters associated with N-heterocyclic
carbene (NHC) ligands: A quest for understanding
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bstract

The latest advances in N-heterocyclic carbene-based organometallic chemistry have drawn increasing attention to this class of ancillary ligands
s an attractive alternative to tertiary phosphines. Studies focusing on the fundamental steric and electronic factors characterizing this family of

ompounds are therefore essential for the rationalization of the activity observed for such organometallic complexes in metal-mediated organic
ransformations. This knowledge is also of fundamental importance in catalyst design efforts. This review intends to provide a comprehensive
verview of the progress in this area.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Carbenes are electron-deficient two-coordinate carbon com-
ounds that have two non-bonding electrons on that carbon. In
he ground state, the two unshared electrons may be either in
he same orbital with antiparallel spins (singlet state), or in two

ifferent orbitals with parallel spins (triplet state).

The quest for a stable carbene was long considered an
nreasonable target, until Wanzlick showed that the stability of

∗ Corresponding author.
E-mail address: snolan@icicq.es (S.P. Nolan).
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arbenes could be dramatically increased by vicinal amino sub-
tituents [1]. However, no isolation of a ‘monomeric’ carbene
as achieved at that time. In 1964, Fischer reported the first

table transition metal complexes bearing carbene ligands [2].
he so-called Fischer-carbene complexes were characterized as
aving a electrophilic carbenic carbon. Ten years later, Schrock
solated a different type of carbenic complex in which the polar-
zation of the metal-carbon bond is inverted and the carbenic
arbon was nucleophilic [3].
Between these two groundbreaking discoveries, Wanzlick [4]
nd Öfele [5] reported independently the first (NHC)-transition
etal complexes. In 1988, Bertrand and co-workers succeeded

n isolating the first stable carbene [6]. Unfortunately, the

mailto:snolan@icicq.es
dx.doi.org/10.1016/j.ccr.2006.10.004
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Fig. 1. Structures of N-

eported (phosphino)(silyl)carbene did not show any ability as a
igand for transition metals. The isolation of a free imidazol-2-
lidene by Arduengo et al. in 1991 provided access to numerous
ransition metal carbene complexes by simple complexation of a
table carbene [7]. The dogma that carbenes were only transient
pecies disappeared and a new and exciting field of research
nfolded for synthetic chemists.

The unexpected stability of the N-heterocyclic carbenes
NHCs) has prompted several groups to carry out studies in
rder to better understand these unusual species. The nature
nd strength of the (NHC)–metal bond are key information to
ational catalyst design. Studies aimed at quantifying phosphine
teric and electronic effects have had a major impact on the
evelopment of new and improved ligands for catalysis [8].

First considered as simple phosphine mimics [9], there is
ncreasing experimental evidence that (NHC)–metal catalysts
urpass their phosphine-based counterparts in both activity and
cope [10]. Despite the existence of several families of stable
arbenes, only the five-membered cyclic diamino carbenes have
ound numerous applications so far. Even if exceptions have
een reported [11], free acyclic carbenes including diamino car-
enes [12] are far more fragile than these NHCs and are poorer
igands, so far, for transition metal complexes [13]. Although
ome representative examples will be presented, their discus-
ion will not be exhaustive. Structures for the most commonly
mployed carbene ligands are shown in Fig. 1.

. Electronic structure of NHCs: the aromaticity
uestion

To date, all theoretical and experimental evidence indicates

hat, in order to form a stable carbene, the carbenic carbon
eeds to be bonded to strong �-donor atoms [14]. However, the
emarkable stability of the first isolated carbene, IAd, was totally
nexpected at the time. Ab initio studies led Dixon and Arduengo

t

i
p

cyclic carbene ligands.

o postulate that p(�)–p(�) delocalization is not extensive and
hat the bonding in these ligands should be considered carbenic
ince ylidic resonance structures are not dominant contributors
Eq. (1)) [15]. Similar conclusions have been reached using
iverse techniques [16]: the unexpected stability of free NHC
ould arise mainly from substantial �-charge transfer from the

arbenic carbon to the more electronegative neighboring nitro-
en atoms. Therefore, �-donation would only play a minor role.

