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ABSTRACT: The molecular structure and conformational
preferences of 1-phenyl-1-X-1-silacyclohexanes CsH(Si(Ph,X)
(X = F (3), Cl (4)) were studied by gas-phase electron
diffraction, low-temperature NMR spectroscopy, and high-
level quantum chemical calculations. In the gas phase only
three (3) and two (4) stable conformers differing in the axial
or equatorial location of the phenyl group and the angle of
rotation about the Si—Cpy, bond (axi and axo denote the Ph
group lying in or out of the X—Si—Cpy, plane) contribute to the
equilibrium. In 3 the ratio Pheg:Ph,,,:Ph,, is 40(12):55(24):5
and 64:20:16 by experiment and theory, respectively. In 4 the
ratio Ph,g:Ph,,, is 79(15):21(15) and 71:29 by experiment and

Pheq Phay, Phay,
GED X=F 40 55 5
X=Ccl 79 21 -
M06-2X X=F 64 20 16
Xx=cl 7 29 -
LTNMR X=F 76 24
X=Cl 82 18

theory (MO06-2X calculations), respectively. The gas-phase electron diffraction parameters are in good agreement with those
obtained from theory at the M06-2X/aug-ccPVTZ and MP2/aug-cc-pVTZ levels. Unlike the case for M06-2X, MP2 calculations
indicate that 3-Ph,, conformer lies 0.5 kcal/mol higher than the 3-Ph,,, conformer. As follows from QTAIM analysis, the phenyl
group is more stable when it is located in the axial position but produces destabilization of the silacyclohexane ring. By low-
temperature NMR spectroscopy the six-membered-ring interconversion could be frozen at 103 K and the present conformational
equilibria of 3 and 4 could be determined. The ratio of the conformers is 3-Ph,y:3-Ph,, = (75—77):(23—25) and 4-Ph,:4-Ph,, =

82:18.

B INTRODUCTION

Silacyclohexanes and silaheterocyclohexanes, because of specific
structural features such as longer Si—C vs C—C bonds and a
smaller degree of folding of the silicon part of the molecule,
demonstrate conformational preferences principally different
from those of their carbon analogues. Of particular interest are
the effects of I-substituents at silacyclohexane' and the
influence of additional heteroatoms (X = O, S, NR) concerning
synthesis and conformational analysis of silaheterocyclohex-
anes, especially in silacyclohexanes and silaheterocyclohexanes
geminally disubstituted at silicon.”

The structurally and conformationally investigated 1,1-
disubstituted 1-silacyclohexanes CH,SiXY (1) are so far
limited to five pairs of substituents X and Y: Me, F;®> Me, CI;*
Me, CF3;3 Cl, SiCl3;5 and Me, Ph.”
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The analogues of 1, 3,3-disubstituted 1-aza(oxa,thia)-3-
silacyclohexanes ZC,HgSiXY (2), have also been synthesized
and studied, such as azasilacyclohexanes (2, Z = NR; X, Y = Ph,
Me;®” X, Y = Me, ORS), oxasilacyclohexanes (2,Z =0; X, Y =
Ph, Me;” X, Y = Me, OR'®), and thiasilacyclohexanes (2, Z = S;
X, Y = Ph, Me;> X, Y = Me, E').
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No data are available on compounds of type 1 or 2
simultaneously containing a phenyl group and an electro-
negative atom at silicon. Such a combination is of particular
interest because of (i) the drastic decrease in the conforma-
tional energy of the phenyl group at silicon in comparison to
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Figure 1. Molecular models of the Ph,, (left), Ph,,, (center), and Ph,,; (right) conformers of molecules 3 and 4 with atom numbering. Atom 8 is

fluorine (3) or chlorine (4).
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Figure 2. Potential energy profiles of the phenyl group rotation about the Si—C7 bond for the equatorial and axial positions of compound 3 at the

M06-2X/aug-cc-pvTZ and MP2/cc-pvIZ levels of theory.

that at carbon,” (ii) the strong axial preference of electro-
negative groups at silicon,"””"” and (iii) the axial preference of
the phenyl group in the geminally disubstituted carbon
analogue of 1, 1-methyl-1-phenylcyclohexane."*"”

Recently, we have synthesized and characterized 1-phenyl-1-
X-1-silacyclohexanes C;H,(Si(X)Ph (X = F (3), Cl (4), Br
(5)).”° While the bromo derivative § turned out to be very
unstable, the two other compounds were successfully isolated
and purified. Herein we present the results of combined
theoretical and experimental studies of compounds 3 and 4
using gas-phase electron diffraction, very low temperature *C
NMR, and high-level quantum chemical calculations.

