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Abstract

In this work, we summarize recent theoretical studies of our groups in which modern quantum chemical methods are used to gain
insight into the nature of metal–ligand interactions in Fischer- and Schrock-type carbene complexes. It is shown that with the help of
charge- and energy-partitioning techniques it is possible to build a bridge between heuristic bonding models and the physical mechanism
which leads to a chemical bond. Questions about the bonding situation which in the past were often controversially discussed because of
vaguely defined concepts may be addressed in terms of well defined quantum chemical expressions. The results of the partitioning anal-
yses show that Fischer and Schrock carbenes exhibit different bonding situations, which are clearly revealed by the calculated data. The
contributions of the electrostatic and the orbital interaction are estimated and the strength of the r donor and p acceptor bonding in
Fischer complexes are discussed. We also discuss the bonding situation in complexes with N,N-heterocyclic carbene ligands.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Forty years have passed since the epochal synthesis of
the first transition metal (TM) carbene complex (CO)5Cr–
C(OMe)(Me) by Fischer and Maasböl in 1964 [1]. The
new class of compounds soon proved very useful and ver-
satile for organic and organometallic synthesis [2]. Ten
years later, Schrock [3] introduced another chemically
and industrially important class of compounds with a me-
tal–carbon double bond when he reported the synthesis of
(Me3CCH2)3Ta–C(H)(CMe3). It was soon recognized that
the Schrock carbenes behave, chemically, very different to
the Fischer carbenes [4]. The carbene ligands of the latter
species are usually electrophilic, while the former com-
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pounds have a nucleophilic center. Stable Fischer carbenes
usually have a stabilizing p-donor substituent (typically
OR or NR2) at the carbene ligand while Schrock carbenes
do not. Also, the metal in a Fischer carbene is typically in a
low oxidation state while Schrock carbenes have metals in
a higher oxidation state. The metal–carbene bonding in the
former class of compounds is usually discussed in terms of
the familiar Dewar–Chatt–Duncanson (DCD) donor–
acceptor model [5] which considers the dominant bonding
interactions to arise from ligand! metal r donation and
metal! ligand p back-donation. A schematic representa-
tion of the DCD model for Fischer-type carbene complexes
is shown in Fig. 1(a).

In contrast to Fischer carbenes, bonding in Schrock-type
carbene complexes is better described as a covalent bond be-
tween a triplet carbene and a triplet metal fragment as
shown in Fig. 1(b) [6]. Since the latter model does not em-
ploy donor–acceptor interactions between the metal and
the fragment, Schrock carbenes are better named alkylid-
enes. A particular subclass of Fischer complexes have car-
bene ligands which need little p back-donation from the
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Fig. 1. Schematic representation of the dominant orbital interactions in:
(a) Fischer-type carbene complexes and (b) Schrock-type carbene
complexes.
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metal to be stable enough to be isolated and where the car-
bene ligands can even be synthesized as free species. These
are complexes of N,N-heterocyclic carbenes (imidazol-2-
ylidenes) and related compounds which are known since
the pioneering work of Öfele [7] and Wanzlick [8,9].

Besides the spectacular advancements in the experimen-
tal research of transition metal carbene complexes, much
progress has been made in recent years in understanding
the electronic structure and bonding situation of the com-
pounds [10]. Modern quantum chemical methods have
been employed to gain insight into the metal–carbene
bonding of Fischer and Schrock carbenes. The results of
charge and energy partitioning analyses which have been
used in our groups make it possible to address questions
about the nature of the bonding such as electrostatic versus
covalent interactions and the strength of r donation and p
back-donation quantitatively using well defined quantum
chemical methods. The methods which will be introduced
and whose results will be discussed below serve as a bridge
between the physical mechanism of bond formation and
the heuristic bonding models which historically became
developed through the neuronal net of correlating experi-
mental observations with ad hoc assumptions. The bond-
ing models for Fischer and Schrock carbenes shown in
Fig. 1 have been examined and the results were expressed
in terms of well-defined quantum chemical terms which
provide a quantitative estimate of the orbital interactions.

The present situation should not be considered as some-
thing which could have been expected because of the pro-
gress in quantum chemistry. In an earlier work about the
electronic structure of transition metal carbene complexes,
Peter Hofmann expressed serious doubts that accurate
ab initio calculations could ever become subject to an inter-
pretation of the electronic structure aiming at qualitative
understanding of the bonding situation: ‘‘Many variants
of ab initio techniques using different basis sets and varying
approaches to go beyond the HF limit, utilizing all-electron
or pseudopotential formalisms of both relativistic and non-
relativistic type, are now being evolved by theoretical
groups specializing in the calculation of the electronic
structure of organometallics. Theory will undoubtedly de-
vise ever more efficient and accurate methods. A comple-
mentary disadvantage of this development, however,
seems to be that work of this type is becoming increasingly
difficult to interpret and understand in terms of simple
qualitative concepts of bonding [11].’’ The present work
shows the progress which has been made in the meantime
which strikingly refutes the latter statement.

In this paper, we summarize the results of our quantum
chemical studies of transition metal carbene complexes
which we published in recent years [12–16]. The main work-
ing horses of the bonding analyses are the charge decompo-
sition analysis (CDA) developed by Dapprich and Frenking
[17] and the energy decomposition analysis (EDA) of the
program ADF [18] which is based on the methods suggested
by Ziegler and Rauk [19] andMorokuma [20]. Other impor-
tant methods for the electronic structure analysis which
were employed are the topological analysis of the electron
density distribution which is also-called atoms in molecules
(AIM) theory developed by Bader [21] and the natural bond
orbital (NBO) method of Weinhold and co-workers [22].
The investigated molecules are examples for Fischer-, Sch-
rock- and Öfele/Wanzlick-type carbene complexes. We also
discuss the bonding situation in heavy-atom analogues of
carbene complexes LnTM–ER2 (E = Si, Ge, Sn, Pb).

It is fair to emphasize that other groups also contributed
in the past with important theoretical investigations to the
present knowledge about the chemical bonding in carbene
complexes. In particular, we want to point out four ground
breaking studies by Cundari and Gordon [23] who ana-
lyzed the metal–ligand bonding situation in carbene com-
plexes and higher group-14 homologues with a multi-
configurational wavefunction. Another important contri-
bution came from the Ziegler group [24] who reported
about EDA calculations of the bonding in transition metal
complexes (CO)5TM–ER2 (TM = Cr, Mo, W, Mn+;
E = C, Pb; R = H, F, Cl, Me, OMe). Several other groups
published theoretical work which gave insight into the nat-
ure of metal–carbene bonding [25]. Further theoretical
studies of carbene complexes have been published which
focussed, however, on energies, geometries and other
molecular properties but not on the bonding situation.

2. Methods

The results which are reported here have been obtained
from quantum chemical ab initio and DFT calculations at
various theoretical levels. The ab initio calculations were
carried out mostly using second-order Møller–Plesset per-
turbation theory (MP2) [26] or using coupled-cluster the-
ory at the CCSD(T) level [27]. For the DFT calculations
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the BP86 [28] and B3LYP [29] functionals were employed.
The quality of the basis sets varies between valence DZP
and TZ2P. Relativistic effects have been considered for
the heavier atoms by using the ZORA approximation
[30] or by using relativistic effective core potentials [31].
Further details of the calculations can be taken from the
original publications.

Various charge and energy partitioning methods were
employed for gaining insight into the bonding situation
of the carbene complexes. We think that all methods have
their strength and weakness and that the choice should be
made with a good knowledge of the underlying approach
and the technical details of the procedure in order to avoid
an over- or misinterpretation of the results.

The NBO method [22] has been designed to give a quan-
titative interpretation of the electronic structure of a mole-
cule in terms of Lewis structures. Since Lewis structures are
popular bonding models in chemistry the NBO method is
frequently chosen for the interpretation of the bonding sit-
uation. One advantage of the NBO analysis is that the re-
sults are quite robust against changing the basis set.
However, it is important to recognize that the algorithm
for the transformation of the wavefunction into Lewis
structures [32] contains an weighting factor which automat-
ically disfavours atomic basis functions which are empty in
the atomic ground state in the description of the chemical
bond. Thus, the NBO method excludes a priori the outer-
most d orbitals of the heavier main group elements and
the outermost p orbitals of the TMs from the valence space.
It has been shown by Maseras and Morokuma [33] that the
outermost p orbitals of the transition metals become signif-
icantly occupied if they are part of the valence functions
during the orthogonalization procedure. Thus, the results
of the NBO method cannot be used to investigate the ques-
tion whether the d functions of main group elements and the
p functions of the TMs are true valence orbitals or polariza-
tion functions, because the answer is already enforced by
the preselection of the orbitals belonging to the valence
space in the occupancy-weighted orthogonalization.

The CDA method of Dapprich and Frenking [17] can be
seen as a quantitative expression of the DCD model [5] of
synergistic metal–ligand bonding, which considers the li-
gand! metal r donation and ligand metal p back-
donation as the dominant factors for the metal–ligand
bond. In the CDA, the wavefunction of a complex
LnTM–X is expressed as a linear combination of the frag-
ment molecular orbitals of the ligand X and the remaining
metal fragment LnTM both in closed-shell configurations.
The orbital contributions of the fragments to wavefunction
of the complex are divided into four parts: (i) mixing of the
occupied MOs of X and the unoccupied MOs of LnTM
(donation X! TMLn); (ii) mixing of the unoccupied
MOs of X and the occupied of LnTM (back-donation
X TMLn); (iii) mixing of the occupied MOs of X and
the occupied MOs of LnTM (repulsive polarization
X M TMLn); (iv) mixing of the unoccupied MOs of X
and the unoccupied MOs of LnTM (rest term D). The latter
term should not contribute to the electronic structure of the
complex. It has been found that the rest term is a sensitive
probe if the compound can be classified as a donor–accep-
tor complex [34]. A significant deviation from D = 0 indi-
cates that the bond LnTM–X has the character of a
normal covalent bond between two open-shell fragments,
rather than a donor–acceptor bond between a Lewis acid
and Lewis base. The CDA may be used in conjunction with
HF and natural orbitals from correlated calculations and
with Kohn–Sham orbitals given by DFT calculations.
Early test calculations showed that the CDA results do
not change significantly when the basis set becomes larger
[17]. However, more recent work has shown that the
CDA may deteriorate with larger basis sets [35].

A theoretical tool for analyzing the electronic structure of
a molecule which is not based on orbitals but rather on the
electron density distribution is the AIM method of Bader
[21]. The central idea of AIM is that the topology of the elec-
tron density distribution q(r) contains information about the
bonding situation which can be elucidated when q(r) be-
comes the subject of a mathematical analysis. It has been
shown that the topological analysis of q(r), its first derivative
(gradient field) $q(r) and second derivative (Laplacian)
$2q(r) reveals helpful information about the electronic struc-
ture of a molecule. Another very attractive feature of the
AIM method is that the results of the topological analysis
give directly the atomic subspaces (basins) of a molecule
and the bonding connectivity between the atoms.Atomic ba-
sins are defined as the regions inCartesian space that are bor-
dered by zero-flux surfaces in the gradient of the electron
density. The position of the atomic nucleus is defined in the
AIMmodel as a critical point in the three-dimensional space
where the first derivatives $q(r) are zero and the eigenvalues
of the second derivative matrix of q(r) are all negative.

The correspondence between orbital concepts and elec-
tron distributions was analyzed [36] and attempts have
been made to establish links between the AIM method
and classical bonding models such as bond order. Cioslow-
ski and Mixon [37] proposed covalent bond orders which
are based on partitioning of the number of electrons within
the topological theory of AIM.

Another important development of AIM based models
for the interpretation of the bonding situation are the local-
ization indices (LIs) and delocalization indices (DIs) which,
at the HF and DFT level, are calculated as [38]

kðAÞ ¼ 2
X

i;j

ðSijðAÞÞ2; ð1Þ

dðA;BÞ ¼ 4
X

i;j

SijðAÞSijðBÞ; ð2Þ

where Sij(A) is the overlap of the molecular orbitals (MO) i
and j in the basin of atom A, and the summations run over
all the occupied MO�s. The localization index (LI), (k)(A),
is the number of electrons which are completely localized in
an atom A, while the delocalization index (DI), (d)(A,B) is
the number of electrons delocalized or shared between two
atoms A and B.
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Fig. 2. Schematic representation of a Fischer-type chromium–carbene
complex.
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Ponec and co-workers [39] reported an AIM generaliza-
tion of these multicenter bond indices, the 3-center DI,
which depends on the third-order electron density. At the
HF (or approximate KS-DFT) level, this 3-center DI is ex-
pressed for A 6¼ B 6¼ C as

dðA;B;CÞ ¼ 12
X

i;j;k

SijðAÞSjkðBÞSkiðCÞ. ð3Þ

Ponec has used this DI to detect 3-center bonding in several
molecules. Positive d(A,B,C) values are characteristic of 3-
center 2-electron (3c–2e) bonds, while negative values cor-
respond to 3c–4e bonds. d(A,B,C) is close to zero when no
3c-bonding between the three atoms is present [40].

