ELSEVIER

Available online at www.sciencedirect.com

SCIENCE‘(ﬁDIRECT®

Journal of Organometallic Chemistry 690 (2005) 2922-2933

of O
metallic
Chemistry

www.elsevier.com/locate/jorganchem

The theoretical research of the medium effect
on the vibrational spectrum and the energy of intramolecular
coordination =0 — Si in (benzoyloxymethyl)trifluorosilane molecule

Swetlana G. Shevchenko *, Yulii L. Frolov, Alekcei V. Abramov, Mikhail G. Voronkov

A.E. Favorsky Irkutsk Institute of Chemistry, Siberian Branch of the Russian Academy of Sciences 1, Favorsky Street, Irkutsk,
664033, Russian Federation

Received 19 January 2005; revised 9 March 2005; accepted 10 March 2005
Available online 10 May 2005

Abstract

The characteristics of (benzoyloxymethyl)trifluorosilane C¢HsC(=0O)OCH,SiF; containing a five-membered heterocycle closed
by intramolecular coordination =0 — Si bond (Ia) and its most stable acyclic isomer (Ib) have been calculated by HF, MP2(Full)
non-empirical methods, and DFT(B3LYP) using 6-311G(d) and 6-311 + G(2d,p) basis sets. The (CgH;g, C¢Hg, (C4Ho),0, CHCI;,
(CH»)40, CH,Cl,, CH3CN) medium effect on the energy and structural characteristics, dipole moments, and vibrational spectra of
Ia and Ib isomers was calculated by the DFT(B3LYP)/6-311 + G(2d,p) method in the Onsager SCRF model approximation. The
DFT(B3LYP)/6-311 + G(2d,p) calculation reasonably reproduces the medium effect on coordination energy, geometry, dipole

moments, and band frequencies in the vibrational spectrum of Ia.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In the modern chemistry of pentacoordinate silicon or-
ganic derivatives special attention is given to (aroyloxy-
methyl)trifluorosilanes XArC(=0O)OCH,SiF; (AFYS),
named dragonoids [1]. The initial member of this series
is represented by (benzoyloxymethyl)trifluorosilane
CcHsC(=0)OCH,SiF; (BFS). For more than 20 years,
the nature of valence expansion of the central silicon atom
caused by the =0 — Si intramolecular coordination
=0 — Si bond formation was studied by different physi-
cal-chemical and theoretical methods [1-4]. The AFS
molecular structure has been studied by X-ray diffraction
method [5,6]. The high sensitivity of AFS vibrational
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spectra to the medium effect allowed the development of
the spectral procedures in the research of such interaction
type [2,3]. However, the AFS vibration spectra were not
exhaustively studied and interpreted until now.
Previously the present authors conducted HF/6-
31G(d), MP2(FC)/6-31G(d) non-empirical and AMI
semi-empirical studies of isolated AFS molecules,
including BFS isomers Ia and Ib [4]. The =0 — Si
energy coordination, dipole moments and structural
parameters have been calculated. In harmonic approxi-
mation using standard valence-force field a direct
vibrational problem has been solved for model (formyl-
oxymethyl)trifluorosilane H-C(=O)OCH,SiF; [7] and
the 1-hydrosilatrane HSi(OCH,CH,);N [8] molecules
containing coordination bonds =0 — Si and N — Sij,
respectively. The vibrational spectrum, geometry and
electronic structure of diverse isolated conformers of
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(acetoxymethyl)trifluorosilane CH;C(O)OCH,SiF; were
examined using the HF/6-31G(d) method [9]. The BFS
molecule geometry was calculated by non-empirical
methods HF and MP2 with 6-31G(d), 6-311G(d), 6-
and 311 + G(d,p) basis sets [4,10]. An attempt has been
made at estimating the medium effect (DMPhA) on the
BFS geometry by HF/6-31G(d) with the help of the On-
sager reaction field and Tomasi’s polarized continuum
(PCM) models [10]. Quantum-chemical examinations
of the medium effect on the AFS and BFS vibration
spectra as the vibration spectrum calculation of BFS
have never been undertaken before.

The goal of the present work is comprehensive quan-
tum-chemical investigation of medium effect on peculiar
variations of the coordinate =0 — Si bond, vibrational
spectrum, total energy, dipole moment, and electronic
structure of BFS.

2. Calculation procedure, results and discussion

The quantum-chemical calculations were performed
by non-empirical MP2(Full), HF, and DFT(B3LYP)
methods with 6-311 + G(2d,p) basis set (in some cases
for the DFT(B3LYP) method with 6-311G(d) basis
set) using standard program complex GAUSSIAN-03W
[11]. The vibrational spectra, total energies, zero-point
energies, dipole moments, and structural characteristics
of two stable BFS isomers of C; symmetry were calcu-
lated. One of them contains the intramolecular coordi-
nate =0 — Si bond closing the pentacoordinate
heterocycle (Ia) The other most stable isomer does not
possess the coordinate =O — Si bond and has an acyclic
structure with trans—trans orientation of C(=0)-O-
CH,-SiF; chain (Ib). The Ib isomer exists exclusively
in a gas phase at the temperature above 420 K [12].
The optimized geometries of these two stable structures
are presented in Fig. 1. Coordination energy was esti-
mated as the difference between total energies of Ia
and Ib isomers. In the calculation no BSSE correction
was taken into account, since for extended basis sets it
cannot affect much the results [13].

The modeling of the effect of the medium polarity
(CgHys, CeHs, (C4Ho),0, CHCl;, (CH»),0, CHLCly,
CH;CN) on the energy and structural characteristics, di-
pole moments, and vibrational spectra of isomers Ia and
Ib was carried out by DFT(B3LYP)/6-311 + G(2d,p) in
the Onsager self-consistent reaction field (SCRF+Di-
pole) model approximation. Taking into account the
optimized geometry, the radiuses of spherical cavity
were determined as: 545.0 pm for Ia and 580.0 pm for
Ib.

At the present time, the nature of intramolecular
coordinate =0 — Si bond in AFS molecules [14] is the-
oretically described within Masher’s hypervalence
scheme [15] that was developed for pentacoordinate sil-
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Fig. 1. Electronic structure of stable BSR according to DFT(B3LYP)/
6-311 + G(2d,p) calculations: 1a, heterocyclic isomer containing a
=0 — Si coordinate bond; 1b, acyclic isomer containing a tetracoor-
dinate silicon atom.

icon compounds [16,17]. Experimental examination of
medium effect on the energy and spectral characteristics
of BFS it was determined that their variation follows the
model of three-center, 4-electron (3c—4e) binding for the
C=0 — Si-F,, fragment, and depends exclusively on
the medium polarity. Herewith, the observed strength-
ening of intramolecular coordinate interaction, increase
of the BFS dipole moment, and variation of fundamen-
tal frequencies in IR spectrum are mostly described by
the function of medium polarity (¢ — 1)/(2¢ + 1) with a
small contribution from the dispersion member
(n* — 1)/(2n* + 1) [2]. This all determined the choice of
solvation Onsager SCRF model.

