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Hacmosawasa paboma asnaemcsa nPpoooJidHceHuemM Hauezo CUCeMAmuiecKo20 KOMnaeKc-
HO20 U3yyeHus cmpoeHus nPpou3eoonsix 1,3,5-mpucunayuxinozekcanos - coeOuHeHull ¢ uepeoyio-
WUMUCA AMOMAMU Y2NIepo0a U KPeMHUA 8 KapKace uiecmuynennozo yukia. Heoagno mot onyo-
JIUKO8AIU NEPEbLIL Pe3yIbmam no KOHMOPMAYUOHHBIM CEOUICHEAM U CHIPYKINYPE MOHO3AMeEU|eH-
Hozo 1,3,5-mpucunayukinozekcana, u3yueHHO20 MemMoOamu 2a3060il IeKmpoHozpaguu u Keau-
moeoii xumuu, a umenno 1-N,N-oumemunamuno-1,3,5-mpucunayuxnozexcana. B oannoit pa-
oome ovin cunmesuposan I-memoxcu-1,3,5-mpucunayuxknozexcan, u Oovliu onpeoeneHsl €20
CMPYKmypa u KOH(OPpMAYUOHHbBIE CEOICHEA C NOMOULbIO 2A30601 INeKMPOHozpaduu u meope-
muueckux pacuemos. Illecmuynennotit Yyuka umeenm KOHQUIYpayuIo «Kpecio», @ RPOMelcymou-
Hble MUHUMYMbL MeHCOY AKCUAbHBIMU U IKEAMOPUATLHOIMU KOHPOPMEPAMU COOMEENICINEYION
cmpykmypam twist-boat-Eq. Inepeemuueckuii 6apvep ons npoyecca g-Ax —twist-boat-Eq co-
cmaensaem okono 1.0 kkan/monv. Monexkyna moxncem cyuwjecmeoeams 6 3 unu 4 popmax (6 3aeu-
CUMOCHU OM MEeMO00d U OA3UCHO20 HAOOPA), OMIUYAIOWUXCA OpY2 Om OPY2a NOJIONHCEHUEM 3aMe-
cmumeneii. Pe3yiomamol K6AHMOBO-XUMUUECKUX PACYUENO8 NOKA3bIEAION, YMO KOHpopmepul
gouch c “enewmneir” opuenmauyueii zpynnot MeO, g-Ax (I) u g-Eq (I11), 601ee cmabunvhbl, 4em
mpanc-gpopmut ¢ “enympennen” opuenmavueii, \r-Ax (Il) u tr-Eq (IV); coomnowenue (I +111): (11
+ 1V) = (80-69) : (20-31)% (8 3asucumocmu om memooda u 6azucrnozo navopa). Hz oannsix ex-
mpoHozpaguu 06bvl10 yCMAHOBIEHO, YMO MOAbHbBIE 007U KOHpOopmepos cocmagnaiom g-AX:J-
Eq:tr-Eq=54(13):35(15):11(15)% npu T=287(3) K. Kongopmauuonnsie ceoiicmea oviau cono-
cmaenenvt 6 cepuu ananozuunwvix 1-OMe-1-(zemepo)yuxnozexcanos. Taxice 6vina npeonpunama
HORBIMKA 8b1A6UNMb KOHDOpMayuonnoe npoasienue 6 pacmeope memooom AMP. [lonvimka «3a-
Mopo3umb» Kongopmayuonnoe pasnogecue (cnexkmput *>*C AMP) ne ysenuanace ycnexom, ckopee
6cezo, u3-3a HU3K020 Gapvepa uneepcuu Koney cucmemsl 1,3,5-mpucunayunozexcanosvix Koeuy.

Karouesbie cioBa: 1-Mertokcu-1,3,5-TpucHiIanykiorekcat, MOJIEKYJIsIpHas CTPYKTypa, 00beAMHEHHAS
rasosas dneKTpoHorpadus/macc-criekrpomerpus, 2°C SIMP-cnekrpockomus, *H SIMP-cnekrpockonus, *C SIMP-
CHEKTPOCKOIHS IIPH HU3KUX TEMIIEPATypax

THE CONFORMATIONAL BEHAVIOR AND STRUCTURE OF MONOSUBSTITUTED
1,3,5-TRISILACYCLOHEXANES. PART II: 1-METHOXY-1,3,5-TRISILACYCLOHEXANE

L.E. Kuzmina, Tran Dinh Phien, I. Arnason, N.R. Jonsdottir, S.A. Shlykov

Liubov E. Kuzmina (ORCID 0000-0002-3295-2458), Sergey A. Shlykov (ORCID 0000-0003-4433-3395)*

Ivanovo State University of Chemistry and Technology, Sheremetievskiy ave., 7, Ivanovo, 153000, Russia
E-mail: shlykov@isuct.ru*

68 N3B. By30B. XuMus u xuM. Texsonorus. 2022. T. 65. Beim. 2



Tran Dinh Phien (ORCID 0000-0002-2264-1242)

L.E. Kuzmina et al.

Vietnam-Russia Tropical Center. 63 Nguyen Van Huyen, Cau Giay, Ha Noi, Vietnam

Ingvar Arnason (ORCID 0000-0003-3874-8172), Nanna R. Jonsdottir (ORCID 0000-0003-2555-1071)
Science Institute, University of Iceland, Dunhaga 3, 1S-107, Reykjavik, Iceland

This work is a continuation of our systematic comprehensive study of the structure of de-
rivatives of 1,3,5-trisilacyclohexanes - compounds with alternating carbon and silicon atoms in the
framework of a six-membered cycle. Recently we have published the first result on the conforma-
tional properties and structure of monosubstituted 1,3,5-trisilacyclohexane studied by gas-phase
electron diffraction and quantum chemistry, namely 1-N,N-dimethylamino-1,3,5-trisilacyclohex-
ane. In this work, 1-methoxy-1,3,5-trisilacyclohexane was synthesized, and its structure and con-
formational properties were determined using electron diffraction and theoretical calculations. The
six-membered cycle has a "'chair’ configuration, and the intermediate minima between axial and
equatorial conformers correspond to the structures of twist-boat-Eq. The energy barrier for the g-
twist-boat-Eq process is about 1.0 kcal/mol. The molecule can exist in 3 or 4 forms (depending on
the method and the basic set), differing from each other in the position of substituents. The results
of quantum chemical calculations show that gouch conformers with the "external** orientation of
the MeO group, g-Ax (1) and g-Eq (I11), are more stable than trans-forms with the "'internal®* ori-
entation, tr-Ax (11) and tr-Eq (1V); the ratio (I + I11): (11 + IV) = (80-69) : (20-31)% (depending on
the method and the basic set). From the electron diffraction data, it was found that the molar frac-
tions of conformers are g-Ax:g-Eq:tr-Eq=54(13):35(15):11(15)% at T=287(3) K. The conforma-
tional properties were compared in a series of similar 1-OMe-1-(hetero)cyclohexanes. An attempt
was also undertaken to identify the conformational manifestation in solution by NMR. An attempt
to "'freeze" the conformational equilibrium (**C NMR spectra) was unsuccessful, most likely due

to the low ring inversion barrier of the 1,3,5-trisylacylhexane ring system.

Key words: 1-Methoxy-1,3,5-trisilacyclohexane, molecular structure, combined gas-phase electron dif-
fraction/mass spectrometry, **C-NMR spectroscopy, *H-NMR spectroscopy, *C-NMR spectroscopy at low
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INTRODUCTION

Cyclohexane is known to be an important cor-
nerstone in organic stereochemistry, and the conforma-
tional behavior of numerous derivatives of it have been
studied for a long time using various experimental and
theoretical methods [1], but at the beginning of this
century, much less was known for its silicon ana-
logues, even the simplest case of silacylohexane, were
one carbon atom in the ring skeleton has been replaced
by a Si atom. During the past two decades, several pub-
lications on conformational properties of 1-Si mono-
substituted silacylohexanes have appeared. The con-
formational equilibrium has been studied experimen-
tally by gas-phase electron diffraction (GED), dynamic
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NMR, temperature-dependent Raman as well as IR
spectroscopies, and theoretically applying high level
guantum chemical approaches. In the case of mono-
substituted cyclohexanes, the general rule is a predom-
inance of the equatorial conformer. Conformational
preference of a substituent is generally expressed by a
conformational parameter, so called “conformational
energy” —the Gibbs free energy difference between the
axial and equatorial conformers. Monosubstituted si-
lacyclohexanes, when compared to the analogous
monosubstituted cyclohexanes either show a consider-
ably lower equatorial preference CHs [2], Ph [3], t-Bu
[4], or even more often a preference for the axial con-
former, F [5], Cl, Br, | [6], CFs [7, 8], SiHs [9], CN
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[10], NMe; [11], OMe [12]. Some reviews on the si-
lacyclohexanes structures and properties are available
in the literature [13, 14].