The above introduced methods are different approaches
for partitioning the electronic charge of a molecule into
atomic or orbital domains. It is also possible to device par-
titioning schemes for the bonding interaction between
atoms or fragments in a molecule. Since energy is the cru-
cial factor for structure and reactivity, energy decomposi-
tion analyses are perhaps even more helpful for gaining
information about the driving force leading to molecular
geometry and reactivity. One such method is the EDA of
ADF [18] which was originally developed by Morokuma
[20] and later modified by Ziegler and Rauk [19]. The focus
of the bonding analysis is the instantaneous interaction en-
ergy, DEint, of the bond, which is the energy difference be-
tween the molecule and the fragments in the frozen
geometry of the compound. The interaction energy can
be divided into three main components

DEint ¼ DEelstat þ DEPauli þ DEorb; ð4Þ
where DEelstat gives the electrostatic interaction energy be-
tween the fragments, which are calculated using the frozen
electron density distribution of the fragments. This term is
also-called quasi-classical electrostatic attraction accord-
ing to Ruedenberg [41]. The second term in Eq. (4),
DEPauli, refers to the repulsive interactions between the
fragments, which are caused by the fact that two electrons
with the same spin cannot occupy the same region in
space. DEPauli is calculated by enforcing the Kohn–Sham
determinant of the orbitals of the superimposed fragments
to obey the Pauli principle by antisymmetrization and
renormalization. The stabilizing orbital interaction term,
DEorb, which includes the Heitler–London resonance phe-
nomenon [42] but has additional contributions from
polarization and relaxation is calculated in the final step
of the energy partitioning analysis when the Kohn–Sham
orbitals relax to their optimal form. This term can be fur-
ther partitioned into contributions by the orbitals belong-
ing to different irreducible representations of the point
group of the interacting system. The interaction energy,
DEint, can be used to calculate the bond dissociation en-
ergy, De, by adding DEprep, which is the energy necessary
to promote the fragments from their equilibrium geome-
try to the geometry in the compounds (Eq. (5)) [43]. Fur-
ther details about the EDA can be found in the literature
[18]
�De ¼ DEprep þ DEint. ð5Þ
The EDA has been used in the past mainly for analyzing

the interactions between closed-shell species. Recent work
has shown that the method is also very useful for analyzing
electron-sharing (covalent) bonds between open-shell frag-
ments [44,45,56,57].

The calculations which are reported here have been per-
formed using the quantum chemical program packages ADF

[18], Turbomole [46], ACES-II [47], and various versions of
GAUSSIAN [48]. For the CDA calculations the program
CDA-2.1 has been employed [49]. The AIM calculations
were performed with the program AIMPAC [50].

3. Charge- and energy decomposition analysis of Fischer

complexes (CO)5Cr–C(X)R

It is appropriate to begin the discussion of the bonding
situation in carbene complexes with the first compound
which was isolated by Fischer in 1964, i.e., (CO)5Cr–
C(Me)OMe. The nature of the metal–carbene bonding in
the complex and in the substituted analogues (CO)5Cr–
C(X)R where X = H, OH, OMe, NH2, NHMe and
R = H, Me, CH@CH2, Ph, C„CH was analyzed with
the CDA and EDA methods by Cases et al. [12] (see
Fig. 2). The theoretical study of the 25 carbene complexes
was carried out using density functional theory at the BP86
level using double-zeta basis sets (in some cases triple-zeta
basis sets) which are augmented by one set of polarization
functions. Further details of the method and the full geom-
etries of the optimized structures can be found in the origi-
nal publication [12].

The qualitative bonding model for Fischer complexes is
shown in Fig. 1(a). The DCD model considers for the
bonding two synergistic interactions, i.e., carbene! metal
r donation and metal! carbene p back-donation. The
pivotal question concerns the relative strength of the two
bonding components. The answer can be given in terms
of charge donation, i.e., how much electronic charge is do-
nated in each direction. Another possibility is to focus on
the associated energy which contributes to the overall me-
tal–carbene binding. The first question has been addressed
with the CDA method. Table 1 shows the calculated r
donation and p back-donation and their ratio for the 25
complexes A–Y.



Table 1
Calculated charge donation d, back-donation b, donation/back-donation ratio d/b, and repulsive polarization r of the complexes Fischer carbene
complexes (CO)5Cr–C(X)R A–Y obtained from the CDA analysisa

X R d b d/b r

A OCH3 H 0.528 0.244 2.165 �0.319
B OH H 0.499 0.255 1.957 �0.342
C NHCH3 H 0.511 0.218 2.342 �0.299
D NH2 H 0.501 0.214 2.342 �0.317
E H H 0.501 0.284 1.764 �0.358
F OCH3 CH3 0.536 0.218 2.457 �0.327
G OH CH3 0.525 0.227 2.315 �0.334
H NHCH3 CH3 0.524 0.190 2.755 �0.299
I NH2 CH3 0.527 0.207 2.545 �0.295
J H CH3 0.518 0.267 1.942 �0.325
K OCH3 CH@CH2 0.522 0.206 2.532 �0.334
L OH CH@CH2 0.507 0.215 2.358 �0.328
M NHCH3 CH@CH2 0.502 0.191 2.632 �0.309
N NH2 CH@CH2 0.499 0.198 2.519 �0.313
O H CH@CH2 0.508 0.240 2.119 �0.348
P OCH3 Ph 0.513 0.243 2.110 �0.344
Q OH Ph 0.503 0.249 2.020 �0.335
R NHCH3 Ph 0.486 0.214 2.272 �0.315
S NH2 Ph 0.480 0.229 2.096 �0.324
T H Ph 0.492 0.263 1.869 �0.365
U OCH3 C„CH 0.391 0.205 1.908 �0.323
V OH C„CH 0.469 0.222 2.114 �0.339
W NHCH3 C„CH 0.404 0.205 1.972 �0.306
X NH2 C„CH 0.391 0.193 2.024 �0.307
Y H C„CH 0.496 0.258 1.923 �0.268
Units in electrons.
a Values are taken from [12].
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The calculated values for the r donation are relatively
constant between 0.528 and 0.480 electrons, except for sys-
tems with R = C„CH which have lower values for the
donation which can be explained with the significantly r-
withdrawing character of the substituent [51]. Note that
complexes with R = Me exhibit the largest values for r-
donation which can be expected from the r electron donat-
ing character of the methyl group. Unlike donation, values
of charge back-donation are more spread over a broad
range of values varying from 0.284 to 0.190. For a given
R, back-donation increases in the order H > OH >
OMe > NH2 > NHMe, that is, it becomes more intense
with the decrease of the p donor character of the X group.
The reduction of back-donation for systems with the phe-
nyl group as substituent which is a p electron donor [52]
is not observed because the non-coplanarity of the phenyl
group within the carbene ligand impedes p electron dona-
tion from the phenyl group. The low back-donation values
of Fischer carbene complexes with R = C„CH are some-
what unexpected given the p-acceptor nature of this group
and are attributed to the reduced r donation that in these
systems partially blocks the synergetic mechanism that fa-
vors back-donation. A previous CDA study of complexes
TM(CO)5L (TM = Cr, Mo, W; L = CO, SiO, CS, N2,
NO+, CN�, NC�, HCCH, CCH2, CH2, CF2, H2) showed
that the TM! L back-donation correlates indeed quite
well with the change of the TM–COtrans bond length while
the L! TM donation does not [53]. We plotted the calcu-
lated metal! carbene p back-donation in the 25 com-
plexes (CO)5Cr–C(X)R as a function of the Cr–Ccarbene,
Cr–COtrans, and C–Otrans bond distances. The results are
shown in Fig. 3.

Fig. 3 clearly shows that the (CO)5Cr–C(X)R complexes
with X substituents having higher p-donor character show
smaller back-donation values, larger Cr–Ccarbene and
C–Otrans bond lengths, and shorter Cr–COtrans bond dis-
tances. Attempts to correlate carbene! metal r donation
values led to poor results. The greater influence of back-
donation on the structural properties of the complexes may
be attributed to the fact that donation values are almost
uniform for all complexes analyzed, whereas charge back-
donation numbers are more dispersed over a wide range of
values. Actually, most complexes failing to agree with the
correlations presented inFig. 3 are those havingR = C„CH
that, as above-mentioned, have charge donation values
lower than the common transfer of ca. 0.5 electrons.

Besides the charge decomposition analysis, the nature of
the metal–carbene bonding in the 25 complexes was also
investigated by Cases et al. [12] with an energy decomposi-
tion analysis. Table 2 gives the results of the EDA calcula-
tions. The pivotal energy term for the analysis is the
instantaneous interaction energy DEint between the carbene
ligand and the metal fragment. The values for the prepara-
tion energy DEprep do not change very much for different
substituents which means that the DEint values directly cor-
relate with the trend of the bond strength.
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Table 2
Results of the energy decomposition analysis for the (CO)5Cr–C(X)R complexes A–Yc

DEint DEPauli DEelstat
a DEorb

a DEr
b DEp

b DEprep DE(=�De)

A �79.8 168.3 �153.3 (61.8) �94.8 (38.2) �66.7 (70.0) �28.6 (30.0) 3.4 �76.4
B �81.0 175.7 �158.0 (61.5) �98.7 (38.5) �67.8 (68.2) �31.7 (31.8) 3.2 �77.8
C �76.5 154.0 �148.8 (64.6) �81.7 (35.4) �66.5 (78.6) �18.1 (21.4) 2.7 �73.9
D �76.1 161.7 �152.9 (64.3) �84.9 (35.7) �67.2 (76.9) �20.2 (23.1) 2.9 �68.7
E �102.6 199.6 �175.4 (58.0) �126.8 (42.0) �72.3 (57.2) �54.1 (42.8) 4.7 �97.9
F �75.9 161.3 �149.2 (62.9) �88.0 (37.1) �64.1 (73.1) �16.7 (26.9) 2.5 �73.4
G �74.9 164.8 �148.7 (62.0) �91.0 (38.0) �65.8 (71.6) �26.0 (28.4) 3.5 �71.4
H �75.2 147.8 �144.5 (64.8) �78.5 (35.2) �63.6 (80.6) �15.3 (19.4) 2.8 �72.4
I �72.6 151.4 �144.0 (64.3) �80.0 (35.7) �64.8 (79.5) �16.7 (20.5) 2.7 �69.9
J �96.0 195.8 �176.4 (60.5) �115.4 (39.5) �72.9 (62.5) �43.8 (37.5) 5.5 �90.6
K �73.6 159.2 �142.0 (61.0) �90.8 (39.0) �66.6 (73.2) �24.4 (26.8) 3.0 �70.6
L �75.6 161.7 �143.8 (60.6) �93.5 (39.4) �66.3 (70.1) �28.4 (29.9) 3.6 �72.0
M �70.0 143.2 �133.8 (62.8) �79.4 (37.2) �64.9 (79.8) �16.5 (20.2) 2.6 �67.4
N �70.0 148.7 �137.0 (62.6) �81.7 (37.4) �66.6 (77.9) �18.9 (22.1) 2.5 �67.5
O �98.0 189.4 �174.0 (60.5) �113.4 (39.5) �68.8 (63.4) �37.7 (36.6) 3.3 �94.7
P �74.8 160.7 �142.7 (60.6) �92.8 (39.4) �66.1 (70.8) �27.3 (29.2) 2.6 �72.2
Q �73.5 157.7 �140.6 (60.8) �90.6 (39.2) �65.2 (69.5) �28.7 (30.5) 3.3 �70.2
R �70.9 143.9 �133.6 (62.2) �81.2 (37.8) �65.5 (78.7) �17.7 (21.3) 2.5 �68.4
S �70.9 149.6 �136.3 (61.8) �84.2 (38.2) �67.1 (81.5) �15.3 (18.5) 4.0 �66.8
T �91.8 186.2 �169.7 (61.0) �108.3 (39.0) �68.3 (58.9) �47.7 (41.1) 4.3 �87.5
U �73.1 153.4 �135.3 (59.7) �91.2 (40.3) �64.8 (70.7) �26.9 (29.3) 3.0 �70.1
V �74.7 160.2 �138.8 (59.1) �96.1 (40.9) �66.5 (68.6) �30.4 (31.4) 2.9 �71.8
W �66.9 135.7 �125.5 (61.1) �77.1 (38.1) �64.3 (79.2) �16.9 (20.8) 2.3 �64.7
X �67.2 140.7 �128.1 (61.6) �79.8 (38.4) �62.6 (76.8) �18.9 (23.2) 2.7 �64.5
Y �85.3 165.2 �139.4 (55.6) �111.1 (44.4) �69.0 (61.8) �42.7 (38.2) 3.9 �81.4
The values are given in kcal/mol.
a In parentheses, percentage of the total attractive interactions DEelstat + DEoi.
b In parentheses, percentage of the total orbital interactions DEoi.
c Values are taken from [12].
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The largest value for DEint is calculated for the methylene
complex (CO)5Cr–CH2 (E) (Table 2) which has not been iso-
lated so far. It is known that Fischer-type carbene complexes
can only become isolated if the carbene ligand bears at least
one p-donor substituent [2]. The calculated data clearly show
that the chemical stability of the complexes is not related to
the strength of the metal–carbene bond.

