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In this work we have examined a series of 25 different Fischer carbene complexes of the
type (CO)5CrdC(X)R with X ) H, OH, OCH3, NH2, and NHCH3 and R ) H, CH3, CHdCH2,
Ph, and CtCH, to analyze the influence of each substituent on the molecular structure and
bonding of these complexes. Energy and charge decomposition analysis of the interaction
between the chromium pentacarbonyl and the carbene fragments reveal that for the metal-
carbene bond donation is quantitatively more important than back-donation. However, it is
the back-donation rather than donation that correlates with most geometrical and electronic
parameters of the complexes studied. The reasons for the larger influence of back-donation
on the molecular structure of Fischer carbene complexes are discussed.

1. Introduction

The use in organic synthesis of complexes of the type
(CO)5MdC(X)R (M ) Cr, Mo, W; X ) a π-donor sub-
stituent; and R ) a saturated alkyl or unsaturated
alkenyl, alkynyl, or aryl group), which are known as
Fischer carbene complexes after their discoverer,1 is
relatively recent and, despite that, it has already
produced impressive synthetic results.2 These versatile
organometallic reagents have an extensive chemistry,
and they are probably one of the few systems that
undergo cycloadditions of almost any kind. For instance,
[1+2], [2+2], [3+2], [3+3], [4+1], [4+2], [4+3], and
[6+3] cycloadditions and multicomponent cycloadditions
such as [1+1+2], [1+2+2], [3+2+1], [4+2+1], or even
[4+2+1-2] and [2+2+1+1] to Fischer carbenes have
been reported.3

In Fischer carbene complexes, the central carbene
carbon atom is linked through a formal metal-carbon

double bond to a low-valent group VI to VIII transition
metal. This multiple bond between the metal and the
carbene carbon atom is of great interest in organome-
tallic chemistry because breaking of this bond is a key
step in a number of Fischer carbene reactions. The
metal-carbene bond of Fischer carbene complexes is
usually4 discussed in terms of the familiar Dewar-
Chatt-Duncanson (DCD) model5 considering that the
two synergistic main bonding interactions are σ dona-
tion from the carbon lone pair orbital of the carbene into
the empty d(σ) orbital of the metal, and π back-donation
from an occupied d(π) metal atomic orbital to the
formally empty p(π) orbital of the carbene (see Scheme
1). Typically, in these complexes one carbene substituent
acts as a π donor, allowing for an electronic stabilization
of the electron-deficient carbene carbon atom, whereas
the other carbene substituent may be either a saturated
or unsaturated group. The low-valent metal center is
stabilized by π-acceptor substituents such as carbon
monoxide, phosphine, or cyclopentadienyl ligands.
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The nature of the metal-carbene bond has been the
subject of several theoretical studies. Most of the earlier
works on carbene complexes in which the transition
metal possesses a full coordination sphere were carried
out by means of semiempirical,6,7 Hartree-Fock (HF),8-11

and post-HF methods,12-15 while most of the recent
works have been performed through density functional
theory (DFT).15-25 Using ab initio calculations with
limited configuration interaction, Hall and Taylor dif-
ferentiated between the electronic structures of Fischer-
type and Schrock-type carbene complexes.12 This and
additional8,9,21,23 theoretical comparisons between Fis-
cher and Schrock carbene complexes have shown that
Schrock carbenes result from the coupling of a triplet
carbene ligand to a triplet transition metal moiety,
leading to nearly covalent σ and π bonds. These carbene
complexes have nucleophilic character at the carbene
carbon atom. On the contrary, Fischer carbenes have
electrophilic character at this atom and they are formed
by coordination of a singlet carbene ligand to a singlet
transition metal through a dative carbene to metal σ
donation and a dative metal to carbene π back-donation.
The analysis of the metal-carbene bonding has shown
that both σ donation and π back-donation are signifi-
cant.17,18,22,23 Furthermore, a dominant influence of the
metal fragment on the metal-carbene bond has also
been put forward by Cundari and Gordon.11 Finally, it
is worth noting that naked transition metal carbenes
MdCH2 have also been analyzed in a variety of theo-
retical studies.26

In Fischer-type chromium-carbene complexes of the
type (CO)5CrdC(X)R, the electronic characteristics of
the carbene substituents X and R control the electro-
philicity of the complex and therefore have a great
influence on its chemical reactivity. Indeed, it has been
proposed that the π bond character of a metal carbene

