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Abstract: The molecular structure of
axial and equatorial conformers of 1-
trifluoromethyl-1-silacyclohexane,

(CsH,,SiHCF;), as well as the thermo-
dynamic equilibrium between these
species was investigated by means of

group (axial=58(12) mol %/equatori-
al=42(12) mol%) at T=293 K. This
result is in a good agreement with the
theoretical prediction. This is, however,
in sharp contrast to the conformational
properties of the cyclohexane analogue.
The main structural feature for both

results in an axial/equatorial ratio of
17(2) mol %:83(2) mol% at 113 K and
a AG* of 5.5(2) kcalmol™'. CBS-QB3
calculations in the gas-phase and solva-
tion effect calculations using the
PCM(B3LYP/6-311G*) and IPCM-

gas electron diffraction (GED), dynam-
ic nuclear magnetic resonance
(DNMR) spectroscopy, and quantum
chemical calculations (B3LYP, MP2,
and CBS-QB3). According to GED,
the compound exists as a mixture of
two C, symmetry conformers possess-
ing the chair conformation of the six-
membered ring and differing in the
axial or equatorial position of the CF;
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conformers is the unusually long exocy-
clic bond length Si—C 1.934(10) A. A the
low-temperature ""F NMR experiment
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(B3LYP/6-311G*) models were applied
to estimate the axial/equatorial ratio in
100-300 K temperature range,
which showed excellent agreement
with the experimental results. The min-
imum energy pathways for the chair-to-
chair inversion of trifluoromethylsilacy-
clohexane and methylsilacyclohexane
were also calculated using the STQN-
(Path) method.

NMR

Introduction

The conformational behavior of six-membered ring systems,
steric effects of substituents, and stereoelectronic interac-
tions in the ring systems continue to be an active field of re-
search.”® Cyclohexane and its derivatives play an important
role in organic stereochemistry. The Gibbs free energy dif-
ference between axial and equatorial conformations in mon-
osubstituted cyclohexanes has been used as a measure of
the inherent conformational parameters of the substituent.
With the rare exception of substituents, which are connected
via mercury to the cyclohexane ring, a general preference
for the equatorial conformer is found.’? Consequently, a
positive A value (see Scheme 1 for definition of A) corre-
sponds to a preference for the equatorial conformer. The
equatorial preference of Me, Et, and iPr as substituents on
cyclohexane has been reinvestigated recently. The A value
of the methyl group was found to be 1.80(2) kcalmol™' by
low-temperature *C NMR spectroscopy and 1.98 kcalmol ™!
by high-level ab initio calculations."”!
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Scheme 1.

Silylcyclohexane 2 and 1-methyl-1-silacyclohexane 4 are
the two simplest Si analogues of methylcyclohexane 1. The
A value of the silyl group was found by 'H and “C NMR
spectroscopy to be 1.45 and 1.44 kcalmol ™!, respectively, at
188 K. From a gas electron diffraction (GED) experiment
Shen et al. reported a conformational mixture of equatorial
(904+10%) and axial forms at 75°C.["l Cho et al. have com-
pared calculated A values for the methyl and silyl groups on
cyclohexane.™ They reported A values of 2.14 kcalmol™
(CH;) and 1.90 kcalmol™ (SiH;) from ab initio calculations,
whereas MM3 calculations resulted in 1.78 (CH;) and
1.16 kcalmol * (SiH;). The authors explain the lower A
value of the silyl group compared with the methyl group by
the longer Si—C bond (1.904 A) compared to the C—C bond
(1.534 A), which makes the axial SiHj sterically less unfavor-
able than the axial methyl group.

In the past, the A value of 4 have been reported to be
negative from investigations using 'H NMR measurements
at room temperature,'” as well as force field calcula-
tions.'>®! In a recent investigation we were able to show
from GED, low-temperature NMR, and quantum chemical
(QC) calculations that 4 truly has a positive A value, albeit a
much lower one than 1 and 2. Our results were 0.45(14)
(GED), 0.23(2) ("CNMR at 110K), and 0.46-0.60 kcal
mol~! (QC, depending on method and basis set).l'! In a sub-
sequent paper we then described the gas-phase structure
and conformational properties of 1-silabutane and 2-silabu-
tane.'”! The gauche conformer in n-butane, 1-silabutane, and
2-silabutane is related to the axial conformer in 1, 2, and 4,
respectively (as indicated in Scheme 1), and likewise is the
anti conformer of the butanes related to the equatorial ring
conformer. It was remarkable to see that substituting CHj; in
1 or n-butane for SiH; in 2 or 1-silabutane results in consid-
erably longer (ca 0.3 A) H-H distances in the axial and
gauche conformers, respectively, whereas AH (axial-equato-
rial and gauche-anti, respectively) between the two con-
formers remains similar. Going from 2 to 4 or from 1-silabu-
tane to 2-silabutane resulted in a moderately longer H-H
distance (0.1-0.2 A); at the same time AH decreases dra-
matically. There is no obvious explanation for this behavior;
therefore we would like to add more knowledge to this
field. The trifluoromethyl group is an interesting alternative
to the methyl group and we started this investigation by car-
rying out preliminary calculations on the relative energies
for axial and equatorial conformers of the silacyclohexane
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derivate 5. Surprisingly, we found both conformers to be of
similar energy, which was unexpected considering the high
A value (2.5 kcalmol™) of the cyclohexane analogue 3.1'*
From this background we were prompted to synthesize the
hitherto unknown compound 5 and explore its conforma-
tional behavior by experimental means. In the present paper
we report a conformational analysis for 5 using GED, low-
temperature ’F NMR spectroscopy, and quantum chemical
calculations.

