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Abstract—Quantum-chemical study of the mechanism of formation of 1- and 2-(trimethylsilylmethyl)benzo-
triazoles, including the reaction of 1,2,3-benzotriazole with sodium methoxide, showed that the predominant
formation of the 1-substituted isomer is determined by favorable combination of the thermodynamic and

kinetic parameters of the process.

Numerous theoretical and experimental studies
have been reported on the relative stability of the
benzoid (la) and ortho-quinoid (Ib) tautomers of
1,2,3-benzotriazole [1-9].
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Quantum-chemical estimations of thermodynamic
stability of benzotriazole in the gas phase by various
methods give no grounds to believe that one of the
above isomers absolutely prevails [4, 7]. According
to the experimental data, benzotriazole in crystal and
in solution exists mainly in the more polar benzoid
form la [1-7]. As estimated by IR spectroscopy [5],
the 1H-tautomer is more stable than the 2H-tautomer
by 5 kJ/mol [5], and the fraction of the latter at 90°C
does not exceed 20% [6, 7].

Both 1- and 2-substituted isomers were identified
in the thermal isomerization of 1(2)-R-benzotriazoles,
where R = PhCH,, Ph,CH, Ph;C, (4-MeOCgH,),CH;
their ratio depended on the degree of branching of
the substituent [10]. We previously found that the
reaction of benzotriazole with sodium methoxide
yields only sodium 2-benzotriazolide [11]. The latter
reacts with chloromethyl(trimethyl)silane to give 1-
and 2-(trimethylsilylmethyl)benzotriazoles at a molar
ratio of 4:1.

We performed a quantum-chemical study of the
mechanism of formation of 1- and 2-substituted
benzotriazoles with the goal of elucidating the reasons
for complete shift of the equilibrium toward sodium
2-benzotriazolide and for its displacement toward the
1-isomer in the reaction with chloromethyl(trimethyl)-
silane, as well as of revealing possible differences in
the reaction mechanisms.
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Nonempirical quantum-chemical calculations were
performed a the HF and B3LYP levels with the
6-311G™ basis set using GAUSSIAN-98 software
[12]. The geometric parameters of molecular systems
corresponding to transition structures (A = 1, where
A is the number of negative Hessian eigenvalues for
a given stationary point [13]) and energy minima
(A = 0) on the potential energy surface (PES) were
optimized to a gradient value of 10 au./bohr. In
the analysis of planar PES regions, the limiting values
were set at about 107° au./bohr. The force constant
matrix was calculated analytically using a subprogram
incorporated in GAUSSIAN. The structures corre-
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Fig. 1. Structures and principal geometric parameters (bond lengths, A, and bond angles, deg) of stationary states of the benzoid
(la) and ortho-quinoid (Ib) forms of benzotriazole and of transition state TS,, calculated by the HF/6-311G™ and

B3LYP/6-311G™ (in parentheses) methods.

sponding to energy minima on the PES were localized
by moving along the gradient line (fastest descend
technique) from a saddle point to the nearest critical
point. An initial small shift along the transition
vector was set to ensure proper determination of the
reaction path [13].

The intramolecular prototropic rearrangement of
1H-benzotriazole in the gas phase is characterized by
a fairly high activation barrier. The 1,2-hydride shift
involves a three-membered transition state with a two-
electron three-center bond (Fig. 1). The activation
energy of the process Ib —la is equal to 258.6 (HF)
and 219.9 kJmol (B3LYP) with no account taken of
zero-point harmonic vibration energy (ZPE). With
a correction for ZPE, these values decrease to 242.0
and 201.7 kJmol, and the difference in the thermo-
dynamic stability of isomers la and Ib becomes
smaller (Table 1). In the transition state (TS,), the
migrating proton goes out of the five-membered ring
plane by 67.7° (64.1°). The transition state configura-
tion is closer to the ortho-quinoid structure (Fig. 1).

The formation of prereaction bimolecular complex
Ila by molecule la and NaOMe (Fig. 2) gives a con-
siderable gain in energy relative to the isolated
components. With no ZPE taken into account, the heat

of complex formation is 123.5 and 166.3 kJmol,
according to the HF and B3LYP calculations, respec-
tively. With regard to ZPE, these values decrease by
2.4 and 6.5 kJmol, respectively. The heat of the
exchange reaction lla—Illa is 52.2 (HF) and
43.4 kJmol (B3LYP) (Fig. 2). The structure of transi-
tion state TS, (four-center) suggests that the exchange
reaction follows amost synchronous mechanism. Its
activation energy is small, 25.3 (HF) and 24.3 kJ/mol
(B3LYP). Introduction of a correction for ZPE
slightly levels the difference in the thermodynamic
stabilities of complexes I1a and I11a and reduces the
activation barrier by 6.3 and 7.4 kJ/mol, respectively
(Table 1).