can be best represented by a Cr-C-X three-center four-
electron bond, the X group having a large effect on the
nature of the chromium-carbene bond.6,15 As an ex-
ample of the importance of substituents on the chemical
reactivity of Fischer carbenes, let us consider the Dötz
benzannulation reaction.27 This is an efficient synthetic
method that starting from aryl- or alkenyl-substituted
alkoxycarbene complexes of chromium affords p-alkox-
yphenol derivatives by successive insertion of the alkyne
and one CO ligand in an R,â-unsaturated carbene and
subsequent electrocyclic ring closure.28 For this reaction,
it is found that in general phenol is the major reaction
product. Substitution of alkoxycarbene by aminocarbene
complexes modifies the outcome of the reaction. Ami-
nocarbene complexes give indanones 4 as the major
product due to failure to incorporate a carbon monoxide
ligand from the metal, while alkoxycarbenes tend to
favor phenol products 3 (see Scheme 2)28,29 with some
exceptions.30 This is referred to as the heteroatom effect,
generally believed to be attributable to the better donor
capacity of the nitrogen over oxygen. In line with these
results, theoretical calculations by Gleichmann, Dötz,
and Hess31 indicated that phenol formation is signifi-
cantly more exothermic for hydroxycarbenes than for
aminocarbenes. Another interesting example showing
the key influence of the groups attached to the carbon
carbene atom concerns the kinetic and thermodynamic
acidity of Fischer carbene complexes.32 Bernasconi and
co-workers found that a weaker π-donor substituent in
the carbene strongly increases the thermodynamic
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Organomet. Chem. 1999, 578, 223. (l) Tomuschat, P.; Kröner, L.;
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acidity of Fischer carbene complexes. Remarkably, a
study on the kinetics and mechanism of hydrolysis of
(CO)5MC(X)Ph complexes found important differences
relative to complexes with different X groups.33 A
similar result has been reported in connection with the
kinetics of the reversible cyclization of Fischer carbene
complexes.34 Thus, the character of the substituents
directly connected to the carbene carbon atom has a
large effect on the reactivity of Fischer carbenes.
Consequently, it is possible to electronically tune Fis-
cher carbene complexes by using specific X and R
carbene substituents to get the desired chemical re-
sponse.35

Considering the importance of the Fischer carbene
complexes as well as the relevant effects of carbene
substituents on their chemical reactivity, it seems
worthwhile to carry out a systematic study of a series
of pentacarbonyl chromium-Fischer carbene complexes
varying in a systematic manner the substituents at-
tached to the carbene carbon atom. To perform such a
study, we have chosen the (CO)5CrdC(X)R (X ) H, OH,
OCH3, NH2, and NHCH3 and R ) H, CH3, CHdCH2,
Ph, and CtCH) Fischer-type carbene complexes having
carbene substituents of diverse degrees of σ- and
π-donor character. To identify each complex studied, we
have labeled them with a capital letter (see Table 1). It
is worth noting that a systematic comparative study of
a series of Fischer carbene complexes differing in the
substituents of the carbene moiety has not been carried

out yet. With this study, we hope to provide answers to
the changes in the nature of the chromium-carbene
bond and to the origin of the different reactivity of some
carbene complexes after modification of carbene sub-
stituents. In particular, the relative strength of σ
donation and π back-donation as a function of the nature
of the different substituents in the carbene will be
discussed.

2. Methods

The reported calculations were carried out using the Am-
sterdam Density Functional (ADF) package developed by
Baerends et al.36 and vectorized by Ravenek.37 The adopted
numerical integration procedure was due to te Velde et al.38

A set of auxiliary s, p, d, f, and g STO functions, centered on
all nuclei, were introduced in order to fit the molecular density
and Coulomb potential accurately in each SCF cycle.39 An
uncontracted triple-ς basis set was used for describing the 3s,
3p, 3d, 4s, and 4p orbitals of the chromium atom. For carbon,
nitrogen, oxygen, and hydrogen, use was made of a double-ú
basis set augmented by an extra polarization function.40 The
fully occupied inner shells of chromium (1s2s2p), as well as of
carbon, nitrogen, and oxygen (1s), were assigned to the cores
and treated by the frozen-core approximation.41 All the geom-
etries and frequencies were calculated using a generalized
gradient approximation (GGA) that includes the nonlocal
exchange correction of Becke42 and the nonlocal correlation
correction of Perdew43 (BP86 functional). The geometry opti-
mization procedure was based on an analytical gradient
scheme developed by Ziegler and co-workers.44 The harmonic
vibrational frequencies were computed from the force constants
obtained by numerical differentiation of the energy gradients.45

Kinetical relativistic effects are unimportant for an accurate
calculation of chromium complexes16 and were neglected in our
calculations.

To analyze the nature of the metal-carbene bond, we have
carried out energy and charge decomposition analysis. As far
as the energy decomposition is concerned,46 the total bond

(33) Bernasconi, C. F.; Perez, G. S. J. Am. Chem. Soc. 2000, 122,
12441.
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56, 2183.
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Baerends, E. J. In Methods and Techniques for Computational
Chemistry; Clementi, E., Coringiu, G., Eds.; STEF: Cagliari, 1995; p
305. (c) te Velde, G.; Bickelhaupt, F. M.; Baerends, E. J.; Fonseca
Guerra, C.; Van Gisbergen, S. J. A.; Snijders, J. G.; Ziegler, T. J.
Comput. Chem. 2001, 22, 931.

(37) Ravenek, W. In Algorithms and Applications on Vector and
Parallel Computers; te Riele, H. J. J., Dekker, Th. J., van de Vorst, H.
A., Eds.; Elsevier: Amsterdam, 1987.

(38) te Velde, G.; Baerends, E. J. J. Comput. Phys. 1992, 99, 84.
(39) Krijn, J.; Baerends, E. J. Fit Functions in the HFS Method.

Internal Report (in Dutch); Vrije Universiteit of Amsterdam: The
Netherlands, 1984.