Another interesting six-membered silicon-
containing ring system is 1,3,5-trisilacyclohexane with
alternating carbon and silicon atoms in the ring skele-
ton. The chemistry of carbosilane molecules with alter-
nating carbon and silicon atoms has been reviewed in
a monograph [15]. Recently we published a first result
on conformational properties and structure of a mono-
substituted 1,3,5-trisilacyclohexane as studied by gas-
phase electron diffraction (GED), namely 1-N,N-dime-
thylamino-1,3,5-trisilacyclohexane [16]. Earlier GED
and quantum chemical (QC) study of the parent com-
pound, 1,3,5-trisilacyclohexane reported in [17] re-
sulted in experimental geometry and calculated energy
difference between the chair and twisted boat con-
formers to be 2.2 kcal'mol™! that may witness for a
complete domination of the former in gas phase at am-
bient temperatures.

In this paper, we report detailed GED/MS and
QC study of structure and conformational properties of
1-Methoxy-1,3,5-trisilacyclohexane in the gas phase.

EXPERIMENTAL SECTION

Synthesis

All syntheses were carried out in absence of
oxygen and moisture under an inert atmosphere of ni-
trogen gas employing standard Schlenk techniques for
all manipulations. All solvents were dried using appro-
priate drying agents and were distilled prior to use.
1,3,5-trisilacyclohexane was purchased from JSI Sili-
cone and used without further purification.

Compound 2, 1-bromo-1,3,5-trisilacylohex-
ane, was prepared according to a previous publication
[16]. A solution of triethylamine (6.3 g, 62 mmol),
methanol (2.0 g, 62 mmol) and 50 mL of diethyl ether
was added dropwise into a flask containing 2 (6.54 g,
31.0 mmol) and 175 mL of diethyl ether. White precip-
itate was immediately formed and the solution turned
light grey. Stirring was continued overnight and the
precipitate was filtered off. The solvent was distilled
off and NMR spectra confirmed the remaining clear
liquid to be 1-methoxy-1,3,5-trisilacyclohexane (3.08 g,
19.0 mmol, 61%). 'H NMR (400 MHz, CDCls): § —
0.01-0.04 (m, 2H, CH2), 0.12-0.18 (m, 4H, CH2), 3.5
(s, 3H, CH3), 3.95-4.15 (m, 4H, SiH2), 4.73 (m, 1H,
SiH). 3C NMR (101 MHz, CDCI3): 6 —10.68, —4.16,
51.54 (CH3). NMR spectra are shown in the Figures
S(1)-S(2) in the Supporting Information. Small signals
of an impurity can be detected in the NMR spectra. The
purity of the title compound 1 is estimated to be 96%
or better.
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GED/MS experiment

The diffraction patterns were recorded during
a combined gas-phase electron diffraction and mass
spectrometric (GED/MS) experiment carried out using
the EMR-100/APDM-1 unit at ISUCT [18, 19]. Due to
a high volatility of 1, an inlet system with dosing valve
was applied though which a vapour flow of the com-
pound passed into a stainless steel outlet effusion cell
filled with shavings of the same material and kept at
287(3) K in the course of the experiments. The condi-
tions of the GED/MS experiment and data refinement
details are given in Supporting Information, Table
S1(a) and related chapters.

The mass spectra (El, 50 eV) of the molecular
beam taken synchronously with the GED experiments
showed the major peaks and their intensities: m/z (%)
162 [M] * (100), 147 [M-Me]* (57), 131 [M-OMe]*
(63), see Table S1(b) for details. With a decrease of
ionizing electrons energy, a relative contribution of
fragment ions decreased; the only peak representing
the mass spectrum at less than 9 eV was the molecular
ion [M]*.

Low temperature *C-DNMR

A 400 MHz NMR spectrometer (Bruker
Avance 400) was used for the NMR experiments. A
solvent mixture of CD,Cl,, CHFCI,, and CHF.Cl in a
ratio of 1:1:3 was used for low temperature **C meas-
urements of the title compound. We have previously
used this Freon mixture successfully to freeze the con-
formational equilibria of monosubstituted silacyclo-
hexanes [20-23]. *.C-DNMR was measured for 1 at the
temperature range from 177 K down to 115 K. Further
cooling to 112 K resulted in a repetitive loss of the lock
signal that prevented measurements at lower tempera-
tures. Upon cooling the spectra show broadening of all
the signals which was most pronounced for the two
equivalent carbons (2) adjacent to the substituted sili-
con atom. Expanded spectra for carbons (2) at temper-
atures in the range from 177 K to 115 K are shown in
Figure S3 in the Supporting information. The band-
width at 115 K is nearly five times larger than at 177 K
and the slope at the right side is clearly steeper than at
the left side. This might indicate that a second, smaller,
signal would be formed on the left side of the main sig-
nal upon further cooling. Calculated values indicate
that the energy barrier required for ring inversion of
the 1,3,5-trisilacylohexane ring system is as low as
5.5 kcal/mol [24]. We note that a second monosubsti-
tuted derivate of 1,3,5-trisilacylohexane also escaped
the detection of a frozen equilibrium using *C NMR at
low temperatures [16].

Computational details

All calculations of 1 were performed with
Gaussian 09 program suite [25]. The geometry and vi-
brational calculations were performed using DFT (with
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B3LYP, B3LYP-D3 and M062X functionals) and MP2
methods with the 6-311G** and cc-pVTZ basic sets.
The potential energy surface (PES) profiles were ob-
tained by calculations of ring inversion from equatorial
and axial forms at M062X/6-311G** level.

RESULTS AND DISCUSSION

Energies

Scanning the potential energy surface profile
for internal rotation of the methoxy group rotation
around the Si — O bond by the M06-2X/6-311G**
combination, Fig. 1, showed that the molecule has four
conformers: two axial conformers in gauche-(g-Ax, I)
and trans-(tr-Ax, 1) positions and two equatorial in
gauche-(g-Eq, I1l) and trans-(tr-Eq, V) positions, (Fig. 2)
differing from each other by the position of the substit-
uent. All of them correspond to the minima of potential
energy, which is confirmed by the calculation of har-
monic vibration frequencies.

C4/4
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o
c1 Sil
Si2 f\)’
L) “si3
C3%
g-Ax, |
of
c1
Si2 )
Q2% SiS' 3%
tr-Ax, Il
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Si2 =, o ¢4
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c1  Sil 0o
Si2 —0
’\ Cc4
2 ) Si3 C3 4 -
tr-Eq, IV

Fig. 1. Possible conformers of compound 1; hydrogens omitted
for easier view. The trans and gauche orientations of the methoxy
group are considered relative the hydrogen atom at Si
Puc. 1. Bo3amoxxHbIe KOH(GOPMEPBI coeUHEHNs 1; BOIOPO/IBI OIy-
HICHBI I 00JIerYeHns MPOCMOTpa. Tparc- v 20ui-OpUeHTALINH
METOKCUI'PYTIIIBI paCCMaTPUBAOTCSA OTHOCUTEIIBLHO aTOMa BOAOPO-
Jia ipu atome Si
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According to the calculations performed, all
located conformers possess a C1 symmetry of equilib-
rium structure, except the case of the trans-axial 11
structure when using B3LYP and B3LYP-D3 function-
als with 6-311G** and cc-pVTZ basis sets which re-
sulted in Cs symmetry (see Fig. 2 (a)).
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Fig. 2. Potential energy surfaces (PES) profiles of the 1-methoxy-
1,3,5-trisilacyclohexane obtained by scanning by rotating the —
OCHjs group around the Si — O bond for axial (a) and equatorial

(b) conformers of 1 (see also Fig. 1) calculated by different meth-
ods with 6-311G** basis set. Both plots have the same ordinate

axes scale. 1- M062X, 2— B3LYP, 3—- MP2

Puc. 2. Ilpodunm moBepxHOCTEH OTeHIIMATBHOU Heprin (PES)
1-merokcu-1,3,5-TpucnnanukiorekcaHa, NoxydeHHbIe CKaHUPO-

BaHMeM IyTeM Bpamenus rpynnsl —OCHs Bokpyr cBsizu Si—O mist
aKCHAIbHBIX (a) ¥ 9KBaTopuatbHBIX (b) KoH(popMepoB 1 (cM. Taroke

Puc. 1), paccunTaHHBIX pa3TUYHBIMI METO/IaMH ¢ 0A3UCHBIM

HabopoMm 6-311G**. Oba rpaduka UMEIOT OAMHAKOBBIA MacTad

oceif opauHar. 1- M062X, 2— B3LYP, 3— MP2

Moreover, a ring inversion PES was obtained
by synchronous scanning of two opposite dihedral an-
gles of the ring, Sil-C1-Si2-C2 and Si1l-C3-Si3-C2,
at M062X/6-311G** level with a step of 10° (Fig. 3).
Thus, the molecule exists in three forms: g-Ax, g-Eq,
tr-Eq, which correspond to the minima on the 3-D
presentation and its projection of the relative energy
surface. The intermediate minima between correspond
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to twist-boat-Eq structures. As follows from Fig. 3, the
energy barrier for tr-Eq — twist-boat-Eq process is
ca. 1.0 kcal/mol.