B EXPERIMENTAL SECTION

Theoretical Calculations. Quantum chemical calculations were
performed with the Gaussian 09 program suite®' at up to M06-2X/
aug-cc-pVTZ and MP2/aug-cc-pVTZ levels of theory. Topological
analyses of electron density were performed with the use of the AIM
method.”> Noncovalent interaction (NCI) analysis of electron
density™® including positions of the noncovalent interactions in real
space and decoupling of the involved balance of interactions that
defines such interactions was done with the NCIPLOT program.**
Chemical shifts were calculated for all conformers of compounds 3 and
4 at the GIAO/B3LYP/cc-pVTZ and GIAO/MP2/6-311+G(d,p)
levels of theory on the geometry optimized at the MP2/aug-cc-pVTZ
level for 3 and MP2/cc-pVTZ level for 4.

Gas-Phase Electron Diffraction. The purity of samples 3 and 4
prepared as described in ref 20 according to 'H NMR was better than
98%. The combined gas-phase electron diffraction and mass
spectrometric experiment, GED/MS,>*™* was carried out in the
ISUCT on the EMR-100M apparatus using the R® sector. The optical
densities of the diffraction patterns were measured by a computer-
controlled MD-100 (Carl Zeiss, Jena, Germany) microdensitometer.*®
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The molecular scattering function, sM(s), was evaluated as sM(s) =
(I(s)/L,(s) — 1)s, where I(s) is the total electron scattering intensity
and I(s) is the experimental background. After it crossed the fast
electron beam in the diffraction chamber, the molecular beam from the
effusion cell entered directly the ionization chamber of a monopole
mass spectrometer attached to the GED unit. This allowed real-time
monitoring of the vapor composition by recording the mass spectra
simultaneously with recording of the diffraction patterns. Information
about the experimental conditions for all data sets used in the present
investigation is given in Table S1 in the Supporting Information. The
atomic scattering factors were taken from ref 29.

The algorithm described in ref 30 was used to calculate Cartesian
coordinates of atoms. For the ring closure the calculation of the
coordinates was not terminated at the last atom in the ring but
continued for the three dummy atoms as described in ref 30. The
problem of ring closure reduces to the iterative solution of nonlinear
equations with respect to the dependent geometrical parameters so
that Cartesian coordinates of dummy atoms coincide with those of the
first three atoms of the ring. The minimized functional for refining
structural parameters has the form

Q=Y A= 3 wlM™P(s) — ksM(s)]

where w, is a weight function, s = (47/1) sin(6/2) is the scattering
parameter for angle 6, 4 is the wavelength of the electron beam, sM(s)
is the molecular intensity function, and k is the scale factor. The value
for the R factor serves as a criterion of the minimum of the functional:

R = (Q/ Y wlsM™ ()"

Least-squares structure refinements were carried out with a
modified version of the KCED25 program.>"** Weight matrices
were diagonal. The short-distance data were assigned weights of 0.5
and the long-distance data were assigned weights of unity. Estimated
standard deviations calculated by the program were multiplied by a
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Figure 3. Potential energy profiles of the phenyl group rotation about the Si—C7 bond for the equatorial and axial positions of compound 4 at the
MO06-2X/cc-pvIZ and MP2/cc-pvIZ levels of theory.

Table 1. Selected Calculated (with Basis Set aug-cc-pVTZ) and Experimental (GED) Geometrical Parameters, Relative
Energies, and Mole Fractions for Conformers 3-Ph,, and 3-Ph,”