There are three energy terms which contribute to the
overall interaction energy DEint, i.e., the repulsive Pauli
term DEPauli, the electrostatic attraction DEelstat, and the
orbital interaction DEorb. It has been suggested that the rel-
ative values of the latter two attractive terms may be used
to characterize the nature of the chemical bond [54] The
values in Table 2 show that the metal–carbene bond has
a large electrostatic character. The DEelstat term contributes
between 55.6% (Y) and 64.6% (C) to the attractive interac-
tions. It is tempting to correlate the electrostatic term with
ionic interactions, which would indicate that the carbene
complexes A–Y would have a pronounced ionic character.
The conclusion is not justified, however, because strong
electrostatic attraction is also found in nonpolar bonds
[55–57]. At shorter interatomic distances where the orbital
overlap becomes larger, the electron–electron repulsion
becomes less than the values which are given by a point-
charge approximation which is still valid for the nuclear–
nuclear repulsion. This yields an overall significantly
attractive electrostatic interaction even for nonpolar bonds
between identical atoms or fragments. For example, the
electrostatic attraction between the nitrogen atoms in N2

has been calculated as >320 kcal/mol [55–57]. A more de-
tailed discussion of this can be found in the literature
[18b,57,58].

The DEorb term thus contributes according to the EDA
results only between 35.4% and 44.4% to the metal–carbene
attraction in A–Y. It is worth noting that in many cases but
not always stronger orbital interactions and shorter bonds
translate into higher bond dissociation energies, because
the electrostatic attraction and the Pauli repulsion play also
a role when differences in DEorb are small [59]. For exam-
ple, complex D has a shorter Cr–Ccarbene bond distance
(values of bond distances in [12]) and stronger orbital inter-
actions (Table 2) than complex C, but the total interaction
energy and the bond dissociation energy of complex C are
larger than those of complex D.

Although the orbital term is only the minor contributor
to the attractive interactions, we found that the DEorb term
correlates quite well with the change of the Cr–Ccarbene

bond distance. Fig. 4 shows a plot of DEorb term as a func-
tion of the metal–carbene distance which shows a good
correlation. The previous CDA results suggests that an
even better correlation might be found when only the p
orbital part of DEorb is considered. To analyze further
the orbital interaction energy term, we have slightly modi-
fied the geometry of the optimized complexes (by changing
only dihedral angles and freezing the rest of the geometrical
parameters) in order to attain Cs symmetry. In this



V

X

E

J

B

T
O

A

G

P

D

L

FU

Q K

C

S N I R

W

M
H

-150.00

-130.00

-110.00

-90.00

-70.00

-50.00

1.900 1.920 1.940 1.960 1.980 2.000 2.020 2.040 2.060 2.080 2.100

d(Cr-Ccarbene)

O
rb

it
al

 I
nt

er
ac

ti
on

s

y = 277.17x – 648.23 
R2 = 0.86 
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geometrical arrangement, it is possible to separate the orbi-
tal interaction energy into the r and p components. Be-
cause of the geometry changes the two r and p terms
added do not sum exactly the DEorb gathered in Table 2.
The energy differences between the C1 equilibrium struc-
tures and the constrained Cs forms are very small
(<1 kcal/mol) and thus, they can be neglected for the
discussion.

From the results in Table 2, we can see that, first, the com-
ponent connected with donation (DEr) is more than twice as
large as the term associated with back-donation (DEp); and
second, DEp values are more scattered over a broad range
of values, whereas DEr values are more uniform. As ex-
pected, the geometrical parameters correlate even betterwith
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with permission from [12].
DEp values (Fig. 5) thanwith the fullDEorb term (Fig. 4). This
is in agreement with the conclusions obtained from the CDA
calculations. In general, correlations of DEp energies versus
Cr–Ccarbene, Cr–COtrans, or C–Otrans bond lengths (the latter
are not shown here) are quantitatively better than those gen-
erated using the charge back-donation values obtained from
the CDA calculations. Qualitatively, however, correlations
of Fig. 3(b) and Fig. 5 are quite similar. We find the same
grouping of complexes in the two representations, and, in
particular, it is found that for a fixed R substituent, the p
component of the charge or the energy decomposition
analysis decreases (in absolute value) when we have a
stronger p-donor substituent, i.e., in the order H > OH
> OMe > NH2 > NHMe.
E

B

J

T

V

O

Y

1.925 1.950

COtrans)

y = -733.26x + 1367.90 
R2 = 0.89 

ol) vs. the Cr–COtrans bond distance (Å) of (CO)5Cr–C(X)R. Reproduced



Table 3
Calculated electrophilicity indices x of the Fischer carbene complexes
(CO)5Cr–C(X)Ra

(CO)5Cr–C(X)R H CH3 CH@CH2 Ph C„CH

OCH3 4.595 4.050 5.221 4.606 7.109
OH 4.814 4.377 7.613 5.967 7.367
NHCH3 3.250 3.059 3.763 3.538 5.422
NH2 3.682 3.262 4.349 3.651 5.793
H 7.721 6.332 10.399 9.184 10.487

Units are in eV.
a Values are taken from [12].
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An important property of Fischer carbene complexes is
their electrophilic character. Since the donation is larger
than back-donation, these carbene complexes formally
have a (CO)5Cr

d�  Cd+(X)R charge separation, which
indicates an electron-deficient carbene carbon atom and
suggest an electrophilic reactivity of the carbene site [60].
In order to evaluate the electrophilicity of these complexes,
we have calculated the electrophilicity index, x, for each
complex measured according to Parr et al. [61] using the
following expression:

x � l2=2g; ð6Þ
where l is the chemical potential (the negative of the elec-
tronegativity) and g is the hardness [62]. Chemical potential
and hardness can be calculated from the HOMO and
LUMO orbital energies using the following approximate
expressions [62]:

l ¼ ðeLUMO þ eHOMOÞ=2; ð7Þ
g ¼ eLUMO � eHOMO. ð8Þ

The values of the electrophilicity index in Table 3 show
clearly that p-donor substituents reduce the electrophilicity
of the complex, as a result of the acceptor orbital in
carbene becoming occupied by p-donation. Thus, for a
fixed R, the electrophilicity increases following the order:
H > OH > OMe > NH2 > NHMe, which is the same order
of increasing back-donation. For a given X, the complex
with R = Me has smaller electrophilic character because
Table 4
Selected atomic populations (N), localization (k) and delocalization (d) indices
geometriesa

N(Cr) N(C) N(X) k(Cr) k(C) k(X) d(C

A 22.858 5.579 9.022 19.856 3.834 7.787 0.8
B 22.817 5.605 9.053 19.828 3.854 8.001 0.8
C 22.861 5.627 8.126 19.865 3.853 6.357 0.7
D 22.851 5.629 8.122 19.862 3.857 6.503 0.7
E 22.829 6.257 0.978 19.840 4.353 0.421 1.1
F 22.836 5.575 9.030 19.849 3.799 7.787 0.7
G 22.871 5.592 9.047 19.883 3.808 7.974 0.7
H 22.867 5.613 8.128 19.876 3.805 6.361 0.6
I 22.884 5.615 8.126 19.890 3.811 6.496 0.6
J 22.824 6.210 0.991 19.831 4.259 0.429 1.0
K 22.817 5.569 9.021 19.833 3.771 7.774 0.7
L 22.836 5.612 9.040 19.855 3.824 7.953 0.8
M 22.872 5.621 8.128 19.880 3.790 6.355 0.6
N 22.898 5.624 8.116 19.902 3.790 6.478 0.6
O 22.831 6.227 1.007 19.835 4.248 0.434 0.9
P 22.859 5.570 9.021 19.864 3.777 7.775 0.7
Q 22.840 5.611 9.049 19.855 3.818 7.962 0.7
R 22.879 5.622 8.122 19.894 3.795 6.345 0.6
S 22.874 5.614 8.121 19.884 3.792 6.484 0.6
T 22.820 6.221 1.003 19.826 4.255 0.432 0.9
U 22.850 5.486 9.005 19.862 3.676 7.761 0.7
V 22.856 5.506 9.015 19.867 3.688 7.941 0.7
W 22.856 5.547 8.091 19.870 3.703 6.311 0.6
X 22.853 5.542 8.095 19.873 3.706 6.461 0.6
Y 22.829 6.128 0.946 19.848 4.164 0.393 0.9

Units are in electrons.
a Values are taken from [63].
of the donating properties of the methyl group. On the con-
trary, Fischer carbenes with R = C„CH have the largest
electrophilicities, in line with the acceptor character of
the C„CH group.

To complement the CDA and EDA analyses, an
electron pair study of the 25 Fischer carbene complexes
of Table 1 has been carried out using the AIM theory
[63]. The values of the atomic populations and localization
and delocalization indices (LIs and DIs) at the B3LYP/6-
311G** level of theory for the Cr@C–X moiety are given
in Table 4. Molecular geometries were taken from [12].

According to the AIM analysis, the electron population
in the Cr atom is practically constant for the series studied.
Indeed, N(Cr) values for these compounds range from 22.8
to 22.9 e, which correspond to atomic charges between
+1.1 and +1.2 e. For the C atom, the population takes
values between 5.5 and 6.3 e, corresponding to charges
for the Fischer carbenes (CO)5Cr–C(X)R complexes A–Y at the optimized

r,C) d(C,X) d(C,R) d(Cr,X) d(Cr,R) d(Cr,C,X)

