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ABSTRACT:

1-Methylthio-1-phenyl-1-silacyclohexarie the first silacyclohexane with the sulfur atonsiiton,

was synthesized and its molecular structure antbooational preferences studied by gas-phase
electron diffraction (GED) and low temperatdi€ and®*Si NMR spectroscopy (LT NMR). Quantum-
chemical calculations were carried out both forifmdated species and solvate complexes in gagand
polar medium. The predominance of h#eS,Ph,, conformer in gas phasg-Ph.q1-Ph, = 55:45,

AG° = 0.13 kcal/mol) determined from GED is consistith that measured in the freon solution by
LT NMR (1-Phy1-Phy = 65:35,AG® = 0.12 kcal/mol), the experimentally measuregsalbeing close
to that estimated by quantum chemical calculatairizoth the DFT and MP2 levels of theory.

Keywords: 1-Methylthio-1-phenyl-1-silacyclohexane; Conforinaal analysis; Gas phase electron
diffraction; Low-temperatur&C and®*Si NMR; DFT and MP2 calculations.



1. Introduction

Nowadays, a large number of silacyclohexanes, nambdisubstituted at silicon, and
silaheterocyclohexanes has been studied experiltyerfram the viewpoint of their
conformational preferences both in gas phase aadrieon solution, as reviewed in 20Hhd
reported latef-**Among these sila(hetero)cyclohexanes the Si-Ph oamgs, which possess
a second substituent at silicon such as H*W& OR* ’ F, CI, Br'® Me:N,* are of special
interest for the present work because the confoomat energies of substituents in
silacyclohexanes are additive (in the parent cyetaimes they are much more distinct but non-
additive), and because steric and electrostatieceffin the two series are of different
importance’!

The conformational analysis of Si—-Ph silacyclohesahaving as the second substituent
at silicon the O, N, F, Cl, Br heteroatch$?° showed that in the gas phase at room
temperature they exist predominantly as Sigzbnformers (GED), but in a freon solution at
low temperature the Si-Bjconformers predominate (LT NMR, ~100 K). The lateesult is
in agreement with the conformational equilibriatioé cyclohexyl derivatives and the mono-
and di-Si-substituted silacyclohexanes. Although @+Si bonds are considerably longer than
the C-C bonds in the cyclohexyl analogues, the nboilky substituent still goes into the
equatorial, whereas the less bulky and more paléstguents into the axial position; the
differences are much less distinct as in the cpoeding cyclohexyl derivatives but clearly
indicated.

The above set of substituents includes heteroatomd and Hal, which all are more
electronegative than carbon. The only availablereatom having electronegativity close to
carbon is sulfur (2.50 and 2.44), but no sila(f@®rclohexanes with exocyclic sulfur atom at
silicon were known in the literature. Thereforer brst task was to synthesize 1-methylthio-1-
phenyl-1-silacyclohexane, as the simplest reprasgnt and then to investigate it in gas phase
(by GED method), in the freon solution (at low tesrgiure by LTNMR spectroscopy) and
theoretically at the DFT and MP2 levels of theory.

2. Results and discussion

2.1 Synthesis.

The simplest way to the target 1-methylthio-1-pHedngilacyclohexanel is

substitution of chlorine in 1-chloro-1-phenyl-lagclohexane 2 with sodium



methanethiolate. Compoun2 was synthesized by the known procedure employhg t
reaction of the Grignard reagent prepared from dihBemopentane with
phenyltrichlorosilané® The reaction of2 with suspension of MeSNa in benzene was
performed in an inert atmosphere under dry conuitio the presence of dibenzo-18-crown-6
as phase-transfer catalyst. Parevas isolated in 55% yield by vacuum distillatig®cheme

1).

Scheme 1Synthesis of heterocycle Reagents and conditions: (i),6t reflux for 5 h under Ar; (i) MeSNa,
benzene, dibenzo-18-crown-6 (0.10 mol %), reflux3¥d under Ar.
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2.2 Quantum chemical calculations.

The PES profiles of moleculé were obtained by scanning the,&SiSC (p) and
CortnCipsoiS @) dihedral angles describing the rotation of thehyléhio group about the Si—-S
bond and the phenyl ring about the Sis{bond are plotted ifrigure 1. As follows from
these profiles, rotation of the two groups is gfjtgncorrelated, which is typical for gear
motion in molecular motors as was demonstratedumrecent works on related compounds,
1-X-1-phenyl-1-silacyclohexanes with X= MayleO, HG" “ and MeN.® In order to clarify
this influence, we have calculated the PES profiieshe M062X/6-311G** level for both
axial and equatorial conformers on a grid of pocusresponding to the torsion angles about
the Si—Gyso and Si—S bonds scanned with a step of 10° theofethe molecule being
optimized Figure 2).
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Figure 1. Lowest energy pathways farPh,, and1-Ph, conformers by rotating the MeS group about Si—&dbo
(left) and the phenyl ring about Sig{ bond (right) calculated at M062X/6-311G** level.
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Figure 2. PES profiles ofl obtained by synchronous scanning two andglesde, M062X/6-311G**, energy in
kcal/mol.

