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Abstract

1,2,4-Triazole is a popular scaffold in drug design. According to chemical nature, the triazole ring tends to prototropic
tautomerism. Tautomeric phenomena are important for studying the chemical reactivity and interaction of drugs based on
triazole with biomolecules in the human body. Theoretical modeling was used to assign structures of newly synthesized
2-(3-hetaryl-1,2,4-triazol-5-yl)anilines. The procedure included quantum-chemical SMD/M06-2X/6-311++G(d,p) calcula-
tion of the relative stability for possible tautomers, simulation of UV/vis spectra for the most stable forms, and comparison
of the resulting curves with the experimental spectral data taking into account the Boltzmann weighting. The influence of the
substituents in triazole ring on tautomeric equilibrium was elucidated. NBO charge distribution, dipole moment, molecular
electrostatic potential, and HOMO/LUMO gap for the most stable tautomers were analyzed.

Keywords Tautomeric equilibrium - UV-vis spectroscopy - Basis set of wavefunctions - Molecular electrostatic potential -

HOMO - LUMO

Introduction

The chemistry of 1,2,4-triazoles has received considerable
attention in recent years due to their usefulness in different
areas of biological activities and as industrial intermediates.
Several reviews have addressed the therapeutic potential
of 1,2,4-triazole derivatives, which possess antimicrobial,
antimalarial, antitubercular, antiviral, antioxidant, anti-
inflammatory, anticonvulsant, antipyretic, vasoconstriction,
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and anticancer activities [1-8]. Triazole moiety is used as
significant components in new synthetic azo dyes to enhance
their color strength and brilliant shades [9] and in metal com-
plexes with the ability of photo- and electroluminescence
[10]. Substituted 1,2,4-triazoles have found application in
agriculture and industries as plant growth regulators [11],
metal corrosion inhibitors [12], and energetic materials [13].

Triazole ring exhibits different tautomeric forms. There
are three possible tautomers of C-substituted 1,2,4-triazoles
depending on the position of hydrogen atom in the ring
(Scheme 1). Tautomeric preferences and factors affecting
the equilibrium are important to understand the chemical
reactivity of compounds and their impact on biological sys-
tems. NMR, IR, UV/vis, microwave, and mass spectra and
X-ray diffraction are used to experimentally determine the
most abundant tautomer in gas, solid, and dissolved states.
Theoretical computer modeling may predict the most sta-
ble tautomeric forms and their relative free energy, calcu-
late population, and explain the tautomeric equilibrium by
analysis of molecular electronic properties. Combination of
experimental and theoretical methods is a powerful tool to
study the tautomeric phenomena.

Experimental studies confirmed the existence of unsub-
stituted 1,2,4-triazole in N-H form in the vapor phase by
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Scheme 1 Structure of 1 2
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microwave spectroscopy [14, 15], in the crystalline state
by neutron diffraction [16], and in DMSO solution by BN
NMR [17]. Computational studies of 1,2,4-triazole tau-
tomerism showed that the N;-H form is more stable than
the N,-H tautomer by more than 6 kcal/mol [18-22]. The
high stability of tautomer N;-H may be attributed to the
reduced repulsion of the unshared electron pairs of the
nitrogen atoms in these species in comparison with N,-H,
that was seen in the computed electrostatic potential distri-
bution [23].

The various substituents present in the triazole ring
affect the stability of the tautomeric forms in different ways.
X-ray and NMR studies confirm that 3-halo-1,2,4-triazoles,
3-(2-hydroxyethylsulfanyl)-5-phenyl-1,2,4-triazole, and
3-(2-hydroxyethylsulfanyl)-5-methyl-1,2,4-triazole exist as
N,-H tautomers in solid phase and solution [24, 25]. The
N,-H form of 3-nitro-1,2,4-triazole is the most stable in
dioxane and chloroform that was confirmed by measured
dipole moment [26]. IR spectroscopy showed a mixture of
N;,-H and N,-H forms for 5-(1H-tetrazol-1-yl)-1,2,4-triazole
[27], and 3-amino-1,2,4-triazole, with domination of the
first tautomer [28]. Experimental and computational studies
indicate that N,-H is the most stable tautomer for 3-amino-
5-nitro-1,2,4-triazole and 3-amino-1,2,4-triazole in crystal
and polar solvent [29-31]. NMR and UV spectra indicate that
a tautomeric hydrogen atom of the predominant tautomer of
3,5-disubstituted 1,2,4-triazoles is attached to the nitrogen
atom at position 1 or 2 which is closer to the more electron-
releasing substituents in the 3 or 5 position [32].