The IR absorption spectra of the BFS in the 400-
4000 cm~' region were measured by IFS-25 Fourier
spectrometer in tablets with KBr and in CCl; and
CH;CN solutions (d =0.003 cm, ¢ =0.01 mol/l). The
Raman spectrum of solid sample in the 200-2000
cm ™! region was recorded on Cary-81 Raman spectrom-
eter with excitated line at 4880 A for a 1-Wt Ar laser.

2.1. The coordination energy

Table 1 shows calculated total energy of Ia and Ib
structures of BFS, E, total energy with zero-point en-
ergy corrections, Ezpg (a.u.), coordination energy,
E oora (kJ/mol) in different mediums, and available liter-
ature data.

A distinguished feature of Ia isomer structure is the
presence of intramolecular coordinate bond =0 — Si.
The quantum-chemical evaluation of energy of this type
of interaction (25.3 kJ/mol), that was calculated by
MP2(FC) non-empirical method with 6-31G(d) stan-
dard basis set [4], is considered in the literature as most
concerted with the experimental value E.yo;q = —28.5
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Table 1

Calculated values of total energy (Eo, a.u.), total energy with zero-point energy correction (Ezpg, a.u.), and coordination energy (Ecoord, kJ/mol) for
the Ia and Ib isomers of BFS in different mediums and available literature data.

Structure Method [Reference] € Eio Ecoord Ezpg Ecoord
Ia DFT(B3LYP)/6-311G(d) 1.00 —1048.971951 —17.6 —1048.828494 —15.5
Ib —1048.965245 —1048.822590

Ia DFT(B3LYP)/6-311 + G(2d,p) 1.00 —1049.035357 —12.3 —1048.892412 —-10.4
Ib —1049.030685 —1048.888459

Ia 2.28 —1049.037064 —16.2

Ib —1049.030881

Ia 4.90 —1049.038260 —19.1

Ib —1049.030991

Ia 7.58 —1049.038726 —20.2

Ib —1049.031034

Ia 35.90 —1049.039562 —-22.2 —1048.896530 —-19.9
Ib —1049.031093 —1048.888935

Ia MP2(FC)/6-31G(d) [4] 1.00 —1046.171891 -25.3

Ib —1046.162276

Ia MP2(Full)/6-31G(d) + ZPE [10] —22.8
Ib

Ia MP2(Full)/6-311 + G(2d,p) — 1047227194 ~16.7

Ib — 1047.220836

In HF/6-31(d) [4] —1044.220581 —14.1

Ib —1044.215226

Ia HF/6-311 + G(2d,p) —1044.476688 —-1.6

Ib —1044.476064

kJ/mol [12]. The later attempt to improve the conver-
gence of the calculated and experimental values of the
Ecoora within MP2(Full)/6-31G(d) + ZPE method by
including the ZPE correction had the opposite effect,
Eoora = —22.8 kJ/mol [6]. The result of E oorq = —14.1
kJ/mol (HF/6-31G(d)), obtained earlier by one of the
authors, thought to be underestimated owing to the ne-
glect of electron correlation energy in the HF method
[4]. Our DFT(B3LYP)/6-311G(d) calculation consider-
ing the electron correlation resulted in unexpectedly
low value for coordination energy in contrast with the
MP2(FC) method: —17.6 kJ/mol, without, and —15.5
kJ/mol, with zero-point energy corrections.

Recently [18] some results supporting the necessity to
use in theoretical structural studies of molecules, contain-
ing third-row atoms, the basis sets including at least 2d
functions. Starting from these data we have carried out
HF, MP2(Full) and DFT(B3LYP) calculations of E.qoq
value employing balanced 6-311 + G(2d,p) basis set. The
expansion of the functional basis of HF/6-311 + G(2d,p)
calculation resulted in a physically unreasonable value of
coordination energy, —1.6 kJ/mol. Schaefer and cowork-
ers [19] have observed an analogous result in their HF/
d95** calculations of energy parameters of the dissocia-
tion reaction of intermolecular complexes of tetrahalosil-
anes with ammonia X;Si-NH; (X=H, F, Cl, Br).
Consideration of the effect of electron correlation in the
MP2(Full) and DFT(B3LYP) methods with the
expanded 6-311 + G(2d,p) basis set has led to further de-
crease of coordination energy (—16.7 kJ/mol

(MP2(Full) and —16.7 kJ/mol DFT(B3LYP)). In the
DFT(B3LYP) + ZPE)/6-311 + G(2d,p) calculation the
allowance for zero point energy supplementary dimin-
ished the E.yorq value to —10.4 kJ/mol. In MP2(Full) +
ZPE/6-311 + G(2d,p) method, taking into account the
zero-point energy can supplementary reduce the coordi-
nation interactions energy by =2 kJ/mol. Thus, the exe-
cuted theoretical analysis suggests that the coordination
energy value for the BFS molecule in the gas phase is in
the range: —10 to —15 kJ/mol (-3 kcal/mol). This is con-
siderably below earlier published experimental gas phase
value of —28.5 kJ/mol (—6.8 kcal/mol) [12]. A repeated
analysis of our experiment has shown our value to be
overestimated owing to the observed hydrolysis of BFS.
The refined experimental E.,o.q value is —3.6 kcal/mol.
The effect of medium in going from the gas phase to
acetonitrile is not sensibly reflected on total energy
change of isomer Ib, but leads to a significant stabiliza-
tion of isomer Ia. This is expressed as an increase in
coordination energy by a factor of 1.8 and 1.9 without
and with allowance for zero-point energy, respectively
(Table 1). The effect of medium polarity in the range
&= 1-36 on the variation of E ., value is graphically
presented in Fig. 2A by a linear correlation between
coordination energy and (e — 1)/(2¢ + 1) function of
dielectric constant of medium. The data of calculation
are in good agreement with the experimentally observed
BFS results providing strong evidence for the deciding
influence of the medium polarity on variation of
=0 — Si coordinate interaction in BFS [2]. Thus, the
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Fig. 2. The dependence of calculated characteristics of isomer 1a in the
BFS molecule on the medium polarity function (¢ — 1)/(2¢ + 1): (A) co-
ordination energy Ecoord, kJ/mol; (B) dipole moments p; (D) 1 — ucae.1 by
DFT(B3LYP)/6-311 + G(2d,p) calculation, 2 — experimental ponsager.2
(by Onsager method [20]), 3 — experimental pikixwood.3 (by Kirkwood
method [20]). (C) — The lengths of d(O — Si) coordinate bond, A.

use of the solvation Onsager model calculated by
DFT(B3LYP)/6-311 + G(2d,p) leads to reliable varia-
tions of the =0 — Si coordination energy with increas-
ing the ¢ values of medium.