(1)

Additional steric protection from the N-substituents may
nhance the stability of the carbenes and it might compensate
or less electronic stabilization, but it is not a decisive factor
ince sterically less demanding substituents also lead to isolable
arbenes [17].

However, it has been argued that the dominant factor stabi-
izing the carbenes is the donation from the nitrogen lone pairs
nto the formally empty p(�) orbital of the carbene carbon atom
18]. These authors also showed that the method of density
apping employed by Arduengo was not suitable for analyz-

ng electron delocalization. Related theoretical and experimental
eports have also suggested that there is a cyclic electron stabi-
ization, conferring the imidazol-2-ylidenes a certain aromatic
haracter [19]. This aromaticity would be appreciably smaller
han in ‘standard’ systems such as benzene or imidazolium salts
ut still significant from magnetic and thermodynamic perspec-
ives. At this point, it is important to note that there is no direct
ay to correlate the degree of conjugation with the resulting
hermodynamic stabilization [20].
Intuitively, the essential stabilizing role of the C C bond in

midazol-2-ylidenes has been evoked for a long time. Wanzlick’s
ioneer work on saturated carbenes, where only the correspond-
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Table 1
Enthalpies of ligand substitution and relative reaction enthalpies (kcal/mol)

[Cp*RuCl]4 + 4L
THF−→

30 ◦C
4Cp*Ru(L)Cl

L -2Hrxn Relative BDE

ICy 85.0 (0.2) 21.2
ITol 75.3 (0.4) 18.8
IpCl 74.3 (0.3) 18.6
IAd 27.4 (0.4) 6.8
IMesCl 48.5 (0.4) 12.1
IMes 62.6 (0.2) 15.6
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ng dimers could be isolated [21], seemed to also point in this
irection (Eq. (2)). The classical explanation invoking a ther-
odynamic stabilization of the carbenes via cyclic 6�-electron

elocalization had to be reviewed after the isolation of the first
midazolin-2-ylidenes in 1995 (Eq. (3)) [22]. It was then clear
hat such a delocalization would only be an additional stabiliz-
ng factor, and that the electron donation of the nitrogen atoms
ould be necessary and sufficient for stabilizing the free car-
ene. Arduengo alternatively suggested a kinetic stabilization
rovided by the double bond which was stated as critical for
chieving an electron repulsion strong enough to prevent any
lectrophilic reactivity of the carbene [16c].

. Thermodynamics of the (NHC)–metal bond:
lectronic and steric factors

.1. Electronic factors

Chemical computations often provide good approximations
or bond strength values, but the experimental determination by
hermodynamic means results in unquestionable values.

A major breakthrough in the importance of NHCs in metal-
atalyzed reactions came from the preparation of NHC–
uthenium complexes. These highly thermally stable catalysts
[23] and D [24] (Fig. 2) have allowed the preparation of func-
ionalized carbocycles and heterocycles from the corresponding
cyclic diene precursors that were unattainable using Schrock’s
25] or Grubbs’ [26] catalysts A and B.

Fig. 2. Pre-catalysts for olefin metathesis.
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Cy3 41.9 (0.2) 10.5
iPr3 37.4 (0.3) 9.4

The Cp*Ru(L)Cl system (Cp* = �5-C5Me5) has been used as
odel for quantifying ligand effects in ruthenium-based olefin
etathesis [27]. The measurement of reaction enthalpies of

