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and Science Institute, UniVersity of Iceland, Dunhaga 3, 107 ReykjaVı́k, Iceland

ReceiVed: March 14, 2006; In Final Form: June 21, 2006

The rotational spectra of the main isotopomer, of the29Si and of all13C isotopologues of axial and equatorial
forms of 1-fluoro-silacyclohexane have been measured by conventional (only main species) and molecular
beam Fourier transform microwave spectroscopy.r0 and partialrs structures are given separately for the two
forms. The main structural differences are discussed. From dipole moments and relative intensity measurements,
a slight preference (EEq - EAx ) 42 ( 24 cm-1) for the axial conformer was found. The rotational spectra
of some, the most intense, vibrational satellites have also been measured. They belong to the ring-puckering
motions.

Introduction

Equatorial-axial conformational equilibria and molecular
structures of monosubstituted halo derivatives of cyclohexane
have been investigated extensively.1-15 A general preference
for the equatorial conformer is found.16 We believe that the more
precise structural information and energy differences are those
obtained by rotational spectroscopy.3,6,13

Little is known experimentally about equatorial-axial con-
formational equilibria of monosubstituted derivatives of sila-
cyclohexane. The rotational spectrum of silacyclohexane itself
has been reported only very recently.17 The conformational
equilibrium of 1-methyl-1-silacyclohexane has been investigated
by gas-phase electron diffraction, low-temperature NMR, and
quantum chemical calculations.18 No comparable data are
available on halo derivatives of silacyclohexane. The covalent
radii of C and Si (0.77 and 1.17 Å, respectively) and their
electronic properties are considerably different. Therefore, a
different behavior in the conformational equilibrium of the axial/
equatorial form of 1-halo-1-silacyclohexanes, compared to the
corresponding halocyclohexanes, could take place. For this
reason we decided to investigate the rotational spectrum of the
simplest member of the series, 1-fluoro-1-silacyclohexane
(FSCH). The two conformers are shown in Table 1.

An analysis of the rotational spectra of some ring puckering
satellite lines was also carried out, which provided information
about the conformational interconversion barrier.

Experimental Methods

FSCH was prepared from 1-chloro-1-silacyclohexane by a
treatment with 40% aqueous HF according to a general literature
method.19 A more detailed procedure will be given elsewhere.20

Two microwave (MW) techniques have been used. They are
described as follows:

(a) MW spectra in a standing waveguide cell were recorded
in the frequency range 26.5-39.6 GHz with a computer
controlled Stark spectrometer based on a Hewlett-Packard 8400
C instrument. The radio frequency-microwave double resonance
(rfmwdr) technique21 was used for the assignment of the first
transitions. The absorption cell temperature was kept constant
at about-20 °C. The accuracy of the frequency measurements
is about 0.05 MHz.

(b) The spectrum in the 6-18 GHz frequency region was
measured using the COBRA-type22 molecular beam Fourier
transform MW (MB-FTMW) spectrometer described else-
where.23 Argon at a pressure of 2.5 bar was flown over liquid
FSCH at room temperature, and expanded through the solenoid
valve (General Valve, Series 9, nozzle diameter 0.5 mm) into
the Fabry-Pérot cavity. The frequencies were determined after
Fourier transformation of the 8k data points time domain signal,
recorded with 100 ns sample intervals. The rest frequencies of
each rotational transition were calculated as the arithmetic mean
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TABLE 1: Ab Initio Spectroscopic Parameters of FSCH,
Obtained at the MP2/6-311++G** Level of Theory

axial equatorial

A/MHz 2967.3 3525.0
B/MHz 1917.7 1685.2
C/MHz 1494.5 1261.9
µa/Da 1.65 2.28
µc/D 1.32 -0.20
∆E/cm-1 0 80

a µb ) 0 by symmetry.

9995J. Phys. Chem. A2006,110,9995-9999

10.1021/jp061583n CCC: $33.50 © 2006 American Chemical Society
Published on Web 08/03/2006



of the frequencies of the two Doppler components. The
estimated accuracy of frequency measurements is better than 3
kHz. Lines separated by more than 7 kHz were resolvable..

Results and Discussion

(1) Theoretical Calculations.To estimate starting values for
energies, rotational constants and dipole moment components
of the axial and equatorial conformers, we performed theoretical
calculations at the MP2/6-311++G** level of theory.24 The
results are reported in Table 1, together with the sketches of
the two forms. Surprisingly, the axial conformer was calculated
to be more stable.

