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. Introduction

It is the time to promove N-heterocyclic carbenes (NHC) from
he status of “emerging alternative to ubiquitous phosphines” to
he higher status of “well established ligands in catalysis”. Indeed,
omplexes of transition metals containing NHC ligands can be pur-
hased on the web from well established chemical suppliers. The
xistence of stable NHCs was intuited by Wanzlick et al. at the
eginning of the 1960s [1,2] and supported by the first indepen-
ent reports by Öfele and Wanzlick of transition metal complexes
ontaining NHC ligands around 1970 [3–5].

However, no diaminocarbene had been isolated with relatively
igh stability, i.e. without tendency to dimerize [6,7] until the mile-
tone report of Arduengo et al. of a stable crystalline carbene in 1991
6]. The first stable NHC was based on the imidazol-2-ylidene ring
nd had adamantyl groups as substituents on the N atoms (IAd in
hart 1), enjoying thermodynamic as well as kinetic stability in the
bsence of oxygen and moisture [6]. The steric hindrance of the
damantyl groups plays a key role, protecting the free NHC from
imerization. Subsequently, the 1,3-dimethylimidazol-2-ylidene
IMe in Chart 1) and the 1,3,4,5-tetramethylimidazol-2-ylidene
ITM in Chart 1) NHCs were synthesized, although they revealed
o be unstable when pure, and were not crystallized but charac-
erized as an oil [8]. Replacement of the alkyl substituents on the

atoms with simple aromatic substituents did not allow isolat-
ng free NHCs. However, the introduction of methyl or chloride
roups on the aromatic substituents stabilized three new NHCs, 1,3-
is(2,4,6-trimethylphenyl)imidazol-2-ylidene (IMes in Chart 1),
,3-bis(4-methylphenyl)imidazol-2-ylidene (ITol in Chart 1), and
,3-bis(4-chlorophenyl)imidazol-2-ylidene [8]. The substitution of
he hydrogens at the C4 and C5 atoms of the imidazole ring of IMes

y chlorides resulted in an extraordinarily air stable NHC [9]. This
emarkable stability was explained through a �-electron donating
ffect of the Cl lone pairs and to a �-electron withdrawing effect
ue to the high electronegativity of the Cl atoms, which reduces
nd thus stabilizes the basicity of the �-lone pair at the carbene

Chart 1.
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enter. Furthermore, the isolation of NHCs with N-substituents far
ess bulky than adamantyl, clearly indicated that steric hindrance is
ot the only factor explaining the stability of the first NHC isolated
y Arduengo. Indeed, adequate electronic stabilization of the car-
ene center in imidazol-2-ylidenes is enough to isolate free NHCs
ven in the absence of steric protection.

Until 1995 the C C double bond of the imidazol-2-ylidene ring
as supposed to be a required structural feature for the stability
f free NHC. However, another milestone report by Arduengo, the
solation of the first NHC with a saturated imidazolin-2-ylidene ring
SIMes in Chart 1), broke this paradigma [10]. The saturation of
he C4 C5 double bond of the imidazol ring does not change the
tructure of the resulting NHC sensibly. Among the small structural
hanges due to the �-effects are an increase in the N–C–N angle,
nd a slight elongation of C N bond.

The discovery of stable NHCs of course opened the route to an
xplosion of studies devoted to the synthesis of new NHCs, to their
haracterization, and to their use as ligands in transition metal
omplexes. The nice surprise was that NHCs ligands could eas-
ly replace phosphines, and that NHC-based catalysts were very
table under many catalytic conditions, although they present a
arbene functionality. This ability initiated impressive academic
nd industrial efforts, and as a result a great number of effective
HC-bearing catalysts with very different structures have been
esigned. In many cases these catalysts exhibited better activ-

ty than the corresponding phosphine-based catalysts, the most
oticeable example are in the field of Ru-catalyzed metathesis of
lefins [11–17], Ir-catalyzed hydrogenation [18–20], Pd-catalyzed

C coupling rections [21–23], and/or led to unexpected reactivity,
s in the case of Au-catalyzed reactions [24,25]. Further, H atoms
n positions 4, 5 of the saturated imidazolin-2-ylidene ring is a key
tructural feature for the introduction of asymmetry in the NHC
ing, which opens the door to the use of chiral NHCs in asymmetric
ynthesis [14,26–29].

The importance that NHCs ligands have acquired in practical
pplications spurred a remarkable amount of work focused on
he understanding of M (NHC) bond from an experimental and
theoretical point of view. The three orbital contributions to the

(NHC) bond are shown in Fig. 1. The starting hypothesis that
HCs were simple �-donors is now abandoned, while it is clear

hat both d → �* M to NHC �*-backdonation as well as � → d NHC
o M �-donation have to be considered to understand the details
f the M (NHC) bond. These contributions also depends on the
ature of the NHC skeleton, and it is well accepted that saturated
HCs based on the imidazolin-2-ylidene skeleton 1 of Chart 1, are
ore basic than NHCs with an aromatic ring fused on the NHC

ing, such as the benzimidazol-2-ylidene skeleton 2 of Chart 1, and
he unsaturated NHCs based on the imidazol-2-ylidene skeleton

of Chart 1. This variation of the NHC skeleton, associated with
ariation of the N-bonded substituents allows for a tuning of the
lectronic properties of the specific NHC ligand. On the other hand,
n strict similarity with phosphines appropriate selection of the N-
onded R substituents proved very effective in a variation of the
teric hindrance of NHC ligand. Thus, NHCs are ligands that allow
or a remarkable diversity in the steric and electronic properties,
hich can be tuned almost at wish.

In this review, which is not exhaustive, we will report on the fun-
amental insights that the theoretical community has contributed
o improve our understanding of the stability of free NHCs, and
f the electronic and steric factors associated with the stability of

he M (NHC) bond. To link the theoretical results to the experi-

ental advances in the field, we will also discuss a tiny fraction
f the huge amount of experiments that have been performed.
inally, we point the reader to other reviews in the field of NHCs
30–37].



H. Jacobsen et al. / Coordination Chemistry Reviews 253 (2009) 687–703 689

2
d

2

t
p
a
c
v
f
o
f
k
a
u
t
p
d
4
t
a
e
r
i
w

F

t
t
v
o
b
c

t
a
N
t
e
s
h

o
i
f
q
r
F
b
o
c
c
e
i
c
s
t
[

Fig. 1. The three bonding contributions to the M–(NHC) bond.

. Electronic structure of NHCs and thermodynamics of
imerization

.1. Electronic structure of NHCs

After the first synthesis of stable monomeric NHCs, spec-
roscopic studies immediately revealed their similarity with
hosphines. Indeed, both these classes of ligands are �-donor lig-
nds with low �*-backdonating character [38]. NHCs are neutral
ompounds with a divalent carbon atom with six electrons in its
alence shell [34]. NHCs are bent carbenes, which means that the
rontier orbitals are an sp2-hybridized orbital and a p orbital orthog-
nal to the sp2 plane, usually called � and p�, respectively. There are
our possible electronic configurations for NHCs, see Fig. 2. NHCs are
nown to present a singlet 1A1 ground state with a �2 configuration
nd discarding the high energy 1A1 singlet state, with a p�

2 config-
ration, the only competing electronic states are the triplet 3B1 and
he singlet 1B1 electronic states that present single occupied � and
� orbitals. On this basis, it is clear that the stability of carbenes
epends on the singlet–triplet �-p� gap, ES–T [39]. If greater than
0 kcal/mol roughly, a singlet ground state is favored [40]. In the
hree classes of NHCs reported in Chart 1 the singlet–triplet gap is

1
round 65–85 kcal/mol, which indicates clearly that the singlet A1
lectronic state with a �2 configuration is favored [39]. The main
eason invoked to explain the stability of the singlet state is the
nductive effect of the �-withdrawing amine group substituents,

hich stabilizes the � orbital on the carbene C atom. This stabiliza-

Fig. 2. Electronic configurations of NHC carbenes.

t
u

2

p

ig. 3. Qualitative diagram of the frontier orbitals in annelated heterocyclic systems.

ion of the � orbital increases the singlet–triplet energy gap, and
herefore the single state is favored [34]. Further stabilization is pro-
ided by p� donation from the N atoms into the empty p� orbital
f the carbene C atom [34]. Further, it was suggested that a more
ent bond angle at the carbene center should enhance stability of
arbenes [41].

As a final note, we remark that in NHCs it is usually assumed
hat the HOMO corresponds to the � lone-pair on the carbene C
tom, with � molecular orbitals that include the p� orbitals of the
atoms lower in energy. However, a recent combined experimen-

al/theoretical study evidenced that in some cases [42,43], see, for
xample, the pyridoannelated systems of Fig. 3, an inversion in the
tability of the � and filled � molecular orbitals can occur for the
igher silylene and germylene homologues [43].

The 5-membered ring of the basic skeleton of the NHC rings
f Chart 1 is planar, although the N–CH2–CH2–N dihedral angle
n the saturated imidazolin-2-ylidene NHCs deviates from a per-
ect eclipsed conformation by roughly 10◦. For a long time, key
uestions addressed the aromaticity of the imidazol-2-ylidene NHC
ing, as well as on the relevance of the resonance structures of
ig. 4. Independent reports by Apeloig and co-workers [44] and
y Boehme and Frenking [45] cleared the issue. Based on fourth
rder Møller–Plesset theory methods, MP4, and coupled-clusters
alculations with inclusion of single, double and perturbatively
onnected triple excitations, CCSD(T), Apeloig and co-workers
xplored several aromaticity criteria for the basic imidazol- and
midazolin-2-ylidene NHC rings, arriving at the conclusion that
yclic electron delocalization in imidazol-2-ylidenes is present to
ome extent, and that remarkable p� donation from the N atoms
o the carbene C atom occurs also in the imidazolin-2-ylidenes
44]. Similar conclusions were obtained by Boehme and Frenking,
hrough the analysis of the electronic structure in the saturated and
nsaturated NHC rings [44,45].
.2. Thermodynamics of NHCs dimerization

In many cases NHC ligands have proven to be more effective than
hosphines as ancillary ligands in catalysis [46,47], which started

Fig. 4. Resonance structures for imidazol-2-ylidene NHCs.
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n extensive search for new NHCs. Unfortunately, the search for
ew and useful NHCs remains extremely difficult, particularly for
he saturated NHCs derived from the imidazolin-2-ylidene ring,
ecause useful NHCs have to be synthesized as monomeric species,
hereas monomeric NHCs have the disappointing tendency to eas-

ly dimerize as shown in Eq. (1), where −Edim is the energy gain
ssociated with the dimerization of the two free NHC ligands.