The tautomerism of 3-amino-5-(het)aryl-1,2,4-triazoles
was investigated using NMR spectroscopy and X-ray crys-
tallography. The triazoles were found to exist in N;-H and
N,-H forms, the N,-H form was not observed either in the
solid state or in solution [33]. The thermodynamic stability
of N,-H form in comparison with N,-H increased together
with the electron-withdrawing properties of the substituents.
In case of heterocyclic substitutes, the intramolecular hydro-
gen bonding N;-H...X (X=0, N) would prevent shifting of
the tautomeric equilibrium towards “electronically” favored
form N,-H despite the strong electron-withdrawing effect of
the heterocycles.

DFT studies on tautomerism of Cs-substituted 1,2,4-tri-
azoles showed that the N,—H form is the least stable
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tautomer, which is less stable than N,-H or N;-H form by
more than 5 kcal/mol [34]. The electron-donating substitu-
ents (—-OH, —F, -CN, -NH,, and —Cl) stabilize the N,—H
tautomer, whereas the electron-withdrawing substituents
(-CONH,, -COOH, —-CHO, -BH,, and —CFO) stabilize the
N,-H tautomer of Cs-substituted 1,2,4-triazoles. Experi-
mental UV/vis spectra and theoretical modeling of iso-
meric 2-(3-(methoxyphenyl)-1,2,4-triazole-5-yl)anilines
showed that N,-H tautomer dominates for o-methoxy iso-
mer, while the molecules of m- and p-methoxy isomers
exist as a mixture of N;-H and N,-H tautomeric forms
[35]. Summarizing the abovementioned experimental and
theoretical results, one can see that N,-H tautomer is the
least abundant form for 1,2,4-triazoles, and the prefer-
ence of N-H or N,-H form depends on substituents and
environment.

The aim of the present study is a theoretical investigation of
tautomerism for synthesized 2-(3-hetaryl-1,2,4-triazol-5-yl)
anilines. The task is important to predict reactivity, includ-
ing regiochemistry, for these compounds and to further study
their potential biological activity.

Experimental and computational methods

All calculations were carried out using the Gaussian 09
suite of programs [36]. The geometry optimization was per-
formed at M06-2X level in conjunction with Pople’s type
6-311++G(d,p) basis set. To account for the solvent effect,
the SMD model with methanol (e =32.613) as a solvent was
applied. The UV-vis calculations were performed at SMD/
PBEIPBE level using developed in our group STO*-3G,,
basis set [37], which demonstrated high efficiency for elec-
tric and magnetic properties calculation [35]. The inten-
sities of the calculated spectra were scaled using Gabedit
program [38] to fit the most intensive band obtained experi-
mentally. The NBO atomic charges, frontier molecular orbit-
als properties, and dipole moments are calculated at SMD/
MO06-2X/6-311++G(d,p) level.

The ultraviolet—visible spectra of compounds 1-6 solved
in methanol were recorded by using the double-beam
UV-vis spectrophotometer SPECORD 200 in the region of
200-380 nm at room temperature.
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Results and discussion
Conformational analysis and population of tautomers

Six synthesized 2-(3-hetaryl-1,2,4-triazol-5-yl)anilines
1-6 were used to study their tautomeric behavior [39].
The correspondent 3-hetaryls are benzofuran-2-yl (1),
benzothiophen-2-yl (2), indol-2-yl (3), furan-2-yl (4),
thiophen-2-yl (5), and pyrrol-2-yl (6). Each of the com-
pounds has three tautomers A, B, and C according to the
position of hydrogen atom in the triazole ring N;-H, N,-H,
and N,-H, respectively (Fig. 1). Each tautomer has four
conformers (c1-c4) due to the ability to rotate substitutes
in positions 3 and 5 (Fig. 1). That is, for 72 structures,
free Gibbs energy and population were calculated. The
results obtained in the methanol and gas phase are shown
in Tables 1 and S1, respectively. Optimization of the
geometry for different torsion angles y1 and y2 made it
possible to localize all possible conformations (Fig. 1). For
an investigation of substitute influence on the stability of
different tautomers, the unsubstituted in position 3 of the
triazole ring compound 2-(1,2,4-triazol-5-yl)aniline (7)
was modeled. Its calculated characteristics are provided
in Tables S2 and SS5.