The MO062X calculations show that this compound f&e possible conformers
(neglecting the rotamers) with, Gymmetry, se€igure 3. Note that the energy barriers for the
phenyl ring rotation between conformélis—II is very low, 0.01 kcal/mol, and conformidr
has the lowest frequency of 18 @mcorresponding to the phenyl ring rotation. At Szene
time, from the B3LYP and MP2 results, confornikr is unstable and readily converges to
conformerll when being optimized. Thus, molecdléhas only four conformers: twb-Phy



and twol-Phy. Compared to the 1-methoxy- and 1-hydroxy-1-phdngilacyclohexanes, the
1-Phyx conformer, in which the phenyl ring lies in thesdxt plane of the silacyclohexane
frame, does not exist due to orbital interactiord asteric repulsion between the two

substituents at silicon.
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Figure 3. Conformers of compount] hydrogen atoms are omitted.

As a rule, for the series 1-X-1-Ph-1-silacyclohee® (X = Me, MeO, HO, M#&\), in
molecule1 the methylthio group rotation induces the phengj rrotation in Pk, forms,
whereas the phenyl group rotation does not notlgesfbect the methylthio group orientation.
From the M062X/6-311G** results, the energy bagiésr the MeS group rotation between
conformersl—Il andIV —V areca 3.0 and 3.2 kcal/mol, respectively. Comparinglto
methoxy-1-phenyl-1-silacyclohexane, replacemernmnethoxy group at silicdhby the bulkier
methylthio group increases the repulsion betweenwo substituents and, hence, the energy
barrier.

The relative total electron and Gibbs free enerfieal/mol) of all conformers are given
in Table 1 As follow from QC calculations, the conformérandlV are most stable, thekE
andAG values of conformell are higher by 2.20 and 2.47 kcal/mol, respectivediative to
conformerl. According to all the DFT/6-311G** calculationgyrdormersl andIlV have very
similar AE values and are more stable than others. It shoeldoted, that the use of more
sophisticated basis set cc-pVTZ leads to the isered AE value of conformetV by 0.22
kcal/mol. Since the phenyl group is a bulkier sitbent than the methylthio group, thesfh
conformers are entropically more preferable, hetioe,molar fraction of R conformer is
higher than of P{. It is to be noted that thaG° values from DFT calculations show
conformerlV to be less preferable thanby 0.5-0.6 kcal/mol. Of the QC computational
methods employed, the DFT calculations predict @onér| to be the most stable. Total



contribution of the Py conformers summed over all its rotamers variebiwi81-39% at the
DFT level. At the same time, at the MP2/6-311G*/deof theory, conformelV is lower in
energyE by 0.43 kcal/mol and in free ener@’ only 0.02 kcal/mol higher in energy than
conformerl, suggesting the predominancelalPh, conformer (fromAE) or practically equal
contribution of the two conformers (fromG°). However, the use of a higher-level basis set
cc-pVTZ for MP2 calculations inverts this resulttbat the most stable rotamerslePh,, and
1-Phyq conformers become practically identical in enefylg = 0.023 kcal/mol in favor of-
Phy). Vibrational calculations at MP2/cc-pVTZ leveleatoo costly, so the ZPE and entropy
corrections toAE were taken from MP2/6-311G** calculations resugtim AG® for equation
(1) of —0.47 kcal/mol and thé&-Ph;1-Phy ratio of 64:36 (Table 1). This ratio virtually
coincides with the calculated at various DFT lev@dlable 1) as well as with those measured
experimentally in gas phaskllV :V=55(15):35(15):10(10), GED] and in the freon salntf1-
Phq1-Phy = 65:35, LT NMR) -vide infra

Table 1 Relative total electron energiag& [E(1-Phy) — E(1-Phg] and Gibbs free energiess° [G°(1-Phy,) —
G°(1-Phy), kcal/mol] and predicted contribution X of coroers ofl.

