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A systematic density functional theory (DFT) study of free and Cr- and W-coordinated
alkoxy-carbenes has been carried out. The structure of the free carbenes and their relative
energies remains unaltered by coordination to the metal. A clear bias for the anti-isomer is
observed in both the free and coordinated carbenes. The exception is complexes having
alkynyl substituents. In this case, the metal complex prefers the syn-disposition. The
theoretical model explains the observed bias for the anti-isomer by the stabilizing contribution
of a stereoelectronic effect due to the two-electron donation from the σCH orbital of the O-Me
group to the π*CO orbital of the CO ligand and feedback donation of the πCO orbital to the
σ*CH orbital and the destabilizing repulsion between the groups linked to the carbene carbon.
This last factor is the determinant one since the linear triple bond produces a clear bias for
the syn-isomer only in the coordinated carbene, showing that the steric contribution rather
than the electronic repulsion is responsible for the structure of group 6 Fischer carbenes.
The anti-syn isomerization in chromium(0)-carbene complexes has also been studied. This
process occurs without affecting either the carbene ligand or the coordination sphere of the
metal by rotation of the C(Cr)-O-Me bonds. The developed model is fully applicable to
tungsten-carbene complexes.

Introduction

The first tungsten(0)-carbene complex was prepared
by Fischer and Maasböl in 1964.1 Almost 40 years after
this seminal discovery, these reagents have a wide-
spread use in organic synthesis.2 Among them, group 6
metal-carbene complexes are especially well suited for

structural and mechanistic studies because of the easi-
ness of their preparation and the amazing number of
different reactivities they can experience. The nature
of the metal-carbon double bond has attracted a
continuous and still unabated interest, from both the
experimental and theoretical points of view. In fact, the
first crystal and molecular structure of [pentacarbonyl-
(methoxyphenyl)chromium(0)]carbene, 2, was reported
in 1968 by Mills and Redhouse3 showing a partial
double-bond character of the [O-C]dCr bond. This was
explained from the interaction between a lone pair on
the oxygen and the empty pz orbital orbital of the
carbene carbon. This interaction would be competitive
with the back-donation from the metal and therefore
would result in the consequent lessening of the double-
bond character of the O-[CdCr] double bond. One
remarkable feature of this structure was that the
methyl group is directed toward the chromium (an
orientation we shall denote anti throughout this work;
see below).

Since this original crystallographic study, many other
structures of group 6 alkoxy metal-carbene complexes
have been reported.4,5 Except for complexes having
linear substituents linked to the carbene carbon such
as [pentacarbonyl(phenylethynylmethoxy)chromium(0)],
4,12 [pentacarbonyl(phenylethynylethoxy)chromium(0)],
5,5t and the allenylethoxy derivative,5s the remaining
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(1) Fischer, E. O.; Maasböl, A. Angew. Chem., Int. Ed. Engl. 1964,

3, 580.
(2) Reviews: (a) Dötz, K. H.; Fischer, H.; Hofmann, P.; Kreissel, R.;

Schubert, U.; Weiss, K. Transition Metal Carbene Complexes; Verlag
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Int. Ed. Engl. 1984, 23, 587. (c) Wulff, W. D. In Comprehensive Organic
Synthesis; Trost, B. M., Fleming, I., Eds.; Pergamon: Oxford, 1991;
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Organomet. Chem. 1991, 413, 143. (e) Rudler, H.; Audouin, M.; Chelain,
E.; Denise, B.; Goumont, R.; Massoud, A.; Parlier, A.; Pacreau, A.;
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1991, 20, 503. (f) Grotjahn, D. B.; Dötz, K. H. Synlett. 1991, 381. (g)
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W., Stone, F. G. A., Wilkinson, G., Eds.; Pergamon: Oxford, 1995; Vol.
12, p 470. (h) Hegedus, L. S. In Comprehensive Organometallic
Chemistry II; Abel, E. W., Stone, F. G. A., Wilkinson, G., Eds.;
Pergamon: Oxford, 1995; Vol. 12, p 549. (i) Harvey, D. F.; Sigano, D.
M. Chem. Rev. 1996, 96, 271. (j) Hegedus, L. S. Tetrahedron 1997, 53,
4105. (k) Aumann, R.; Nienaber, H. Adv. Organomet. Chem. 1997, 41,
163. (l) Alcaide, B.; Casarrubios, L.; Domı́nguez, G.; Sierra, M. A. Curr.
Org. Chem. 1998, 2, 551. (m) Sierra, M. A. Chem. Rev. 2000, 100, 3591.
(n) de Meijere, A.; Schirmer, H.; Duetsch, M. Angew. Chem., Int. Ed.
2000, 39, 3964. (o) Barluenga, J.; Flórez, J.; Fañanás, F. J. J.
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alkoxy complexes, whose structures have been reported,
systematically have the alkoxy substituent in an anti-
disposition (Figure 1). Furthermore, the [C-C]-O-Cd

Cr distance in the crystals is in many cases considerably
shorter than expected for a single bond, like for example
in CH3-CH2-OH. One clear exception to this rule is
observed in [pentacarbonyl(ethoxymethyl)chromium(0)]-
carbene, 1,6 albeit in this case the measurement was
effected by neutron diffraction (Table 1).

