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Molecular structures, metallotropic and prototropic shifts of cyclopen-
tadienyl(trimethyl)silane (1), cyclopentadienyl(trimethyl)germane (2),
and cyclopentadienyl(trimethyl)stannane (3) were investigated using
ab initio molecular orbital and the Becke, Lee, Yang, and Parr den-
sity functional (B3LYP) methods. The results show that the most stable
structure of compounds 1–3 has the (CH3)3M fragment in the allylic
position. The energy barrier of metallotropic shifts in compound 1 is
higher than in 2, and in compound 2 higher than in 3, in good agree-
ment with experimental data. The cyclopentadienyl rings in compounds
1–3 are found to be planar but this result contradicts the reported ex-
perimental data.

Keywords: Ab initio study; cyclopentadienyl(trimethyl)silane; metal-
lotropic and prototropic 1,2-shifts

INTRODUCTION

Fluxional σ -cyclopentadienyl compounds such as (η1-C5H5)2Hg and (η5-
C5H5) (η1-C5H5)Fe(CO)2 were first discovered by Piper and Wilkinson
in 1965.1 The authors discussed in an undetailed but essentially
correct manner why fast intramolecular 1,2-migrations of the metal
moiety around the cyclopentadienyl ring occur. The 1,2-migration of
carbon-group elements in cyclopentadienyl compounds was first dis-
cussed by Fritz and Kreiter for silicon-, germanium-, tin-substituted
cyclopentadienes.2,3 The fluxionality of these compounds with σ -bonded
(η1) cyclopentadienyl rings follows from a concerted sigmatropic
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rearrangment. 1H-NMR, 13C-NMR, mass spectrometer and IR studies
of the structures of cyclopentadienyl(trimethyl)silane, -germane and -
stannane indicated that the 5-Me3MC5H5 isomer is the more stable
form, in which the Me3M fragment is bound to a on allylic carbon atom.
In solution, the compounds 1–3 have been found to undergo rapid metal-
lotropic 1,2-shifts and much slower prototropic 1,2-shifts to give vinylic
isomers, which are nonfluxional.4−11 The composition of this mixture
has been determined by analyzing the Diels-Alder adducts.12–14

The structure of compounds 1 and 2 have been investigated using
electron diffraction method in the vapor phase and the results showed
that the cyclopentadienyl ring is folded by about 22◦ and 24◦ from the
planar conformation respectively.15,16 In contrast to the reported sruc-
tural data for compounds 1 and 2, the electron diffraction studies of
compounds H3SiC5H5 and H3GeC5H5 indicate a planar conformation
for cyclopentadienyl rings.17,18

In this work, we report the results of a theoretical investigation of
the structural properties of compounds 1–3 which was performed by ab
initio molecular orbital (MO) and density functional methods (DFT),
using the GAUSSIAN 98 package programs.19−23 Successful applica-
tions of density functional theory (DFT) based methods have broad-
ened the applicability of the computational methods and now represent
an interesting approach for determining activation barrier and molec-
ulars energies.19,20,22 The B3LYP functional method combines Beck’s
three-parameter exchange function with the correlation function of Lee
et al.19,20

CALCULATIONS

Ab initio calculations were carried out using HF/3-21G, B3LYP/3-
21G//HF/3-21G levels of theory with the GAUSSIAN 98 package
program,23 implemented on a Pentium-PC computer with 300 MHz
processor. Initial structural geometries of the compounds 1–3 were

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
8
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



January 7, 2003 16:12 GPSS TJ530-16

Ab Initio Study of Structures 343

obtained by a molecular mechanics program PCMODEL (88.0)24 and
for reoptimizing of geometries, we used the AM1 method of a MOPAC
6.0 computer program.25 Energy minimum geometries were located by
minimizing the energy with respect to all geometrical coordinates and
without imposing any symmetry constraints.

The GAUSSIAN 98 program was finally used to perform ab initio cal-
culations at the HF/3-21G level in order to obtain the energy-minimum
structures, and B3LYP/3-21G//HF/3-21G method for the single point
energy calculations.

The nature of the stationary points for compounds 1–3 has been de-
termined by virtue of the number of imaginary frequencies. For mini-
mum state structures, only real frequency values, and in the transition
state only single imaginary frequency values (with negative sign) are
accepted.

The structure of the transition state geometries was located using
the optimized geometries of the equilibrium structure according to the
procedure of Dewar et al. (keyword: SADDLE).26

These structures were then reoptimized by the QST2 option at the
HF/3-21G level. The vibrational frequencies of ground states and tran-
sition states were calculated by the keyword FREQ.

RESULTS AND DISCUSSION

Structural parameters, corrected zero point (ZPE), and total electronic
(Eel) energies for compounds 1–3, as calculated on the ab initio HF/3-
21G level are given in Tables I–III. For single-point energy calculations,
the DFT method (B3LYP/3-21G//HF/3-21G) was used.