Results and Discussion

GED Analysis: Structure refinements were carried out with
least squares analyses of the experimental sM(s) function.
According to quantum chemical calculations, two stable con-
formers of CsH,,SiHCF; exist (Figure 1), that is, axial (5a)
and equatorial (5e). Each form possesses C; symmetry with
chair conformation of the six-membered ring. Figure 2
shows the theoretical radial distribution functions f(r) for
the two conformers 5a and 5e. The theoretical function of
each conformer was derived with the calculated (B3LYP/6-
31G**) geometrical parameters and vibrational amplitudes.
Both functions differ appreciably in the range r > 3 A,
which contains the peaks corresponding to long nonbonded
distances between the atoms of the CF; group and the
atoms of the six-membered ring. This demonstrates that the
electron diffraction intensities are sensitive to the conforma-
tional properties of this compound. Comparison with the ex-
perimental radial distribution function f(r) derived by Fouri-
er transformation of the molecular intensities sM(s) demon-
strates that both conformers are present in vapor under the
conditions of the GED experiment.

Figure 1. Structural models of axial 5a (above) and equatorial Se (below)
conformers for 1-trifluoromethyl-silacyclohexane with atom numbering.
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Figure 2. Radial distribution functions for calculated (B3LYP/6-31G**)
geometries of axial conformer 5a and equatorial conformer Se, experi-
mental function and difference curve for mixture.

Conventional least squares analyses of sM(s) were carried
out using the modified version of the KCED program.!'”)
Scattering amplitudes and phases of reference [20] were
used. The following assumptions, which are based on the
quantum chemical calculations (B3LYP/6-31G**) were
made to describe the geometry of the two conformers (atom
numbering is given in Figure 1): 1) Chair conformation of
the ring with C, overall symmetry. The difference between
the C—C bonds [(C2—C3)—(C3—C4)] was constrained to the
calculated value. 2) C—H bond lengths and H-C-H bond
angles of all CH, groups were assumed to be equal, and the
H-C-H angles were set to the calculated value. Calculated
C—H bond lengths deviate by less than 0.003 A from their
mean value and H-C-H bond angles by less than 0.2°. The
CH, groups at carbon atoms C3, C4 and C5 were assumed
to be oriented symmetrical to the bisector of the adjacent
endocyclic angle. Calculated deviations from this exact sym-
metrical orientation (rocking, wagging and twisting angles)
are less than 1°. The rocking and twisting angles for the CH,
groups at carbon atoms C2 and C6, which are larger than 1°,
were set to calculated values. 3) The CF; group was con-
strained to C, symmetry with equal F-C-F angles. The tilt
angle was set to zero and the difference between the two
C—F bond lengths [(C7—F1)—(C7-F2)] was fixed to the the-
oretical difference. 4) The Si—H bond length and C2-Si-H
bond angle were constrained to calculated values. With the
above assumptions, 11 geometric parameters were used to
construct the geometry of the compound in the least squares
analyses, five bond lengths (Si—C2, Si—C7, C2—C3, C7-F1,
C—H), four bond angles (C2-Si-C6, Si-C2-C3, C2-Si-C7, Si-
C7-F), the flap angle of the C4 atom out of the plane of the
C2,C3,C5,C6 atoms and the torsional angle around the Si—
C2 bond (¢p(C6-Si-C2-C3)). The 11 structural parameters (p,
to py; in Table 1) of the axial conformer were refined simul-
taneously and independently together with 11 groups of vi-
brational amplitudes. The differences between vibrational
amplitudes within each group were set to the calculated dif-
ferences. In the least squares fitting of the molecular intensi-
ties the geometrical parameters of the equatorial form were
tied to those of the axial conformer using the calculated dif-
ferences and the theoretical vibrational amplitudes. Starting
values for bond distances and angles were taken from the
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Table 1. Experimental and calculated geometric parameters of axial con-
former 5a of CsH,SiHCF; [A and °]. Atom numbering is given in
Figure 1. Error limits are 30 values.