From a theoretical point of view the nature of the
metal-carbene bond has been repeatedly discussed.
Early work by Block7 using semiempirical methods
showed a correlation between the site of nucleophilic
attack and the location of the LUMO in the metal
complexes. In this work the effect of complexation on
the electronic distribution of the ligands was also
studied by comparison of the nature of the free and
coordinated carbenes, although they were directed
toward the comparative effect of coordination between
CH3CO- and CH3COMe. Subsequently the problem of
the nature of the metal-carbon double bond was ap-
proached using semiempirical,8 Hartree-Fock (HF),9
post-HF,10 and most recently density functional theory

(4) anti-Methoxy carbenes: (a) Jayaprakash, K. N.; Ray, P. C.;
Matsuoka, I.; Bhadbhade, M. M.; Puranik, V. G.; Das, P. K.; Nishihara,
H.; Sarkar A. Organometallics 1999, 18, 3851. (b) Dötz, K. H.; Kuhn,
W.; Thewalt, U. Chem. Ber. 1985, 118, 1126. (c) Macomber, D. W.;
Hung, M.-H.; Madhukar, P.; Liang, M.; Rogers, R. D. Organometallics
1991, 10, 737. (d) Ulrich, K.; Guerchais, V.; Dötz, K. H.; Toupet, L.;
Le Bozec, H. Eur. J. Inorg. Chem. 2001, 725. (e) Dötz, K. H.; Ehlenz,
R.; Straub, W.; Weber, J. C.; Airola, K.; Nieger, M. J. Organomet. Chem.
1997, 548, 91. (f) Geisbauer, A.; Polborn, K.; Beck, W. J. Organomet.
Chem. 1997, 542, 205. (g) Breimair, J.; Weidmann, T.; Wagner, B.;
Beck, W. Chem. Ber. 1991, 124, 2431. (h) Wienand, A.; Reissig, H.-U.;
Fischer, H.; Pflumm, D.; Troll, C. J. Organomet. Chem. 1992, 427, C9.
(i) Kretschik, O.; Nieger, M.; Dötz, K. H. Chem. Ber. 1995, 128, 987.
(j) Jahr, H. C.; Nieger, M.; Dötz, K. H. J. Organomet. Chem. 2002,
641, 185. Exceptions (syn-methoxy carbenes): (k) Dötz, K. H.; Tomus-
chat, P.; Nieger, M. Chem. Ber. 1997, 130, 1605. (l) Longen A.; Nieger,
M.; Vögtle, F.; Dötz, K. H. Chem. Ber. 1997, 130, 1105. (m) Lattuada,
L.; Licandro, E.; Papagni, A.; Maiorana, S.; Villa, A. C.; Guastini, C.
Chem. Commun. 1988, 1092.