Fig. 3. A 3-D presentation and its projection of the relative energy
surface of 1 calculated at the M062X/6-311G** level of theory,
shown as a function of two dihedral angles; the iso-energy con-

tours are drawn with 0.5 kcal/mol step
Puc. 3. TpexmepHO€e MpeacTaBICHUE U €r0 MPOCSKIHS OTHOCH-
TENBbHOU 3HEPTeTHUECKON MTOBEPXHOCTH 1, pacCUNTaHHOH Ha
ypoBHe Teopun M062X/6-311G**, nokazaHHbIe Kak QyHKLIUSI
JIBYX IBYIPaHHBIX YIJIOB; H303HEPT€TUYECKHUE JIMHUY IIPEICTaB-
Jj1eHsl ¢ marom 0,5 Kkaj/MoJIb

Differences between energies of boat and twist
conformers with respect to g-Eq are as follows: the
boat has an energy of less than 1.0 kcal/mol, which cor-
responds to about 10%,; twist conformer has a higher
energy of 2.0-2.3 kcal/mol.

Theoretical relative total energy, Gibbs free
energy, and the molar fraction of the conformers are
summarized in Table 1. All theoretical methods show
that the g-Ax and tr-Ax conformers (with an “outer”
orientation of the MeO group) are more energetically
stable than g-Eq and tr-Eq (with an “inner” orientation
MeO group). Note that zero point correction were not
applied. The ratio of equatorial and axial forms is (g-
Ax + tr-Ax) : (g-Eq + tr-Eq) = (80-69):(20-31)%. It is
obvious that 1,3-diaxial repulsion between the substit-
uent and the ring destabilizes the trans-conformers. At
the same time, the orbital interaction between the lone
pair of the O atom with the Si orbitals stabilizes to
some extent the trans conformers. Interestingly, the
MP2(FC) method with the 6-311G ** basic sets
showed the absence of the Il conformer (tr-Ax).

Table 1

Relative total electron energies AE, Gibbs free energies AG and contributions X of all conformers of 1
Tabnuya 1. OTHOCHTENILHBIE MOJIHBIE YJIEKTPOHbIE JHepruu AE, cBo6oanbie snepruu I'm66ca AG u Bkaaasl X Beex
KOH(popMmepoB 1

AE, keal/mol AG°(298K), kcal/mol X(298K), %

Method/basis set L[ v | 1 I [ v [t n[mfv

B3LYP/6-311** 0.00 | 1.66 | -0.26 | 0.39 | 0.00 | 1.44 | -0.44 | 0.19 |26]| 2 | 54 |18

B3LYP-D3/6-311G** 0.00 | 1.21| 0.28 | 0.65| 0.00 | 0.42 | -0.04 | 0.46 | 33|16 36 | 15
MO62X/6-311G** 0.00 | 1.56 | 043 | 0.73| 0.00 | 1.54 | 0.09 | 0.33 |40 3 [ 34|23

MP2(FC)/6-311G** 0.00 | 1.94 | -0.18 | 0.64 | 0.00 | 2.73 | -0.17 | 0.33 |34| 0 | 46 | 20
B3LYP-D3/CC-pVTZ 0.00 | 1.21| 0.31 | 0.69| 0.00 | 0.73 | 0.11 | 054 |40|12|33[15

GED analysis

The diffraction intensities were averaged from
6 photographic films for long and short camera dis-
tances, respectively, and were used for further data pro-
cessing. Total scattering intensities and background
curves are given in Fig. S4 and Table S2 in Supporting
Information. The total intensities were transformed
into molecular intensity curves sM(s) by background
elimination, see formula (1) in Supporting Information.
All refinements were done using two intensity curves
simultaneously. The conformers contribution in the
LS-refinement was sought in two ways: (i) as a in in-
dependent parameter and (ii) by scanning at fixed con-
tributions while all structural parameters were refined
(Fig. 4). The experimental and theoretical molecular
scattering intensities sM(s) and radial distribution
curves f(r) with the corresponding differences “Ex-
perim.—Theor.” are plotted in Fig. 5.
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The GED data were analyzed using the UNEX
program [26]. Refinements were performed assuming
C: symmetry of the molecule for the trans-conformers
and for the gauche-conformers.

Depending on the ‘method/basis set’ combina-
tion of the QC calculations, three or four conformers
located —among various calculations performed, some,
though not all, of them predict the conformer Il as not
favorable (see Table 1). For this reason in the GED
data refinement the conformer Il was excluded from
consideration.

The following independent geometric parame-
ters were used to describe the geometry: for compound
1 (Fig. 1): 22 bond distances, 4 groups, the groups
shown in square brackets: [r(C1-Sil), r(C1l-Si2),
r(C2-Si2), r(C2-Si3), r(C3-Si3), r(C3-Sil1)], [r(H-
Sil), r(C4-0), r(HaSi2), r(HeSi2), r(Ha—Si3),
r(Heq—Si3)], [r(O-Sil)], [r(Hax—C1), r(Heq—C1), r(Hax—
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C2), r(Heq—C2), r(Ha—C3), r(He—C3), r(H-C4), r(H-
C4), r(H-C4)]; 19 bond angles, 3 groups: [£(C-Si-C),
/(Si2-C2-Si3), «(Si3-C3-Si1)], [«£(O-Si-C)],
[£(C-0O-Si)]; dihedral angles, 3 groups [£(C4—-0-Si—
C1)] for conformers 1, as a separate group, [£(C4-O—
Si—C1)] for conformer 111, [£(C4-O-Si—C1)] for con-
former 1V see in Table S3 (Supporting Information)
http://journals.isuct.ru/ctj/workflow/index/4116/5. The
differences between parameters with a group were
adopted from M062X/6-311G** calculations.

Vibrational amplitudes for all three conform-
ers were refined in 8 groups according to the specific
regions in the radial distribution: 0-1.2; 1.2-1.5; 1.5-
1.7; 1.7-2.2; 2.2-3.4; 3.4-4.0; 4.0-4.8; 4.8-9.1 A for
the compound 1, see the f(r) plots in Fig. 5. The ratios
between the amplitudes within each group were con-
strained to the calculated values. Vibrational correc-
tions Ar = ry — I, and starting root-mean square ampli-
tudes were calculated with the Vibmodule program
[27] using the so-called second approximation, in
which a harmonic approach with nonlinear relation be-
tween Cartesian and internal coordinates was applied
on the basis of the force field estimated in the QC cal-
culations at the M062X/6-311G** level.

0 25 50 75 100

Molar fraction of conformer I, %
Fig. 4. Agreement factor Rr as a function of molar fraction of the
most stable conformers of compound 1. All geometric and vibra-
tional parameters were refined, see text above. Hamilton’s crite-
rion [28] was applied for the Ri/Rmin) ratio of roughly 1.03 to es-
timate the uncertainties in the conformers’ contribution was ap-
plied (see bold red contour)
Puc. 4. Koabdurrent cornacoBanus Rf kak dhyHKIms MosIpHO#A
ol HarboJee cTabMITBHBIX KOH-(hopMepoB coennHeHus 1. Bee
TeOMETPHIECKHE U KoebaTenbHbIe TapaMeTphl BApbUPOBAINCE,
cM. Tekct Bhime. Kputepuit [amunbroHa [28] ObLT IpUMEHEH
1utst oTHoIeHust Ri/Ri(min), paBHOrO prMepHo 1,03, 1715t OLIeHKH
HEOIIpeIeIeHHOCTH BKJIaJa KOH(GOpMepoB (CM. )KHUPHBIH Kpac-
HBII KOHTYD)
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Correlation coefficients between structural pa-
rameters of the least-squares analyses are provided in
Table S7 (Supporting Information). No correlation
above 0.8 occurred; for five pairs of parameters these
coefficients are between 0.6 and 0.8: tCOSIC - Xmol
(-0.76), AMPLGROUP - Scale 0.74), aCSiC - rCSil
(-0.71), aOSiC - Xmol (-0.68), aCSiC — Xmol (-0.64).

sM(s)

