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Abstract—Insertion of CCl,, SiCl,, and GeCl, into the B-H and C—H bonds of the carborane(12) molecules as
well as into the B-Hal, C—Hal bonds of some halogen-substituted ortho-carboranes are studied at the B3LYP/6-
311+G(d,p) and M06-2X/6-311+G(d,p) levels of theory. Thermodynamic parameters of the reactions are
calculated and their variation for the isomeric carboranes(12) and for a series of carbenoid species is shown.
For several insertion reactions the energies of activation are calculated based on the model of three-center
synchronous transition state. The energy barriers are regularly varied depending on the position of the B-H

bond in the carborane molecule.
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The chemistry of carbenes and carbenoids provides
a wide spectrum of efficient procedures for preparation
of new organic and organoelementalal compounds
[1-3] like reactions of insertion into o-bonds [4],
addition to multiple bonds with the formation of cyclic
products [5, 6], dimerization and polymerization (the
latter is more characteristic of the Ge and Sn analogs
of carbenes) [7], complexation [§8], intramolecular
rearrangements [9, 10]. The ability to insert into o-
bonds is a typical general feature of carbenes and their
analogs whose activity in these reactions is determined,
first of all, by the substituents at the carbene atom
[4, 11].

Reactions of carbenes [12, 13] and silylenes [14, 15]
with various types of chemical compounds are well
studied, whereas there is much less information
available concerning the processes with participation
of their more heavy analogs since the chemistry of
these compounds is much younger. Thus, the first
communication on the experimental preparation of the
products of insertion of diorganogermylene into the
C—Ge bond appeared in 1984 [16], and the first
insertion into the C—H bond was mentioned in 1987
[17]. The first systematic theoretical investigation of
the thermodynamics and kinetics of the insertion of a

series of germylenes into the C—H bonds refers to 1999
[18], although theoretical studies of the molecular and
electronic structure of the isolated molecules of
silylenes and germylenes have been performed much
earlier [7, 19]. In spite of the relatively short story, the
chemistry of heavy analogs of carbenes is one of most
dynamically developing fields of organoelemental
chemistry. The majority of investigations concerning
the insertion of carbenoid species concern the insertion
into the C-H and C-Hal bonds, whereas much less
studies correspond to the interaction with the X-H
bonds of other elements.

Insertion of carbenes and their analogs into the
B-H bonds can be an efficient method for preparation
of the carboranes(12) derivatives. Carboranes(12) are
stable polyhedral molecules of composition C,BoH >,
where the backbone bonds and the terminal B-H and
C-H bonds can be discriminated (Fig. 1). The boron-
carbon carborane scaffold is highly stable due to the
strong delocalization of the electrons of its bonds [20],
therefore the scaffold bonds will remain likely intact
under the action of carbenoid species and the insertion
reactions will proceed at the terminal bonds.

The insertion of the silylene molecule (RR'Si) into
the B-H bond results in the formation of the B-
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Fig. 1. Molecular structure of prereaction complexes (a—c) and some products (d—f) of insertion of dichlorocarbene into the B-H
bonds of the molecules of ortho-, meta-, and para-carboranes, M06-2X/6-311+G(d,p) (boron atom numbers are given).

SiRR'H group, with the hydrogen atom at silicon,
which can further be used in the reaction of hydro-
silylation in order to prepare the derivatives of carbo-
ranes(12) with more complex organosilicon sub-
stituents. Similarly, the insertion of germylene leads to
the B-GeRR'H group capable of the reaction of hydro-
germylation.

The insertion of dichlorosilylene into the B-H bonds
allows the preparation of carborane-containing chloro-
silanes, whose hydrolytic condensation can lead to new
carborane-containing siloxane oligomers, polymers or
scaffold molecules.

The insertion of silylenes into the B-H, B—CI, and
B-F bonds of simplest boranes and their halogen-
derivatives was mentioned in the literature [21]. Re-
cently the insertion of carbenes into the B—H bonds
catalyzed by the Rh salts was described [22]. However,
we failed to find any reports on the insertion of heavy
analogs of carbenes (SiR,, GeR;) into the B-H bond of
polyhedron boron compounds.

So far, there were only two publications describing
the investigation of the insertion of carbenes into the
B-H bond of carboranes(12) [23, 24], although their
results were, to some extent, contradictory. Thus, in
[23] it is stated that meta- and para-carboranes do not
enter the reaction with carbenes, whereas in [24] the
insertion of carbene into the terminal bonds of para-
carboranes has been successfully realized.