3-Ph,, 3-Ph,,
param Mo06-2X MP2 exptl Mo06-2X MP2 exptl
Bond Distances (A)
Si—F 1.619 1.627 1.619(9) 1.615 1.623 1.614(9)
Si—C2 1.864 1.869 1.859(16) 1.863 1.868 1.859(16)
C2-C3 1.539 1.539 1.539(23) 1.540 1.541 1.540(28)
C3—-C4 1.531 1.531 1.531(23) 1.531 1.531 1.531(28)
Si—C7 1.862 1.866 1.857(16) 1.868 1.872 1.864(16)
C7-C23 1.396 1.403 1.408(18) 1.398 1.404 1.410(18)
C23-C22 1.389 1.394 1.401(18) 1.387 1.394 1.399(18)
C21-C22 1.387 1.394 1.400(18) 1.389 1.394 1.401(18)
C20-C21 1.389 1395 1.401(18) 1.387 1.394 1.399(18)
C20-C19 1.387 1.393 1.399(18) 1.389 1.394 1.401(18)
C7-C19 1.398 1.404 1.410(18) 1.396 1.403 1.404(18)
C-H,, 1.095 1.096 1.095(5) 1.095 1.096 1.095(5)
Cpy—H,, 1.085 1.086 1.085(5) 1.085 1.086 1.085(5)
Bond Angles (deg)
Si—C2—C3 1104 110.5 111.2(3.1) 109.1 108.3 110.0(3.1)
C2-C3-C4 1133 113.1 114.2(3.1) 1132 113.1 114.2(3.1)
C3—-C4-C5 114.0 1139 114.9(3.1) 1142 1142 115.0(3.1)
C2-Si—C6” 105.6 105.4 107.1 108.7 1052 105.8
C2-Si—F 108.0 108.2 107.3(5.2) 109.5 110.8 108.8(5.2)
C2-Si—C7 114.3 114.0 114.5(4.0) 111.0 109.9 111.2(4.0)
C23—C7-Si" 121.3 121.7 121.3 120.0 120.7 120.0
C22—-C23-C7 120.9 120.8 120.8(9) 1212 1212 121.2(9)
C21-C22—C23 120.0 120.1 120.0(9) 119.9 119.9 119.8(9)
C20—-C21-C22 119.9 119.9 119.9(9) 119.9 119.8 119.9(9)
C19-C20-C21" 119.8 1199 120.0 119.9 119.9 120.0
C7-C19-C20" 121.1 121.1 120.9 1212 1212 121.0
C23-C7-C19” 1183 1183 1184 118.0 117.9 118.1
Dihedral Angles (deg)
Si—C2—-C3-C4 55.3 55.4 53(8) -57.0 -57.8 —55 (8)
C2—-C3-C4-CS —66.2 —66.8 —66.2¢ 66.7 66.4 67(8)
C2-Si—-C6—Cs” 44.1 437 35.8 —46.8 —48.5 —42.5
F-Si—C7-C23 0.0 0.0 0.0 66.0 734 65(17)
Relative Energies and Mole Fractions

AE (kcal/mol) 0.0 0.5 0.3 0.0
AG® (kcal/mol) 0.0 0.2(3) 0.7 0.0(3)
x (%) 64 40(14) 20 55(24)

“For atom numbering see Figure 1. r, and £, values (calculations) and r, and 2, values (GED) are given. Values in parentheses are 30. Bond angles
with H atoms were fixed on calculated values. R factor 4.2%. “Dependent parameter. “Fixed values.

factor of 3 to include added uncertainty due to data correlation and an Low-Temperature NMR Measurements. The low-temperature
estimated scale uncertainty of 0.1%.> B3C NMR spectra were recorded at 150.95 MHz in a solvent mixture
463 DOI: 10.1021/acs.joc.6b02538
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Table 2. Selected Calculated (with Basis Set aug-cc-pVTZ) and Experimental (GED) Geometrical Parameters, Relative
Energies, and Mole Fractions for Conformers 4-Ph,, and 4-Ph,,”

4-Ph,, 4-Ph,,
param Mo06-2X MP2 exptl Mo06-2X MP2 exptl
Bond Distances (A)
Si—Cl 2.089 2.084 2.080(4) 2.084 2.079 2.075(4)
Si—C2 1.868 1.872 1.863(9) 1.867 1.870 1.862(9)
C2-C3 1.537 1.537 1.540(20) 1.539 1.539 1.542(20)
C3—-C4 1.531 1.530 1.534(20) 1.531 1.531 1.534(20)
Si—C7 1.866 1.868 1.861(9) 1.869 1.870 1.864(9)
C7-C23 1.395 1.402 1.404(8) 1.397 1.404 1.406(8)
C23-C22 1.389 1.394 1.398(8) 1.386 1.393 1.395(8)
C21-C22 1.387 1.393 1.396(8) 1.389 1.394 1.398(8)
C20—C21 1.389 1.394 1.398(8) 1.387 1.393 1.396(8)
C20—C19 1.387 1.393 1.396(8) 1.389 1.394 1.398(8)
C7-C19 1.399 1.408 1.408(8) 1.395 1.403 1.404(8)
C-H,, 1.093 1.093 1.095(6) 1.093 1.093 1.095(6)
Cpn—H,, 1.082 1.082 1.084(6) 1.082 1.082 1.084(6)
Bond Angles (deg)
Si—C2—C3 110.5 1104 110.8(8) 108.9 108.5 109.3(8)
C2—-C3-C4 1133 1132 113.8(8) 1132 113.1 113.8(8)
C3-C4-C5S 114.1 114.1 114.4(8) 1142 1142 114.5(8)
C2-8i—C6" 105.4 10S.1 106.9 10S.5 105.0 106.1
C2-Si—Cl 107.6 107.8 108.3(1.6) 109.5 1103 1102(1.6)
C2-Si—C7 1138 113.7 112.8(2.2) 111.0 1103 110.0(2.2)
C23-C7-Si 123.6 123.5 123.4(1.8) 120.1 1203 119.9(1.8)
C22—-C23-C7 120.8 120.8 121.0(6) 121.1 121.1 121.3(6)
C21-C22—-C23 120.1 120.2 120.3(6) 119.9 119.9 120.1(6)
C20-C21-C22 119.9 119.8 120.1(6) 119.9 119.9 120.1(6)
C19-C20-C21” 119.8 119.9 118.7 119.9 120.0 1188
C7-C19-C20" 121.1 121.1 122.6 121.0 121.0 122.6
C23-C7-C19” 1183 1183 1172 1182 118.1 117.1
Dihedral Angles (deg)
Si—C2—C3—C4 552 55.6 53(2) —-57.3 —58.0 —56(2)
C2—-C3—-C4-Cs° —66.2 —66.6 —66.2 66.6 66.8 66.6
C2-Si—C6-Cs” 43.8 442 40.1 —46.4 —47.7 —453
Cl-Si—C7—-C23° 0.0 0.0 0.0 66.0 734 75.0
Relative Energies and Mole Fractions