—AE —AG° (298 K) X, %
Method/basis set [l m |V (1 m v [kIvV:v
B3LYPD3/6-311G** | 0/2.20| - |-0.01{0.84|0|2.47| — |0.47 | 1.1763:28:9
B3LYPD3/cc—pVTZ | 0232 - |0.22 | 0.950(2.60] — |[0.45 | 1.0661:29:10
MO062X/6-311G** 0/2.622.84/0.02 | 1.1110(3.16|3.40{0.45 | 1.41}64:30:6
M062X/cc—pVTZ 0/2.68/2.70/0.22 | 1.14{0|3.38|3.34|0.62 | 1.39|69:24:7
MP2/6-311G** 0/2.70 — |-0.43/0.59|0|2.80| — |0.02 | 0.8746:44:10
MP2/cc—pVTZ o - - 10023 - |0 - — |1 (0.47) - |64:36

2.3 Gas Electron Diffraction (GED) analysis.

Based on theAG°® values inTable 1, conformerl is favorable with respect to
conformers IV and V because of strong steric repulsion between thenybhand
silacyclohexane ring (1,3-diaxial interactions).n@wmersll andIll are much higher in

terms of AE andAG® values and, thus, may be excluded from furtheswkeration. For this



reason, we assume the investigated vapor overdligti 333(3) K to consist of three

conformers, namell, IV andV (cf. Figure 3).

The following independent geometric parameters wesed to describe the geometry:
bond distances Si—C2, C2-C3, C7-C8, Si-S, C-S @&rtHCbond angles SiC2C3, C7SiC2,
C8C7Si, SSiC2, CSSi, HC2Si, HC2C3, HC8C7, HCS a@id4H;dihedral angles SiC2C3C4,
C2C3C4C5, C8C7SiC2, CSSIC7 and HCSSi for conformeZ8C7SiC2 and CSSIiC7 for
conformerdV andV. All other geometrical parameters for the confasngere described by
parameters analogous to those in conforhraard corrected by adding the differences adopted
from M062X/6-311G** calculations. For the three died conformers, the benzene ring was

fixed to be planar since the QC calculations shovergt small deviations from planarity.

The experimental and theoretical molecular scaigelintensities sM(s) and radial
distribution curves f(r) with the correspondingfdiences “Experim.—Theor.” are plotted in
Figure 4. Vibrational amplitudes for all three conformersere refined in nine groups
according to the specific regions in the radiatribsition: 0-1.20; 1.20-1.70; 1.70-2.02; 2.02—
2.30; 2.30-2.64; 2.64-3.02; 3.02-3.91; 3.91-6.a6&06-10.0 A. The differences between
the amplitudes within each group were constrainedhe calculated values. Vibrational
correctionsAr = rp, —rp and starting root-mean square amplitudes wereuleags with the
Vibmodule prograrfi using the so-called second approximation, in whéhharmonic
approach with nonlinear relation between Cartesiath internal coordinates was applied on
the basis of the force field estimated in the QICuations at the M062X/6-311G** level.
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Figure 4. Molecular scattering intensities sM(s) (above) eamtial distribution curves f(r) (below): experinteh
(dots) and theoretical (black line) for refined tobe of the conformerkIV :V=55(15):35(15):10(10)%; colored

lines correspond to refinement of all parameterdeurassumptions of individual conformers; the défees
“Experim.-Theor.” are given at the bottom.

The optimal conformer ratio of compoutdvas found to bé:IV :V=55(15):35(15):10(10)%
[PhaxPheq=55(15):45(15)%] with the uncertainty estimatecngsHamilton’s criterion at 0.05
significance level (Rnin= 4.17%), se&igure 5. Thus, from GED analysis, relative Gibbs free
energies between the Rland Pl, conformers were estimated A6°(333K) =G°ax— G°eq=
0.13(40) kcal/mol [the values @fG(333K) of conformerd:IV:V are 0:0.30:1.13 kcal/mol].

Clearly, the theoretical results very well agre¢hvaxperimental GED data. For comparison,



the ratios P&;Phy of 1-phenyl-1-(X)-silacyclohexanes are 62(10):38(142(15):58(15),
20(15):80(15), 30(15):70(15) and 50(20):50(15) oof H,** Me** Me,N,* Med* and HO

group? respectively.

0O 10 20 30 40 50 60 70 80 90 100
Molar fraction of conformer I, %

Figure 5. Agreement factor fRas a function of molar fraction of the most statdaformers of compourid

In addition, a goodness of fit was checked by mgnihe KCED program with no
refinement of geometry and vibrational parametérallathree conformers of the compounds
for the theoretical models built on the M062X/6-&t1 calculations; the tests resulted in the
following R-factors: 7.1, 8.1 and 12.4% in the cadeandividual conformerd, IV andV,

respectively.