598 mm

HE W N R

[
[u—
(S

Fig. 5. Molecular scattering intensities SM(s) (upper) and radial
distribution curves f(r) (lower): experimental (dots) and theoreti-
cal (black line) for refined mixture of three most stable conform-
ers 1:111:1V=54(13):35(15):11(15)% for 1 (line 1); colored lines
correspond to refinement of all parameters under assumptions of
the individual conformers: 2 — 1, 3— 111, 4 — IV. The differences
“Experim.-Theor.” are given at the bottom
Puc. 5. IHTEHCHBHOCTH MOJIEKYJIAPHOTO paccessHust SM(s)
(BBepXy) ¥ KpHBBIE paguabHOTO pacnpenenenus f(r) (BHU3Y):
9KCTIEPHMEHTATBHBIC (TOYKH) M TEOPETUIECKHUE (YepHAast IMHU )
IUTSL ONTHMAITFHON CMECH TpeX HanOouiee CTaOMIBHBIX KOH(pOopMe-
poB L:111:1V=54(13):35(15):11(15)% mmnst coenurenns 1 (cTpoka 1);
LIBETHBIE JTUHUHA COOTBETCTBYIOT BAPEUPOBAHUIO BCEX ITapaMETPOB
B IPE€ANOJIOKCHUU l'lpI/ICyTCTBI/Iﬂ TOJIBKO OTACIIBbHBIX Kombopme—
poB: 2 —1,3—111, 4 — 1V. Pasnocrusie nunaun “Oxcnep.— Teop.”
IIPUBEIEHBI BHU3Y

Geometry

Selected experimental (GED) and calculated
(QC) geometric parameters of the three most stable
conformers are compiled in Table 2.
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Table 2
Selected theoretical (with 6-311G** basis set) and experimental geometric parameters[a] of three most stable con-
formers of 1
Ta6nuya 2. BriopanHbie TeopeTHyecKue (¢ 0a3ucHBIM HaGopoM 6-311G**) u 3xcnepuMeHTaTbHbIE TeOMeTpHYe-
CKHue napaMeprl[a Tpex HanoOoJiee CTA0MJIbLHBIX KOH opMepoB 1

%?”m'er g-Ax, | g-Eq, 111 tr-Eq, IV
Method BSLYPB3I6\3(P'M062X MP2| GEDI! BSLYPBSIIS\S(P-MOGZX MP2| GEDI BSLYPBSS;(P'Moszx MP2| GEDI

Bond distance, A
Sil-C1 [1.874 | 1.872 |1.874 |1.864{1.875(4)| 1.885 | 1.883 | 1.862 |1.874]1.862(4)| 1.885 | 1.883 | 1.874 |1.875| 1.875(4)
C1-Si2 |1.893 | 1.893 |1.884 |1.884]/1.885(4)| 1.893 | 1.891 | 1.882 |1.883)1.882(4)| 1.893 | 1.891 | 1.883 |1.883| 1.883(4)
Si2-C2 |1.893 | 1.893 |1.881 |1.884]/1.881(4)| 1.890 | 1.890 | 1.882 |1.881)1.882(4)| 1.891 | 1.890 | 1.882 |1.882| 1.882(4)
Sil-O |1.666 | 1.666 |1.662 |1.665|1.669(6)| 1.667 | 1.666 | 1.660 |1.664|1.666(6)| 1.666 | 1.666 | 1.659 |1.664| 1.666(6)
O-C4 [1.419 | 1.420 |1.412 |1.419/1.432(5)| 1.419 | 1.420 | 1.413 [1.420/1.432(5) | 1.417 | 1.419 | 1.411 |1.417]1.430(5)
(Salvlég 1.494 | 1.492 |1.486 |1.485/1.506(5)| 1.493 | 1.491 | 1.488 |1.486|1.507(5)| 1.482 | 1.481 | 1.477 |1.476| 1.497(5)

Bond angle, °
Clézll_ 110.0 | 109.9 | 109.8 |109.6/110.1(2) | 109.9 | 109.9 | 109.8 {109.6{110.1(2) | 108.3 | 108.3 | 107.7 |107.6/ 108.0(2)
Si1-C1-

Si2
Si2-C2-
Si3
C1-Sil-
0
Slcl:-40- 125.8 | 125.1 | 122.1 121.5[120.3(9) | 125.1 | 124.1 | 121.9 {121.0{120.0(9) | 126.6 | 124.8 | 123.0 |122.5/121.2(9)

H-Si1-O| 109.0 | 109.5 | 109.1 |109.3105.5(6) | 109.0 | 109.2 | 109.0 |109.2/105.5(6)| 103.7 | 104.3 | 105.0 |104.2] 101.5(6)

Torsion angle, °
2Ch | 520 | 527 | 556 | 53.6| -54.6(9) | -52.8 | -53.8 | -54.9 |-54.4|-53.8(9) | -54.1 | -54.7 | -56.8 |-65.7| -55.7(9)

H-Si1-O-

C4

C1-Sil-
O-C4

Flap(Si1-
C1-C3-| 464 | 504 | 51.7 |49.9| 516 | 46.1 | 47.1 | 486 |474| 484 | 485 | 486 | 51.3 |50.1| 511
Si3)lc d

Flap(Si1-
C3-C1-| 463 | 49.7 | 524 |49.7| 523 | 465 | 47.3 | 482 |478| 481 | 485 | 486 | 51.2 |50.1| 511
Si2)le d

Flap(C2-

Si2-Si3-| 47.7 | 479 | 494 |48.7| 494 | 481 | 49.7 | 515 |499| 515 | 478 49 50.8 |49.6| 50.8
C3)[c, d]

Flap(C2-

Si3-Si2-| 475 | 472 | 50.1 |485| 50.1 | 484 | 499 | 512 |504| 512 | 478 49 50.7 |49.6| 50.7
Cl)[c, d]
Notes: B rn1 values (rmi=ra+Ar) are given for GED results. The vibrational corrections Ar were calculated by the Vibmodule program
[27] using the so called second approximation, in which harmonic approach with nonlinear relation between Cartesian and internal
coordinates were applied on the base of the force field estimated in the quantum chemical calculations at M062X/6-311G** level
I Values in parentheses for the GED data are full errors estimated as o(rn1)=[cscale®+(2.50Ls)?]”, where oscale = 0.002r and oLs is a
standard deviation in least-squares refinement for internuclear distances and as 3ovs for vibration amplitudes. The place-value is such
that the last digit of the uncertainty lines up with the last digit of the nominal value
[c] Flap (Si) and flap (C) are the angles between the Si3C3... C1Si2 plane and the CSilC and Si2CSi3 triangles, respectively (Fig. 1)
[9 Dependent parameter
Mpumeuanus: @ Jina pesynsraros GED npuBeieHs! 3Ha49EHHU thi, Te (thi=Ta+Ar). KoneGaTenbHble MONPaBKU Ar GbUTH PACCUUTAHBI
¢ momoripko nporpammMsl Vibmodule [27] ¢ BCONB30BaHHEM TaK Ha3bIBAEMOTO BTOPOTO MPHOJIMKEHHS, B KOTOPOM MPUMEHOCH Tap-
MOHHYECKOE MPHOIIKEHNE C HETMHENHOM CBI3bI0 MKy Oe-KapTOBBIMH H BHYTPEHHHMH KOOPIHHATAMH Ha OCHOBE CHIIOBOTO TIOJIS,
OIIEHEHHOT'O B KBAHTOBO-XMMHYECKHX pacyerax Ha ypoBHe M062X/6-311G**

(] 3gayenus B ckoOkax a1s GED JaHHBIX — 3TO MOJHBIE TIOrPEITHOCTH, OLEHNUBAIOTCA Kak G (Ih1)=[Cscale’+(2.5615)%]”, rae Oscale =
0.002r u oLs cTaHIapT-HOE OTKJIOHEHHE MPOLIEAYPhl HAMMEHBIIUX KBaJPATOB JJIsi MEXKbSACPHBIX PACCTOSHUAX U, KaK 30LS AJIS aM-
TUTATYT KOJIeOaHmit.

[ Vb1 Flap (Si) and flap (C) - 310 yrtst Mexty miockoctsio SI3C3... C1 C2 u tpeyromsaukamu CSilC C u Si2CSi3 cootseTcTBeHHO (pHC. 1).
[l 3apucumbIit mapamerp.

[l'Yroer Flap (Si) and flap (C) - ato yris: mesxny mockoctbio SI3C3... C1 C2 u tpeyronsrukamu CSilC C u Si2CSi3 cooTeTcTBEHHO

(puc. 1).
9] 3apucumbIii mapamerp.