NHC :� NHC NHC + −Edim (1)

Overall, the stability of monomeric NHCs depends on two
spects, steric and electronic. The electronic stabilization is related
o the �-withdrawing properties of the N atoms, but also depends
n �-donation into the carbene p� orbital from the �-system which
nvolves the p� orbital of the N atoms and can extend to the C4 and
5 atoms of the imidazol- and benzimidazol-2-ylidene rings [6].
n the other hand, steric effects due to bulky substituents on the
atoms protect the free NHC from dimerization. Of the three main

amilies of NHCs shown in Chart 1, the family of unsaturated NHCs
ased on 3 revealed to be the one thermodynamically most stable
owards dimerization [48–50].

Based on previous work by Carter and Goddard, that correlated
he bond energy of alkenes to the singlet–triplet energy separa-
ion ES–T of the corresponding carbenes [51], Heinemann and Thiel
oon realized that the singlet–triplet energy separation is also the
ey to understand the relative stability of NHCs [39]. In particu-
ar, they calculated that ES–T of saturated imidazolin-2-ylidenes,
70 kcal/mol, is roughly 10 kcal/mol lower than that calculated for
nsaturated imidazol-2-ylidenes, ∼80 kcal/mol. The higher ES–T of
he unsaturated ring was correlated to its higher stability towards
imerization [39]. Similar analysis was performed by Cheng and Hu
sing the hybrid B3LYP functional [52], and they further evidenced
hat Cl substituents on the C4 and C5 atoms of the imidazol-2-
lidene skeleton reduces the ES–T by roughly 5 kcal/mol relative
o the unsubstituted ring, while Me substituents on the N atoms
ave a rather small influence [52]. In a following study, Cheng
nd Hu extended this approach also to NHC bearing bulkier N-
ubstituents, such as iPr groups, evidencing that iPr groups slightly
educe the ES–T with respect to Me substituents, but have a more
izeable effect on the dimerization energy, which was ascribed to
he increased steric bulkiness of the iPr substituents relative to Me
ubstituents [53]. Almost at the same time, Nyulászi et al., in addi-
ion to the imidazol- and the imidazolin-2-ylidene rings, examined
lso a thiazol-2-ylidene carbene ring, in which one of the N atoms
f the imidazol-2-ylidene is replaced by a S atom [54]. Using both a
ost-Hartree–Fock MP2 approach and a DFT B3LYP approach they
ound that the dimerization energy of the unsaturated thiazol ring
s much closer to that of the saturated imidazolin ring, rather than
o that of the unsaturated imidazol- ring. Further, they reported an
xcellent correlation between the dimerization energy of carbenes
nd the enthalpy of the isodesmic reaction of Scheme 1. Finally,
hey found that the B3LYP dimerization energies are systematically
maller than MP2 values.

The effect of the heteroatom in cyclic carbenes was investigated
n details by Yates and co-workers [55]. They found that the N,N

midazol-2-ylidene carbene is thermodynamically the most sta-
le towards dimerization, while progressive substitution of the N
toms with S, P and O leads to cyclic carbenes with much higher ten-
ency towards dimerization. Further, in line with previous studies,
hey successfully correlated the dimerization energy of the various

Scheme 1.
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Chart 2.

arbenes with the enthalpy of the isodesmic reaction of Scheme 1,
s well as with the singlet–triplet energy splitting ES–T. However,
hey also warned that for carbenes with different steric require-

ents these empirical approaches to the dimerization energy could
ail [55].

A comprehensive study was performed by Alder et al. Using
B3LYP DFT approach they examined a series of cyclic NHC of

ariable size (5-, 6- and 7-membered rings) with different alkyl sub-
titution on the N atoms [32]. They clearly evidenced that increasing
he bulkiness of the alkyl group (Me, Et, iPr and tBu) increases the
tability of the monomeric NHC, and that this effects is less relevant
or the 5-membered NHC since the N-substituents are pulled away
rom the carbene center due to the small N–C–N angle. Comparison
f the Me substituted 5-, 6- and 7-membered NHCs indicated that
he energies of dimerization of the 5- and 6-membered rings are
ather similar, that dimerization of the 7-membered ring is favored
y roughly 20 kcal/mol with respect to that of the smaller rings,
nd that it is quite close to the dimerization energy of the acyclic
etramethyl substituted diaminocarbene. This was somewhat sur-
rising, since the 6-membered ring is apparently more similar to
he 7 rather than to the 5-membered NHC [32].

Starting from the observation that none of the carbenes of Chart
dimerizes, Denk et al. recently reported on a systematic study on

he thermodynamics stability of a series of symmetric and unsym-
etric NHC ligands [56]. Calculations at the DFT B98/6-31G(d) level
ere performed on the NHCs of Chart 2a, as well as on model NHC

ystems in which the tBu group is replaced with a H atom. The
resence of only one sterically demanding alkyl substitutent allows
o obtain enetetramines with substantially no steric pressure, see
hart 2b, allowing the separation between steric and electronic
ffects. This approach indicated that there is a regular increase of
tability of the monomeric NHC for R = Me, Et, iPr, tBu, due to the
ncreased electron donating properties of higher alkyls. Of course,
he tBu group stabilizes the monomeric NHC also for steric rea-
ons. Further, comparison of the calculated 13C NMR shift of the
arbenes, and of the stretching frequency of the C C double bond
n the enetetramines, suggested that the variation in the dimeriza-
ion energy on moving to higher alkyl substituents is mainly due to
progressive destabilization of the enetetramine rather than to a

tabilization of the monomeric NHCs [56].
In summary, several studies have clearly evidenced that the

imerization tendency of a given NHC can be connected to its steric
nd electronic properties [32,39,51–55], and some attempts have
een tried to propose empirical recipes to rationalize the dimer-

zation energy of NHCs [54,55], or to separate steric and electronic
ffects cleanly [56]. Recently, an empirical recipe described by Cav-
llo and co-workers has rationalized the dimerization behavior of
HCs, and could be used to predict if a newly designed NHC will
imerize or not [57]. One of the limits is that this kind of calcu-
ations predicts only the thermodynamic stability of a given NHC,
nd says nothing on its possible kinetic stability.

In this approach the dimerization energy of a given NHC, −Edim,
s described by Eq. (2), where NHCSteric and NHCElectronic are the
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ig. 5. Schematic representation of the sphere used for determination of the steric
arameter %VBur.

olecular descriptors able to capture the steric and electronic prop-
rties of a given NHC, respectively, while A, B and C are the empirical
arameters fitted to reproduce a set of Edim values.

dim = A× NHCSteric + B× NHCElectronic + C (2)

Based on previous studies that clearly evidenced a correla-
ion between the singlet–triplet energy gap and the dimerization
nergy, it was natural to set NHCElectronic = ES–T. For the steric part,
nstead, it was assumed that NHCSteric = %VBur, where %VBur is the
uried volume, see Fig. 5, which is a molecular descriptor that can
e considered as an analogue of Tolman’s cone angle for tertiary
hosphines [58]. The %VBur was successfully used to classify the
teric properties of NHC ligands [33], see Section 3.7 for further

etails. Due to the paucity of experimental data [59], the Edim that
ere fitted are DFT BP86 dimerization energies, EDFT

dim
. The ES–T val-

es and the geometries used for the calculation of the %VBur were
lso obtained from DFT calculations.

ig. 6. Plot of Edim vs. EDFT
dim

for the NHCs in the inset. The diagonal line is plotted
o guide the eye. Black circles refer to NHCs that are known to be stable as free

onomers, black triangles refer to NHCs that show a monomer–dimer equilibrium
n solution, black squares refer to NHCs that are isolated as stable dimers, while
mpty circles refer to NHCs for which no experimental data is available.

2
t
t
o
a
t

M
d
g
F

T
C
c

1
1

A

b

try Reviews 253 (2009) 687–703 691

Using this approach all the NHCs reported in the inset of Fig. 6
ere considered. Optimization of the A, B and C parameters of Eq.

2) resulted in a very good correlation between the predicted dimer-
zation energies, Edim, and the dimerization energies obtained
hrough DFT calculations, EDFT

dim
, see Fig. 6.

Considering that NHCs 3b [60] and 1c [61] of Fig. 6 are known
o be stable as monomers and dimers, respectively, it was sug-
ested an energy window separating NHCs that will be stable
s monomers (EFit

dim
> −3 kcal/mol) and NHCs that will dimerize

EFit
dim
> −22 kcal/mol) [57].

. The M (NHC) bond

.1. Performance of DFT methods to reproduce experimental
alues

Before entering into the discussion of the M (NHC) bond, we
ive an overview of the performances of standard DFT approaches in
eproducing a series of experimental results that involve complexes
f NHCs with transition metals.