44 1.113 0.905 0.112 0.041 �0.028
80 1.100 0.922 0.118 0.044 �0.029
05 1.332 0.908 0.095 0.031 �0.018
32 1.323 0.919 0.102 0.035 �0.024
24 0.976 0.976 0.051 0.051 0.041
52 1.081 1.017 0.099 0.038 �0.010
88 1.078 1.019 0.100 0.038 �0.013
28 1.302 1.009 0.080 0.029 0.002
58 1.289 1.006 0.086 0.031 �0.005
09 0.956 1.095 0.046 0.050 0.034
36 1.089 1.058 0.097 0.043 �0.012
24 1.059 1.086 0.100 0.039 �0.014
23 1.303 1.045 0.081 0.035 �0.004
64 1.283 1.055 0.089 0.035 �0.011
10 0.944 1.282 0.040 0.047 0.030
58 1.090 1.006 0.100 0.038 �0.014
52 1.069 1.061 0.093 0.034 �0.009
37 1.306 1.002 0.084 0.030 �0.007
68 1.300 0.992 0.088 0.031 �0.012
10 0.947 1.212 0.040 0.043 0.030
57 1.056 1.145 0.102 0.052 �0.018
95 1.057 1.153 0.106 0.052 �0.020
44 1.260 1.140 0.092 0.043 �0.016
64 1.253 1.143 0.093 0.043 �0.017
34 0.931 1.318 0.040 0.065 0.028
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between +0.5 and �0.3 e. Indeed, negative N(C) popula-
tions are found only for complexes with H as the substitu-
ent X, while complexes with p-donor substituents have C
atoms with positive charges (from +0.4 to +0.5 e). In gen-
eral, the positive charge in the Cr atom is partially compen-
sated with slight negative charges in the carbonyl groups.
LIs for the Cr and C atoms follow closely the trends found
for the corresponding populations. For all the carbenes,
k(Cr) takes values between 19.8 and 19.9 e, which means
that ca. 3 of the electrons associated to Cr are shared with
other atoms. The k(C) values are between 4.2 and 4.4, when
X = H, and between 3.7 and 3.9, for the rest of X groups.
Fig 6. Optimized structures of the Fischer-type carbene
The delocalization indices DI provide additional infor-
mation on the characteristics of the Cr–C bond. d(Cr,C)
decreases with increasing p-donor character of the X group
and increasing back-donation. Thus, for a given R, d(Cr,C)
decreases in the order H > OH > OCH3 > NH2 > NHCH3,
with the only exception of complex P where dP(Cr,C) is
slightly larger than dQ(Cr,C). For instance, complexes with
X = H have d(Cr,C) values between 0.91 and 1.12 e, while
those with X = NHCH3 have d(Cr,C) values between 0.62
and 0.71 e. Although the Cr–C bond in these complexes is
formally a double bond, d(Cr,C) values within this range
(0.6 to 1.1 e) are characteristic of single covalent bonds,
complexes 1–4 and the Schrock-type carbenes 5–12.
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or bonds with little double bond character. However, bond
polarization does also have a large influence on electron
delocalization between bonded atoms. In fact, DIs between
ionically bonded atoms are usually very small [38]. Both
d(C,X) and d(C,R) take values between 0.9 and 1.3 e,
which are typical of single bonds with partial double bond
character. In general, d(C,X) increases with the p-donor
strength of the group X. Thus, as expected, an increase in
the transfer of p electrons from X to C increases the double
bond character in the C–X bond. For all the molecules, the
r component in d(Cr,C) and d(C,X) is more important
Fig. 6 (con
than the p component [63]. However, the p component
exhibits a larger variation along this series. Comparison
of the values of EDA analysis with the DIs given in Table
4 reveal that back-donation measured as DEp in Table 2 is
directly proportional to d(Cr,C), and inversely propor-
tional to d(C,X). In particular, the relationship between
d(Cr,C) and back-donation is especially strong (r2 =
0.903).The correlation is even better between dp(Cr,C)
and DEp (r2 = 0.949) [63].

It has been proposed that the p bond character of a
metal–carbene can be better represented by a M–C–X
tinued)
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three-center four-electron (3c–4e) bond [64]. Additional
information on the nature of the Cr–C–X interaction can
be gained by examining the associated 3c-DI (Eq. (3))
(see Table 4). In most cases d(Cr,C,X) is negative, except
for the carbenes with X = H, and is minimal (ca. �0.03)
for the carbenes A and B, which are also the ones with
the largest d(Cr,X) index. These results might indicate
some degree of 3c–4e delocalization in these carbenes. In
contrast, carbenes E, J, O, T, and Y exhibit d(Cr,C,X) val-
ues between 0.03 and 0.04, and cannot be considered to
have 3c–4e delocalization. The extent of the 3-center delo-
calization in all carbenes in this series may be considered
low, in comparison to molecules which are usually attrib-
uted to have 3c–4e bonding interactions (e.g., N�3 : �0.36;
N2O: �0.20) [39a,65]. Furthermore, one must be aware
that non-bonded electron delocalization or 3-center delo-
Table 5
Results of the topological analysis of the electron density distribution of the c

Bond q(rc) $2q(rc)

1 W–C2 0.885 6.580
W–C5 0.700 9.453
W–C13 0.632 8.327

2 W–C2 0.775 9.446
W–C5 0.700 9.809
W–C13 0.667 9.376

3 W–C2 0.873 8.216
W–C5 0.702 9.757
W–C9 0.629 8.652

4 W–C2 0.770 7.464
W–C5 0.701 9.769
W–C9 0.670 9.139

5 W–C 1.374 0.920
W–F 1.018 20.417

6 W–C 1.267 3.969
W–F 1.024 20.669

7 W–C 1.404 0.576
W–Cl 0.655 5.639

8 W–C 1.392 1.099
W–Br 0.553 3.195

9 W–C 1.412 1.371
W-15 0.484 1.178
W-16 0.427 1.453

10 W–C 1.289 1.991
W–O5 0.958 14.665
W–O6 0.911 14.997
W–O7 0.958 14.665

11 W–C 1.184 3.589
W–F5 0.992 20.212
W–F7 0.897 17.427

12 W–C 1.043 7.044
W–F5 0.934 18.769
W–F9 0.830 16.998

a Electron density at the bond critical points q(rc) (e Å
�3), Laplacian of the e

the bond critical point H(rc) (Hartree Å�3) and bond ellipticity ec. Values are
b Bond order according to Cioslowski and Mixon [37].
c Position of the bond critical point given by dc = (rc–Ccarbene)/(Ccarbene–W).
calization have been found in many different molecules
[38b]. For instance, this analysis also detects a low 3-center
delocalization between the Cr atom and the carbonyl
groups in this carbene series. Thus, it may be concluded
that these systems present a weak 3c–4e bonding interac-
tion character, which is incremented with the decrease of
the p-donor character of the X group, except for X = H.

4. Electronic structure analysis of Fischer-type and

Schrock-type carbene complexes

A comparative analysis of the nature of the chemical
bonding in Fischer-type and Schrock-type carbene com-
plexes was the subject of a theoretical study by Vyboishchi-
kov and Frenking (VF) [14]. The authors analyzed the
electronic structure of four Fischer-type and eight
arbene complexes 1–12 (Fig. 4) at the MP2/II levela

H(rc) ec Bond orderb dc
c

�0.382 0.122 1.18 0.481
�0.198 0.115 0.82 –
�0.164 0.512 0.76 –

�0.256 0.154 0.93 0.489
�0.197 0.032 0.84 –
�0.178 0.291 0.81 –

�0.355 0.127 1.10 0.515
�0.199 0.072 0.84 –
�0.159 0.383 0.75 –

�0.272 0.123 0.93 0.490
�0.198 0.044 0.86 –
�0.184 0.224 0.82 –

�0.940 0.549 1.71 0.444
�0.242 0.0931 0.72 –

�0.793 1.147 1.54 0.464
�0.247 0.140 0.74 –

�0.973 0.500 1.82 0.440
�0.172 0.080 0.90 –

�0.956 0.486 1.85 0.441
�0.159 0.063 0.97 –

�0.978 0.450 1.87 0.443
�0.155 0.053 1.11 –
�0.126 0.018 1.03 –

�0.831 0.530 1.67 0.451
�0.273 0.195 0.82 –
�0.237 0.105 0.79 –
�0.274 0.195 0.78 –

�0.702 0.666 1.48 0.464
�0.212 0.036 0.66 –
�0.168 0.104 0.49 –

�0.530 0.393 1.57 0.476
�0.181 0.094 0.60 –
�0.134 0.240 0.58 –

lectron density at the bond critical point $2q(rc) (e Å
�5), energy density at

taken from [14].
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Schrock-type tungsten complexes (Fig. 6) using various
charge-partitioning methods. Although there is no strict
definition of the two classes of compounds which is valid
for all carbene complexes, chemical behaviour and struc-
tural characteristics may be used for a classification. The
carbene ligand of Fischer complexes is usually electro-
philic, while Schrock complexes have a nucleophilic center.
Fischer complexes have transition metals which are usually
in a low oxidation state, whereas typical Schrock com-
plexes have transition metals in a high oxidation state.
Fischer complexes can only become isolated when the car-
bene ligand is stabilized by a p-donor substituent, while
Schrock complexes may have have carbene ligands CR2

where R = hydrogen or alkyl group.
The focus of the theoretical work of VF was the search

for characteristic differences in the electronic structure of
the LnW–Ccarbene bond. The authors employed the Bader
analysis [21], the NBO [22] method and the CDA [17].
The Bader analysis has the advantage that the results are
Fig. 7. Contour line diagrams of the Laplacian $2q(r) at MP2/II of: (a) compo
the plane of the carbene ligand; (c) compound 4 in the plane of the carbene l
(e) compound 5 in the plane of the carbene ligand; (f) compound 5 perpendicu
carbene ligand; (h) compound 11 perpendicular to the plane of the carben
perpendicular to the molecular plane; (k) free (3B1) CH2 in the molecular plan
indicate areas of charge concentration ($2q(r) < 0) while dashed lines show ar
nuclei are the bond paths; the solid lines separating the atomic nuclei indicate th
zero-flux surfaces are the bond critical points rc. The large arrows in (b) and (d
attack by a nucleophilic agent. Reproduced with permission from [14].
obtained from analyzing the topography of the total elec-
tron density which is experimentally observable. The re-
sults do not depend on a bonding model which depends
on the definition of the interacting fragments like the
CDA and EDA, nor does it depend on the description of
the electronic structure in terms of the Lewis bonding model
like the NBO partitioning scheme. This makes the Bader
method particularly useful for analyzing the difference be-
tween the electronic structures of Fischer and Schrock
carbenes.

Table 5 shows the results of the Bader analysis for the 12
carbene complexes 1–12 shown in Fig. 6. The contour line
diagrams of the Laplacian of selected compounds are shown
in Fig. 7. Visual inspection of the Laplacian shows clearly
the difference between Fischer and Schrock complexes.
There are hardly any changes at the carbene ligand when
the contour line diagrams in the CH2 plane are compared
(Figs. 7(a), (e), (g), (i), and (k)). The area of charge concen-
tration at the carbene carbon atom pointing towards the
und 1 in the plane of the carbene ligand; (b) compound 1 perpendicular to
igand; (d) compound 4 perpendicular to the plane of the carbene ligand;
lar to the plane of the carbene ligand; (g) compound 11 in the plane of the
e ligand; (i) free (1A1) CH2 in the molecular plane; (j) free (1A1) CH2

e; and (l) free (3B1) CH2 perpendicular to the molecular plane. Solid lines
eas of charge depletion ($2q(r) > 0). The solid lines connecting the atomic
e zero-flux surfaces in the plane. The crossing points of the bond paths and
) show the hole in the valence sphere of the carbene ligand that is prone to



Fig. 7 (continued)
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tungsten atom, which corresponds to the carbon lone-pair
electrons of CH2, is not much distorted by the presence of
the metal fragment in both types of carbene ligands. Signif-
icant differences are found when the Laplacian in the p plane
of the carbene ligand is examined. The parent Fischer com-
plex 1 which has no p-donor substituent at the carbene li-
gand exhibits an area of charge depletion (dashed lines) in
the direction of the p(p) orbitals of the carbene carbon
atoms. This is indicated by the arrows in Fig. 7(b). The holes
in the electron concentration are visible signs for the direc-
tion of a possible nucleophilic attack at the carbene ligand.
They are still present in the p-donor substituted complex 4
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(Fig. 7(d)). In contrast to the Fischer complexes, the carbene
carbon atoms of the Schrock complexes 5 and 11 are
shielded by continuous ares of charge concentration (Figs.
7(f) and (h)). The carbene ligands of 5 and 11 have Lapla-
cians which are similar to those of (3B1) CH2, while the car-
bene ligand of 1 resembles (1A1) CH2.

A closer examination of Fig. 7 shows that the position of
the bond critical point rc of the W–Ccarbene bond is, in case
of the Schrock complexes 5 and 11, closer to the charge
concentration of the carbene carbon atoms compared with
the Fischer complexes 1 and 4. This is important, because
the calculated values at the bond critical point can be used
to classify the nature of the bond [21,66]. The calculated
values indicate that the W–Ccarbene bonds of the Fischer
complexes 1–4 exhibit significant differences from the Sch-
rock complexes 5–12. Firstly, the energy difference at the
bond critical point H(rc) has much larger negative values
for 5–12 than for 1–4. It has been shown that shared-
electron (covalent) bonds have strongly negative energy val-
ues at the bond critical point, while closed-shell interactions
(ionic bonds or van der Waals interactions) have H(rc) val-
ues which are very small [66]. The H(rc) values of the W–
Ccarbene bonds of 1–4 are comparable in magnitude to the
W–CO donor–acceptor bonds, while the W–Ccarbene bonds
of 5–12. have much more negative H(rc) values not only in
comparison to the W–Ccarbene bonds of 1–4 but also to the
W–X bonds (X = halogen or oxygen) of 5–12, thereby indi-
cating a larger degree of covalent character.

