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Abstract—Compounds capable of tautomerism: sulfanyl-1,2,4-triazole, its C-phenyl derivative, and the crystal
hydrate of the latter, were studied by single crystal X-ray diffraction. In the crystals they exist in the form of 3-
R-1(H),4(H)-4,5-dihydro-1,2,4-triazole-5-thione with a considerable contribution of the bipolar structure.
Published data on the tautomerism of sulfanyl-1,2,4-triazoles and their N-substituted analogs and on the
correlation between the spectral characteristics and structures of sulfanyl-1,2,4-triazoles capable of tautomerism

are discussed.
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Sulfhydryl derivatives of 1,2,4-triazole are widely
used in chemistry, biology, medicine, and agriculture.
The use of these compounds substituted at the sulfur
atom was discussed in detail in the first papers of this
series [1, 2] (see also reviews [3—-6]). 3(5)-Sulthydryl-
1,2,4-triazoles unsubstituted at the S and N atoms are
also successfully used in the organic synthesis for pre-
paring annelated 1,2,4-triazoles [3-11] and macro-
cycles [12], iron nitrosyl complexes [13], and com-
pounds with biological activity (antimicrobial [14],
antituberculous [15], antifungal [16], antidepressant
[17], pesticide [18], and other kinds of biological
activity [11, 16]). 3(5)-Sulfanyl-1,2,4-triazoles substi-
tuted at one of nitrogen atoms and capable of tauto-
merism are also widely used. 4-N-Substituted sulfan-
yl-1,2,4-triazoles, especially 4-amino-3(5)-sulfanyl-
1,2,4-triazole and its derivatives [3—6], are studied in
considerably more detail than their 1(2)-N-substituted
analogs.

In the first communication we discussed in detail
the problems of intracyclic tautomerism of N-unsub-

! For communication II, see [1].
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stituted 1,2,4-triazoles and especially alkylsulfanyl-
1,2,4-triazoles [2]. In the second paper, along with the
annular tautomerism {by the example of 3-(hydroxy-
ethylsulfanyl)-5-R-1,2,4-triazoles, analogs of com-
pounds with tuberculostatic activity [8, 14, 15]}, we
discussed the possibilities of the ring—chain tautomer-
ism involving the side fragment and also the tauto-
merism of the 1,2,4-triazolium salts [1]. Here we
report on a single crystal X-ray diffraction study of
sulfanyl-1,2,4-triazole I, its C-phenyl derivative II, and
its crystal hydrate III. These compounds do not
contain substituents at the N and S atoms. The data
obtained are necessary for discussing the aspects of the
thiol-thione tautomerism of 3(5)-sulfanyl-5(3)-R-
1,2,4-triazoles and of the relationships between the
spectral characteristics and structures of sulfanyl-1,2,4-
triazoles capable of tautomerism.

The structures of N,S-unsubstituted sulfanyl-1,2,4-
triazoles were discussed superficially. In the basic
review [19], they were not mentioned at all. The prob-
lem was not duscussed in the subsequent reviews [3—
6], either. For example, in the review [6] specially
devoted to thiol-thione tautomerism of sulfanylazoles,
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among 1,2,4-triazoles only the 1-N- and 4-N-substi-
tuted analogs, which can be considered only as sul-
fanyltriazole tautomeric forms partially fixed at the N'
or N* atom, were briefly considered. Analysis of the IR
spectra of sulfanyltriazole and its N-methyl-substi-
tuted analogs (mainly of the band at 1200-1280 cm™,
which was assigned to vc-g vibrations) led Blacman
and Polya [20] to a conclusion that these compounds
have a thione structure in the crystals. The same con-
clusion was also made in other papers dealing with
UV, vibration, and NMR spectra of sulfanyltriazole
and its N-methyl-substituted analogs [21, 22]. How-
ever, Krishnakumar and Xavier [23], returning to the
analysis of the IR and Raman spectra of sulfanyltri-
azole and using also calculations, revised these data
and made a conclusion (in our opinion, insufficiently
reasoned) that this compound exists in crystals in the
thiol form, i.e., as 3-sulfanyl-1H-1,2,4-triazole. We
found no data about studies of tautiomeric equilibria
between various forms of sulfanyl-1,2,4-triazoles by
instrumental methods, although Shklyarenko et al. [24]
believe, without serious reasoning, that there occur fast
mutual transformations of 1H-3-SH and 1H-5-SH
tautomers of unsubstituted sulfanyl-1,2,4-triazole with
prevalence of the former tautomer.

The prevalence of a particular tautomeric form of
4-N-substituted 1,2,4-triazoles was judged in [25] on

H
H /

N-N N-N
R—Q\N)—SH R—(N/)—SH
A B

Usually five possible tautomeric forms of N,S-
unsubstituted sulfanyl-1,2,4-triazoles, A-E, are con-
sidered in the literature (see, e.g., [21-25]). In articles,
patents, and reports, virtually all the forms are repre-
sented, but in the overwhelming majority of cases this
is done without due reasoning. Even in the Beilstein
electronic database the data on triazoles I and II are
given under the formulas of four tautomeric forms A—
D of each compound [29], and in all the cases the
actual structure is not proved and the data on the prop-
erties of the tautomers partially duplicate each other.

It is known that the sulfhydryl group is an electron
acceptor. The inductive constant o; for the unsubsti-

the basis of a linear correlation between the dissocia-
tion constants and Hammett constants of substituents
(log K 1.06, 6, 11.01). It was concluded that the thione
form of 3,4-diaryl-5-sulfanyl-1H-1,2,4-triazoles is
realized in solutions.