Fig. 1 Tautomers A-C and con- NH

formers c¢1-c4 for triazoles 1-7

Tautomer A

Compound
NH,
v, H
N\
N
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/ X
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The most representative tautomers for compounds 1-7 are
A and B both in the gas phase and in methanol (Tables 1, S1
and S2). Structures of the 2-(3-hetaryl-1,2,4-triazol-5-yl)ani-
lines tautomeric forms, that have population more than 5%,
are represented in Fig. 2. They attend to have structure near
to planar (Tables 1 and S1). The structures 1B-c1, 2B-c3,
3B-c3, 4B-c1, 4B-c3, 5B-c3, 6B-c3 are highly planar, which
promotes aromaticity and thus raises their population. Several
intramolecular hydrogen bonds provide stabilization effect
(Figs. 2 and S1). Hydrogen bonds in tautomer A are formed
between the hydrogen of the amino group and nitrogen N of
triazole, and between the hydrogen of hetaryl substitute and
nitrogens N, and N5 of triazole. In tautomer B, hydrogen
bonds may be formed by hydrogen of amino group and hydro-
gen of phenyl with nitrogens N5 and N, of triazole, between
hydrogen of hetaryl substitute and nitrogen Nj of triazole,
and between hydrogen of N,-H of triazole and heteroatom of
hetaryl substitute. Tautomer C has the highest relative energy
due to steric distortion (Tables 1 and S1) and destabilizing
vicinity of two lone electron pairs at the N; and N, atoms, that
was also observed earlier for 5-substituted 1,2,4-triazoles [34].

Gas phase favors for tautomer A of compounds 2, 3, §,
and 7. Furane and benzofurane at position 3 of 1,2,4-triazole
considerably increase stability of B tautomer in gas
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Table 1 SMD/M06-2X/6-311++G(d,p) calculated selected structural parameters, relative Gibbs free energy (relative to the most stable tau-