A second distinctive property between the Fischer and
Schrock carbenes are the calculated Cioslowski-Mixon
Table 6
Results of the NBO analysis of the tungsten carbene complexes 1–12 at the M

Atom Occup. W–C bond

6s 5d 6p %W %s

1 0.53 5.86 0.02 r: 1.77 24.51 11.5
p: 1.68 62.90 0

2 0.50 6.06 0.02 r: 1.91 28.19 31.6
3 0.49 5.97 0.02 r: 1.77 22.66 10.3

p: 1.66 67.27 0
4 0.49 6.02 0.02 r: 1.90 27.95 30.8
5 0.33 3.16 0.05 r: 1.94 38.77 29.7

p: 1.74 33.82 0
6 0.37 3.22 0.07 r: 1.94 34.75 29.3

p: 1.73 39.33 0
7 0.45 4.37 0.05 r: 1.94 41.47 18.0

p: 1.95 48.63 0
8 0.50 4.72 0.07 r: 1.94 41.10 19.5

p: 1.80 42.43 0
9 0.57 4.97 0.10 r: 1.794 41.11 15.0

p: 1.90 45.67 0
10 0.36 3.46 0.04 r: 1.77 30.13 21.7

p: 1.68 33.27 0
11 0.31 3.06 0.07 r: 1.94 27.71 35.3

p: 1.94 42.70 0
12 0.32 3.16 0.07 r: 1.93 24.38 35.0

p: 1.75 40.85 0

a Partial charge of the carbene ligand.
b Natural occupation of the 2p-p orbital of C.
c Values are taken from [14].
bond orders. The Schrock complexes have bond orders
for the W–Ccarbene bonds between 1.48 (for 11) and 1.87
(for 9), while the Fischer complexes have values between
0.93 (for 2 and 4) and 1.18 (for 1). Another useful quantity
is the ellipticity at the bond critical point ec, which is some-
times viewed as a measure of the double-bond character
[67]. The ec values show that the W–Ccarbene bonds of the
Schrock complexes 5–12 have a much higher double-bond
character than the Fischer complexes 1–4. The value of the
electron density q(rc) and its Laplacian $2q(rc) at the bond
critical point is also clearly different for the Fischer and
Schrock complexes. These results are in line with the DIs
obtained for Fischer carbenes in the previous Section.

The NBO analysis gives further information about
the W–Ccarbene bonds. The results are given in Table 6. The
NBO data also exhibit typical differences between the
Fischer and Schrock complexes. The optimal Lewis struc-
ture predicted by the NBO-partitioning scheme for the
Fischer complexes 1 and 3 has a W–Ccarbene r and p bond,
while 2 and 4, which are more realistic models for a Fischer
complex, have only a r bond. The W–Ccarbene r bond of
1–4 is clearly polarized towards the carbon end (only 23–
28% are at the tungsten end), while the W–Ccarbene p bond
of 1 and 3 is polarized (63% and 67%) toward W. The
NBObonding pattern for 2 and 4 suggests that theW–Ccarbene

p bond is even more polarized towards the metal moiety,
because the optimal Lewis structure has a tungsten lone-pair
d(p) orbital rather than a p bond. The calculated hybridiza-
tion shows that ther bond hasmainly d character at the tung-
sten end, while the p bond at tungsten is purely d(W). The
P2/II levelc

W Charge CXYa p(p) Carbeneb

%p %d

11.1 77.4 �0.41 �0.13 0.67
0 100
0 68.4 �0.57 +0.04 0.67
16.3 73.4 �0.48 �0.04 0.67
0 100
0 69.2 �0.54 +0.13 0.61
0 70.3 +2.41 �0.38 1.20
29.2 70.8
0 70.7 +2.32 �0.33 1.13
21.5 78.5
0 81.6 +1.06 �0.24 1.11
9.9 89.9
0 80.5 +0.63 �0.24 1.10
21.4 78.6
0 85.0 +0.27 �0.25 4.09
10.1 89.9
5.80 72.5 +2.140 �0.40 1.17
29.0 71.0
0 64.7 +2.45 �0.63 1.19
0 100
0 65.0 +2.34 �0.54 1.12
0 0



Table 7
CDA results for the carbene complexes 1–12 at the MP2/II levela

Carbene!
WLn

donation

LnW!
carbene
back-donation

LnWM

carbene
repulsion

Residue
term

1 0.314 0.282 �0.370 0.016
2 0.369 0.219 �0.289 0.027
3 0.324 0.268 �0.325 0.017
4 0.417 0.77 �0.285 0.032
5 0.013 �0.084 0.209 0.380
6 0.440 0.223 �0.311 0.351
7 �0.031 �0.058 0.141 0.416
8 �0.014 �0.074 0.113 0.406
9 0.343 �0.044 �0.271 0.423
10 0.016 �0.069 0.221 0.396
11 0.451 0.234 �0.334 �0.006
12 0.440 0.223 �0.311 0.005
[W(CO)6]

b 0.315 0.233 �0.278
a Values are taken from [14].
b The values give the CO!W(CO)5 donation, W(CO)5! CO back-

donation and W(CO)5 M CO repulsive polarization.
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carbene ligand of the Fischer complexes carries only a small
partial charge between �0.13 and +0.13.

The population of the p(p) AO of the CH2 carbene car-
bon atom in 1 (0.67) is very similar to the values calculated
for the CHF, CF2, and CHOH ligands in 2–4 (Table 6).
The NBO result is in agreement with the Laplacian of 1
and 4 in the p plane of the carbene ligands, which show
holes in the electron concentration of both molecules. This
is surprising, because 4 is experimentally a clearly more sta-
ble Fischer complex than 1, which is usually explained with
the stabilization of the p(p) orbital of the carbene carbon
atom by the substituent. The NBO results suggest that
the higher stability of 4 relative to 1 is a kinetic effect.
Breaking the W–Ccarbene bond of 4 retains the electronic
stabilization of the carbene ligand by donation of the OH
substituent into the p(p) orbital, while the only stabiliza-
tion of the carbene through metal! carbene p back-dona-
tion is lost when the W–Ccarbene bond of 1 is stretched. This
makes the reaction of the carbene ligand of 1 with a nucle-
ophilic agent more favorable compared with that of 4.

The Schrock complexes 5–12 exhibit very different NBO
results compared to those of the Fischer complexes 1–4: (i)
All Schrock complexes have W–Ccarbene r and p bonds that
are both polarized towards the carbon end. The calculated
polarization of the p bond is in agreement with the previ-
ous study of Taylor and Hall [6], who found that the p elec-
trons in Fischer complexes are polarized towards the metal,
while in the Schrock complex they are more equally distrib-
uted. The d(W) AOs contribute the largest parts of the W–
Ccarbene r and p bonds at the tungsten end. Note that the
polarization of the r bonds of the neutral Schrock com-
plexes 5–10 is very similar to that of the respective p bonds.
(ii) The carbene ligands of 5–12 carry a distinct negative
partial charge. (iii) The population of the p(p) orbital of
the carbene carbon atoms is significantly higher (1.09–
1.20) in the Schrock complexes than in the Fischer
complexes. This explains why the Laplacian of the electron
density in the Schrock complexes has an area of electron
concentration around the carbene carbon atoms, while
the Fischer complexes have a hole in the p direction. Thus,
the NBO analyses of the 1–12 complement nicely the re-
sults of the topological analysis of the electron-density dis-
tribution. This is gratifying, because the NBO analysis
focuses on the orbital structure of the molecules, while
the topological analysis considers the total electron-density
distribution.

Another difference between the Fischer complexes 1–4
and the Schrock complexes 5–12 concerns the electronic
configuration and the atomic partial charge at the metal.
The tungsten 5d-shell population in the Fischer complexes
is �6 electrons, and the small negative partial charges
��0.5 are due to the population of the 6s orbital (Table
6). The calculated 5d population agrees with the formal
notation of these compounds as W(6d) compounds with
the oxidation state zero (i.e., W(0)). However, the concept
of oxidation state is based on formal assignments of the
bonding electrons to the metal and the ligand. The NBO
results for the Schrock complexes show that the formal
charge is as low as �0.27 for 9. The calculated partial
charges indicate that the tungsten atom of the Schrock
complexes is more positively charged and has a lower 5d
population than the Fischer complexes. Note that the neg-
atively charged complexes 11 and 12 have practically the
same partial charge at the metal as the respective neutral
compounds 5 and 6. This is because the fluorine atoms carry
most of the additional charge.

The CDA results of 1–12 are given in Table 7. The re-
sults for the carbonyl ligand in W(CO)6 is given for com-
parison. The data for the Fischer complexes 1–4 indicate
that the carbene ligand is a stronger electron donor than
electron acceptor. We want to emphasize that the absolute
numbers of the carbene! metal donation and
metal! carbene back-donation are not important, but
rather the relative values. The donation/back-donation
ratio for 1–4 suggests that the carbene ligands have the
order of acceptor strength CH2 < CHF < CF2 < CHOH.
The repulsive polarization term is always negative. This is
reasonable, because it gives the amount of electronic
charge that is removed from the overlapping area of occu-
pied orbitals of the ligand and the metal fragment. The
residue term is �0. This means that the complexes 1–4
can be reasonably interpreted as complexes between
closed-shell fragments W(CO)5 and CXY.

A comparison of the relative donor/acceptor ability of
the CHOH ligand of 4, which is a realistic model for a car-
bene ligand of a Fischer complex, and CO is very interest-
ing. Fischer concluded from the observed C–O stretching
frequencies of (CO)5CrL (where L = CO or C(OCH3)(Ph))
that the carbene ligand possesses a substantially larger r
donor/p acceptor ratio than CO [68]. Table 7 shows that
the CDA results are in agreement with Fischer�s sugges-
tion. The calculated r donor/p acceptor ratio of CHOH
in 4 is 0.417/0.177 = 2.36, the value for CO in W(CO)6 is
0.315/0.233 = 1.35.
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The CDA results for the neutral Schrock complexes 5–
10, which are calculated from the interactions between
closed-shell fragments WL4 and the carbene ligand, differ
substantially from the data of the Fischer complexes. The
donation and back-donation terms are in some cases neg-
ative, which is a physically unreasonable result. More
striking are the results for the residue term, which gives
the contributions of the unoccupied orbitals of the frag-
ments to the electronic structure of the respective com-
plex. The residue terms have in all cases large positive
numbers. This means that the electronic structure of 5–
10 should not be discussed in terms of donor–acceptor
interactions between the closed-shell carbene ligand and
the metal fragment. Inspection of the orbitals that make
up the residue term shows that the p(p) AO of the car-
bene carbon atom, which is unoccupied in the CH2 frag-
ment, is a large contributor to the metal–carbene
interactions. This means that the W–Ccarbene bonds of
5–10 should be discussed in terms of interactions between
the (3B1) triplet state of the carbene and the triplet ground
state of WCl4 as shown in Fig. 1(b). The CDA result for
5–10 support the bonding model suggested by Taylor and
Hall [6] for Schrock complexes.

The CDA results for the negatively charged Schrock
complexes 11 and 12 suggest that the metal–carbon bond-
ing in these compounds can be interpreted as donor–acceptor
interactions between the closed-shell fragments WCl�5 and
CX2. This is not surprising, because WCl�5 has a singlet
ground state, while WCl4 is a triplet. The values for the res-
idue term of 11 and 12 are �0. CH2 and CF2 are even bet-
ter donor ligands in 11 and 12 than in 1 and 2 (Table 7).
The CDA results for 11 and 12 show that a transition metal
in a Schrock-type high oxidation state may have a donor–
acceptor carbene bond just like a Fischer-type carbene
complex, which has a metal in a low oxidation state. We
want to point out that a similar situation exists for transi-
tion metal complexes with p-bonded ligands such as ethyl-
ene or acetylene. The analysis of the bonding situation in
W(CO)5L complexes (L = ethylene, acetylene) with the
CDA method showed that these compounds should be
Table 8
Energy decomposition analysis (kcal/mol) of the Fischer complexes (CO)5W
ligands CH2 and E(OH)2 in the singlet statec

Term (CO)5W–CH2 (CO)5W–C(OH)2 (CO)5W–Si(OH)2

DEint �93.8 �56.0 �49.3
DEPauli 188.1 129.2 120.8
DEelstat

a �172.4 (61.2%) �124.7 (67.3%) �103.9 (61.1%)
DEorb

a �109.5 (38.8%) �60.5 (32.7%) �66.2 (38.9%)
A1 �50.6 �39.6 �44.7
A2 �0.1 �0.4 �0.3
B1 �53.1 �14.2 �12.7
B2 �5.7 �6.3 �8.5
DEr

b 46.4% 66.1% 68.0%
DEp

b 53.6% 33.9% 32.0%

a The value in parentheses gives the percentage contribution to the total att
b The value in parentheses gives the percentage contribution to the total orb
c Values are taken from [13].
considered as donor–acceptor complexes, while WCl4L
compounds should be interpreted as metallacyclic mole-
cules. The corresponding anions [WCl5L]

� are borderline
cases which can be considered as both donor–acceptor
complexes and electron-sharing compounds [34].