2.2. Dipole moments

The dipole moments of cyclic Ia and acyclic Ib struc-
tures of the BFS molecule were calculated for both iso-

lated molecules and those in various solvents. The
results are presented in Table 2 alongside with the avail-
able literature data. As it can be seen from Table 2, the
difference of the employed non-empirical methods and
basis sets does not essentially affect the calculated value
w in the gas phase. The dispersion in Ay values is: 0.63 D
for Ia structure and 0.36 D for Ib structure. The agree-
ment of calculated gas-phase dipole moments with the
experiment did not seem possible earlier due to two rea-
sons: (1) the absence of experimental dipole moments in
a gas phase and (2) the impossibility of comparison with
the experimental u values in different solvents due to the
expressed sensitivity of BFS dipole moment to the med-
ium effect. The earlier experiments has proved the defi-
nite effect of polar characteristics of non-specific
mediums on Ia dipole moment change and the existence
of u linear dependence on the dielectric constant func-
tion of the solvent f(e) = (¢ — 1)/(2¢ + 1) [20]. Based on
that, we were able to forecast the dipole moment value
for Ia in the gas phase. Fig. 2B shows the dependencies
of experimental dipole moments that were calculated by
Onsager and Kirkwood methods [20] on the ¢ value of
non-specific solvents CgH;g, (CH,);O, and CH,Cl,.
The values of dipole moments of isomer Ia obtained
by extrapolating to gas phase were defined by the range
3.9-4.5 D (Fig. 2B, lines 1 and 2). These values are not
reproduced by any of mentioned calculations, including
the result 5.72 D of semi-empirical AM1 method [4]. The
consideration of the 2d functions in basis set gives only a
small reduction of Ia dipole moment Au within the
framework of different methods: 0.17 D for B3LYP/(6-
311G(d) — 6-311 + G(2d,p)) and 0.45 D for HF/(6-
31G(d) — 6-311 + G(2d,p)). The discrepancy between
the p value, calculated by B3LYP/6-311 + G(2d,p),
and supposed experimental value in the gas phase con-
sists around 50% and sustains for the whole series of
universal solvents. At the same time, the DFT(B3LYP)/
6-311 + G(2d,p) method within the solvation Onsager
model reproduces adequately to the experiment the
character of Ia dipole moment change for non-specific
solvents. This is well illustrated by similarity of slopes
in Ia theoretical and experimental dependences of u
Ia on the solvent polarity function f{¢) (Fig. 2B). Here-
with, in the same interval of & changes, the amplitude
of increase of cyclic Ia isomer dipole moment is
much higher than that of acyclic isomer 1b (2.11
D >0.46 D).

For solvents that require consideration of specific
interactions, such as C¢Hyg, for example, Onsager model
fails to reproduce the character of Ia dipole moment u
change (Fig. 2B). As shown in Fig. 2B, the u value of
Ia in benzene is sufficiently deviates from the experimen-
tal lines 2 and 3 that probably caused by specific charac-
ter of interaction between solvent and the BFS molecule
[20]. In terms of the Onsager SCRF model, with regard
to only non-specific interactions, Ia dipole moment in
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Table 2
The calculated and experimental values of dipole moments (D) and coordinate bond lengths d(O — Si) (pm) of the Ia and Ib isomers in different
mediums.
Medium £ (e—1/Q2e+ 1) d(O — Si) Heale Hexp [20]
la 1b Method [Reference] Onsager Kirkwood

Gas phase 1.00 0 218.5 6.83 247 DFT(B3LYP)/6-311 + G(2d,p)

216.8 7.12 2.60 MP2(total)/6-311 + G(2d,p)

222.7 6.49 2.24 HF/6-311 + G(2d,p)

214.3 6.94 MP2(FC)/6-31G(d) [4]
CgHig 1.95 0.19 214.3 7.57 DFT(B3LYP)/6-311 + G(2d,p) 5.00 5.40
C¢Hg 2.28 0.23 213.6 7.72 DFT(B3LYP)/6-311 + G(2d,p) 6.40 6.70
(C4Hy),0 3.05 0.29 210.9 8.07 DFT(B3LYP)/6-311 + G(2d,p) 5.30 5.60
CHCl, 4.90 0.36 210.6 8.34 DFT(B3LYP)/6-311 + G(2d,p)
C4HgO 7.58 0.41 209.6 8.58 DFT(B3LYP)/6-311 + G(2d,p)
CH,Cl, 9.14 0.42 209.2 8.66 DFT(B3LYP)/6-311 + G(2d,p) 6.20 6.40
CH;CN 35.9 0.48 208.3 8.94 2.93 DFT(B3LYP)/6-311 + G(2d,p)

CeHg solution fits well into the theoretical dependence
of u~ f(e).

Thus, the solvation Onsager SCRF model within
DFT(B3LYP)/6-311 + G(2d,p) method  reproduces
fairly well the effect of medium polarity on dipole mo-
ment change of BFS Ia isomer in non-specific solvents.

2.3. BES Geometry

The realistic evaluation of calculated BFS structural
parameters is complicated by the absence of experimen-
tal geometry in the gas phase and by the sensitivity of
pentacoordinated silicon compound geometry to the
medium effect. Therefore, the quality of calculation of
structural parameters was analyzed by the comparison
of their variation in the series: gas — solvent — crystal.
In Table 3 there are the bond lengths surrounding the sil-
icon atom in Ia and Ib molecules in a gas phase
(DFT(B3LYP), MP2(Full), HF with basis set 6-311 +
G(2d,p)) and in acetonitrile solution (DFT(B3LYP)/

Table 3

6-311 + G(2d,p)), and also X-ray data for the crystal Ia
[6].

The equilibrium lengths of C—C bonds in benzene
ring calculated using DFT(B3LYP) and MP2(Full)
methods coincide in the limits of 0.1 pm for the struc-
tures containing tetra-Ib and pentacoordinate Ia silicon
atom. The calculated lengths of these bonds that are not
sensitive toward the medium effect, correspond to the
available X-ray structural data [6] and are not reported
in this work.

