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Conformational Properties of 1-Silyl-1-Silacyclohexane, CsH;(SiHSiH;: Gas Electron
Diffraction, Low-Temperature NMR, Temperature-Dependent Raman Spectroscopy, and
Quantum Chemical Calculations®
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The molecular structure of axial and equatorial conformers of 1-silyl-silacyclohexane, CsH;,SiHSiH3, and
the thermodynamic equilibrium between these species were investigated by means of gas electron diffraction
(GED), dynamic nuclear magnetic resonance (DNMR), temperature-dependent Raman spectroscopy, and
quantum chemical calculations (CCSD(T), MP2 and DFT methods). According to GED, the compound exists
as a mixture of two conformers possessing the chair conformation of the six-membered ring and C,; symmetry
and differing in the axial or equatorial position of the SiH; group (axial = 57(7) mol %/equatorial = 43(7)
mol %) at T = 321 K. This corresponds to an A value (free energy difference = Gyiat — Gequatoriat) 0f —0.17(15)
kcal mol™!. A low-temperature '*C NMR experiment using SiD, as a solvent resulted in an axial/equatorial
ratio of 45(3)/55(3) mol % at 110 K corresponding to an A value of 0.05(3) kcal mol~!, and a AG* value of
5.7(2) kcal mol~! was found at 124 K. Temperature-dependent Raman spectroscopy in the temperature range
of 210—300 K of the neat liquid, a THF solution, and a heptane solution indicates that the axial conformer
is favored over the equatorial one by 0.26(10), 0.23(10), and 0.22(10) kcal mol ™! (AH values), respectively.
CCSD(T)/CBS and MP2/CBS calculations in general predict both conformations to have very similar stability
and are, thus, in excellent agreement with the DNMR result but in a slight disagreement with the GED and
Raman results. Two DFT functionals, that account for dispersion interactions, M06-2X/pc-3 and B2PLYP-
D/QZVPP, deviate from the high-level coupled cluster and MP2 calculations by only 0.1 kcal mol™! on

average, whereas B3LYP/pc-3 calculations greatly overestimate the stability of the equatorial conformer.

Introduction

The conformational behavior of six-membered ring systems,
steric effects of substituents, and stereoelectronic interactions
in the ring systems continue to be an active field of research.>”%
Cyclohexane and its derivatives play an important role in organic
stereochemistry. The Gibbs free energy difference between axial
and equatorial conformations in monosubstituted cyclohexanes
has been used as a measure of the inherent conformational
properties of the substituent. With the rare exception of
substituents having mercury bonded to the cyclohexane ring, a
general preference for the equatorial conformer is found.’
Winstein and Holness defined A values as the thermodynamic
preference for the equatorial conformation over the axial one
(see Scheme 1 for definition of A).'° Consequently, a positive
A value corresponds to a preference for the equatorial conformer.
The equatorial preference of alkyl groups as substituents in
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1:R=H 6:R=H
2:R=CHj 7:R=CHj
3:R=CFg 8:R=CF;
4:R=F 9:R=F
5:R = SiHg 10: R = SiHy

cyclohexane has been reinvestigated recently. The A value of
the methyl group was found to be 1.80(2) kcal mol™! by low-
temperature '3C NMR spectroscopy and 1.98 kcal mol™! by ab
initio calculations.'! This is in good agreement with a CCSD(T)/
CBS calculated AE value of 1.75 kcal mol~! by Tschumper et
al.!? Compared to cyclohexane 1, much less is known about
silacyclohexane 6 and its derivatives. The molecular structure
of 6 has been determined by gas electron diffraction (GED)"?
and microwave spectroscopy (MW).!* A theoretical study on
the potential energy surface (PES) of 6 has been reported!® and
the path for its chair-to-chair inversion has been calculated.'®
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TABLE 1: Conformational Properties of Selected Monosubstituted Silacyclohexanes and Cyclohexanes (All Values in kcal

mol ! and Given as Axial — Equatorial)

H

| GED NMR Raman QC° GED NMR Raman QC°
o/ %
A A AH AE A A AH AE
X = CH; 045° 023 0.157 012 X=CH, 1.98 1.6/ h 1.70"
X =CF; -0.19° 04> 057 050 X=CF; h 237 * 226
X=F -0.31¢° -0.13° -025° -0.15 X=F 016 035 0.12

@Ref 17. *Refs 18 and 19. “Ref 1. ¢Ref 20. * QC = quantum chemical calculations. / Ref 21. ¢ Ref 22. " Not available. ' Ref 23. / Ref 9.

kRef 24.

Reports on monosubstituted silacyclohexanes are rather limited;
yet, interesting results have emerged so far. The results from
monosubstituted silacyclohexanes with the substituents CHs,
CF;, and F are summarized in Table 1 and compared to the
analogous cyclohexanes.