Although it is well accepted now that DFT methods are
xtremely effective in reproducing the X-ray geometries of tran-
ition metal complexes [62], it is worth to stress this point once
ore. A series of experimental and DFT M (NHC) bond distances

re reported in Table 1.
The DFT optimized structures reproduce the X-ray M (NHC)

istances with a rmsd of only 0.016 Å. Further, even small differ-
nces, such as the shorter Ru (NHC) distance found for unsaturated
HCs with respect to the analogous saturated NHC, compare entries
and 3 in Table 1. However, it is important to stress that almost all

hese calculations have been performed with inclusion of relativis-
ic effects with the zero-order regular expression (ZORA) [67–69]
r with relativistic effective core potentials, since relativistic effects
re relevant for accurate calculations on second and particularly
hird row metals.
Similar good agreement is obtained if the energetic of the
(NHC) bond is considered. As shown in Table 2, the DFT bond

issociation energies of the NHC ligands, BDE, reproduce with
ood accuracy the relative calorimetric bond disruption enthalpies.
irst, there is a reasonable agreement between the absolute exper-

able 1
omparison between M (NHC) bond distances from X-ray structures and DFT
alculations

Complex M–(NHC), X-ray M–(NHC), DFT Reference

1 Cp*Ru(ITol)Cl 2.068 2.044 [63]
2 Cp*Ru(IMes)Cl 2.105 2.086 [63]
3 Cp*Ru(SIMes)Cl 2.083 2.076 [63]
4 Cp*Ru(IPr)Cl 2.086 2.093 [63]
5 Cp*Ru(SIPr)Cl 2.087 2.078 [63]
6 (TIMEMe)2Cu3

a 1.912 1.901 [64]
7 (TIMEMe)2Ag3

a 2.082 2.087 [64]
8 (TIMEMe)2Au3

a 2.028 2.054 [64]
9 (IMes)Ni(CO)3 1.971 2.005 [65]

10 (SIMes)Ni(CO)3 1.960 1.969 [65]
11 (IPr)Ni(CO)3 1.979 1.967 [65]
2 (SIPr)Ni(CO)3 1.962 1.967 [65]
3 (ItBu)Ni(CO)2 1.957 1.964 [65]

14 (IAd)Ni(CO)2 1.953 1.964 [65]
15 (IMes)Ir(CO)2Cl 2.108 2.099 [66]
16 (SIMes)Ir(CO)2Cl 2.121 2.103 [66]
17 (IPr)Ir(CO)2Cl 2.079 2.096 [66]
18 (SIPr)Ir(CO)2Cl 2.071 2.098 [66]
19 (ItBu)Ir(CO)2Cl 2.114 2.121 [66]

ll distances in Å.
a TIMEMe = Tripodal 1,1,1-tris[(3-methylimidazol-2-ylidene)-methyl]ethane car-

ene ligand.
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Table 2
Relative experimental bond disruption enthalpies and DFT bond dissociation ener-
gies for a series of M (NHC) bonds

Complex Relative BDE,
experimental

Relative BDE,
DFT

Reference

1 Cp*Ru(ITol)Cl 18.8 26.2 [63]
2 Cp*Ru(IMes)Cl 15.6 19.2 [63]
3 Cp*Ru(SIMes)Cl 16.8 19.2 [63]
4 Cp*Ru(IPr)Cl 11.1 11.6 [63]
5 Cp*Ru(SIPr)Cl 12.1 10.9 [63]
6
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(ItBu)Ni(CO)2 39 ± 3 44.3 [65]
(IAd)Ni(CO)2 43 ± 3 46.5 [65]

ll BDEs are in kcal/mol.

mental values and the DFT values, although the DFT values are
btained from gas-phase calculations. Of course, this agreement
s the consequence of compensation between various effects, such
s reduced basis sets, basis set superposition errors, and neglect of
olvent effects. Nevertheless, the calculated DFT BDEs reproduce
he experimental trend that in the BDE of the Cp*Ru(NHC)Cl com-
lexes, ITol > IMes ∼ SIMes > IPr ∼ SIPr [63], and that the BDE of ItBu

n (ItBu)Ni(CO)2 is smaller than that of IAd in (IAd)Ni(CO)2 [65].
Since the M (NHC) bond length and energy is reproduced with

easonable accuracy, it is reasonable that also vibrational proper-
ies are reproduced well by DFT methods. In Table 3 a comparison
etween the experimental and theoretical frequency of CO stretch-

ng in a series of Ir complexes is reported. The DFT values reproduce
ith very good accuracy (roughly 20 cm−1) both the asymmet-

ic (�CO ∼2000 cm−1) and the symmetric (�CO ∼2070 cm−1) CO
tretchings. Within a given family of N-substituents (alkyl or aro-
atic) the DFT values replicate well the experimental trends.

urthermore, the DFT values can be also used to capture small
ifferences between saturated NHCs (SIPr and SIMes) with their
nsaturated counterparts. Indeed, the DFT values reproduce the
xperimental finding that both CO stretchings are about 1 or 2 cm−1

maller in the unsaturated NHCs. This finding suggested that in the
aturated NHC-containing complexes there is a higher Ir → (NHC)
*-backdonation, which consequently results in reduced Ir → CO
*-backdonation. Before concluding, we warn that the calculation
f vibrational properties on rather large complexes, such as those
f Table 3, is extremely complicated because of the large number
f different geometries these systems can adopt, which are very in
lose in energy.

A good agreement between the experimental and the theoretical
ata was obtained also in the calculation of the relative 195Pt NMR
hemical shift, �Pt, and Pt–C(NHC) spin–spin coupling constant,
Pt–C, in the (NHC)Pt(dmso)Cl2 (NHC = IMes, SIMes) complexes [70].
he DFT values correctly reproduced the experimental finding that
he chemical shift �Pt of the Pt center in the IMes-based complex is
oved downfield relative to that in the SIMes complex by roughly
0 ppm, and that the Pt–C spin–spin coupling constant JPt–C in the
IMes-based complex is smaller than in the IMes-based complex
y roughly 120 Hz [70].

able 3
xperimental and DFT-calculated carbonyl stretching of a series of (NHC)Ir(CO)2Cl
omplexes from ref. [66]

Complex �CO (cm−1), experimental �CO (cm−1), DFT

(ItBu)Ir(CO)2Cl 2065, 1980 2085, 2012
(IAd)Ir(CO)2Cl 2063, 1980 2082, 2010
(ICy)Ir(CO)2Cl 2065, 1981 2083, 2015
(IMes)Ir(CO)2Cl 2066, 1980 2084, 2007
(SIMes)Ir(CO)2Cl 2068, 1982 2085, 2008
(IPr)Ir(CO)2Cl 2067, 1981 2083, 2005
(SIPr)Ir(CO)2Cl 2068, 1982 2084, 2007

(
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Finally, we remark that Green et al. compared the experimental
hotoelectron spectra of (NHC)–M–(NHC) (M = Pd, Pt) complexes
ith the ionization energies calculated at the BP86 DFT level. An

verall good agreement between the pattern of calculated and
xperimental ionization energies was found [71].

.2. NHC as �-donors: the M–(NHC) �-bond

In contrast with the classical carbene ligands, NHCs do not
equire �*-backdonation from the metal into p� orbitals of the
arbene carbon atom in order to form stable adducts. Indeed, the
tability of NHC-bearing complexes of main group elements and
are earth metals has been long used as an empirical evidence of
heir pure �-donor character. A number of stable NHC adducts of

ain group elements [72–78], of alkali [79] and earth-alkali metals
80–82], as well as of ytterbium and samarium complexes [83–86]
ave been reported.

Within group 2 elements, beryllium is of particular interest due
o the strong Lewis acidity of this cation. Since the first-report of
stable Be–(NHC) derivative by Herrmann et al. [87], a new field

n carbene chemistry was opened. They showed that nucleophilic
arbenes as IMe can split the polymeric structure of beryllium
ichloride to form tris-carbenic ionic complexes of general formula
(Cl)Be(IMe)3]+[Cl]−. The bonding situation in Be–(NHC) deriva-
ives was investigated by Frenking and co-workers using ab initio
alculations at the MP2 level of theory on beryllium-carbene
odel systems of general formula Be(CX2)n

2+ (X = H, F; n = 1–4),
lBe(CX2)n

+ (X = H, F; n = 1–3), and Cl2Be(CX2)n (X = H, F; n = 1, 2)
88]. Natural bond orbital analysis supported the idea that the car-
ene ligands are pure �-donors in these complexes. The dications
e(CX2)n

2+ have strong Be2+ C donor–acceptor bonds. The :CH2
omplexes have stronger Be C bonds than the :CF2 complexes,
ut the :CH2 complexes were predicted to be less stable than the
CF2 complexes for kinetic reasons. The carbon p� orbital of the

ethylene moiety stays nearly empty in the Be(CH2)n
2+ complexes,

hich makes them prone to nucleophilic attack. In the Be(CF2)n
2+

omplexes the p� donation from the fluorine atoms stabilizes elec-
ronically the complexes. These results clearly supported the idea
hat the key factor in the isolation of stable carbene complexes
s the population of the p� orbital of the carbene C atom, which
an be increased by � donation from the atoms bonded to the
arbene C atom. Since no back-donation is possible in the case of
eryllium, �-donation from the substituents of the carbene C atom
the N atoms in NHCs) improving coordination to a pure acceptor

etal, can explain the stability of the complex obtained by Her-
mann. Focusing on the heavier members of group 2, the first stable
dducts of alkaline earth metals with NHC ligands were reported
y Arduengo et al. in 1998 [81]. In this structural study a series of
,3,4,5-tetramethylimidazol-2-ylidene adducts with (Cp5Me5)2M
Cp = �5-cyclopentadienyl, M = Mg, Ca, Sr, Ba) was compared. The
ature of the M (NHC) bond showed smooth trends, with M C
onds ranging from somewhat covalent for magnesium to rather

onic for barium, with a dependency of the metal–carbene bond
trength on the size of the alkaline earth metal. A number of dif-
erent adducts of IPr with complexes of Mg, Ca, Sr and Ba with
ubstituted Cp were carefully studied by NMR and crystallography
echniques by Schumann et al. [82]. They showed that the imidazol-
-ylidene ligand prefers to bind the alkaline earth center by
-donation. However, examination of the M–C(NHC) distances in

hese complexes (Mg–C(NHC) < Ca–C(NHC) < Ba–C(NHC)) indicates

hat the stronger �-interactions are observed with the lighter alka-
ine earth metals. This trend is also supported by the 13C NMR chem-
cal shift of the carbene center coordinated to the various metals.

