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The structural differences and the relative energies foattial and equatorialforms of 1-methyl-1-
silacyclohexane have been obtained from the rotational spectra of the i88nhalnd all'*C isotopologues
of theaxial andequatorialforms, observed by molecular beam Fourier transform microwave spectroscopy.
The two species appear to have the same energy, within uncertainty lxfits; 0.0 + 0.2 kcal/mol.
Structural parametersg(@ndr) are given for the two forms. The main structural differences are discussed.
Potential barriers for the methyl group internal rotatiovis) have been determined for both conformers
to be 1.26(1) and 1.48(2) kcal/mol for the axial and equatorial species, respectively.

Introduction from electron diffractior/ low-temperature nuclear magnetic
. . ) o resonancé? and ab initid® investigations.
Equatoriat-axial conformational equilibria and molecular Recently we have assigned rotational spectra of silacyclo-

structures of monosubstituted halo-derivatives of cyclohexane hexang® and 1-fluoro-1-silacyclohexarfé.For the latter mol-

have been investigated extensivély® A general preference  gcyle we have shown that its axiallequatorial conformational
for the equatorial conformer is observédhe reported energy  pehavior differs with respect to that of the corresponding
differences show that the equatorial conformer is favored by cyclohexane derivativishowing a slight preference for the axial
about 0.3 kcal/mol over the axial one for fluorocyclohexane cgnformer. The conformational equilibrium of 1-methyl-1-
and likewise by about 0:50.7 kcal/mol for chloro-, bromo-,  sjlacyclohexane has recently been reinvestigated by gas-phase
and iodocylohexan&?®*315The rotational spectrum of methyl-  glectron diffraction (GED), low-temperature NMR, and quantum
cyclohexane has not been reported, whereas the equatorial fornghemical calculation® The equatorial form was found to be
has been determined to be more stable by about 2 kcal/mol,jgre stable by about 0:3.4 kcal/mol. Thus, it appears that
the conformational pattern of monosubstituted silacyclohexanes
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Axial Equatorial
Figure 1. Axial and equatorial conformers of MSCH. To the right, structural parameters used throughout the text are indicated.
Table 1. Spectroscopic Constants of Axial and Equatorial Table 2. Rotational Constants for the Less Abundant
MSCH for the Normal Molecular Species (A-reduction, I Isotopologues of Equatorial and Axial MSCH
representation) isotopic Y
axial equatorial species  AIMHz B/MHz C/MHz kHz Ne
i et B N 5 7 e o
C/MHz 1474'9933(4) 1243'3791(4) 13C3  3404.818(2) 1638.3663(3) 1231.795(1) 3 12
AykHz 0 351'(6) 0.08 4'(4) 13C4  3440.007(2) 1626.4729(4) 1230.286(1) 3 13
AJ kHz 0 69(5) 0'10(2) 13C7  3440.523(3) 1610.2853(4) 1220.897(1) 4 12
AJ*;kH 0 d]" 0.69(1 axial 29Gj  2853.924(6) 1845.3005(5) 1469.7524(2) 3 16
6KkH z EJ 025(4 0 0é0)7 13C2  2818.162(3) 1853.2487(3) 1465.6799(1) 2 14
JkHz 025(4) :050(7) 15C3 2820.115(4) 1843.7859(4) 14615461(2) 3 16
V3/kc:;1| mol 1.26(1) 1.48(2) 13C4  2857.514(8) 1827.7654(5) 1457.7151(3) 3 14
'Séﬂg)\/d ¢ gggg; 360(53) 13C7  2839.225(7) 1817.8180(5) 1456.1076(3) 3 12
al)/ae .
O(ci)/deg 31.4(3) 70(1) a Centrifugal distortion constants are fixed at the values of the corre-
010ex 1.42 0.93 sponding main specie8Standard deviation of the fit. Number of fitted
Ne 34 106 transitions.
aErrors in parentheses are expressed in units of the last dligitartic . . . . . .
centrifugal distortion parameters (for the axial conformer) andy (both obtain two kinds of structural information. First, thecoordi-
species) have been fixed to zero since not determined from thef{bi) nates, which are tha, b, andc coordinates of the atoms in the

has been fixed, by symmetry, to 90.0 Reduced standard deviation of  principal axes system of the normal species, can be determined.
the fit. Number of fitted transitions. Their absolute values are easily obtained when the spectrum of
eter as described in the Experimental Section, was assignedgﬁegg:f?ﬁgndrlggei'tngif?;zp'c;];’ggsg'élétﬁ%estpe ?ﬁ:(ianselds f%\:azyl-l
Later the spectra of the axial conformer and the less abundant ) b y .
heavy atoms (i.e., no hydrogen atoms). Secondglgeometries