It is striking to see how different these two, so close related,
ring systems behave. Not only is the overall equatorial prefer-
ence of the cyclohexanes greatly diminished in methylsilacy-
clohexane 7, moreover is the overwhelming equatorial prefer-
ence of trifluoromethylcyclohexane 3 turned upside down in
trifluoromethylsilacyclohexane 8. The fluorosilacyclohexane 9
also shows a very different behavior when compared with
corresponding cyclohexane 4. Several recent studies on 5 have
been published. The A value of the silyl group was found by
'H and *C NMR to be 1.45 and 1.44 kcal mol™!, respectively,
at 188 K.2 From a GED experiment, Shen et al. reported a
conformational mixture of equatorial (90 & 10%) and axial
forms at 75 °C.2° Cho et al. have compared calculated A values
for the methyl and silyl groups.?” They report A values of 2.14
kcal mol™! (CH3) and 1.90 kcal mol™' (SiHs) from ab initio
calculations, whereas MM3 calculations resulted in 1.78 kcal
mol~! (CH;) and 1.16 kcal mol ™! (SiH3). The authors explained
the lower A value of the silyl group compared with that of 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 unfavorable than the axial methyl group. Durig et al. have
recently reported that the equatorial chair of 5 is stabilized by
1.48(20) kcal mol ! (temperature-dependent Raman Spectros-
copy),?® 1.18(5) kcal mol™! (infrared spectroscopy in Xe
solution),” and 1.50(3) kcal mol~! (MP2 calculations).?” In this
paper, we report on the first synthesis of the silyl substituted
silacyclohexane 10 and conformational analysis of that com-
pound by using GED, low-temperature NMR, temperature-
dependent Raman spectroscopy, and QC calculations.

Experimental Section

Materials. Silane-d, was prepared according to a literature
procedure.*® The 1-chloro-1-trichlorosilyl-1-silacyclohexane used
as the starting material for the synthesis of 1-silyl-1-silacyclo-
hexane was prepared in slight variation to the general preparation
of silacyclohexanes described by West.?! It should be pointed
out that a mixture of chlorinated and brominated substances is
obtained by that method because of halogen exchange between
the di-Grignard BrMg(CH,)sMgBr (or the MgBrCl reaction salt)
and CI;3Si—SiCl;, during the reaction. The di-Grignard was
prepared in a traditional way. All solvents were dried by using
appropriate drying agents and distilled prior to use. Standard

Schlenk technique using dry nitrogen as an inert gas was used
for all manipulations. The fact that the end product, 1-silyl-1-
silacyclohexane, is a 1,l-disubstituted disilane makes it a
potentially hazardous material. We have not encountered any
hazards in handling this material, however.

1-Chloro-1-trichlorosilyl-1-silacyclohexane. BrMg(CH,)s-
MgBr (28.5 g, 102.3 mmol) was slowly added to Cl3Si—SiCl;
(25.0 g, 93.0 mmol) dissolved in Et,O (100 mL) while stirring
at 0 °C. A lot of gray reaction salt was formed during the
reaction. After stirring overnight, the Et,O was distilled off the
reaction mixture and replaced by pentane. The reaction mixture
was then filtered under nitrogen, and the salt was discarded.
Distillation under reduced pressure (110—111 °C, 5 Torr)
yielded 17.6 g (65.6 mmol, 71%) of 1-chloro-1-trichlorosilyl-
1-silacyclohexane, which contained 25—30% of partly bromi-
nated products.

1-Silyl-1-silacyclohexane. 1-Chloro-1-trichlorosilyl-1-sila-
cyclohexane (12.8 g, 47.7 mmol) dissolved in Et,0O (60 mL)
was slowly added to a suspension of LiAlH, (2.1 g, 54.9 mmol)
in E,O (80 mL) while stirring at O °C. After boiling for 12 h,
most of the Et,0 was removed from the solution and replaced
by pentane. The reaction mixture was filtered under nitrogen,
and the salt was discarded. All volatile components were then
condensed to a N(/) cooled finger. The desired product was
then collected by distillation at 131—132 °C and 500 Torr.
Further purification was achieved by preparative GC, attaining
an analytically pure colorless liquid confirmed by NMR
spectroscopy. Yield: 3.84 g (29.5 mmol, 60%); 'H NMR (400
MHz, CDCls): 6 0.76—0.84 (m, 2H, CHjayeq)), 0.93—1.00 (m,
2H, CHjgayseq), 1.39—1.52 (m, 2H, CH»), 1.68—1.82 (m, 4H,
CHZ), 3.09 (d, 3H, 3JH—H =3 Hz, 1JSi—H = 190 Hz, SIH3),
3.91—3,95 (m, 1H, SiH) ppm. 3C NMR (101 MHz, CDCls): 6
9.6, 25.6, 29.6 (CH,) ppm. *Si NMR (79 MHz, CDCl;): &
—97.2 (s, SiH), —102.0 (s, 'Jsi—s; = 77 Hz, SiH3) ppm. HRMS
(EIL, 70 eV): m/z found 130.0627, calcd. for CsH4Si, 130.0634.