tomer for each compound), and population of triazoles 1-6 in methanol

Structure  y;,deg  y,,deg  AG,, kcal/mol P, % YP,%  Structure y;,deg  y, deg  AG,y kcal/mol P, % 2P, %
1A-cl 273 -0.4 1.80 263 7132  4A-cl -27.3 0.4 2.06 1.19  60.59
1A-c2 163.2 0.7 0.00 54.73 4A-c2 159.1  -138 0.00 38.44
1A-c3 -26.5 179.9 145 4.75 4A-c3 -27.9 178.6  2.27 0.83
1A-c4 158.3 1789  1.06 9.21 4A-c4 1624 —-1786 038 20.13
1B-cl -1.8 -0.5 0.83 13.53 2826 4B-cl -0.9 0.1 0.64 13.01  39.05
1B-c2 1639 —0.1 1.07 8.94 4B-c2 -164.6  -1.5 0.61 13.69
1B-c3 —43 -178.0 157 3.89 4B-c3 -2.1 178.1  0.84 9.32
1B-c4 160.5 1757 1.99 1.90 4B-c4 164.5 177.8  1.51 3.03
1C-c1 15.0 2.4 3.06 031 041 4C-cl 11.0 -23 3.40 0.12  0.36
1C-c2 -151.5 =26 5.65 0.00 4C-c2 -151.6  -19 5.41 0.00
1C-c3 —-16.6 1769  3.80 0.09 4C-c3 —-11.6 -1785 3.03 0.23
1C-c4 -151.2 -179.7 5.40 0.01 4C-c4 —-151.6 1782  5.00 0.01
2A-cl 26.8 -0.9 1.58 259 5846 5A-cl 27.8 1.9 1.74 221 5394
2A-c2 1590 -04 0.05 34.40 5A-c2 -1594 22 0.23 28.47
2A-c3 -26.9 1794  2.05 1.17 5A-c3 27.0 -179.0 1.89 1.72
2A-c4 157.9 1772 0.36 20.30 5A-c4 -163.0 1799  0.39 21.54
2B-cl -3.1 -12.2 2.00 1.29 4145 5B-cl -2.3 -20.4 2.02 1.37  45.84
2B-c2 1603 -10.1 321 0.16 5B-c2 -159.8 14.9 1.92 1.64
2B-c3 -2.5 179.6  0.00 37.45 5B-c3 1.4 -173.1  0.00 41.74
2B-c4 1656 —171.6  1.59 2.55 5B-c4 -161.2  -1739 216 1.09
2C-cl 15.8 34 3.76 0.06  0.08 5C-cl 0.0 0.0 3.16 020 021
2C-c2 152.1 2.7 4.69 0.01 5C-c2 -1529 =51 4.96 0.01
2C-c3 -153 -153.1 534 0.01 5C-c3 0.0 180.0  5.57 0.00
2C-c4 154.2 1724 7.02 0.00 5C-c4 -155.8 —-163.7 647 0.00
3A-cl -27.6 -0.5 1.67 233 6331 6A-cl -27.5 0.0 2.59 0.57 35.96
3A-c2 163.8 1.6 0.00 39.29 6A-c2 1582 =29 0.49 19.74
3A-c3 -26.7 -179.7  1.26 4.69 6A-c3 -27.7 179.3  2.09 1.32
3A-c4 158.3 179.9  0.50 17.00 6A-c4 162.9 1782 0.68 14.33
3B-cl -32 -9.2 2.00 1.33 3622 6B-cl —-0.1 -0.2 2.32 0.90 63.58
3B-c2 166.0 5.2 2.43 0.65 6B-c2 —-158.6 4.5 2.06 1.39
3B-c3 =35 -179.1 032 23.09 6B-c3 -1.8 179.6  0.00 45.17
3B-c4 166.7 —1762  0.75 11.15 6B-c4 —164.1 1779  0.61 16.12
3C-cl 0.0 0.0 2.69 042 0.46 6C-cl 0.0 0.0 2.78 041 045
3C-c2 150.4 1.9 4.45 0.02 6C-c2 -150.1  -1.1 4.26 0.03
3C-c3 11.3 1674 448 0.02 6C-c3 -135 -166.8 491 0.01
3C-c4 150.9 169.5 648 0.00 6C-c4 —1489 -1693 595 0.00

phase as compared with 3-unsubstituted 1,2,4-triazole (7)
(Tables S1 and S2), which may be explained by the forma-
tion of additional stronger intramolecular hydrogen bonds
between atoms of hetaryl moiety and triazole ring for B
tautomer than for A tautomer (Fig. S1). Geometry of com-
pounds 1-7 slightly changes in methanolic solution as com-
pared with gas phase (Figs. 2, S1 and S2). The hydrogen
bond distance, mostly, slightly increased in solution. Metha-
nol significantly stabilizes tautomer A for compounds 1 and
4, which may be due to the high electronegativity of oxy-
gen of hetaryl moiety and its ability to form intermolecular
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hydrogen bonds with methanol molecules to increase the
stability of the tautomer A (Fig. 2). While oxygen atom of
tautomer B of compounds 1 and 4 is involved in the forma-
tion of intramolecular bond with hydrogen of aminogroup.
Tautomer A is a prevalent form in methanol for compounds
1-5, with the order of population as 1>3>4>2>5.
Theoretical modeling of isomeric 2-(3-(methoxyphenyl)-1,2,4-
triazole-5-yl)anilines, which are close to structures of studied
compounds, showed that N,-H (B) tautomer dominates for
o-methoxy isomer because of formation of the intramolecular
hydrogen bond H--O between hydrogen of N,-H and oxygen of
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Fig.2 SMD/M06-2X/6-3114++G(d,p) calculated selected intramolecular hydrogen bonds for the most stable tautomer of triazoles 1-6 in methanol
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methoxy group [35]. A mixture of tautomeric forms N;-H (A)
and N,-H (B) was predicted for m- and p-methoxy derivatives
where the degree of conjugation played the decisive role [35].
Our calculations also predict tautomers A and B to be the most
representative for 2-(3-hetaryl-1,2,4-triazol-5-yl)anilines that are
provided by intramolecular bond formation and high degree of
conjugation because of the structure planarity (Tables 1, S1 and
S2).