. : 1 -
isotopologues %Si and *C) for both confo.rmers, in natural can be calculated by fitting the rotational constants of the ground
abundance, measured by the more sensitive molecular beam

Fourier transform millimeter-wave (MB-FTMW) technique, \Sﬁgﬁgﬁbrﬂppmg dthstia?;o\lsg\ljtlearfus:::l:g#;eSTgz:&g;ﬁr:vi:r the
were assigned. Rotational transitions were found to be split, thought to gbe intermediate between thé and there (r
typically showing doublets, due to internal rotation of the methyl o : Je Ve

- . - correspond to the equilibrium, relative to a hypothetical vibra-
group. All measured lines are available as Supporting Informa- tionless molecule) structures, since the vibrational effects are
tion. A global fit to the absolute line positions of all component | th me for th’e normal and for the isotopicall
lines has been performed with the computer program XB&M, m%re.or %ss € same 10 pically
using the combined axis method (CAM). A “rigid” limit set of substitute Species. . . .
rotational constants has been determined, common to both, The substitution coordinates of the Si and C atoms are listed

internal rotation A and the equatorial E sublevels. Furthermore, n stle s di fthe C2 for both . |
all quartic centrifugal distortion constants (A-reduction aRd | Thea-coordinates of the C2 atoms for both species are almost

representatichy), theVs barriers, the angleSai andci (angles zero, hence poorly determined, according to the limitations that
between the axis of rotation of the methyl group and the underline the Kraitchman procedueNevertheless, we could

principal axes of inertia; see Figure 1), and thenoments of obtain some¢ structural parameters, which are listed in Table

inertia of the methyl group have been determined. The 4 together with theo data. ,
spectroscopic constants are reported in Table 1 for the normal _ From the fit of the 18 rotational constants, we could determine
species of both conformers. ninero structural parameters for each confqrr_ner. Due taGhe
For the less abundant isotopologues smaller numbers of Symmetry of the molecule,_these are sufficient to extract the
experimental transitions are available. To fit the spectra, the Structure of the frame constituted by the seven heavy atoms (C
centrifugal distortion and the methyl rotation constants were @nd Si). In the fitting procedure, we allowed these parameters
fixed to the values of the corresponding normal species. The 0 changlgé with respect to the ab initio valdés) “confidence
spectroscopic constants#88i andiC species are listed in Table ~ INtérvals™ of 0.01 A for the bond distances and df r the
2 valence angles, respectively. It was necessary to keep the
2 Structures of the Two Conformers.From the available structural parameters of the hydrogen atoms fixed to the ab initio

rotational constants, 18 for each conformer, it is possible to Values” (given in Table 5). This assumption little affects the
heavy atoms’ structural parameters, because the inertial effects

(23) Hartwig, H.; Dreizler, HZ. Naturforsch.1996 51a 923.
(24) Watson, J. K. G. IVibrational Spectra and Structurdurig, J. (25) Kraitchman, JAm. J. Phys1953 21, 17.
R., Ed.; Elsevier: New York, 1977; Vol. 6, pp-B9. (26) Curl, R. F. JComput. Phys1957 27, 343.
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Table 3. Substitution Coordinates (A) for the Si, C2, C3, C4, and C7 Atoms of Axial and Equatorial MSCH

axial equatorial
Si c2 C3 Cc4 c7 Si c2 C3 c4 Cc7

E] expt 1.110(1) 0.10i 1.227(1) 2.0223(7) 2.1070(7) 1.017(1) 040i 1.478(1) 2.0866(7) 2.7426(6)

cal® 1.119 0.045 1.228 2.0253 2.1091 1.020 0.015 1.484 2.0910 2.7437
|b| expt 0.04% 1.480(1) 1.288(1) 0.08i 0.05¢ 0.03¢ 1.479(1) 1.288(1) 0.08i 0.01R

cal® 0.0° 1.486 1.289 0.9 0.0° 0.0° 1.484 1.291 09 0.C¢°
Ic| expt 0.492(3) 0.554(3) 0.409(4) 0.15(1) 1.092(1) 0.363(4) 0.182(8) 0.179(8) 0.390(4) 0.352(4)

cal® 0.499 0.548 0.415 0.138 1.097 0.366 0.177 0.173 0.386 0.367

a]maginary valueP? Calculated values with the partiaj geometry of Table 4S Fixed to zero by molecular symmetry.