Modern methods of quantum chemistry are a
powerful instrument for investigation of the me-
chanism of many reactions, especially with participa-
tion of active short-living species, for which the
experimental study is complicated. In the present
work, the insertion of CCl,, SiCl,, and GeCl, into the
terminal B-H and C-H bonds of ortho-, meta-, and
para-carboranes were studied using the methods of
quantum chemistry.

Thermodynamics of insertion reactions of CCl,,
SiCl,, GeCl, into the terminal bonds of carboranes(12)
and their chloro-substituted derivatives. The
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Table 1. Energy AE, enthalpy AH, and Gibbs energy AG (kcal/mol) for insertion of CCl,, SiCl,, GeCl, into the B-H, C-H
bonds of the carborane(12) molecules

B3LYP/6-311+G(d,p)
Parameter

CCL/SiCl,/GeCl, | CCly/SiCly/GeCl, | CCly/SiCly/GeCl, | CCL/SiCl,/GeCl, | CCly/SiCly/GeCl,
ortho BH’" BH*" BH*>"!! BH*¢ CH'?
AE —75.1/-28.7/-4.8 —74.7/-28.5/-5.4 | —74.9/-27.8/-4.6 | —74.6/-26.6/-3.2 | —60.5/-24.4/+5.0
AH ~71.2/-27.7/-4.4 ~70.8/-27.5/-5.6 | —71.0/-26.8/-42 | -70.8/-25.6/-2.8 | —57.6/-24.7/+4.1
AG ~59.1/-16.2/+6.9 | —58.7/-16.1/+7.7 | —58.7/-15.2/+7.4 | —58.5/-13.8/+8.8 | —44.8/~12.4/+16.2
meta BH>"? BH>'? BH*¢5!! BH*’ CH"’
AE —73.9/-28.0/-4.6 —72.7/-26.0/-2.3 | —74.7/-26.0/-43 | —72.9/-24.9/-0.8 | —59.1/-23.5/+5.4
AH ~70.1/-27.0/-4.3 —69.1/-25.3/-2.2 | -70.9/-25.2/-4.0 | —69.8/-24.7/-1.2 | -56.3/-23.9/+3.6
AG —59.0/~15.8/+5.7 | —57.7/-14.548.5 | —59.2/-14.5/+7.2 | =56.2/-11.6/+11.7 | —44.1/-12.8/+16.9
para BH - - - CH""
AE —74.5/-27.5/-4.0 - - - —59.6/-23.7/+5.6
AH ~70.6/-26.5/-3.6 - - - —56.7/-24.6/+4.6
AG —60.1/~16.2/+6.6 - - - —45.5/-12.0/+14.1

M06-2X/6-311+G(d,p)

ortho BH>"* BH*" BH*7!! BH*® CH'"
AE —86.8/-38.0/~18.2 | —85.6/~37.8/~18.9 | —86.6/~37.0/~18.0 | —86.1/-35.8/~16.6 | —73.5/-35.6/~11.8
AH ~82.4/-37.2/-17.5 | —81.4/-37.2/-18.3 | —82.5/~35.9/-18.0 | —82.1/~34.5/-15.9 | —70.3/~35.4/-12.2
AG ~70.1/-23.6/-6.3 —69.4/-23.5/-7.7 | —70.3/-24.6/-4.3 | —70.0/-22.2/-4.0 | -57.4/-22.7/+0.4
meta BH>"? BH>"? BH*®!! BH>’ cH"’
AE —85.3/-37.0/-18.1 | —84.3/-34.9/-15.4 | —83.9/-34.8/~17.6 | —84.2/-33.5/-13.6 | —72.0/~34.7/-10.7
AH —81.5/-36.7/-17.7 | —80.7/~34.3/-15.2 | —80.1/~34.1/-17.8 | —81.1/~33.4/-14.0 | —69.2/~34.9/-12.2
AG —69.9/-23.5/-6.2 —68.7/-23.6/-4.2 | —68.2/-23.0/-4.5 | —67.6/-20.0/-0.7 | -56.8/-23.3/+1.6
para BH - - - CH"'*
AE —86.1/-36.5/-17.3 - - - ~72.7/-34.9/-11.2
AH —82.4/-36.5/-17.8 - - - ~70.0/-36.1/-12.0
AG —71.9/-24.0/-5.4 - - - —58.5/-23.2/-1.0

insertion of carbenoid species into the terminal bonds
of carboranes(12) molecules can be represented by the
example of ortho-carborane by Scheme 1, where A is
the isolated reagents; B is the prereaction
intermolecular complex of the carborane molecule and
carbenoid species (examples of complexes are shown
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in Figs. la—1c); C is the product of insertion. The
results of calculations are presented in Table 1.