The CDA results may lead to the conclusion that the
carbene! metal r donation is clearly more important
for the binding energy than the metal! carbene p back-
donation. This conclusion is not necessarily correct. The
relative amounts of charge donation do not always corre-
late with the corresponding attractive interactions. The car-
bene lone-pair orbital overlaps not only with empty metal
orbitals, but also with occupied metal d orbitals, which
leads to repulsive interactions. With other words, larger
alterations in the space of the r electronic charge than in
the p charge may not be used as evidence for stronger
attractive interactions of the r electrons. The contribution
of the carbene! metal donation and p back-donation to
the orbital interaction as well as the Pauli repulsion and
the electrostatic attraction will be discussed in the next sec-
tion which gives the EDA results of Fischer and Schrock
carbene complexes and heavier group-14 analogues.

5. Energy decomposition analysis of Fischer-type and

Schrock-type carbene complexes and heavier group-14

analogues LnTM–ER2 (E = C, Si, Ge, Sn, Pb)

The previous section has shown that the distinction be-
tween Fischer- and Schrock-type carbenes which is based
on experimental observations and intuitive bonding models
is supported by quantum chemical charge-partitioning
methods. Here, we discuss the results of the energy parti-
tioning analysis of Fischer-type tungsten complexes
(CO)5W–CH2, (CO)5W–C(OH)2, and the heavier group-
14 analogues (CO)5W–E(OH)2 (E = Si, Pb) which have
been presented by Lein et al. [13].

Table 8 gives the EDA results of the calculated Fischer-
type complexes. The data show that the hydroxyl groups
have a significant influence on the strength and on the nat-
ure of the W–CR2 bonding interactions. The calculated
–CH2 and (CO)5W–E(OH)2 using the metal fragments (CO)5W and the

(CO)5W–Ge(OH)2 (CO)5W–Sn(OH)2 (CO)5W–Pb(OH)2

�30.8 �27.2 �15.0
74.7 63.7 35.0
�56.7 (53.7%) �48.6 (53.4%) �20.9 (41.8%)
�48.8 (46.3%) �42.4 (46.6%) �29.1 (58.2%)
�33.8 �31.5 �22.1
�0.1 �0.1 �0.1
�9.8 �6.9 �4.6
�5.1 �3.8 �2.4
69.5% 74.7% 76.1%
30.5% 25.3% 23.9%

ractive interactions.
ital interactions.



Table 9
Energy decomposition analysis (kcal/mol) of the Schrock complexes Cl4W–EH2 using the fragments Cl4W and EH2 in the triplet statec

Term Cl4W–CH2 Cl4W–SiH2 Cl4W–GeH2 Cl4W–SnH2 Cl4W–PbH2

DEint �132.5 �88.0 �83.3 �71.5 �65.3
DEPauli 260.7 156.3 150.2 129.1 120.1
DEelstat

a �190.0 (48.3%) �120.4 (49.3%) �114.8 (49.2%) �100.8 (50.2%) �86.9 (46.9%)
DEorb

a �203.2 (51.7%) �123.9 (50.7%) �118.6 (50.8%) �99.9 (49.8%) �98.5 (53.1%)
A1 �129.7 �80.7 �79.1 �67.4 �64.2
A2 �0.1 �0.1 �0.1 �0.1 �0.1
B1 �12.7 �5.5 �5.4 �4.0 �4.4
B2 �60.7 �37.5 �34.1 �28.4 �29.8
DEr

b 63.9% 65.3% 66.7% 67.5% 65.2%
DEp

b 36.1% 34.7% 33.3% 32.5% 34.8%

a The value in parentheses gives the percentage contribution to the total attractive interactions.
b The value in parentheses gives the percentage contribution to the total orbital interactions.
c Values are taken from [13].
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interaction energy in (CO)5W–C(OH)2 (DEint = �56.0 k-
cal/mol) is much less than in (CO)5W–CH2

(DEint = �93.8 kcal/mol). The same result was found for
the chromium complex (Table 2) where the p-donor substi-
tuent weakens the metal–carbene bond dissociation energy
(BDE). The bonding in the former compound is less cova-
lent (DEorb = 32.7%) than in the latter (DEorb = 38.8%) but
the p^-contribution to the (CO)5W–C(OH)2 bonding is
much less (DEp^ = 23.5%) than in (CO)5W–CH2

(DEp^ = 48.5%) [69]. This is striking evidence that the p-
donor substituents OH have a strong influence on the
nature of the metal–carbene interactions. The strength of
the (CO)5W–E(OH)2 bonding interactions decreases while
the covalent character increases when E becomes heavier
(Table 8). The difference between the p character of the car-
bene complex and the silylene and germylene homologues
is not very large.

Table 9 gives the EDA results of the Schrock complexes
Cl4W–EH2 (E = C, Pb). The strength of the Cl4W–EH2

interactions is much higher than in the respective Fischer
complexes (CO)5W–E(OH)2. The calculated DEint value
decreases when E becomes heavier but it remains rather
high even for the lead complex Cl4W–PbH2

(DEint = �65.3 kcal/mol). Somewhat surprisingly, the
nature of the W–E bonding in the Schrock carbenes
changes very little for the different elements E. The
Cl4W–EH2 bonds are half electrostatic and half covalent
for all elements E. Two third of the covalent bonding
comes from r bonding and one third comes from p^-bond-
ing. Thus, the absolute values of the p contribution to
DEcov in the Schrock carbenes Cl4W–EH2 are much higher
than in the respective Fischer complexes (CO)5W–E(OH)2
but the ratio of r and p^ bonding in the two classes of
compounds is similar (Table 8).

6. Charge decomposition analysis of transition metal

complexes with N-heterocyclic carbene ligands

The above discussion of Fischer-type complexes has
shown that the metal! carbene p back-donation signifi-
cantly contributes to the binding interactions. The carbene
ligands in the complexes, which are discussed above, are
not stable as free species in a condensed phase. There is a
special class of transition metal donor–acceptor carbene
complexes where the p-bonding contribution to the me-
tal–carbene bonding appears to be less important or even
negligible. These are complexes of N-heterocyclic carbenes
(NHCs) like imidazol-2-ylidene and related compounds
which can be isolated as free molecules [9]. The nature of
the bonding and in particular the question of the p-bonding
contribution in typical NHC-complexes was the subject of
two theoretical studies of our groups. One study by
Boehme and Frenking [16] reported about an electronic
structure analysis of group-11 (Cu, Ag, Au) complexes
ClTM–NHE with E = C, Si, Ge where NHC is the parent
imidazol-2-ylidene ligand and NHSi and NHGe are the sil-
icon and germanium analogues. The authors used the
CDA, NBO and Bader methods for the bonding analysis.
The second study by Nemcsok et al. [15] analyzed the ener-
getic aspects of the bonding interactions in the group-11
carbene complexes XAg–NHC, ClTM–NHC and
TMðNHCÞþ2 where X = F, Cl, Br, I and TM = Cu, Ag,
Au. The information about the bonding situation in the
complexes which was gained in the two studies will be sum-
marized in this and the following section.

We first discuss the results of the electronic structure
analysis of Boehme and Frenking [16]. Fig. 8 shows the cal-
culated geometries of the molecules ClTM–NHE and the
free fragments because they are relevant for the bonding
discussion. The calculations were performed at the MP2 le-
vel using valence DZP-quality basis sets. The most impor-
tant point is, that the N–E bond lengths of the free ligands
NHE become shorter in the complexes. Table 10 gives the
CDA results of the compounds and the theoretically pre-
dicted bond dissociation energies.

The CDA results for the carbene compounds ClTM–
NHC given in Table 10 support the suggestion that the
metal! carbene p back-donation in NHC complexes is
much smaller than the carbene! metal r donation. The
d/b ratio is clearly higher than in typical Fischer complexes
(Table 1). The somewhat lower d/b ratio of the gold
complex ClAu–NHC indicates some metal! carbene p



Fig. 8. Optimized geometries of the complexes ClTM–NHE and the free fragments. Bond lengths are given in Å, angles in degree. Reproduced with
permission from [16].
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back-donation which can be explained with the effect of rel-
ativity, which leads to a contraction of the s and p orbitals
but to more diffuse d and f orbitals [70]. It is known that
relativistic effects are particularly strong in gold com-
pounds [70,71]. We want to point out that the carbene li-
gands have rather large bond dissociation energies which
are predicted at the CCSD(T) level between 56.5 kcal/mol
for ClAg–NHC and 82.8 kcal/mol for ClAu–NHC. The
BDE values given in Table 10 and in Table 1 clearly show
that there is no correlation between the strength of
metal! carbene p back-donation and bond strength.
The data in Table 10 also show that the silylene and germ-
ylene ligands in ClTM–NHSi and ClTM–NHGe have
weaker bonds than the carbene ligands, but the calculated
values for the BDE indicate that the metal–silylene and
metal–germylene bonds are still quite strong. The
metal! ligand p back-donation in the latter species is
rather small as it is the case in the carbene ligands.

The results of the NBO analysis of the complexes
ClTM–NHE which are shown in Table 11 nicely comple-
ment the CDA data. The atomic partial charges q(TMCl)
indicate that the ligand NHE donates electronic charge to
the TMCl acceptor fragment with the order
NHC < NHGe < ClTM–NHSi. Please note that the donor



Table 10
Results of the CDA calculations of the compounds ClTM–NHE at MP2/
DZP: NHE! TMCl donation d, NHE TMCl back-donation b, ratio
d/b, and NHE M TMCl repulsive polarization ra

Molecule d b d/b r De

ClCu–C3H4N2 0.538 0.081 6.64 �0.128 67.4
ClAg–C3H4N2 0.446 0.046 9.70 �0.131 56.5
ClAu–C3H4N2 0.396 0.091 4.35 �0.273 82.8
ClCu–SiC2H4N2 0.740 0.156 4.74 �0.114 45.1
ClAg–SiC2H4N2 0.714 0.162 4.41 �0.053 37.4
ClAu–SiC2H4N2 0.622 0.286 2.17 �0.066 64.1
ClCu–GeC2H4N2 0.693 0.106 6.54 �0.100 35.1
ClAg–GeC2H4N2 0.490 0.094 5.21 �0.059 29.9
ClAu–GeC2H4N2 0.527 0.168 3.14 �0.126 49.4

Calculated bond dissociation energies De (kcal/mol) at CCSD(T)/DZP//
MP2/DZP.
a Values are taken from [16].

Table 11
Results of the NBO partitioning scheme of the compounds ClTM–NHE at
MP2/DZP: population of the p-symmetric p orbital of atom E (E = C, Si,
Ge) pp(E), charges of atom E q(E), of TM q(TM) and of the TMCl
fragment q(TMCl), and Wiberg bond indices P(M–E) and P(E–N)a

Molecule pp
(E)

q

(E)
q

(TM)
q

(TMCl)
P

(TM–E)
P

(E–N)

ClCu–C3H4N2 0.84 �0.02 0.54 �0.16 0.451 1.206
ClAg–C3H4N2 0.83 �0.01 0.54 �0.18 0.405 1.218
ClAu–C3H4N2 0.86 0.04 0.38 �0.24 0.591 1.202
ClCu–SiC2H4N2 0.59 1.00 0.48 �0.23 0.612 0.780
ClAg–SiC2H4N2 0.60 0.98 0.50 �0.22 0.513 0.788
ClAu–SiC2H4N2 0.59 1.11 0.32 �0.33 0.762 0.775
ClCu–GeC2H4N2 0.65 0.88 0.49 �0.21 0.489 0.790
ClAg–GeC2H4N2 0.67 0.84 0.53 �0.19 0.410 0.794
ClAu–GeC2H4N2 0.64 0.98 0.32 �0.30 0.620 0.788
C3H4N2 0.67 0.06 1.120
SiC2H4N2 0.54 0.87 0.747
GeC2H4N2 0.63 0.78 0.744
CuCl 0.71
AgCl 0.74
AuCl 0.54

a Values are taken from [16].