Erker and co-workers reported the synthesis and the bonding
nalysis of carbene adducts of the cationic group 4 metallocene
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ig. 7. Schematization of the favored “in plane” conformation (left-side) and of the
ess stable “perpendicular” conformation (right side) of cationic [Cp2TiCH3(NHC)]+

omplexes.

omplexes such as those of Fig. 7 [89]. They found that the structural
haracteristic feature of these complexes is the conformational
rrangement of the NHC ligand with respect to group 4 bent metal-
ocene framework. X-ray crystal data showed that the NHC ligand
as bonded to the transition metal in an orientation where the NHC

ing lies in the equatorial belt of the metallocene moiety. NMR anal-
sis indicated the absence of a rapid rotation around the M (NHC)
ond for both metallocenes. Theoretical investigation at the DFT

evel of the complexes of Fig. 7 and of a series of related models
evealed that the observed “in plane” orientation of the NHC ligand
s steric in nature. It takes origin in the steric repulsion between the
ulky isopropyl substituents of the NHC ligand and the Cp ligand,
ee Fig. 7. The bonding between the imidazol-2-yldene ring and the
ationic Cp2TiCH3

+ moiety was analysed considering a fragment
pproach within an overall CS symmetry. Frontier orbital analysis
isplayed that the overall bonding situation of the NHC ligand does
ot match with the one observed for Fischer type carbene com-
lexes. The bonding interaction between the HOMO of the NHC,
ainly composed of the donating lone pair of the NHC, and the

wo lowest lying empty orbitals of the metallocene fragment leads
o a low-lying metal–(NHC) �-bond. Charge distribution analysis
f the complexes indicated no remarkable differences between the
in plane” conformation (global minimum) and the less favoured
perpendicular” conformation (see Fig. 7). The absence of a depen-
ence in the charge distribution upon the NHC rotation confirmed
he main �-orbital character of the M (NHC) bond and the lack of
-contributions. This study was extended through the DFT analy-

is of a series of bis-Arduengo carbene complexes of group 4 metal
alide of the type MCl4(NHC)2 [90,91]. Bonding analysis supported
gain the idea that the NHC ligands serve as pure �-donor in these
ases.

Still on group 4 M–(NHC) systems, DFT Ti–(NHC) bond energies
alculated by Roesky and co-workers in complexes of general for-
ula L–[TiF5]− (L = IMe, F−, Cl−) resulted in the following order of

he relative basicities: Cl− < IMe < F−, in agreement with the exper-
mental order extracted from the NMR data [92].

Over the years, several theoretical studies supporting the idea
hat the M–(NHC) bond is mainly a �-bond in nature were reported
lso for late transition metals. Lee and Hu reported on a system-
tic DFT analysis of a number of different NHC ligands in Cr(CO)5L
omplexes, L being different imidazol-2-ylidene or imidazolin-
-ylidene based NHC ligands, as well as acyclic carbenes, and
hosphines by Lee and Hu [93]. NHCs ligands showed Cr–C dis-
ances longer than those observed for other carbenes. Comparison

f the NHC dissociation energies and of the Cr–(NHC) distances in
midazol-2-ylidene and imidazolin-2-ylidene complexes suggested
hat �-delocalization in the ring of the NHCs does not affect the
ature of the M (NHC) bond, since both parameters are scarcely
ependent on the nature of the NHC ring. Further analysis indi-
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ated that for these NHCs complexes �-backdonation is negligible
ompared to the �-donation.

Group 10 metals (Ni, Pd, Pt) bis(carbenes) complexes are a pro-
otypical example of stable neutral two-coordinated complexes. As
or the isoelectronic complexes of group 11 metal ions (Cu+, Ag+,
u+), they show a linear coordination at the metal atom [94], which

s common for d10 metals. The crystal structure of the M(ItBu)2
M = Pd, Pt) complexes presents an approximate D2d symmetry with
he two rings orthogonal to each other. The M (NHC) bond in these
ystems has been investigated by Green et al. [71] by a combination
f photoelectron spectroscopy and DFT BP86 calculations. Molec-
lar orbitals analysis indicated that the primary bonding orbital,
g, is a linear combination of the carbene lone pairs and of a metal

dz2 + s) hybrid. The photoelectron spectrum of the Pd(ItBu)2 and
t(ItBu)2 complexes were compared with that of the free ligand,
nd the change in the band profile after complexation was found
o be consistent with the stabilization of the �g linear combination
f the lone pair in the complex. DFT calculations were performed
n the model systems M(imidazol-2-ylidene)2 under the assump-
ion of a perfect D2d symmetry. Ionization energies were calculated
oth by the Slater’s transition state method [95] as well as by calcu-

ating the cationic [M(NHC)2]+ species in the ion ground state and
he first eight excited states using the optimized geometries of the

olecules. The agreement between the pattern of calculated and
xperimental ionization energies confirmed that in these systems
he main bonding occurs through � donation from the NHC lone
air into the metal hybrid (dz2 + s) orbital, and suggested an almost
egligible � contribution to the M (NHC) bond [71].

More recently, Penka et al. expanded the theoretical under-
tanding of NHC bonding to group 10 electron rich metal complexes
96]. They analyzed, at the DFT PW91 level with inclusion of rel-
tivistic corrections by the ZORA method [67–69], the M (NHC)
ond in complexes of general formula [MX3(imidazol-2-ylidene)]−

X = H, Cl, I and M = Ni, Pd, Pt). The bonding scenario in these com-
lexes was compared with that calculated for the corresponding
yridine complexes [MX3(Py)]−. The main result was that the �-
haracter in the M (NHC) bonds is considerably stronger than in
he M (Py) bonds. Although in the NHCs complexes the �-acceptor
nteractions generally increases from I < Cl < H, as consequence of
he higher charge density on the metal in the MX3

− fragment, the
atio between � and � contributions to the M–(ligand) bond are cal-
ulated to be higher for NHCs complexes indicating the dominant
-donor nature of metal–(NHC) bond in the analyzed complexes

96]. Further on group 10 complexes, Ghosh and co-workers inves-
igated (NHC)PdX2(pyridine) (X = Cl, Br) complexes, and based on a
harge decomposition analysis they concluded that NHC are strong

donors with minimal �* accepting capability with rather high
/�* ratios [97].

NHC complexes of group 11 cations were theoretically
nvestigated by Boehme and Frenking [98]. They reported post-
artree–Fock calculations at the MP2 level of theory for the
omplexes of CuCl, AgCl and AuCl with the imidazol-2-ylidene NHC
igand and the related silylene and germylene ligands. The calcu-
ated metal–ligand dissociation energies, De, indicated that these
CH complexes have very strong M–(carbene) bonds. In partic-
lar, the (NHC) AgCl bond (De = 82.8 kcal/mol) was calculated to
e even stronger than the W (CH(OH)) bond (De = 75.0 kcal/mol)

n the classical (CO)5W(CH(OH)) Fischer carbene complex, whose
trength is increased by a relevant �*-backdonation interac-
ion [99]. Within the group, the De trend was calculated to be

u > Cu > Ag, for all the ligands (carbene, silylene and germylene)
onsidered. As for a ligand effect (carbene, silylene, and germy-
ene), the De trend was calculated to be C > Si > Ge. The M–(ligand)
onor–acceptor interactions were investigated by charge decom-
osition analysis [100]. The orbital contributions were divided into
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hree parts: (1) L → MCl �-donation from the ligand to the metal;
2) MCl → L �*-backdonationfrom the MCl fragment to the ligand;
nd (3) repulsive polarization between the L and MCl fragments,
ue to the mixing of occupied orbitals of L and MCl. The main result
as that the �-donation was found to be always remarkably larger

han the �*-backdonation [98], and the �/�* ratios were calculated
o be significantly larger than that calculated for classical Fischer
arbene compounds. The influence of the �*-backdonation was
ound to be a bit stronger in silylene and germylene with respect to
he carbene complexes, where it was found to be substantially neg-
igible, which suggested that �-donation is the dominant term of
he M (NHC) bond. The covalent contribution to the L MCl bond
rises from donation of the �-lone pair of the ligand to a metal
dz2 + s) hybridized orbital. Although a significant covalent con-
ribution was also calculated, topological analysis of the electron
ensity distribution in the complexes suggested that the M (NHC)
ond has a strong ionic character which comes from electrostatic

nteraction between the positively charged metal atom and the �-
one pair of the donor atom of the ligand. The charge decomposition
nalysis mainly confirmed the almost pure �-donor character of
he carbene ligands. Comparison between complexes and free lig-
nds showed that the p� population of the ligand donor atom X
X = C, Si, Ge) is slightly higher in the complexes. However, it was
uggested that this extra p� charge is not due to �*-backdonation
ut to a slightly enhanced aromaticity of the ligands in the metal
omplexes. In fact, the N–X bond order was found higher in the
omplexes than in the free ligands, indicating a rather stronger
–X �-donation [98]. It is noteworthy that a somewhat higher �*-
ackdonating contribution has been calculated for AuCl–carbene
omplexes, which was ascribed to relativistic effects that lead to
contraction of the s and p orbitals but to more diffuse d and f

rbitals. Relativistic effects have been recognized to be very impor-
ant in the description of gold compounds [101–104].

DFT studies of NHC complexes with coinage metals have been
erformed by Ghosh and co-workers, and they found that in the
NHC)–M–(NHC) systems the NHC is an almost pure � donor
105]. They also investigated the neutral dimeric Ag and Au
omplexes of Chart 3a. The Ag–Ag interaction was found to be
tronger than the Au–Au interaction. Analysis of M–(NHC) interac-
ion indicated that the NHCs are effective �-donors with relatively
eaker �*-accepting character [106]. Further, they investigated

he macrometallacycle complexes of Chart 3b, and evidenced that
n these cyclic systems the main NHC donation involves empty s
rbital of the metal (5s for Ag and 6s for Au), whereas in the cor-
esponding monomeric species donation occurs primarily at an
mpty p orbital of the metal [107].
Finally, still on group 11 metals, it is worth mentioning a DFT
tudy focused on the mechanism of formation of the very popular
omplexes of the type (NHC)Ag–X (X = halide) performed by Peris
nd co-workers [108].

Chart 3.
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Particular efforts have been devoted to study the difference,
n bonding properties, between saturated and unsaturated NHCs.
olan and co-workers reported a combined experimental and

heoretical study examining the bonding properties of NHCs in
he [(Cp*)Ru(NHC)Cl] system comparing saturated ligands, such
s SIMes and SIPr, with their unsaturated analogues IMe and IPr
63]. Computational and structural investigations showed that the

(NHC) bond distances are systematically slightly shorter for
aturated NHC with respect to their unsaturated analogues. This
nding, in conjunction with calorimetric and DFT BP86 studies of
he M (NHC) bond strength involving saturated and unsaturated
HC complexes, suggested that saturated NHC are slightly better
onor ligands, by roughly 1 kcal/mol, with respect to their unsat-
rated analogous. More recently, the same authors reported the
ynthesis and detailed spectroscopic and computational analysis of
(NHC)PtII] compounds [70]. NMR results and electron density anal-
sis confirmed the stronger �-donor ability of saturated NHC with
espect to the unsaturated ones. A similar preference for the bind-
ng of saturated versus unsaturated NHC was calculated by Caulton
nd co-workers. Based on B3PW91 DFT calculations they found that
IMe binds more strongly than IMe to RuHCl(PH3)2 moiety [109].