(40) (a) Snijders, G. J.; Baerends, E. J.; Vernooijs, P. At. Nucl. Data
Tables 1982, 26, 483. (b) Vernooijs, P.; Snijders, G. J.; Baerends, E. J.
Slater Type Basis Functions for the Whole Periodic System. Internal
Report; Vrije Universiteit of Amsterdam: The Netherlands, 1981.
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Phys. Rev. A 1988, 38, 3098. (c) Becke, A. D. Int. J. Quantum Chem.
1983, 23, 1915.
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7406).
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G.; Li, J.; Ziegler. T. Int. J. Quantum Chem. 1995, 56, 477.
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Int. J. Quantum Chem. Symp. 1988, 22, 173.

(46) (a) Bickelhaupt, F. M.; Nibbering, N. M. M.; van Wezenbeek,
E. M.; Baerends, E. J. J. Phys. Chem. 1992, 96, 4864. (b) Ziegler, T.;
Rauk, A. Inorg. Chem. 1979, 18, 1755. (c) Ziegler, T.; Rauk, A. Inorg.
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Scheme 2

Table 1. Labels for the 25 Fischer-Type
Chromium-Carbene Complexes Studied

(CO)5CrdC(X)R H CH3 CHdCH2 Ph CtCH

OCH3 A F K P U
OH B G L Q V
NHCH3 C H M R W
NH2 D I N S X
H E J O T Y
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energy of singlet C(X)R carbene to the singlet ground state of
the (CO)5Cr fragment19 in the (CO)5CrdC(X)R complex has
been divided into deformation energy and interaction energy
(∆E ) ∆Edef + ∆Eint). The deformation energy is the energy
needed to modify the geometry of the free fragments to attain
the geometry that they have in the complex. The interaction
energy is the energy released when the two free deformed
fragments are brought to the position that they have in the
complex, and it has been, in turn, split into electrostatic, Pauli
repulsion, and orbital interaction terms (∆Eint ) ∆Eelstat +
∆EPauli + ∆Eoi). The term ∆Eelstat corresponds to the classical
electrostatic interaction between the unperturbed charge
distributions of the prepared fragments and is usually attrac-
tive. The Pauli repulsion ∆EPauli comprises the destabilizing
interactions between occupied orbitals and is responsible for
the steric repulsion. The orbital interaction ∆Eoi accounts for
charge transfer (interaction between occupied orbitals on one
moiety with unoccupied orbitals of the other, including the
HOMO-LUMO interactions) and polarization (empty/occupied
orbital mixing on one fragment due to the presence of another
fragment). ∆Eoi can be decomposed according to the extended
transition-state method (ETS)46b-d into the contributions from
each irreducible representation Γ of the interacting system.46

In systems with a clear σ, π separation (e.g., Fischer carbenes
with a plane of symmetry) this symmetry partitioning proves
to be quite informative.

For the charge decomposition analysis (CDA) we have used
the method by Dapprich and Frenking47 as implemented in
the CDA 2.1 program.48 In the CDA method the molecular
orbitals (canonical, natural, or Kohn-Sham) of the complex
are expressed in terms of the molecular orbitals of ap-
propriately chosen fragments. In the present case, the Kohn-
Sham (KS) orbitals of the Fischer carbene complex are formed
in the CDA calculations as a linear combination of the KS
orbitals of the carbene and those of the Cr(CO)5 fragment. The
orbital contributions are separated into four parts:47 (a) the
mixing of the occupied KS orbitals of the carbene and the
unoccupied KS orbitals of the Cr(CO)5 fragment (carbene f
Cr(CO)5 donation); (b) the mixing of the occupied KS orbitals
of the Cr(CO)5 fragment and the unoccupied KS orbitals of the
carbene (Cr(CO)5 f carbene back-donation); (c) mixing of the
KS occupied orbitals of carbene and Cr(CO)5 fragments (car-
bene T Cr(CO)5 repulsive polarization); (d) the residue term
arising from the mixing of the unoccupied KS orbitals, which
in all systems reported in this work are very close to zero. The
CDA calculations of Fischer carbene complexes have been
performed using approximate BP86 wave functions con-
structed from KS orbitals calculated by means of the Gaussian
98 program49 at the ADF optimized geometries. The standard
basis set combination suggested by Frenking et al.,50 which
has small-core effective core potentials (ECP) and (441/2111/
41) for Cr atom in conjunction with all-electron 6-31G(d) basis

sets for the main group elements, has been used for CDA
computations.

3. Results and Discussion

This section is organized as follows. First, we report
the geometries and bond dissociation energies of the
Fischer carbene complexes analyzed. Second, we discuss
the nature of the chromium-carbene bond through
charge and energy decomposition analysis. Finally, the
electrophilicity of these complexes as defined by Parr
and co-workers51 is analyzed.