Fig. 9. Contour line diagrams of the Laplacian $2q(r) at MP2/II of the
complexes ClTM–NHE and the free ligands NHE (E = C, Si). Solid lines
indicate areas of charge concentration ($2q(r) < 0) while dashed lines
show areas of charge depletion ($2q(r) > 0). The solid lines connecting the
atomic nuclei are the bond paths; the solid lines separating the atomic
nuclei indicate the zero-flux surfaces in the plane. The crossing points of
the bond paths and zero-flux surfaces are the bond critical points rc.
Reproduced with permission from [16].
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atom carbon which carries a slightly positive charge of
0.06 e in the free ligand NHC receives electronic charge
although the NHC ligand is an overall donor, while the
ligand atoms Si and Ge which are are strongly positively
charged in NHE release electronic charge. More important
than the overall charges are the alterations in the p
distribution. Table 11 shows that the p(p) population of
the donor atoms E is enhanced in the complexes compared
to the free ligands. The increase is particularly strong in the
carbene ligands but less so in the silylene and germylene
complexes. But it is important to recognize that that the
additional p(p) charge is not due to ClTM! E back-dona-
tion, but rather to stronger N! E p donation in the
ligands. This becomes obvious from the calculated bond
orders for the E–N bond, which are higher in the com-
plexes than in the free ligands. The NHE! TMCl r dona-
tion causes the donor atoms E to be come more electron
deficient, which in turn induces stronger N! E p dona-
tion. This explains the shortening of the E–N bonds in
the complexes. Further proof that the E–N bond shorten-
ing is an indirect effect of the E!MCl r donation comes



Table 13
Results of the NICS calculations at RHF/TZa

Molecule NICS

ClCu–C3H4N2 �14.2
ClCu–SiC2H4N2 �10.4
ClCu–GeC2H4N2 �11.3
C3H4N2 �13.7
SiC3H4N2 �10.2
C3H4N2 �10.8
a Values are taken from [16].

Table 12
Results of the topological analysis of the electron density distribution of the compounds ClTM–NHE at MP2/DZP: electron density at the bond critical
point qc (Å

�3), Laplacian of the electron density at the bond critical point $2qc (Å
�5), and energy density at the bond critical point Hc (a.u./Å

3)a

Molecule qc $2qc Hc

M–Cl M–E E–N M–Cl M–E E–N M–Cl M–E E–N

ClCu–C3H4N2 0.688 0.882 2.100 9.368 11.076 �14.283 �0.185 �0.338 �3.461
ClAg–C3H4N2 0.564 0.713 2.111 6.500 7.914 �13.611 �0.137 �0.236 �3.492
ClAu–C3H4N2 0.652 1.000 2.128 6.173 7.900 �15.329 �0.207 �0.497 �3.524
ClCu–SiC2H4N2 0.687 0.627 0.797 9.337 1.482 16.906 �0.182 �0.282 �0.254
ClAg–SiC2H4N2 0.547 0.552 0.796 6.512 0.942 16.891 �0.124 �0.236 �0.254
ClAu–SiC2H4N2 0.624 0.732 0.815 6.224 �2.657 17.397 �0.182 �0.500 �0.265
C3H4N2 1.997 �9.106 �3.247
SiC2H4N2 0.729 14.795 �0.222
a Values are taken from [16].
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from the change when a proton is attached to the carbene
carbon atom of NHC. Calculation at the MP2/6-31G(d) le-
vel show that the N–Ccarbene bond length in (NHC)H+ is
0.032 Å shorter than in NHC [72].

The results of the topological analysis of the electron
density distribution of the carbene and silylene complexes
ClTM–NHE are shown in Fig. 9 and Table 12. Fig. 9
shows that the areas of charge concentration ($2q(r) < 0,
solid lines) at the donor atoms pointing toward the metal
atoms which indicate the donor electron pair, are some-
what distorted in the complexes as result of the complex
formation. Visual inspection of Fig. 9 shows that the
distortion is less pronounced in the silver complexes than
in the copper and gold complexes. This indicates that the
Ag compounds may have a more electrostatic (ionic)
metal–ligand bond than the Cu and Au compounds. This
is supported by the calculated values of the energy density
at the bond critical points for the metal–ligand bonds
(Table 12). The Hc values for the ClAg–NHE bonds are
less negative than those for the copper and gold analogues.
A more detailed investigation of the covalent and electro-
static (ionic) character of the bond comes from the EDA
calculations which are presented further below.

An interesting question concerns the aromatic character
of the 6p systems NHE as free molecules and as ligands in
the complexes ClTM–NHE. NMR chemical spectra of the
bis(carbene) complexes TMðNHCÞþ2 (TM = Cu, Ag) with
N-mesityl groups as substituents showed a substantial
downfield shift for the imidazol ring protons compared to
those of the free ligands, which may be interpreted in terms
of higher degree of delocalization in the complexed imidaz-
ole rings [73]. Boehme and Frenking [16] performed nu-
cleus-independent chemical shift (NICS) calculations
which have been proven as sensitive probes of the aromatic
character of a molecule [74]. Table 13 shows the calculated
NICS values of the copper complexes ClCu–NHE and the
free ligands NHE which were calculated at the center of the
ring. The latter values may be compared with the calcu-
lated value of the free cyclopentadienyl anion C5H

�
5

(�14.3 ppm), which may serve as a reference for a five-
membered aromatic compound [74]. The data in Table 13
indicate that the free ligands NHE have a significantly aro-
matic character which becomes slightly enhanced in the
complexes ClCu–NHE.

7. Energy decomposition analysis of transition metal

complexes with N-heterocyclic carbene ligands

We summarize the most important results of the study
by Nemcsok, Wichmann and Frenking [15] who analyzed
the energetic aspects of the bonding interactions in the
group-11 carbene complexes XAg–NHC, ClTM–NHC
and TMðNHCÞþ2 where X = F, Cl, Br, I and TM = Cu,
Ag, Au with the EDA method. Fig. 10 shows the optimized
geometries of the complexes and the free carbene ligand
and metal moieties and the bond dissociation energies of
the carbene ligands at the BP86/TZ2P level. The authors
investigated two structural isomers of TMðNHCÞþ2 , one
with perpendicular arrangement of the carbene rings, and
the other one with coplanar arrangement of the rings.
The structures with perpendicular carbene rings are min-
ima on the potential energy surfaces, while the planar
structures are marginally higher in energy (DE 6 0.5 kcal/
mol) having one imaginary frequency with very small abso-
lute values. The small energy differences between the planar
and perpendicular structures could be taken as evidence
that the p-contribution to the metal–ligand bonding is neg-
ligible. The energy decompositions analysis which is given
below shows that this assumption is not justified.

A comparison of the geometries of ClTM–NHC which
are predicted at BP86/TZ2P and MP2/DZP (Fig. 8) shows
a rather good agreement between the two levels of theory.
Note that the geometry of the carbene ring changes only



Fig. 10. Optimized geometries and dissociation energies of XAg–NHC, ClTM–NHC and TMðNHCÞþ2 (X = F, Cl, Br, I; TM = Cu, Ag, Au) at BP86/
TZ2P. Bond lengths are given in Å, angles in �, energies in kcal/mol. The D0 values refer to dissociation of one NHC ligand from XAg–NHC (top) and
from two NHC ligands from TMðNHCÞþ2 (bottom). Reproduced with permission from [15].
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slightly upon binding to the metal. The theoretically pre-
dicted BDE values at BP86/TZ2P (De values are given in
Table 14) agree also remarkably well with the CCSD(T)/
DZP values which are given in Table 10.

Table 14 gives the results of the EDA calculations of the
XAg–NHC and ClTM–NHC (X = F, I; TM = Cu, Ag,
Au) complexes. The largest contributions to the DEint val-
ues come always from the electrostatic interaction term
DEelstat which contributes >75% to the binding energy
while the orbital term contributes <25%. Note that the
absolute value of DEelstat for the silver complex ClAg–
NHC is smaller than the values for the copper and gold



Table 14
Energy decomposition analysis of the mixed carbene halogen complexes XAg–NHC and ClTM–NHC (X = F, I; TM = Cu, Ag, Au) at BP86/TZ2P using
the carbene ligand NHC and TMX as fragmentsc

FAg–NHC ClAg–NHC BrAg–NHC IAg–NHC ClCu–NHC ClAu–NHC

Symmetry C2v C2v C2v C2v C2v C2v

DEint �57.9 �53.6 �51.7 �49.0 �69.5 �77.5
DEPauli 138.0 127.9 125.7 123.8 126.7 211.3
DEelstat

a �153.1 (78.2%) �141.7 (78.1%) �138.2 (77.9%) �134.2 (77.7%) �150.0 (76.4%) �218.6 (75.7%)
DEorb

a �42.8 (21.8%) �39.3 (21.9%) �39.2 (22.1%) �38.6 (22.3%) �46.2 (23.6%) �70.2 (24.3%)
DEa1

b �29.8 (69.6%) �28.6 (71.9%) �28.5 (72.8%) �28.7 (74.3%) �28.7 (62.0%) �5.2 (71.5%)
DEa2

b �0.2 (0.5%) �0.2 (0.6%) �0.2 (0.6%) �0.2 (0.6%) �0.1 (0.2%) �0.3 (0.4%)
DEb1

b �4.2 (9.7%) �3.6 (9.0%) �3.4 (8.8%) �3.2 (8.3%) �5.2 (11.2%) �6.5 (9.3%)
DEb2

b �8.6 (20.1%) �7.3 (18.4%) �7.0 (17.8%) �6.5 (16.8%) �12.3 (26.6%) �13.2 (18.8%)
DEr

b �29.8 (69.6%) �28.6 (71.9%) �28.5 (72.8%) �28.7 (74.3%) �28.7 (62.0%) �5.2 (71.5%)
DEp(i)

b �4.2 (9.7%) �3.6 (9.0%) �3.4 (8.8%) �3.2 (8.3%) �5.2 (11.2%) �6.5 (9.3%)
DEp(^)

b �8.6 (20.1%) �7.3 (18.4%) �7.0 (17.8%) �6.5 (16.8%) �12.3 (26.6%) �13.2 (18.8%)
DEprep 0.6 0.5 0.6 0.5 0.8 1.2
DE(�De) �57.3 �53.1 �51.1 �48.5 �68.7 �76.3
�Do �55.4 �51.4 �49.5 �47.0 �66.9 �74.5
Energies are given in kcal/mol.
a Values in parentheses give the percentage of the total attractive interactions DEelstat + DEorb.
b Values in parentheses give the percentage of the total orbital interactions DEorb.
c Values are taken from [15].

Table 15
Energy decomposition analysis of the bis(carbene) complexes (1)2TM

+

(perpendicular structure) at BP86/TZ2P using one carbene ligand 1 and
(1)TM+ as fragmentsc

(1)2Cu
+ (1)2Ag+ (1)2Au+

Symmetry D2d D2d D2d

DEint �83.7 �70.1 �91.0
DEPauli 111.9 114.7 175.6
DEelstat

a �146.2 (74.7%) �140.5 (76.0%) �197.7 (74.1%)
DEorb

a �49.5 (25.3%) �44.3 (24.0%) �68.9 (25.9%)
DEa1

b �33.0 (66.7%) �32.1 (72.5%) �51.3 (74.4%)
DEa2

b �0.6 (1.3%) �0.7 (1.6%) �0.8 (1.1%)
DEa1

b �5.0 (10.2%) �7.7 (17.3%) �11.1 (16.1%)
DEa2

b �10.8 (21.8%) �3.8 (8.6%) �5.8 (8.4%)
DEr

b �33.0 (66.7%) �32.1 (72.5%) �51.3 (74.4%)
DEp(i)

b �5.0 (10.2%) �3.8 (8.6%) �5.8 (8.4%)
DEp(^)

b �10.8 (21.8%) �7.7 (17.3%) �11.1 (16.1%)
DEprep 1.3 0.9 2.5
DE(�De) �82.4 �69.2 �88.5
�Do �80.3 �67.0 �86.5
Energies are given in kcal/mol.
a Values in parentheses give the percentage of the total attractive

interactions DEelstat + DEorb.
b Values in parentheses give the percentage of the total orbital interac-

tions DEorb.
c Values are taken from [15].
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complexes which is in agreement with the results of the
AIM analysis given in the previous section. The strength
of the interactions in the XAg–NHC complexes decreases
with the order F > Cl > Br > I. The effect of the metal on
the EDA results for the TM-carbene bond is larger than
the effect of the halogen ligand. Note that the absolute val-
ues of DEPauli, DEelstat and DEorb of the gold complex are
much larger than for the copper and silver homologues.