GED B3LYP/6-31G**
1y structure r, structure

MP2/6-31G**
r, structure

Si—C2 p ! 1.856(3) 1.885 1.876
ASiC p, 0.078(10) 0.048 0.050
Si—C7 (p1, p») 1.934(10) 1.931 1.923
C2-C3 p, 1.546(2) 1.548 1.540
C3—C4 (ps) 1.539(2) 1.540 1.532
C7-Flp, 1.360(2) 1.363 1.366
C7-F2 (p,) 1.353(2) 1.360 1.362
(C—H) ean Ps 1.122(5) 1.098 1.093
Si—-H 1.4871 1.488 1.479
C2-Si-C6 pg 106.7(18) 106.3 105.9
Si-C2-C3 p, 112.4(10) 110.4 109.6
C2-C3-C4 114.4(12) 114.0 113.6
C3-C4-C5 113.6(21) 114.6 1142
C2-Si-C7 pg 108.2(9) 110.5 110.1
Si-C7-F1 p, 112.5(2) 112.0 1115
tilt (CE3)M 0.0 —0.2 —0.7
F1-C7-F2 106.2(4) 106.6 106.6
C2-Si-H 113.9 1122 112.5
(H-C-H) ean 106.19 106.1 106.4
rock(C2) 2.3 23 2.4
twist(C2) 1.1 1.0 0.9
flap(C4) pyo 55.9(18) 57.1 582
flap(Si) 34.9(47) 38.0 38.6
$(C6-Si-C2-C3) py; —37.8(54) —423 —44.6
$(C2-C3-C4-C5) —64.4(18) —65.4 —66.4
$(Si-C2-C3-C4) 51.5(19) 53.8 55.4

[a] p;: refined parameter; (p;): the difference with parameter p; was set to
calculated value. [b] Tilt(CF;)=%4[(Si-C7-F1)—(Si-C7-F2)]. [c] Rock
(C2)="4[(Si-C2-H,,)—(Si-C2-H,,) + (C3-C2-H,,)—(C3-C2-H,,)],
twist(C2) ="4[(Si-C2-H,,)—(Si-C2-H,,)—(C3-C2-H,,) + (C3-C2-H,)].
[d] Not refined.

B3LYP/6-31G** calculations, those for vibrational ampli-
tudes as well as the vibrational corrections, Ar=r,,—r,, for
both conformers were derived from calculated (B3LYP/6-
31G**) force fields using the approach of Sipachev incorpo-
rated in the program SHRINK. !

Preliminary refinements were performed with fixed vapor
compositions. The plot of the R factors versus percentage of
axial conformer 5a is shown in Figure 3. The best agreement
between experimental and calculated sM(s) functions was
achieved at the ratio of axial and equatorial conformers of
56:44. The uncertainty in the vapor composition was esti-
mated by Hamilton’s method® and was found to be 16%
at the significance level of 0.05 (see Figure 3). Simultaneous
refinement of geometric parameters, vibrational amplitudes
and vapor composition gave the ratio of 58(12):42(12) (un-
certainty is 30y value) with R;=5.4%. Four correlation co-
efficients had values larger than 0.7: p,/p, =0.72, ps/ps=0.70,
Pe/P11=0.78, p./py=0.79.

The experimental structural parameters for the prevailing
axial conformer Sa together with the calculated values are
listed in Table 1. In addition to the refined independent pa-
rameters, a few important dependent parameters are also
shown in Table 1. Interatomic distances, experimental and
calculated vibrational amplitudes and vibrational corrections
(without nonbonded distances involving hydrogen atoms)

Chem. Eur. J. 2007, 13, 1776-1783
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Figure 3. Agreement factor R; for different contributions of axial confor-
mer Sa.

are listed in Table 2. The difference between experimental
and calculated sM(s) and f(r) functions are shown in
Figure 2.

The molecular structure of the axial and equatorial con-
formers of 5 was analyzed by two different computational
methods (B3LYP and MP2 with the 6-31G** basis set).
Both methods result in similar geometric parameters for the
Sa and Se conformers. The results for Sa are shown in
Table 1. The MP2 approximation predicts the Si—C and the
C—C bond lengths about 0.009 A shorter than the B3LYP
method with the same differences between Si—C2/Si—C7 and
C2—C4/C3—C4 bonds. Both quantum chemical methods re-
produce the experimental structure satisfactorily, except for
the Si—C2 bond length and ASiC. Both methods predict the
Si—C2 too long and the ASiC too short (see Table 1). The
experimental and calculated puckering parameters of a six-
membered ring agree within error limit.