GED Experiment. Electron-diffraction intensities were re-
corded at Moscow State University with an EG-100A electron-
diffraction unit at 194 and 362 mm nozzle-to-plate distances
and with an accelerating voltage of about 60 kV.*? The electron
wavelength was derived from diffraction patterns of gaseous
CCly, and was 0.05012 and 0.05001 A, and the nozzle
temperature was 65 and 48 °C for short and long nozzle-to-
plate distances, respectively. The photographic films (Kodak,
12 x 9 cm) were analyzed with an Epson 4870 scanner, and
total scattering intensity curves were obtained by using the
program written by A. V. Belyakov. Experimental backgrounds
were drawn as least-squares adjusted polynomials to the
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Figure 1. Structural model of the axial (10a) conformer of 10 with
atom numbering.

difference between the total experimental intensity and molec-
ular intensities calculated from the best geometrical model by
using a program written by A. V. Belyakov. Averaged experi-
mental molecular intensities in the range s = 3—18.6 and
18.2—30.0 A! in steps of As = 0.2 A~! for short and long
nozzle-to-plate distances, respectively, (s = (4at/A) sin 6/2,
where 4 is the electron wavelength and 6 is the scattering angle)
are available as Supporting Information. Weight matrices were
diagonal, the 362 mm data were assigned unit, and the 194 mm
data were half weight.

Low-Temperature NMR Experiment. A NMR sample
using SiD; as solvent was prepared for the low-temperature '*C
NMR measurements. The solvent served as lock signal as well.
CAUTION: A probe like this must be handled with great care
and should never be allowed to warm up above 200 K. The
temperature of the probe was calibrated by means of a type K
(Chromel/Alumel) thermocouple inserted into a dummy tube
the day before and the day after the NMR experiment. The
readings are estimated to be accurate within £2 K. The NMR

£(r)
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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
using the WinDNMR program.*?

Low-Temperature Raman Experiment. Raman spectra
were recorded with a Jobin Yvon T64000 spectrometer equipped
with a triple monochromator and a CCD camera. The samples
were filled into 1 mm capillary glass tubes and irradiated by
the green 532 nm line of a frequency doubled Nd:YAG Laser
(Coherent, DPSS model 532-20, 10 mW). Spectra were recorded
from pure compound and in heptane and THF solution. A
continuous flow cryostat, Oxford instruments OptistatCF™,
using liquid nitrogen for cooling, was employed for the low-
temperature measurements.

Results and Discussion

GED Analysis. Structure refinements of compound 10 were
carried out with least-squares analyses of the experimental
molecular intensity curve sM(s). According to quantum chemical
calculations, two stable conformers of CsH;(,SiHSiH; exist, axial
(10a) and equatorial (10e). Each form possesses C; symmetry
with chair conformation of the six-membered ring. Figure 1
shows the molecular structure of 10a along with atom number-
ing. Figure 2 compares observed and calculated radial distribu-
tion f(r) curves for the mixture of axial and equatorial
conformers. Analysis of radial distribution curves separately for
axial and equatorial conformers revealed that remarkable
differences exist in the region r > 2.8 A that correspond to the
peaks of conformation dependent nonbonded C-++Si(7) distances
(Figure 2). This demonstrates that the electron-diffraction
intensities are sensitive toward the conformational properties
of this compound. Comparison with the experimental radial
distribution function f(r) which was derived by Fourier trans-
formation of the molecular intensities testifies that both con-
formers are present in the vapor under the conditions of the
electron-diffraction experiment in nearly equal quantities.

Least-squares refinement of the structural parameters was
performed with the use of a modified version of the KCED25
M computer program.’*3> Scattering amplitudes and phases of
ref 36 were used. The geometry of the six-membered ring was
described by three bond lengths (Si—C2, C2—C3, and C3—C4),
two bond angles (C2—Si—C6 and C3—C4—C5), and the two

¢q

1 2 3

4 5 A6

Figure 2. Radial distribution functions for the mixture of axial and equatorial conformers (experimental, dots; calculated, full line). Refinements
are shown for the axial and equatorial conformer separately and for the mixture. At the bottom is the difference curve for the mixture.
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TABLE 2: Experimental and Calculated Geometric Parameters of Axial Conformer of CsH;,SiHSiH; (in Angstoms and

Degrees, C; Symmetry)”