In the prereaction complexes with participation of

the ortho and meta-carboranes the carbenoid species is
coordinated predominantly with atoms, which are the
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most distant from the carbon atoms, since these very
regions of the molecules of these isomers of carbo-
ranes(12) have enhanced electron density [25, 26].

As follows from Table 1, for all three isomers of
carboranes(12) the insertion of CCl,, SiCl,, GeCl, into
the C-H bonds is less exothermic than into the B-H
bonds. For example, for insertion of CCl, into ortho-
carborane molecule, AG(By,;,—H) =—70.1 kcal/mol and
AG(C-H) = -57.4 kcal/mol [M06-2X/6-311+G(d,p)]. A
similar picture is observed for insertion of SiCl, and
GeCly: for GeCl, and ortho-carborane AG(By.;,—H) =
—6.3 kcal/mol, whereas the insertion into the C—H bond
is virtually thermoneutral, AG(C-H) = +0.4 kcal/mol
[M06-2X/6-311+G(d,p)].

For comparison: AH for the insertion of GeCl, into
the C-H bond of the methane molecule calculated at
the B3LYP/6-311G(d) level is —0.08 kcal/mol [18],
whereas AH for insertion of GeCl, into the C—H bonds
of ortho, meta, and para-carboranes, calculated in the
same work using the B3LYP/6-311+G(d,p) method, is
+4.1, +3.6, and +4.6 kcal/mol, respectively [18].

Note, that there are no principal differences in the
thermodynamics of the insertion for the ortho, meta
and para-isomers within the framework of the chosen
approximations. As should be expected, in the series
CCl, > SiCl, > GeCl, the thermodynamic probability
of insertion is decreased.

At the B3LYP/6-311+G(d,p) level, the value of AG
is positive for insertion of GeCl, into all C—H bonds of
all isomers, meaning that this process cannot occur
spontaneously. M06-2X method with the same basis
set gives for this reaction the AG values close to zero,
as distinct from large negative AG values for insertion
of GeCl, into the B-H bonds. This is in compliance
with the experimentally observed inertness of the C—H

bonds with respect to insertion of dihalogenogermyl-
enes [1, 7].

The obtained thermodynamic parameters for the
insertion are in agreement with the experimental data
[23, 24], according to which the products of insertion
of CCl, into the C—H bonds of carboranes(12) are not
formed. However, the insertion of CCl, into all bonds
of all isomers (including C—H bonds) in both approxi-
mations are characterized by substantial negative AG
values, consequently, the course of insertion into the
molecules of carboranes(12) can be governed not only
by thermodynamic but also by kinetic factors.

Association of the carbenoid species with the
molecule of substrate leading to the formation of the
prereaction complex B (Scheme 1) is wusually
considered as a separate stage of the insertion reaction
[27, 28] resulting in a small decrease of the total
energy of the system. In the series CCl, < SiCl, <
GeCl, the energy gain for the formation of
intermediate B is regularly increased. Thus, for ortho-
carborane at the B3LYP/6-311+G(d,p) level, the value
of AE for the formation of complex B is —0.6, —1.5,
—2.1 kcal/mol for CCl,, SiCl,, GeCl,, respectively, and
at the M06-2X/6-311+G(d,p) level in the same rank it
equals —4.4, —5.8, and —6.2 kcal/mol. However, the
energy of formation of complex B and the value of the
hydride ion affinity of carbenoid species (XCl, + H —
XHCl;; X = C, Si, Ge) do not vary in the same
direction. In particular, the hydride ion affinities at the
M06-2X/6-311+G(d,p) level are equal to —128.2,
-109.5, and —107.9 kcal/mol for X = C, Si, Ge,
respectively, therefore the character of coordination of
the XCl, molecule with the spatially bulky carborane
molecule is complex and depends not only on electron-
acceptor properties of the central atom X, but also on
its size and orientation relative to the carborane
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Table 2. Energy AE, enthalpy AH, and Gibbs energy AG (kcal/mol) for insertion reactions of CCl,, SiCl,, GeCl, into the