Geometry and NBO analysisSelected experimental (GED) along with the caladaiQC)
geometric parameters of the three most stable omefs|, IV andV of compoundl are
compiled inTable 2. As follows from QC results, the C—C bond distanoé silacyclohexane
ring do not depend on position and orientation e substituents. Due to steric repulsion
between the two rings, the Sim bond distance in conformév is longer by 0.005 A than
that in conformet. The MP2 method predicts shorter Si-S and S—C hiistdnces by 0.008-
0.009 A and longer C-C bond distances of pheny by 0.007-0.010 A than the M062X

calculations. In conformensandIV, the steric repulsion between the methyl group taral
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rings leads to increase of the C(7)-Si—-S bond abglea. 3°. Thef angles of both Rk
conformerdV andV differ by 4-6°, i.e. the rotation of the methyttlgroup does not strongly

influence the orientation of the phenyl ring.

The calculated bond distances and bond anglesnagead agreement with the GED
values. The MP2 calculations very well predict Si-<&-C and sesquialteral C-C bond
distances. The experimental dihedral anglesdd were refined for the conformerslV and
V with big uncertainty, in agreement with the theioed predictions. The Si—S bond is not
perpendicular to the phenyl ring plane in the amiadl equatorial forms. The bond length of
the term Si-S, despite low multiplicity, was dedveeliably with high precision (standard
deviation 0.0008 A) due to it is quite well resalvia the radial distribution, sdgigure 4 at
ca 2.15A andTable 2 Experimental and theoretical geometric and vibratl parameters of
all conformers are summarizedSupplementary data, Tables S4-S6

As follows from the NBO analysis, the orbital irdetion between the electron lone pairs
of sulfur atom and Si—gs, bond leads to the Siqfs, bond distance elongation in conformer
IV by 0.005 A, comparing to that in conformér This orbital interaction LP(S} 6*(Si—C7)
also leads to stability of conformersandIV . In addition, the NBO analysis shows that the
steric effect stabilizes the equatorial forrat M062X/6-311G** level of theory. However, as
concluded from the MP2/6-311G** results, the stefiect stabilizes the axial conformi&f.
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Table 2. Theoretical (with 6-311G** basis set) and expemtaé parameterd,the second-order
perturbation energ® LP(S)-»c*(Si—C), relative total steric energye®" at the M062X and MP2 levels with
6-311G** basis set of three conformers (MP2/cc-pWilues are given in brackets).

Conformer | \Y \%
Method M062X MP2 GED | M062X| MP2 GED | M062X| MP2 | GED
Bond distance, A

Si—C2 1.875| 1.874 |1.872(4) 1.874 | 1.873 |1.871(4)| 1.879 | 1.8781.876(4)
(1.878) (1.877)

Si—C7 1.875| 1.873 |1.872(4) 1.881 | 1.877 |1.878(4)| 1.876 | 1.8721.872(4)
(1.876) (1.879)

Si-S 2.157| 2.148 | 2.158(5)| 2.151 | 2.143 | 2.152(5)| 2.152 | 2.1432.152(5)
(2.150) (2.145)

C2-C3 1.542| 1.542|1.542(3)] 1.542 | 1.543 |1.542(3)| 1.542 | 1.5431.543(3)
(1.538) (1.539)

C7-C8 1.401| 1.408 |1.406(4)] 1.399 | 1.408 |1.404(4)| 1.399 | 1.4091.404(4)
(1.404) (1.404)

C-S 1.831| 1.824 |1.828(4) 1.832 | 1.825|1.829(4)| 1.831 | 1.8251.828(4)
(1.827) (1.828)

Bond and torsion angles, °

C7SiSs 108.4| 108.9 |106.8(8)] 108.5 | 108.7 |108.1(8)| 105.7 | 105.7111.1(8)
(108.3) (108.3)

SiSC 98.9 | 984 | 99.5(6)| 99.0 | 98.7 | 99.5(6)| 100.0/ 99.8 100.6(
(98.5) (98.5)

® 52.1 | 52.4 | 48(17) | 48.1| 46.5 | 58(25) | 170.1| 171.5152(57)
(54.6) (49.8)

0 60.2 | 65.4 | 59(13) | 63.8 | 68.3 | 55(32) | 68.0 | 74.2 85(30
(43.8) (61.5)
Second-order perturbation energy and total sesrérgy, kcal/mol

LP(S)—

_ 9.76 | 11.30 10.69 12.46 10.02 11(32
c*(SIC6)
LP(S
( _)_) 6.83 7.91 6.29 6.85 - -
o*(SIC7)
AE>! 0 0 -0.75| 1.15 -0.50 -0.11

ASee Figure 3 for atom numbering and text aboveafmlesp and6 definition. Values in parentheses for the
GED data are full errors estimateda(sn)=[0scac+(2.50.s) %] and as 85 for angles, where.,.=0.002r and
O.sis a standard deviation in least-squares refinerieenibternuclear distances
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2.4 Low-temperature dynamic NMR study.