Table 4. Structural Parameters of Axial and Equatorial

MSCH
r&

equatorial axial equatorial axial
rh—siAP 1.157(5) 1.151(3)
rh-cd AP 1.4821(3) 1.4836(3)
rh—i/AP 1.533(4) 1.535(2)
rcyAb 1.2888(5) 1.2864(3)
rcdAb 0.831(3) 0.840(2)
Si—C7/A 1.868 1.872 1.866(3) 1.873(1)
a/degc 128.6(2) 125.0(1)
plded 138.0 138.6 136.9(3) 138.2(2)
ylde@ 123.2 123.6 123.0(2) 121.9(3)
Si—C2/A 1.876 1.876 1.880(3) 1.878(2)
C2-C3/A 1.533 1.527 1.545(4) 1.548(2)
C3-C4/A 1.534 1.536 1.534(1) 1.536(1)
C6-Si—C2/deg 104.0 106.1 104.1(2) 104.4(1)
Si—C2-C3/deg 110.9 110.5 110.3¢4) 110.6(2y
C2—C3-C4ldeg 113.5 113.7 113.4¢4) 113.2(2y
C3—-C4—C5/deg 114.2 113.9 114.4(2) 113.74(1)
C2—Si—C7/deg 112.9 110.4 112.6(3) 110.6(1Y

aSomers values have been calculated by fixing to zero some slightly
imaginary *a* or *b* coordinates of Table 3 See Figure 1 for the
definition of a, 3, y and of theh andk intersection points: This parameter,
a, is thehSi—C7 angle for both conformers (in Figure 1 it is defined only
for the axial conformer)d Derived parameters, not required in thefit.

of the light hydrogen atoms are minor. The determined
parametersy, 3, ¥, I'si-c, 'k, Fh-c2 fk-c3, fh-si, andr—ca (see

The subscripts 0,0 hold for the= 0 andJ = 0 state.lgq and

Iax are peak heightgyc ax anduceq are thec dipole moment
components, angtay, Yeq vax, andvgq are the line strengths
and frequencies for the axial and equatorial conformers. We
usedc-type transitions only and made use of ab initio values
for the uc dipole moment componentg{g = 0.58 anduca =

0.43 D, respectively¥? In the present casB.onr = 298 andT o

= 1 K. Thus, we obtainedAEq.g)ax-eq = 0 £ 0.2 kcal/mol.

Large uncertainties in the calculated values of ghelipole
moment components mainly are responsible for the big error
limit obtained @&0.2 kcal/mol). More precise values &g o
could be obtained if experimental values of the dipole moment
components were available.

The axial/lequatorial conformational energetics for MSCH
differ significantly with respect to those of the cyclohexane
homologue, methylcyclohexane. In the case of MSCH the two
conformers have about the same energies in the gas phase,
whereas the equatorial conformer is significantly favorable for
methylcyclohexane. In Table 6 our results on the energetics are
compared to those available in the literature. All of them are
AG? values, which take into account also entropic effects. In
this sense they are difficult to compare with our data, which is
the energy differences between the ground (rotational and
vibrational) states of the two conformers. In addition, the NMR

Figure 1), are listed in Table 4. From these it was easy to derive data are relative to solutions, where the interactions with the

standard geometrical parameters such as th€ @nd C-Si
bond lengths.
The differences between the structural parameteasd 3

solvent can overwhelm the slight conformational preference in
the gas phase. All experimental and theoretical results from ref
22 give the equatorial species favored, but in contrast with

(Figure 1) of the two conformers are found to be quite larger previous NMR? and MMZ28 investigations. We performed
than the experimental uncertainties (see Table 4). On going fromMP2/6-311+G(d,p) calculationd? generally found to be

the axial to the equatorial forne, increases by 3% whereag
decreases by 1°3This kind of difference is not outlined by
the results of the GED investigati@Ayhich supply the average

values of the geometrical parameters. MW geometries are

reliable for this kind of conformational equilibrium. They gave
a AEpp value of ca. zero (see Table 6), supporting our
experimental result.

It is interesting to note that the barrier to the methyl group

relative to the ground vibrational state, while the GED structure internal rotation/s) in MSCH is found to be considerably lower

is averaged (weighted for the population) over several vibrational for the axial species compared to that for the equatorial species.
states. Then, a comparison of MW and GED structural data is Possibly the energy minimum of the axial species is destabilized
an approximation and requires some cautions. However, theby the interaction of the methyl hydrogen with the axial
structural parameters of Table 4 agree with the GED values of hydrogens in position 3 (Figure 1).

Table 1 of ref 22 within the experimental error, considerably
large for the GED geometry.