UV/vis spectra

Calculated UV/vis spectra for the most stable tautomers of
compounds 1-6 are depicted in Fig. S3. The main electronic
transitions for tautomeric forms of 1-6 are listed in Table S3.
Energy of selected molecular orbitals involved in transitions
are collected in Table S4. If the tautomer is represented by
several conformations populated more than 5% as well as the

existing of the tautomeric mixture, the Boltzmann weighted
sum spectrum was generated (Fig. 3). All calculated curves
were compared with the experimental data. Data for cal-
culated and experimental absorption wavelengths A, are
gathered in Table 2.

Compound 1 has two bands in experimental UV/vis
spectrum with maxima at 219 and 286 nm. Calculated
spectra for the most stable tautomers of 1 perfectly match
the first absorption maxima (Table 2). There are two calcu-
lated bands in the region of the wide experimental second
band (Fig. S3). The most intensive maximum of tautomers
A are red-shifted relative to the one of tautomer B. Differ-
ent conformers for tautomer A or B match to each other.
The most intense peaks for different tautomers consist of
several excitations (Table S3). The more long-wave band
can be assigned to n— x* transition, while others — to
n— n* ones. HOMO-LUMO transition contributes to the

max
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Table2 SMD/PBEI1PBE/STO"-3G,, calculated absorption maxima (nm) for selected conformers and experimental data

Compound Conformer Bands
I I 1

1A-c2 222 274, 301
1B-cl 217 287,297
1A-c4 219 275, 301
1B-c2 218 285, 301
Boltzmann weighted sum spectra (1A-c2; 1A-c4) 222 274, 301
Boltzmann weighted sum spectra (1B-c1; 1B-c2) 218 286, 298
Boltzmann weighted sum spectra (1A-c2; 1A-c4; 1B-c1; 1B-c2) 221 274, 300
Experimental data 219 286
2B-c3 217 301
2A-c2 219 277,311
2A-c4 220 272,312
Boltzmann weighted sum spectra (2A-c2; 2A-c4) 219 275,312
Boltzmann weighted sum spectra (2A-c2; 2A-c4; 2B-c3) 217 300
Experimental data 230 293
3A-c2 219 272 290, 310
3B-c3 218 282 298
3A-c4 220 270 295, 308
3B-c4 219 280 303
Boltzmann weighted sum spectra (3A-c2; 3A-c4) 220 - 291
Boltzmann weighted sum spectra (3B-c3; 3B-c4) 218 - 302
Boltzmann weighted sum spectra (3A-c2; 3A-c4; 3B-c3; 3B-c4) 219 - 293
Experimental data 225 - 303
4A-c2 226 249 310
4A-c4 227 250 316
4B-c2 211,234 260 298
4B-c1 216,234 262 296
4B-c3 215,233 262 297
Boltzmann weighted sum spectra (4A-c2; 4A-c4) 226 249 311
Boltzmann weighted sum spectra (4B-c1; 4B-c2; 4B-c3) 215, 234 262 297
Boltzmann weighted sum spectra (4A-c2; 4A-c4; 4B-cl; 4B-c2; 4B-c3) 226 249 299
Experimental data 225 254 325
5B-c3 216 273 296
5A-c2 216,229 261 293, 309
5A-c4 224 262 293, 311
Boltzmann weighted sum spectra (SA-c2; 5A-c4) 226 262 294,312
Boltzmann weighted sum spectra (5A-c2; 5A-c4; 5B-c3) 216 263 296, 311
Experimental data 218 - 317
6B-c3 218 260 296
6A-c2 223,240 256 310
6B-c4 214 255 279, 300
6A-c4 223,238 258 313
Boltzmann weighted sum spectra (6A-c2; 6A-c4) 226 257 308
Boltzmann weighted sum spectra (6B-c3; 6B-c4) 218 260 296
Boltzmann weighted sum spectra (6A-c2; 6A-c4; 6B-c3; 6B-c4) 219 258 296
Experimental data 221 263 319