Room temperaturéH, **C and?Si NMR spectra of compountlin CDCl, confirm
the structure of the compound (s@pplementary DajaThe dynamic ring interconversion of
the silacyclohexane ring is fast on the NMR timalecthus, averagetH/**C signals and a
single >°Si signal of conformerd-Ph, and 1-Phey are observed. On cooling the solution of
compoundl in the freon mixture CELCIl, : CHFCL : CHRCIl =1 : 1 : 3, which remains liquid
below 100 K, the dynamic silacyclohexane ring iobeversion process gets slow on the
NMR time scale; théH, **C and®’Si NMR signals partly or completely split into semta
signals of conformerd-Phs,,SMesq and 1-Pheg,SMesy (cf. Scheme 2 This allowed full
conformational analysis to be performed. Note, tiwil very recently thé°Si NMR was not
used for conformational analysis of silacyclohexanany related Si-containing compounds.
The first and so far the only example is our recgotk on (1,1-phenyl-1,I-silacyclohex-1-

yl)disiloxane®*

Fl’h
Si. —_—
/7""SMe K\Si,ph
|
SMe
1-Ph,y,SMe,q 1-Phgg,SMe

Scheme 2Conformational equilibrium of 1-Methylthio-1-phdri-silacyclohexand.

1-Methylthio-1-phenyl-1-silacyclohexand is the first compound which can be
employed to study the influence of the—-Si-S—-CH; motif on both the barrier to ring
interconversion and on the conformational equilibriof the Si-disubstituted silacylohexanes.
So far, monosubstituted silacyclohexanes (X = M&;, GiHs, CN, F, Cl, Br, I, OMe, NMg
2,8710.12. 253¢isubstituted analogu&scontaining a methyl group at silicon (X = F, £ and
disubstituted silacyclohexanes (H, CHs, F, Cl, OMe, NMeg) with the phenyl group at
silicor” * ® ***"have been studiedf( Scheme 3, the corresponding conformational equilibria
have been investigated in the gas phase by GEDRErwife in solution by vibrational

spectroscopy and/or low temperature NMR spectroscop
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H X X
H ) SO X<
,s'i = \Sm /Sli = S."/m /Sli = Si/m
xS=2\ i} HiC™ N L, PN b
2-eq 2-ax 3-eq 3-ax 4-eq 4-ax

Scheme 3Conformational equilibria of various mono- andSiisubstituted silacyclohexanes.

In serie2, CH;, SiH; and G:N prefer the equatorial conformation. The subshtsié-,
CFs, CI, Br, I, OMe and NMgin 2, however, were found as preferred axial conformers
(unlike in the corresponding cyclohexanes, whesy ttill remain equatorial). This trend is
continuing in the di-substituted derivativ@sthe methyl group remains in the equatorial, the
more polar substituents (gFF and Cl) change to the axial position. Finatlye phenyl
analoguegt: Depending on temperature in the gas phase (GE®)rathe freon solution (LT
NMR spectroscopy) the conformational preferenceg beadifferent. At room temperature in
the gas phase thh,, conformer is the preferred one, whereas in thenfisolution at ca. 100
K the correspondingheq conformer predominates. The latter result is ireament with the
evident trend of a more bulky substituent (Ph) ¢doupy the equatorial position and the other
substituent — less bulky and/or more electronegativto go to the axial position; the
differences are much less distinct as in the cpoeding cyclohexyl derivatives but clearly
indicating.

First, we calculated the free energy of activatioh the silacyclohexane ring
interconversion 4G”) of compoundL. In Figure 6 are given the relevarfC NMR data for
the Gpso carbon signal. The coalescence temperaftligewas found at 123 K, the chemical
shift difference Av = 317 Hz) of thé*C NMR signals of the two conformers was measured at
98 K, the lowest temperature obtained with the lld0¢8IR facility. Together with the rate
constantk; = © Av/N2 = 704.2via AG” = 19.14T, (10.32 + log Tko) the barrier to ring
interconversion of 5.8 kcal/mol was obtained, quibemal for the ring interconversion in the
so-far studied Si-disubstituted silacyclohexahés.