(2) Rotational Spectrum.Trial calculations of the spectrum
were based on the theoretical rotational constants mentioned
above. The spectra of the two conformers, including those of
some vibrational satellites, recorded with the standard cell Stark
modulated spectrometer were assigned with the help of the
rfmwdr technique. The assignment of the spectrum started by
applying the rfmwdr technique to asymmetry doublet transitions
with Ka ) 6. The twin transitions 106,5 r 96,4 and 106,4 r 96,3,
separated by 4.0 MHz, and 96,4 r 86,3 and 96,3 r 86,2, separated
by 11.0 MHz, were assigned initially for the equatorial and axial
species, respectively. Later, more transitions were measured,
with either the rfmwdr or the Stark modulation technique. The
frequencies are given as Supporting Information. At the same
time we measured several more lines for the main species with
the MB-FTMW spectrometer. Its unrivalled sensitivity allowed
measurements and assignment of the spectra of five less
abundant isotopologues (29Si, 30Si and all monosubstituted13C
species) in natural abundance. The MB-FTMW measured lines
are also given as Supporting Information. The experimental
frequencies were fitted with theIr representation andA reduction
of Watson’s quartic Hamiltonian.25 The spectroscopic constants
of the ground states and of the vibrational satellites are reported
in Tables 2 and 3, respectively.

(3) Structures of the two Conformers.From the available
rotational constants, eighteen for each conformer, it is possible
to obtain two kind of structural information. Thers coordinates
are thea, b andc coordinates of an atom in the principal axes

system of the main species. Their absolute values are easily
obtained when the spectrum of the corresponding singly isotopic
substituted species is available.26 The r0 geometries are deter-
mined by fitting the rotational constants of the ground states
and therefore supply the molecular structures averaged over the
vibrational ground states wave functions. Thers structure is
thought to be intermediate between ther0 and there (e is for
equilibrium, relative to a hypothetical vibrationless molecule)
structure, because the vibrational effects are more less the same
for the main and for the isotopically substituted species.

The substitution coordinates of atoms Si, C2, C3 and C4,
are reported in Table 4. The|a| coordinate of C2 and the|b|
coordinates of C4 and Sia-coordinate do have small, physically
insignificant, imaginary values. This is within the limitations
that underline the Kraitchman procedure.26 We could, however,
obtain from them some approximatedrs structural parameters
(listed in Table 5 together with ther0 data) by fixing to zero
the small imaginary values.

From the fit of the eighteen rotational constants, we could
determine niner0 structural parameters for each conformer. Due
to the symmetry of the molecule, they are sufficient to extract

TABLE 2: Spectroscopic Constants (A Reduction, Ir Representation) of the Ground States of the Main Species and of Several
Isotopologues of Axial and Equatorial FSCH

main 29Si 30Si 13C2 13C3 13C4

Axial
A/MHz 2988.1146(1)a 2984.3780(5) 2980.7709(5) 2944.9404(9) 2957.3379(6) 2988.1335(7)
B/MHz 1935.4401(5) 1925.4339(3) 1915.7156(3) 1933.4246(6) 1922.4567(4) 1904.9004(4)
C/MHz 1502.1986(4) 1497.1166(2) 1492.1508(5) 1492.4966(3) 1487.8205(2) 1483.7910(3)
∆J/kHz 0.522(4) [0.522]b [0.522]b [0.522] [0.522] [0.522]
∆JK/kHz -1.21(2) [-1.21] [-1.21] [-1.21] [-1.21] [-1.21]
∆K/kHz 1.53(3) [1.53] [1.53] [1.53] [1.53] [1.53]
δJ/kHz 0.053(3) [0.053] [0.053] [0.053] [0.053] [0.053]
δK/kHz 0.13(3) [0.13] [0.13] [0.13] [0.13] [0.13]
Nc 64 8 9 8 7 10
σ/σexp

d 1.2 0.6 0.6 0.9 0.6 0.6

Equatorial
A/MHz 3530.668(3) 3527.655(4) 3524.719(6) 3476.843(4) 3490.16(1) 3527.49(1)
B/MHz 1707.0771(5) 1701.1399(2) 1695.3535(4) 1706.9275(2) 1693.8659(4) 1680.9280(4)
C/MHz 1273.7435(5) 1270.8323(2) 1267.9869(4) 1266.8101(2) 1261.3500(4) 1259.5762(4)
∆J/kHze 0.100(2)c [0.100] [0.100] [0.100] [0.100] [0.100]
∆JK/kHz 0.055(8) [0.055] [0.055] [0.055] [0.055] [0.055]
δJ/kHz 0.022(2) [0.022] [0.022] [0.022] [0.022] [0.022]
Nc 75 5 9 6 5 8
σ/σexp

d 1.1 0.4 0.4 0.3 0.7 0.7

a Error (in parentheses) is expressed in units of the last digit.b Centrifugal distortion parameters in brackets have been fixed to the values of the
corresponding most abundant species.c Number of transitions in the fit.d Reduced deviation of the fit, relative to measurement errors of 3 and 50
kHz for the MW-FT and conventional spectrometer, respectively.e Centrifugal distortion parameters∆K and δK of the equatorial species have
been fixed to zero because they are undetermined in the fit.