@ Springer



188 Structural Chemistry (2023) 34:181-192
Table3 SMD/ Structure p,D Structure p,D Structure p,D
MO06-2X/6-311++G(d,p)
calculated dipole moment of Gas  Methanol Gas  Methanol Gas  Methanol
optimized tautomers (in Debye)
in the gas phase and methanol 1A-c2 281  3.69 3A-c2 333 471 5A-c2 222 3.03
1A-c4 204 278 3A-c4 418 573 5A-c4 170  2.37
1B-c1 336 431 3B-c3 207 285 5B-c3 412 6.05
1B-c2 390 4.88 3B-c4 243 294 6A-c2 209 327
2A-c2 269 3.38 4A-c2 2.17  3.01 6A-c4 341 479
2A-c4 205 249 4A-c4 136 1.87 6B-c3 243 3.8
2B-c3 413 6.27 4B-c1 376  4.88 6B-c4 334 448
4B-c2 428 553
4B-c3 449 637

long-wave maximum. The lower lying HOMOs and upper
lying LUMOs are involved in transitions in case of short-
wave band.

Experimental UV/vis spectrum of compound 2 contains
two peaks at 230 and 293 nm (Fig. 3, Table 2). Absorp-
tion maxima of compound 2 are bathochromically shifted
as compared with compound 1. Calculated spectrum of tau-
tomers A shows two peaks in the area of the second experi-
mental band, while tautomer B shows one long-wave band
that good matches the experimental one. The first peaks of
both tautomers good match each other and are slightly blue-
shifted according to experimental data. The same feature is
observed for the calculated first peak of compound 3. The
wavelengths for experimental bands of compound 3 are 225
and 303 nm. In the area of the second experimental band,
tautomer B has two peaks, while there are three absorp-
tion maxima in the spectrum of tautomer A. Comparison
of experimental spectra of compounds 1, 2, and 3 with the
corresponding Boltzmann weighted sum spectrum shows
satisfactory results (Fig. 3).

UV/vis spectrum of compound 4 contains three experi-
mental peaks at 225, 254, and 325 nm. Tautomer A has three
calculated bands, while tautomer B has four bands, two of

which correspond to the first experimental peak (Fig. S3,
Table 2). Tautomer A better matches the experimental
spectra than tautomer B, that corresponds to a tautomers’
stability. Experimental spectrum of compound 5 has two
bands at 218 and 317 nm and one shoulder at 260 nm (Fig. 3,
Table 2). Despite the experimental spectrum of S does not
have a well-defined peak in the middle region, the calcu-
lated spectra for both tautomers have several peaks (Fig. S3,
Table 2). The second absorption maxima in simulated spec-
tra correspond to the position of the shoulder in experi-
mental spectra. Calculated UV-vis spectra of tautomer A
are red-shifted as compared with one of tautomer B. Three
absorption maxima at 221, 263, and 319 nm are observed in
the experimental spectrum of compound 6. Calculated spec-
tra show mostly the same feature as observed for compound
5. Comparison of experimental spectra of compounds 4-6
with the corresponding Boltzmann weighted sum spectra
shows that the first and the second absorption maxima excel-
lent match experimental bands. Meanwhile, the third peak in
the spectra of tautomer A better corresponds to experimental
data than one of tautomer B (Fig. 3, Table 2). We suggest
experimental spectra may be a superposition of the UV—vis
spectra of individual tautomers. There is no correlation