For theoretical chemistry, the pentacoordinate silicon
atom is of special interest because it can be regarded as
an electron-deficient center in the nucleophilic substitu-
tion reactions. The consideration of gas phase geometric
parameters of the heterocyclic fragment of structure Ia
indicates that the all three calculation methods in ex-
panded 6-311 + G(2d,p) basis set are agreed upon the
total action of silicon AO rehybridization and coordina-
tion in going from the tetra-(acyclic isomer Ib) to the
pentacoordinate state (cyclic isomer Ia), Ad, pm:

Bond lengths calculated by different methods with 6-311 + G (2d,p) basis set and X-ray values for BFS isomers 1a and 1b in a gas phase and

acetonitrile solution, (pm)

Bond la 1b
HF MP2(Full) DFT(B3LYP) Exp. [6] HF MP2(Full) DFT(B3LYP)
e=1 e=1 e=1 e=359 Cryst. e=1 e=1 e=1 £=359
C»-C; 147.7 147.0 147.3 146.5 146.0 148.7 148.2 148.5 148,3
0,;=Cy» 120.1 123.1 122.9 123.8 124.3 118.3 121.0 120.6 120.6
014Cp2 130.2 132.8 132.8 132.6 131.1 133.0 136.3 136.3 136.6
014Cys 142.8 144.9 145.2 145.1 146.8 141.8 144.0 143.9 143.8
Sijg—Cis 187.7 188.0 188.6 188.8 185.5 185.4 184.9 185.7 185.7
Sijs—Fax1o 158.7 161.5 162.0 163.4 161.0 155.7 158.2 158.7 158.8
Siig—Feq20 156.1 158.9 159.4 160.0 157.7 155.5 158.0 158.5 158.5
158.0
Sijg — O3 222.7 216.8 218.5 208.3 200.6
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Bond HF DFT(B3LYP) MP2(Full)
Ci»-C; ~1.0 ~12 12
0,:=Cy, 1.8 1.7 2.1
0,4-Cp» 238 -35 ~35
0,4-Cis 1.0 1.3 0.9
Si-Cys 23 2.9 3.1
Si-Fyy 3.0 33 3.3
Si-Feq 0.6 0.9 0.9

Disregarding electron correlation energy in the HF/6-
311 + G(2d,p) method leads to lower variations of the
lengths of bonds by about 10-30%. The change of the
silicon atom valence state is accompanied by primary
lengthening of Si-F,, and C;,=03 axial bonds and less
significant lengthening of the Si-F., equatorial bonds
that corresponds to the 3c—4e bonding model for a
C=0 — Si—F, fragment [17]. The transition from the
tetra-Ib to pentacoordinate structure Ia is accompanied
by the changes of valence angles solely in silicon atom
surrounding and that are equal to: ZF,SiCs
109.0° — 96.0°, £F,SiF.q 107.9° — 100.2°, £F.SiC;s
112.2° — 119.5°, and £0;53C,C; 125.2° — 123.7° (by
DFT(B3LYP)/6-311 + G(2d,p) calculation). The ob-
tained structural parameters characterize the symmetry
of pentacoordinate silicon atom surrounding in Ia struc-
ture as a distorted trigonal bipyramid.

In the changing of the dielectric properties of medium
(from gas phase to acetonitrile solution) the lengths of
the O14—C,, O14—Cys, and Si—C;5 bonds change insignif-
icantly by 0.1-0.2 pm (Table 3). For these and for ben-
zene ring bonds the comparison between calculated gas
phase values and X-ray structural parameters of crystal
Ia is justified.The axial and equatorial bonds of
C=0 — Si(F¢q)>—F,x fragment are more prone to influ-
ence of the medium polarity. They are lengthening in the
series Ad, pm: 1.4 (Si—Fx) > 1.1 (O=C,,) > 0.6 (Si-F).
It is reasonable to suppose that these bonds extend while
an Ia molecule is passing from a solution to crystalline
state. However, such tendency of bond length change
has been observed only for O=C,, axial bond (Table
3). The Si-F., equatorial and Si-F, axial bond lengths
that are one of the most important structural character-
istics of trigonal-bipyramidal surrounding of silicon
vary in the series: dyus < Adgory. > Adrys. Similar data
were obtained earlier by HF/6-31G(d) calculation of
the effect of medium (gas — DMSO) on BFS molecule
geometry for the Onsager and Tomasi’s PCM models
[10]. The retention of an analogous tendency of varia-
tion of coordination bond length observed in our
DFT(B3LYP)/6-311 + G(2d,p) calculation taking into
account the effect of electron correlation and using the
larger basis set involving 2d diffuse functions made us
to resort to the analysis of X-ray structural data. Indeed,
in the crystalline structure Ia the anomalously short

lengths of Si-F,, axial and Si-F., equatorial bonds
could be caused by the effect of the crystal lattice [6].

An intramolecular coordinate X — Si, X =N, O, S
bond is the most debated and important structural
parameter of molecules containing pentacoordinate sili-
con atom. Such an interest can be explained by the high
sensitivity of the X — Si bond to the influence of intra-
and intermolecular electron effects and the possibility of
obtaining indirect information about the energy of
intramolecular coordination. Below, there are literature
data and the results of gaseous coordination bond
length d(O — Si), pm:

Basis set HF DFT MP2 MP2
(B3LYP) (FO) (Full)
6-31G(d) 214.0 [4] 214.0 [4] 212.5[10]
6-311G(d) 208.9 [10] 215.7 213.6 [10] 215.8 [10]
6-311 + 208.8 [10]
G(d)
6-311 + 209.0 [10]
G(d,p)
6-311 + 222.7 218.5 216.8
G(2d,p)

While analyzing the basis size influence on the HF
and MP2(FC) calculated d(O — Si) bond length evalua-
tion by the HF and MP2(FC) methods, it was
determined that the transition from limited basis set 6-
31G(d) to 6-311G(d) leads to some shortening of coordi-
nate bond length d(O — Si) and does not depend on the
following usage of diffuse functions on heavy atoms and
additional polarized functions in HF/6-311 + G(d,p)
method [4,10]. Our HF calculation with 6-
311 + G(2d,p) basis set supplemented by 2d functions
on heavy atoms, has shown a significantly 13.7 pm in-
crease of the d(O — Si) bond length. An analogous
extension of the basis set in MP2(Full) leads to monot-
onous increase in d(O — Si). Herewith, for qualitative
enough 6-311 + G(2d,p) basis set, the O — Si coordina-
tion bond length is 5.8 pm shorter than the one gotten
by HF method, but it agrees with the results of
DFT(B3LYP) calculations. Thus, the most correlated
evaluations of coordination bond length d(O — Si), as
well as other bonds of Ia cyclic and Ib acyclic structures,
were obtained by DFT(B3LYP) and MP2(Full) meth-
ods with the use of 6-311 + G(2d, p) basis set.

The perturbing of medium effect in the range of dielec-
tric constant change ¢ = 1-36 leads to shortening of the
coordinate O — Si bond by 10.2 pm (Tables 2, 3). At
the same time, B3LYP calculation indicates the tendency
of axial Si-F,, bond elongation that together adequately
reflects the theoretical postulates of three-center 4-clec-
tron bond model for =0 — Si-F,, axial fragment.