Cp*RuCl]4 [28] with different sterically demanding two elec-
ron donors allowed for the establishment of a relative scale of
ond dissociation energy (BDE). Enthalpy values were deter-
ined by anaerobic solution calorimetry, reacting 4 equiv of

ach carbene with 1 equiv reaction enthalpies could be converted
o BDE values by simply dividing by 4 (the number of bonds
ormed in the course of the reaction) [29]. As shown in Table 1,
HCs behave as better donors than the best donor phosphine

igands with the exception of IAd. The origin of the low BDE
n this case is in the steric effect of the adamantyl groups on
he imidazole, which hinder the carbene lone pair overlap with

etal orbitals.
The higher catalytic activity of D over C in alkene metathe-

is has been attributed to a greater donor ability of saturated
arbenes, with no supporting quantitative evidence. Calorimet-
ic studies showed that contrary to expectation, differences in
eaction enthalpies between IMes and SIMes (as well as IPr
nd SIPr) were of only 1 kcal/mol [30]. These data suggest that
mall differences in the donor capacities of NHC ligands might
e responsible for significant enhancements in catalytic activity
ut subtle steric factor differences may also play an important
ole.

In the widely accepted mechanism for the ruthenium-
atalyzed olefin metathesis [31], dissociation of a phosphine is
ollowed by the formation of an olefin � complex that evolves
o the metalacycle intermediate (Scheme 1). Unlike what was
rst believed, the NHC ligand does not promote phosphine dis-
ociation. Recent theoretical studies [32] have shown that the
trong steric pressure due to the NHC destabilizes a phosphine
nd olefin free intermediate, thus slowing the catalyst initiation.
owever, this ligand promotes olefin coordination, lowers the

ctivation barrier and stabilizes the metalacycle intermediate,
hich explains the overall reaction acceleration experimentally
bserved with C and D.

It has also been suggested that the higher catalytic activity
f ruthenium complexes bearing saturated carbenes might be

ue to the increased basicity of the ligand [23b]. However, there
re only a few reports in the literature dealing with the experi-
ental pKb [33] of imidazo-2-ylidenes [34]. Recent theoretical

alculations have allowed for a classification of a number of car-
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Scheme 2. Preparation and IR values of (NHC)Ni(CO)3 complexes.
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Scheme 1. Partial proposed mechanism for the olefin metathesis.

ene according to their basicity (Fig. 3) [35]. This study showed
hat electron delocalization is not key in determining basicity.
he most influential factors would be the substitution on the
ackbone and mainly the NCN bond angle.

These results support the experimental suggestion that the
is(diisopropylaminocarbene) [36] is probably the most basic
arbene ligand known to date [37]. Moreover, the very basic
hosphine PtBu3 is still 10 pKb units less basic than the least
asic carbene [38]. However, it should be taken into account that
o studies on the basicity of late generation phosphines, that have
hown enhanced catalytic activities, have been reported to date
39].

Another empirical approach to the understanding of these
igands is based on the study of the carbonyl stretching frequen-
ies of NHC-containing carbonyl transition metal complexes.
o date, all reports point to the fact that NHCs are more
lectron-donating than phosphines [40]. Notably, the substitu-
ion reactions involving Ni(CO)4 and NHC ligands have been
tudied to some extent [41]. When reacted with this nickel pre-
ursor, most carbene ligands form the saturated (NHC)Ni(CO)3
omplexes (Scheme 2) [42]. Direct comparison of the electronic
roperties of NHCs with phosphines [43] could be done mea-
uring the carbonyl stretching frequencies of these complexes.

hese data clearly showed that NHCs are better �-donor than
ven the very basic phosphine, PtBu3. Of note, IR data have also
uggested that abnormal C5-bound NHCs would be substantially
tronger electron–donor than normal C2-bound carbenes [44].

t
(
b
i

Fig. 3. Classification of carbenes accord
Scheme 3. Preparation and reactivity of (NHC)Ni(CO)2 complexes.

These results suggest notably that the saturated NHC ligands
ould be slightly less electrodonating than their unsaturated ana-

ogues and that alkyl-substituted NHCs are only marginally more
lectron-donating than their aryl-substituted counterparts, which
ontradicts again the accepted dogma.