The scarcity of data and inconsistency of conclu-
sions on the thio—thione tautomerism are due to spe-
cific properties of the thioamide fragment, giving rise
to certain problems in studying this tautomerism for
any class of organic compounds: thioamides, thiohy-
drazides, and 3-sulfanylheterocycles of various nature,
e.g., 3-sulfanylpyridine [26], 3-sulfanylhydrazidines,
and 3-sulfanylformazans [27, 28]. The history of elu-
cidating the structure of the well-known analytical
reagent Dithizone and its analogs is instructive in this
respect. In most cases, the use of spectroscopic
methods is complicated by ambiguous interpretation of
their results, even in the method of fixed structures.
For example, thioacetamide and N-phenylthiobenz-
amide, for which the thioamide structure was con-
firmed, exhibit even longer-wavelength UV absorp-
tion than do the S-methyl derivatives of their thiol
forms (267 and 230 nm for the first, and 317 and 296 nm
for the second pair, respectively) [27]. Therefore,
conclusions about the structure of such compounds,
based on a single spectroscopic method, should be
treated with caution.

N—-N N—-N
R—Q\N)=s R—(N)=s
h
D E

tuted SH group is estimated at 0.18 to 0.41 [30]. In
view of this fact and of the conclusion we made previ-
ously [2] that the major tautomeric form of N-unsub-
stituted 1,2,4-triazoles is the 3-R,-5-Rp-1H form,’
among thiol tautomers A—C of N,S-unsubtituted sul-
fanyl-1,2,4-triazoles form A should be preferred.
However, actually this structure was and is given in
relevant papers less frequently [3, 23, 24, 31] than the
structures of tautomers C [3H-3(5)-SH tautomer] [10,
31-34] and especially B (1H-5-SH tautomer) [35—41].

2R, and Ry, are substituents with acceptor and donor properties,

respectively.
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Table 1. Bond lengths (d, A) in the triazole ring of compounds I-III and their structural analogs IV-XIV

BUZYKIN et al.

1

R
2 1/
N—N
Ak
R N7 S
La
Comp.
o R R’ R N'-N? N*-C’ C’-N* N-C | C-N C’-S  Reference

I H H H 1.379(6) | 1.284(8) | 1.371(8) | 1.354(8) | 1.337(8) | 1.683(6) | -
Ila H Ph H 1.39(2) 132(2) | 1.33(1) | 1.38(1) | 1.34(2) | 1.69(1) =
IIb H Ph H 1.35(2) 1332) | 1.34(1) | 1.37(1) | 1.352) | 1.68(1) =
Ic H Ph H 1.38(2) 1312 | 1.35(1) | 1.34(1) | 1352) | 1.68(1) =
I H Ph H 1.39(2) 1322 | 1372 | 137Q2) | 132(2) | 1.68(1) =
Ma” | H Ph H 1.3743) | 1.306(3) | 1.375(3) | 1.352(3) | 1.3333) | 1.6902) | -
'’ | H Ph H 1.364(3) | 1.308(3) | 1.371(3) | 1.352(3) | 1.335(3) | 1.684(2) | -
v H Bn Ph 1.3722) | 1.296(2) | 1.381(2) | 1.3792) | 1.338(2) | 1.6722) | [57]
Va H 4-Py 4-Tol 1.3673) | 1.2953) | 1.3763) | 1.3893) | 1.333(3) | 1.663(2) | [58]
Vb H 4-Py 4-Tol 1.3773) | 1.3003) | 1.3783) | 1.3823) | 1.3393) | 1.660(3) | [58]
VI H n-Pr NMe, 1.384(2) | 1.304(2) | 1.3772) | 1.3722) | 1.3322) | 1.686(2) | [59]
vii | H Et -N=CHR‘ 1.383(4) | 1.2954) | 1.3794) | 1.387(4) | 1.330(4) | 1.681(4) | [60]
vl | H Furyl-2  |4-CICsH, 1.3742) | 1311Q2) | 1.384(2) | 1.383(2) | 1.346(2) | 1.677(2) | [61]
IX H Bn 4-CIC¢H, 1.3812) | 1.307(2) | 1.387(2) | 1.3792) | 1.333(2) | 1.688(2) | [62]
X H H -N=CHPh 1.370Q2) | 1.287(2) | 1.367(2) | 1.381(2) | 1.3402) | 1.673(2) | [63]
X1 H NHNHBz |NH, 1.3903) | 1.317(3) | 1.345(3) | 1.368(3) | 1.333(3) | 1.668(3) | [64]
XII | CHMorf'|4-Py CH,CH=CH, 13722) | 1.301(2) | 1.371(1) | 1.3732) | 1.353(2) | 1.668(1) | [65]
XII | Me SMe ~N=C(Ph)CH,SR* | 1.383 1.293 1.375 1.382 1.346 1.665 [66]
XIV" | Ph Ph' Ph 1.3793) | 1.3283) | 1.4133) | 1.346(3) | 1.323(3) | 1.681(2) | [73]

“ This study.  Crystal hydrate, © R = 2-Furyl. “Morf = morpholin-4-yl. ¢ R = 2-phenyl-4-methyl-6-methylsulfanylpyrazolo[5,1-c]1,2,4-
triazol-3-yl. f 1,4,5-Triphenyl-1,2,4-triazolium-3-thiolate.

Sometimes, related compounds are presented in the
form of different tautomers (see, e.g., [31]). Many
authors, often also without reasoning and without
references to [20-22], present the structures of N,S-
unsubstituted sulfanyl-1,2,4-triazoles in the form of
thione tautomers D and E (sometimes in the form of a
general formula with N-substituted analogs) [17, 42,
43]. In these cases, 1H,5H-5-thione tautomer E [4-6,
9, 11, 12, 16, 18, 20, 21, 44-46] is preferred over
1H,2H,3-thione tautomer D [7, 8, 14, 15-17].

3(5)-Sulfanyl-1,2,4-triazoles with the substituent at
one of the N atoms of the ring can be considered as
partially fixed analogs of the corresponding tautomers
A-F. Some authors used this approach when dis-
cussing the tautomerism of these compounds [20-22].