The important geometric ring parameters of equatorial
conformers CsH,,SiHCF; 5e and CsH,,;SiHCHj; 4e and sila-
cyclohexane 6 are compared in Table 3.”*) The ring Si—C
bond length decreases in 6-4e-Se series possibly due to the
increase of the electronegativi-
ty, %, of the terminal (exocyclic)
substituent (yy=2.08,*" ycy,=
2.56, ycp,=3.46-3.55") as it

FULL PAPER

Table 2. Interatomic distances, experimental and calculated vibrational
amplitudes and vibrational corrections (without nonbonded distances in-
volving hydrogen atoms) for axial conformer 5a [A].1

Fa Lospr Lsied® Ar=ry—r, Group¥!
C-H 1.116 0.074(5)™ 0.077 0.0054 1
C7-F1 1.358 0.048(2) 0.046 0.0016 2
C7-F2 1.352 0.047(2) 0.045 0.0016 2
C2—C3 1.545 0.049(2) 0.053 0.0018 3
C3—C4 1.537 0.048(2) 0.052 0.0015 3
Si-H 1.482 0.085(2) 0.089 0.0052 3
Si—-C2 1.855 0.050(5) 0.053 0.0017 4
Si—C7 1.933 0.050(5) 0.053 0.0014 4
Fl1-F2 2.166 0.061(2) 0.059 0.0047 5
F2-F3 2.161 0.060(2) 0.058 0.0041 5
C2--C4 2.587 0.066(6) 0.071 0.0066 6
C3--C5 2.569 0.064(6) 0.069 0.0063 6
Si-F2 2.747 0.079(6) 0.084 0.0064 6
Si-Fl1 2.752 0.078(6) 0.083 0.0063 6
Si--C3 2.824 0.069(6) 0.074 0.0084 6
C2--C6 2971 0.058(27) 0.084 0.0080 7
C2--C7 3.063 0.079(27) 0.105 0.0084 7
C2--C5 3.162 0.084(9) 0.082 0.0098 8
Si-C4 3.193 0.079(9) 0.077 0.0104 8
C2--F1 3.385 0.223(9) 0.221 0.0108 8
C2--F2 3.423 0.244(18) 0.250 0.0160 9
C3-F1 3.447 0.266(18) 0.272 —0.0066 9
C3--C7 3.679 0.163(18) 0.169 0.0180 9
C4-F1 4.021 0.255(15) 0.246 —0.0103 10

C3--F2 4.234 0.331(15) 0.322 0.0463 10

C2--F3 4.239 0.103(15) 0.094 0.0364 10
C4--C7 4.280 0.165(15) 0.156 0.0212 10
C3--F3 4.835 0.191(45) 0.197 0.0536 11
C4--F2 5.170 0.246(45) 0.252 0.0530 11

[a] For atom numbering see Figure 1. [b] Error limits are 30, values.
[c] B3LYP/6-31G**. [d] Group of refined amplitudes.

This phenomenon can be explained by means of the electro-
static scheme. According to the B3LYP calculation, the Mul-
liken atomic charges (with hydrogens summed into heavy
atoms) of 5e are g(C2)=-0.09, ¢(Si)=0.46, and q(C7)=
0.32. The large positive charge on the C7 atom due to its flu-
orination causes electrostatic repulsive interaction between
the C7 and Si atoms, in contrast of attractive interaction be-

Table 3. Comparison of geometric parameters of silacyclohexane 6, and of equatorial conformers 1-methyl-1-
silacyclohexane 4e and 1-trifluoromethyl-1-silacyclohexane Se.

takes place within the series of
1,1-disubstituted  silacyclobu-
tanes.””! The value of flap (C4)

