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Summary: The first silacyclobutadiene complex, (η5-
cyclopentadienyl)[η4-1,2-bis(tert-butyldimethylsilyl)-3,4-
di-tert-butyl-1-silacyclobutadiene]cobalt (1), was synthe-
sized as red crystals by the reaction of the corresponding
4-silatriafulvene derivative with (cyclopentadienyl)di-
carbonylcobalt at 80 °C in benzene. The X-ray analysis
of 1 and theoretical calculations for a model silacyclo-
butadiene complex revealed that the electron accepting
ability of the η4-silacyclobutadiene ligand is significantly
smaller than that of a cyclobutadiene ligand in the
analogous complex.

Much effort has recently been devoted to the synthesis
of transition-metal complexes of cyclic π electron sys-
tems containing heavier group 14 elements in the
ring.1,2 Although a number of silacyclopentadienyl- and
germacyclopentadienylmetal complexes1 and several
silabenzene and germabenzene complexes2 have been
synthesized and their structures have been analyzed by
X-ray crystallography, complexes with sila- and germa-
cyclobutadiene ligands are missing, despite a great
interest in comparing their structural properties with
known complexes having cyclobutadiene,3,4 phosphacy-
clobutadiene,5 and related ligands.6 We wish herein to
report the synthesis and characterization of the first η4-

silacyclobutadiene transition-metal complex. A difficulty
in the synthesis of silacyclobutadiene complexes that
arises from the unknown nature of the ligands as stable
compounds was overcome by applying the isomerization
of a 4-silatriafulvene to the corresponding silacyclo-
butadiene.7

The silacyclobutadiene complex (η5-cyclopentadienyl)-
[η4-1,2-bis(tert-butyldimethylsilyl)-3,4-di-tert-butyl-1-si-
lacyclobutadiene]cobalt (1)8 was synthesized by the
reaction of the 4-silatriafulvene 2 with (η5-cyclopenta-
dienyl)dicarbonylcobalt as red crystals in 64% yield (eq
1). The crystals of complex 1 are stable under an inert

atmosphere at room temperature for several months but
are moisture- and air-sensitive.

Crystals of 1 suitable for single-crystal X-ray analysis
were grown by cooling a pentane solution to 0 °C. The
molecular structure of 1 determined at 223 K is shown
in Figure 1.9 The silacyclobutadiene (SiCb) and cyclo-
pentadienyl rings (Cp) of 1 are both almost planar; the
bent angle (θ) in SiCb, defined as the angle between
Si1-C2-C4 and C2-C3-C4 planes, is 3.8°. Similarly
to cyclobutadiene complexes,3,4 complex 1 has a sand-
wich structure with two almost parallel cyclic π ligands;
the dihedral angle (R), defined as the angle between the
average planes of Cp and SiCb, is 2.92°. The distance
between the Co atom and the SiCb plane of 1 (1.730(3)
Å) is significantly longer than those of cyclobutadiene
complexes 3 (1.681(1) Å)4d and 4 (1.692 Å)4e,10 (Chart
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1), while the distance between the Cp plane and Co
metal in 1 (1.681(4) Å) is comparable to the correspond-
ing distances in 3 (1.660(1) Å)4d and 4 (1.679 Å).4e,10

It is well-known that the C-C bond alternation exists
in cyclobutadiene as a singlet 4π-electron system,11

while there is no C-C bond alternation in the metal
complexes.4d-f,12 Unfortunately, an issue concerning a
similar bond alternation in 1 cannot be discussed,
because the structural parameters for the SiCb ring in
1 are strongly affected by the disorder of the Si1 atom
at the C2 positions and the occupancy factors are not
equal, which is suggested by the unusually small
temperature factor for the C2 atom. While two Si-C
bond lengths in the SiCb ring of 1 are similar (1.757(4)
and 1.801(5) Å for the Si1-C2 and Si1-C4 bonds,
respectively) and are intermediate between typical Si-C
single (1.86 Å)13 and double bonds (1.70 Å),14 the two
C-C bonds in the ring are quite different from each

other (1.564(6) and 1.469(7) Å for C2-C3 and C3-C4
bonds, respectively); the C3-C4 bond length is close to
the corresponding C-C bond length in cyclobutadiene
complexes (1.43-1.47 Å),3,4 but the C2-C3 bond is
unusually long.

To elucidate the structural characteristics of silacy-
clobutadiene complexes in more detail, we performed
theoretical calculations for the model complex 6 (Chart
1) at the B3PW91/6-311G(d) level.15 In good agreement
with the X-ray structure of 1, the SiCb ring in the
optimized structure of the 1-(trimethylsilyl)silacyclo-
butadiene complex 6 is roughly planar (bent angle θ
7.1°) with a dihedral angle R of 5.2° and distances
between Cp and Co and between SiCb and Co are 1.648
and 1.701 Å, respectively. The theoretical Cb- - -Co
(1.669 Å) and Cp- - -Co distances (1.649 Å) for 3 are in
good accord with the experimental values (1.681(1) and
1.660(1) Å, respectively). Similarly, the theoretical
SiCb- - -Co (1.701 Å) and Cp- - -Co (1.649 Å) distances
for 6 are in accord with those values for complex 1
(1.730(3) and 1.681(4) Å, respectively). The significantly
larger SiCb- - -Co distance in 1 as compared to the
Cb- - -Co distance in 3 may be ascribed to the weaker
coordination ability of SiCb rather than the steric
hindrance between the SiCb ring with bulky substitu-
ents and the Co atom in 1. The two Si-C and two C-C
bonds in the SiCb ring of 6 are both equivalent, with
the distances of 1.842 and 1.441 Å, respectively; hence,
the ring has a mirror plane through the Si1 and C3
atoms. On the other hand, in the parent silacyclobuta-
diene,16 a set of C-C and Si-C bonds is double bonds
(1.351 and 1.712 Å, respectively)16b but another set of
these bonds is single bonds (1.551 and 1.920 Å,
respectively).16b On this basis, the silacyclobutadienes
would be considered to intrinsically serve as cyclic
conjugated π ligands similarly to cyclobutadienes in
their complexes.