The structures of 1N-substituted 3(5)-sulfanyl-1,2,4-
triazoles are most frequently presented in the thione
form, and also without reasoning [4, 5, 15, 18, 43, 47,
48]. In both these cases (sulfanyl group in the 3- or 5-
position), two tautomers are posible, but usually the
tautomer with the hydrogen localization in position 4
of the ring (analog of tautomer E) is shown. With more
extensively studied 4N-substituted 3(5)-sulfanyl-
1,2,4-triazoles, the pattern is more similar to that ob-
served with N,S-unsubstituted sulfanyl-1,2,4-triazoles.

These compounds are presented with equal
probability in the form of thiol and thione tautomers
(see, e.g., [3, 5, 34, 49-52] and [4-6, 15, 18, 25, 48,
53-56]), including general formulas [17, 42]. Many
representatives of this group of sulfanyl-1,2.4-
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Table 2. Bond angles (o, deg) in the triazole rings I-III and their structural analogs IV=-XIV*
R!
2 1/
N—N
ENS
R’ N7 s
Lo

Ci:lp Rl R? R4 NZNICS N1N2C3 N2C3N4 C3N4C5 N4C5Nl
I H H H 112.5(4) 104.4(4) 110.6(5) 108.5(5) 103.6(5)
Ia H Ph H 112(1) 104(1) 111(1) 109.0(9) 103.9(9)
IIb H Ph H 114(1) 104(1) 110(1) 110.6(9) 101.6(9)
Ilc H Ph H 113(1) 104(1) 110(1) 110.8(9) 102.8(9)
I1d H Ph H 114(1) 103(1) 111(1) 108(1) 104(1)
IIa° H Ph H 112.5(2) 104.6(2) 110.0(2) 108.5(2) 104.4(2)
IIb® H Ph H 113.0(2) 104.6(2) 109.7(2) 108.9(2) 103.8(2)
v H Bn Ph 114.0(1) 104.2(1) 110.8(1) 108.1(1) 102.9(1)
Va H 4-Py 4-Tol 114.2(2) 103.8(2) 111.8(2) 107.0(2) 103.2(2)
Vb H 4-Py 4-Tol 114.0(2) 103.5(2) 111.8(2) 107.4(2) 103.3(2)
VI H H-Pr NMe, 114.0(2) 103.7(2) 110.6(2) 108.7(2) 103.0(2)
VII H Et -N=CHR® 114.6(3) 103.1(3) 111.9(3) 107.6(3) 102.8(3)
VIII H R® 4-CICgH, 113.8(1) 103.9(1) 111.2(1) 107.7(1) 103.4(1)
IX H Bn 4-CICeH, 113.9(2) 103.9(1) 110.7(2) 107.9(1) 103.6(2)
X H H N=CHPh 114.5(2) 103.0(2) 112.6(2) 107.4(2) 102.5(2)
XI H NHNHBz NH, 113.8(3) 102.5(3) 111.6(3) 109.2(3) 103.6(3)
XII CH*Morf* 4-Py CH,CH=CH, 112.54(9) 104.48(9) 111.5(1) 107.67(9) 103.8(1)
XIII Me SMe —N=C(Ph)CH,SR® 113.8 103.6 111.7 108.0 102.6
XIv' Ph Ph’ Ph 112.1(3) 105.6(2) 107.9(2) 108.2(2) 106.2(2)

* For references, see Table 1. P Crystal hydrate. © R = Furyl-2. ¢ Morf = morpholin-4-yl. ¢ R = 2-phenyl-4-methyl-6-methylsulfanylpyrazolo
[5,1-c]1,2,4-triazol-3-yl. 145 -Triphenyl-1,2,4-triazolium-3-thiolate.

triazoles, in contrast to 1N-substituted 3(5)-sulfanyl-
1,2,4-triazoles, have been studied by single crystal X-
ray diffraction (e.g., IV-XIII, Tables 1, 2 [57-66]. It
was shown that they exist in crystals exclusively in the
form of thione tautomers (analogs of tautomer E) [52-
59], and we found no examples of tautomeric
equilibria except an assumption made in [24] about its
occurrence.

Our studies show that N,S-unsubstituted sulfanyl-
1,2,4-triazoles I and II and crystal hydrate III also
exist in the crystals in the thione form. Crystals of I
were grown from water. Molecule I (Fig. 1) in the
crystal occurs in a special position on the symmetry
plane m.

The realization of 1H,4H-thione tautomer E of I

was inferred from the positions of hydrogen atoms
revealed at the N' and N* atoms of the ring. The geo-
metric parameters of the triazole ring in thione I are
close to those in the other thione derivatives of 1,2,4-

Fig. 1. Molecular geometry of I in the crystal.
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triazole (II-XIII) (Tables 1, 2). In going from aromat-
ic 1,2,4-triazole ring (geometric parameters of the ring
in 3(5)-mono-, 3,5-di-, 1,3,5-tri-, and 3,4,5-trisubsti-
tuted 1,2,4-triazoles and 1,2,4-triazolium salts, see [1,
2] and references therein) to the 4,5-dihydrothione ring
do not lead to significant changes in the geometric
parameters of the ring (for bond lengths and bond
angles, see Tables 1 and 2). The bond alternation is
also preserved. There is no bond length averaging in
the triazole ring of I, although the N*-C° and C°-N'
bonds in the amidine fragment are equal within the
experimental error [1.348 (7) and 1.345 (7) A, respec-
tively]. The N'-N? and C*-N* bond lengths are close
to the mean lengths of these bonds in 3-Rp-5-Rp-
1,2,4-triazoles and their salts [1, 2]. The N2-C? bond is
somewhat shortened, whereas the N*-C° and C°-N!
bond lengths are close to the mean values for the
above-mentioned analogs.

The bond angles in the triazole ring of thione I, as
in other thiones II-XIII (Table 2), are closer to those
in molecules of 1,2,4-triazolium salts [1] than in non-
protonated 1,2,4-triazoles. As compared to 3(5)-mono-
3,5-di-, 1,3,5-tri-, and 3,4,5-trisubstituted 1,2,4-tri-
azoles, in triazolinethione the endocyclic angles at the
N' and N* atoms somewhat increase (by 4°-8°), and
those at the C* and C’ atoms decrease (by 4°-7°).