The linear dependence (Fig. 2C) between the calcu-
lated coordination bond length d(O — Si) and the
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function (e — 1)/(2¢ + 1) of medium polarity was re-
vealed. The increase of medium polarity causes shorten-
ing of the O—Si coordinate bond length and
strengthens intramolecular coordinate bonding that is
described by equation:

d(0 — Si) = 1.0483E o0 + 230.99 R* = 0.99.

For pentacoordinate organosilicon compounds, the ob-
tained dependence the first time established the interre-
lation between complex-formation energy E.oorq and
O — Si coordinate bond length, that in highest degree
characterizes the structural reorganization of the BFS
molecule with a change of medium polarity.

2.4. Vibrational spectra

Using DFT(B3LYP)/6-311 + G(2d,p) calculation in
harmonical approximation we have analyzed the Ia (Ta-
ble 4) and Ib (Table 5) molecule vibration spectra both in
an isolated state and in an acetonitrile solution. The iso-
mers Ia and Ib possessed C; symmetry, and for each of
them there are 57 normal vibrations 384, + 194,, active
in IR and Raman-spectra. Tables 4 and 5 contain
approximate forms of normal vibrations of Ia and Ib,
and available experimental frequencies. Frequency
assignment has been done on the basis of an analysis of
vibration localization, frequency behavior, and vibration
intensities in different mediums (in gas phase, in CCl; and
CH;CN solutions, and in solid state), and comparison
experimental IR and Raman spectra in solid state. Tak-
ing into account the fact that the calculation by the
DFT(B3LYP) method leads to systematic overestimation
of frequencies, the comparison of calculated and experi-
mental frequencies made allowances of the scale factor
(SF). For the Ia vibrational spectrum in the 1700—400
cm ! region (in acetonitrile solution) the SF has the value
of 0.96 that corresponds to the following equation:

Vexp. = 0.96vee. +62.6,  R> = 0.996.

For certain spectral regions the scale factors are often
much higher and reported separately.

The theoretical study of the 1a and 1b vibrational
spectra of the stable BFS isomers of the BFS molecule
was designed to solve three main problems:

« the discovery of the coordination sensitive vibrations,
o the determination of sensitivity of calculated vibra-

tions on the medium effect,
o the identification of vibrations with the maximum

contribution of O — Si bond deformation.

2.5. 2900-3100 cm™" region

In this region of the 1a vibrational spectrum are seven
bands of C—H stretching vibration that is in good agree-

ment with the calculation (Table 2). Five of these vs7—vs3
normal vibrations of 4; symmetry belong to character-
istic stretching vibrations of a benzene ring. Their fre-
quencies and intensities have low sensitive to
intramolecular coordination and to medium effect.
Two lower-frequency normal vibrations 52 and 51 are
related to characteristic asymmetrical 4, and symmetri-
cal A, stretching vibrations of the methylene group,
v.sCH, and v{CH,, respectively. According to calcula-
tions, in the =0 — Si bond formation their frequencies
increase approximately by 30 cm ™~ for gas phase, but do
not depend much on the increase of medium polarity.
Previously this has not been revealed during experimen-
tal and theoretical investigations of the BFS vibrational
spectrum [3,7].

2.6. 1200-1700 cm™" region

This spectral region contains the vibrational bands of
carbonyl group and ester fragment, which are important
for the analysis of coordination sensitivity and medium
effect. The vC=O0 calculated values in the gas phase for
Ia and Ib isomers are 1692 and 1767 cm', respectively
(experimental 1750 cm ™' [21]). The scale factors for
them are 1.00 and 0.99. The calculated vibrations
v50C=0 of A; symmetry in the spectra of both struc-
tures are not strictly form-characteristic. The v5(C=0
of Ib isomer containing a tetracoordinate silicon atom
the contribution of the ZCgC,C,, angle deformation
was observed. For isomer Ia containing pentacoordinate
silicon atom this vibration inclusions the ZC{,014C;5
angle deformation and the CH, group vibration. This
is caused by formation in isomer Ia of heterocycle closed
by an intramolecular =0 — Si coordinate bond. The
calculation proves the strong decrease (by 75 cm™') in
v50C=0 when intramolecular coordination is realized
in gas phase. This is in agreement with the experimen-
tally observed lowering in frequency by 56 cm™'. Mod-
eling of the dipole—dipole interaction of 1a isomer with
the medium (acetonitrile) adequately reproduces the
experimentally observed decrease in frequency vC=0:
calculation — 32 cm ™!, experiment — 56 cm ™', and agrees
with the decrease in =0 — Si bond length during in-
crease in medium polarity. The given spectral criterion
was used earlier to study an impact of different factors
on the strength of =O — Si intramolecular coordination
bond [2,3].

Previously, based on the experimental data for BFS
molecule and normal coordinate analysis of H-
C(O)OCH,SiF3; model compound in this spectral region,
one more conformational sensitive vibration at 1350
cm ! (gas) that was assigned to asymmetrical vibration
of C(0O)-O-C esteric group was identified [2,7]. Its fre-
quency increases up to 1366 cm ™' during transition to
solid state. An increase in frequency of this stretching
vibration during the coordinate heterocycle closing in
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Table 4

2929

The calculated DFT(B3LYP)/6-311 + G(2d,p) and experimental characteristics of vibration spectra of BFS Ia isomer containing a pentacoordinate

silicon atom (frequency v, cem ™!, intensity 7, KM/mol)