The barrier to the 6-membered ring interconversi@s also calculated by the same
procedure examining tHéSi NMR signal, and th&’C NMR signals of &° and of the SMe
carbon ofL. As to the'H NMR spectra, in spite of splitting of some signat low temperature
(not the SMe singlet), even at 98 K there are tamynpoorly resolved and overlapping
signals, so that the assignments could not beyedmile (se&Supplementary daja

Theoretical estimation of the barrier to ring irsien by calculating the transition state
(TS) at the same MP2 level as for conformer$ afe too time-consuming, so, it was done at
the MP2/6-311G**//IMP2/6-31G** level, that is, ondlgeometry optimized with a slightly
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smaller basis set. The energy of TS is higher thahof conformerd-Ph,, SMesq and1-

Pheq, SMex by 3.9 and 3.4 kcal/mol, respectively, which isatisfactory agreement both with
the experiment and the barriers for the previossiglied related silacyclohexarfésiowever,

it must be mentioned that the imaginary frequemognfMP2/6-31G** vibrational calculations
is as low as —41 crhand, moreover, this vibrational mode corresporadnly to the
distortion of the silacyclohexane ring from the icltanformation but mainly to rotational
vibrations of the phenyl ring about the Sisgbond, so, it cannot be considered as a reliable

TS for the ring interconversion.
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Figure 6.3C NMR spectra of 1-phenyl-1-SMe-1-silacylohexdrat various temperatures (above: 173 K, 123 K,
98 K; below: at 98 K, all in the freon solution).
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7.93
5.62

Figure 7.2°Si NMR spectrum of 1-methylthio-1-phenyl-1-silaayleéxanel at 98 K in the freon solution.

Second, the different contribution of the two canfers in the present conformational
equilibrium was determined. THeSi (cf. Figure 7), *°C signals of Gs, C*° and the SMe
carbon atom at 98 Kcf. Figure 6) were integratedK = [65.7]/[34.3] = 1.90 and evaluated
accordingly AG° = RT;InK = £0.12 kcal/mol). To determine the signA%° and, hence, the
structure predominating in the conformational aquiim (cf. Scheme 2, it is necessary to
assign the®*C and?°Si signals in the low temperature NMR spectra tecifz conformers.
Based on the comparison of theoretically calculated experimental chemical shiffBaple
3), as well as on the above brief analysis of cantdional preferences of the Si(Ph,X)
disubstituted silacyclohexanes, the major conformas assigned to th&-Phy conformer
(65.5%,AG° = 0.12 kcal/mol). This is in agreement with tleformational equilibria of the
other so far studied disubstituted silacyclohexaagsobtained by low temperature NMR
spectra. The differences AG° are only minor: for 1-X-1-Ph-silacyclohexanes£Xe, F, Cl,
OMe, NMe, SMe) they vary from -0.15 to -0.1 kcal/mol, bas compared with the
cyclohexyl analogues, there are parallel conforomali dependences. The most bulky
substituent Ph goes into the equatorial positidre {t-Ph,q conformer predominates), the
others go into the axial position. (ii) In doing, $be most bulky among the other substituents
(Me) shows the lowest percentagelafPh,q conformer (63%), while and the least bulky and
most polar ones (H, F, Cl) — the highest percentddePhy, (76-82%). In between are X =
NMe, (77%), OMe (69%) and SMe (66% @fPh,, conformer), which are unsymmetrical

rotors and can adopt the least hindered conformdtjorotating their methyl group(s) away
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from the ring. (ii) When comparing X = OMe and SMeslightly larger axial preference of
more polar OMe group is evident (69 vs. 66%). Jaogether, the conformational behavior
of substituted cyclohexanes persists for the sarbstguents in silacyclohexanes; the effects

are only less pronounced due to the longer C-Sil lolistances.

Table 3.Calculated (MP2/6-311G**) and experimentabld) 2°Si and**C chemical shifts3,
of 1-Phy and1-Phy conformerd of compoundl and their differencécq_.(ppm).

Conformer 298i Aeq—ax C:ipso Aeq—ax Crneta Aeq—ax §'E Aeq—ax SCH3 Aeq—ax
1-Phux 12.19 134.3 130.3 29.7 8.5
562 084 |133.0] 2.6 |[1351|-04 239/ -1.0 79 | -0.6
1-Phyg 13.03|2.31 | 1369 1.1 |1299|-14 28.7| 0.7 79 |05
7.93 134.1 133.7 23.2 7.4

dThe remaining carbon atomsy, Cearm C*% as well as altH NMR signals] do not split at 98 K.