115.0 | 113.6 | 111.9 |113.7112.3(2) | 114.6 | 114.0 | 113.3 |114.0{114.2(2) | 114.5 | 114.3 | 113.2 |113.9/113.6(2)

115.3 | 1155 | 114.8 |115.5/116.9(2) | 114.4 | 114.0 | 113.2 |114.0{115.2(2) | 114.4 | 113.9 | 113.2 |114.0|115.2(2)

105.7 | 105.3 | 109.1 |105.4{105.6(14)| 106.9 | 107.2 | 107.7 |107.4{103.9(14)| 112.3 | 111.7 | 111.7 |112.3107.9(14)

-57.8 | -66.7 | 64.9 |63.653.3(11)| -55.9 | -59.7 | 61.5 |60.7|61.4(11)| 180.0 | 180.0 | 180.0 |180.0[145.4(11)

-62.7 | -54.2 | -60.0 |-57.3|-63.6(13)| 175.4 | 179.5 | 178.4 |179.4{177.8(13)| -61.2 | -60.7 | -60.3 |-60.7(-98.8(13)
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The results of quantum chemical calculations
at M062X/6-311G** level are in good agreement with
the GED values (bond distances, bond angles and tor-
sion angles). However, the O-C4 and Sil-H (aver.)

bonds length from GED analysis is Ionger by than
that from QC calculations. Experimental and theoreti-
cal geometric and vibrational parameters of all con-
formers are summarized in Supporting Information,
Tables S4-S6.

Comparison of conformational preferences in
a series of analogous 1-OMe-(hetero)cyclohexanes

Conformational preferences in gas-phase of 1-
(OMe, X)-1-(Y)cyclohexanes and 1-OMe-1,3,5-trisi-
lacyclohexane are compiled in Table 3. As one could
expect from steric suggestions, the longer Y-O bond
length (where Y is a heteroatom introduced into the
six-membered cycle) results in a less repulsion and,

L.E. Kuzmina et al.

thus, in a richer contribution of conformers with axial
position of the methoxy group — this is clearly mani-
fested in the series of Y= N,C,Si, see compounds 6, 5
and 3. Moreover, a more spacious cycle, in case of tri-
ply silicon implemented 1,3,5-trisilacyclohexanes (1),
could seems to produce a similar tendency in compar-
ison with a single silicon heteroatom (3), but it does not
evidently follow from the both, theoretical and experi-
mental results, represented in Table 3, though a variety
of the species contributing increases. Addition of a
substituent adjacent to the OMe-group, such as a
highly conjugated phenyl group (4) somewhat ‘sup-
pressed’ the OMe-axial species abundance. A serious
dissimilarity is to be noted for 1-methoxy-piperidine 6
which is represented in gas phase by, almost exclu-
sively, equatorial form, with the outer direction of the
methoxy group, cis-form.

Table 3
Comparison of conformation contributions (mol.%) of 1-methoxy-(hetero)cyclohexanes
Tabnuya 3. CpaBHeHHE BKJIA10B KOH(popMepoB (M011.%) 1-MeTOKCH-(IeTepo)IHKIOreKCaHOB
Method Ref. QC GED
Compound [ g-Ax tr-Ax g-Eq tr-Eq g-Ax | tr-Ax | g¢-Eq tr-Eq
(OMe-113 5-Si) This work| 26-40 0-16 33-54 15-23 54(13) - 35(15) | 11(15)
(OMg——Si) [12] 30-53 1-6 33-54 6-19 59(12) - 41(12) -
(OMe 4Ph)—-Si) [29] 24-39 5-7 28-53 2-28 30(15) - 60(15) | 10(15)
o]
(O?/Ie—C) [12] 40-54 - 46-60 — N/A N/A N/A N/A
(OMGe_N) [30] 3-14 (c-AX) 86-97 (c-Eq)) N/A | NIA | N/A | NIA

Notes: [ - 1-Methoxy-1,3,5-trisilacyclohexane (1), 1-Methoxy-1-silacyclohexane (3), 1-methoxy-
1-phenyl-1-silacyclohexane (4), methoxy-cyclohexane (5), methoxy-piperidine (6)

Bl _ only M062X/6-311G** and M062X/cc-pVTZ results

[pumeuanus: [ -1-metokcu-1,3,5-tpucunakuxiorekcan (1), 1-metokeu-1-cunakuknorekcan (3), 1-MeTokcu-
1-pennn-1-cunakuknorekcan (4), MeTokcH-uukinorekcas (5), merokcu-nunepuaut (6)

] - ronpko pesynsTaTel M062X/6-311g** u M062X/cc-pVTZ

CONCLUSIONS

In this contribution, we have presented a study
of the title compound, 1-Methoxy-1,3,5-trisilacylohex-
ane 1. Our main focus has dealt with geometry and en-
ergetics of its various conformers. The substituent may
be axially or equatorially oriented and it may be trans
or gauche relative to the hydrogen atom at the substi-
tuted Si atom. From the GED analysis a ratio g-Ax:g-
Eq:tr-Eq conformers was found 54(13):35(15):11(15)%
at 287(3) K. At the same time, the (g-Ax and g-Eq):(tr-
Ax and tr-Eq) ratio is (80-69):(20-31)% from QC re-
sults, that excellently agrees with experimental values.
The studies reported in last decades demonstrated the
GED method in combination with QC calculations as

ChemChemTech. 2022. V. 65.N 2

a powerful tool for gas-phase molecular structure de-
termination even for relatively bulky and flexible spe-
cies with ‘rich conformeric variety’, for example,
amino acids [31].

An attempt to freeze the conformational equi-
librium (13C NMR spectra) has been undertaken. Un-
like many other successful cases of silacyclohexane
derivatives ([2,3,5-10], etc.), in this it failed, most
likely because of the low ring inversion barrier of the
1,3,5-trisilacylohexane ring system. However, our re-
sults presented herein will inspire us to examine more
examples of that ring system.

ACKNOWLEDGEMENTS

The experimental data collection was funded
by Russian Foundation for Basic Research (Project

75



JLE. Ky3bpmuna u ap.

number 20-31-70001). The authors are grateful to Dr.
Arseney A. Otlyotov (ISUCT) for great help with the
UNEX program usage and Boris V. Puchkov for help
with QC calculations and initial data processing. SAS
is grateful to the Russian Science Foundation for the
support of the theoretical calculations of this study
(Grant No. 20-13- 00359). The gas-phase electron
diffraction/mass-spectrometric experiments were
carried out using the GED/MS equipment (https://
www.isuct.ru/department/ckp/structure/ged-ms) of the
resources of the Center for Shared Use of Scientific
Equipment of the ISUCT (with the support of the Min-
istry of Science and Higher Education of Russia, grant
No. 075-15-2021-671).

The authors declare the absence a conflict of
interest warranting disclosure in this article.

BJIATOJAPHOCTU

Oxcnepumenmanvuvle  21eKmMpoHoZpaguye-
CcKue OanHbvle norydenvl npu noodepaicke Poccuiickoeo

JIUTEPATYPA

1. Bushweller C.H. Stereodynamics of Cyclohexane and Sub-
stituted Cyclohexanes. Substituent A Values. Conforma-
tional Behavior of Six-Membered Rings. New York: VCH
Publishers, Inc. 1995. P. 25-58.

2. Arnason I., Kvaran A., Jonsdottir S., Gudnason P.I.,
Oberhammer H. Conformations of Silicon-Containing
Rings. 5., Conformational Properties of 1-Methyl-1-silacy-
clohexane: Gas Electron Diffraction, Low-Temperature
NMR, and Quantum Chemical Calculations. J. Org. Chem.
2002. V. 67. N 11. P. 3827-3831. DOI: 10.1021/j00200668.

3. Shainyan B.A., Kirpichenko S.V., Osadchiy D.Y., Shlykov
S.A. Molecular structure and conformations of 1-phenyl-1-silacy-
clohexane from gas-phase electron diffraction and quantum chem-
ical calculations. Struct. Chem. 2014. V. 25. N 6. P. 1677-1685.
DOI: 10.1007/511224-014-0444-0.

4. Belyakov A.V., Sigolaev Y., Shlykov S.A., Wallevik S.O,,
Jonsdottir N.R., Bjornsson R., Jonsdottir S., Kvaran A,
Kern T., Hassler K., Arnason I. Conformational properties of
1-tert-butyl-1-silacyclohexane, CsHi0SiH(t-Bu): gas-phase elec-
tron diffraction, temperature-dependent Raman spectroscopy,
and quantum chemical calculations. Struct. Chem. 2015. V. 26.
N 2. P. 445-453. DOI: 10.1007/s11224-014-0503-6.

5. Bodi A., Kvaran A., Jonsdottir S., Antonsson E., Wallevik
S.0., Arnason L, Belyakov A.V., Baskakov A.A., Holbling
M., Oberhammer H. Conformational properties of 1-fluoro-1-
silacyclohexane, CsH10SiHF: Gas electron diffraction, low-tem-
perature NMR, temperature-dependent Raman spectroscopy,
and quantum chemical calculations. Organometallics. 2007.
V. 26. N 26. P. 6544-6550. DOI: 10.1021/om7008414.

6. Wallevik S.O., Bjornsson R., Kvaran A., Jonsdottir S.,
Arnason 1., Belyakov A.V., Kern T., Hassler K. Confor-
mational properties of 1-halogenated-1-silacyclohexanes,
CsH10SiHX (X=Cl, Br, I): gas electron diffraction, low-tem-
perature NMR, temperature-dependent Raman spectroscopy,
and quantum-chemical calculations. Organometallics. 2013.
V. 32. N 23. P. 6996-7005. DOI: 10.1021/0m4005725.