No. Sym Calculation Assignment Experiment, v
e=1 £=359 IR Raman
v I v 1 e=1 e=228 ¢=359 Tab. Solid
460 K KBr
57 A 3208 2 3210 1 vCH 3120 w*
56 A 3205 2 3205 3 vCH 3095 w 3091 w
55 A 3191 9 3194 4 vCH 3075 m 3064 w
54 A4 3183 7 3187 4 vCH 3068 m 3049 w
53 A 3170 1 3177 ~0 vCH 3040 w
3016 w 3006 w
52 A, 3111 2 3114 3 vasCHz 2940 m 2961 w
51 A 3069 10 3069 15 vCH, 2855 w
50 A 1692 342 1660 414 vC=0, 6£C2014C;s, p,CH, 1694s 1655vs 1638s 1630 vs 1633 m
49 4 1641 32 1638 100 vCC, vC;C;a, yCC, 6CH 1640 m 1620w 1620 w 1626 vs 1627 s
48 4 1618 27 1613 109 vCC, vC=O0, yCC, éCH 1617m 1618 m
1600 s 1603 m 1602w 1601 m 1602 vs
47 4 1530 4 1530 8 0CH, yCC, vC;Cy, 1583 m 1578 m 1579 m
46 4, 1488 34 1488 55 6CH, yCC, vCC 1496 w  1444s 1498 m 1499 w
45 4 1471 34 1471 55 6,CH, 1455m  1421s  1454s 1456 w
1442 w
1416 m 1422 s 1421w
4 4, 1375 374 1377 563 v4sC7C12014, 0sCH,, p,CH,, 6CH 1349s  1362vs 1364s 1378s 1376s
43 4 1356 15 1359 25 o6CH
42 4 1336 23 1337 39 vCC, yCC, 6CH, 0£C;C 2014, p,CH> 1320 w 1325w 1329 w
1310 w 1318 w
41 A, 1282 101 1276 113 vC;C2044, pCH> 1258 s 1261 w 1275w 1286 m
40 4, 1239 11 1236 11 pCH, 1240 w 1234w 1257s 1255w
39 A4 1203 30 1205 47 6CH 1200 vw 1200 w 1219w 1216 w
1209 w
38 A 1188 1 1193 2 oCH 1177w 1183w 1168w 1188 w
1179 w
1165 m
37 A 1148 86 1150 111 v,C12014Cys, vC7Cyp, 6CH, yCC 1130 s 1139 m 1142s 1140 m
1130 m
36 A 1105 21 1107 29  oCH, vCC 1095 w 1104 w
35 A 1048 15 1047 17 yCC, vCC, 6CH 1070 w 1075 w
34 4 1022 ~0 1021 ~0 7CC, CC 1025 w
33 A, 1013 ~0 1021 1 pCH, pCC 1039s 1028 m 1027 m
32 4, 996 ~0 998 ~0 pCH, pCC 1002w 999 vs
31 Ay 987 18 986 30  vO14Cys, 0£C45810,3, 6£C7C12014, yCC 990 s 963 vs 973 s 980w 986 w
30 4, 963 22 967 1 pCH 969 m 964 w
29 A, 962 180 946 230 vy FeqoSiFeqa1, p.CH,, pCH, pZCy58i03 945m 948 m
938 vs 931w
28 Al 903 1 905 1 54013C12014, 54C12014C15, 54014C15$i, /)u,CHz, VCC 902 m
27 Al 866 106 862 ~0 VSFquOSiFCQZIs VSiClS, VC15014, (34013(:12014 890 s 864 m 863 s
26 A 863 ~0 855 171 pCH
25 A, 824 2 828 3 pCH, pZ0;3C12014 811 m
24 4, 808 385 771 525 wSi-F,.x, 6£014C;5S1 836 s 785 s 783 s 795 m
23 A4, 739 ~0 736 3  p,CHa, pZ014CisSi
21 Al 709 20 709 45 bCH, }'CC, VC7C12, 54C12014C15, 54014C15$i 715s 719 s
20 A4, 697 21 696 27 pCC, pCH 694 w 695w 698 m
19 4, 661 19 666 36 vO— Si, 1SiCys, 62C15014Cys, 62C 150135 681 m 684m 679w
18 A4 633 ~0 633 1 yCC, oCH 615w  617m
17 4 539 4 544 4 0uS1F3, 0£C15014Cy s 542 w 548w 548w
16 A] 477 50 487 69 vO — Sl, 54C12014C|5, 54C5C7C12, 5“,SiF3 484 m 495 w 495 s
15 4, 457 1 457 1 pCC 443 w
14 4, 413 ~0 413 ~0 pCC 418w  417m
13 4, 394 22 398 24 vO — Si, vC;Cya, 0SiF3, 0£C5C,Ca, yCC 403 w
12 A4, 342 10 349 11  pCHs, 0, SiF; 371w
11 Al 322 83 332 173 vO — Sl, pmsiFeqzoFquI, 54C12014C15 360 w
10 4, 315 34 317 28 vO — Si, 0£CsC;Cqa, 9,SiF3 326 w

(continued on next page)
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Table 4 (continued)

No. Sym Calculation Assignment Experiment, v
e=1 e=359 IR Raman
v I v 1 e=1 £=2.28 £=359 Tab Solid
460 K KBr
9 A> 284 3 302 0C7C1,01381, piCH,, pCC 235s
8 Az 218 1 221 1 ﬂtC12014C15Si, ptCHz, p4C5C7C12 217 w
7 A, 177 26 186 53 vO — Si, 0£0,4C;5S1, p.SiF; 193 m
6 Ay 171 8 175 1 0¢{C7C1,014C;5S1
5 Az 138 2 141 3 pTC12014C15Si, /)TCHz, Pt b.r.
4 A> 105 ~0 108 ~0 p. he., pbuor. 107 w
3 A, 79 9 90 8 vO — Si, §£014C;5S1 91w
2 Az 47 ~0 50 ~0 Pz b.r., pTC7C12013Si, pTSiF3
1 A 35 1 41 1 p: b.r., p. hee, p.SiF;

Types of vibrations: v, stretching vibration of bonds; 9, internal deformation vibrations, Js, scissor vibration (for AX, groups); d, umbrella vibration
(for AX; group); external deformation vibration, p,, pendular vibration (for AX5); p., twice degenerate pendular vibration (for AX; group); py, fan
vibration; p, torsion-deformation vibration (twist); p., torsion vibration; benzene ring (b.r.) vibrations, yCC, planar skeleton vibration; 6CH, planar
deformation vibration of CH bonds with a change of ZCCH valence angles; pCC, non-planar deformation of CC bonds; pCH, non-planar
deformation of CH bonds; p:h.c., torsion vibration in five-member heterocycle.

& Characteristics of relative intensities in spectra: vs, very strong; s, strong; m, moderate; w, weak; vw, very weak.

1a molecule and an increase in frequency during med-
ium polarity growth were also used as the spectral crite-
ria of an existence and strength of intramolecular
=0 — Si coordinate bond [2,3]. According to our calcu-
lation, the form of normal vibration 44 (Table 4) in 1a
isomer spectrum does not correspond to the standard
interpretation and does belong to asymmetric vibration
Vas of C7—C,—0y4 group with supplementary contribu-
tion from 6,CH,, p,CH, methylene group vibrations,
and angled deformations ZCCH of benzene ring. The
vC7—C1,-014 symmetrical vibration of 4; symmetry
(with additional contribution from p, CH, vibrations
of coordinate heterocycle methylene group) corresponds
to the normal vibration 41 with 1282 cm™' frequency.
The scale factor for these vibrations is equal to 0.98.
In 1b acyclic isomer spectrum, the v,,C7C1,014 vibration
corresponds to one of most intensive normal vibration
41 with 1262 cm ™' frequency (Table 5). The DFT calcu-
lation reproduces a sharp increase of this vibration
frequency by 114 cm™! in the formation of intramolecu-
lar =0 — Si coordinate bond in a gas phase. According
to the theoretical estimate of the medium effect, the tran-
sition from a gas phase to acetonitrile is accompanied by
a frequency increase of coordination-sensitive vibration
V44 in spectrum la only by 2 cm™', vs. experimentally

observed of 15 cm™ L.