AE (kcal/mol) 0.0 0.0 0.7 03
AG® (kcal/mol) 0.0 0.0(4) 0.5 0.8(4)
x (%) 71 79(15) 29 21(15)

“For atom numbering see Figure 1. r, and £, values (calculations) and r, and £, values (GED) are given. Values in parentheses are 30. Bond angles
with H atoms were fixed on calculated values. R factor 5.8%. “Dependent parameter. “Fixed values.

of CD,Cl,, CHFCl,, and CHF,Cl in a ratio of 1:1:3. Standard software
was employed for both acquisition (AQ = 0.91 s; relaxation delay 2 s;
64K digital points; power gated; 30° pulse angle —90°% 9.7 us) and
processing (window function: exponential multiplication with 1 Hz
line broadening factor). The probe temperature was calibrated by
means of a thermocouple inserted into a dummy tube. The low-
temperature measurements were estimated to be accurate to +2 K.
The conformer ratio was determined by integration of the separated
signals in the frozen spectrum (cf. Figures 8 and 9).

B RESULTS

Molecular Structure. The geometries of the conformers
were optimized without symmetry restrictions; for atom
numbering in molecules 3 and 4, see Figure 1. The correlation
of the stationary points on the potential energy surface to
minima was proved by the absence of imaginary frequencies in
normal mode calculations.

The phenyl group is an asymmetric rotor; therefore, its
rotation about the Si—C7 bond may result in the appearance of
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several conformers. The corresponding potential energy
profiles are presented in Figures 2 and 3. For the 3-Ph,, and
4-Ph,, conformers both methods give the minimum for the
rotamers with the phenyl ring plane bisecting the C2—Si—C6
angle of the silacyclohexane ring. For the 3-Ph,, and 4-Ph,,
conformers, the minimum energy rotamers about the C7-Si
bond have a skewed conformation with a X—Si—C7-C23
dihedral angle of ~70° (Figures 2 and 3). However, a very
shallow (<0.06 kcal/mol) minimum corresponding, as in the
case of the Ph,, conformers, to the rotamers with the phenyl
ring plane bisecting the C2—Si—C6 angle of the silacyclohexane
ring was located for molecule 3 (Figure 2).

Electron Diffraction. The refined set of geometrical
parameters is shown in Tables 1 and 2. The subscripts axi
and axo denote the Ph group lying in or out of the X—Si—Cpy,
plane. The Ph,, and Ph,,; conformers have C, symmetry, and
the Ph,,, conformers have C; symmetry. The final molecular

DOI: 10.1021/acs.joc.6b02538
J. Org. Chem. 2017, 82, 461—470


http://dx.doi.org/10.1021/acs.joc.6b02538

The Journal of Organic Chemistry

intensity sM(s) and radial distribution f(r) curves are given in
Figures 4—7.

sM(s)

L 1 L L
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Figure 4. Experimental (dots) and calculated (solid line) molecular
intensity curves sM(s) for compound 3. Below the difference curve A
for the GED set of parameters from Table 1 is given.
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Figure 5. Experimental (dots) and calculated (solid lines) radial
distribution curves f(r) for compound 3. Below the difference curve A
for the GED set of parameters from Table 1 is given.
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Figure 6. Experimental (dots) and calculated (solid line) molecular
intensity curves sM(s) for compound 4. Below the difference curve A
for the GED set of parameters from Table 2 is given.