The N'N’C’ bond angle (102°~105°) in all the three
groups of triazole derivatives varies to the least extent.

BUZYKIN et al.

In triazolinethiones I-XIII (and others), the differ-
ences between the C’N'C’ and N'C°N* angles are
more pronounced than in triazolium salts (cf. data in

[1D.

Apparently, passing from the 1,2,4-triazolium sys-
tem to the 4,5-dihydro-1,2,4-triazole-5-thione system,
as in the pyridine series [26], does not alter essentially
the ring aromaticity. This assumption is also con-
firmed by the fact that the triazole rings in molecules
of I participate only in the n—r interactions stabilizing
the crystal packing: The distance between the centers
of the triazole ring is d. = 3.616(2) A, and the dihed-
ral angle a between them is 0°; the shortest distance
between these rings is di = 3.22 A.

Via hydrogen bonds N'-H'. - -D° and N*-H*. . .N?
(Table 3), the molecules in the crystal of I are com-
bined in infinite chains arranged parallel to each other
along the Oa axis of the crystal (Fig. 2), i.e., the 1D
structure is realized. The crystalline forms of the
phenyl derivative of thione I are determined by the
nature of the solvent. A slight change in the solvent
polarity leads to changes in the crystal structure. For
example, thione II crystallizes from water; its hydrate
III, from a water—ethanol mixture; and a third form,
whose sturcture we have not yet determined, from
acetonitrile. From the viewpoint of X-ray diffraction
analysis, compound II appeared to be a more complex
object than thione I. In the asymmetric part of the unit

Table 3. Short contacts (distances, A; angles, deg) in the crystals of I-1II

D-H---A D-H H--A D--A DHA Symmetry codes
4,5-Dihydro-1H-1,2,4-triazole-5-thione (I)
N-H'..§° 0.99 (7) 2.32(7) 3.251 (5) 155 (6) ~1+xy,z2
N*-H*..N? 0.95 (5) 2.00 (5) 2.916 (6) 164 (4) l+x,y,2
3-Phenyl-4,5-dihydro-1H-1,2 4-triazole-5-thione (II)

N'_g'...s% 0.86 247 3.28 (1) 159 “12+x, 172+,
N'_H'®...§% 0.86 2.46 3.29 (1) 162 12 +x,-12+y,z
N*_H*...§% 0.86 2.46 3.29 (1) 162 “124x,12+y,z2
N*_H*...g% 0.86 243 3.27 (1) 165 “124x,12+y,z
NIb_g'b...g%¢ 0.86 2.46 3.29 (1) 161 -
N'd_g'd..g% 0.86 247 3.30 (1) 160 -
N*_g*...g% 0.86 2.43 3.27 (1) 164 -
N*_g*...§% 0.86 2.45 3.28 (9) 164 -
cllag'a..N® 0.93 2.54 2.88 (2) 102 -
Ccle_y!t. N 0.93 2.53 2.87(2) 102 -
Cclle_g'le..N* 0.93 2.56 2.87(2) 100 -
CcMa_g'd. N 0.93 2.52 2.86 (2) 102 -
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Table 3. (Contd.)
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D-H---A D-H H--A D--A DHA Symmetry codes
3-Phenyl-4,5-dihydro-1H-1,2,4-triazole-5-thione crystal hydrate (III)
N'H"...0' 0.83 (2) 1.97 (2) 2.774 (3) 162 (2) “12+x,1/2-y,-1/2+z
N'™_H'"...0? 0.87 3) 1.89 (3) 2.743 (3) 167 (3) Xy, 1+z
N*_pg*...§% 0.86 (2) 2.45(2) 3.306 (2) 177 (2) “124+x12-y,-12 +z
N*_H*...g% 0.83 (2) 2.45(2) 3.276 (2) 175 (2) 12+x 12y, 12 +7
O'-H'l..N% 0.81 (3) 2.14 (3) 2.933 (3) 169 (3) 12+x1/2-y,-1/2+z
O'-H"..§% 0.91 (3) 247 (3) 3.367 (2) 170 (3) 12-x,12+y, 127
O-H*...s* 0.79 (3) 2.57 (3) 3.340 (2) 164 (3) l-x,—y,1-z
C’-H"™..s%* 0.93 (3) 2.81 (3) 3.696 (2) 158 (3) “124+x 12—y, -1/2+z
C—H™...s% 0.95 (3) 2.85(3) 3.644 (3) 141 (3) 12+x 12y, 12 +7
O’-H>..N* 0.69 (5) 2.38(5) 2.972 (3) 146 (5) -
Cclpge. N 0.92 (3) 2.57 (3) 2.902 (3) 102 (2) -
Cc'"™_H'"..N?® 0.91 (3) 2.62 (3) 2.927 (3) 101 (2) -
Table 4. Some torsion angles (1, deg) in the molecules of triazoles IT and III
Angle Ila IIb Ilc Id Ila IIb
N*Cicsc! -8(2) 4(2) -2(1) 5(2) 10.1(4) 14.2(4)
N*Cicoc! 176(1) 178(1) —178(1) —179(1) ~170.3(3) —163.3(3)
N3¢’ 174(1) —176(1) 180(1) —174(1) —168.7(3) —166.4(3)
N*C3csc’ -3(2) -2(1) 4(2) 1(1) 10.9(4) 16.1(4)
cell of its crystal, there are four independent

molecules. All of them are thione tautomers and have
virtually equal planar conformation (the torsion angles
are given in Table 4). The dihedral angles between the
planes of the heterorings and phenyl substituents in mo-
lecules ITa—IId are 7.0(7)°, 3.3(7)°, 2.2(7)°, and 5.0(7)°,
respectively.

Figure 3 shows the general view of these molecules
in the crystal. The planar configuration of the
molecules is favorable for the n—m conjugation of the
aromatic phenyl and triazolinethione rings.