Table4 SMD/ Structure HOMO LUMO AE Structure HOMO LUMO AE
MO06-2X/6-3114++G(d,p)
calculated energies of the 1A-c2 -7.07 -0.55 6.52 4A-c2 -7.07 -0.39 6.68
Egﬁg i‘{?ﬁﬁ?ﬁ;;f;};ﬂ;”d 1B-cl ~7.02 ~0.79 623  4A-cd -6.97 ~0.41 6.56
caps of the studied tautomers 1A-c4 ~7.05 ~0.56 6.49 4B-c2 ~6.92 ~037 6.55
(in eV) 1B-c2 ~6.99 ~0.80 6.19 4B-cl ~7.00 ~0.32 6.68
2B-c3 ~7.00 ~0.94 606  4B-c3 ~7.00 ~031 6.69
2A-c2 ~7.04 ~0.69 6.35 5B-c3 ~7.00 ~0.66 6.34
2A-c4 ~7.00 ~0.70 630  5A-c2 ~7.07 ~0.45 6.62
3A-c2 ~6.96 ~0.43 6.53 5A-cd ~7.05 —0.44 6.61
3B-c3 ~6.95 ~0.55 640  6B-c3 ~6.95 ~0.07 6.88
3A-cd ~6.92 —0.41 6.51 6A-2 ~6.95 ~035 6.60
3B-c4 ~6.90 ~0.57 6.33 6B-c4 ~6.90 ~0.17 6.73
6A-cd ~6.91 ~0.38 6.53
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between the wavelength of the shortest band of UV-vis
spectra of compounds 1-6 and the HOMO/LUMO energy
gap (Tables 2 and 4), which is in consistence with involving
several molecular orbitals in transition. The calculations,
performed at SMD/PBE1PBE level using developed in our
group STO™-3G,, basis set [37], demonstrate high efficiency
for UV—vis spectra simulation and allow to determine the
relative stability of different tautomers of 2-(3-hetaryl-1,2,4-
triazol-5-yl)anilines as well as 2-(3-(methoxyphenyl)-1,2,4-
triazole-5-yl)anilines that were shown in our previous work
[35].

Dipole moments

Table 3 contains calculated dipole moments for all com-
pounds in the gas phase and methanolic solution. Different
tautomeric forms have various electronic structures and,
correspondently, different dipole moments. The increas-
ing dipole moment in solution as compared with the gas
phase is observed for all tautomers that suggest an increase
of solute—solvent interaction. The largest increase of dipole
moment for tautomer A is observed for compounds 3 and
6, for tautomer B — in case of compounds 2 and 5, that cor-
respond to absolute value of dipole moment. There is a good
correlation between dipole moments in solution and gas
phase for all tautomers with R>=0.96. As shown in Table 3
and Table S5, dipole moment of tautomers depends on sub-
stitutes in the triazole ring. Tautomer B has higher dipole
moment than tautomer A for compounds 1, 2, 4, 5, and 7,
while the reverse situation is observed for compound 3. The
differences in dipole moment between tautomers A and B
are in a range of 1-3 D. The differences in dipole moment
between different conformers ¢1-c4 are smaller and do not
exceed 1.5 D.

Molecular electrostatic potential

The molecular electrostatic potential (MEP) shows the
molecular charge distributions in terms of the atomic
charge distributions. MEP mapped on electron density sur-
face (Fig. S4) shows that tautomers A and B have different
charge distribution. The most negative electrostatic potential
in tautomer A is located on atoms O, N,, and N, for com-
pounds 1 and 4, on atoms S, N,, and N, for compounds 2
and 5, on atom N, and thienyl or benzothienyl moiety for
compounds 3 and 6. In case of tautomer B, the most nega-
tive electrostatic potential is concentrated on atom N, and
aminophenyl substituent for all compounds. The most posi-
tive electrostatic potential is located on the hydrogen atom
of the triazole ring in both tautomers, and additionally on
hydrogens of the amino-group for tautomer A. The locali-
zations of the most negative electrostatic potential are sites

for electrophilic attack, while high concentration of positive
electrostatic potential facilitates attack of nucleophile.

NBO charge distribution

Calculated charge distribution in 1,2,4-triazole ring using
NBO technique for the most stable tautomers of compounds
1-7 in methanol is shown in Tables S5 and S6. Introduction
of substituent in position 3 leads only to decrease charge
of C;in 0.1 e. Nitrogen atom at position 4 (N,) carries the
most negative net charge in 1,2,4-triazole ring, while the
nitrogen atom of the amino-group at phenyl ring has the
most negative charge in molecule and predicted to be effec-
tive for interaction with electrophiles. Nitrogen atoms N;
and N, have close values of charges, which differ from the
charge of N, by 0.19-0.27 e. Tautomer A has 0.1 e larger
positive charge at C5 atom than at C; atom. The influence
of substituent nature at position 3 on charge of all atoms of
1,2,4-triazole ring for compounds 1-6 is insignificant.