Figure 7. Experimental (dots) and calculated (solid lines) radial
distribution curves f(r) for compound 4. Below the difference curve A
for the GED set of parameters from Table 2 is given.
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Bond angles with hydrogen atoms were fixed at calculated
values. The structure of the benzene ring deviates from a
regular hexagon. The small differences between similar
geometric parameters were constrained at the values calculated
at the M06-2X level (Tables 1 and 2). M06-2X theoretical force
constants were used to calculate mean vibrational amplitudes
(#;) and shrinkage corrections (r,; — r,) necessary for GED
analysis using the SHRINK computer program.”*** Geo-
metrical parameters and vibrational amplitudes were refined in
groups with constant differences from theoretical calculations.
Selected theoretical and experimental root-mean square
vibration amplitudes and vibration corrections are shown in
Tables 3 and 4.

Dynamic NMR. As it is necessary to determine for
substituted silacyclohexanes and silaheterocyclohexanes in
solution both the barrier to six-membered-ring interconversion
and the position of the appropriate conformational equili-
brium,*® solutions of compounds 3 and 4 in a Freon mixture
(CD,CL:CHFCL,:CHF,Cl = 1:1:3) were studied to very low
temperatures in our special probehead for temperature-
dependence studies down to 98 K. The results are given in
Figures 8 and 9. For compound 3, the coalescence temperature
T, (temperature of most advanced line broadening) of the ring
interconversion can be assigned as 105 K (Figure 8). Thus, the
barrier to six-membered-ring interconversion proves to be at
the lowest temperature border where dynamic processes can
still be estimated (4—6 kcal/mol). The more exact measure-
ment of the related AG* parameter cannot be achieved because
(i) the lowest temperature to accomplish, (ii) decoalescence
not yet being complete at 98 K, and (iii) the ratio of the
participating conformers proving to be quite different. The not
yet completed decoalescence of related signals also bedevils the
precise identification of the free energy difference AG® of the
participating conformers. In addition, there are impurity signals
at the position of the minor conformer which additionally at
incomplete decoalescence complicates comprehensible integra-
tion. If the small signal at high field for C-4 at ca. 27.8 ppm is
used as a more or less reliable notification of the impurity
integration (ca. 9 su), a ratio of the conformers of 3-Ph.:3-Ph,,
= (75—77):(23—25) can be estimated. This result is in
complete agreement with previously determined barriers to
six-membered-ring interconversions, (H(ax)/Me(eq)):(H-
(eq)/Me(ax)) = 74:26,”” (H(ax)/Ph(eq)):(H(eq)/Ph(ax)) =
78:22,> and (Me(ax)/Ph(eq)):(Me(eq)/Ph(ax)) = (62—64):
(36—38),” and the fact that F and Cl as substituents at silicon
prefer the axial orientation: (H(ax)/F(eq)):(H(eq)/F(ax)) =
36:64'° and (H(ax)/Cl(eq)):(H(eq)/Cl(ax)) = 35:65."

Compound 3, due to the preferred axial orientation of the
fluorine atom, better than that of methyl in this position in 1-
methyl-1-phenylsilacyclohexane, assists the equatorial prefer-
ence of the phenyl substituent at silicon and shifts the
conformational equilibrium by increasing the amount of the 3-
Ph,, conformer to 75—77%.

Finally, the conformational analysis of compound 4
excellently fits in from low-temperature *C NMR spectra
(Figure 9); a similar low barrier to ring interconversion (ca. 4—
6 kcal/mol) can be concluded. Within the lowest temperature
spectrum at 103 K (no lock but only broadening at 98 K) only
the signal of C-3,5 can be studied, and its integration gives the
ratio 4-Ph, :4-Ph,, = 82:18. The fraction of the Ph,y conformer
in 4 further increases in comparison to 3 because the chlorine
atom prefers the axial position even more than does the
fluorine atom'” and supports the phenyl substituent at silicon

DOI: 10.1021/acs.joc.6b02538
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Table 3. Selected Theoretical (M06-2X) and Experimental (GED) Root Mean Square Vibration Amplitudes u and Vibration
Corrections (r,—ry,) for 3-Ph,, and 3-Ph,,*