Se 6 4e
this work ref. [23] ref. [1]
GED B3LYP/6-31G** GED GED

ry-structure r, structure r, structure r, structure

angle does not change under —
terminal substituent influence SimC2 1.856(3) 1.885 1.885(3) 1.867(4)
; . Si—C7 1.934(10) 1.931 - 1.862(4)
in contrast to value of flap(Si).  (c—), ., 1.542(2) 1.544 1.550(3) 1.531(2)
The Si—C bond length de- (C-H),c 1.121(5) 1.098 1.115(5) 1.104(3)
pends Strongly on the Substitu_ C.2>Si-C6 1064(18) 106.3 1042(14) 1028(20)
ents at silicon and carbon Si-C2C3 111.9(10) 110.4 110.6(6) 110.5(16)
d . e C¥SICT 109.7(9) 110.5 - 112.5(24)
atoms and varies 1[231 a WIAC  g5(Ca) 55.8(18) 57.0 58.7(15) 55.9(20)
range of 1.82-1.94 A" Notable  flap(si) 36.5(47) 39.6 41.3(41) 46.0(31)
examples are the large differ-  ¢(C6-Si-C2-C3) —39.5(54) —42.3 —44.0(42) —49.8(28)
ence between Si—C2/Si—C7 and #(C2-C3-C4-C5) —64.3(18) —65.4 —67.5(20) —62.9(9)
$(Si-C2-C3-C4) 52.3(19) 53.8 57.3(20) 56.6(10)

the extra long Si—C7 bond in 5.

Chem. Eur. J. 2007, 13,1776 -1783
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tween C2 and Si. Thus, the Si—C2 bond becomes a little
shorter than the Stevenson-Schomaker corrected sum of the
covalent radii for silicon and carbon atoms (1.877 A), and
the Si—C7 bond is considerably longer than this sum.

According to the GED data the concentration of the axial
conformer 5a in the vapor of 5§ at 293 K is 58(12) mol %.
This value corresponds to an A value of —0.19(29) kcalmol !
(Table 4).

Table 4. Conformational properties of CsH,,SiHCF; (5).

Method TIK AE=E,—E, A=G,—G, mol%
[kcalmol™] [kcalmol™]  axial
B3LYP/6-31G** 298  —0.30 —0.01 50
MP2/6-31G** 298  —0.58 —0.23 59
CBS-QB3 298  —0.61 —-0.27 61
CBS-QB3 115 -0.57 —0.48 89
IPCM(B3LYP/6-311G*)l) 298  +0.45 +0.58 27
IPCM(B3LYP/6-311G*)l 115 40.49 +0.40 15
IPCM(B3LYP/6-311G*)P 208 40.17 +0.44 32
IPCM(B3LYP/6-311G*)® 115  +0.21 +0.27 23
GED 293 —0.19(29) 58(12)
NMR 113 +0.4(1) 17(2)

[a] CBS-QBS3 results with solvent effects calculated for a CH,Cl, solution.
[b] CBS-QB3 results with solvent effects calculated for a CHCl; solution.
[c] Measured in a 1:1:3 mixture of CD,Cl,, CHFCl,, and CHF,CI.

NMR Spectroscopy: The '’F NMR spectra at room tempera-
ture and down to 138 K show rapid interconversion of Se
and 5a. On cooling to 128 K, the spectrum (Figure 4) shows

123 260

eq.
113 ax. 92
T
4

Ad [ ppm

Figure 4. Simulation of '’F NMR spectra for 5. Experimental spectra left
and calculated right. Solvent is a 1:1:3 mixture of CD,Cl,, CHFCI,, and
CHF,CI. A small peak to the right of the main signal, visible in spectra at
138 and 113 K, is due to impurities in the sample.
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line broadening and at 123 K signal splitting has occurred
resulting in a main signal and a smaller one at higher field,
indicating a mixture of a major and a minor conformer. As
a general rule in cyclohexane chemistry, the resonance
signal of a substituent in axial position has a lower ¢ value
than the signal for the same substituent in equatorial posi-
tion.” " Therefore, the main signal is assigned to the equa-
torial conformer Se. This assignment is further supported by
GIAO calculations® for 5e and 5a. At the B3LYP/6-
3114+G** level of theory, 5a is predicted to have a 3.6 ppm
lower "F chemical shift than Se, which is in excellent agree-
ment with the experimental signal separation at 113 K (see
Figure 4). DNMR simulations of the spectra allowed the de-
termination of the rate constants and equilibrium constants
(hence free energy changes) for the equatorial to axial
transformations as well as the corresponding free energies
of activation as a function of temperature. The rate con-
stants used to simulate the experimental spectra yielded
AG*=55(2) kcalmol '. At 113K, values of K=0.2 and
AG=0.4(1) kcalmol™' were obtained (Table 4). A precise
temperature dependence of K and AG for the narrow tem-
perature range 108-138 K could not be determined.