Under the reaction conditions depicted in Scheme 2, more
indered NHCs such as IAd and ItBu led to the forma-
ion of extremely rare [45] tricoordinated carbonyl complexes

Scheme 3). Due to the unsaturated nature of these complexes,
oth the NHC or the carbonyl ligands could be displaced depend-
ng on the reaction conditions.

ing to their theoretical pKb values.
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Table 2
CO and ligand BDE and %Vbur values for (L)Ni(CO)2 and (L)Ni(CO)3 com-
plexes (kcal/mol)

Ligand BDE of CO in
(L)Ni(CO)3

BDE of L in
(L)Ni(CO)3

BDE of L in
(L)Ni(CO)2

%Vbur

ItBu 13.3 24.0 44.3 37
IAd 7.6 20.4 46.5 37
IMes 28.3 41.1 46.5 26
SIMes 26.8 40.2 47.2 27
IPr 26.7 38.5 45.4 29
SIPr 25.6 38.0 46.1 30
ICy 27.0 39.6 46.3 23
P
P
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w
c
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t
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e
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3
e

a
o

Fig. 4. Boron-substituted carbenes.

Stable NHCs with a diboron backbone [46] and six-
embered ring carbenes derivatives of borazines have recently

een reported (Fig. 4) [47]. Variation of the boron substituents
ould notably allow tuning the electronic properties without

hanging the steric demands and therefore might permit a better
nderstanding of the factors governing the catalytic activity of
rganometallic complexes.

.2. Steric factors

It is clear that the overall availability of the carbene lone pair
s dependent of a combination of steric and electronic properties
f the ligand in a given coordination environment [48]. Crystal-
ographic studies on the Cp*Ru(L)Cl complexes did not lead to
straightforward correlation between the enthalpy of reaction

nd the bond length [27]. This is due to the existence of sig-
ificant reorganization energies in this system, a phenomenon
reviously observed in a rhodium-based system [49]. In general,
rom structural studies one can only conclude that bulkiness
f the groups bound to the nitrogen atoms of the NHC lig-
nds and more importantly, the short metal–carbon distances
n these complexes, increase the steric congestion around the

etal center when compared to tertiary phosphines.
In order to quantify the steric requirements of these ligands,

new model was designed: the percent of the volume occupied

y ligand atoms in a sphere centered on the metal (%VBur, see
ig. 5). This model allows for a more realistic comparison with
ther ligands, particularly tertiary phosphines. The model also
akes into account the high asymmetry of these ligands.

ig. 5. Representation of the sphere dimensions for steric parameter determina-
ion (%VBur) of NHC ligands (figure was reproduced from Ref. [10g]).

c
t
C
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t
h
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p

Ph3 30.4 26.7 30.0 22
tBu3 27.4 28.0 34.3 30

For Cp*Ru(L)Cl complexes the experimental (and theoreti-
al) BDEs plotted versus %VBur resulted in a linear correlation,
hich indicates that in this system the BDEs are essentially

ontrolled by the steric requirements of the ligand [30].
As mentioned before, only small electronic differences were

xperimentally observed in (NHC)Ni(CO)x complexes [42].
heoretical calculations reinforced this observation, indicating

hat any difference between NHC ligands is steric in nature
Table 2). In fact, the larger values of %VBur ItBu and IAd lig-
nds relative to IMes, SIMes, IPr, SIPr and ICy ligands were in
ualitative agreement with the different calculated BDEs. More-
ver, calculation of %VBur of PR3 systems allowed for a direct
omparison between the two ligand families showing that inter-
stingly, the two most sterically demanding carbenes are bulkier
han PtBu3.

.3. Influence of both factors in catalysis and stabilization
ffects

The right combination of electronic and steric factors char-
cterizing NHCs has been key to rationalize the stabilization of
therwise highly reactive species. Triscarbene-nickel–hydride
omplexes are a representative example [50]. Prepared by oxida-
ive addition of electron-rich (NHC)2Ni complexes into the
2–H bond of imidazolium salts (Scheme 4), these first reported

NHC)nickel–hydrides turn out to be surprisingly stable in solu-
ion, in the solid state and even in air. The stabilization of these
ydrides was explained by the directional distribution of the
teric bulk and the electronic properties of carbene ligands.
he ‘steric factor’ has also been evoked in the study of other
ickel(0) complexes and their catalytic activity in the C–C and
–F activation reactions [51].