3-Ph,, 3-Ph,,
u (A) u (A)
param theor GED ra—rn (A) theor GED ra—rn (A)
Si—F 0.043 0.043(4) 0 0.042 0.043(4) 0
Si—C2 0.052 0.053(3) 0.001 0.052 0.052(3) 0.001
C2-C3 0.052 0.052(4) 0.001 0.052 0.053(4) 0.001
C3-C4 0.051 0.052(4) 0 0.051 0.052(4) 0
Si—C7 0.050 0.051(3) 0 0.051 0.052(3) 0
c7-C23 0.046 0.046(4) 0.001 0.046 0.046(4) 0.001
C23-C22 0.045 0.046(4) 0 0.045 0.045(4) 0
C2-H 0077 0.078(4) 0.002 0077 0.078(4) 0.02

“Vibrational corrections lower than 0.001 are displayed as 0.

Table 4. Selected Theoretical (M06-2X) and Experimental (GED) Root Mean Square Vibration Amplitudes u and Vibration
Corrections (r,—ry,) for 4-Ph,, and 4-Ph,,*

4Ph,, 4Dh,,
u (&) u (&)
param theor GED ro—rn (A) theor GED r—ry (A)
Si—Cl 0.050 0.052(3) 0 0.050 0.051(3) 0
Si—C2 0.052 0.053(3) 0.001 0.052 0.053(3) 0.001
C2-C3 0.052 0.053(3) 0.001 0.052 0.054(3) 0.001
C3-C4 0.051 0.053(3) 0 0.051 0.053(3) 0
Si—C7 0.051 0.052(3) 0 0.051 0.052(3) 0
C7-C23 0.046 0.047(3) 0.001 0.046 0.047(3) 0.001
C23-C22 0.045 0.047(3) 0 0.045 0.046(3) 0
C2-H 0077 0.078(3) 0.002 0077 0.078(3) 0.02

“Vibrational corrections lower than 0.001 are displayed as 0.
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Figure 8. Variable-temperature >*C NMR spectra of compound 3 in a Freon mixture (CD,Cl,: CHFCL,:CHF,CI = 1:1:3): aliphatic carbon atoms C-
2,6, C-3,5, and C-4, respectively.

taking the preferred equatorial position in 1,1-disubstituted The assignment of the '*C NMR signals to the conformers of
silacyclohexane. compounds 3 and 4 is in complete agreement with earlier
466 DOI: 10.1021/acs.joc.6b02538
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Figure 9. Variable-temperature >*C NMR spectra of compound 4 in a Freon mixture (CD,Cl,: CHFCL,:CHF,Cl = 1:1:3): aliphatic carbon atoms C-

2,6, C-3,5, and C-4, respectively.

results and with general stereochemical principles (e.g., the y
effect of axial substituents” on C-3,5 in '*C NMR spectros-
copy)”® and was additionally checked by DFT/MP2 calcu-
lations of chemical shifts (Figures S3 and S4 in the Supporting
Information).

B DISCUSSION

Geometry. The calculated geometry is in good agreement
with the electron diffraction results. Both theory and experi-
ment show that the axial Si—X or Si—Cp, bonds are 0.005 A
longer than the corresponding equatorial bonds (Tables 1 and
2). This may be attributed to the 6(C2/6—H12/16)—c*(Si—
X) hyperconjugation, most pronounced for the anti location of
the interacting orbitals. In comparison with the 1-phenyl-1-
silacyclohexane molecule,””*" electronegative F and Cl atoms
cause shortening of the neighboring Si—C2 and Si—C7 bonds
by 0.011—0.021 A. This may be rationalized by the relation
between hybridization and electronegativity (Bent’s rule*).
This rule states that the s character concentrates in orbitals
directed toward electropositive substituents or that atoms direct
hybrid orbitals with more p character toward more electro-
negative elements. Therefore, the increase in the p character of
the Si—X orbitals increases the s character of the orbitals of the
immediately adjacent Si—C bonds, thus leading to their
shortening. The Si—C7 bonds in 3 and 4 are about 0.02 A
shorter than the Si—Cp, bond in the PhSiMe; molecule.*
Electropositive atoms, such as Si, cause a decrease in the ipso
bond angle of the benzene ring from the regular hexagonal
value of 120° to 117.1—118.4° (Tables 1 and 2). This is a
known specific feature of molecules containing electropositive
atoms connected to a phenyl group.*”