.3. NHC as �-acceptors: the �*-backdonation contribution to
he M–(NHC) �-bond

For almost a decade, NHC ligands were considered to be pure
-donors with substantially insignificant �*-backdonation capa-
ility. However, a few seminal reports [110–112], particularly that
y Meyer and co-workers [112], evidenced that NHCs have �*-
ackdonation capability, and this contribution in some cases is not
egligible.

.3.1. NHC–non-metals (C, N, O, Si, P, S) systems
B3LYP/6-31G* calculations were carried on (NHC)–carbenoid

dducts were the NHC is imidazol-2-ylidene and the carbenoid
ragments are CH2, NH, O, SiH2, PH, and S, see Chart 4.

According to these studies, the bonding between the NHC and
he CH2, SiH2, PH, and S carbenoid moieties is best described as a
onor–acceptor bond, consisting not only of � donation from the
HC but also from �*-backdonation of the carbenoid fragment into
* orbitals of the NHC group. However, when dealing with the NH
nd O fragments, the electronegativity of the heteroatoms results
n a mainly �-bond [72].

.3.2. NHC complexes with group 4 and 5 metals (Ti, Zr, Hf, V)
DFT studies performed on (IMe)–Ti(NMe)2Cl2 [113] and

IMe)–V(O)Cl3 [114] pointed out that there is a substantial bond-
ng overlap between the lone pair of the cis chloride ligands and
he formally vacant �-orbital of the carbene carbon atom of the

HC ligand. This kind of interligand bonding interactions involves
significant contribution from the d orbital of the V and can be con-
idered a sort of �-backdonation to the NHC with electron density
ransferred from the Cl lone pairs to the metal.

Chart 4.
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and characterized by X-ray diffraction by Lammertsma and co-
workers [123]. Bond analysis through BP86 DFT calculations with
inclusion of relativistic corrections through the ZORA method
[67–69] on model complexes of general formula [Cp(NHC)Ir = E]
(:E = :PH, :NH, :CH2) showed that the NHC behaves as a strong �
Chart 5.

BP86 DFT calculations performed by Jacobsen et al. on d0

etal complexes of V, Ti, Zr and Hf indicated that in these
ystems the M → NHC �*-backdonation usually is around 10%
f the total orbital interaction energy [115]. More details on
his point can be found in Section 3.6. Similar DFT studies, at
P86/TZ2P level, recently conducted on (NHC)–MCl4 complexes,
ith NHC = “normal” imidazol-2-ylidene and “abnormal” imidazol-

-ylidene ligands (see Chart 1) and M = Ti, Zr, Hf, indicated that the
contribution to the orbital interaction is about 12–13%, and half

f it corresponds to a M → NHC �-backdonation. Nevertheless, the
uthor pointed out that in these complexes the electrostatic inter-
ction between the NHC ligand and the metal plays the main role
n total bond energy [116]. Further, they also calculated stronger

(NHC) bonds down the group 4 metals triad, which is in line
ith classical organometallic knowledge.

.3.3. NHC complexes with group 6 metals (Cr, Mo, W)
A combined experimental and theoretical charge-density study

n the (IMe)Cr(CO)5 complex revealed a �-donor/�-acceptor char-
cter of the NHC ligand [117]. This conclusion was suggested by the
act that the calculated bond distances in the 5-membered ring of
he free NHC ligand are not significantly different after NHC com-
lexation to the Cr(CO)5 moiety. According to the authors, this is

nconsistent with only a �-donation M–(NHC) interaction, which
hould shorten the C N bonds of the NHC ligand after complexa-
ion.

A more general bonding analysis of (NHC)M(CO)5 complexes,
ith NHC = “normal” imidazol-2-ylidene and “abnormal” imidazol-

-ylidene ligands and M = Cr, Mo, W DFT studies, at BP86/TZ2P level,
as reported by Frenking and co-workers [116]. According to this

tudy, the considered d6 metal systems present a � contribution
o the total orbital interaction between the metal and the NHC
bout 17–18% of the total orbital interaction, and about 77–78% of
he � orbital interaction has been attributed to the M → NHC �*-
ackdonation. These results are in agreement with a previous DFT
tudy by Jacobsen et al. [115], see Section 3.6 for more details.

.3.4. NHC complexes with group 8 metals (Fe, Ru, Os)
Piano-stool Fe(II) complexes of the type [Fe(Cp)(CO)(NHC)(L)]X

L = pyridine, NHC, CO; X = I, BF4) were prepared by Albrecht and
o-workers [118]. Electrochemical measurements allowed to deter-
inate the Lever’s parameters [119,120] of pyridine and NHC,
hich indicated similar donor properties for both ligands. Since
donation of NHC ligands is well accepted to be stronger with

espect to pyridines, the authors argued that also the M → NHC �*-
ackdonation must be stronger in NHC than in pyridines bearing
omplexes, to balance the total charge transfer. DFT calculations
t BP86/TZP level confirmed this hypothesis. Calculations were
erformed on the six simplified systems described in Chart 5
Py = pyridine; NHC = imidazol-2-ylidene).
As for system 1, 2 and 3 of Chart 5, energy decomposition anal-
sis indicated that the M (NHC) bond (ca. 80 kcal/mol) is stronger
han the M–(pyridine) and M (CO) bonds (ca. 50 kcal/mol), and
hat the � contribution to the total orbital interaction of the Fe L
ond is similar for pyridine and NHC (17.8 and 15.4% for 2 and 3,
try Reviews 253 (2009) 687–703 695

espectively). In the presence of a larger � donation, as for 5 and 6,
he � contribution increases up to 28%.

An experimental and computational study on (PiPr3)2Ru(Cl)
H)(NHC) complexes with NHC = IMe, SIMe and the 7-membered
yclic saturated NHC with Me substituents on the N atoms was
onducted by Caulton and co-workers [109]. They compared the
-acidity of the unsaturated IMe and saturated SIMe NHC lig-
nds. Based on the B3PW91 DFT calculations they found that the
xchange reaction of these two ligand on the Ru fragment, is ther-
oneutral (bonding of the SIMe is favored by 1.1 kcal/mol only),

uggesting that none of these cyclic carbenes is more effective in
iving a stronger Ru C bond. They concluded that both carbenes
re primarily bound to the metal by a � bond, because in case
f a strong � interaction the aromaticity of the unsaturated IMe
igand should have stabilized the Ru fragment. Nevertheless, the
mall variations in the calculated bond lengths, together with the
xperimental bond lengths, in a very electron rich metal such as
u in Ru(H)(Cl)(PR3), also suggested that �*-backdonation in both
arbenes is not negligible.

Some other NHC complexes of group 8 metals were investigated
y a systematic bond analysis, using BP86 DFT methods [115], see
ection 3.6 for further details. We anticipate here that the reported

contribution to the total orbital interaction is about 15–17% for
ll d8 metal systems, whereas it drops to 10–11% for the d6 metal
ystems. The � M (NHC) bond is mainly due to �-backdonation,
hich can be over 80%. Similar conclusions were reported by Frenk-

ng and co-workers [116].

.3.5. NHC complexes with group 9 metals (Co, Rh, Ir)
One of the most elegant experimental evidences of the relevance

f �*-backdonation was reported by Bielawski and co-workers
121]. They synthesized the (NHC)RhCl(cod) (cod = cis,cis-1,5-
ctadiene) complex sketched in Chart 6, where the 4, 5 positions of
he NHC ring are fused with a p-quinone.

The exchange of the cod (with relatively little �*-backdonating
apability) with a CO (with relatively high �*-backdonating capa-
ility), and the use of IR spectroscopy and cyclic voltammetry to
bserve structural and electronic changes in the corresponding
omplexes, revealed the presence of M → NHC �*-backdonation in
hese complexes. In fact, the carbonyl stretching in the quinone
ncreases when substituting the cod with CO, and the reduction
otential of the complex presenting cod is greater than in the com-
lex presenting CO. All data supported the hypothesis that, as a
onsequence of the �*-backdonation, the NHC is more electron-
ich in the (NHC)RhCl(cod) complex than in the (NHC)RhCl(CO)
omplex. More recent IR and NMR studies conducted by the same
roup on similar Rh complexes demonstrated that NHC ligands not
nly present �*-acidic behaviour, but it is also possible to tune the
mount of �*-backdonation by changing the substituents (e.g. H,
l, CN) in positions 4, 5 of the NHC ring [122].

The Cp*(NHC)Ir = Pmes* complex, see Chart 7, was synthesized
Chart 6.
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as Ag < Cu < Au for the chloride systems. The energy decomposi-
tion analysis of the bis(carbene) complexes showed the same trend
Chart 7.

onor and weak �-acceptor ligand and that the single M (NHC)
ond is very strong for :E = :PH and :CH2, and much weaker for
E = :NH [123].

.3.6. NHC complexes with group 10 metals (Ni, Pd, Pt)
In 1994 Arduengo reported on the first isolated 14 electron Ni(0)

nd Pt(0) complexes presenting 2 IMes NHC ligands. Structural
-ray diffraction studies revealed unusual short M (NHC) bond
istances that, according to the authors, would be rationalized only
onsidering a contribution from M → NHC �*-backdonation.

PW91 DFT calculations with inclusion of relativistic corrections
hrough the ZORA method [67–69] on square planar anionic d8

omplexes of general formula [MX3(imidazol-2-ylidene)]− (X = H,
l, I and M = Ni, Pd, Pt), were conducted by Penka et al. [96].
he results were compared with analogous pyridine complexes
MX3(Py)]−. According to this study both the �-acceptor ability and
he � bonding of the NHC in these complexes are higher than in the
orresponding pyridine complexes. Nevertheless, due to the strong
contribution in the NHC complexes, the �/� ratio results higher

n the pyridine complexes, see also Section 3.2. The �-acceptor
ontribution increases in the order I ≤ Cl < H, due to the increase
f the charge on the metal. Moreover, the �-bonding contribution
ncreases in the order Pt < Pd < Ni.

