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ABSTRACT: Relative energies for local minima and transition states on the potential
energy surface (PES) of silacylohexane have been calculated at the B3LYP/6-311⫹G(d,p)
level of theory. STQN(path), and intrinsic reaction path (IRC) calculations were used to
calculate the lowest-energy pathway for the chair-to-chair interconversion. Both
methods gave identical results. An earlier description of the PES of silacyclohexane,
derived with the MM3 force ﬁeld, was conﬁrmed. A different path for the ring
inversion of silacyclohexane, proposed in a recent work, is shown to be incorrect.
© 2006 Wiley Periodicals, Inc. Int J Quantum Chem 106: 1975–1978, 2006
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Introduction

F

ive years ago, we published a conformational
study on silacyclohexane [1]. The potential (or
conformational) energy surface (PES) was mapped
using the MM3 force ﬁeld [2] by varying two opposite dihedral angles of the ring atoms in small
steps within the range from 90° to ⫺90°. It was
found that the chair-to-chair interconversion proceeds via chair(1a) 3 transition state(1g#) 3 twist–
C1(1c) 3 boat(1e#) 3 twist–C2(1b) 3 boat(1e#) 3
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twist–C1(1c) 3 transition state(1g#) 3 inverted
chair (see Fig. 1). Throughout the text, we will use
1a, 1b, 1c, and so on, for the conformers of silacyclohexane, as used by Freeman et al. [3] in their
recent paper, and as shown in Figure 1, as opposed
to twist–C1, twist–C2, boat, etc., which were used in
our previous work [1]. All local minima on the
interconversion path were optimized using the
Hartree–Fock (HF), Møller–Plesset type 2 (MP2),
and density functional theory (DFT) methods and
various basis sets. According to our RI-DFT calulations, 1c, 1e#, and 1b conformers are 4.89, 5.18, and
3.87 kcal mol⫺1 higher in energy than the chair
conformer, respectively.
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FIGURE 1. Chair (1a), twist (1b, 1c), boat (1e#) and half-chair/sofa (1g#) conformers of silacyclohexane.

In a recent paper in the Journal of International
Quantum Chemistry, Freeman et al. [3] report DFT
B3LYP/6-311⫹G(d,p) calculations, and ﬁnd that
these relative energies are 4.82, 5.18, and 3.89 kcal
mol⫺1, respectively, in good agreement with our
results (⌬E values without ZPE corrections in both
cases). The authors then found that intrinsic reaction path (IRC) calulations [4, 5] connected the halfchair transition state 1g# to the chair 1a and twist 1c,
and argue: “The potential energy diagram for the
chair-chair interconversion of silacyclohexane (Fig.
4) is different than the one previously proposed [1],
but is consistent with one of the proposed chair-tochair interconversion mechanisms for cyclohexane.” Furthermore, in their concluding remarks the
authors write: “The path for the chair-to-chair conformational interconversion of silacyclohexane
proceeds via the 2,5-twist [1c, our insertion] conformer (intermediate) without going through a boat

conformation.” These statements are incorrect, and
in this paper we show that our previous description
of the chair-to-chair interconversion for silacyclohexane indeed corresponds to the lowest-energy
pathway.

Results
The relevant conformers of silacyclohexane; 1a,
1b, 1c, 1e#, and 1g# (Fig. 1) have been recalculated at
the B3LYP/6-311⫹G(d,p) level using Gaussian 03
[6]. The results are shown in Table I. Two different
methods—the synchronous transit-guided quasiNewton [STQN(Path)] method [7], and IRC calculations—were used to calculate the chair-to-chair
interconversion of silacyclohexane at the B3LYP/6311⫹G(d,p) level. The approach of the two methods
is different. The STQN(Path) method works uphill

TABLE I ______________________________________________________________________________________________
B3LYP/6-311ⴙG(d,p) total energies, zero point energies, and relative energies for conformers and transition
states of silacyclohexane.