In Table 3, the most convincing evidence of correct assigrinsethe calculated values
of Aeg-ax Which vary in parallel with the experimental orzesl prove the predominance of the
1-Pheg conformer. Note, that the relative Gibbs free giesrin Table 1 cannot strongly depend
on the polarity of the medium because th€hy and 1-Phy conformers have very close
calculated dipole moments differing by ~0.1 D (degheg on the method used). Therefore,
the predominance of tHePh,, conformer in gas phase, which is retained in tie®if mixture

used should probably retain in other solvents fiédint polarity.

3. Conclusions

In conclusion, we have synthesized 1-methylthidagnylsilacyclohexand, the first
silacyclohexane with the sulfur atom at silicon gedformed its conformational analysis by
GED, low-temperature NMR and theoretical calculagioln gas phase, the three lowest-lying
conformers were found to HePhy and 1-Phy, (two rotamers about the Si—S bonds) in the
ratio of 55:45% corresponding #5°(333K) = 0.13 kcal/mol. In the freon solution, INMR
spectroscopy showed decoalescence of sB@end®’Si signals at ca. 100 K, allowing to
measure a somewhat largePhy 1-Phy ratio of 65:35% corresponding #G°(98K) = 0.12
kcal/mol. The signals were assigned to specificfmomers based on quantum-chemical
calculations, including both the energy and NMRcahdtions, as well as by comparison to the
earlier studied analogues. The dynamic NMR anabisig allowed to determine the barrier to

interconversion of the silacyclohexane ring3 = 5.8 kcal/mol), which is typical for barriers
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measured by us earlier for other silacyclohexahksoretical calculations are consistent with
the experiment, proving a higher stabilitylsPh., conformer by up to 0.5 kcal/mol depending

on the method and basis set used.

4. Experimental Section

4.1 General.

IR spectra were taken on a Bruker Vertex 70 insemmChemicals and technical
grade solvents (hexane, triethylamine) were destillprior to use over CaH Room
temperaturéH, *C and®°Si NMR spectra were registered on a Bruker DPX gifctrometer
at working frequencies 406H), 100 ¢3C) and 79 MHz {°Si) in CDCk. Low temperaturé®si
and*C NMR spectra were recorded on a Bruker AVANCE-@@rument (at 119.2 MHz
and 150.95 MHz, respectively). Chemical shifts weetermined relative to residual CHCI
(*H, 7.27 ppm), internal CDgI(**C, 77.0 ppm), and internal GOl, (**C, 53.73 ppm).
Analysis and assignment of tid NMR data were supported by homonuclear (COSY) and
heteronuclear (HSQC and HMBC) correlation experitsie@ solvent mixture of CECl,,
CHFCL, and CHECI in a ratio of 1:1:3 was employed for the low parature measurements
because of being still liquid at around 100 K. finebe temperature was calibrated by means
of a thermocouple PT 100 inserted into a dummy .tdlbe low temperature measurements
were estimated to be accurate to £1°. EI mass ispétd eV) were obtained on a GC-MS-
QP5050A Shimadzu chromatomagsectrometer with quadruple mass analyzepillary
column Ultra 2, 0.2 mm x 50 m, gas carrier — heliBolvents were purified and dried by
standard procedures and stored over molecular siée All reactions were performed in

flame-dried glassware under argon atmosphere.

4.2 Synthesis.

Three-neck flask equipped with condenser, droppfagnel, thermometer and
protected from air moisture was filled with argardacharged with 1 g (0.014 mol) of MeSNa
(Acros Organics), 1.061 g (0.10 mol%) of dibenzeet®wvn-6 and 15 ml of benzene. Then,
3.011 g (0.014 mol) of 1-chloro-1-phenyl-1-silacjwéxane2 was added dropwise during 15
min at vigorous stirring, the mixture refluxed f& h, cooled to room temperature,

concentrated in vacuum (45 mm Hg). The residuetreased with hexane and filtered through
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Schott filter under Ar. After vacuum distillation745g (55%) of 1-methylthio-1-phenyl-1-
silacyclohexand. (b.p. 148-9C/1 mm Hg) was isolated. IR spectrum (filmy),cn™ 3062
(Ph), 2919 (Ch)), 2852, 1433 (SiCh), 1109 (SiPh)'H NMR, 8, ppm: 1.13 dd (&, SICH*, J
5.2, 1.9 Hz), 1.16 d {2, SICH?, J 6.1 Hz), 1.44 dtt (1HCH*, J 13.6, 9.1, 3.0 Hz) 1.55-1.65
m (1H, CH*), 1.73-1.87 m (@, CH,>?), 1.90 s (BI, SMe), 7.41-7.43 m #H, H™P), 7.65—
7.67 m (H, H°). *C NMR, 8¢, ppm: 8.20 (SMe), 12.63 {6), 24.12 (C?), 29.62 (C), 127.99
(CP), 129.75 (&), 134.06 (€), 135.10 (6. 2°Si NMR, 5s;: 6.61 ppm. Mass spectrum/z (1 e,
%): 222(83) M]*, 175(100) M—CHsS]", 145(68) [M—Ph], 121(70) [GHsSIHCH;]*, 105 (86)
[PhSIT’, 96(80) [GH10Si]*. Found, %:C, 64.25; H, 7.91; Si, 12. 80; S 14.23,,:5SSi.
Calculated, %: C, 64.63; H, 8.05; Si, 12.61; S 14.4