The synthesis, structural characterization and BP86 DFT bond
nalysis of cis-[(IPr)Pt(dmso)(Cl)2], cis-[(IMes)Pt(dmso)(Cl)2], cis-
(SIPr)Pt(dmso)(Cl)2], cis-[(SIMes)Pt(dmso)(Cl)2], see Chart 8, was
eported by Nolan and co-workers [70]. Unsaturated NHCs behaves
s weaker ligands, being a less �-donating and less efficient �*-
cceptors. The �*-backdonation was estimated to contribute about
3% to the character of the bond. According to the authors, the cat-
lytic activity of the systems would be affected by the nature of
he NHC ligand because saturated NHCs bind more strongly to the

etal, stabilize the catalytic system, but make the metal a worse �
cceptor and � donor for an incoming substrate. On the other hand
nsaturated NHC ligands make the coordination of substrate more

acile, but could give rise to stability issues, because of the weaker
(NHC) bond.
Bond analysis DFT studies were performed by Jacobsen

t al. [115] on d10 metal systems [(NHC)M(ethylene)2] (with
HC = imidazol-2-ylidene, and M = Ni, Pd, Pt) and [(NHC)Ni(CO)2].
oth Ni(0) presented relatively high � contribution (24–25%) to
he total bond orbital interaction, with more than 95% of it due

o M → NHC �*-backdonation. Pd(0) and Pt(0), instead, present a

contribution smaller than 20%, 85–90% of which is due to the
→ NHC �*-backdonation.

Chart 8.
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Chart 9.

.3.7. NHC complexes with group 11 metals (Cu, Ag, Au)
In 2003 Meyer and co-workers reported on the synthesis

nd characterization of the NHC tridentate polycarbene silver
omplexes [(TIMEMe)2Ag3]2(Ag8Br14) and [(TIMEMe)2Ag3]2(PF6)3
TIMEMe = [1,1,1-tris(3-methylimidazolium-1-yl)methyl]ethane)
112], see Chart 9. The X-ray data indicated that the imidazol ring in
he [(TIMEMe)2Ag3]2(PF6)3 complex presents elongated C–N bond
istances, smaller N–C–N angles, and longer C C bond distance
ith respect to the starting imidazolium salt [TIMEMe](Br)3. This
ould be consistent with an increase of the � character of the

arbene carbon and a decrease of the � delocalization on the
midazole rings.

BP86 DFT calculations with inclusion of relativistic effects (ZORA
ethod) were conducted on the tricationc unit. Analysis of the fron-

ier orbitals showed that the M (NHC) bond mainly consists in a �
nteraction involving the NHC lone pair and the silver hybrid dz2 + s,
ut a significant � bonding interaction between the NHC and the
g metal atom, due to linear combination of the carbene p� orbitals
nd the metal dxz/dyz orbitals, is also established. Furthermore,
tarting from the Ag complex [(TIMEMe)2Ag3]2

3+(PF6)−
3, the cor-

esponding Cu and Au complexes were synthesized [64], see Chart
, and DFT calculations were performed for all systems. Also in this
ase the bonding analysis revealed a non-negligible � M–(NHC)
nteraction. BP86 DFT calculations on simplified diaminocarbene
omplexes of all group 11 metals, showed that the � contribution
n the M (NHC) bond can be quantified as 15–30% of the overall
rbital interaction energy [64].

NHC interactions with group 11 metals were also extensively
tudied by Frenking and co-workers by DFT calculations at BP86
evel using an energy decomposition analysis [124]. The considered
ystems are depicted in Chart 10.

As for (NHC)–MCl systems, the (NHC)–M total interaction energy
ncreases in the order Ag < Cu < Au, while focusing on the halide it
ncreases in the order I < Br < Cl < F. More than 75% of the attrac-
ive energy is attributed to the electrostatic contribution. The �
ontribution to the total orbital energy falls in the range 27–38%
nd decreases in the order F > Cl > Br > I, for the silver systems, and
or the strength of the (NHC) M bond (Au > Cu > Ag), and slightly
ore important orbital interactions than in the (NHC)–MX com-

lexes.

Chart 10.
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Chart 11.

.4. NHC as �-donors: the �-donation contribution to the
–(NHC) �-bond

The �-donor capability of NHC ligands toward transition metals
as been taken into account only in the past few years and seems to
lay an important role in electron poor complexes. The systematic
ond analysis conducted by Jacobsen et al. [115] on d0, d4, d6, d8 and
10 metal complexes (see Section 3.6 for details) showed a trend in
he � contribution on moving from electron-poor to electron-rich
ystems. Indeed, even if the � contribution to the total orbital inter-
ction energy (� + �) gradually increases on going from d0 to d10

etals, the percentage of NHC → M �-donation with respect to the
verall � contribution decreases. Similar results were obtained by
renking and co-workers which performed a bond analysis on dif-
erent d0, d6, d8 and d10 systems [116]. The NHC → M �-donation
as shown to follow the same trend, with a decrease from 48%

n (NHC)TiCl4 to 9% in (NHC)CuCl. Moreover, moving down the
riad in analogous complexes the NHC → M �-donation generally
ecreases for heavier metals, with the exception of group 11 metals.

The significant role of NHC → M �-donation was well estab-
ished in Rh and Ir electron poor 16 and 14-electron complexes,
ynthesized by Nolan and co-workers [125,126]. BP86 DFT calcu-
ations with inclusion of relativistic effects (ZORA method), were
onducted on the 16e metal MCl(ItBu′)2 and 14e metal [M(ItBu′)2]+

M = Rh, Ir) complexes shown in Chart 11.
Natural bond order (NBO) analysis indicates that the neutral

omplex (which does not present equivalent NHC M bond lengths,
s shown both by DFT study and X-ray diffraction) present a higher
ond order for one of the two NHC M bond mainly due to a partial
-d donation from the filled � MO highest in energy of the NHC

igand to the empty d MOs of the metal. The cationic complex is
haracterized by a local C2 symmetric axis and the HOMO-3 and
OMO-4 orbitals show a strong interaction between the filled �
O highest in energy of the NHC ligand to the empty d MOs of the
etal. These results, together with further studies conducted on

implified model, indicate that the ability of NHC ligands to act as a
donor represent a key in understanding the remarkable stability

f electron poor complexes.

.5. Energy decomposition analysis of the M (NHC) bond

Since energy is the crucial factor for structure and reactiv-
ty of chemical entities, energy decomposition analyses are most
elpful for gaining information about the driving force leading to
olecular geometry and reactivity. Energy decomposition schemes
llow for a quantitative description of qualitative bonding concepts
uch as �- and �-bonding, as well as donation and backdonation.
ther partitioning schemes that are often employed in character-

zing the nature of a chemical bond are based on charge analysis
127], or make use of a charge decomposition scheme [100]. A

g
t
t
i
i

ig. 8. The bond snapping energy and the two-step process of bond formation.

ultitude of complexes of N-heterocyclic carbenes with transi-
ion metal centers M–(NHC) has been subjected to a partition
nalysis [37,64,93,98,103,112,115–117,124,128–131], which has pro-
ided valuable insights into the nature of the M (NHC) bond. Most
tudies explore “normal” NHC ligands derived from imidazol-2-
lidene. A recent work extends the list of NHC tautomers to include
abnormal” NHC ligands derived from imidazol-4-ylidene as well
s imidazole itself [116], while another study focused on pentacar-
onyl Cr-Fischer complexes with acyclic carbenes [132].

.5.1. Energy decomposition
An energy decomposition scheme, which is widely used in the

nalysis of chemical bonding and that has found application also for
HC complexes, is based on ideas developed by Morokuma [133]
nd by Ziegler and Rauk [134,135]. This model, often referred to
s energy decomposition analysis EDA, is well described in the lit-
rature [136,137], but since we will discuss EDA results in greater
etail, we briefly summarize the gist of this method.

In order to analyze a chemical bond in a molecule, one sepa-
ates the chemical entity into two fragments A and B that result
rom cleavage of the bond to be analyzed. Then, one examines the
nergy of interconnection of the two fragments A and B associ-
ted with formation of the final molecule. The fragments A and B
osses the local equilibrium geometry of the final molecule, and
ave the electronic structure that is required for bond formation.
he focus of such a bonding analysis is the instantaneous inter-
onnection energy, which is the energy difference between the
olecule and the fragments in the frozen geometry of the com-

ound, having the electronic reference state of the final molecule.
he energy associated with the bond formation process from suit-
bly prepared fragments is related to the bond snapping energy,
Esnap [138,139].

Bond formation can be envisioned as a two-step process. First,
he fragments are brought together from infinite separation to
dapt the geometry of the final molecule, and each fragment reacts
o the presence of its counter-fragment. The energy associated with
he first step is usually called the steric interaction energy�E0. Then,
he fragments interact and utilize the full variational space of all
rbitals available, occupied as well as virtual, to relax to the fully
onverged ground-state wave function of the total molecule. The
nergy associated with the second step is referred to as the orbital
nteraction energy �Eoi. Thus, the bond snapping energy BEsnap

rites as in Eq. (3):

Esnap = −[�E0 +�Eoi] (3)

The two-step bond formation process is schematically illus-
rated in Fig. 8. The bond-snapping energy BEsnap actually refers
o the initial step in which the chemical entity is set up for bond
nalysis, and the bond to be analyzed is cleaved or “snapped”.

BEsnap can be used to calculate the bond dissociation energy,
e, by adding a preparation energy term �Eprep. �Eprep is the
nergy necessary to promote the fragments from their equilibrium

eometry to the geometry in the compound, and if required, to elec-
ronically excite the fragments from their electronic ground-states
o the reference states in the molecule. It is to achieve compatibil-
ty with bond dissociation energies that the bond snapping energy
s defined as the negative value of the sum of its contributors;
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positive value of BEsnap indicates a stable bond. Although the
ond snapping energy BEsnap does not always correlate with bond
issociation energies, since reorganization and relaxation of the
ragments are not taken into account, it is closely related to bond
nthalpy terms, which in turn provide a good approximation to
ond strength values [140].