Ta(angles—h1) structure

re structure

GED B3LYP/6-31G(d,p) MP2/6-31G(d,p) MP2/cc-pVTZ MO6—2X/pc-2

Si—C p,* 1.872(2) 1.903 1.893 1.890 1.883
Si—Siy p2 2.348(3) 2.360 2.347 2.356 2.344
Si—Sieq (p2) 2.343(3) 2.355 2.342 2.352 2.339
C2—C3 p3 1.548(3) 1.545 1.537 1.537 1.537
C3—C4 (p3) 1.541(3) 1.540 1.532 1.530 1.531
(C—H)mean P4 1.102(2) 1.098 1.093 1.093 1.092
Si—Hinean 1.482(7) 1.492 1.481 1.485 1.481
Si—Si—H 108.8¢ 107.5 108.7 108.8 108.6
C2—Si—C6 ps 103.7(4) 104.1 103.6 103.9 104.2
C3—C4—C5 ps 111.1(8) 114.6 114.4 114.2 114.2
Si—Si—X14 p7 132.1(15)¢ 127.9 125.8 125.8 124.3
Si—Si—Xleq ps 127.0(17) 130.2 129.5 129.5 128.8
(H—C—H)mean 106.44¢ 106.1 106.4 106.5 106.5
flap(Si)ax po 41.4(16) 39.9 42.8 42.8 42.8
flap(Si)eq (po) 41.6(16) 41.1 43.0 43.0 429
flap(C4) pio 59.6(7) 56.6 574 57.4 57.8

R factor, (%) 3.7

@ Atom numbering is given in Figure 1. Error limits are 30rs values. ” p;, refined parameter; (p;), the difference with parameter p; was set to
MP2/cc-pVTZ calculated value; if not specified, the observed parameter is the average for two conformers. ¢ Not refined. ¢ X; dummy atom on
the bisector of the adjacent endocyclic angle. ¢ H,,—C2—C3 = H,,—C3—C2 = H.,;—C3—C4 = H,,—C3—C2.

TABLE 3: Interatomic Distances, Experimental and
Calculated Vibrational Amplitudes and Vibrational
Corrections (Without Non-Bonded Distances Involving
Hydrogen Atoms) for Axial Conformer of CsH;,SiHSiH; (in
Angstoms)*

Ta lcxp lcalch Ar = Th1 = Ta group”
C—H 1.102(2)  0.081(2) 0.076 0.0016
C2—C3 1.548(3) 0.056(2) 0.052 0.0007
C3—C4 1.541(3) 0.056(2) 0.051 0.0006

Si—H 1.482(7)
Si—C2  1.872(2)
Si—Si 2.348(3)

0.093(2) 0.088 0.0017
0.057(2) 0.053 0.0005
0.062(2) 0.057 0.0003

C2---C4 2.573(7) 0.072(2) 0.072 0.0048
C3---C5 2.538(13) 0.070(2) 0.070 0.0049
Sile-+C3  2.819(6)  0.078(2) 0.077 0.0062
C2---C6  2.941(9) 0.087(2) 0.087 0.0050

C2---Si7  3.547(16) 0.130(2) 0.130 0.0115
3.137(6)  0.084(2) 0.084 0.0076
Sil---C4 3.216(10) 0.0792) 0.078 0.0087
C3+-:Si7  4.130(35) 0.206(2) 0.206 0.0204
C4++-Si7  4.793(40) 0.194(2) 0.193 0.0242

NN NN === ===

“ Atom numbering is given in Figure 1. Error limits are 30rg
values * MP2/cc-pVTZ. © Group of refined amplitudes.

flap angles between the C2SiC6 (flap(Si)) or C3C4C5 plane
(flap(C4)) and the C2C3C5C6 plane. The orientation of the
Si—Si and C4—H,, bonds is described by two dummies X1 and
X2, situated on the bisector of the adjacent endocyclic angles
C2—Si—C6 and C3—C4—CS5, respectively. To reduce the
number of refined parameters, the following assumptions were
made on the basis of MP2 results. Only the geometric parameters
of the axial conformer were refined, and the parameters of the
equatorial form were tied to those of the axial conformer by
using the calculated differences. For the axial conformer, the
difference between the nearly equal C2—C3 and C3—C4 bond
lengths was constrained to the calculated value. All C—H bonds,
H—C—H angles, and H,,—C2—C3, H,;—C3—C2, H.,,—C3—C4,
and H,,—C3—C2 angles are set equal. Angles that define the
orientation of the C—H bonds were set to the calculated values.
Theoretical values for geometrical parameters and vibrational
amplitudes were used as initial approximation. Cartesian
coordinates of atoms were calculated in terms of a geometrically

consistent r,; structure. Mean amplitudes and shrinkage cor-
rections r,; — r, were calculated from MP2 force constants with
the SHRINK program which takes nonlinear transformation of
internal and Cartesian coordinates into account.””-*® In the least-
squares refinement, the vibrational amplitudes were divided into
two groups, one group for bonded and the other one for
nonbonded distances. In each group, amplitudes were refined
with fixed differences from MP2 calculations. With the above
assumptions, ten structural parameters (see Table 2), two groups
of vibrational amplitudes, the mole fraction of the axial
conformer, and two scale factors were refined simultaneously.
The final values of refined parameters are presented in Tables
2 and 3. In spite of the above assumptions, a remarkable
correlation existed between the following parameters: C(2)SiC(6)/
flapSi(1) = —84%. According to the GED data, the concentra-
tion of the axial conformer 10a in the vapor of 10 at 321 K is
57(7) mol %. This value corresponds to an A value of —0.17(15)
kcal mol™! (Table 4).