The bond lengths and bond angles in molecules
IIa-IId and I are the same within the experimental
error (Tables 1, 2).

Owing to hydrogen bonding, a 1D supramolecular
structure is realized in the crystal of phenyl thione IT
(for parameters, see Table 3), with two types of V-
shaped ribbons, one of which contains only molecules
IIa and IId (Fig. 4), and the other, IIb and IIc (Fig. 5).
The ribbons are not linked to each other and are
packed in the crystal in the mutually perpendicular

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 78

Fig. 2. System of hydrogen bonds in the crystal of triazole I.
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Fig. 4. System of hydrogen bonds between molecules Ila and IId in the crystal.

directions (110) and (-110) (Fig. 6). The dihedral
angle between the molecular planes in ribbons of mol-
ecules Ila and IId is 119.4°, and in ribbons of mole-
cules IIb and Ilc, 117.2°.

It should be noted that in the crystal of phenyl thi-
one II there are numerous n—m interactions between the
triazole and phenyl rings. The distance between the
ring centers d, varies within 3.950(8)—4.029(7) A. The

dihedral angle between the corresponding planes o
vareis from 0.8° to 5.8°, and the shortest distance
between the planes di is 3.38 A. These interactions
lead to the formation of molecular stacks in the crystal
(Fig. 6).

As already noted, compound III, in contrast to
phenyl thione I1, is a crystal hydrate (Fig. 7).
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Fig. 5. System of hydrogen bonds between molecules IIb and Ilc in the crystal.

The asymmetric part of the unit cell of crystal
hydrate III contains two molecules of IIla and IIIb
and two water molecules. The dihedral angles between
the planes of the phenyl ring and heteroring in IIla and
IIb are 10.3(2)° and 15.5(2)°, respectively. These
values noticeably exceed the corresponding values in
ITa-IId. Thus, in contrast to II, the core of the whole
molecule IlIIa or IIIb is appreciably nonplanar. The
other geometric parameters of molecules IIla and IIIb

coincide within the experimental error with those for P o'
triazolinethiones I and IIa-IId and their structural
analogs IV-XIII (Tables 1, 2). FIg. 7. Molecular geometry of III in the crystal.
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a

Fig. 8. Molecular chains in the crystal hydrate of III,
formed by hydrogen bonds.

The differences in the number and nature of sub-
stituents in 1,2,4-triazolinethione molecules affect the
molecular packing considerably more strongly than
their geometric parameters. For example, in contrast to
triazolinethiones I and II in which a 1D supramo-
lecular structure is formed in the crystals owing to a
system of hydrogen bonds, crystals of N-monosub-
stituted analogs I'V-X (for geometries, see Tables 1, 2)
are characterized by formation of closed H-dimeric 0D
associated owing to N'-H'...S hydrogen bonds.
Exceptions are compound V and 4-amino-3-benzoyl-
hydrazino-4,5-dihydro-1,2,4-triazole-5-thione XI whose
molecules in the crystals are arranged in infi-nite
chains in a different fashion compared to I and II.

In crystals of thione V, owing to the presence of the
pyridine ring, the infinite chains of monomeric mole-
cules are formed by hydrogen bonding involving the
substituent and not the triazoline ring [N'-H ---N
(Py) type] [58], and in crystals of thione XI the
initially formed H dimers are arranged in infinite
chains [59].

In the crystal hydrate of III, there is a fairly com-
plex three-dimensional system of hydrogen bonds (for
parameters, see Table 3). Owing to N*-H* . .. §°® and
N*_H* ... $% interactions, molecules of phenyl thi-
one III form H dimers which are combined in infinite
chains via hydrogen bonds involving one of protons of
water molecules. The chains are arranged along the
diagonal of the aOc plane of the crystal (Fig. 8). The
second proton of the water molecules participates in
the formation of hydrogen bonds O'-H'?- .. 8™ (for
one of water molecules) and O~H*' - .- S™ (for the
second water molecule), which leads to mutual linking
of the chains (Fig. 9) and formation of a 3D associate
(Fig. 10). Intermolecular interactions C-H - - - S also
stabilize such packing (for parameters, see Table 3).
Intermolecular interactions C-H - - - N (for parameters,
see Table 3) should also be noted.

In the crystal hydrate of phenyltriazolinethione III,
we also revealed m—r interactions between the triazo-
line and phenyl rings of IIla and ITIb. The distance
between the centers of rings d. varies within 3.579(2)-
3.863(2) A. The dihedral angle between the corre-
sponding planes a is from 2.2° to 7.4°, and the short-
est distance between the plane du is 3.27 A. However,
in this case, in contrast to the crystal of thione II,
formation of molecular stacks by the stacking effect is
not observed.

Fig. 9. Linking of molecular chains in the crystal hydrate of III into 3D chains owing to O-H- - -S hydrogen bonding.
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Analysis of the C’-S° bond lengths in molecules of
I-III (1.683-1.690 A), as in the molecules of 4N-
mono- and 1N,4N-disubstituted triazolinethiones IV—
XIII (1.665-1.688 A) (Table 1) and of N-substituted
thioureas (1.681 A [67]) shows that they have inter-
mediate values between the characteristic lengths of
the C-S and C=S bonds which can be taken from [67—
72]. The C°-S° bonds are also appreciably shorter than
the CS,,Z—S bond lengths in molecules of alkylsulfanyl-
1,2,4-triazoles and their salts, which are inthe range
1.714 —1.763 A [1, 2]. For example, the length of the
C-S single bond in aliphatic thiols is 1.808 A, and in
thioethers, 1.789-1.856 A [67]. The C’-S’ bonds are
even noticeably shorter than the bonds in compounds
in which the sulfur atom is conjugated with m systems
(1.751-1.712 A) [67]. In the anion of sodium 4-amino-
1,2 4-triazole-3-thiolate, the C—S™ bond length is 1.724(2) A
[72]. Information on the parameters of the CX,,Z:S bond
not involved in intramolecular interactions is scarce.
Allen et al. [67] report only a single value, 1.599 A for
the cyclobutanethione derivative. We were able to find
only two more values in the Cambridge Structural
Database, 1.613 and 1.616 A, for thiocamphor and a
thiobornane derivative [68-70]. In the thiobenzo-
phenone derivative, it is essentially the same (1.611 A)
[67], and in the thiofluorenone derivative it increases
to only 1.628 A [71], suggesting weaker conjugation of
the 7 systems of the C=S group and aryl rings.