.5.2. The steric interaction term
The steric interaction energy �E0 is obtained from the energy

0 of the wave function  0, see Eq. (4), which is constructed as
he antisymmetrized (A) and renormalized (N) product of the wave
unctions  A and  B of the fragments A and B:

0 = A · N · { A B}; E0 =
〈
 0|H| 0

〉
(4)

We note that the steric interaction energy is unambiguously
efined as in Eq. (5) [141]:

E0 = E0 − EA − EB (5)

The steric interaction energy consists of two components,
amely the electrostatic interaction energy between the fragments
Eelstat and the repulsive interactions�EPauli as in Eq. (6).

E0 =�Eelstat +�EPauli (6)

�Eelstat can be conceived as the classical electrostatic interaction
f the nuclear charges and unperturbed electronic charge distribu-
ion of one fragment with those of the other fragment, with both
ragments being at their final position. �EPauli refers to the repul-
ive interactions between the fragments, which are caused by the
act that two electrons with the same spin cannot occupy the same
egion in space. In the framework of density functional theory,
t is calculated by enforcing the Kohn–Sham determinant on the
uperimposed fragments to obey the Pauli principle by antisym-
etrization and renormalization.�EPauli comprises the three- and

our electron destabilizing interactions between occupied orbitals.
t is�EPauli and not the steric interaction term�E0 that corresponds
o the intuitive concept of steric repulsion [142–144], widely used
n chemistry.

The clear distinction between steric interaction and steric repul-
ion is often lost in recent applications of the EDA scheme. For
xample, in reference to early applications of EDA [145,146], it has
een stated that it was only “later recognized that�E0 has nothing
o do with the loosely defined steric interaction that is often used
o explain the repulsive interactions” [116]. However, it was clear
rom the beginning that �E0 is the energy of interaction when no
lectron transfer can take place, and that�E0 may be attractive or
epulsive [135]. The attractive or repulsive nature of �E0 is deter-
ined by the relative value of attractive electrostatic interaction

nd Pauli repulsion. We re-iterate the fact that it is�EPauli and not
E0 which corresponds to the qualitative idea of repulsive steric

nteraction. In view of the clear definition of steric interaction, the
laim that a negative �E0 “leads to a non-physical description of
ttractive steric interactions” [116] remains largely unsupported.

.5.3. The orbital interaction term
The stabilizing orbital interaction term, �Eoi, is the result

rom the second step of the bond formation process, when the
onstituting fragment orbitals relax to the fully converged ground-
tate wave function of the total molecule. This term accounts for
harge transfer processes, which are interactions between occu-

ied orbitals on one molecular fragment and unoccupied orbitals
n the other, as well as polarization effects, the mixing of occupied
nd virtual orbitals on one fragment [133].

The total orbital interaction energy�Eoi can further be broken
own into contributions from the orbital interactions within the

B

c
l

try Reviews 253 (2009) 687–703

arious irreproducible representations � of the overall symmetry
roup of the system, see Eq. (7) [135]:

Eoi =
∑

�

�E�oi (7)

For the M (NHC) bond, such decomposition allows one to
xtract values for � as well as �-contributions to�Eoi. The relevant
rbital interactions that dominate the M (NHC) bond are depicted
n Fig. 9.

The �-contribution �E�oi can be classified as �-donation from
he NHC-ligand to the transition metal center. The �-contribution
E�oi on the other hand is characterized by an interplay of �-

onation from the NHC-ligand to the transition metal center and of
*-backdonation from the metal to the ligand. Although the back-
onation is the major contribution to the �-interaction, �-donation

s not negligible and is a relevant factor that determines the nature
f the M (NHC) bond.

Constrained space orbital variation (CSOV) calculations utiliz-
ng a suitable division of the variational space make it possible to
ifferentiate between these two interactions [147,148]. In partic-
lar, in order to assess the contribution of �*-backdonation, the
ond decomposition analysis excludes those virtual orbitals on
he M fragment from the variational space, which belong to the
rreducible representation that characterizes the �-bond. The �-
ontribution of the orbital interaction energy is now associated
olely with interunit M to NHC �*-backdonation,�E˘oi (M → NHC).
imilarly, the amount of �-donation �E˘oi (NHC → M) is deter-
ined in calculations explicitly excluding all virtual orbitals of the
HC ligand from the variational space, which belong to the irre-
ucible representation that characterizes the �-bond. The sum of
hese two individual contributions differs slightly from �E�

oi by
small synergic contribution. Different synergic as well as resid-
al contributions to the orbital interaction energy may arise from
ifferent choices of variational space partitioning [149], but the
resence of synergic and residual contributions does not affect the
onding picture that is obtained from CSOV calculations.

.5.4. Decomposition schemes
From the discussion above, it becomes evident that the bond

napping energy BEsnap is comprised of three major components,
amely the orbital interaction, electrostatic interaction, and Pauli
epulsion as in Eq. (8):

Esnap = −[�Eoi +�Eelstat +�EPauli] (8)

The different contributions to the bond snapping energy are
ften grouped together as to emphasize different aspects of the
hemical bond [150]. As already discussed, Pauli repulsion and
lectrostatic interaction are commonly combined into the steric
nteraction term �E0, Eq. (6). The resulting partitioning scheme,
q. (3), follows the two-step process of first reacting and then inter-
cting fragments, and puts special emphasis on the role of orbital
nteractions.

To stress the importance of electrostatic interaction for chemical
onding, one might merge the terms for Pauli repulsion and orbital

nteraction into a combined orbital term�Eorb [151]. This definition
an be justified keeping in mind that both terms basically stem from
nteractions between orbitals on the two different fragments; be it
epulsive or attractive. The bond snapping energy then writes as in
q. (9):
Esnap = −[�Eorb +�Eelstat] (9)

Realizing that both electrostatic as well as orbital interactions
onstitute attractive bonding forces, these two terms might be ana-
yzed together as combined attractive interaction �Eattr, and one
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Fig. 9. Orbital interactions in the M–(NHC) bond, an

btains the expression of Eq. (10) for the bond snapping energy:

Esnap = −[�Eattr +�EPauli] (10)

This analysis evaluates the role and importance of attractive
onding forces due to electrostatic interactions, but it also allows
or a suitable comparison of attractive and repulsive forces that
overn a chemical bond.

.6. Balancing of the �, � and �* contributions: general trends in
–(NHC) bonding

It is instructive to summarize the main results of EDA analyses of
(NHC) bonding, before engaging in a comprehensive analysis of

rbital interactions. Values of the bond snapping energy BEsnap span
large spectrum of about 70 kcal/mol, ranging from 98 kcal/mol for
ationic gold complexes to 26 kcal/mol for anionic titanium com-
lexes. The progression observed for the bond snapping energy
Esnap is neither paralleled in the electrostatic interaction �Eelstat
or in orbital interaction�Eoi, the two attractive components of the
ond snapping energy. Also the Pauli repulsion�EPauli does not fol-

ow the ranking scheme observed for the bond snapping energies.
t is clear that the M (NHC) bond is characterized by the subtle
nterplay of various bond factors.

If one follows a bond partitioning according to steric interac-
ion and orbital interaction, it is evident that �Eoi provides the

ajor bonding interaction. The steric term is responsible for a fine-
uning of the relative bond strength, by providing either secondary
ttractive or secondary repulsive interactions. Various trends can
e established for the M (NHC) bond:

1. For cationic systems, electrostatic interactions as attractive
bonding forces constitutes a most important factor. In such sys-
tems the steric interaction �E0 is stabilizing, indicating that
attractive electrostatic interaction outweighs Pauli repulsion.

. Anionic systems form weaker bonds than cationic or neutral sys-
tems. Here, the steric interaction �E0 contributes a fairly large
destabilizing contribution, dominated by Pauli repulsion.

. Systems with higher formal d electron count form stronger
bonds. This observation reflects trends observed both in the
orbital interaction term as well as in the electrostatic interaction.

. Additional ligands L of LnM–NHC complexes that deplete elec-
tron density at the transition metal center due to �-acceptance
lead to a decrease in attractive orbital interaction�Eoi and at the
same time to a decrease in Pauli repulsion�EPauli.
. Additional ligands L of LnM–NHC complexes that enhance elec-
tron density at the transition metal center due to secondary
�-interactions lead to an increase in attractive orbital interaction
�Eoi and at the same time to an increase in repulsive interaction
�EPauli.

d
c
w
d
M

V-partitioning for � donation and � backdonation.

Trends in orbital interaction are often mirrored in Pauli repul-
ion. It is also evident that the various contributions to �Eoi
ave to be considered independently. The detailed make-up of the
–(NHC) provides valuable insights for an efficient bond tuning. At

he same time, the nature of the M (NHC) bond reveals little differ-
nces when “normal” NHC systems are compared with “anormal”
nes [116]. It is also noteworthy that saturated and unsaturated
HC ligands hardly differ in their electronic ligand properties [152].
hus, qualitative bonding patterns established for one class of NHC
igand yield a general bond picture for whole NHC family. How-
ver, as we have seen, the fine quantitative differences in M (NHC)
onding give rise to a multitude of different chemical utilizations
nd applications.

.6.1. � and � contributions to the M (NHC) bond
Computational evidence for significant metal–carbene �-

nteraction was first reported for a tripodal N-heterocyclic carbene
igand [64,112], and it was found that �-bonding amounts to at
east 15% of the total orbital interaction energy. Since then, a vast
umber of M–(NHC) complexes has been subjected to a detailed
/�-partitioning analysis [115,116,124,128,131]. That �-bonding in
–(NHC) complexes is more than a conceptual consideration was

roven by spectroscopic and crystallographic analyses of M–(NHC)
omplexes, which clearly provided experimental evidence as well
or M → NHC �*-backdonation interactions [122].