NMR Spectroscopy. Because of limited solubility of 10, no
signal separation could be observed in the *C NMR spectra of
10 at low temperatures when using a solvent mixture of CD,Cl,,
CHFCl,, and CHF,CI in a ratio of 1:1:3, which we have
successfully used in previous studies."'”'® A new sample was
prepared by using SiDy as the solvent, which also provided the
lock signal. As far as we know, silane or silane-d, has not been
used as NMR solvent before. CAUTION: It has to be empha-
sized that silane must be handled with great care, considering
its volatile and pyrophoric nature. The SiD4 sample allowed us
to record '3C NMR spectra of 10 down to 100 K. At 164 K and
down to about 130 K, the '*C NMR spectra show rapid
interconversion of 10e and 10a. On cooling below 130 K, the
spectrum (Figure 3) shows large line broadening and gradual
splitting of signals into two components of similar magnitude,
indicating a mixture of two conformers. In a previous work on
7, we have shown that the '*C chemical shifts of the ring carbon
atoms have lower O values when the substituent is in the axial
position than when it in the equatorial one.!” On the basis of
the '*C NMR signal weights (hence relative populations) and
QC chemical shift calculations for 10e and 10a, we conclude
that the same holds for the C2(6) and C3(5) ring carbon atoms
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TABLE 4: Conformational Properties of CsH;,SiHSiH;
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T=0K

T =300—210 K

method/basis set’ AE = E, — Eeq" kcal mol™!

AH = H, — H,q kcal mol™!

CCSD(T)/CBS 0.04 0.05
MP2/CBS —0.04 —0.02
MO06—2X/pc-3 —0.14 —0.12
B2PLYP-D/QZVPP 0.11 0.12
B3LYP/pc-3 0.74 0.76
GED

Raman, neat

Raman, in THF

Raman, in heptane

NMR

—0.26(10)
—0.23(10)
—0.22(10)

T=110K T=321K
A = Gy — Gegkeal mol™' A = G, — Geq keal mol ™!
Calculations
0.09 0.14
0.02 0.06
—0.08 —0.04
0.16 0.21
0.79 0.84
Experiment
—0.17(15)
0.05(3)

@ All calculations are single-point energies at M06-2X/pc-2 geometries. Zero-point energy and enthalpic and entropic corrections (at nonzero
temperatures) calculated at the B97-1/pc-2 level for all cases. ” Values are zero-point energy exclusive.

C3,C5:
T(K)  keqax(87)
. 135 4200
128 480
122 180
115 17
110 3
il 100 0
T T T T
2 1 0 -1
Ad (ppm)

Figure 3. Simulation of the *C NMR signals for C3 and C5 in a
solution of SiD, at low temperatures. The simulation ignores a small
signal due to impurities.

for 10. The resonance signals for C4 (10) in the axial position,
on the other hand, are found to have slightly higher 0 value
than that for the equatorial position. The results of the '*C
chemical shift calculations are given in more details in a separate
section below. Dynamic NMR simulations of the spectra,
performed by using the software WinDNMR?? as shown in
Figure 3, allowed us to determine the rate constants and the
corresponding free energies of activation as a function of
temperature. The most reliable results were obtained from the
C3(5) pair of carbon atoms. Thus, AG*.—., = 5.7(2) kcal mol™!
was obtained for about 124 K. Furthermore, the equilibrium
constant (hence free energy changes) for the equatorial-to-axial
transformations, corresponding to temperatures slightly lower
than the coalescence-point temperature (about 110 K), could
be determined from the relative signal intensities (K., = 0.8
and AG.—., = +0.05 kcal mol™"). The derived rate constants
indicate slightly decreasing AG*.—, values with temperature in
the 110—138 K range. More information is given as Supporting
Information.

Raman Spectroscopy. To analyze temperature-dependent
Raman spectra of a compound possessing two conformational

minima, I and II, the van’t Hoff relation In(A; /Ay) = —AH/RT
+ constant is used. A; and Ay are the intensities of lines (either
peak heights or peak areas) originating from conformer I and
IT of the compound. The enthalpy difference AH is obtained
from the slope of the plot In(A/Ay;) against 7~'. The van’t Hoff
equation in the form given above is derived under the assump-
tion that AH(= H; — Hjj) and the Raman scattering coefficients
for conformers I and II are independent of temperature.