B-Cl, B-Br, C—Cl, and C-Br haloderivatives

Parameter B’-Cl B’-Br C-Cl C-Br

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

CCl,/SiCl,/GeCl, CCl,/SiCl,/GeCl, CCl,/SiCl,/GeCl, CCl,/SiCl,/GeCl,

AE —40.5/-36.9/~11.0 —41.9/-37.9/-14.6 —55.3/-64.7/-31.2 —54.3/-62.9/-32.4

AH —38.7/-35.8/-10.2 —-39.5/-36.0/-13.1 —52.7/-62.8/-29.7 —51.6/-60.9/-30.8

AG —24.1/-22.1/+43.1 —27.0/-24.3/-2.1 —39.6/-50.5/-18.0 —38.5/-48.7/-18.9
M06-2X/6-311+G(d,p)

CCl,/SiCl,/GeCl, CCl,/SiCl,/GeCl, CCl,/SiCl,/GeCl, CCl,/SiCl,/GeCl,

AE —53.2/-47.2/-25.6 —54.1/-48.8/-28.6 —69.1/~76.7/-49.3 —67.7/-75.3/-50.7

AH —51.3/-46.0/-24.7 —52.1/-46.3/-27.5 —66.3/~74.8/-47.9 —65.8/~74.0/-49.2

AG —36.6/-31.9/-11.1 —37.4/-32.1/-13.9 —53.0/-62.0/-36.1 —50.8/-59.2/-37.8

molecule, while for the binding the hydride ion the size
of atom X, apparently, is much less important.

To analyze the binding of the carbenoid species
with the molecule of ortho-carborane we performed
topological analysis of the total electron density func-
tions in complexes B using the M06-2X/6-311+G(d,p)
method within the framework of the Beider’s Atoms-
in-Molecules theory [29, 30]. In complex B with CCl,
the carbon atom of dichlorocarbene is bound with one
of the carborane hydrogen atoms via one bonding path
with the potential energy density V(r) in the bond
critical point equal to —0.005 a.u. A similar picture is
observed in the case of SiCl, but the corresponding
value of V() in the critical point of the corresponding
bond is equal to —0.01 a.u. In the complex with GeCl,,
the germanium atom is bound via two bonding paths
with the hydrogen atoms in the 9 and 12 positions of
the ortho-carborane molecule [the values of V(r) in the
(3; —1) bep for these paths are —0.007 and —0.004 a.u.].
Since the bond energy determined by a specific
bonding path, according to the Espinosa—Molins—
Lecomte correlation [31] is proportional to the
potential energy density in the bond critical point for
this path [E = 0.5V(r)], the bonding energy between
atom X in XCl, and the carborane molecule increases
in the order CCl, < SiCl, < GeCl,, which is in
agreement with the calculated above energy of
formation of complexes B. It is worth to mention that

not only the X atom but also the chlorine atoms of the
XCl, molecule participate in coordination between the
carbenoid species and the carborane molecule (there
are bonding paths having small values of the potential
energy density between the Cl atoms and the hydrogen
atoms of the ortho-carborane molecule).

Thermodynamics of the insertion into the B—Hal,
C-Hal bonds we studied by the example of halo-
genated ortho-carboranes, in particular, 1-chloro-ortho-
carborane, 1-bromo-ortho-carborane, 9-chloro-ortho-
carborane, and 9-bromo-ortho-carborane (Table 2).

In both methods, all insertion reactions into the
C(B)-Hal bonds are thermodinamically allowed and
only for insertion of GeCl, into the B—Cl bond the
value of AG at the B3LYP/6-311+G(d,p) level is
positive.

The insertion into the B-Br bond in all cases is
thermodinamically more probable than into the B—CI

bond, whereas for the C—Br and C-Cl bonds the
situation is reversed.