3.1 Geometries and Bond Dissociation Energies.
Table 2 gathers the values of the most relevant geo-
metrical parameters (see Figure 1) for each complex
together with the corresponding chromium-carbene
bond dissociation energy and the frequency correspond-
ing mainly to the C-Otrans bond. We have incorporated
in Table 2 previous data collected from experimental
and other theoretical studies. Comparison between our
theoretical and the experimental bond distances for the
five complexes for which experimental results are avail-
able (the H, L, N, P, and Q complexes) shows that the
theoretical Cr-Ccarbene bond lengths are somewhat
underestimated, the largest error being 0.048 Å. The
differences between the experimental and theoretical
Cr-COtrans and C-Otrans bond lengths are even smaller,
indicating that in general there is a good agreement
between theoretical and experimental bond lengths. It
is worth noting that previous results from Ziegler and
co-workers for the carbene complex E (R and X ) H)
collected in Table 2 show that relativistic effects do not
play an important role in the optimization of the
geometry,16 all metal-ligand distances remaining al-
most unchanged when relativistic effects are included
in the Hamiltonian. For Cr(CO)6, Ziegler and co-workers
also reported that the BP86 method affords estimates
of the same accuracy as the CCSD(T) method.52

Substitution of an amino X group at the carbene
carbon atom by a hydroxy substituent results in a
shortening of the Cr-Ccarbene bond length by about 0.05
Å, reflecting the stronger π-electron-donating character
of the amino group.6,53 The shortest Cr-Ccarbene bond
length for a given R substituent corresponds always to
the complex having X ) H, the weakest π-electron-donor
substituent. Larger Cr-Ccarbene bond lengths go with
shorter Cr-COtrans and larger C-Otrans bond distances

(47) Dapprich, S.; Frenking, G. J. Phys. Chem. 1995, 99, 9352.
(48) CDA 2.1, by S. Dapprich and G. Frenking, Marburg, 1994. The

program is available via anonymous ftp server: ftp.chemie.uni-
marburg.de (/pub/cda).

(49) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.,
Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.;
Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;
Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo,
C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; Chen,
W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.;
Pople, J. A. Gaussian 98; Gaussian, Inc.: Pittsburgh, PA, 1998.

(50) Frenking, G.; Autes, I.; Böhme, M.; Dapprich, S.; Ehters, A.
W.; Jones, V.; Neuhaus, R.; Otto, M.; Stegmann, R.; Veldkamp, A.;
Voishchikov, S. F. Reviews in Computational Chemistry Vol. 8;
Lipkowitz, K. B., Boid, D. B., Eds.; VCH: New York, 1996; p 63.

(51) Parr, R. G.; v. Szentpály, L.; Liu, S. J. Am. Chem. Soc. 1999,
121, 1922.

(52) Li, J.; Schreckenbach, G.; Ziegler, T. J. Phys. Chem. 1994, 98,
4838.

(53) (a) Rees, B.; Mitschler, A. J. Am. Chem. Soc. 1976, 98, 7918.
(b) Arratia-Perez, R.; Yang, C. Y. J. Chem. Phys. 1985, 83, 4005. (c)
Baerends, E. J.; Rozendaal, A. In Quantum Chemistry: The Challenge
of Transition Metal and Coordination Chemistry; Veillard, A., Ed.;
Reidel: Dordrecht, 1986; p 159. (c) Aarnts, M. P.; Stufkens, D. J.; Solà,
M.; Baerends, E. J. Organometallics 1997, 16, 2254. (d) Ziegler, T.;
Tschinke, V.; Ursenbach, C. J. Am. Chem. Soc. 1987, 109, 4825.

Figure 1. Schematic representation of a Fischer-type
chromium-carbene complex.
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and also smaller C-Otrans frequencies, as expected from
the DCD mechanism5 applied to metal-carbene and
metal-CO bond formation. Thus, all Fischer carbene
complexes with NH2 or NHCH3 as the X substituent
have Cr-COtrans bond lengths ranging from 1.886 Å
(complex M) to 1.897 Å (complex D), while all complexes
carrying the OH or OCH3 substituents are found with
bond distances varying from 1.899 Å (complex F) to
1.915 Å (complex B). Finally, bond distances from 1.916
Å (complex T) to 1.937 Å (complex E) are associated with
complexes having a H atom as the X substituent.

The last column in Table 2 lists the ∠CcisCrCcarbeneX
dihedral angles for each complex as defined in Figure
1. At least two arrangements can be in principle
differentiated for the studied Fischer carbene complexes,
namely, the staggered conformation S (the plane of
carbene bisects two carbonyls’ plane), and the eclipsed
conformation E. These conformations are related by a
rotation of the carbene ligand around the Cr-Ccarbene

bond. Previous studies have shown that, in Fischer
carbene complexes, this rotation is essentially free,8,14,17,19

with rotational barriers of <1 kcal mol-1. The preference
for an E or S arrangement is determined by the

substituents of the carbene ligand as well as by the Cr-
Ccarbene bond length. Thus, when the carbene ligand
adopts an S conformation, the steric repulsion is reduced
(vide infra). Moreover, a small reduction in the orbital
interaction is also observed due to the decrease in the
overlap between the HOMO of Cr(CO)5 and the LUMO
of carbene. As pointed out by Jacobsen and Ziegler,17

the preference for the E or S conformation depends on
the balance of these two effects, steric repulsion and
orbital interaction. Values in Table 2 point out that the
Cr-Ccarbene bond length has a larger influence on the
∠CcisCrCcarbeneX dihedral angles than the size of the
carbene substituents. Actually, it is generally found that
smaller Cr-Ccarbene bond lengths result in larger ∠Ccis-
CrCcarbeneX dihedral angles, while bulkier R groups, such
as the phenyl substituent, do not have ∠CcisCrCcarbeneX
dihedral angles differing significantly from other smaller
R substituents. Remarkably, all Fischer carbenes with
X ) H, having small Cr-Ccarbene bond distances, possess
∠CcisCrCcarbeneX dihedral angles close to 45.0°, corre-
sponding to a perfect S conformation, while those with
X ) NHR′ (R′ ) H and CH3) have in general large Cr-
Ccarbene bond distances and small ∠CcisCrCcarbeneX dihe-
dral angles.