7. Girichev G., Giricheva N., Bodi A., Gudnason P.,
Jonsdottir S., Kvaran A., Arnason I., Oberhammer H.
Unexpected conformational properties of 1-trifluoromethyl-
1-silacyclohexane, CsH10SiHCF3: gas electron diffraction,
low-temperature NMR spectropic studies, and quantum
chemical calculations. Chem.-Weinheim-Eur. J. 2007. V. 13.
N 6. P. 1776-1783. DOI: 10.1002/chem.200600683.

76

gonoa pynoamenmanvroix uccredosanuil (Ilpoexm No
20-31-70001). Asmopwl svipasicarom 61a200apHOCTDb
K.x.H Apcenuro Aundpeesuuy Omnemogy (UI'XTY) 3a
nomowys 8 ucnoawvzosanuu npoepammvt UNIX u bopucy
Buxmoposuuy Ilyurxosy 3a nomows 8 pacuemax u 06-
pabomke 0aHHLIX HA HaAuanbHOU cmaduu. SAS brazo-
odapen Poccutickomy Hayunomy ¢oHOy 3a n000epIiICcKy
Meopemuyeckux —pacyemos 3mo20 UCCLed08anUs
(epanm Ne 20-13-00359). Dxcnepumenmul snexmpoHo-
epaguyeckue/macc-cnekmpomempudeckue  IKCnepu-
MeHmblL NPOBOOUNUCH C uchoabzosanuem YHY I/MC
(https://www.isuct.ru/department/ckp/structure/ged-
ms) pecypcos Llenmpa coémecmHozo UChOIb308AHUS
Hayunoeo obopyodosanus ISUCT (npu nooodepoicke Mu-
HUCmepcmea Hayku u evicute2o oopazosanusi Poccuu,
epanm Ne 075-15-2021-671).

Aemopbl  3asensiom 00 OMCYMCMEUU KOH-
@auxkma unmepecos, mpedyroue2o packpvimus 8 0aH-
HOU cmambve.

REFERENCES

1. Bushweller C.H. Stereodynamics of Cyclohexane and Sub-
stituted Cyclohexanes. Substituent A Values. Conforma-
tional Behavior of Six-Membered Rings. New York: VCH
Publishers, Inc. 1995. P. 25-58.

2. Arnason |.,, Kvaran A., Jonsdottir S., Gudnason P.I.,
Oberhammer H. Conformations of Silicon-Containing
Rings. 5., Conformational Properties of 1-Methyl-1-silacy-
clohexane: Gas Electron Diffraction, Low-Temperature
NMR, and Quantum Chemical Calculations. J. Org. Chem.
2002. V. 67. N 11. P. 3827-3831. DOI: 10.1021/jo0200668.

3. Shainyan B.A., Kirpichenko S.V., Osadchiy D.Y., Shlykov

S.A. Molecular structure and conformations of 1-phenyl-1-si-

lacyclohexane from gas-phase electron diffraction and quan-

tum chemical calculations. Struct. Chem. 2014. V. 25. N 6.

P. 1677-1685. DOI: 10.1007/s11224-014-0444-0.

Belyakov A.V., Sigolaev Y., Shlykov S.A., Wallevik S.O.,

Jonsdottir N.R., Bjornsson R., Jonsdottir S., Kvaran A., Kern

T., Hassler K., Arnason I. Conformational properties of 1-tert-

butyl-1-silacyclohexane, CsH10SiH(t-Bu): gas-phase electron dif-

fraction, temperature-dependent Raman spectroscopy, and quan-

tum chemical calculations. Struct. Chem. 2015. V. 26. N 2.

P. 445-453. DOI: 10.1007/s11224-014-0503-6.

5. Bodi A, Kvaran A., Jonsdottir S., Antonsson E., Wallevik
S.0., Arnason l., Belyakov A.V., Baskakov A.A., Holbling
M., Oberhammer H. Conformational properties of 1-fluoro-1-
silacyclohexane, CsH10SiHF: Gas electron diffraction, low-tem-
perature NMR, temperature-dependent Raman spectroscopy,
and quantum chemical calculations. Organometallics. 2007.
V. 26. N 26. P. 6544-6550. DOI: 10.1021/0m7008414.

6. Wallevik S.O., Bjornsson R., Kvaran A., Jonsdottir S.,
Arnason |., Belyakov A.V., Kern T., Hassler K. Confor-
mational properties of 1-halogenated-1-silacyclohexanes,
CsH10SiHX (X=Cl, Br, I): gas electron diffraction, low-tem-
perature NMR, temperature-dependent Raman spectroscopy,
and quantum-chemical calculations. Organometallics. 2013.
V. 32. N 23. P. 6996-7005. DOI: 10.1021/0m4005725.

7. Girichev G., Giricheva N., Bodi A., Gudnason P.,
Jonsdottir S., Kvaran A., Arnason |., Oberhammer H.
Unexpected conformational properties of 1-trifluoromethyl-
1-silacyclohexane, CsH10SiHCF3: gas electron diffraction,
low-temperature NMR spectropic studies, and quantum
chemical calculations. Chem.-Weinheim-Eur. J. 2007. V. 13.
N 6. P. 1776-1783. DOI: 10.1002/chem.200600683.

W3B. By30B. XuMus u xuM. TexHonorus. 2022. T. 65. Beim. 2



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Girichev G., Giricheva N., Bodi A., Gudnason P., Jonsdottir
S., Kvaran A., Arnason I., Oberhammer H. Unexpected con-
formational properties of 1-trifluoromethyl-1-silacyclohexane,
CsH10SiHCF3: gas electron diffraction, low-temperature NMR
spectropic studies, and quantum chemical calculations, corrigen-
dum. Chem.-Weinheim-Eur. J. 2009. V. 15. N 36. P. 8929. DOI:
10.1002/chem.200990139.

Wallevik S.O., Bjornsson R., Kvaran A., Jonsdottir S., Ar-
nason I., Belyakov A.V., Oberhammer H. Conformational
properties of 1-silyl-1-silacyclohexane, CsH10SiHSiHs: gas elec-
tron diffraction, low-temperature NMR, Temperature-depend-
ent Raman spectroscopy, and quantum chemical calculations. J.
Phys. Chem. A. 2010. V. 114. N 5. P. 2127-2135. DOI:
10.1021/jp909942u. )
Belyakov A.V., Sigolaev Y.F., Shlykov S.A., Wallevik S.O.,
Jonsdottir N.R., Jonsdottir S., Kvaran A., Bjornsson R., Ar-
nason |. Conformational properties of 1-cyano-1-silacyclohexane,
CsH10SIHCN: Gas electron diffraction, low-temperature NMR
and quantum chemical calculations. J. Molec. Struct. 2017.
N 1132. P. 149-156. DOI: 10.1016/j.molstruc.2016.10.012.
Kuzmina L., Arnason I., Wallevik S., Giricheva N., Girichev
G., Shlykov S. 1-Dimethylamino-1-silacyclohexane: Synthesis,
molecular structure and conformational behavior by gas-phase
electron diffraction, Raman spectroscopy and detailed quantum
chemical calculations. J. Molec. Struct. 2018. N 1176. P. 275-272.
DOI: 10.1016/j.molstruc.2018.08.076. ]
Shlykov S.A., Puchkov B.V., Arnason I., Wallevik S.O.,
Giricheva N.l., Girichev G.V., Zhabanov Y.A. 1-Meth-
oxy-1-silacyclohexane: Synthesis, molecular structure and
conformational behavior by gas electron diffraction, Raman
spectroscopy and quantum chemical calculations. J. Molec.
Struct. 2018. N 1154. P. 570-578. DOI: 10.1016/j.mol-
struc.2017.10.088.

Kleinpeter E. Conformational analysis of saturated heterocy-
clic six-membered rings. Adv. Heterocycl. Chem. 2004. V. 86.
P. 41-127. DOI: 10.1016/S0065-2725(03)86002-6.
Shainyan B.A., Kleinpeter E. Silacyclohexanes and silaheter-
ocyclohexanes -why are they so different from other heterocy-
clohexanes? Tetrahedron. 2013. V. 69. N 29. P. 5927-5936.
DOI: 10.1016/j.tet.2013.04.126.

Fritz G., Matern E. Carbosilanes. Syntheses and Reactions.
Heidelberg, Springer-Verlag. 1986. 258 p. DOI: 10.1007/978-
3-642-70800-8.

Phien T.D., Kuzmina L.E., Arnason ., Jonsdottir N.R.,
Shlykov S.A. The conformational behavior and structure of
monosubstituted 1,3,5-trisilacyclohexanes: 1-N,N-dimethyla-
mino-1,3,5-trisilacyclohexane. J. Mol. Struct. 2021. V. 1224.
P. 129046. DOI: 10.1016/j.molstruc.2020.129046.