Frontier molecular orbitals

The highest occupied molecular orbital (HOMO) energy is
associated with ionization potential and the lowest unoc-
cupied molecular orbital (LUMO) energy — with electron
affinity. The difference between HOMO and LUMO energies
(energy gap) is a measure of chemical reactivity. HOMO and
LUMO surfaces for compounds 1-6 are shown in Fig. S5.
The localization of HOMO electrons in compounds 1
and 2 is centered on aminophenyl and triazole moieties.
The electron distributions in HOMO of compounds 3—6
are mostly localized over whole molecule, excluding atom
N, in compound 3, atoms N, and O in 4, atom S in 5, and
atoms N, and N of pyrrole in 6. LUMO is located on tria-
zole and 3-substituent parts of molecule for compounds 1
and 2, and on aminophenyl and triazole moieties for com-
pound 6. Tautomers A and B have different localization of
LUMO for compounds 3-5. LUMO is located mostly on
aminophenyl and triazole moieties in compounds 3 and 4,
and over whole molecule in compound § excluding atom
N, and amino-group in case of tautomer A. For tautomer
B, the localization of LUMO is observed on triazole and
3-substituent parts of molecule of compounds 3-5.
Introduction of pyrrole or indole in position 3 of
5-(2-aminophenyl)-1,2,4-triazole leads to an increase in
HOMO energy in 0.1-0.2 eV, while the rest substitutes have
an insignificant influence on HOMO level (Table 4). All
substitutes decrease LUMO energy. The highest impact was
observed after introducing benzofuran and benzothiophene,
which causes lowering LUMO level in 0.73 and 0.88 eV,
respectively. As a result of HOMO and LUMO energy
changes, the energy gap for compounds 1-6 is 0.1-0.9 eV
lower than for compound 7. That means the introduction
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of substitutes in position 3 increases the chemical reactiv-
ity of triazoles. The influence of substitutes follows row
benzothiophen-2-yl > benzofuran-2-yl > thiophen-2-yl >
indol-2-yl > furan-2-yl > pyrrol-2-yl.

Tautomer B has lower values for LUMO and lower energy
gap than tautomer A for compounds 1, 2, 3, and 5, while the
opposite situation is observed for compound 6. Different
conformers for each tautomer have close values of molecular
orbital energy. The difference does not exceed 0.1 eV.

Compounds 1, 2, and 3 have smaller AE, than compounds
4,5, and 6, respectively. The presence of benzene ring fused
to heterocycle in substitute decreases energy gap and facili-
tates reactivity, mainly by decrease of LUMO values, while
change of HOMO energy is insignificant (Table 4). Values
of LUMO energy are in a range from —0.17 to —0.94 eV for
tautomeric forms of compounds 1-6. While for the HOMO
energy, the values from —6.90 to —7.07 are observed.

The order of the energy gap is as follows: 2<1<3<5<4<6.
The ability to attach an electron decreases in the row
2>1>5>3>4>6. Benzene ring and sulfur atom in a substi-
tute facilitate electron affinity by the ability of negative charge
delocalization.

Conclusions

The tautomerism of 2-(3-hetaryl-1,2,4-triazole-5-yl)ani-
lines was examined by using theoretical technique. The
obtained data suggest that all studied compounds exist as
a mixture of N;-H and N,-H tautomers. The preference
of tautomeric form strongly depends on the substitute
in 1,2,4-triazole ring and environment. The gas phase
favors N;-H form in case of thiophenyl, benzothiophe-
nyl, and indolyl substituents, while furyl, benzofuryl,
and pyrrolyl-substituted 1,2,4-triazole exist preferable in
N,-H form. In methanolic solution, N,-H tautomer domi-
nates only for pyrrolyl-substituted compound. The UV/
vis simulated Boltzmann weighted sum spectra for two
tautomers well reproduce the experimental ones. Sub-
stituents strongly influence the level of LUMO, while
the change of atomic charges is insufficient. Tautom-
ers N,-H and N,-H have different electrostatic potential
distributions and HOMO/LUMO energy gap and, cor-
respondently, different reactivity.
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