Table 2. Bond Dissociation Energies (kcal‚mol-1), the Most Important Bond Distances (Å), and Dihedral
Angles r (in deg) as Shown in Figure 1, and Vibrational Frequencies of the C-Otrans Mode (cm-1)

De d(Cr-C1) d(Cr-COtrans) d(C-Otrans)a ν(C-Otrans) d(Cr-COcis) d(C-Ocis) R(CcisCrC1 X)

A 76.4 1.965 1.909 1.158 1987.7 1.897 1.157 23.7
B 77.8 1.949 1.915 1.157 1968.1 1.902 1.156 51.3

2.000b 1.870b 1.130b 1.870b 1.130b

C 73.9 2.029 1.892 1.160 1972.5 1.878 1.165 3.9
D 68.7 2.006 1.897 1.159 1951.1 1.885 1.162 33.0
E 97.9 1.914 1.937 1.154 1959.4 1.906 1.155 43.3

1.884c 1.892c 1.892c

1.933d 1.954d 1.954d

1.930e 1.954e 1.954e

F 73.4 2.010 1.899 1.159 1954.5 1.898 1.158 21.4
1.93/1.98f 1.88/1.94f 1.86/1.92f

2.02g

G 71.4 1.990 1.904 1.158 1961.4 1.899 1.157 23.3
H 72.4 2.075 1.885 1.161 1944.8 1.880 1.165 17.9

2.090h 1.870h 1.870h

I 69.9 2.053 1.888 1.160 1950.3 1.881 1.164 17.1
2.081i 1.884i 1.884i

2.16g

J 90.6 1.941 1.927 1.156 1974.8 1.902 1.157 40.0
K 70.6 2.007 1.901 1.159 1957.6 1.897 1.158 20.7
L 72.0 1.999 1.906 1.158 1963.6 1.902 1.157 46.1

1.990f 1.950f 1.160f 1.920f 1.160f

1.993j 1.899j 1.167j 1.893j 1.166j

2.030k 1.890k 1.160k 1.890k 1.160k

2.040l 1.870l 1.130l 1.890l 1.160l

M 67.4 2.070 1.886 1.169 1948.9 1.879 1.165 18.6
N 67.5 2.046 1.891 1.160 1953.7 1.881 1.164 21.3

2.080l 1.880l 1.160l 1.890l 1.160l

O 94.7 1.960 1.924 1.156 1967.9 1.904 1.157 43.6
P 72.2 1.999 1.902 1.159 1946.5 1.895 1.158 16.8

2.02g 1.870m 1.890m

2.040m

Q 70.2 2.004 1.903 1.158 1963.7 1.898 1.157 42.4
2.052m 1.866m 1.160l 1.908h 1.160l

2.040l 1.870l 1.890l

R 68.4 2.061 1.888 1.161 1967.3 1.876 1.166 17.5
S 66.8 2.039 1.892 1.160 1955.0 1.874 1.166 4.6

2.16g 1.853i 1.882i

2.057i

T 87.5 1.974 1.916 1.157 1969.3 1.905 1.157 48.2
U 70.1 1.999 1.905 1.158 1961.8 1.896 1.158 32.8
V 71.8 1.978 1.911 1.157 1973.7 1.902 1.156 48.8
W 64.7 2.067 1.886 1.160 1953.6 1.875 1.166 3.4
X 64.5 2.048 1.891 1.159 1957.7 1.875 1.165 5.8
Y 81.4 1.963 1.922 1.155 1980.0 1.905 1.156 46.2
a The experimental bond length in free CO is 1.128 Å.58 b Ab initio closed-shell HF.8 c LDA.19 d BP86.16 e BP86+QR.16 f LDA.16

g Semiempirical calculations.6 h Exp.59 i LDA.17 j BP86.22 k BP86.31 l Exp.60 m Exp.61

4186 Organometallics, Vol. 21, No. 20, 2002 Cases et al.

D
ow

nl
oa

de
d 

by
 C

A
R

L
I 

C
O

N
SO

R
T

IU
M

 o
n 

Ju
ne

 2
9,

 2
00

9
Pu

bl
is

he
d 

on
 A

ug
us

t 3
0,

 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
02

03
33

0



Finally, a direct relationship between the bond dis-
sociation energies and the chromium-carbene bond
length is not observed, although commonly a larger
distance between the carbene and the pentacarbonyl
chromium fragments is connected to a smaller bond
energy dissociation value, as expected. For a series of
(CO)5CrdC(X)R complexes having the same R substitu-
ent, it is found that the complex with X ) H has a larger
dissociation energy than complexes with X ) OR′,
which, in turn, have larger dissociation energies than
those with X ) NHR′. Not surprisingly, the stronger
π-electron-donating character of the amino group re-
duces the back-donation to carbene, resulting in smaller
dissociation energy. For a given X group, the complex
with R ) H substituent always has the largest dissocia-
tion energy. In the following sections, the nature of the
chromium-carbene bond is analyzed by means of
charge and energy decomposition analysis. The results
that have been obtained provide a rationale for the
above-mentioned relations.