When discussing the observed C.—S bond lengths
in triazolinethiones I-XIII, we should consider the
effect of two factors: n—t conjugation characteristic of
thioamides or significant contribution of bipolar struc-

ture F (naturally, the conjugation in this zwitterionic
form should also be taken into account). Appreciable
contribution of the second factor can also be con-
firmed by the fact that in the molecule of zwitterionic
1,4,5-triphenyl-1,2,4-triazolium-3-thiolate XIV [73]
the C—S bond length is 1.681(2) A, and the ring
parameters are silimar to those in the molecule of
thione II (Tables 1, 2).

The IR spectra of I, I, and other triazolinethiones
always contain absorption bands at 2900-2500 cm .
Some authors assign these bands to stretching vibra-
tions of the SH group [23, 74], and other, to stretching
vibrations of the NH group [52], although they can be
assigned more likely to stretching vibrations of the
charged N"H groups [75] in F-type structures. The
stretching vibration band of the thioamide group is
usually assigned to the region of ~1550 cm™ [75].
Therefore, we believe that the shift of the v(C=S) band
to 1280-1160 cm™, observed in the spectra of a large
number of 1,2.4-triazolinethiones, both N-alkylated
and containing no substituents at the N atoms [20, 31,
76], can also be considered as an argument in favor of
structure F.

AN WY

N-N* N*-N N*-N
N I N S
h P f
F XIV G

Fig. 10. Molecular packing in the crystal hydrate of III.
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Tautomeric processes are commonly considered
from the viewpoint of acid-base equilibria, and it is
believed that the tautomer that is a weaker acid is more
stable [77, 78]. We have already noted previously that,
in accordance with the conclusions made in [2] and
taking into account the electronic properties of the
sulfanyl group, the thiol tautomer of I and II should
have form A. We showed in [1] that N-unsubstituted
1,2,4-triazoles are always protonated at the N* atom,
and hence tautomer A as a strong acid should form
zwitterion G. Apparently, this zwitterion is ener-
getically unfavorable and undergoes a tautomeric
transformation into isomer E undergoing the charge
redistribution with the transformation into F. We dis-
cussed in detail the search for such transitions in 1,2,4-
triazolinium cations in the second paper of this series.
It is planned to check these assumptions by quantum-
chemical calculations.

EXPERIMENTAL

The IR spectra were recorded on a Vector 22 IR
Fourier spectrometer (Bruker, Germany) from KBr
pellets. The NMR spectra were taken on a Bruker
Avance 600 spectrometer. The melting point was
determined with a standard PTP device and on a
Boetius heating stage.

4,5-Dihydro-1H-1,2,4-triazole-5-thione (I) was
prepared according to [78] and recrystallized two times
from water. Colorless crystals, mp 220-222°C (PTP);
published data: mp 215-216°C [79]; 221-224°C [74].
IR spectrum, v, cm™': 3150, 3083, 2952, 2873, 2667,
2612, 2551, 1559, 1473, 1427, 1360, 1305, 1257,
1187, 1135, 1058, 945, 848, 702, 667, 625, 524.

3-Phenyl-4,5-dihydro-1H,4H-1,2,4-triazole-5-thi-
one (IT) was prepared according to [35]. After recrys-
tallization from water, colorless crystals were ob-
tained, mp 245-253°C (with decomposition) (PTP).
On a Boetius-type heating stage, the substance recrys-
tallized into needles at 200-210°C and decomposed in
the range 245-252°C. Published data: mp 256°C [35];
257°C [31, 76]. IR spectrum, v, cm': 3075, 3059,
3000, 2951, 2892, 2826, 2677, 2643, 2576, 1610 w,
1591 w, 1563, 1508, 1482, 1455, 1423, 1288, 1223,
1121, 1071, 1023, 1000, 964 s, 916, 838, 782 s, 686 s,
538. '"H NMR spectrum, §, ppm: acetone, 7.45 m (3H,
Ph); 7.97 m (2H, Ph); 12.6 br.s (2H, NH + SH).
DMSO-dg, 7.40 m (3H, Ph); 7.93 m (2H, Ph).

3-Phenyl-4,5-dihydro-1H,4H-1,2,4-triazole-5-thi-
one crystal hydrate (III) was prepared by recrystalli-

zation of II from a mixture of water and alcohol;
colorless platelike crystals, mp 255-257°C (with
decomposition) (PTP device). On a Boetius-type
heating stage, the sample recrystallized at 205-210°C
into rectangular plates and decomposed in the range
223-243°C. IR spectrum, v, cm™: 3433, 3384, 3078,
3054, 3005, 2907, 2858, 2816, 2751, 2701, 2669,
2595, 2545, 1610 s, 1593 m, 1565, 1518, 1466, 1428,
1304, 1238 vs, 1155, 1138, 1081, 1014, 972 s, 918,
857,777,701 s, 544.

Single crystal X-ray diffraction analysis of I-III
was performed at room temperature (20°C) on an
Enraf-Nonius CAD-4 automatic four-circle diffrac-
tometer using monochromated MoK, radiation [A
0.71073 A] (structure I) and CuK, radiation [A 1.54184 A]
(structures II and III). The unit cell parameters were
determined from 25 reflections. The stability of the
crystals in the course of the experiments was checked
by measuring three control reflections every 2 h of the
diffraction measurements. The crystal orienta-tion was
checked by centering two reflections after taking every
200 reflections. No decrease in the intensity of the
control reflections was observed.