Structural and catalytic studies on (NHC)Pd(R-allyl)Cl com-
lexes showed a striking difference of activity in aryl amination
eactions between the IPr-containing complex and the SIPr ana-
ogue, the latter being up to 60 times faster in catalysis than the
ormer [52]. This variation in reactivity was associated with the
ncreased hindrance associated to the SIPr ligand, rather than its

lectronic donation ability.

Nevertheless, an excessive steric pressure around the metal
enter can render labile the NHC–metal bond. Relief of this
ressure would be a significant driving force leading to lig-
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Scheme 4. Preparation of (NHC)3Ni-hydride complexes.
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Later, Arnold and co-workers reported the synthesis of metal
cheme 5. Phosphine–carbene exchange reactions in cobalt complexes.

nd dissociation. For instance, the reaction of a (PPh3)-bearing
obalt complex with free IPr did not led to a displacement of
he phosphine by the NHC, as expected [53]. On the contrary,
he reaction reached an equilibrium that allowed for the collec-
ion of thermodynamic data for the interchange of phosphine
nd carbene ligands (Scheme 5). Furthermore, addition of a less
emanding phosphine to the reaction mixture led to the total
isplacement of the carbene ligand.

Another example with direct implications in catalysis is an
nalog of Wilkinson’s catalyst, (PPh3)3RhCl, in which one of the
hosphines had been replaced by an IMes ligand [54]. This com-
lex underwent cleavage of the Rh–carbene bond when treated
ith triphenylphosphine in hot dichloroethane to yield quantita-
ively Wilkinson’s catalyst (Scheme 6) [55]. The corresponding
arbene salt and a dimer formed from a double SN2 reaction
etween the solvent and two molecules of the carbene were also

c
l
d

Scheme 6. Reactivity of (NHC)–rhodium
hemistry Reviews 251 (2007) 874–883 879

ormed during this reaction. Catalytic studies showed that the
HC complex is less active than the Wilkinson catalyst in hydro-
enation reactions. Remarkably, no displacement was observed
rom a less congested (NHC)–rhodium complex, even under
arsher reaction conditions.

This work illustrates the need of carefully interpreting the
atalytic results. During the reaction, loss of the carbene and
ormation of new species with greater catalytic activity can lead
o incorrect assumptions regarding the activity of the original
arbene-ligated complex [56].

. Nature of the (NHC)–metal bond

For decades it has been accepted that divalent carbon species:
R1R2 exhibit �-donor and �-acceptor properties upon binding

o transition metals. The coordination of conventional carbenes
epends mainly on � back-bonding since they are weak �-donor,
ut early studies suggested that the �-acceptor ability of NHCs,
ying between those of nitriles and pyridine, was negligible [57].
owever, more recent results point to a more flexible behavior
f NHCs where back-donation might importantly contribute to
he stabilization of the metal center [58].

.1. NHC ligands as pure σ-donors

The potential of NHCs to bind metal centers incapable of �
ack-donation has long been used as an empirical evidence of
heir pure �-donor character. NHC-bearing complexes of main
roup elements and rare earth metals can be viewed as donor
dducts, just like ammonia and ether complexes [59]. Magne-
ium [60], boron [61], aluminum [62], gallium [63], thallium
64], or silicon [65] as well as ytterbium and samarium [66]
orm stable adducts with NHCs.

The complexation chemistry of the heavier members of group
was first reported by Arduengo [67]. A number of mono car-

ene metallocene adducts derived from Mg, Ca, Sr and Ba were
arefully studied by NMR and crystallography techniques. It
as found that the nature of the carbene-metal bond ranges from

omewhat covalent for magnesium to rather ionic for barium.
omplexes bearing bidentate amido-NHC ligands [68]. These
ithium, magnesium and uranium complexes showed significant
istortion of the metal–carbene bond that did not translate in a

complexes in chlorinated solvents.
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Fig. 6. Amido NHC
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Scheme 7. Synthesis of a (NHC)–Be complex.

ecrease of this bond strength. This fact indicates that bonding
s predominantly electrostatic in nature (Fig. 6).