The C2v molecular symmetry of the complexes XTM–
NHC yields orbitals which belong to a1, a2, b1, and b2
irreducible representations. With our choice of the mirror
planes, b2 orbitals are in-plane pi orbitals and b1 orbitals
are out-of-plane p^ orbitals. The a2 representation
corresponds to d orbitals. The a1 orbitals have mainly r
symmetry, although there are a few orbitals of d symmetry
because the mirror planes of the orbital symmetry and the
point group of the molecular symmetry do not always coin-
cide. Assuming that the energy contribution from the a1 (d)
orbitals is very small – of the same magnitude as the energy
contribution from the a2 orbitals – one can assign r, in-
plane pi, and out-of-plane p^ energy contributions to the
orbital symmetry. The total r, pi, and p^ contributions
to the orbital interaction are listed in Table 14. By far
the largest contributions come as expected from r orbitals,
and the in-plane pi contributions account for one third of
the total p interaction. The out-of-plane p^ energy contri-
butions constitute 620% of the orbital interaction energy
in the silver and gold complexes. The latter term is slightly
larger in case of ClCu–NHC where the p^ interactions con-
tribute 26.6% to the orbital interactions. Given that the to-
tal orbital interaction accounts only for 22–25% of the
attractive interaction, this is a rather small contribution,
although it is not negligible compared to the r interaction.

For the EDA calculations of the perpendicular equilib-
rium structures of TMðNHCÞþ2 two fragmentation schemes
were employed. First, the bonding between one carbene
ligand and the metal fragment TM(NHC)+ was analyzed
in order to allow for a comparison with the ClTM–NHC
complexes. Then the bonding between two carbene ligands
and a TM+ cation was calculated with the EDA method in
order to investigate the total r- and p-bonding more clo-
sely. The second fragmentation scheme was also used for
the planar structure of the bis(carbene) complexes. The
results of the EDA calculations for the dissociation of
one carbene ligand are shown in Table 15.



Table 17
Energy decomposition analysis of the bis(carbene) complexes (1)2TM

+

(planar structure) at BP86/TZ2P using two carbene ligands (1)2 and TM+

as fragmentsd

(1)2Cu
+ (1)2Ag+ (1)2Au+

Symmetry D2h D2h D2h

DEint �203.7 �161.3 �224.9
DEPauli 219.1 226.1 349.8
DEelstat

a �289.1 (68.4%) �274.0 (70.7%) �389.9 (67.9%)
DEorb

a �133.7 (31.6%) �113.4 (29.3%) �184.7 (32.1%)
DEa1g

b �71.8 (53.7%) �67.0 (59.1%) �123.2 (66.7%)
DEb1g

b �8.6 (6.4%) �6.6 (5.8%) �9.5 (5.1%)
DEb2g

b �0.9 (0.7%) �1.4 (1.3%) �1.8 (1.0%)
DEb3g

b �16.9 (12.6%) �11.0 (9.7 1%) �15.9 (8.6%)
DEa1u

b �0.9 (0.7%) �0.9 (0.7%) �0.9 (0.5%)
DEb1u

b �10.8 (8.1%) �8.3 (7.3%) �11.0 (6.0%)
DEb2u

b �20.5 (15.3%) �15.7 (13.8%) �19.0 (10.3%)
DEb3u

b �3.2 (2.4%) �2.6 (2.3%) �3.5 (1.9%)
DEr

b �92.3 (69.0%) �82.7 (72.9%) �142.2 (77.0%)
DEp(i)

b �11.8 (8.8%) �9.2 (8.1%) �13.0 (7.0%)
DEp(^)

b �27.7 (20.7%) �19.3 (17.0%) �27.0 (14.6%)
DEprep 8.9 7.0 8.0
DE(�De)

c �194.8 �154.3 �216.9
�Do

c �191.0 �150.9 �204.7
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The EDA data in Table 15 show that the strength of the
metal–carbene interactions and the dissociation energies of
NHC–TM(NHC)+ are larger than for NHC–TMCl. This
can be explained with the positively charged metal frag-
ment in the former species. The proportion of orbital inter-
actions to the total attractive interaction in the former
compounds varies from 24.0% to 25.9% and is thus only
marginally higher than in the NHC–TMCl compounds.
The molecular symmetry of the perpendicular structure
of TMðNHCÞþ2 is D2d, but for the EDA calculations the
symmetry is reduced to C2v because the fragment with
the lowest symmetry determines the overall symmetry.
Thus, the orbital interaction can be split up into contribu-
tions of r, in-plane (pi) and out-of-plane (p^) symmetry,
similar to the NHC–TMCl compounds. A schematic repre-
sentation of the pi and p^ orbitals is shown in Fig. 11.
Table 15 shows that the copper complex CuðNHCÞþ2 has
the highest relative amount of out-of-plane p^ interaction
(21.8%). In the silver and gold complexes, the out-of-plane
p^ orbitals contribute only 17.3% and 16.1% to the orbital
interaction term, respectively.
N
H

H
N

M

H
N

N
H

M

H
N
N
H

H
N
N
H

in-plane π-interaction (πII) out-of-plane π-interaction (π⊥)

Fig. 11. Schematic representation of the in-plane (pi) and out-of-plane
(p^) p-orbital interactions in TMðNHCÞþ2 .

Table 16
Energy decomposition analysis of the bis(carbene) complexes (1)2TM

+

(perpendicular structure) at BP86/TZ2P using one carbene ligand 1 and
(1)TM+ as fragmentsd

(1)2Cu
+ (1)2Ag+ (1)2Au+

Symmetry D2d D2d D2d

DEint �203.8 �161.3 �224.8
DEPauli 219.9 226.4 348.8
DEelstat

a �290.0 (68.4%) �274.4 (70.8%) �389.4 (67.9%)
DEorb

a �133.7 (31.6%) �113.4 (29.2%) �184.2 (32.1%)
DEa1

b �71.8 (53.7%) �66.4 (58.5%) �122.0 (66.2%)
DEa2

b �1.0 (0.7%) �0.9 (0.7%) �0.9 (0.5%)
DEb1

b �0.9 (0.7%) �1.4 (1.3%) �1.8 (1.0%)
DEb2

b �20.4 (15.3%) �16.3 (14.3%) �19.9 (10.8%)
DEe

b �39.6 (29.6%) �28.5 (25.1%) �39.6 (21.5%)
DEr

b �92.3 (69.0%) �82.6 (72.9%) �141.9 (77.0%)
DEp

b �39.6 (29.6%) �28.5 (25.1%) �39.6 (21.5%)
DEprep 8.4 6.5 7.6
DE(�De)

c �195.4 �154.8 �217.2
�Do

c �191.4 �151.2 �213.3
Energies are given in kcal/mol.
a Values in parentheses give the percentage of the total attractive

interactions DEelstat + DEorb.
b Values in parentheses give the percentage of the total orbital interac-

tions DEorb.
c The dissociation energy refers to the reaction (1)2TM

+! TM+ + 2 1.
d Values are taken from [15].

Energies are given in kcal/mol.
a Values in parentheses give the percentage of the total attractive

interactions DEelstat + DEorb.
b Values in parentheses give the percentage of the total orbital interac-

tions DEorb.
c The dissociation energy refers to the reaction (1)2TM

+! TM+ + 2 1.
d Values are taken from [15].
The perpendicular and planar structures of the com-
plexes TMðNHCÞþ2 were also investigated using the frag-
mentation into a TM+ cation and a fragment consisting
of two carbene ligands. The EDA results are given in
Tables 16 and 17. The values for DEPauli, DEelstat and DEorb

are virtually the same for the planar and perpendicular
forms. The largest difference is 1.0 kcal/mol for the electro-
static interaction of the gold compounds. The attractive
forces are dominated by electrostatic interactions DEelstat.
The DEorb term contributes �30% to the attractive interac-
tions. Only the planar structure allows for a separation of
the orbital interaction DEorb in r, in-plane pi and out-
of-plane p^ interactions. The molecular symmetry of the
planar structure is D2h. Orbitals from the a1g and b2u
irreducible representations mostly have r-symmetry,
although there are very few d-orbitals in the a1g representa-
tion. More d-orbitals come from the a1u and b2g irreducible
representations. b1g and b3u orbitals belong to in-plane pi
symmetry, while b1u and b3g indicate out-of-plane p^
orbitals. The total r, pi and p^ contributions to the orbital
interaction are listed in Table 17. The largest part of DEorb

come from r orbitals [75], and the in-plane pi contributions
account for one third of the total p interaction. The energy
resulting from d orbital interactions is negligible. Thus, the
out-of-plane p^ interactions contribute up to 21% to the
orbital interaction energies.

The strength of the out-of-plane p^ interactions in the
planar structures of TMðNHCÞþ2 seems surprising consid-
ering the very small energy differences (65 kcal/mol)
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between the planar and perpendicular forms. The negligible
rotational barrier can be explained with the contribution of
the in-plane pi contributions to the metal–ligand interac-
tions. The EDA results in Tables 16 and 17 show that
the sum of pi + p^ interactions in the planar form have
nearly the same strength as the overall p bonding in the
perpendicular form.

The results of the EDA calculations of the group-11
complexes with N-heterocyclic carbenes may be compared
with the EDA values for Fischer carbene complexes
(CO)5Cr–C(X)R (Table 2) and (CO)5W–C(OH)2 (Table
8). The EDA values for the latter complexes suggest that
the orbital interactions in typical Fischer complexes con-
tribute between 35% and 40% to the attractive interactions
while electrostatic bonding contributes between 60% and
65%. Metal–carbene bonding in group-11 NHC–TMCl
complexes has less covalent contributions coming from
the DEorb term which contributes only between 22% and
26% (Tables 14 and 15). A somewhat surprising result con-
cerns the strength of p bonding in the two classes of car-
bene complexes. The EDA results suggest that the
relative contribution of the R2C TMLn p-back-donation
in the complexes NHC–TMCl is not dramatically smaller
than in Fischer carbene complexes which have one or
two p-donor groups R. The percentage values for the
out-of-plane p^ interactions contribute between 16.1%
and 26.6% to the DEorb term (Tables 14 and 15). Typical
Fischer complexes have values for the p^ interactions be-
tween 19% and 35% (Tables 2 and 8). Note, however, that
the absolute and relative magnitude of the orbital interac-
tions in NHC–TMCl is smaller than in (CO)5TM–C(X)R.

8. Summary

The theoretical results which are discussed in the work
convincingly demonstrate that modern quantum chemical
methods may not only give accurate numbers and data
for energies, geometries and other observable quantities
but they may also give detailed insight into the nature of
the bonding situation of transition metal complexes.
Charge and energy partitioning devices such as the NBO,
CDA, AIM and EDA methods provide a quantitative an-
swer to questions about the bonding situation in terms of
simple bonding models which is at the same time in agree-
ment with the physical mechanism of the bond formation.
Carbene complexes of Fischer and Schrock types exhibit
characteristic differences which become obvious through
the calculated data. The contributions of electrostatic and
orbital interactions and the strength of the r and p bond-
ing can be estimated using unambigiously defined quantum
chemical expressions. The results of the bonding analyses
may help to establish a well defined ordering scheme for
the variety of carbene complexes which are formed between
carbene ligands and metal fragments having different elec-
tronic structures. It is possible to understand the chemical
properties of the different carbene complexes through
quantum chemical analyses of the electronic structure.
The results of the bonding analyses show that heuristic
bonding models which were proven to be helpful in the past
may not be discarded. Rather, they become qualitatively
and quantitatively supported by the well defined quantum
chemical partitioning methods.
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