Conformer Energies and Populations. As shown in
Table 1, M06-2X calculations predict conformer 3-Ph,, to be
0.3 kcal/mol more stable than 3-Ph,,, whereas MP2
calculations indicate that it is 0.5 kcal/mol less stable. The
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third even less stable conformer is 3-Ph,; The molecular
graphs of the molecules under study are shown in Figures S1
and S2 in the Supporting Information. In 3-Ph,, the H-H
bond trajectories with the bond critical points (in green) are
present between the H24 atom of the phenyl group and the
axial hydrogen atoms H14 and HI8 in positions 3 and §,
respectively, of the silacyclohexane ring. The H—H bond
trajectories form a new pseudoring with the corresponding ring
critical point (in red). The H—H interaction exhibits the
characteristics of closed-shell interactions,™ such as a low value
of the electron density at the bond critical point (ppcp = 0.006
au), relatively small positive values of the Laplacian (V*ppcp =
0.02 au), and close to zero reduced density gradient (RDG)
values™ (Figure S1). The fact that 3-Ph,; is in an equilibrium
state means that there are attractive forces acting on the
hydrogen atoms linked by the H—H bond path.** On the other
hand, the existence of the ring critical point in close proximity
indicates that interactions of these hydrogen atoms are
determined by a subtle balance of attractive and repulsive
forces (green and orange regions, respectively; see Figure S1).
As shown in Table 5, the phenyl group is 0.63 kcal/mol more
stable in 3-Ph,,;, whereas the silacyclohexane ring is more stable
in 3-Ph,y by 4.3 kcal/mol. In conformer 3-Ph,,; the main
source of the silacyclohexane ring destabilization is the silicon
atom. The axial protons at C3 (H14) and C5 (H18) in
conformer 3-Ph,,; are more stable by 3.31 kcal/mol. The H24
atom of the phenyl group in this conformer, which points
toward H14 and H18 atoms of the silacyclohexane ring, is at
least 5.1 kcal/mol more stable than four other aromatic
hydrogens. From the viewpoint of chemical intuition, for such
location of the phenyl group, a repulsion could be expected,
since the H24--H14(18) distance of 2.353 A (MO06-2X) is
slightly less than the sum of the van der Waals radii of hydrogen
atoms; however, the atoms involved are surprisingly stabilized.

The H24 atom of the phenyl group in conformer 3-Ph,,, which

DOI: 10.1021/acs.joc.6b02538
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Table 5. M06-2X/cc-pvIZ Atomic and Molecular Energies
of Conformers 3-Ph,,; and 3-Ph,, (au) and Energy
Differences (A, kcal/mol)

Aatom 3-Ph,; 3-Ph A
Sil —288.97264 —288.97955 434
C2 —38.26990 —38.27153 1.02
C3 —37.94257 —37.94370 0.71
C4 —37.96636 —37.96498 —0.86
Cs —37.94240 —37.94365 0.78
c6 —38.26982 —38.27144 1.02
F8 —100.28174 —100.27736 -2.75
Hax(C3) —0.64160 —0.63632 -3.31
Heq(C3) —0.63886 —0.63998 0.71
Hax(C5) —0.64164 —0.63633 -3.33
Heq(C5) —0.63892 —0.63998 0.67
Hax(C2) —0.62137 —0.62379 1.52
Heq(C2) —0.62062 —0.61946 —-0.73
Hax(C6) —0.62142 —0.62371 1.44
Heq(C6) —0.62062 —0.61946 -0.73
Hax(C4) —0.63750 —0.63915 1.03
Heq(C4) —0.63888 —0.63895 0.04
H24 —0.62754 —0.62470 -1.78
H25 —0.61941 —0.61916 —0.16
H26 —0.61891 —0.61887 —-0.02
H27 —0.61882 —0.61865 —0.11
H28 —0.61436 —0.61434 —-0.01
Y oE(Q) —817.60386 —817.60533 0.92
SCF energy —817.60384 —817.60513 0.81
Y oE(Q) SCF —0.01 —0.12 0.11
Si ring —485.68512 —485.69197 4.30
Ph ring —231.63701 —231.63600 —0.63

Table 6. M06-2X/cc-pvIZ Atomic and Molecular Energies
of Conformers 4-Ph,,, and 4-Ph,, (au) and Energy
Differences (A, kcal/mol)