The beryllium case deserves to be highlighted since Be2+

s one of the hardest Lewis acids known [69]. Treatment of
eryllium chloride with IMe led to the formation of a tris-
arbenic ionic complex (Scheme 7) [70]. Introduction of four
igands proved impossible even when a large excess of ligand
as employed.
Theoretical analysis of the bonding situation in beryllium

arbene complexes showed that the population of the p(�) orbital
f the carbenic carbon is the key factor in the isolation of carbene
omplexes [71]. Since no back-donation would be possible in
he case of beryllium, �-donation from the substituents of the
arbene, enhanced by the coordination to a pure acceptor metal,
ould explain the stability of this complex.
Strong electron donation from the nitrogen atoms to the

arbene–metal bond has also been suggested in transition metal
omplexes. For example, in bis(NHC)nickel(II) complexes, the
MR signal corresponding to the �-CH proton at the cyclohexyl

ing (Scheme 8) shifted more than 2 ppm when compared to the
ree carbene [72]. This effect could also be explained by the
nisotropy of the imidazolium ring, though.

A number of experimental and/or theoretical studies have also

uggested that �-back donation is negligible in NHC-transition
etal bonding [73].

Scheme 8. Preparation of nickel(II) carbene complexes.

w
N
c
t

complexes.

.2. Importance of the π interaction in NHC-bearing
omplexes

The simplified picture of NHC as mere �-donors is now
bsolete and several reports have suggested that empty �, �*

rbitals on the NHC ring can contribute to the NHC–metal
ond [74]. Already in 1975, the existence of � back-bonding
n ruthenium(II) complexes bearing a carbon-bound xanthine
as reported [75]. Similar interactions were reported to allow

or the isolation of a vanadium(V) trichloro-oxo NHC com-
lex (Scheme 9) [76]. In this first report concerning NHC as
tabilizing ligands of high oxidation state transition metal com-
lexes, unexpectedly short distances were observed between the
is chlorine atoms and the carbonic carbon (2.849 and 2.887 Å,
espectively). The strong interaction between chlorine lone pair
lectron density and the formally vacant p(�)-orbital of the car-
enic carbon was illustrated by DFT calculations and it can be
onsidered as a form of back-donation in which the electron den-
ity comes from the chlorine ligands rather than the metal center
77]. Similarly, Shukla et al. found that there is an electron-
ensity transfer from the ancillary chloride ligands to the p(�)
rbital of the carbenic carbon of the TiCl2(NMe2)2 adduct with
Mes [78].

Non-negligible �-interaction between group 11 metals and
HC ligands had also been previously postulated [79], but it
as Meyer and co-workers who showed their existence by com-
utational analysis [80]. First reported with silver, copper and
old complexes bearing tripodal polycarbene ligands (TIMEMe,
ee Fig. 7) were also subjected to DFT calculations. An overall
donation from the ligand to the metal, in accordance with the

ell-known strong Lewis basicity of NHCs, was established.
evertheless the � back-bonding interactions were estimated to

ontribute to 15–30% of the complexes overall orbital interac-
ion energies, which can hardly be considered as negligible.

Scheme 9. Synthesis of a (NHC)–vanadium(V) complex.
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Fig. 7. Structure of 1,1,1-tris[3-methyl(imidazol-2-ylidene)methyl]ethane
(TIMEMe).
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Scheme 10. Synthesis of a (NHC)–uranium(III) complex.

Similar conclusions were drawn from EDA calculations
EDA = energy decomposition analysis) on group 11 complexes
ith NHC ligands [81]. In fact, calculated data suggested that the
back-donation in these complexes is not substantially smaller

han in classic Fischer carbene complexes bearing two � donor
roups [82].