Conformer

Total energy
(hartree)

ZPE
(hartree)

⌬E with ZPE
correction
(kcal mol⫺1)

⌬E without ZPE
correction
(kcal mol⫺1)

1a
1g#
1c
1e#
1b

⫺487.346949
⫺487.338242
⫺487.339275
⫺487.338695
⫺487.340758

0.157166
0.156940
0.157111
0.157009
0.157143

—
5.32
4.78
5.08
3.87

—
5.46
4.82
5.18
3.88
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FIGURE 2. Calculated path for the chair-to-chair interconversion of silacyclohexane at the B3LYP/6-311⫹G(d,p)
level. Thick line is IRC, thin line is STQN. Reaction coordinates, i.e. arc lengths, are renormalized to span the same
range for the two inversion path calculations.
from the minima and ﬁnds a transition state that
connects two local minima on the PES, producing a
minimum energy path connecting the two minima
in internal redundant coordinates. Conversely, the
IRC method works downhill. It starts at a transition
state and searches for the closest local minima on
each side, producing a minimum energy path in
mass-weighted Cartesian coordinates. The STQN(Path) method was used to connect conformers 1a
and 1c (transition state 1g#), as well as conformers
1c and 1b (transition state 1e#). Intrinsic reaction
path (IRC) calulations were applied on transition
state 1g# and a connection of 1a with 1c was veriﬁed. Furthermore, IRC calculations applied on 1e#
connected 1c with 1b. Figure 2 shows how both
methods result in same energy values for all minima (1a, 1c, and 1b) and transition states (1g# and
1e#) and connect a chair with the inverted chair
through the same sequence of conformers as we
have described previously [1].
In the following discussion, we will show that it
is not possible to connect 1a and its inverted chair
via 1g#, 1c, and 1g# sequence only, contrary to the
conclusions of Freeman et al. (see Fig. 4 in Ref. [3],
which also has been published elsewhere [8]).

Discussion
One of the references used by Freeman et al. [3]
to support their conclusions is an article by Leventis
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et al. [9]. It would actually be possible to use the
Leventis paper and ﬁgures therein to explain why
Freeman’s group are wrong in their arguments.
However, we prefer to use the description of the
conformational globe of cyclohexane by Cremer
and Szabo [10] for that purpose. In cyclohexane all
six carbon atoms are equal in the chair conformer.
The chair-to-chair interconversion can start at any
carbon and pass through a transition state, which
may be sofa-like (envelope) or half-chair (halftwist). It then relaxes forming a twist conformer. In
cyclohexane, six twist conformers, and six boat conformers are connected through pseudo-rotation
along the equator of the conformational globe (Fig.
3). The chair-to-chair interconversion of cyclohexane, however, can be completed without passing
through a boat conformer as is evident from Figure
3. The lowest-energy path then consists of chair 3
half-chair/sofa# 3 twist 3 half-chair/sofa# 3 inverted chair.
In cyclohexane the Gibbs free energy of activation for the step “chair 3 half-chair/sofa# 3 twist”
is generally accepted to be 10.1–10.5 kcal mol⫺1. In
silacyclohexane the activation energy is about onehalf this value [1, 11].
The reason for the lower activation barrier is that
the chair-to-chair interconversion starts at the Si
atom because it is much easier to ﬂap the Si to the
plane of C2, C3, C5, and C6 forming a half-chair/
sofa transition state than it is to do so with any of
the ﬁve carbon atoms [1]. Let the carbon marked C1
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sion, a second enantiomeric lowest-energy pathway
for chair-to-chair interconversion is on the back side
of the globe. This corresponds exactly to our previous description of the PES of silacyclohexane [1].
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FIGURE 3. Conformational globe of cyclohexane. Distinct ring forms are shown in steps of 30° along the
equator, the Tropic of Cancer, and the Tropic of Capricorn. For reasons of clarity only the front side of the
globe is shown. Atom C1 is always indicated. Reproduced with permission from ref. 10.
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possibility to use the low activation energy involving silicon being the ﬂapped atom for a second time
is ﬁrst to perform pseudo-rotation from east to
west, involving twist– boat–twist– boat–twist corresponding to the path 1c 3 1e# 3 1b 3 1e# 3 1c in
Figure 2.
Figure 3 shows only the front side of the globe.
The remaining conformations are on the back side.
Because the chair conformer of silacyclohexane has
Cs symmetry, which is lost during the interconver-
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