Computational details: All calculations were carried out
using the Gaussian98 and Gaussian03 program pack-
ages.’>¥ Parallel to the GED analysis, geometry optimiza-
tions of the equatorial and axial conformer of § were per-
formed with the hybrid DFT functional B3LYP, and the
MP2 approximation, both with the 6-31G** basis sets, and
with the CBS-QB3 method as implemented in Gaussi-
an03.P**! All three methods predict lower energies for the
axial form between —0.30 and —0.61 kcalmol ™' and free en-
ergies near zero or slightly negative (Table 4). The geomet-
ric parameters of the axial form are listed in Table 1 togeth-
er with the experimental results. When the results of the
two experimental methods (GED and "F NMR) were com-
pared, there appeared to be a discrepancy in their findings
regarding the conformational equilibrium of 5. Therefore
additional calculations were carried out, which take into ac-
count the solvent effect in solution and the temperature de-
pendence both in solution and in the gas phase. The mini-
mum energy path for the chair-to-chair inversion of 4 and §
in internal redundant coordinates was also calculated using
the Synchronous Transit-Guided Quasi-Newton (STQN)
method® at the B3LYP/6-311+G** level of theory. The
effect of solvation in dichloromethane and in chloroform on
the free energy difference for the chair-to-chair inversion
was calculated at the B3LYP/6-311G* and IPCM(B3LYP/6-
311G*) (Static Isodensity Surface Polarized Surface Contin-
uum Model)®” levels of theory, with solvational geometry
relaxation and zero point energies taken into account with
the PCM(B3LYP/6-311G*) (Polarizabale = Continuum
Model)®* method.

Computational studies in the gas phase: The minimum

energy pathway for the chair-to-chair inversion of the un-
substituted silacyclohexane ring 6 has been shown to consist
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of a half-chair/sofa like transition state from which the mol-
ecule can move into a twist form of relatively high energy.
Then the molecule goes through a boat form into a more
stable twist form, which marks the midpoint on the symmet-
rical path. In order to complete the inversion, the molecule
has to go further through a boat, twist, and half-chair/sofa
transition state before it ends up in the inverted chair.’*"

The minima and the transition states along the minimum
energy path for §, from the axial to the equatorial confor-
mer, were located using the STQN(Path) method as imple-
mented in Gaussian03" at the B3LYP/6-311+G** level of
theory. The reaction path was calculated in four slices using
the keyword OPT(QST3,PATH =11), that is, from minimum
5a to 5b, from 5b to 5¢, from 5¢ to 5d, and from 5d to Se,
as shown in Figure 5. For comparison, the conformational

5.0 1
45
4.0
3.5 1
3.0 1
25
2.0
1.5 1
1.0
0.5 {s;
0.0

E / kecal mol™!

<05 - Reaction coordinate / arb. unit

Figure 5. Calculated minimum energy path in internal redundant coordi-
nates for the chair-chair inversion of 5 at the B3LYP/6-3114+G** level of
theory.

path was also calculated for the methyl-substituted silacyclo-
hexane 4. The results are summarized in Table 5. For both
compounds, 5 and 4, the inversion path resembles the one
for 6; the deviation from the symmetrical path for 6 is in
each case caused by the substituent.

The electronic energy of activation in the gas-phase be-
tween minima 5b and 5Sc, is calculated to be 4.92 kcalmol™!
(relative to Sa), which is marginally lower than the free
energy of activation derived from NMR data in solution.

The gas-phase AG**®¥ of ring inversion was found to be
—0.27 kcalmol™ with the CBS-QB3 method of Petersson
et al.”*%! Based on this value, the constant of equilibrium is
K=0.63 at room temperature, and the ratio of the axial con-
former is 61 % of the total, in good agreement with the elec-
tron diffraction experiment (Table 4).

Table 5. Stationary points [kcalmol '] along the conformational inversion path for 4 and 5.1

FULL PAPER

The effect of CF; internal rotation was also evaluated
based on the harmonic vibrational frequency corresponding
to internal rotation (B3LYP/6-311G* frequencies are
37.5 cm™ in the axial and 32.8 cm™' in the equatorial confor-
mer), and the barrier to internal rotation (1.38 kcalmol™ in
the axial and 1.52 kcalmol™' in the equatorial conformer,
obtained by scanning one C-Si-C-F dihedral angle and carry-
ing out constrained optimizations) and a density-of-states in-
terpolation function by McClurg, Flagan and Goddard III*!
as corrected by Knyazev.”? The correction to the free
energy of inversion was found to be negligible as it increases
from 0.004 kcalmol ™ at 100 K to —0.008 kcalmol™" at 298 K.

Computational studies in solution: Solvation effects were
calculated with the PCM(B3LYP/6-311G*) and IPCM-
(B3LYP/6-311G*) models together with gas phase B3LYP/6-
311G* calculations, and were added as corrections to the
room temperature CBS-QB3 results for the conformational
inversion. The PCM method”! was used to study the geom-
etry relaxation and the changes in the zero-point energy cor-
rection. Single point TPCMP”! energies were calculated at
the relaxed geometries. We used dichloromethane and
chloroform as solvents, as these are parameterized in the
PCM model, and are believed to resemble the actual solvent
mixture. From the dielectric constants of the solvents in-
volved (CH,Cl, (9.1); CHF,Cl (6.1); CHFCI, (unknown);
CHCI; (4.8)) there is a reason to believe that CH,CI, repre-
sents an upper limit and that CHCl; represents a lower limit
of the solvation effects in the freon mixture.