TABLE 3: Spectroscopic Constants (A-reduction, Ir
Representation) Vibrational Energies and Shifts of Planar
Moments of Inertia with Respect to the Corresponding
Ground State of Three Vibrational Satellites of Axial and
Equatorial FSCHa

axial equatorial

V ) 1 V1 ) 1 V2 ) 1

A/MHz 2991.21(3) 3515.61(3) 3532.53(3)
B/MHz 1933.684(3) 1708.554(1) 1706.862(1)
C/MHz 1499.496(2) 1275.047(1) 1272.533(1)
σb/MHz 0.08 0.09 0.06
Nc 22 46 33
Evib

d/cm-1 110(30) 80(20) 170(10)
∆Paa/uÅ2 0.510 -0.636 0.243
∆Pbb/uÅ2 0.100 0.234 0.133
∆Pcc/uÅ2 -0.269 0.378 -0.205

a Centrifugal distortion constants fixed at the values of the corre-
sponding ground states.b Standard deviation of the fit.c Number of
transitions of the fit.d From relative intensity measurements.
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the structure of the seven heavy atoms frame. In the fit, we
allowed these parameters to change, with respect to the ab initio
values, in “confidence intervals”27 of 0.01 Å for the bond
distances and of 2° for the valence angles, respectively. It was
necessary to keep the structural parameters of the hydrogen
atoms fixed to the ab initio values (given in Table 6).

This assumption should have little effect on the heavy atoms
structural parameters, because the inertial effects of the light
hydrogen atoms are minor. The determined parameters,R, â,
γ, rSi-F, rab, ra-C2, rb-C3, ra-Si, and rb-C4 (see Figure 1), are
listed in Table 5. From these it was easy to derive more common
parameters such as the C-C and C-Si bond lengths. For
comparison, the ab initio geometries are also reported.

(4) Dipole Moment. The dipole moments of the axial and
equatorial FSCH have been determined from the analysis of
the second-order Stark effect on three and four transitions of
the axial and equatorial species, respectively. A dc voltage has
been added to the square wave modulation. The cell was
calibrated with the 3r 2 transition of OCS (µ ) 0.71521 D28).
The values∆ν/E2 for the observed Stark lobes are reported in

Table 7, along with the results of a least-squares fit. The Stark
coefficients29 were calculated using the effective rotational
constants in Table 2. One can see, by comparing the experi-
mental dipole moments to the ab initio ones of Table 1, that
the theoretical values are overestimated by about a 15%.

(5) Conformational Energies.The µa rotational transitions
of the axial conformer appeared, at a first glance, equally strong
as those of the equatorial one. An example is shown in Figure
2. We made more precise intensity measurements30 of five pairs
of µa-type rotational transitions (111,10 r 101,9, 112,9 r 102,8,
112,10 r 102,9, 103,7 r 93,6 and 113,9 r 103,8) and determined
their energy difference, according to the following equation:

whereI and∆ν are the peak height and line width, respectively,
µa is the dipole moment component,γ andν are the line strength
and frequency, respectively. In equation 1 we used the dipole
moment components of Table 7, to obtainEEq - EAx ) 42(24)
cm-1. This value is in agreement with that predicted by ab initio
calculations (see Table 1).

These results outline that the axial/equatorial conformational
behavior of FSCH is different with respect to that of the
corresponding cyclohexane derivative:3 FSCH shows a slight
preference for the axial conformer.

TABLE 4: Substitution Coordinates (Å) of the Si, C2 and C3 Atoms of Axial and Equatorial FSCH

axial equatorial

Sia C2 C3 C4 Sia C2 C3 C4

|a| exptl 1.073(3) 0.10ib 1.267(1) 2.015(7) 0.958(2) 0.10i(1)a 1.503(1) 2.1207(7)
calcc 1.070 0.076 1.246 2.033 0.950 0.029 1.503 2.091

|b| exptl 0.04ib 1.483(1) 1.288(1) 0.08ib 0.03ib 1.480(1) 1.287(1) 0.08ib

calcc 0.0 1.491 1.282 0.0 0.0 1.482 1.289 0.0
|c| exptl 0.466(3) 0.540(3) 0.376(4) 0.08(2) 0.353(4) 0.190(8) 0.193(8) 0.374(4)

calcc 0.477 0.529 0.445 0.185 0.358 0.190 0.192 0.364

a From the29Si species.b Imaginary value.c Calculated values with the partialr0 geometry of Table 5.