3.2. Charge Decomposition Analysis. To analyze
the metal-carbene bonding in the (CO)5CrdC(X)R
complexes, we have carried out CDA calculations. This
method is employed here as a quantitative tool for the
analysis of the (CO)5CrdC(X)R complexes in terms of
charge donation and back-donation between (CO)5Cr
and C(X)R closed-shell fragments. Since CDA calcula-
tions provide the amount of electronic charge transfer
in the carbene f metal donation and the metal f
carbene back-donation,47 values from the CDA can be
used to quantify the DCD model.5

Table 3 collects the donation, back-donation, and
repulsive polarization62 contributions, as well as the
back-donation/donation ratio, for each Fischer carbene
complex studied with the CDA method. For most of the
systems, the carbene f metal donation values are over
2 times larger than metal f carbene back-donation (see
back-donation/donation ratio in Table 3).19,23 Larger

overlaps (by a factor of about 2) and reduced energy gaps
(by ca. 3 eV) for the main orbital interaction involved
in the σ donation as compared to that of the π back-
donation justify the larger relevance of σ donation with
respect to π back-donation in the metal-carbene bond.
An opposite behavior was found for the metal-CO and
metal-CN bonds,18,52,53 for which the π back-donation
is about twice as important as σ donation.

The values obtained for σ charge donation are rela-
tively constant, ranging from 0.528 to 0.480 electrons
(similar overlaps and energy gaps for the orbitals most
involved in σ donation for all complexes), except for
systems with R ) CtCH, for which lower values of
donation are obtained as a result of the important
σ-withdrawing character of this substituent.54 Con-
versely, complexes with R ) CH3 exhibit the largest
values of σ donation as expected from the σ electron-
donating character of the methyl group. Unlike dona-
tion, 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 > OCH3 > NH2 > NHCH3; that is, it
becomes more intense with the decrease of the π-donor
character of the X group. Since the phenyl substituent
is a π electron donor,55 one should expect a reduction of
back-donation for systems with R ) Ph, which in fact
is not observed because the noncoplanarity of the phenyl
group within the carbene ligand impedes π electron
donation from the phenyl group. The low back-donation
values of Fischer carbene complexes with R ) CtCH
are somewhat unexpected given the π-acceptor nature
of this group and are attributed to the reduced σ
donation that in these systems partially blocks the
synergetic mechanism that favors back-donation.

It is instructive to plot the obtained charge donation
and back-donation values as a function of the Cr-
Ccarbene, Cr-COtrans, and C-Otrans bond distances. Charge
donation values lead to poor correlations. On the other
hand, satisfactory correlations are achieved when charge
back-donation values are employed, as shown in Figure
2. In particular, it is found that the (CO)5CrdC(X)R
complexes with X substituents having higher π-donor
character show smaller back-donation values, larger
Cr-Ccarbene and C-Otrans bond lengths, and shorter Cr-
COtrans bond distances. 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 in Figure 2 are
those having R ) CtCH that, as above-mentioned, have
charge donation values lower than the common transfer
of ca. 0.5 electron. It is worth noting that 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 also that the TM f L back-
donation correlates quite well with the change of the
TM-COtrans bond length, while the TM r L donation
does not.18

One may probably expect a good correlation between
the energies of the HOMO and the LUMO of the carbene

(54) Topsom, R. D. Acc. Chem. Res. 1983, 16, 292.
(55) Hansch, C.; Leo, A.; Taft, R. W. Chem. Rev. 1991, 91, 165.

Table 3. Charge Donation, Back-Donation,
Back-Donation/Donation Ratio, and Repulsive

Polarization Terms Obtained in the CDA Analysis
(in electrons)

donation back-donation
back-donation/

donation
repulsive

polarization

A 0.528 0.244 0.462 -0.319
B 0.499 0.255 0.511 -0.342
C 0.511 0.218 0.427 -0.299
D 0.501 0.214 0.427 -0.317
E 0.501 0.284 0.567 -0.358
F 0.536 0.218 0.407 -0.327
G 0.525 0.227 0.432 -0.334
H 0.524 0.190 0.363 -0.299
I 0.527 0.207 0.393 -0.295
J 0.518 0.267 0.515 -0.325
K 0.522 0.206 0.395 -0.334
L 0.507 0.215 0.424 -0.328
M 0.502 0.191 0.380 -0.309
N 0.499 0.198 0.397 -0.313
O 0.508 0.240 0.472 -0.348
P 0.513 0.243 0.474 -0.344
Q 0.503 0.249 0.495 -0.335
R 0.486 0.214 0.440 -0.315
S 0.480 0.229 0.477 -0.324
T 0.492 0.263 0.535 -0.365
U 0.391 0.205 0.524 -0.323
V 0.469 0.222 0.473 -0.339
W 0.404 0.205 0.507 -0.306
X 0.391 0.193 0.494 -0.307
Y 0.496 0.258 0.520 -0.268
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and charge donation and back-donation, respectively.
However, the correlations obtained in these cases are

rather poor because other factors such as the Cr-Ccarbene
bond length and the overlaps between frontier orbitals