The contribution of the geometry relaxation and the
change in zero-point energy to the free energy of inversion
in solution is only on the order of 0.01 kcalmol~'. However,
the IPCM electron energy contribution to the AG° of chair-
to-chair inversion is 0.8 kcalmol™ in chloroform and
0.9 kcalmol™ in dichloromethane at the PCM-relaxed geo-
metries. Incorporating solvent effects in the free energy of
chair-to-chair inversion, AAG® is expected to be around
0.85 kcalmol ! between the gas and the solvent phase.

The effect of cooling on the conformational equilibrium
was calculated at several temperatures using unscaled
B3LYP/6-311G* and PCM(B3LYP/6-311G*) frequencies
and rotational constants in the gas and in the solvent phases.
The resulting curves for the temperature dependence in the
interval between 100 K and 300 K are shown in Figure 6.
Low (115 K) and high (298 K) temperature data are includ-
ed in Table 4 for reference. For both solvents the calcula-
tions predict an increasing sta-
bility of the equatorial confor-
mer at very low temperatures.

a (a—b)™ b (b—c)’ c (c—ad)’ d (d—e)’ e The observation from the NMR
4 0.47 5.51 4.84 5.16 3.95 5.35 5.09 5.65 0.00 studies, that the equatorial
CBS-QB3 0.35 3.61 0.00  jsomer is more stable in solu-
5 —0.09 4.82 4.54 4.83 3.66 4.75 4.31 4.47 0.00 tion at low temperatures is thus
CBS-QB3 —0.54 3.20 0.00 p

[a] The stationary points were located with the STQN method at the B3LYP/6-311+G** level of theory. To-
gether with the B3LYP electronic energies, CBS-QB3 0 K ZPE-corrected energies are also listed for the axial,
the equatorial, and the most stable twist conformer in the middle of the inversion path. [b] (a—b)* is the
saddle point on the inversion path between conformers a and b (Figure 5).
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reproduced surprisingly well by
solution ab initio inversion free
energies. Indeed, the equatorial
ratio of 5 obtained from the
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Figure 6. Calculated equatorial ratio of CsH(SiHCF;, 5 in the tempera-
ture range from 100 to 300 K. The equatorial ratio is calculated for the
gas phase, in a CHCl; solution, and in a CH,Cl, solution. For calculation
details, see text. Experimental GED and NMR results are marked on the
graph.

F NMR spectra in the freon mixture lies between the cal-
culated values for 5 in CHCl; and CH,CL,.

Conclusion

The conformational equilibrium of the title compound 5 was
examined by two experimental methods; by electron diffrac-
tion in the gas-phase at 293 K and by '’F NMR spectroscopy
in solution at temperatures down to 108 K. The GED ex-
periment shows a slight preference for the axial conformer,
whereas the equatorial conformer is preferred in the solu-
tion at low temperatures. The experimental results are re-
markably well reproduced by ab initio calculations on the
conformational properties of 5 in the gas-phase and in solu-
tion for the temperature range from 100 to 300 K.

The molecular structure of 5 is influenced by the CF;
group, which makes the exocyclic Si—C bond extremely long
and results in a moderate shortening of the endocyclic Si—C
bonds.

Conformational properties of monosubstituted silacyclo-
hexanes with methyl and trifluoromethyl as substituents are
in striking contrast to those of the corresponding cyclohex-
ane derivatives. For methylcyclohexane, A values of 1.8-
2.0 kcalmol™ have been reported,'”) whereas the A value
for trifluorocyclohexane is 2.5 kcalmol."®! In methylsilacy-
clohexane, the activation energy for the ring inversion is
only half of that for methylcyclohexane.”! Therefore it is
not surprising that its A value is found to be much lower
than in the case of methylcyclohexane (0.4-0.6 kcalmol™! in
the gas-phase at room temperature; 0.2 kcalmol™! in solu-
tion at 110 K).'!! The slightly negative A value found for tri-
fluoromethylsilacyclohexane in the gas-phase is unexpected
as it shows an opposite behavior of trifluoromethyl versus
methyl substituents when compared with monosubstituted
cyclohexanes. More work needs to be done before a thor-
ough explanation can be given. For this purpose, we have al-
ready started to examine the conformational properties of
additional monosubstituted silacyclohexanes. Obtaining a
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broader collection of data would be valuable in order to
model this phenomenon with the help of various effects,
such as hyperconjugation, which may be influence the con-
formational equilibrium as has recently been reported for
monosubstituted cyclohexanes and heterocyclohexanes.[*®7)

The fact, that Se is more stable than Sa in polar solvents
such as methylenchloride, chloroform, and the freons used
in the low-temperature ’F NMR experiment, could be ex-
plained qualitatively as being due to stronger interaction,
and hence stabilization, of the more polar conformer Se
with the polar solvent molecules.