For the insertion into the B—Cl and B—Br the value
AG is increasing in CCl, > SiCl, > GeCl, series. For
example, for insertion into the B(9)-Cl bond it
amounts to —36.6, —31.9, and —11.1 kcal/mol for CCl,,
SiCl,, and GeCl, respectively, the former two values
being rather close while the value for GeCl, is much
less negative. For insertion into the C—Hal bonds, in
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Fig. 2. Molecular structure of TSs for insertion of (a) CCl,, (b) SiCl,, and (c) GeCl, into the B*~H bond of ortho-carborane.
Interatomic distances (A) in the reaction node and imaginary frequencies (cm™) for each TS are given. Black dots refer to the bond

critical points [M06-2X/6-311+G(d,p)].

both approximations, the most negative values of AG
are observed for SiCl,. Note that the differences in the
thermodynamics of the insertion of CCl, and SiCl, into
the X—Hal bonds are much less than for insertion into
the X—H bonds.

The thermodynamic factor is more favorable for
insertion of the carbenoid species under consideration
into the C—Hal than into the B-Hal bonds.

Analysis of activation energies for insertion of
CCl,, SiCl,, GeCl, into the terminal bonds of
carboranes(12) and their chloro-derivatives. The
experimental data on the insertion of methylene and a
series of its derivatives are indicative of a substantial
selectivity of this reaction with respect to the position
of the B-H bond in the carborane molecule. For
example, it was shown that the yields of the products
of insertion of CCl, into the B-H bonds of ortho-
carborane are distributed as follows: 33% of the
products of insertion in the 4, 5, 7, 11 positions (see
numeration of atoms in Fig. 1); 24%, in positions 9,
12; 25%, in positions 8, 10; 8%, in positions 3, 6; no
products of insertion into the C—H bonds were found
[23]. A similar ratio of the products was observed for
the insertion of CF,. In the later work [24] the products
of insertion of methylene and carbethoxycarbene into
the B—H bonds of para-carborane were obtained and,
as in the case of the ortho-isomer, it was shown that
the insertion into the C—H bonds did not occur.

As can be seen from Table 1, in both approxima-
tions (B3LYP and MO06-2X) the thermodynamics
favors the insertion of CCl, into all B-H bonds as well
as the C—H bonds of all three isomers of carboranes(12).
With this in mind, we performed the analysis of the
energies of activation of this process in order to
explain the observed selectivity for different positions
of the terminal bonds of the carborane molecules.

Since the ground electronic state of XCl, is singlet,
the search for the TS was performed using the model
of synchronous three-membered TS (Fig. 2).

The differences in the molecular structure of the
TSs of the insertion in the series CCl,, SiCl,, GeCl,
can serve an illustration to the Hammond-Leffler
principle [32, 33], according to which for more
endothermic reactions the structure of the TS is more
close to the structure of the reaction products, whereas
for more exothermic reactions it is closer to the
reagents. Based on the topological analysis of the total
electron density function in TS structures it was shown
(Fig. 2) that for insertion of CCl, and SiCl, the central
atom of the carbenoid species is not directly connected
with the boron atom of the carborane scaffold (there is
no bond critical point between the pairs of atoms C—B
and Si-B), whereas the hydrogen atom eliminated
from the boron atom retains the H-B bond in the TS.
Thus, the structure of TS for insertion of CCl, and
SiCl, in this sense is similar to the structure of the
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Table 3. Activation energy AE”, enthalpy AH”, and Gibbs energy AG” (kcal/mol) for insertion of CCl, into the B-H, C-H

bonds of the carboranes(12) molecules

Parameter B3LYP/6-311+G(d,p) // M06-2X/6-311+G(d,p)
ortho BH”"? BH*' BH*7!! BH* CH'?
AE” 11.2//3.8 12.1//5.4 12.8//8.5 13.7//6.7 21.4//19.1
AH* 11.3//3.9 12.0//5.7 12.7//1.7 13.4//6.6 20.1//17.4
AG* 22.2//15.2 22.7//17.2 23.9//21.2 24.5//18.6 30.6//30.5
meta BH”!? BH™"? BH*%!! BH** CH"’
AE? 12.4//5.1 12.4//7.4 13.5//8.3 15.8//9.0 22.2//19.4
AH* 12.3//4.9 12.1//6.5 13.3//7.2 15.5//8.5 20.2//17.3
AG” 23.1//16.3 23.0//19.6 24.3//20.3 26.2//19.8 32.5//30.2
para BH - - - CH""?
AE? 13.2//8.1 - - - 21.7//18.4
AH* 13.2//6.9 - - - 20.4//16.3
AG* 23.3//19.1 - - - 29.6//28.3

reagents. In the TS of more endothermic insertion of
GeCl,, there is a bonding path between the germanium
and the boron atoms, whereas the leaving hydrogen
atom loses bonding with boron. Thus, the structure of
TS for insertion of GeCl, is closer to the product of the
reaction.