Determination of the unit cell parameters and
preliminary treatment of the experimental data were
performed using MolEN software [80]. The structures
were solved by the direct method using the SIR pro-
gram [81]. The structures were refined first in isotrop-
ic and then in anisotropic approximations using the
MOoIEN program package [80] for structures I and II
and the SHELX-97 program [82] from the WinGX
program package [83] for structure II. PLATON pro-
gram was used for plotting all the figures and analyz-
ing the intermolecular interactions [84].

The single crystal studies were performed at the
Department of X-ray Structural Studies of the Sharing
Center on the basis of the Laboratory of Diffraction
Methods, Arbuzov Institute of Organic and Physical
Chemistry, Kazan Scientific Center, Russian Acad-
emy of Sciences.

4,5-Dihydro-1H-1,24-triazole-5-thione (I). Color-
less transparent prismatic crystals belonging to mono-
clinic system; C,N3;H3S; M 101.13; a 5.082(1), b 6.440(2),
¢ 6.192(1) A; B 99.82(2)°; V 199.69(9) A®, d. 1.68 g cm™,
Z 2, space group P2,/m (molecule in special position
on plane m). Scanning angle 6 < 26.3°, ®/20 scanning.
Absorption was not taken into account (uMo 5.92 cm™).
Hydrogen atoms were re-fined isotropically. A total of
888 reflections were measured, of which 322 had I >
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Table 5. Coordinates of nonhydrogen atoms in the structure
of I and their equivalent isotropic temperature factors

33
B=4/3% X (a; a)B(i.)) (A)
=1j=

Atom X y z B
S’ 0.2430(8) 0.25 1.4441(3) 2.90 (4)
N! —0.2483(9) 0.25 1.1889(7) 2.5(1)
N2 -0.3687(8) 0.25 0.9702(7) 2.2 (1)
N* 0.0650(8) 0.25 1.0014(8) 2.2(1)
c? -0.175(1) 0.25 0.859(1) 2.8(2)
c’ 0.019(1) 0.25 1.2096(9) 1.8 (1)

3c. The final divergence factors were as follows: R
0.044 and Ry 0.042 for 305 reflections with F* > 36(I%).

3-Phenyl-4,5-dihydro-1H 4H-1,2 4-triazole-5-thi-
one (IT). Colorless transparent prismatic crystals be-
longing to monoclinic system; CsN3;H;S; M 177.24; a
11.164(3), b 11.224(2), ¢ 26.638(4) A; B 90.10(2)°; V
3338(1) A?, d. 1.41 g cm™, Z 16, space group Cc (four
independent molecules). Scanning angle 3.32° < 6 <
74.18°, /20 scanning. The absorption was taken into
account empirically (uCu 29.78 cm™). The coordinates
of the hydrogen atoms were calculated on the basis of
the stoichiometric criteria and refined by the rider
model. A total of 3504 unique reflections were
measured, of which 2130 had / > 2c. The final
diverence factors were as follows: R 0.090 and Ry
0.215 for 2130 reflections with F> > 4o(F).

3-Phenyl-4,5-dihydro-1H,4H-1,2 ,4-triazole-5-
thione crystal hydrate (III). Colorless transparent
pris-matic crystals belonging to monoclinic system;
CsH;N;3S - H,O; M 195.245 a 15.646(1), b 6.9097(8), ¢
17.165(3) A; p 97.22(1)°; V 1841.0(4) A®, d.1.41 g cm™,
Z 8, space group P2,/n (two independent molecules).
Scanning angle 0 < 74.3°, ®/20 scanning. The
absorption was taken into account empirically (uCu
27.80 cm™). Hydrogen atoms were refined iso-
tropically. A total of 4250 reflections were measured,
of which 2881 had I > 3c. The final divergence fact-
ors were as follows: R 0.046 and Ry 0.056 for 2650
reflections with F* > 30(12). The selected bond lengths
and bond angles in the molecules of I-III are given in
Tables 1 and 2; parameters of short contacts in crystals
of I-III, in Table 3; torsion angles, in Table 4; and
atomic coodinates, in Tables 5-7. The geometries of

Table 6. Coordinates of nonhydrogen atoms in the structure
of Il and their equivalent isotropic thermal parameters Ueq (AH?