Analysis of the gradient path connecting initia
bimolecular complex 11b and product I11b shows that
the mechanisms of reactions of NaOMe with isomers
la and Ib are different (Fig. 2). The optimal reaction
channel does not include synchronous transfer of
hydrogen and sodium. It is a two-step ionic process.
Initially, proton migrates from the N2 atom to oxygen
through a small barrier (AE, = 4.9 kdmol), yielding
an intermediate ionic bimolecular complex, and next
follows dissociation of the Na—O bond. Regardless of
the mechanism of formation of bimolecular complex
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Table 1. Total energies (Ey), relative energies (AE), numbers of negative Hessian eigenvalues (), energies of zero-
point harmonic vibrations (ZPE), imaginary or least harmonic frequencies (iw/w;,), and electric dipole moments () of
structures la and 1b, NaOMe and HOMe molecules, bimolecular complexes Ila, I1b, products Illa and Illb, and
transition states TS; and TS,, calculated by the HF/6-311G™ and B3LYP/6-311G™* (in parentheses) methods

Structure Eop aU AE, kJmol A ZPE, au. iw/w,, cmt w, D
la -393.50844 0 0 0.11397 242 4,01
(-395.96353) 0.8) ) (0.10581) (221) (3.99)

Ib —393.50502 9.0 0 0.11509 240 0.22
(~395.96386) ) ) (0.10680) (226) (0.10)

TS, -393.40642 267.6 1 0.10986 i1763 3.65
(~395.88005) (219.9) 0 (0.09990) (11727) (3.45)

la —669.89785 52.2 0 0.15681 44 2.92
(-673.49258) (43.9) ) (0.14730) (28) (2.81)

a —669.91776 0 0 0.15945 35 8.09
(-673.49913) ©) ©) (0.14952) (19) (7.30)

TS, —669.88821 77.5 1 0.15523 i873 341
(-673.48733) (67.7) ) (0.15012) (1849) (3.27)

b —669.89395 62.8 0 0.15756 41 2.77
(-673.48976) (51.4) ) (0.15265) (36) (2.63)

b —669.91791 0 0 0.15945 35 8.09
(-673.50934) ©) ©) (0.15384) 1) (7.87)

TS; —669.88783 78.9 1 0.15611 i819 441
(-673.48379) (67.0) 0 (0.15132) (i786) (4.35)

MeONa -276.34232 - 0 0.04194 128 7.67
(-277.46566) ) (0.03902) (92) (7.10)

HOMe -115.07581 - 0 0.05485 344 1.83
(~115.75739) ) (0.05112) (333) (171)

Table 2. Total energies (Ey), relative energies (AE), numbers of negative Hessian eigenvalues (), energies of zero-
point harmonic vibrations (ZPE), imaginary or least harmonic frequencies (iw/w;,), and electric dipole moments () of
NaCl and CICH,SiMe; molecules, bimolecular complex IV, products Va and Vb, and transition states TS; and TS,,
caculated by the HF/6-311G** and B3LYP/6-311G*™ (in parentheses) methods

Structure Eop aU AE, kJmol A ZPE, au. iw/w,, cmt w, D
v -1461.23695 129.2 0 0.24967 13 5.68
(~1466.61662) (119.5) ) (0.23456) (14) (5.28)

Va -1461.28621 0 0 0.25114 17 11.87
(-1466.66220) ) ) (0.23628) (19) (11.29)

Vb -1461.28408 5.6 0 0.25037 19 9.16
(~1466.66000) (5.8) ©) (0.23590) (15) (8.21)

TS, -1461.23573 1324 1 0.24716 12176 10.34
(~1466.61291) (129.3) ) (0.23275) (i2111) (10.11)

TSy -1461.22758 153.8 1 0.24683 12249 10.56
(~1466.60513) (149.7) ) (0.23188) (i2195) (10.42)

NaCl —621.43238 - 0 0.00081 359 9.53
(-622.60026) ) (0.00081) (353) (9.10)

CICH,SiMeg —906.40363 - 0 0.14698 71 259
(-908.83883) ©) (0.13907) (65) (2.42)
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Fig. 2. Structures and principal geometric parameters (bond lengths, A, and bond angles, deg) of himolecular complexes Ila
and Ilb, products Illa and Illb, and transition states TS, and TS;, calculated by the HF/6-311G™ method.