(5) anti-Ethoxy carbenes: (a) Aumann, R.; Roths, K. B.; Kossmeier,
M.; Fröhlich, R. J. Organomet. Chem. 1998, 556, 119. (b) Duetsch, M.;
Stein, F.; Lackmann, R.; Pohl, E.; Herbst-Irmer, R.; de Meijere, A.
Chem. Ber. 1992, 125, 2051. (c) Barluenga, J.; Montserrat, J. M.; Flórez,
J.; Garcı́a-Granda, S.; Martı́n, E. Angew. Chem., Int. Ed. Engl. 1994,
33, 1392. (d) Streubel, R.; Hobbold, M.; Jeske, J.; Jones, P. G. Chem.
Commun. 1994, 2457. (e) Landman, M.; Gorls, H.; Lotz, S. J. Orga-
nomet. Chem. 2001, 617, 280. (f) Aumann, R.; Fröhlich, R.; Kotila, S.
Organometallics 1996, 15, 4842. (g) Aumann, R.; Hinterding, P.;
Krüger, C.; Betz, P. Chem. Ber. 1990, 123, 1847. (h) Aumann, R.;
Jasper, B.; Goddard, R.; Krüger, C. Chem. Ber. 1994, 127, 717. (i)
Terblans, Y. M.; Roos, H. M.; Lotz, S. J. Organomet. Chem. 1998, 566,
133. (j) Landman, M.; Gorls, H.; Lotz, S. Eur. J. Inorg. Chem. 2001,
233. (k) Tran-Huy, N. H.; Lefloch, P.; Robert, F.; Jeannin, Y. J.
Organomet. Chem. 1987, 327, 211. (l) Aumann, R.; Hinterding, P.;
Krüger, C.; Goddard, R. J. Organomet. Chem. 1993, 459, 145. (m)
Moldes, I.; Ros, J.; Torres, M. R.; Perales, A.; Mathieu, R. J. Organomet.
Chem. 1994, 464, 219. (n) Aumann, R.; Jasper, B.; Fröhlich, R.; Kotila,
S. J. Organomet. Chem. 1995, 502, 137. (o) Aumann, R.; Göttker-
Schnetmann, I.; Fröhlich, R.; Meyer, O. Eur. J. Org. Chem. 1999, 2545,
5. (p) Sierra, M. A.; Ramı́rez-López, P.; Gómez-Gallego, M.; Lejon, T.;
Mancheño, M. J. Angew. Chem. Int. Ed. 2002, 41, 3442. Even
bis-carbenes complexes: (q) Fischer, E. O.; Roll, W.; Schubert, U.;
Ackermann, K. Angew. Chem., Int. Ed. Engl. 1981, 20, 611. (r) Tran-
Huy, N. H.; Pascard, C.; Tran-Huu Dau E.; Dötz, K. H. Organometallics
1988, 7, 590. Syn-ethoxy carbenes: (s) Aumann, R.; Jasper, B.; Lage,
M.; Krebs, B. Chem. Ber. 1994, 127, 2475 (this paper contains also
crystallographic data for two anti-carbene complexes). (t) Lorenz, H.;
Huttneer, G. Chem. Ber. 1975, 108, 1864. (u) Mathur, P.; Ghosh, S.;
Sarkar, A.; Satyanarayana, C. V. V.; Rheingold, A. L.; Liable-Sands,
L. M. Organometallics 1997, 16, 3536.

(6) Krüger, C.; Goddard, R.; Claus, K. H. Z. Naturforsch. 1983, B38,
1431.

(7) Block, T. F.; Fenske, R. F.; Casey, C. P. J. Am. Chem. Soc. 1976,
98, 441.

(8) (a) Block, T. F.; Fenske, R. F. J. Am. Chem. Soc. 1977, 99, 4321.
(b) Goddard, R. J.; Hoffmann, R.; Jemmis, E. D. J. Am. Chem. Soc.
1980, 102, 7667. (c) Volatron, F.; Eisenstein, O. J. J. Am. Chem. Soc.
1986, 108, 2173.

(9) (a) Nakatsuji, H.; Ushio, J.; Han, S.; Yonezawa, T. J. Am. Chem.
Soc. 1983, 105, 426. (b) Ushio, J.; Nakatsuji, H.; Yonezawa, T. J. Am.
Chem. Soc. 1984, 106, 5892. (c) Marynick, D. S.; Kirkpatrick, C. M. J.
Am. Chem. Soc. 1985, 107, 1993. (d) Cundari, T. R.; Gordon, M. S. J.
Am. Chem. Soc. 1991, 113, 5231. (e) Cundari, T. R.; Gordon, M. S. J.
Am. Chem. Soc. 1992, 114, 539. (f) Cundari, T. R.; Gordon, M. S.
Organometallics 1992, 11, 55.

(10) (a) Taylor, T. E.; Hall, M. B. J. Am. Chem. Soc. 1984, 106, 1576.
(b) Carter, E. A.; Goddard, W. A., III. J. Am. Chem. Soc. 1986, 108,
4746. (c) Márquez, A.; Fernández Sanz, J. J. Am. Chem. Soc. 1992,
114, 2903.

(11) (a) Jacobsen, H.; Schreckenbach, G.; Ziegler, T. J. Phys. Chem.
1994, 98, 11406. (b) Jacobsen, H.; Ziegler, T. Organometallics 1995,
14, 224. (c) Ehlers, A. W.; Dapprich, S.; Vyboishchikov, S. F.; Frenking,
G. Organometallics 1996, 15, 105. (d) Jacobsen, H.; Ziegler, T. Inorg.
Chem. 1996, 35, 775. (e) Fröhlich, N.; Pidun, U.; Stahl, M.; Frenking,
G. Organometallics 1997, 16, 442. (f) Frenking, G.; Pidun, U. J. Chem.
Soc., Dalton Trans. 1997, 1653. (g) Torrent, M.; Durán, M.; Solá, M.
Organometallics 1998, 17, 1492. (h) Vyboishchikov, S. F.; Frenking,
G. Chem. Eur. J. 1998, 4, 1428. (i) Beste, A.; Krämer, O.; Gerhard, A.;
Frenking, G. Eur. J. Inorg. Chem. 1999, 2037. (j) Frenking, G. J.
Organomet. Chem. 2001, 635, 9.