4.4 GED-MS experiments.

The diffraction patterns were recorded during a loowd gas-phase electron
diffraction and mass spectrometric experiment edrout using the EMR-100/APDM-1 unit
at ISUCT?? 3 The samples were loaded into molybdenum effusihfitled with crushed
pieces of Schott filter (the details of the expannsee in th&upplementary dajand kept at
333(3) K in the course of the experiments for coomubl. All operations with the sample
were done in a glove box under argon atmosphere cdhditions of the GED/MS experiment
and data refinement details are giveisupplementary data, Table 84d related chapters.

The El mass spectra recorded simultaneously wighdiffraction patterns showed at
Uioniz.= 50 V, a noticeable molecular peaitz= 222 a.m.u.(36), and a set of fragmented ions,
such as: [M-SMe]m/z= 175 (90), [M—Phm/z= 146 (62), [GHsSiH], m/z= 106 (100), see
also Table S3 irbupplementary Datdn order to check whether the daughter ions oatgd
from the same moleculk a set of mass spectra were recorded at lowetr@heenergies: the

molecular ion was left the only species afhlJas low as ca.10 V.
4.5 Computational details.

All calculations were performed with Gaussian 08gpam suite”* The geometry and
vibrational calculations were performed using DRitlf B3LYP-D3 and M062X functionals)
and MP2 methods with the 6-311G** and cc-pVTZ basats. The potential energy surface
(PES) profiles were obtained by scanning+€Cipsc—Si—S ) and Gys—Si—S-€ (¢) dihedral
angles with a step of 5° and optimization of allestgeometrical parameters at the M062X/6-
311G** level of theory. Also, the energies at th@®2X/6-311G** level for both conformers
have been calculated on a grid of points corresipgrio the Si—Gs, and Si—S torsion angles

varied with a step of 10° with optimizations of @her geometric parameters.



19

The Natural Bond Orbital (NBO) analysis was perfednat the M062X/6-311G**

levels using the GenNBO program version3.0.

Appendix A. Supplementary data

Supplementary data related to this article carobed at https://doi ...
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Highlights

1-Methylthio-1-phenylsilacyclohexare the first silacyclohexane with the sulfur atom
at silicon was synthesized.

The conformational analysis dfwas performed by GED, low-temperature NMR
spectroscopy and theoretical calculations.

In gas phase, the three lowest-lying conformessevfound to bé&-Phyy and1-Phyy

(two rotamers about the Si—S bons) in the rati®5#5% corresponding wG°(333K)

= 0.13 kcal/mol.

In a freon solution, LT NMR spectroscopy showedaa 100 K a conformational
equilibrium1-Phyq1-Phy ratio of 65:35% corresponding A65°(98K) = 0.12 kcal/mol.
The dynamic NMR analysis also allowed to detemsrilre barrier to interconversion of
the silacyclohexane ring\G” = 5.8 kcal/mol).

Theoretical calculations are consistent withgkperiment, proving a higher stability

of 1-Ph,q conformer by up to 0.5 kcal/mol depending on trethad and basis set used.
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ABSTRACT:

1-Methylthio-1-phenyl-1-silacyclohexarie the first silacyclohexane with the sulfur atonsiiton,

was synthesized and its molecular structure antbooational preferences studied by gas-phase
electron diffraction (GED) and low temperatdi€ and®*Si NMR spectroscopy (LT NMR). Quantum-
chemical calculations were carried out both forifmdated species and solvate complexes in gagand
polar medium. The predominance of h#eS,Ph,, conformer in gas phasg-Ph.q1-Ph, = 55:45,

AG° = 0.13 kcal/mol) determined from GED is consistith that measured in the freon solution by
LT NMR (1-Phy1-Phy = 65:35,AG® = 0.12 kcal/mol), the experimentally measuregsalbeing close
to that estimated by quantum chemical calculatairizoth the DFT and MP2 levels of theory.
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