(Illa or 111b), the N%--Na distance is shorter than
NL...Naby 0.1 A (Fig. 2). This means that the sodium
atom in salts Illa and I11b is coordinated mainly to
N2, in keeping with the experimental data [11].

The different mechanisms of the reactions Ila—
Illa and I1b—I1llb are likely to result from the
different acidities of tautomers la and Ib which are
related to the N—H bond energies. The N—H bond in
Ib is weaker than in la, and this is reflected in the
tautomer structures. In the gas phase, the N—H bond
in molecule 1b is longer than in la (Fig. 1). Presum-
ably, this is the main factor responsible for the two-
step character of the transformation 11b—111b. The
activation energy in the rate-determining stage is
lower (16.1 and 15.7 kJmol for HF and B3LYP,
respectively) than in the transformation Ila—llla.
It is quite probable that, despite approximately similar

thermodynamic stabilities of the tautomers [4, 7], the
equilibrium la+HR == Ib+HR in protic media
shifts toward the 1H-tautomer due to different proton
exchange mechanisms and hence different activation
energies of the direct and reverse processes. This
assumption is indirectly proved by the temperature-
concentration dependence of the populations of the
benzoid and ortho-quinoid tautomers [6].

The heat of formation of complex 1V in the reac-
tion of sodium benzotriazolide with chloromethyl(tri-
methyl)silane (Fig. 3) is 52.7 (HF) and 54.9 kJmoal
(B3LYP) relative to the isolated components. These
values are reduced by 2.8 and 3.0 kJ/mol, respec-
tively, when a correction for ZPE is introduced. The
caculated heat of formation of complex IV is con-
siderably smaller than those found for complexes I1a
and I1b. This may be due to the presence of a bulky
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Fig. 3. Structures and principal geometric parameters (bond lengths, A, and bond angles, deg) of bimolecular complex IV
products Va and Vb, and isolated molecules Vla and Vb, calculated by the HF/6-311G™ method.

trimethylsilylmethyl group which hampers formation
of a tight ion pair with charge transfer.

1- and 2-(Trimethylsilylmethyl)benzotriazoles Va
and Vb (Fig. 3) are thermodynamically more stable
than the parent bimolecular complex by 129.2 and
123.6 kJmol (HF) and 119.5 and 113.7 kJ/mol
(B3LYP), respectively. From the viewpoint of thermo-
dynamics, the formation of the 1-isomer is preferred
(Table 2). Andysis of the gradient path connecting
complex 1V and reaction products Va and Vb
suggests the following evolution of the substitution
process. Initially, the main contribution to the reac-
tion coordinate for the reaction of chloromethyl(tri-
methyl)silane with sodium benzotriazolide is that of
dissociation of the C—Cl bond and steric reorientation
of the sodium atom, which involves change of its
coordination mode and choice of one of the triazole
nitrogen atom (N* or N®) as partner. Then the main
constituent of the reaction coordinate changes. The
emerging carbocationic center begins to react with
lone electron pair of one of the double-bonded nitro-
gen atoms, N? or N® (N?). Here, the topologies of the
reaction channels leading to 1- and 2-substituted
products remain similar up to a branchpoint charac-
terized by the following parameters; |(C*—"N?) =

2541 A, I(C*—"N3D) = 2309 A, E, = 91.7 kImol
(HF calculations). After that point, the reaction chan-
nels branch off. The activation energy for formation of
the 1-substituted benzotriazole isomer is 132.4 (HF)
and 129.3 kJ/mol (B3LYP). The corresponding values
for the 2-isomer are 153.8 and 149.7 kJ/mol. The tri-
methylsilylmethyl group in products Va and Vb is
orthogonal to the benzotriazole ring plane (Fig. 3).
However, the most stable structure in the gas phase
is that with coplanar arrangement of the heavy atoms,
except for the methyl groups (structure Vlain Fig. 3).
In the isolated molecule of 2-(trimethylsilylmethyl)-
benzotriazole, orthogonal configuration is the most
favorable (structure VIb in Fig. 3). Thus, unlike the
mechanism found for the reaction of tautomer la with
sodium methoxide, the mechanisms of formation of
1- and 2-(trimethylsilylmethyl)benzotriazoles by reac-
tion of sodium benzotriazolide with chloromethyl(tri-
methyl)silane are essentially similar. The predominant
formation of the 1-isomer (Va) is the result of more
favorable relation between the thermodynamic and
kinetic parameters of the reaction.

This study was financially supported by the Rus-
sian Foundation for Basic Research (project no. 01-
03-32723).
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