Figure 2. (a) Back-donation values vs the chromium-carbene bond distance (Å). (b) Back-donation values vs the Cr-
COtrans bond distance (Å). (c) Back-donation values vs the C-Otrans bond distance (Å).
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of the carbene and the Cr(CO)5 fragment also have a
great influence on charge donation and back-donation.

3.3. Energy Decomposition Analysis. To gain a
deeper insight into the nature of the Cr-Ccarbene bond,
we have performed an energy decomposition analysis46

of the chromium-carbene bond dissociation energy.
Table 4 contains the results obtained from the energy
decomposition analysis of the Fischer carbene complexes
studied.

We have divided the bond dissociation energy into the
deformation energy term (∆Edef) and the interaction
energy term (∆Eint). For the 25 Fischer carbene com-
plexes studied, the ∆Edef value ranges from 2.3 (complex
X) to 5.5 (complex J) kcal‚mol-1, and the ∆Eint term
takes values from -66.9 (complex W) to -102.6 (com-
plex E) kcal‚mol-1. From these numbers, it is clear that
the key to understanding the differences between the
Fischer carbene complexes must be found in the ∆Eint
term, and not in the ∆Edef energy value. The interaction
energy term can be further partitioned into the Pauli
repulsion energy (∆EPauli), the electrostatic interaction
(∆Eelstat), and the orbital interaction (∆Eoi) energy terms.
There is a relation with the Cr-Ccarbene bond length and
the different components of the interaction energy.
Thus, in general a larger Cr-Ccarbene bond distance goes
with smaller (in absolute value) ∆EPauli, ∆Eelstat, and
∆Eoi energy terms. For instance, the highest values (in
absolute value) of these three terms correspond to the
same complex, complex E, which has the smaller Cr-
Ccarbene bond length. For a given R, the ∆EPauli, ∆Eelstat,
and ∆Eoi energy terms increase in absolute value
following the order of decreasing π-donor character of
the X substituent: H > OR′ > NHR′.

The first two terms, ∆EPauli and ∆Eelstat, are often
added to a single term ∆E°, sometimes called “steric
energy”, which has no relation with the loosely defined

steric interaction used to refer to repulsive interactions
of bulky substituents.25 In our systems, Pauli repulsion
and electrostatic terms more or less tend to cancel each
other. For this reason, the analysis of the bonding
interactions can be performed by looking at the orbital
interaction energy term (∆Eoi). This energy term exhib-
its a good correlation with the chromium-carbene bond
distance as shown in Figure 3. It is worth noting that
stronger orbital interactions and shorter bonds do not
always translate into higher bond dissociation energies,
because the electrostatic attraction and the Pauli repul-
sion also play a role when differences in ∆Eoi are small.
For example, complex D has a shorter Cr-Ccarbene bond
distance (see Table 2) and stronger orbital interactions
(see Table 4) than complex C, but the total interaction
energy and the bond dissociation energy of complex C
are larger than those of complex D.

To analyze further the orbital interaction energy
term, we have slightly modified 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 geometrical ar-
rangement, it is possible to separate the interaction
energy into the σ and π orbital interaction components.
Because of the geometry changes, the two σ and π terms
added do not sum exactly the ∆Eoi gathered in Table 4.
In most cases, the changes needed to get the plane of
symmetry increase in absolute value the Pauli repul-
sion, the orbital interaction, and the electrostatic terms.
From the results in Table 4, we can see that, first, the
component connected with donation (∆Eσ) is more than
twice as large as the term associated with back-donation
(∆Eπ), and second, ∆Eπ values are more scattered over
a broad range of values, whereas ∆Eσ values are more
uniform. We have also found that the geometrical
parameters correlate quite well with ∆Eπ values (see

Table 4. Results of the Energy Decomposition Analysis for the (CO)5CrC(X)R Complexes Studied
(in kcal‚mol-1)

∆Eint ∆ΕPauli ∆Eelstat
a ∆Eoi

a ∆Eσ
b ∆Eπ

b ∆Edef ∆E()-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
a In parentheses, percentage of the total attractive interactions ∆Eelstat + ∆Eoi. b In parentheses, percentage of the total orbital interactions

∆Eoi.
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Figure 4) and not so clearly with ∆Eσ energies. All these
results are in perfect qualitative agreement with the
conclusions obtained from the CDA calculations. In
general, correlations of ∆Eπ energies versus Cr-Ccarbene,
Cr-COtrans, or C-Otrans bond lengths are quantitatively
somewhat better than those generated using the charge
back-donation values obtained from the CDA calcula-
tions. Qualitatively, however, correlations of Figure 2b
and Figure 4 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 π component of the charge or the energy decomposi-
tion analysis decreases (in absolute value) when we have
a stronger π-donor substituent, i.e., in the order H >
OH > OCH3 > NH2 > NHCH3.