Table 1. Selected Experimental and Calculated Bond Distances (Å) and Angles (deg) for Complexes 1-5

(CO)5CrdC(OR′)Ra dCr-C dCr-COtrans dC-R dC-O dO-C1 dC1-C2 C-O-C1 R-C-O

1 R ) Me, R′ ) Et6 2.053 1.894 1.511 1.314 1.461 1.509 124.1 106.1
(2.064) (1.892) (1.515) (1.313) (1.454) (1.517) (124.1) (105.9)

2 R ) Ph, R′ ) Me3 2.04 1.87 1.47 1.33 1.40 121 104
(2.084) (1.889) (1.493) (1.323) (1.436) (124.3) (105.3)

3 R ) CHdCHPh 2.054 1.884 1.478 1.299 1.449 1.452 123.4 108.6
R′ ) Etb (2.057) (1.896) (1.483) (1.322) (1.435) (123.4) (107.5)

4 R ) CtCPh, R′) Me12 1.9990 1.897 1.416 1.3233
(2.005) (1.908) (1.426) (1.329) 1.447 (121.7) (115.5)

5 R ) CtCPh, R′ ) Et5t 2.00 1.86 1.37 1.32 1.51 1.50 121 116
a Calculated data are given in parentheses. See text. The C1 and C2 atoms refer to the ethoxy groups. b Data provided by Prof. Lars K.

Hansen (University of Tromsø, Norway). The full crystallographic data for compound 2 will be reported in due time.

Figure 1. Syn- and anti-conformations of free and Fischer
carbenes.
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(DFT) calculations.11 A landmark in these works is the
study by Wang,12 who demonstrated by a combination
of X-ray diffraction and molecular orbital (MO) calcula-
tions that the π-bond character of the metal-carbene
can be best represented by a Cr-C-X three-centered
four-electron bond, with the π-electron density mainly
located at either the dyz orbital of Cr or the pz orbital of
X in the carbene ligand. This makes the carbene an
electrophilic site in the pπ direction. An extensive DFT
study by Frenking and Solá13 reported, while this work
was under progress, that stronger π-electron donors
attached to the carbene carbon lead to larger CrdC,
shorter Cr-COtrans, and larger C-Otrans bond distances.
An additional effect of these stronger π-electron donors
is to produce smaller CrdC bond dissociation energies.
Surprisingly, all these calculations were effected on the
syn orientation, which is not usually encountered in the
solid structures of group 6 alkoxy carbenes.

Despite the extensive studies resumed above no
additional effort has been exerted to compare the free
and coordinated ligands to extract information about the
nature of the MdC bond, except the pioneering work
by Block.7 Reported herein is a systematic DFT study
of different conformations of free and Cr- and W-
coordinated alkoxy-carbenes that shows that coordina-
tion to the metal does not change the structure of the
free carbenes and their conformational trends. Further-
more, the preference of the free and coordinated car-
benes for the anti-geometry is explained by means of a
simple model based upon second-order perturbation
theory.

Computational Details

All the calculations reported in this paper were obtained
with the GAUSSIAN 98 suite of programs.14 Electron correla-
tion has been partially taken into account using the hybrid
functional usually denoted as B3LYP15 and the standard
6-31G* basis set16 for hydrogen, carbon, oxygen, and nitrogen
and the Hay-Wadt small-core effective core potential (ECP)
including a double-ê valence basis set17 for chromium or
tungsten (LanL2DZ keyword). Zero-point vibrational energy
(ZPVE) corrections have been computed at the B3LYP/6-31G*
level and have not been corrected. Stationary points were
characterized by frequency calculations18 and have positive

defined Hessian matrixes. Transition structures (TSs) show
only negative eigenvalues in their diagonalized force constant
matrixes, and their associated eigenvectors were confirmed to
correspond to the motion along the reaction coordinate under
consideration. Nonspecific solvent effects have been taken into
account by using the self-consistent reaction field (SCRF)
approach.19 Donor-acceptor interactions and atomic charges
have been computed using the natural bond order (NBO)20

method. The energies associated with these two-electron
interactions have been computed according to the following
equation:

where F̂ is the DFT equivalent of the Fock operator and φ and
φ* are two filled and unfilled natural bond orbitals having ∈φ

and ∈φ* energies, respectively; nφ stands for the occupation
number of the filled orbital.