Natural population analysis (NBO/B3PW91/6-311+G-
(d,p)//B3PW91/6-311G(d)) for complex 6 revealed that
the charge distribution is -0.062, +0.348, and -0.286
on SiCb, Co, and Cp in complex 6, while the distribution
is -0.189, +0.474, and -0.285 on Cb, Co, and Cp in
complex 3, respectively.17 The electron-accepting ability
of a silacyclobutadiene ligand from the (η5-cyclopenta-

(10) No standard deviation is given for the distances in ref 4e.
(11) (a) Jahn, H. A.; Teller, E. Proc. R. Soc. 1937, A161, 220. (b)

Dewar, M. J. S.; Gleicher, G. J. J. Am. Chem. Soc. 1965, 95, 3255. (c)
Irngartinger, H.; Rodewald, H. Angew. Chem., Int. Ed. Engl. 1974, 13,
740. (d) Delbaere, L. T. J.; James, M. N. G.; Nakamura, N.; Masamune,
S. J. Am. Chem. Soc. 1975, 97, 1973. (e) Ermer, O.; Heilbronner, E.
Angew. Chem., Int. Ed. Engl. 1983, 22, 402. (f) Irngartinger, H.;
Nixdorf, M. Angew. Chem., Int. Ed. Engl. 1983, 22, 403. (g) Maier, G.;
Neudert, J.; Wolf, O. Angew. Chem., Int. Ed. 2001, 40, 1674. (h)
Sekiguchi, A.; Tanaka, M.; Matsuo, T.; Watanabe, H. Angew. Chem.,
Int. Ed. 2001, 40, 1675.

(12) Fitzpatrick, J. D.; Watts, L.; Emerson, G. F.; Pettit, R. J. Am.
Chem. Soc. 1965, 87, 3254.

(13) Corey, J. Y. In The Chemistry of Organic Silicon Compounds;
Patai, S., Rappoport, Z., Eds.; Wiley: Chichester, U.K., 1989; Vol. 1,
Chapter 1, pp 1-56.

(14) (a) Raabe, G.; Michl, J. Chem. Rev. 1985, 85, 419. (b) Müller,
T.; Ziche, W.; Auner, N. In The Chemistry of Organic Silicon Com-
pounds; Rappoport, Z., Apeloig, Y., Eds.; Wiley: Chichester, U.K., 1998;
Vol. 2, Part 2, Chapter 16, pp 857-1062. (c) Power, P. P. Chem. Rev.
1999, 99, 3463.

(15) 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, revision A.11.4; Gaussian, Inc.: Pittsburgh,
PA, 1998.

(16) Theoretical calculations of silacyclobutadienes: (a) Schriver, G.
W.; Fink, M. J.; Gordon, M. S. Organometallics 1987, 6, 1977. (b)
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Figure 1. Molecular structure of 1 with atom-labeling
scheme. Hydrogen atoms are omitted for clarity. The
thermal ellipsoids are shown at the 30% level.

Chart 1. Cyclobutadiene Complexes 3-5 and the
Model Silacyclobutadiene Complex 6
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dienyl)cobalt moiety is significantly smaller than that
of a cyclobutadiene ligand, suggesting weaker π-back-
donation from Co to SiCb than that from Co to Cb.18

The NMR resonances of 1 in C6D6 were observed at
-15.3 ppm for the ring 29Si nucleus and at 60.7, 106.9,
and 107.5 ppm for the ring 13C nuclei. The 29Si and 13C
resonances for the ring silicon and carbon nuclei are
shifted remarkably to high field from the usual values
for the unsaturated silicon and carbon nuclei, but the
tendency is reproducible by the theoretical calculations.8
The values for the 29Si and 13C resonances for 6
calculated by the GIAO method (B3PW91/6-311+G-
(d,p)//B3PW91/6-311G(d)) are -5.0 ppm for Si1 and 59.8
and 75.7 ppm for C2 (C4) and C3, respectively, while
the values for the corresponding free silacyclobutadiene
are 202.2 (Si1), 161.0 (C2), 167.9 (C3), and 102.7 ppm

(C4). A similar tendency is found in cyclobutadiene
complexes. The 13C NMR resonances for the cyclobuta-
diene ring carbons of complex 54f,19 and the correspond-
ing free cyclobutadiene11g,h have been found at 82.0 and
172.0 ppm, respectively, and the GIAO calculated 13C
resonances for complex 3 and the corresponding free
cyclobutadiene are 60.3 and 146.6 ppm, respectively.

In conclusion, a silacyclobutadiene ligand complexed
with the (cyclopentadienyl)cobalt moiety serves as an
η4-cyclic conjugated π ligand but its electron-accepting
ability is significantly smaller than that of the cyclo-
butadiene ligand.
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