2.7. 800—1200 cm™" Region

This region of the spectrum contains bands of impor-
tant stretching vibrations of the SiF; group, whose
atoms directly participate in the formation of the 3-cen-
ter, 4-electron axial bond in Ia isomer. Two bands of va-
lence vibrations v,Si—F and vSi—F exist in tetra-valence
silicon compounds containing SiF3; group with local C3,
symmetry (RSiF3) [3]. In the IR spectrum of a model

compound (tribenzyloxypropyl)trifluorosilane, CgHs-
C(=0)O(CH,);SiF;, with a tetracoordinate silicon
atom, the bands at 950 and 876 cm ™' (the CCl, medium)
have been assigned to the corresponding vibrations [21].
These bands are not sensitive to variations in the med-
ium polarity.

In the IR spectrum of an Ia cyclic isomer in a gas
phase at 7=400 K there are three intensive bands at
990, 890 and 830 cm ! that were assigned to VasSi-Feq,
VsSi-Feq, and vSi—F,y, vibrations for trigonal-bipyrami-
dal silicon atom configuration were detected [2,3]. The
presence in the isomer la spectrum of an intense band
at 836 cm ' (gas phase) corresponding to the Si—F,,
bond stretching vibration provides a strong evidence
for the existence of trigonal-bipyramidal surrounding
of the silicon atom [1-3]. According to the calculation,
the corresponding normal vibration 24 (scale factor
1.03) is mainly localized on Si—F,; bond and is related
only to deformational vibration 6/014C15Si.

The calculated stretching vibration frequencies of
equatorial bonds v,Si-F¢q/v,Si-F¢, are equal to 965/
957 em™!' and 962/866 cm~' for isolated isomers 1b
and 1a (Tables 4, 5). The scale factors for these vibra-
tions are equal 0.98/0.92 and 1.03/1.03, respectively. Of
these, only the v,Si-F, vibration is sensitive to confor-
mation variation. Its frequency decreases by 91 cm™!
in the formation of intramolecular =O — Si coordinate
bond in a gas phase (Table 4).

As experimentally established, the vSi—F,, and vSi-
Feq values decrease in the row AvSi—F,x > Av,Si—Feq
when the medium polarity increases from a gas phase
to acetonitrile. The B3LYP -calculation reasonably
reproduces the experimentally observed decrease of fre-
quencies, AvSi-F,, =37 cm™~! (by experiment 51 cm™ ")
and Av,Si-F.q = 16 cm ™! (by experiment 45 cm '), dur-
ing above transition from a gas phase to acetonitrile.
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Table 5

The calculated DFT(B3LYP)/6-311 + G(2d,p) characteristics of vibration spectrum of Ia isomer containing a tetracoordinate silicon atom (frequency

1

v, cm™, intensity /, KM/mol)
No. Sym. e=1 e=359 Assignment
v 1 v 1
57 A, 3210 2 3209 3 vCH
56 Ay 3202 4 3202 5 vCH
55 Ay 3188 12 3188 13 vCH
54 A, 3179 9 3180 9 vCH
53 A, 3167 1 3168 0.2 vCH
52 A> 3080 3 3077 3 vasCH»
51 Ay 3042 17 3039 24 vsCH,
50 Ay 1767 274 1764 337 vC=0, 0£C3C;0
49 A, 1641 18 1640 26 vCC, vC;Cy,, yCC, 6CH
48 A, 1621 5 1621 6 vCC, yCC, 6CH
47 Ay 1529 1 1529 1 J0CH, yCC, vC,Cy;
46 Ay 1486 15 1486 18 0CH, yCC, vCC
45 A, 1470 11 1470 13 5.CH,
44 A, 1354 5 1355 5 J0CH,
43 Ay 1337 64 1337 48 O0CH, dp,CH,, vCC, yCC, 6£C,014C15
42 A, 1333 53 1333 84 poCH,, 60CH
41 A, 1262 315 1259 385 ¥2sC7C12014, poCHa, SCH
40 A, 1235 12 1235 13 pCH,
39 Ay 1200 43 1200 59 JCH
38 A, 1187 1 1188 1 0CH
37 Ay 1124 158 1121 186 vsC7C1,014, 6CH, yCC, p,CH,
36 Ay 1100 74 1098 124 vasC12014Cy5, 6CH, vCC,
35 Ay 1049 18 1049 22 yCC, vCC, 6CH
34 A, 1022 34 1022 4 9CC, vCC
33 A, 1011 33 1013 ~0 pCH, pCC
32 Ay 996 41 997 51 v5C12014C;5, yCC
31 A, 995 ~0 995 ~0 pCH, pCC
30 A> 965 184 963 166 VasF20S1F21, p,CH,, pCH, pCC
29 A, 960 15 960 55 pCH
28 Al 957 161 952 204 VSFz()Sinl, 54C12014C15
27 A, 886 111 884 140 VSiCys, 8,SiFs, p;CH,, 6/C15014C;s, 52015C1,014
26 As 863 ~0 863 ~0 pCH
25 Al 856 185 853 262 \’C12014, 54013C12014, 5mSiF3, }’CC
24 A, 823 1 823 1 pCH, pCC, p/C5C 1,04, p,CH,
23 4, 780 2 779 3 0:CH,, p2£0,4C5Si
22 A> 721 84 720 94 pCH, pZ£C7C2014
21 Al 719 2 719 1 bCH, “/CC, VC7C12, (;ZC12014C15
20 A, 701 12 701 15 pCC, pCH
19 Al 667 7 667 10 \’Sicls, “,’CC, 54013C12014
18 Ay 634 1 634 1 yCC, 6CH, 6£C;C1,0,3
17 Ay 497 2 497 2 0£CsCCya, 0£C7C 12014, 0£014Cy5Si
16 A, 453 1 452 ~0 pCC
15 A> 415 0 415 ~0 pCC
14 A, 413 123 410 159 0£C12014Cy5, 0,S1F3, £013C12014
13 A, 380 21 381 30 VC5C1a, 8SiFs, 6/C5CC)a, yCC
12 4, 324 11 324 13 pSiFs, 0/C5C,C1a, 82C12014C1s
11 A, 312 16 312 18 0.CH,, p.SiF;
10 4, 267 7 267 9 8/C5C4Cra, 8/C12014C1s, 94SiFs
9 A, 224 2 223 2 020,4C,158i, p,CH,
8 4, 204 1 204 13 p2C15014C1s, 3,SiF3
7 Az 195 1 195 1 Pt b.r., prC7C12014C15, plsiF3, plCHz
6 A| 145 2 145 2 ptC7C|2014C]SSi, P b.r., pTSlF';
5 Az 114 1 114 2 pTC12014C15Si, pTCHz, P b.r.
4 A2 60 3 60 3 Pt b.r., pTC7C|2014C|5
3 A, 53 1 54 2 0£014C5Si
2 A2 33 ~0 33 ~0 Pz b.r., p1C12014C155i, ptSIFq
1 A, 22 1 21 1 0. b.r., p.SiF;
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In the spectrum of isomer 1a the traditional asymmet-
ric vibration v,sC;»(=0,3)-014-C;s of the ester frag-
ment corresponds to normal vibration 37 of A,
symmetry at frequency 1148 cm™'. It is not characteris-
tic in form and contains contributions from vibrations
vC;Cyy, 0CH, and yCC. The asymmetric vibration
V2sC12(=013)-014-C;5 in the Ib acyclic isomer spectrum
is included in vibration 36 of 4; symmetry at frequency
1100 cm™'. Its conformational sensitivity (transition
from the Si tetra- to pentacoordinate compound) in 1a
isomer spectrum is less clearly expressed than that of
asymmetric vibration 44 of the C;—C{»—O4 group. In
the formation of intramolecular O — Si coordinate
bond in the 1a molecule in gas phase, the calculation
predicts an increase in frequency of this vibration by
48 cm~ ! in comparison with 114 em ™! for v,C7C15014.
The calculated evaluation of the medium influence dur-
ing the transition from gas phase to acetonitrile predicts
only alsmall increase in vibration frequency v;¢ by about
2cm .