Veniaminov et al.15 found for 5-Me3SiC5H5 (1) a structure by elec-
tron diffraction in the vapor phase containing a non planar C5H5 ring,
in which the dihedral angle between the planes C(2)-C(3)-C(4) and C(1)-
C(5)-C(4) is 158◦. This ring folding also is reported for the germyl ana-
logue. In 5-Me3GeC5H5 (2), the folding angle has been reported to be
156.16 However, contrary to these exprimental reported data, electron
diffraction studies of the compounds H3SiC5H5 and H3GeC5H5 have
shown that the C5H5 rings are essentially planar.17,18

Studies on the HF/3-21G level of theory indicate a planar C5H5 ring
in the ground state structure of compounds 1–3. The results show that
the required energy for folding the ring from the planar conformation
is about 7 kcal mol−1. In view of this findings, it must concluded that
the reported structures of compounds 1 and 2 are incorrect concerning
the ring folding. From a structural point of view, there is also no reason
which could justify such a ring folding.
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FIGURE 1 Calculated HF/3-21G profile for metallotropic and prototropic 1,2-
shifts in cyclopentadienyl(trimethyl)silane.

The 1,2-shift mechanisms for the Me3M and hydrogen migrations
were also investigated and reaction pathways are shown in Figures 1–6.
In metallotropic 1,2-shifts, the reaction pathways are symmetrical and
in the transition state structure, the Si, Ge, and Sn atoms are equidis-
tant from two carbon atoms of the C5H5 ring (see Tables I–III). The
HF/3-21G//HF/3-21G and B3LYP/3-21G//HF/3-21G calculated energies
are given in Tables I–III. The metallotropic shifts energy barriers in
compounds 1–3, as calculated by B3LYP/3-21G//HF/3-21G method are
in good agreement with the reported dynamic 1H-NMR data.4,10 These
results show that the energy barrier of the metallotropic shifts de-
creases in the following order: E(3)<E(2)<E(1). As the C M bond
lenghts increase, the dissociation of a C Sn bond is easier than that of
a C Si bond and consequently, the migration of the metal around the
cyclopentadienyl ring occurs with a lower energy barrier. This result is
in good agreement with the experimental data.

As it can be seen from the Figures 1–6 the prototropic 1,2-shifts
require higher energy barrier than metallotropic 1,2-shifts, conse-
quently, the rate of this process is much slower than metal migration.
It can be concluded that the prototropic 1,2-shifts occur only at higher
temperatures.

The prototropic 1,2-shifts convert 5-Me3MC5H5 into 1-Me3MC5H5
and 2-Me3MC5H5. The hydrogen migrates stepwise from C(5) to C(1),
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FIGURE 2 Calculated B3LYP/3-21G//HF/3-21G profile for metallotropic and
prototropic 1,2-shifts in cyclopentadienyl(trimethyl)silane.

FIGURE 3 Calculated HF/3-21G profile for metallotropic and prototropic 1,2-
shiftin cyclopentadienyl(trimethyl)germane.
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FIGURE 4 Calculated B3LYP/3-21G//HF/3-21G profile for metallotropic and
prototropic 1,2-shifts in cyclopentadienyl(trimethyl)germane.

FIGURE 5 Calculated HF/3-21G profile for metallotropic and prototropic 1,2-
shifts in cyclopentadienyl(trimethyl)stannane.
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FIGURE 6 Calculated B3LYP/3-21G//HF/3-21G profile for metallotropic and
prototropic 1,2-shifts in cyclopentadienyl(trimethyl)stannane.

C(1) to C(2), and then from C(2) to C(3). Unlike the Me3M fragment
migration, the rearrangements involving hydrogen migration C(5) to
C(1) and C(1) to C(2) are nondegenerate and the reaction pathways are
nonsymmetrical (see Figures 1–6). The prototropic shift from C(2) to
C(3) has a symmetrical transition state. Ab initio and DFT calculations
show that the energy barrier of the prototropic shift from C(2) to C(3)
is higher than the prototropic shift from C(1) to C(2), and in a similar
way the energy of the prototropic shift from C(1) to C(2) is higher than
from C(5) to C(1).

CONCLUSION

Ab initio and density functional theory calculations provide a picture
from both structural and dynamic points of view for compounds 1–3.
The results calculated by HF/3-21G and B3LYP/3-21G//HF/3-21G show
that the most stable isomers of compounds 1–3 are the allylic isomers
(the Me3M fragment in an allylic position). These results are in good
agreement with experimental data. The data show that the C5H5 rings
in compounds 1–3 are planar, that is, about 7 kcal mol−1 more stable
than the folded conformation. Consequently, it can be concluded that

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
8
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



January 7, 2003 16:12 GPSS TJ530-16

Ab Initio Study of Structures 351

the reported experimental data15,16 indicating a ring folding may be in-
correct. For the hydrogenated compounds H3MC5H5, planar structures
also have been reported.17,18
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