To obtain accurate AH values with this method, it is important
that the bands of conformers I and II possess reasonable
intensity, sit on a flat baseline, and do not overlap with other
bands of the spectrum. As discussed in a paper by Klaeboe,*
there is an additional requirement, which is even more important.
The bands used for the van’t Hoff plot have to be pure bands,
which means that their intensities must be due to one conformer
only. If this is not the case, a systematic error will be introduced
which in most cases cannot be quantified, unless one conformer
disappears completely from the mixture at low temperature.
Therefore, more than one pair of bands should be used whenever
possible. If considerable discrepancies occur between AH values
deduced from different pairs, it is a sure sign that not all bands
employed for the van’t Hoff plots are pure.

Impurity of a band in the sense discussed above very often
results from overtone or combination bands of one conformer
overlapping with a fundamental band of the other conformer.
Because the number of possible overtones and combinations
normally is quite large and some of them might be enhanced
by the ever-present Fermi resonance, even consistent AH values
from two or more band pairs do not necessarily guarantee a
correct AH value. This is discussed in ref 39 for the case of
n-butane. In the Raman spectrum of the vapor, two band pairs
giving AH values of 1.09 4 0.10 and 1.13 % 0.16 kcal mol ™"
were identified (quoted from ref 39, AH values converted to
kcal mol™!). The correct value seems to be 0.69 kcal mol™',
obtained from several independent methods. This may serve as
an example that in many IR and Raman investigations, the
systematic error is much larger than the statistical error, often
by a factor of 4—5 or even more.

The Raman spectrum of the pure compound in the wave-
number range 150—2200 cm™! is shown in Figure 4, including
the expanded range of the Si—Si and Si—C stretching vibrations
from 350 to 700 cm™!. According to QC calculations, the two
bands at 414 and 432 cm™! were assigned to the Si—Si stretching
modes, and the two bands at 637 and 652 cm™! were assigned
to the symmetric Si—C stretching modes (A’) in 10a and 10e,
respectively (B3LYP/6-31G(d,p) calculation: 10a = 409/626
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Figure 4. Raman spectrum at 300 K of neat liquid CsH;(SiHSiH; in

the wavenumber range 150—2200 cm™'. The range 350—700 cm™!,

which includes the conformation-sensitive Si—Si and Si—C stretching

vibrations, has been expanded for illustrative purposes.
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Figure 5. Appearance of the line pairs of the Si—Si stretching (414/
432 ¢cm™!) and the Si—C stretching vibrations (637/652 cm™!) of a
THF solution of CsH;(SiHSiH; at 300 K (red) and 220 K (blue).

cm™!; 10e = 427/639 cm™!). In the neat liquid as well as in
solutions in THF or n-heptane, both band pairs show almost
identical variations of the intensity ratio with temperature,
proving that they result from a conformational equilibrium. For
the THF solution, the appearance of the two band pairs (414/
432 and 637/652 cm™") for 300 and 220 K is presented in Figure
5, illustrating the intensity changes that have been observed.
For the pure liquid, the THF solution, and the n-heptane
solution, both band pairs were analyzed in the temperature range
300—210 K in 15 K steps. Van’t Hoff plots obtained by
employing either peak heights or band areas for the calculation
of intensity ratios show that peak heights produce much more
consistent results, with AH (= H,, — H,y) values in the range
—0.29 < AH < —0.19 kcal mol~!. Moreover, regression
coefficients R* generally are larger than 0.96 for peak heights
but are considerably smaller for peak areas (though not in all
cases). For the band pair 414/432 cm™' in n-heptane solution,
even a positive sign for AH is obtained when using band areas.
This certainly is due to a weak solvent peak located at ~400
cm™!, which broadens the base of the 414 cm™! peak but does
not increase its height. In addition, peak areas are notoriously
inaccurate for overlapping peaks, because they have to be
determined by band deconvolution. Figure 6 presents typical
van’t Hoff plots for the band pair 637/652 cm™! (n-heptane
solution) obtained by using both peak heights and peak areas.
We present AH values for peak heights only which we think
are more accurate because peak maxima in both band pairs are
well separated (Figure 5). For the two band pairs (414/432 and
637/652 cm™!), the following AH values were obtained: neat
liquid, —0.329/—0.185 kcal mol™!; THF solution, —0.259/
—0.192 kcal mol™!; heptane solution, —0.221/—0.221 kcal
mol~!. Mean values are —0.26 kcal mol™! for the pure liquid,
—0.23 kcal mol™! for the THF solution, and —0.22 kcal mol ™!
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Figure 6. Van’t Hoff plot for the band pair 637/652 cm™! (n-heptane

solution) obtained by using band areas (triangles) and band heights
(diamonds).

for the heptane solution as summarized in Table 4. The
confidence intervals (95%) calculated from the data points for
each band pair are about £0.03 kcal mol™' for all solvents. As
stated previously, systematic errors often are 3—5 times larger.
We therefore believe that a value of about 4-0.1 kcal mol™! is
much more reasonable as error limit. Quite remarkably, the
polarity of the solvents does not significantly influence AH.