3.4. Electrophilicity. An important property of
Fischer carbene complexes is their electrophilic char-
acter. Formally, as a result of the donation being larger

than back-donation, these carbene complexes have a
[(CO)5Crδ-rCδ+] charge separation, which indicates a
lack of charge on the carbene carbon atom and suggests
an electrophilic reactivity of the carbene site.56 To
evaluate the electrophilicity of these complexes, we have
calculated the electrophilicity index, ω, for each complex
measured according to Parr, Szentpály, and Liu51 using
the expression

where µ is the chemical potential (the negative of the
electronegativity) and η is the hardness.57 Chemical

(56) Elschenbroich, Ch.; Salzer, A. In Organometallics: A Concise
Introduction, 2nd ed.; VCH: Weinheim, Germany, 1992; p 214.

(57) (a) Parr, R. G.; Yang, W. Density-Functional Theory of Atoms
and Molecules; Oxford University Press: New York, 1989. (b) Pearson,
R. G. Chemical Hardness; Wiley-VCH: Oxford, 1997.

Figure 3. Orbital interaction energy values (kcal‚mol-1) vs the metal-carbene bond distance (Å).

Figure 4. π contribution to the orbital interaction energy values (kcal‚mol-1) vs the Cr-COtrans bond distance (Å).

ω ≡ µ2/2η (1)
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potential and hardness can be calculated from the
HOMO and LUMO orbital energies using the following
approximate expressions:57

The values of the electrophilicity index in Table 5
show clearly that π-donor substituents reduce the
electrophilicity of the complex, as a result of the acceptor
orbital in carbene becoming occupied by π donation.
Thus, for a fixed R, the electrophilicity increases fol-
lowing the order H > OH > OCH3 > NH2 > NHCH3,
which is the same order of increasing back-donation. For
a given X, the complex with R ) CH3 has smaller
electrophilic character because of the donating proper-
ties of the methyl group. On the contrary, Fischer
carbenes with R ) CtCH have the largest electrophi-
licities, in line with the acceptor character of the Ct
CH group.

4. Summary and Conclusions

In this work, we have carried out a DFT study of a
series of pentacarbonyl chromium-Fischer carbene
complexes of the type (CO)5CrdC(X)R with X ) H, OH,
OCH3, NH2, and NHCH3 and R ) H, CH3, CHdCH2,
Ph, and CtCH to analyze the influence of the carbene
substituents on their molecular and electronic structure.

For a series of (CO)5CrdC(X)R complexes having the
same R substituent, we have found that stronger π
electron donors lead to larger Cr-Ccarbene bond lengths,
shorter Cr-COtrans and larger C-Otrans bond distances,
and smaller chromium-carbene bond dissociation ener-
gies.

Charge and energy decomposition analyses show that
the donation from the carbene fragment to the Cr(CO)5
fragment is stronger than back-donation. However, it
is back-donation rather than donation that correlates
with most geometrical and electronic parameters of the
complexes studied. The reason for the larger influence
of back-donation is that charge back-donation values
and π orbital interaction energies are more scattered
over a large range of values, while charge donation
values and σ orbital interaction energies are more
constant. Thus, the main differences among the Fischer
carbenes chosen arise from the different degree of metal
to carbene back-donation. For a given R, back-donation
increases in the order H > OH > OCH3 > NH2 >
NHCH3; that is, it becomes larger with the decrease in
the π-donor character of the X group. In general, the
electrophilic character of the Fischer carbene complex
follows the same trend. The X substituent has a larger
effect on the Cr-Ccarbene bonding than the R group.

It remains to investigate how a variation of the
substituents in the carbene fragment influences the
chemical reactivity of Fischer carbene complexes by
examining the thermodynamics and the kinetics of a
series of typical Fischer carbene-mediated reactions. We
will address this problem in forthcoming studies.
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(58) Huber, K. P.; Herzberg, G. Constants of Diatomic Molecules;
Van Nostrand-Reinhold: New York, 1979.

(59) Baikie, P. E.; Fischer, E. O.; Mills, O. S. Chem. Commun. 1967,
1199.

(60) Mills, O. S.; Redhouse, A. J. Chem. Soc. A 1968, 642.
(61) Huttner, G.; Lorenz, H. Chem. Ber. 1975, 108, 1864.
(62) One reviewer objected against the name “repulsive polariza-

tion”, because the term “polarization” indicates attractive interactions
that arise from the excited configurations in one fragment that are
caused by the electric field of the other fragment. Thus, a better name
would be “exchange repulsion” or “Pauli repulsion”. We agree with the
reviewer. Nevertheless, we prefer to keep the name “repulsive polar-
ization” because it has been introduced and defined as a repulsive term
that arises from the interactions of filled orbitals in the first paper
about the CDA47 and in subsequent papers.18,20,21,23,24

Table 5. Electrophilicity Index, ω (eV), of the
Different Fischer Carbene Complexes Analyzed

(CO)5CrdC(X)R H CH3 CHdCH2 Ph CtCH

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

µ ) (εLUMO + εHOMO)/2 (2)

η ) εLUMO - εHOMO (3)
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