In comparison to transition metals or lanthanides, only
ew examples of NHC–actinide metal complexes have been
eported so far [83]. Computational analysis of low-valent ura-
ium complexes coordinated to N-heterocyclic carbene ligands
Scheme 10) revealed that the stabilization of the electron-rich

ranium center was achieved due to the �-accepting character
f NHCs [84].

Recently, a new aspect in the bonding interaction of NHC
ith metal center was revealed by the study of the interaction

b

m
p

Scheme 12. Synthesis of ‘bare
Scheme 11. Reactivity of ItBu with [M(COE)]2Cl]2 (M = Rh or Ir).

f the bulky and very basic ItBu with [M(COE)2Cl]2 (M = Rh
r Ir) [85]. These solvent-dependent reactions (solubility of the
roduct dictated the outcome of the reaction) led to the first char-
cterization for both the immediate precursor and the product of
C–H activation process (Scheme 11).

Abstraction of the chlorine atom in these dicyclometalated
omplexes led to the isolation and characterization of the corre-
ponding 14-electron complexes (Scheme 12). Remarkably, no
gostic interactions, nor formation of metal–ligand adducts with
-donor ligands such as THF or acetone, were observed in these
ationic complexes.

Molecular orbital analysis of these ‘bare’ complexes indi-
ated that the ability of NHC ligands to act as � electron donors
s essential in understanding the unusual stability of these com-
lexes. These are again examples of stabilizing effects afforded

y NHC coordination.

This bonding ability had not been considered before and it
ight have important implications in catalysis. Notably, it could

lay an important role in explaining the higher thermal stabil-

’ 14-electron complexes.
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ty of NHC-based systems when compared to phosphine-based
omplexes.

. Final remarks

Fifteen years have passed since the isolation of the first NHC.
n spite of the true revolution that these ligands have brought to
etal-catalyzed reactions, we are still far from entirely under-

tanding the factors governing their reactivity. We are confident
hat further experimental exploration as well as improved com-
utational methods will continue to highlight the unique features
ssociated with these very versatile ligands.
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(c) K. Öfele, J. Organomet. Chem. 22 (1970) C9.

[6] A. Igau, H. Grutzmacher, A. Baceiredo, G. Bertrand, J. Am. Chem. Soc.
110 (1988) 6463.

[7] A.J. Arduengo III, R.L. Harlow, M.A. Kline, J. Am. Chem. Soc. 113 (1991)
361.

[8] C.A. Tolman, Chem. Rev. 77 (1977) 313.
[9] J.C. Green, R.G. Scur, P.L. Arnold, G.N. Cloke, Chem. Commun. (1997)

1963.
10] (a) W.A. Herrmann, Angew. Chem. Int. Ed. 41 (2002) 1290;

(b) M.C. Perry, K. Burgess, Tetrahedron: Assymetry 14 (2003) 951;
(c) E. Peris, R.H. Crabtree, Coord. Chem. Rev. 248 (2004) 2239;
(d) C.M. Crudden, D.P. Allen, Coord. Chem. Rev. 248 (2004) 2247;
(e) V. César, S. Bellemin-Laponnaz, L.H. Gade, Chem. Soc. Rev. 33 (2004)
619;
(f) S. Dı́ez-González, S.P. Nolan, Annu. Rep. Prog. Chem., Sect. B 101
(2005) 171;
(g) L. Cavallo, A. Correa, C. Costabile, H. Jacobsen, J. Organomet. Chem.
690 (2005) 5407.

11] E. Teuma, C. Lyon-Saunier, H. Gornitzka, G. Mignani, A. Baceiredo, G.
Bertrand, J. Organomet. Chem. 690 (2005) 5541.

12] (a) R.W. Alder, P.R. Allen, M. Murray, A. Orpen, Angew. Chem., Int. Ed.
Engl. 35 (1996) 1121;
(b) R.W. Alder, M.E. Blake, Chem. Commun. (1997) 1513;
(c) R.W. Alder, M.E. Blake, I. Chaker, J.N. Harvey, F. Paolini, J. Schutz,
Angew. Chem. Int. Ed. 43 (2004) 5896.
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