Arnason |., Oberhammer H. Conformations of silicon-con-
taining rings. Part 4. Gas-phase structure of 1,3,5-trisilacy-
clohexane and comparison with cyclohexane and cyclohexa-
silane. J. Mol. Struct. 2001. V. 598. N 2-3. P. 245-250. DOI:
10.1016/S0022-2860(01)00632-9.

I'upuyes I'.B., YTkun A.H., Pesuues 10.®. Monepuuzarus
anektpoHorpada smp-100 s viccaenoBanus ra3os. [pubopul
u mexnuxa sxcnepumenma. 1984. T.27. Ne 2. C. 187-190.
I'upuues I'.B., HlabikoB C.A., PeBuueB 10.®. Anmapa-
Typa JJIs UCCIIEAOBAHUA CTPYKTYPBI MOJIEKYJI BAJIEHTHO-HE-
HACBHIICHHBIX COCOUHEHUN. [Ipubopvl u mexnuxa sxcnepu-
menma. 1986. T.29. Ne 4. C. 167-169.

Arnason |., Kvaran A., Jonsdottir S., Gudnason P.I.,
Oberhammer H. Conformations of Silicon-Containing
Rings. 5., Conformational Properties of 1-Methyl-1-silacy-
clohexane: Gas Electron Diffraction, Low-Temperature
NMR, and Quantum Chemical Calculations. J. Org. Chem.
2002. V. 67. N 11. P. 3827-3831. DOI: 10.1021/jo0200668.
Bodi A., Kvaran A., Jonsdottir S., Antonsson E., Wallevik
S.0., Arnason L, Belyakov A.V., Baskakov A.A., Holbling
M., Oberhammer H. Conformational properties of 1-fluoro-1-
silacyclohexane, CsH10SiHF: Gas electron diffraction, low-tem-
perature NMR, temperature-dependent Raman spectroscopy,

ChemChemTech. 2022. V. 65.N 2

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

L.E. Kuzmina et al.

Girichev G., Giricheva N., Bodi A., Gudnason P., Jonsdottir
S., Kvaran A., Arnason I., Oberhammer H. Unexpected con-
formational properties of 1-trifluoromethyl-1-silacyclohexane,
CsH10SiHCF3: gas electron diffraction, low-temperature NMR
spectropic studies, and quantum chemical calculations, corrigen-
dum. Chem.-Weinheim-Eur. J. 2009. V. 15. N 36. P. 8929. DOI:
10.1002/chem.200990139.

Wallevik S.O., Bjornsson R., Kvaran A., Jonsdottir S., Ar-
nason |., Belyakov A.V., Oberhammer H. Conformational
properties of 1-silyl-1-silacyclohexane, CsH10SiHSiHz: gas elec-
tron diffraction, low-temperature NMR, Temperature-dependent
Raman spectroscopy, and quantum chemical calculations. J.
Phys. Chem. A. 2010. V. 114. N 5. P. 2127-2135. DOI:
10.1021/jp909942u. )
Belyakov A.V., Sigolaev Y.F., Shlykov S.A., Wallevik S.O.,
Jonsdottir N.R., Jonsdottir S., Kvaran A., Bjornsson R., Ar-
nason |. Conformational properties of 1-cyano-1-silacyclohexane,
CsH10SIHCN: Gas electron diffraction, low-temperature NMR
and quantum chemical calculations. J. Molec. Struct. 2017.
N 1132. P. 149-156. DOI: 10.1016/j.molstruc.2016.10.012.
Kuzmina L., Arnason I., Wallevik S., Giricheva N., Girichev
G., Shlykov S. 1-Dimethylamino-1-silacyclohexane: Synthesis,
molecular structure and conformational behavior by gas-phase
electron diffraction, Raman spectroscopy and detailed quantum
chemical calculations. J. Molec. Struct. 2018. N 1176. P. 275-272.
DOI: 10.1016/j.molstruc.2018.08.076. )
Shlykov S.A., Puchkov B.V., Arnason L., Wallevik S.O., Gi-
richeva N.1., Girichev G.V., Zhabanov Y.A. 1-Methoxy-1-si-
lacyclohexane: Synthesis, molecular structure and conforma-
tional behavior by gas electron diffraction, Raman spectroscopy
and quantum chemical calculations. J. Molec. Struct. 2018.
N 1154. P. 570-578. DOI: 10.1016/j.molstruc.2017.10.088.
Kleinpeter E. Conformational analysis of saturated heterocy-
clic six-membered rings. Adv. Heterocycl. Chem. 2004. V. 86.
P. 41-127. DOI: 10.1016/S0065-2725(03)86002-6.
Shainyan B.A., Kleinpeter E. Silacyclohexanes and silahetero-
cyclohexanes -why are they so different from other heterocyclo-
hexanes? Tetrahedron. 2013. V. 69. N 29. P. 5927-5936. DOI:
10.1016/j.tet.2013.04.126.

Fritz G., Matern E. Carbosilanes. Syntheses and Reactions. Hei-
delberg, Springer-Verlag. 1986. 258 p. DOI: 10.1007/978-3-642-
70800-8.

Phien T.D., Kuzmina L.E., Arnason I., Jonsdottir N.R.,
Shlykov S.A. The conformational behavior and structure of
monosubstituted 1,3,5-trisilacyclohexanes: 1-N,N-dimethyla-
mino-1,3,5-trisilacyclohexane. J. Mol. Struct. 2021. V. 1224.
P. 129046. DOI: 10.1016/j.molstruc.2020.129046.

Arnason I., Oberhammer H. Conformations of silicon-con-
taining rings. Part 4. Gas-phase structure of 1,3,5-trisilacy-
clohexane and comparison with cyclohexane and cyclohexa-
silane. J. Mol. Struct. 2001. V. 598. N 2-3. P. 245-250. DOI:
10.1016/S0022-2860(01)00632-9.

Girichev G.V., Utkin A.N., Revichev Y.F. Electrondiffrac-
tion camera for use with gases. Instrum. Experim. Techn.
1984. V. 27. N 2. P. 457-461.

Girichev G.V., Shlykov S.A., Revichev Y.F. Apparatus for
studies of the molecular structures of non-saturated com-
pounds. Prib. Tekh. Eksp. 1986. V. 29. N 4. P. 167-169 (in
Russian).

Arnason |., Kvaran A., Jonsdottir S., Gudnason P.I.,
Oberhammer H. Conformations of Silicon-Containing
Rings. 5., Conformational Properties of 1-Methyl-1-silacy-
clohexane: Gas Electron Diffraction, Low-Temperature
NMR, and Quantum Chemical Calculations. J. Org. Chem.
2002. V. 67. N 11. P. 3827-3831. DOI: 10.1021/j00200668.
Bodi A., Kvaran A., Jonsdottir S., Antonsson E., Wallevik
S.0., Arnason 1., Belyakov A.V., Baskakov A.A., Holbling M.,
Oberhammer H. Conformational properties of 1-fluoro-1-silacy-
clohexane, CsH10SiHF: Gas electron diffraction, low-temperature
NMR, temperature-dependent Raman spectroscopy, and quan-
tum chemical calculations. Organometallics. 2007. V. 26. N 26.
P. 6544-6550. DOI: 10.1021/0m7008414.

Girichev G.V., Giricheva N.l., Bodi A., Gudnason P.1.,
Jonsdottir S., Kvaran A., Arnason |., Oberhammer H.

77



JLE. Ky3bpmuna u ap.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

78

and quantum chemical calculations. Organometallics. 2007.
V. 26. N 26. P. 6544-6550. DOI: 10.1021/om7008414.
Girichev G.V., Giricheva N.I., Bodi A., Gudnason P.1.,
Jonsdottir S., Kvaran A., Arnason I., Oberhammer H.
Unexpected Conformational Properties of 1-Trifluorome-
thyl-1-Silacyclohexane, CsH10SiHCFs: Gas Electron Dif-
fraction, Low-Temperature NMR Spectropic Studies, and
Quantum Chemical Calculations. Chem. Eur. J. 2007. V. 13.
N 6. P. 1776-1783. DOI: 10.1002/chem.200600683.
Wallevik S.O., Bjornsson R., Kvaran A., Jonsdottir S.,
Arnason 1., Belyakov A.V., Kern T., Hassler K. Confor-
mational properties of 1-halogenated-1-silacyclohexanes,
CsH10SiHX (X=Cl, Br, I): gas electron diffraction, low-tem-
perature NMR, temperature-dependent Raman spectroscopy,
and quantum-chemical calculations. Organometallics. 2013.
V. 32. N 23. P. 6996-7005. DOI: 10.1021/0m4005725.
Arnason |., Thorarinsson G.K., Matern E. Conformations
of silicon-containing rings: Part 1. A conformational study
on 1,3,5-trisilacyclohexane. Comparison of ab initio, sem-
iempirical, and molecular mechanics calculations. Confor-
mational energy surface of 1,3,5-trisilacyclohexane. J.
Molec. Struct.: Theochem. 1998. V. 454. N 1. P. 91-102.
DOI: 10.1016/S0166-1280(98)00234-6.