Results and Discussion

Both free carbenes and their organometallic group 6
metal-carbene analogues may exist in two conforma-
tions, syn and anti, interchangeable by rotation through
the C-heteroatom bond. Our study was initiated study-
ing the comparative stability of free carbenes 6-9 and
their pentacarbonylchromium(0) analogues 2, 10, 11,
and 12. Table 2 compiles the calculated energies for both
classes of compounds. The optimized geometries of both
isomers of complexes 2, 10, 11, and 12 are depicted in
Figure 2. Except for the alkynyl-substituted carbene
complex 12, in all cases the anti-isomer was the more
stable of both isomers. The difference in energies
between the anti- and syn-isomers is considerably
higher in the free carbenes 6-9 than in the metalla-
carbenes 2, 10, 11, and 12. These results are in full
agreement with the reported X-ray structural data for
complexes 1-3 (see Table 1).4 The calculated preference
of alkynyl-substituted carbene complex for the syn-
isomer form is also concordant with the observed X-ray
structure for [pentacarbonyl(phenylethynylmethoxy)-
carbene]chromium(0), 4.12

(12) Wang, C.-C.; Wang, Y.; Liu, H.-J.; Lin, K.-J.; Chou, L.-K.; Chan,
K.-S. J. Phys. Chem. 1997, 101, 8887.

(13) Cases, M.; Frenking, G.; Durán, M.; Solá, M. Organometallics
2002, 21, 4182.

(14) 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.; Chen, W.;
Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. A. Gaussian 98, revision A.5; Gaussian, Inc.: Pitts-
burgh, PA, 1998.

(15) (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648. (b) Lee, C.; Yang,
W.; Parr, R. G. Phys. Rev. B 1998, 37, 785. (c) Vosko, S. H.; Wilk, L.;
Nusair, M. Can. J. Phys. 1980, 58, 1200.

(16) Hehre, W. J.; Radom, L.; Scheleyer, P. v. R.; Pople, J. A. Ab
Initio Molecular Orbital Theory; Wiley: New York, 1986; p 76, and
references therein.

(17) Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 299.
(18) McIver, J. W.; Komornicki, A. K. J. Am. Chem. Soc. 1972, 94,

2625.

(19) (a) Onsager, L. J. Am. Chem. Soc. 1936, 58, 1486. (b) Wong,
M. W.; Wiberg, K. B.; Frisch, M. J. J. Am. Chem. Soc. 1992, 114, 523.
(c) Wong, M. W.; Wiberg, K. B.; Frisch, M. J. J. Am. Chem. Soc. 1992,
114, 1645.

(20) (a) Foster, J. P.; Weinhold, F. J. Am. Chem. Soc. 1980, 102,
7211. (b) Reed, A. E.; Weinhold, F. J. J. Chem. Phys. 1985, 83, 1736.
(c) Reed, A. E.; Weinstock, R. B.; Weinhold, F. J. Chem. Phys. 1985,
83, 735. (d) Reed, A. E.; Curtiss, L. A.; Weinhold, F. Chem. Rev. 1988,
88, 899.

Table 2. Relative Energies (∆E,a,b kcal mol-1) of
syn- and anti-Conformations of Carbenes 2 and

6-12

[X] ) none [X] ) (CO)5Cr

6, R ) Me +7.3 10, R ) Me +1.8
7, R ) Ph +9.7 2, R ) Ph +1.3
8, R ) CHdCH2 +6.2 11, R ) CHdCH2 +4.0
9, R ) CtCH +2.9 12, R ) CtCH -1.6
a ∆E values computed as ∆E ) Esyn - Eanti. b All values have

been calculated at the B3LYP/LANL2DZ&6-31G*+∆ZPVE level.

∆Eφφ*
(2) ) -nφ

〈φ*|F̂|φ〉
∈φ* - ∈φ

(1)
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The preference of both free 6-9 and complexed
carbenes 2, 10, and 11 for the anti-isomer may be
explained on the basis of two additive effects. The syn-
isomer has two unfavorable interactions. Free carbenes
have a staggered interaction between the methyl group
bonded to oxygen and the substituent in the carbene
carbon. Additionally, free carbenes are also affected by
the strong repulsive interaction between the carbene
electron pair and the two nonbonding electron pairs of
the oxygen (Figure 3). Clearly, this last interaction is
not present in complexed carbenes; therefore the dif-
ference in energy between both isomers is reduced.