2.8. 200-800 cm™! region

The calculation of (formyloxymethyl)trifluorosilyl
isomer vibrational spectrum with intramolecular
=0 — Si coordination in the valence-force field
approximation indicates the contribution from defor-
mation of this bond into three low-frequency vibrations
at 360, 330, and 218 cm ™! [7]. The distinct feature of
calculated DFT(B3LYP)/6-311 + G(2d,p) spectra of an
1a cyclic isomer is the contribution of deformation of
=0 — Si coordinate bond in the wider region of the
spectrum 700-70 cm ™! (Table 4) (in normal vibrations
19, 16, 13, 11, 10, 7, and 3 with calculated frequencies,
respectively, 661 (SF = 1.03), 477 (SF = 1.01), 394, 322,
315, 177, and 79 cm™'). The most significant contribu-
tion of =0 — Si bond deformation was observed in
vibrations with calculated frequencies 477, 322, 315,
and 177 ecm~'. This fact is confirmed by their intensity
increase 10-50 times in comparison with the corre-
sponding vibrations of a 1b acyclic isomer not contain-
ing =0 — Si bond (Tables 4, 5). According to
calculation, during the transition from a gas phase to
the acetonitrile solution, the largest changes of frequen-
cies in the Ia isomer vibration spectrum were detected
for vibrations 477, 322, 315, and 177 sm~'. For the
normal vibrations 19, 16, 13, 11, 10, 7, and 3, the cal-
culation shows an increase in frequencies by 4-11
em~! with growing the medium polarity in the range
of ¢ = 1-36. For normal vibration at 477 cm’, the calcu-
lation is supported by the experimental data of band
frequency increase in going from solution in CCly to
CH;CN (484 — 495 cm™'). All the above vibrations
have of complicated form and mainly include the pla-
nar deformations of angles Z/C;,04Cy5 and ZC;,013Si
of hererocycle, and angle ZCsC,C;».

2.9. Region <200 cm™’

Calculation of normal vibrations in this region of Ia
and Ib spectra reproduces 7 frequencies of complicated
form vibrations. The normal vibrations 7, 6, and 3 are
of the interest for the analysis of coordination.

The form of vibration 7 and its symmetry in the spec-
tra of Ia and Ib isomers in a gas phase change during the
transition from acyclic isomer to coordinate cyclic iso-
mer. In the theoretical spectrum of the Ib acyclic isomer,
a low-intensity normal vibration 7 of A4, symmetry at
195 cm ™! corresponds to the major contribution of tor-
sional deformations of the benzene ring, C;C,0,4C;5
chain, SiF3; and CH, groups. The scale factor for this
vibration is equal to 1.09. In the spectrum of an Ia cyclic
isomer, the normal vibration 7 of 4; symmetry, its fre-
quency by 171 em™! is sufficiently lower, whereas its
intensity is one order of magnitude higher. The vibra-
tion is major localized on the coordinate bond =0 — Si
and mixed only with deformation of the angle
Z014C5S1 and torsional vibrations of SiF; group. In
the spectrum of acyclic isomer 1b normal vibration 6
of A, symmetry at 145 cm™' corresponds to torsional
deformations of the benzene ring and open chain
C(=0)OCH,SiF3. In coordinate structure la spectrum
the frequency of this vibration is higher 26 cm™' (171
cm™'). The normal vibration 3 with 4; symmetry at
53 cm™! in the spectrum of 1b isomer represents the
deformation of angle £0;4C;sSi. In the spectrum of
an la cyclic isomer, the form of this normal vibration
corresponds to deformations of =O — Si bond and an-
gle Z0,4C,5Si and the frequency 79 cm ™' is much high-
er. The scale factor of the vibration is 1.14. The
vibrations 7 and 3 are most sensitive to change of med-
ium polarity. In acetonitrile solution, their frequencies
are increase on 9 and 11 cm™', respectively. Practically,
normal vibrations 7 and 3 may be regarded as vibrations
localized on intramolecular =O — Si coordinate bond.

The normal vibrations 5, 4, 2, and 1 of 4, symmetry
at 138, 105, 47 and 35 cm™ !, respectively, in gas phase
spectrum of Ia isomer correspond to the torsional defor-
mations of a benzene ring mixed with different torsional
deformations of coordinate heterocycle. The scale factor
for normal vibration 4 is 1.02. In the presence of the
=0 — Si coordinate bond (in going from Ib to Ia iso-
mer), frequencies of modes 5, 4, 2 and 1 increase on
24, 45, 14 and 13 cm ™', respectively. Most probably,
the formation of the coordinate heterocycle and charge
redistribution in the carboxyl group change the force
field of the molecule and reflect the effect of increasing
of conjugation energy between n-systems of the carboxyl
group and benzene ring. The increase of medium polar-
ity during the transition to acetonitrile provides the fur-
ther increase in frequencies by 3-6 cm ™.

Thus, it has been established that the DFT(B3LYP)/
6-311 + G(2d,p) calculation in the Onsager SCRF
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approximation describes effect of unspecific mediums on
the change of coordination energy, dipole moment and
band frequencies in the vibrational spectrum of BFS
molecule is adequate to the experimental data and the
theoretical model of three-center, 4-clectron (3c—4e)
binding for the C=0 — Si-F,, fragment.
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