Frisch M.J., Trucks G.W., Schlegel H.B., Scuseria G.E., Robb
M.A., Cheeseman J.R., Scalmani G., Barone V., Mennucci B.,
Petersson G.A., Nakatsuji H., Caricato M., Li X., Hratchian
H.P., Izmaylov A.F., Bloino J., Zheng G., Sonnenberg J.L.,
Hada M., Ehara M., Toyota K., Fukuda R., Hasegawa J.,
IshidaM., Nakajima T.,Honda Y., Kitao O., Nakai H., Vreven
T., Montgomery J. A, Jr., Peralta J. E., Ogliaro F., Bearpark
M., Heyd J.J., Brothers E., Kudin K.N., Staroverov V.N,,
Kobayashi R., Normand J., Raghavachari K., Rendell A.,
Burant J.C., lyengar S.S., Tomasi J., Cossi M., Rega N,
Millam J.M., Klene M., Knox J.E., Cross J.B., Bakken V.,
Adamo C., Jaramillo J., Gomperts R., Stratmann R.E.,
Yazyev O., Austin AJ., Cammi R., Pomelli C., Ochterski
J.W.,, Martin R.L., Morokuma K., Zakrzewski V.G., Voth
G.A, Salvador P., Dannenberg J.J., Dapprich S., DanielsA.D.,
Farkas O., Foresman J.B., Ortiz J.V., Cioslowski J., Fox D.J.
Gaussian 09, Revision D.01. 2009. Gaussian, Inc.: Wallingford, CT.
Vishnevskiy Y.V. 2019. UNEX version 1.6. http://unex-
prog.org (accessed Thu Nov 28 2019).

Vishnevskiy Y.V., Zhabanov Y.A. New implementation of the
first-order perturbation theory for calculation of interatomic vi-
brational amplitudes and corrections in gas electron diffraction.
J. Phys. Conf., Ser A. 2015. V. 633. N 1. P. 012076. DOI:
10.1088/1742-6596/633/1/012076.

Hamilton W.C. Significance tests on the crystallographic R
factor. Acta Crystallogr. 1965. V. 18. N 3. P. 502-510. DOI:
10.1107/S0365110X65001081.

Phien T. D., Kuzmina L.E., Suslova E.N., Shainyan B.A.,
Shlykov S.A. Conformational rivalry of geminal substituents
in silacyclohexane derivatives: 1-Phenyl vs. 1-OR, R=H or
Me. Tetrahedron. 2019. V. 75. N 22. P. 3038-3045. DOI:
10.1016/j.tet.2019.04.044.

®uen Y. ., lasikoB C.A., Bedep I1.M. Bnusaue crepu-
YeCKOT0 W OpOHTAIBHOTO B3aMMOJCHCTBHI HA MOJICKYJISIP-
HYIO CTPYKTYpY N-IIPOM3BOAHBIX MUNEPUIMHA. /38. 8Y308.
Xumus u xum. mexnonoaus. 2016. T. 59. Bemm. 11. C. 19-26.
DOI: 10.6060/tcct.20165911.5464.

Jynaesa B.B., I'mpuues I'.B., 'mpuueBa H.H. Crpoenne
MOJIEKYJIBl TPHUINTO(aHa: IEKTPOHOrpapuIecKoe W KBaH-
TOBO-XMMHYECKOE UCCIIEIOBAHUE. H36. 8Y308. Xumus u xum.
mexnonoeus. 2020. T. 63. Bem. 3. C. 37-45. DOI:
10.6060/ivkkt.20206303.6112.

23.

24.

25.

26.

27.

28.

29.

30.

3L

Unexpected Conformational Properties of 1-Trifluorome-
thyl-1-Silacyclohexane, CsH10SiHCFs: Gas Electron Diffrac-
tion, Low-Temperature NMR Spectropic Studies, and Quan-
tum Chemical Calculations. Chem. Eur. J. 2007. V. 13. N 6.
P. 1776-1783. DOI: 10.1002/chem.200600683.

Wallevik S.O., Bjornsson R., Kvaran A., Jonsdottir S.,
Arnason 1., Belyakov A.V., Kern T., Hassler K. Confor-
mational properties of 1-halogenated-1-silacyclohexanes,
CsH10SiHX (X=Cl, Br, I): gas electron diffraction, low-tem-
perature NMR, temperature-dependent Raman spectroscopy,
and quantum-chemical calculations. Organometallics. 2013.
V. 32. N 23. P. 6996-7005. DOI: 10.1021/0m4005725.
Arnason |., Thorarinsson G.K., Matern E. Conformations of
silicon-containing rings: Part 1. A conformational study on 1,3,5-
trisilacyclohexane. Comparison of ab initio, semiempirical, and
molecular mechanics calculations. Conformational energy surface
of 1,3,5-trisilacyclohexane. J. Molec. Struct.: Theochem. 1998.
V. 454, N 1. P. 91-102. DOI: 10.1016/S0166-1280(98)00234-6.
Frisch M.J., Trucks G.W., Schlegel H.B., Scuseria G.E., Robb
M.A., Cheeseman J.R., Scalmani G., Barone V., Mennucci B.,
Petersson G.A., Nakatsuji H., Caricato M., Li X., Hratchian
H.P., Izmaylov A.F., Bloino J., Zheng G., Sonnenberg J.L.,
Hada M., Ehara M., Toyota K., Fukuda R., Hasegawa J.,
Ishida M., Nakajima T., Honda Y., Kitao O., Nakai H., Vreven
T., Montgomery J. A, Jr., Peralta J. E., Ogliaro F., Bearpark
M., Heyd J.J., Brothers E., Kudin K.N., Staroverov V.N,,
Kobayashi R., Normand J., Raghavachari K., Rendell A,
Burant J.C., lyengar S.S., Tomasi J., Cossi M., Rega N,
Millam J.M., Klene M., Knox J.E., Cross J.B., Bakken V.,
Adamo C., Jaramillo J.,, Gomperts R., Stratmann R.E.,
Yazyev O., Austin A.J., Cammi R., Pomelli C., Ochterski J.W.,
Martin R.L., Morokuma K., Zakrzewski V.G., Voth G.A,,
Salvador P., Dannenberg J.J., Dapprich S., Daniels AD.,
Farkas O., Foresman J.B., Ortiz J.V., Cioslowski J., Fox D.J.
Gaussian 09, Revision D.01. 2009. Gaussian, Inc.: Wallingford, CT.
Vishnevskiy Y.V. 2019. UNEX version 1.6. http://unex-
prog.org (accessed Thu Nov 28 2019).

Vishnevskiy Y.V., Zhabanov Y.A. New implementation of the
first-order perturbation theory for calculation of interatomic vi-
brational amplitudes and corrections in gas electron diffraction.
J. Phys. Conf., Ser A. 2015. V. 633. N 1. P. 012076. DOI:
10.1088/1742-6596/633/1/012076.

Hamilton W.C. Significance tests on the crystallographic R
factor. Acta Crystallogr. 1965. V. 18. N 3. P. 502-510. DOI:
10.1107/S0365110X65001081.

Phien T. D., Kuzmina L.E., Suslova E.N., Shainyan B.A.,
Shlykov S.A. Conformational rivalry of geminal substituents
in silacyclohexane derivatives: 1-Phenyl vs. 1-OR, R=H or
Me. Tetrahedron. 2019. V. 75. N 22. P. 3038-3045. DOI:
10.1016/j.tet.2019.04.044.

Phien T.D., Shlykov S.A., Weber P.M. The influence of
steric and orbital intereactions on molecular structure in n-
substituted piperidines. ChemChemTech [lzv. Vyssh.
Uchebn. Zaved. Khim. Khim. Tekhnol.]. 2016. V. 59. N 11.
P. 19-26. DOI: 10.6060/tcct.20165911.5464.

Dunaeva V.V., Girichev G.V., Giricheva N.I. Molecular struc-
ture of tryptophan: gas-phase electron diffraction and quantum-
chemical studies. ChemChemTech [lzv. Vyssh. Uchebn. Zaved.
Khim. Khim. Tekhnol.]. 2020. V. 63. N 3. P. 37-45. DOI:
10.6060/ivkkt.20206303.6112.

Hocmynuna 6 peoaxyuio (Received) 21.10.2021
Ipunsma x onyénuxosanuio (Accepted) 23.11.2021

W3B. By30B. XuMus u xuM. TexHonorus. 2022. T. 65. Beim. 2