This reduction of the energy differences between both
isomers would be exacerbated by the repulsive steric
interaction that exists between the methyl group and

the “CO wall”.21 Nevertheless, there are three factors
that minimize this interaction. The first one is the
enlargement of the bond distance between the metal and
the sp2-hybridized atom of the carbene in the anti-
conformation (see Figure 2). The second factor is the
staggered disposition of the carbene group and two CO-
cis ligands flanking it. This staggered disposition is
maintained in all complexes studied, independently of
the isomer considered with dihedral angles OC-Cr-
C-OMe having absolute values between 25.1° (complex
syn-11) and -58.0° (complex anti-2). The conforma-
tional staggering should minimize the steric repulsion.
The exception is complex syn-2, which is in a nearly
eclipsed conformation (dihedral angle OC-Cr-C-OMe
) 8.4°). In addition, the NBO analysis of compound 10
shows a two-electron stabilizing interaction between the
O-Me group hydrogens and the CO ligand cis to the
carbene moiety. Thus, the two-electron donation from
the σCH orbital of the O-Me group to the π*CO orbital of
the CO ligand (-0.21 kcal mol-1) coupled to the feedback
donation of the πCO orbital to the σ*CH orbital (-0.67
kcal mol-1) results in a significant stabilizing contribu-
tion in the anti-isomer that is not present in the cis-
isomer (Figure 4). The additive effect of all the contri-
butions mentioned above (at least two contributions for
each interaction mode) renders the anti-isomer more
favorable than the syn-isomer for chromium(0) alkoxy
carbenes, in full agreement with experimental X-ray
data. Even bulky substituents such as menthyl groups
linked to the oxygen maintain the anti-disposition
despite the expected increased steric destabilization
expected in these cases.5c

Alkynyl-substituted carbene complex 12 is the excep-
tion to the rule. In fact, in this case, according to our
calculations, the syn-isomer is preferred by 1.6 kcal
mol-1. This result is supported by experimental data
since complex 4 crystallized as the syn-isomer.12 A
considerable decrease in the difference of energies
between syn- and anti-isomers is also observed in the
free carbene 9, but in this case there is still a clear bias
favoring the anti-isomer. The reasons for this change
in behavior should be found in the linear structure of
the triple bond. In this case, and according to our model,

(21) Hegedus, L. S. Transition Metals in the Synthesis of Complex
Organic Molecules, 2nd ed.; University Science Books: Sausalito, CA,
1999.

Figure 2. Chief geometrical data (B3LYP/LANL2DZ&6-
31G* fully optimized structures) of syn- and anti-conforma-
tions of Fischer carbenes 2 and 10-12. Bond distances are
given in Å. Carbon, oxygen, and hydrogen atoms are
represented in gray, red, and white, respectively.

Figure 3. Conformational equilibrium in free singlet
carbenes.

Figure 4. Two-electron interactions and associated second-
order perturbational energies between a methyl group and
a CO ligand in syn-Fischer carbenes.
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the decrease in the steric interaction between the triple
bond and the methyl group of the carbene may approach
the energies of both isomers. In fact, this may serve as
a probe to evaluate the relative participation between
the steric repulsion and the electronic destabilization.
Clearly, and according to the relative energies shown
in Table 1, it is the steric repulsion between the groups
attached to the carbene carbon rather than the elec-
tronic repulsion that is responsible for the bias toward
the anti-isomer. This trend is also maintained in
compounds having linear allene substitutents linked to
the carbene carbon.5s Coordination of the triple bond to
a Co2(CO)6 fragment results in the recovery of the usual
anti-disposition.4h,5m

X-ray data for the structures of ethoxy-substituted
complexes show in some cases a significant shortening
of the [C-C]-O bond that could be as short as 1.45
Å.5k,n,p Our calculated optimized structures for syn- and
anti-conformations of complexes 1 and 15 are depicted
in Figure 5.

Our model again explains the bias for the anti-isomer
in both the free and coordinated carbenes (Table 3).
These results are also confirmed by neutron diffraction
measurements.6 However, the calculated [C-C]-O
distances (1.517 and 1.518 Å for complexes 1 and 15,
respectively) are the expected for a single σC-C bond.
The dihedral angles OC-Cr-C-OEt of complexes 1 and
15 follow the same trend as their methoxy analogues.
Again, with the exception of syn-15 (OC-Cr-C-OEt
) 4.5°), which is close to an eclipsed conformation, the
remaining compounds are in a staggered disposition.

There are, in principle, two alternative hypotheses to
explain the shortening effect of the σO-C-C. It might be

a consequence of a stereoelectronic effect involving
donation of electron density from the σCH orbital to the
σ*CO orbital placed in an antiperiplanar disposition
(Table 4). This donation would result in the shortening
of the [C-C]-O bond while elongating the C-H bond.
This model is a simple orbital description of the induc-
tive effect exerted by the oxygen onto the adjacent C-C
bond. Within this hypothesis higher positive charges on
the oxygen should result in shorter adjacent C-C bonds.
The magnitude of this donation was evaluated on the
basis of the donor-acceptor interactions in the NBO
analysis using ethanol, ethyl methyl ether, O-ethyl-
formaldehyde, and complexes 1 and 15. Table 4 compiles
the results obtained in these calculations.