Computational Studies in the Gas Phase. The minimum-
energy pathway for the chair-to-chair inversion of silylsilacy-
clohexane 10 has been calculated in a redundant internal
coordinate system with the STQN(Path) method as implemented
in Gaussian03* at the B3LYP/6-311+G(d,p) level of theory.
Similarly to the trifluoromethyl derivative 7,'® the path was
calculated in four slices by using the keyword OPT(QST3,PATH=11),
that is from minimum 10a to 10b, from 10b to 10¢, from 10c
to 10d, and from 10d to 10e, as shown in Figure 7. The inversion
path from the axial conformer, 10a, consists of a half-chair/
sofa-like transition state from which the molecule can move
into a twist form of relatively high energy (10b). The molecule
then goes through a boat form into a more stable twist form
(10c) at the midpoint of the path. The molecule then proceeds
further through a boat transition state, a twist minimum (10d),
and a half-chair/sofa transition state before it ends up in the
equatorial form, 10e.

Geometry optimization of the axial and equatorial conformers
was performed with several methods for direct comparison with
geometric data from the GED experiment (Table 2). The M06-
2X density functional*'*? with the pc-2*** basis set (triple-§
quality) gives bond lengths and angles in good agreement with
experiment, and M06-2X/pc-2 geometries were subsequently
used for single-point energy calculations.

Several single-point energy calculations were carried out by
using both DFT and ab initio methods to get energy differences
between the axial and equatorial conformers, shown in Table 4.

Previous experience alerted us to the failure of popular DFT
methods to predict accurate conformational energy differences.?!
We thus set out to calculate very accurate complete basis-set
estimates at the CCSD(T) level, a method often referred to as
the golden standard of quantum chemistry. This involves doing
large basis MP2 calculations that are then extrapolated to the
basis-set limit and then calculating a CCSD(T) correction ()
to the MP2/CBS value. This has been shown to be a good way
to obtain CCSD(T)/CBS estimates because the correction
converges rather quickly with increasing basis set.*> This method
has previously been used to calculate CCSD(T)/CBS AE values
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Figure 7. B3LYP/6-311+G(d,p) minimum-energy pathway for the chair-to-chair inversion of silylsilacyclohexane 10. Squares are M06-2X/pc-

2//B3LYP/6-311+G(d,p) energies.

TABLE 5: Convergence of the  Correction Used in the AE
CCSD(T)/CBS Estimate”

basis set AECCSDD)  AEMP2 § — A FCCSD(T)/basis . A MP2/basis
cc-pVDZ 0.239 0.159 0.080
aug-cc-pVDZ —0.142 —0.201 0.059
cc-pVTZ 0.033 —0.042 0.075
aug-cc-pVTZ —0.007 —0.080 0.073

@ All values in kcal mol™".

of similar systems.'>*® The following formulas show how the
CCSD(T)/CBS estimate was calculated:

AECCSD(T)/CBS — AEMPZ/CBS + 6

5 — AECCSD(T)/small basis_AEMPZ/small basis

MP2 calculations were done with the correlation-consistent
basis sets*”*® up to the cc-pV5Z level and were extrapolated to
the basis-set limit by separate extrapolation of HF energies
(T,Q.,5) and MP2 correlation energies (T,Q,5) by the extrapola-
tion scheme of Helgaker.* The CCSD(T) o correction term was
calculated at several different levels to ensure the convergence
of the correction, shown in Table 5. The correction calculated
with the largest basis set (aug-cc-pVTZ) was then added to the
MP2/CBS value.

Recent density functionals, like M06-2X*'*? and B2PLYP-D,>*>!
have been shown to yield reliable energetics of organic and
main-group molecules. Single-point energy calculations at the
MO06-2X/pc-3 level and the B2PLYP-D/def2-QZVPP level were
performed and compared to the well-known B3LYP functional.
Large basis sets of the quadruple- level (pc-3 and def2-
QZVPP>?) were used that ensured converged energy differences.

The enthalpy and entropy corrections to the conformational
energies were all done at the same level for consistency, B97-
1/pc-2. The B97-1 functional®® is known to predict good
harmonic frequencies and enthalpy and entropy corrections.>*
We did several frequency calculations with the B97-1 functional

and found that the entropy correction was quite sensitive to
basis-set effects as well as convergence criteria and integration
grid. B97-1 with the pc-2 basis set and tight convergence criteria
and ultrafine grid in Gaussian was found to predict consistent
results. It should be pointed out, however, that our B97-1/pc-2
corrections are based on the harmonic oscillator approximation.
Six-membered rings include a number of low-frequency vibra-
tions that are known to be badly predicted by the harmonic
approximation. Because these vibrations contribute significantly
to entropy, errors in the free-energy correction can be expected.
This problem has been noted recently in the literature for another
ring system, cyclooctane,> and for substituted ethanes,’® where
the failure of the harmonic approximation to properly describe
low-frequency vibrations was found to greatly affect the thermal
contribution to entropy and, hence, the free-energy difference
of conformers. The low-frequency internal rotation mode
involving the SiH; group of 10 can be described as a hindered
rotor following work by various groups,”’ * and the total
vibrational partition function can hence be corrected, by the
freq=HinderedRotor keyword in the Gaussian program. This
procedure gives only an additional 0.01 kcal/mol correction to
the relative harmonic free-energy correction. A solid method
to account for other low-frequency vibrations (for example, ring
torsional modes) does not exist, and we are therefore unfortu-
nately relying on cancellation of errors.