An extensive study of 36 model M–(NHC) complexes, which
ncludes systems in which the formal d-electron count for the tran-
ition metal amounts to d0, d4, d6, d8, and d10, and which further
ncludes cationic as well as anionic compounds serves as compre-
ensive data base for establishing trends in �- and �-bonding of
he M–(NHC) bond [115]. The fact that the model systems were
ased on crystal structures of NHC complexes of copper [153],
ilver [154], gold [155–157], nickel [158], palladium [159,160], plat-
num [161], iron [162], ruthenium [163], osmium [164], chromium
117], molybdenum [165], tungsten [166], vanadium [114], titanium
89], and hafnium [167] lends credibility to the validity of the set
f selected molecules for establishing general M–(NHC) bonding
rends. Inspection of the data reveals that the ratio of �- and �-
ontributions to the orbital interaction energy, as well as the ratio of
onation and backdonation of the �-component of�Eoi correlates
ith the formal d-electron count of the transition metal (Table 4).

In accord with intuitive qualitative considerations, the amount
f metal to ligand �-interaction increases with increasing d-
lectron count, and reaches an average 20% contribution for

10 systems. Even for the d0 systems, one sees an average �-
ontribution of 10%. More specifically, a cationic Ti–NHC complex
hich in a previous calculation has been described as a pure �-
onor [89], possesses 17% �-bonding character. The bonding in
–(NHC) is complex, and simplifying classifications such as “pure”
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Table 4
Average percent � and � contributions of �E�

oi
and�E�

oi
to the orbital interaction

energy, and average percent contributions due to �*-backdonation and �-donation
to�E�

oi

Formal d electron count

0 4 6 8 10

�E�
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90 88 86 85 80
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(� -backdonation) 65 70 77 82 90

E�
oi

(�-donation) 35 30 23 18 10

verages are based on data for 36 M–(NHC) model complexes compiled in ref. [115].

-donor do not capture the subtleties of the M (NHC) bond. The
ame holds true for the use of a term such as “negligible” to
escribe the �-bonding in metal NHC complexes. While the argu-
ent that 10% of bonding is “negligible” is open for discussion,

uch simplification would certainly overlook the exact nature of
he M (NHC) bond, as well as the potential role of metal–carbene
*-backdonation in the diverse NHC chemistry.

What the data of Table 4 clearly indicate is the fact that the role of
igand to metal donation increases in importance with decreasing
-electron count. Complexes with formal d-electron count of zero
ot only display the largest �-donation component for the orbital

nteraction energy, even the � component has a sizable donation
ontribution of 35%. The role of �-donation decreases with increas-
ng d-electron count, and of the model compounds, it is the set of
10 complexes for which �*-backdonation is most significant.

.6.2. Electrostatic contributions to the M (NHC) bond
The role and importance of electrostatic contributions for a

escription of chemical bonding of transition metal complexes that
oes beyond simplistic �/� orbital considerations has recently been
llustrated for “non-classical” carbonyl complexes [168]. It became
lear that the charge of the transition metal center determines
he magnitude and influence of electrostatic interaction for ligand
onding to transition metal centers, and that this influence is most
ronounced for cationic systems. Recent EDA analysis of M–(NHC)
ystems put a special emphasis on �Eelstat, but fail to address the
unction of the transition metal center for electrostatic interaction
116,124]. Here, the role of electrostatic interaction is often ana-
yzed by a breakdown of the attractive energy term�Eattr, Eq. (9).
he importance of electrostatic interaction then is judged in terms
f its contribution to the total attractive interaction energy,�E%attr

elstat.
his breakdown, however, is not easy to interpret. Not only are
he underlying forces for �Eelstat, and �Eoi different in their ori-
in, but also are the absolute values of�Eelstat, and�Eoi not to be
ut on equal footing;�Eelstat in general is significantly larger than
Eoi. For M–(NHC) complexes as well as for related Fischer carbene

omplexes,�E%attr
elstat in general is 60% and larger, and reaches values

lose to 80%. Such an analysis suggests that�Eelstat, constitutes the
ain component responsible for the metal to ligand bond. Trends

n�Eelstat are superimposed by trends in�Eoi, which makes it dif-
cult to draw unambiguous conclusions from such a partitioning.

A partioning that provides a clearer picture of the role of �Eoi
or M–(NHC) bonding puts the total bond energy in relation to
he electrostatic component, −BE%elstat

snap , and the larger the value of

BE%elstat
snap , the larger the influence of�Eelstat on the chemical bond.

A set of model M–(NHC) complexes, for which EDA data

re available in the literature, has been chosen to illustrate the
ecomposition in terms of −BE%elstat

snap . For the sake of comparison,
wo Fischer-type carbene complexes are also included. These 29

olecules are illustrated in Chart 12. The results for the model
omplexes are displayed in Fig. 10. −BE%elstat

snap values span a large

t

M
s
a

Chart 12.

ange, roughly ranging from 25% up to 65%. We note that the Fis-
her carbene complexes (cr2, w2) do not occupy a special position
ithin the −BE%elstat

snap ranking, but fall in line of the general progres-
ion for all carbene complexes of the chosen model set. Although
ifferences between Fischer carbenes and N-heterocyclic carbenes
re found, the NHC ligands undergoing stronger electrostatic inter-
ctions presumably due to the presence of more electronegative
-atoms, this analysis does not promote the notion that �Eelstat

s significantly different in NHC ligands when compared to Fischer
arbene ligands.

For anionic complexes, �Eelstat is only a secondary bonding
omponent. The same holds true for complexes where additional
one-pair ligands at the [M] moiety such as Cl− increase the elec-
ron density of the transition metal complex (e.g. fe3, ru3, os3).
or neutral d0-complexes and cationic complexes�Eelstat increas-
ngly gains importance, and reaches contributions exceeding 60%.
t the same time, this analysis provides only insight into the char-
cter of the M (NHC) bond, but does not allow for a prediction
f relative bond strengths. For example, both cationic complexes
Ti+]–NHC ti1+ and [Cu+]–NHC cu1+ display a −BE%elstat

snap contribu-
ion of 60%. Yet, the bond snapping energy for the copper complex
s 30 kcal/mol larger than for the titanium complex. As mentioned
efore, the M (NHC) bond is characterized by a subtle interplay of

he various contributing factors.

Electrostatic contributions are certainly of importance for the
(NHC) bond as they counteract the steric repulsion in the first

tep of bond formation. Electrostatic contributions might provide
dditional bond stability, but they are not easily accessible when
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Ni(CO)3(NHC) complexes are stable, whereas with the bulkier IAd
and ItBu NHC ligands the 18e Ni(CO)3(NHC) complexes are unsta-
ble, and the unsaturated 16e Ni(CO)2(NHC) complexes are instead
ig. 10. −BE%elstat
snap contributions (black bars) and�E%attr

elstat
contributions (grey bars) to

fine-tuning of M (NHC) bond or an optimization of the elec-
ronic properties of N-heterocyclic carbene complexes is sought.
t is variation in �-donation and in �-bonding that provides an
xperimental entry into modifying the reactivity and chemistry of
–(NHC) complexes.

.7. Steric effects in the M (NHC) bond

The bond dissociation energies of NHC, calculated for a series of
u and Ni complexes, are reported in Table 2. As discussed in Section
.1, the relative strength of the M (NHC) bond is clearly depen-
ent on the steric properties of the NHC-ligands in the crowded
p*Ru(NHC)Cl and Ni(CO)3(NHC) complexes. In the former class,
he BDE of the NHC ligands depends strongly on the bulkiness of
he groups in the ortho position of the aromatic rings of the NHC
igand. Largest BDEs are calculated for complexes without alkyl
roups in the ortho positions, such as the ITol, decreases of roughly
–8 kcal/mol in complexes bearing NHC ligands with Me groups
n the ortho position of the aromatic substituents on the N atoms,
uch as with the IMes and SIMes ligands, and further decreases by
nother 7–8 kcal/mol in complexes bearing NHC ligands with i-Pr
roups in these positions, such as with the IPr and SIPr ligands.

ig. 11. Experimental BDE (kcal/mol) vs. steric parameter (%VBur) in the Cp*Ru(L)Cl
ystems, from ref. [63].

f

F
Å

etal–ligand bond for 29 model complexes. Data compiled from refs. [37,115,116].

To quantify these steric factors the BDEs of Cp*Ru(NHC)Cl sys-
ems have been plotted versus the percent of buried volume, %VBur,
n Fig. 11. The %VBur which is the fraction of the volume of a sphere
entered on the metal, buried by overlap with atoms of the vari-
us NHC ligands. The volume of this sphere would represent the
pace around the metal atom that must be shared by the differ-
nt ligands upon coordination [33]. The plot of Fig. 11 shows a
inear correlation between the experimental BDEs and the %VBur,

hich clearly indicates that the BDEs are essentially controlled by
he steric requirements of the ligands, and that %VBur, although a
ery simple and intuitive molecular descriptor, is able to capture
he different steric requirements of the different ligands.

Focusing on the Ni-based complexes, their stability depends
ramatically on the bulkiness of N-substituents of the NHC lig-
nds. With the less bulky IMes and SIMes NHC ligands the saturated
ormed. The instability of the saturated Ni(CO)3(NHC) complexes

ig. 12. DFT geometry of the Ni(CO)3ItBu complex, from ref. [65]. Short distances in
.
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ith bulky NHC ligands, such as IAd and ItBu, is essentially due
o strong steric interactions between the NHC ligands and the CO
igands. This was supported by the geometrical inspection of the
FT optimized Ni(CO)3(ItBu) complex, see, which presents several

hort distances between the t-Bu group and the CO ligands, rela-
ive to unsaturated but sterically unstrained Ni(CO)2(ItBu) complex.
he strong steric interactions in Ni(CO)3(ItBu) result in a devia-
ion out-of-axis by 11◦ of one of the Ni–C–O angles. Differently, the
i(CO)3(IiPr) of Fig. 12 is characterized by very few short distances
etween the NHC ligand and the CO molecules, which explains its
tability.

. Final remarks

The sparkling discovery of the first stable crystalline NHC in 1991
rovided the chemical community with a new class of versatile lig-
nds whose steric and electronic properties can be tuned almost at
ish. This variability spurred extensive investigations in the field, to
nderstand the details of NHCs as ligands as well as of the M (NHC)
ond, and how the unique features of NHCs result in new and some-
ime unpredictable catalysis. It is clear that the end of the story has
ot been written yet, and many more exciting insights will come

rom both the experimental and theoretical communities.
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