TABLE 5: r0, rs and re Structures of Axial and Equatorial
FSCH

axial equatorial

r0
a rs

b re
c r0

a rs
b re

c

R 121.4(4) 121.4 126.4(2) 126.4
â 140.2(4) 139.7 136.2(2) 136.2
γ 122.0(5) 121.9 122.4(3) 122.3
ra-Si 1.121(6) 1.125 1.222(6) 1.132
rb-C4 0.828(10) 0.837 0.828(6) 0.835
ra-C2 1.491(2) 1.489 1.482(1) 1.484
rb-C3 1.282(2) 1.288 1.289(1) 1.288
ra-b 1.523(7) 1.531 1.523(5) 1.534
F-Si 1.620(7) 1.637 1.624(7) 1.633
Si-C2 1.866(4)d 1.832 1.866 1.859(4) 1.845 1.866
C2-C3 1.537(7)d 1.576 1.544 1.535(6) 1.563 1.546
C3-C4 1.526(6)d 1.536 1.536 1.532(3) 1.519 1.535
C2-Si-C6 106.1(3)d 108.1 105.9 105.7(3) 106.6 105.3
Si-C2-C3 110.4(5)d 110.3 110.6 109.4(4) 109.2 109.5
C3-C4-C5 114.3(4)d 116.0 114.0 114.6(4) 114.1 114.1

a See Figure 1 for the definition ofR, â, γ and of the a and b
intersection points.b rs values have been calculated by fixing to zero
the |a| coordinate of C2 and|b| coordinates of C4 and Si.c MP2/6-
311++G** calculations.d Derived parameters, not required in ther0

fit.

TABLE 6: Structural Parameters (Relative to Figure 1) of the Hydrogen Fixed at the MP2/6-311++G** Values

bond lengths (Å) valence angles (deg) dihedral angles (deg)

axial equat axial equat axial equat

Si-H 1.477 1.479 a-Si-H 132.4 127.1 C4-C3-C2-Heq -178.8 -179.6
C2-Heq 1.096 1.096 Si-C2-Heq 111.4 112.0 C4-C3-C2-Hax 64.3 62.5
C2-Hax 1.100 1.098 Si-C2-Hax 108.4 108.8 Si-C2-C3-Heq -176.8 -178.5
C3-Heq 1.096 1.096 C4-C3-Heq 109.1 109.2 Si-C2-C3-Hax 66.7 65.2
C3-Hax 1.098 1.099 C4-C3-Hax 108.6 108.7
C4-Heq 1.096 1.097 b-C4-Heq 126.0 126.3
C4-Hax 1.100 1.099 b-C4-Hax 127.3 127.0

Figure 1. Structural parameters and symbols for FSCH used throughout
the text.a and b are intersection points between the bisector of the
C2SiC6 angle and the C2C6 line, and the bisector of the C3C4C5 angle
and the C3C5 line, respectively. They lie in the plane of symmetry of
the molecule.

EEq - EAx ) kT ln[(IAx∆νAxµ2
a,EqγEqν

2
Eq)/

(IEq∆νEqµ
2
a,AxγAxν2

Ax)] (1)
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(6) Vibrational Satellites. Relative intensity measurements23

of the rotational transitions of the vibrational satellites with
respect to the ground state lead to an estimate of their vibrational
energies, reported in Table 3.

One can obtain some more information on the nature of the
corresponding vibrational modes from the changes of planar
moments of inertia of the vibrational satellites with respect to
the ground state. The planar moments of inertia (Pgg; g ) a, b,
c) are defined and related to the rotational constants asPaa )
Σimiai

2 ) h/(16π2) (-1/A + 1/B + 1/C), etc., and represent the
mass extensions in the directions of the corresponding principal
axis. The∆Pgg’s are given at the bottom of Table 3. The values
of ∆Paa and of∆Pcc are positive and negative, respectively for
V ) 1 of the axial form; the opposite is true forV1 ) 1 of the
equatorial species. They most probably correspond to the
vibrational motion which brings to the inter-conformational
change. A shrinking of the molecule along thec-axis, and an
elongation along thea-axis take place, indeed, in going from
axial to equatorial, and vice versa.

Conclusions

The axial/equatorial conformational features of FSCH are
quite different with respect to those of the cyclohexane
homologue, fluorocyclohexane, being the axial form the slightly
more stable. The experimental evidence is confirmed by the ab
initio calculations.

Structural differences between the two conformers are found
to be significant (quite larger than experimental uncertainties)

only for parametersR and â in Figure 1. In going from the
axial to the equatorial form,R increases by 5° andâ decreases
by 4°. This may be an effect to reduce the larger steric hindrance,
in the equatorial conformer, between the F atom and the adjacent
axial hydrogens on C2 and C6. Such steric hindrance is less
for the axial conformer because in this case the adjacent
hydrogens are in an equatorial position.

Shifts of second moments of inertia in going from the ground
to the excited state indicate that the vibrational satellite belongs
to the deformation of the ring, which leads to the conformational
interchange.
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