3. Conformational Energies.Rotational transitions of both
conformers have been measured with the Fourier transform MSCH was prepared according to a standard literature méthod,
spectrometer only. Indications about the relative energies of theand the sample was purified by preparative GLC prior to use.
axial and the equatorial (Ax and Eq in the expression below, Argon or helium (at least 99.99%), supplied by SIAD (ltaly),
respectively) conformers could be obtained from those data. Wwas used as carrier gas. Two different experimental setups have

Assuming that the “conformational temperatur&y) is the been used: a free jet absorption milimeter-wave (FJ-AMMW)
temperature prior to supersonic expansion (e.g., room temper-SPectrometer and a cc_)axially oriented beam-resonator arrangement
ature, 25°C), we calculated the conformational ground-state Fourier transform microwave (COBRRTMW) spectrometer,
energy differences\Eoax—eq = (Eoo)ax — (Eodeq by applying which provided complementary results.
the following equation:

Experimental Section

(27) Carleer, R.; Anteunis, M. J. @rg. Magn. Resanl979 12, 673.

(28) Frierson, M. R.; Imam, M. R.; Zalkow, V. B.; Allinger, N. L1.
Org. Chem 1988 53, 5248.

(29) Frisch, M. J., et alGaussian 03Revision B.04; Gaussian, Inc.:
Pittsburgh, PA, 2003.

(AEO.O)AX—Eq = chonf In[(l Ec{‘c,AxVAxVsz)/
(IAxﬂc,Eq}/EqVqu)] + [(Erot)Ax - (Erot)Eq]/kTrot (3)
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Table 5. MP2/6-31G* Structural Parameterg? (see Figure 1) Relevant to the Hydrogen Atoms

bond lengths (&) valence angles (deg) dihedral angles (deg)
axial equat. axial equat. axial equat.
Si—H 1.4949 1.4971 hSiH 125.7 121.4 C4GC3C2Hq —179.9 —-179.7
C2—Heq 1.0971 1.0970 SiC2i 111.4 111.2 C4C3C2Hax 63.6 62.2
C2—Hax 1.0985 1.0991 SiC2 i 109.1 109.3 SiC2C3Heq —-178.4 —-178.7
C3—Heq 1.0975 1.0976 C4C3H4 108.9 109.0 SiC2C3Hax 65.5 65.1
C3—Hax 1.0989 1.0988 CAC3H 108.6 108.6 hSIC7Hyauche 120.0 119.9
C4—Heq 1.0972 1.0972 kC4Heq 126.5 126.4
C4—Hax 1.0993 1.0993 kCaHay 127.2 127.3
C7—Hrans 1.0942 1.0943 SiC7Hns 111.4 110.9
C7—Hgauche 1.0942 1.0942 SiC7¢uche 111.1 111.3
Table 6. Energy Differences AG® = Gax — Geq OF AEgo = described previous§2 The spectrum was observed in the expansion
Eo0-ax — Eoo-eq) between the Equatorial and Axial of a gas mixture composed of approximately 1% of MSCH in He
Conformers for MSCH at a total backing pressure of 2 bar. Molecular pulses of ca. 0.40
AG° Data: Method and Value (kcal/mol) ms duration followed by a MW polarization pulse of 10 mW at a
NMR (298 K) ~ —0.34 HF/6-31G* 0.52 pulse length of ca. 0.60s were found optimal. Frequencies were
MM2 (298 K)  —0.12 MP2/6-31G* 0.46 determined after Fourier transformation of the 8K data points’ time
g'\E"DR((Zlég E)) %i%((zl% iﬁ'xfé%%ﬁ?e_glle(w’p) 0'()6,(26 domain signals, recor_ded in a 40 ns sample inter_val. The pulsed
molecular beam was introduced parallel to the axis of the Fabry-
AEgoData: Method and Value (kcal/mol) Peaot resonator, and consequently each observed transition appeared
MW 0.0(2y MP2/6-311+G(d,p) 0.02 as a Doppler doublet. The line frequency was determined as the
aRef 27.5 Ref 28.¢ Ref 22.9 This work. arithmetic mean of the frequencies of the two Doppler components.

The accuracy of frequency measurements is estimated to be ca. 2

a. Pulsed Jet Absorption Millimeter-Wave Spectroscopy (FJ- kHz.
AMMW). The Stark modulated and FJ-AMMW spectrometer has
already been described elsewh®rargon at a pressure of ca. 0.2 Acknowledgment. We thank the University of Bologna, the
bar was flown over MSCH at room temperature, and the mixture Ministero dell'lstruzione dell'Universitee della Ricerca, for
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