Data in Table 4 show clearly the stronger donation
from the ethyl group in formaldehyde with a positive
charge on the oxygen (∆E(2) ) -7.06 kcal mol-1)
compared to either the alcohol or the ether (∆E(2) )

Figure 5. Chief geometrical data (B3LYP/LANL2DZ&6-31G* fully optimized structures) of syn- and anti-conformations
of Fischer carbenes 1 and 15. See Figure 2 caption for additional details.

Table 3. Relative Energies (∆Ea,b, kcal mol-1) of
syn- and anti-Conformations of Carbenes 1 and

13-15

[X] ) none [X] ) (CO)5Cr

13, R ) Me +7.5 1, R ) Me +2.9
14, R ) Ph +10.0 15, R ) Ph +1.7

a ∆E values computed as ∆E ) Esyn - Eanti. b All values have
been calculated at the B3LYP/LANL2DZ&6-31G*+∆ZPVE level.
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-3.99 and -3.91 kcal mol-1, respectively). Complexes
1 and 15 are closer in the value of ∆E(2) to neutral
alcohols than to ethylated formaldehyde. In any case,
the expected shortening of the [C-C]-O bond was
observed. To obtain more accurate geometries, the basis
set for the explicit electrons of chromium was aug-
mented with a set of f-polarization functions.22 The
ethoxy [C-C]-O distance remained invariant also in
these conditions.

This failure to explain the observed bond shortening
by applying an inductive model led us to consider an
alternative explanation. In fact, the bond shortening is
clearly seen in X-ray diffraction structural determina-
tions,5 but it is not present in the structure of [pentac-
arbonyl(ethoxymethyl)carbene]chromium(0) obtained by
neutron diffraction.6 Therefore, it can be thought that
the anomalous shortening seen in some ethoxy-carbene
complexes may be due to the packing in the crystal. To
simulate the condensed phase,19 we repeated the cal-
culations carried out on complex 15 but now using a
dielectric constant ε ) 7, conditions that would favor
the contribution of the corresponding polar hypercon-
jugative forms. Again, our efforts meet no success. The
[C-C]-O was not affected by these new conditions.
Therefore, although crystal packing may be responsible
for this effect, we have so far been unable to model the
shortening of the [C-C]-O bond experimentally ob-
served in some cases.

The question of the syn/anti isomerization was ad-
dressed next. The experimental activation energy for
this transformation in the methoxymethylchromium(0)-
carbene complex was 12.4 ( 1 kcal mol-1.23 Figure 6
represents the calculated coordinate of reaction for the
anti-10 to syn-10 isomerization. According to our
calculations, the activation energy associated with this
process has a value of 14.3 kcal mol-1 for complex 10
and decreases to 11.1 kcal mol-1 for complex 2. The
dihedral angle Me-C(Cr)-O-Me changes from an
initial value of -178.2° in the anti-isomer to -91.9° in

the transition structure TS1. It should be noted that
the staggered conformation of the carbene moiety and
the cis-CO ligands is maintained in the transition state.
The final dihedral for the syn-isomer is 0.0°, which is
again in a staggered conformation. The behavior of the
phenyl-substituted carbene complex is similar, although
in this case the dihedral Ph-C(Cr)-O-Me in the
transition state TS2 is slightly larger (-103.8°) than
in the methyl-substituted analogue. This is maintained
in the syn-isomer. It is worthy to note that the staggered
disposition of the carbene is maintained during the syn-
anti isomerization process that occurs by rotation across
the C(Cr)-O-Me without affecting the CrdC bond and
therefore the coordination sphere of chromium. Our
calculated energies for the syn-anti isomerization bar-
rier match those experimentally determined by NMR.

Experimentally, the solvent has a strong effect on the
anti-syn isomer ratio of alkoxy Fischer carbenes.23

Thus, this ratio changes from 50:50 (acetone-d6) to 90:
10 in Cl3CD in complex 10. This points to a strong
difference in the polarity of both forms, with the syn-
isomer being more polar. Therefore, this is the preferred
isomer in the more polar acetone solvent. The calculated
∆E(anti-syn) for both isomers in different solvents
ranging from gas phase (ε ) 1) to MeOH (ε ) 32.63)24

are compiled in Table 5, together with the ∆Ea for the
isomerization process. Clearly, the effect of the solvent
change on ∆Ea is not significant. The syn-isomer is more
stable in polar solvents than in apolar solvents, in full

(22) Ehlers, A. W.; Böhme, M.; Dapprich, S.; Gobbi, A.; Höllwarth,
A.; Jonas, V.; Köhler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking,
G. Chem. Phys. Lett. 1993, 208, 111.