Atom 4-Ph,,, 4-Ph,, A
Sil —288.80721 —288.81232 3.20
C2 —38.21636 —38.21596 —-0.25
C3 —37.89741 —37.89753 0.07
C4 —37.91596 —37.91589 —0.05
Cs —37.89723 —37.8974S5 0.14
Cé6 —38.21663 —38.21624 -0.25
CI8 —461.32863 —461.32660 —1.28
Hax(C3) —0.63481 ~0.63378 —0.64
Heq(C3) —0.63835 —0.63957 0.76
Hax(C5) —0.63749 —0.63382 -2.30
Heq(C5) —0.63830 —0.63961 0.82
Hax(C2) —0.62043 —0.62322 175
Heq(CZ) —0.62113 —0.61811 —-1.89
Hax(C6) —0.61914 —0.62319 2.54
Heq(C6) ~0.62178 —0.61813 -229
Hax(C4) —0.63708 —0.63887 112
Heq(C4) —0.63853 —0.63873 0.12
H24 —0.62353 —0.62545 1.21
H25 —0.61917 —0.61921 0.03
H26 —0.61867 —0.61894 0.17
H27 —0.61868 —0.61876 0.05
H28 —0.62032 —0.61357 —4.24
ZQE(Q) —1177.94129 —1177.94299 1.07
SCF energy —1177.94151 —1177.94270 0.74
Y oE(Q) SCF 0.14 -0.18 032
Si ring —946.58647 —946.58901 1.59
Ph ring —231.35481 —231.35398 —-0.52

points to the center of the silacyclohexane ring, is at least 3.5
kcal/mol more stable than four other aromatic hydrogens and
1.8 kcal/mol less stable than the H24 atom of the 3-Ph,;
conformer. The fluorine atom destabilizes conformer 3-Ph,, by
2.8 kcal/mol. Similar relations are observed in conformers 4-
Ph,,, and 4-Ph,, (Table 6).

The strong axial preference of electronegative groups at
silicon'”™'® and the known values of the conformational
energies A (A = G,, — G,,) for the fluorine atom (-0.28),'¢
chlorine atom (—0.43),'” and the phenyl group (0.25 kcal/
mol),” taking into account the additivity of conformational
energies of the substituents at silicon,” all suggest the
predominance of the Ph,, conformers for compounds 3 and
4. Indeed, for the chloro derivative 4, both experiment (NMR,
GED) and theory (MP2, M06-2X) give the predominance of 4-
Ph., conformer with the equilibrium constant K for the
conformational equilibrium 4-Ph,, & 4-Ph,, equal to 4.7 (LT
NMR), 3.8 (GED), or 2.4 (M06-2X). More complex is the
situation with the fluoro derivative 3. The LT NMR
measurements, again, give the predominance of 3-Pheq
conformer at the very low temperature of 98 K, the K value
of 3.0—3.3 being lower in compliance with the smaller axial
preference of fluorine with respect to chlorine. The M06-2X
calculations also predict the predominance of 3-Ph,, (AG® =
0.7 kcal/mol), but MP2 calculations show the value of AE for
3-Ph,, to be 0.5 kcal/mol higher than that for 3-Ph,, (Table 1).
Frequency calculations could not be performed at the MP2/
aug-cc-pVTZ level of theory, but a comparison of the AE and
AG?® values obtained at the M06-2X/aug-cc-pVTZ level allows
us to conclude that taking into account the entropy term makes
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the 3-Ph,, conformer more favorable by 0.4 kcal/mol (Table
1). Therefore, considering the entropy term would make the
MP2 value of AG® close to 0 and, thus, the populations of the
3-Ph,, and 3-Ph,, conformers are almost equal. From the GED
experiment, taking into account the error bars, the molar ratio
of the 3-Ph,; and 3-Ph,, conformers is close to unity. Apart
from solvation effects, the different ratios of the conformers
measured by the LT NMR and GED can be partially due to the
very different temperatures of measurements in the two
methods: an increase of the temperature increases the relative
fraction of the less stable Ph,, conformer.

To summarize, the molecules of 1-chloro-1-phenyl-1-
silacyclohexane (4) exist both in the gas phase and in solution
predominantly in the 4-Ph., conformation, as proved both
experimentally and theoretically by electron diffraction, low-
temperature NMR, and M06-2X and MP2 quantum chemical
calculations. Its fluorine analogue, 1-fluoro-1-phenyl-1-silacy-
clohexane (3), in solution also gives an equilibrium mixture,
although the predominance of the 3-Ph., conformer is less
pronounced in compliance with less negative conformational
energies A for fluorine in comparison to those for chlorine.'®'”
The observed conformational preferences are nicely repro-
duced by DFT (M06-2X) calculations, whereas the MP2
method predicts 3-Ph,y to be energetically less stable. Indirect
consideration of the entropy contribution suggests a close to 0
value of the free energy difference AG® for the conformers of 3.
The shift of the conformational equilibrium to more stable
species is apparently also responsible for the higher content of
the Ph,, conformers in the low-temperature NMR experiments
in comparison to room-temperature GED measurements.
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