Shown in Table 4 are calculated relative energies with
thermodynamical corrections at experimental temperatures
compared to the experimental (GED, Raman, NMR) energy
differences. The CCSD(T)/CBS value is considered to be the
most accurate theoretical estimate of the electronic energy
difference, AE (ZPE excluded at 0 K). Here, the conformers
are approximately equally stable, the equatorial conformer being
slightly more favorable by 0.04 kcal/mol. Zero-point energy and
thermal corrections to enthalpy at higher temperature are small
(0.01 kcal/mol), whereas the entropic correction becomes
slightly more important as temperature increases and stabilizes
the equatorial conformer further (0.05 kcal/mol at 110 K and
0.10 kcal/mol at 321 K).
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TABLE 6: Calculated Relative *C Chemical Shifts
(Relative to TMS) in 10a and 10e (ppm) Compared to
Experimental Chemical Shifts from DNMR at 100 K

atoms 10a 10e difference (10e — 10a)
GIAO
C2 + C6 12.0 13.1 1.1
C3+C5 27.7 294 1.7
C4 32.7 32.5 —-0.2
Experiment
C2 + C6 10.3 11.3 1.0
C3+C5 26.3 27.9 1.6
C4 30.9 30.8 —0.1

The Raman results indicate a slightly higher population of
the axial conformer and are thus in slight disagreement with
the AH CCSD(T) estimate. The GED free-energy difference
also shows the axial conformer to be more stable. The NMR
results at 110 K on the other hand are in excellent agreement
with the AG CCSD(T) estimate at the same temperature. We
note that solvent effects are not taken into account in these
calculations. The Raman experiments suggest very small solvent
effects on AH. Simple single-point calculations with the PCM®!
solvation model in heptane and THF solution confirm these
observations, although the IPCM® model shows slightly dif-
ferent results. See Supporting Information.

We also note the failure of the B3LYP functional to account
for the energy difference between the conformers. The B3LYP
value is in significant disagreement with both the experimental
values and the CCSD(T)/CBS value. Recent DFT methods,
MO06-2X and B2PLYP-D, have been shown to account for
dispersion interactions far much better and can be recommended
for exploring conformational properties of similar molecules.
The ability of these DFT methods to predict conformational
energy differences in good agreement with CCSD(T)/CBS
values has been demonstrated recently.?! Finally, the free energy
of activation of the chair-to-chair inversion, AG*.—., = 5.79 kcal/
mol was calculated at the M06-2X/pc-2 level with B97-1/pc-2
thermal corrections at 124 K. This is in excellent agreement
with the DNMR value of AG*.—., = 5.7(2) kcal/mol.

13C NMR Shieldings. The absolute shielding constants of
the carbon nuclei were calculated with the GIAO®*%* method
by using PBE1PBE/6-311+G(2pd).®> All geometries (including
the TMS standard) were optimized at the M06-2X/pc-2 level.
The magnitude of the relative shieldings is in excellent
agreement with experiment, and their sign confirms the expected
assignment in which the ring carbon nuclei (apart from C4) are
more shielded in the axial conformer than in the equatorial one
(Table 6).

Conclusions

The conformational properties of methyl-, trifluoromethyl-,
and fluorosilacyclohexane have previously been reported and
compared with their cyclohexane analogues."'7~'° In all cases,
the preference for the equatorial chair form, which has been
established for the cyclohexane derivatives, is greatly diminished
or even turned upside down for the silacyclohexanes. Silylcy-
clohexane, too, has a clear preference for the equatorial form.
According to three different experiments reported herein,
silylsilacyclohexane has a slight preference for the axial form
(GED, Raman), or the two conformers are almost equally
populated (DNMR). Hence, the silyl group in silylsilacyclo-
hexane shows no preference for the equatorial position, contrary
to what is found for silylcyclohexane. Our results demonstrate
that it is difficult to reproduce the experimental results for
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silylsilacyclohexane exactly by quantum chemical calculations.
Even in the case of high-level CCSD(T)/CBS and MP2/CBS
calculations, one has to accept a deviation from experimental
results in the magnitude of 0.1—0.3 kcal mol~!. These deviations
may partly be due to assumed harmonicity of low-frequency
vibrations, resulting in erroneous entropic corrections (at the
B97-1/pc-2 level). Two recent DFT functionals that take into
account dispersion interaction also performed satisfactory,
whereas the popular B3LYP functional predicted unacceptable
results.
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