(23) (a) Kreiter, C. G.; Fischer, E. O. Angew. Chem. 1969, 81, 780;
Angew. Chem., Int. Ed. Engl. 1969, 8, 761. (b) Kreiter, C. G.; Fischer,
E. O. Pure Appl. Chem. 1971, 6 151. A theoretical value of 18.3 kcal
mol-1 has been previously calculated for this isomerization, see: (c)
Marynick, D. S.; Kirkpatrick, C. M. J. Am. Chem. Soc. 1985, 107, 1993.

(24) Reichardt, C. Solvents and Solvents Effetcs in Organic Chem-
istry; VCH Publishers: Weinheim, 1990.

Table 4. C-C Bond Distancesa (dC-C, Å) and
Second-Order Perturbational Energiesa,b (∆E(2),

kcal mol-1) Associated with Two-Electron
Interactions between σCH and σ*CO Localized

Orbitals in Several Ethoxy Derivatives

a Properties computed at the B3LYP/LANL2DZ&6-31G* level.
b Calculated by means of eq 1.

Table 5. Calculated ∆E(anti-syn) for Both
Isomers in Different Solventsa

ε (solvent)
∆Ea/

kcal mol-1
∆E(anti-syn)/

kcal mol-1

relative
amounts

of anti-syn23

1 (gas phase) 14.3 1.8
4.9 (CHCl3) 14.5 0.2 90:10
5.621 (chlorobenzene) 14.5 0.1 84:16
20.7 (acetone) 14.6 -0.4 50:50
32.63 (MeOH) 14.6 -0.5 61:39

a All values have been calculated at the B3LYP/LANL2DZ&6-
31G*+∆ZPVE level.

Figure 6. Main geometric features and relative energy of
transition structure TS1 associated with syn-anti isomer-
ization of Fischer carbene 10. All values have been obtained
at the B3LYP/LANL2DZ&6-31G*(+∆ZPVE) level. See
Figure 2 caption for additional details.
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agreement with the NMR data. Since the calculated
dipolar moment of the anti-isomer of complex 10 has a
value of 4.14 D and that of its syn-isomer is 6.36 D, with
the value for TS1 being 3.84 D, the small effect of the
polarity on the ∆Ea derives from its decreased polarity
compared to the anti-isomer, while the preference for
the syn form in polar solvents may be explained through
a Coulombic stabilization of this more polar isomer.
Even more, the conditions in the crystal should resemble
those of the vacuum since only the anti-isomer is mainly
observed in the different examples reported in the
literature.4

To conclude this study, the pentacarbonyl-
[methoxymethyltungsten(0)]carbene, 16, was studied.
The optimized structures for both syn- and anti-isomers
are depicted in Figure 7. The bias for the anti-isomer
(2.8 kcal mol-1), as well as the staggered conformation
of the carbene ligand and the cis-CO ligands, is main-

tained also in these cases, thus indicating that the
model reported above can be extended to other Fischer
carbenes.

Conclusions

A systematic DFT study of free and Cr- and W-
coordinated alkoxy-carbenes has shown that the struc-
ture of the free carbenes does not vary significantly by
coordination to the metal. Although of lower magnitude
than in their free analogues, a clear bias for the anti-
isomer is observed in the free and coordinated carbenes
with the exception of complexes having alkynyl substit-
uents. In the latter case, the metal complex prefers the
syn-disposition. According to our model, the observed
bias for the anti-conformer in Fischer alkoxy carbenes
can be explained in terms of the stabilizing contribution
of a stereoelectronic effect due to the two-electron
donation from the σCH orbital of the O-Me group to the
π*CO orbital of the CO ligand and feedback donation of
the πCO orbital to the σ*CH orbital and the destabilizing
repulsion between the groups linked to the carbene
carbon. This latter factor is the determinant one since
the linear triple bond produces a clear bias for the syn-
isomer only in the coordinated carbene, showing that
the steric contribution rather than the electronic repul-
sion is responsible for the structure of group 6 Fischer
carbenes. Finally, the anti-syn isomerization in chro-
mium(0)-carbene complexes occurred by simple rotation
around the C-O bond without affecting the carbene
ligand.
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Figure 7. Main geometrical features of syn- and anti-
conformations of tungsten Fischer carbene 16. See Figure
2 caption for additional details.
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