Experimental Section

Materials: Compound 5 was prepared in a slight variation to the standard
preparation of F,CSiCl,.*¥ Bromotrifluoromethane was purchased from
Pfaltz & Bauer and was used without further purification. CH,Cl, was
dried over CaH,. The standard Schlenk technique was used for all manip-
ulations.

1-Trifluoromethyl-1-silacyclohexane (5): CF;Br (5.3 g, 35.6 mmol) was
condensed into a reaction flask containing cyclo-(CH,)sSiHCl (4.52 g,
33.6 mmol) and CH,Cl, (10 mL). The content of the flask was allowed to
melt and its temperature was then maintained at —84°C (ethyl acetate
slush) and then a solution of P(NEt,); (8.31 g, 33.6 mmol) in CH,CI,
(10 mL) was added slowly under stirring. Soon, the solution turned pink
and then red. The cooling bath was removed and stirring was continued
at room temperature overnight. All volatile components were then con-
densed into a trap held at —196°C. The solvent was distilled off and the
product collected at 125-126°C and 1 atm. Further purification was ach-
ieved by trap to trap condensation on the vacuum line. The product was
kept at —45°C (chlorobenzene slush) and the volatile components were
discarded. Yield: 227 g, 40% (colorless liquid); 'H NMR (250 MHz,
CDCl;, 25°C, TMS): 6=0.82-1.09 (m, 4H, CH,), 1.29-1.46 (m, 1H,
CH,uyeq)), 1.48-1.63 (m, 1H, CH,gyeq), 1.66-1.90 (m, 4H, CH,), 4.06-
4.18m, 1H, SiH); "CNMR (62.9 MHz, CDCl,, 25°C, TMS): 6=6.2,
23.4, 28.7 (CH,), 1312 (q, CF;, Je=321Hz); “FNMR (235 MHz,
CDCl,;, 25°C, CFCly): 6=—61.1 (d, *Jp;=5.9 Hz); *Si NMR (49.7 MHz,
CDCl;, 25°C, TMS): 6=18.7; MS (EL 70eV): miz (%): 99 (84) [M*
—CF;], 97 (100) [M *—CF;—H,], 71 (81) [M *—CF;—Si].

GED Experiment: Electron diffraction intensities were recorded with a
Gasdiffraktograph KD-G2*! at 25 and 50 cm nozzle-to-plate distances
and with an accelerating voltage of about 60 kV. The sample was cooled
to 15°C and the inlet system and nozzle were at room temperature. The
photographic plates were analyzed with an Agfa Duoscan HiD scanner
and total scattering intensity curves were obtained from the TIFF-file
using the program SCAN3.*! Experimental molecular intensities were
obtained in the range s=2-18.2 and 8-35.4 A~ with steps As=0.2 A"
for the long and short camera distances, respectively, (s=(4m/1) sin 6/2,
where 1 is the electron wavelength and 6 is the scattering angle). sM(s)
as shown in Figure 7 was obtained by splicing the functions for the long
and the short nozzle-to-plate distances. A weight function w=exp(-0.05 -
(30.4—s;)*) was applied to decrease the noise contribution in the region
5=30.4-35.4 A7\,

Low-temperature NMR experiment: A solvent mixture of CD,Cl,,
CHFCl,, and CHF,Cl in a ratio of 1:1:3 was used for the '’F NMR meas-
urements at very low temperatures. The temperatures of the probe were
calibrated by means of a type K (Chromel/Alumel) thermocouple insert-
ed into a dummy tube the day before and the day after the NMR experi-
ment. The low-temperature measurements are estimated to be accurate
to £2 K. Spectra were loaded into the data-handling program IGOR
(WaveMetrics) for analysis, manipulations, and graphic display. Line
shape simulations of the NMR spectra were performed by use of a PC
version of the DNMR program (QCPE program no. 633; Indiana Univer-
sity, Bloomington, IN), kindly offered by professor L. Lunazzi.l*!]
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Figure 7. Experimental (s++++) and calculated (——) molecular intensities
and residual for mixture of 5a and Se.
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