In all three cases presented in Fig. 2, two bond
critical points were found in the reaction node.
According to the AIM theory, the presence of the
critical point of the type (3; —1) between a pair of
atoms is a necessary condition for the existence of the
chemical bond between this pair of atoms. Therefore,
the reaction nodes of the TSs of the insertion reactions
within the method [M06-2X/6-311+G(d,p)] used for
the topological analysis are not cyclic structures, as
one could assume based on the so-called “chemical
reasonings.”

Potential barriers for the insertion reactions were
calculated by the formula AE® = E(TS) — E(A)
(Scheme 1). As clear from Table 3, on going from the
B”"-H bonds to the C-H bonds of the ortho-
carborane the potential barrier of the reaction
increases, and the largest increase is observed for the
C-H bonds. A similar pattern is observed for meta-
carborane. Apparently, the difference in the activation

energies causes the observed selectivity of the inser-
tion of dichlorocarbene into the ortho-carborane bonds.

We have obtained qualitatively similar results using
the semiempirical method PM6 [34]. For example, for
ortho-carborane, AG” for the insertion of CCl, is 10.9;
11.2; 12.7; 14.2, and 36.3 kcal/mol for positions 9(12);
8(10); 4(5,7,11); 3(6), and CH, respectively.

The transition from the ortho- to the para-isomer is
followed by a small increase in the barrier to insertion
into the B—H bond, but the barriers for different isomers
still are comparable. Thus, there are neither thermo-
dynamic nor kinetic constraint for insertion of CCIl,
into the B-H bonds in the meta and para-carboranes.

The activation energy (AE?) for insertion of SiCl,
in the case of ortho-carborane is 44.4 kcal/mol into the
B’-H bond and 53.2 kcal/mol into the C—H bond at the
B3LYP/6-311+G(d,p) level; 36.7 kcal/mol into the
B’—H bond and 46.8 kcal/mol into the C—H bond at the
M06-2X/6-311+G(d,p) level. For insertion of GeCl,
into the terminal bonds of ortho-carborane AE” is
52.1 kcal/mol into the B°~H bond and 92.5 kcal/mol
into the C—H bond at the B3LYP/6-311+G(d,p) level;
43.6 kcal/mol into the B’~H bond and 85.9 kcal/mol
into the C—H bond at the M06-2X/6-311+G(d,p) level.
As follows from these values, potential barriers to
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insertion of SiCl, and GeCl, are much higher than for
CCl,, but remain at the acceptable level for the
insertion into the B-H bond, especially in the M06-
2X/6-311+G(d,p) approximation. The barriers to
insertion of GeCl, into the C—H bond are extremely
high at both theoretical levels, therefore, this process
seems unlikely for the considered model of TS.

Higher potential barriers for the insertion of SiCl,
and GeCl, imply more rigid conditions for their
realization as compared to the insertion of CCl,,
although this is not a limiting factor, since the
molecules of carboranes(12) are highly thermally
stable and start to rearrange at the temperatures above
400°C, with retention of the scaffold structure up to
700°C.

The activation energy AE’ for the insertion of
GeCl, into the B—CI bond is notably smaller than into
the B-H bond, being for the molecule of 9-chloro-
ortho-carborane 41.2 kcal/mol at the B3LYP/6-311+G
(d,p) approximation and 35.4 kcal/mol at the M06-
2X/6-311+G(d,p) approximation.

EXPERIMENTAL

Molecular structures of the reagents, products and
transition states (TS) were fully optimized at the DFT
level of theory using the hybrid functional B3LYP [35,
36] and hybrid meta-functional M06-2X [37, 38] in the
6-311+G(d,p) basis set [39, 40]. For TS, the validity of
assignment of the found stationary points on the
potential energy surface was proved by vibration
frequencies calculations (the presence of only one
imaginary frequency corresponding to the vibration
along the reaction coordinate). In most cases the
validity of the found TSs was also proved by IRC
calculations [41, 42].

Carbenoid species were calculated in the singlet
state which is the ground state for CCl,, SiCl, and
GeCl, [1].

Thermodynamic parameters were calculated at the
temperature 273.15 K and pressure 1 atm. All calcula-
tions were performed with Gaussian 09 program
package [43].
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