Atom X y Z Ueq
S 107160 2) | 03833 (3)| 1.0076 (1)| 0.0417 (9)
N | 05690 (9) | 0.3719(9)| 1.0887 (4)| 0.043 (3)
N* | 0.552 (1) 0.308 (1) 1.1328 (4) |  0.045 (3)
N | 07098 (9) | 0.2433(8)| 1.0928 3)| 0.038 (3)
c* | 0.640 (1) 0.2297 (9) | 1.1328 4)| 0.033 (3)
C* | 0.665(1) 0.334 (1) 1.0633 (4) | 0.039 (3)
c® | 0.657 (1) 0.134 (1) 1.1707 (4) | 0.043 (4)
C™ | 0.746 (1) 0.047 (1) 1.1664 (5)| 0.051 (4)
c® | 0751 (22) | -0.039(1) 1.2035(6) | 0.057 (5)
c® | 0.672(1) | -0.040(2) 1.2437 (5)| 0.058 (5)
C' | 0.589 (1) 0.050 (1) 1.2483 (3)| 0.056 (5)
c'" | 0.583(1) 0.136 (1) 1.2121 (3)| 0.045 (4)
s® 1.0076 (2) 0.5919 3) | 1.0078 (1) | 0.0414 (8)
N® | 0.9957(9) | 0.447 (1) 1.0906 (4) | 0.044 (3)
N | 0.931 (1) 0.428 (1) 1.1328 (4) |  0.046 (3)
N*® | 0.8657 (8) 0.5826 (8) | 1.0920 (3)| 0.034 (3)
c® | 0.853(1) 0.5161 (9) | 1.1335(4)| 0.038 (3)
Cc® | 0.958(1) 0.5404 (9) | 1.0632 (4)| 0.035(3)
c® | 0.759 (1) 0.533 (1) 1.1709 (5) |  0.044 (4)
c™ | 0.672(1) 0.626 (1) 1.1683 (3)| 0.054 (4)
c® | 0.586(2) 0.632 (2) 1.2056 (7) |  0.069 (6)
Cc® | 0.586(2) 0.549 (2) 1.2449 (35)|  0.060 (5)
Cc'® | 0.673(2) 0.462 (1) 1.2458 (6) | 0.063 (5)
cM® | 0.756 (1) 0.454 (1) 1.2106 (5)| 0.047 (4)
s 1.2587 (3) | 03414 (3)| 1.0556(1)| 0.0412(9)
N | 1.245(1) 0.198 (1) 0.9735 (4) | 0.046 (3)
N* | 1.178 (1) 0.179 (1) 0.9308 (4) | 0.048 (3)
N* | 1.1157(8) | 0.3337(8)| 0.9721 (3)| 0.034 (3)
c* | 1.101 (1) 0.266 (1) 0.9306 (4) | 0.036 (3)
C* | 1.206 (1) 0.2920 (9) | 1.0003 4)| 0.033 (3)
c® | 1.008 (1) 0.282 (1) 0.8931 (4)| 0.040 (3)
c”™ | 0.925(1) 0.378 (1) 0.8941 (5)| 0.053 (4)
c® | 0.839(1) 0.387 (2) 0.8575(6) | 0.063 (5)
c* | 0.835(2) 0.305 (2) 0.8177 (6) |  0.062 (5)
C% | 0.915(2) 0.215 (2) 0.8175(5)| 0.059 (5)
cle | 1.001 (1) 0.203 (1) 0.8533(5)| 0.047 (4)
§¥ 0.9652 (3) 0.1338 3) | 1.0550 (1) | 0.0421 (8)
N | 0.820 (1) 0.1204 (9) | 0.9738 (4)| 0.043 (3)
N | 0.7998 (10)| 0.056 (1) 0.9301 (4)| 0.047 (3)
N* | 0.9586 (9) | -0.0080 (9)| 0.9715(4)| 0.038 (3)
ol 0.888(1) | —0.021 (1) 0.9298 (4) |  0.040 (3)
c* | 0.9128(9) | 0.083(1) 1.0000 (4) | 0.034 (3)
c% | 0.908(1) | -0.117 (1) 0.8917 (4) | 0.044 (4)
| 0997 (1) | -0.201 (1) 0.8959 (35)| 0.051 (4)
c¥ | 1.007(2) | -0.291(2) 0.8603 (7) |  0.066 (5)
| 0.9292) | —0.290 (1) 0.8189 (6) | 0.062 (5)
C'™ | 0.840(1) | —0.206 (1) 0.8150 (3)| 0.053 (4)
c'| 0.829(1) | -0.115(1) 0.8519 (3)| 0.050 (4)

* The equivalent isotropic thermal parameters U, were calculated
as 1/3 of the trace of the orthogonalized tensor Uj;.
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Table 7. Coordinates of nonhydrogen atoms in the structure
of III and their equivalent isotropic temperature factors

3 3

B=413 % X (a, a)B(i.j) (A)
i=1j=

Atom X y z By
S | 047177 (4)| 02139 (1) | 0.58355(3) | 3.91(1)
N' | 0.6404 (1) | 0.2397 (4) | 0.5624 (1) | 3.22(4)
N | 07219 (1) | 0.2421(3) | 0.6030(1) | 3.17 (4)
N | 0.6234(1) | 0.2093(3) | 0.6825(1) | 2.93 (4)
C* | 07100 (1) | 0.2226(4) | 0.6765(1) | 2.68(4)
C® | 05795(Q2) | 0.2226(4) | 0.6097 (1) | 2.91(5)
C* | 07788 (1) | 02169 (4) | 0.7426 (1) | 2.79 (5)
C™ | 07612(Q2) | 0.2294(5) | 0.8194(2) | 3.52(5)
C% | 0.8270(2) | 0.2289(5) | 0.8810(1) | 3.82(6)
C*™ | 09115(Q2) | 02169 (5) | 0.8663(2) | 3.90 (6)
C'% | 0.9295(2) | 0.2040(6) | 0.7905(2) | 4.88(7)
C'" | 0.8636(2) | 0.2023(5) | 0.7283(2) | 4.30(7)
S® | 0.53125(4)| 0.1799 (1) | 0.84515(3) | 3.83 (1)
N'™ | 03621 (1) | 0.1389(3) | 0.8635(1) | 3.13 (4)
N | 0.2822(1) | 0.1234(3) | 0.8219(1) | 3.09 (4)
N® | 03825(1) | 0.1466 (3) | 0.7441 (1) | 2.98 (4)
C® | 0.2960(2) | 0.1283(4) | 0.7484 (1) | 2.78 (5)
C® | 0.4248(2) | 0.1532(4) | 0.8178 (1) | 3.00(5)
C® | 02291(2) | 0.1226(4) | 0.6804 (1) | 2.88(5)
C™ | 0.2499(2) | 0.0880(5) | 0.6051(2) | 3.84(6)
C® | 0.1862(2) | 0.0907 (5) | 0.5420(2) | 4.61 (7)
C® | 0.1021 (2) | 0.1257(5) | 0.5525(2) | 4.48(7)
C'™ | 0.0808(2) | 0.1558(5) | 0.6270(2) | 4.29 (7)
C'"™ | 0.1440 (2) | 0.1542(4) | 0.6908 (2) | 3.61 (6)
o' 0.1317 (1) | 0.1391 (3) | 0.9076 (1) | 4.75(5)
0? 0.8709 (1) | 0.3683(4) | 0.5241(1) | 5.63(5)

1. Buzykin,

the cations and the systems of short contacts in the
crystals of I-1III are shown in Figs. 1-10.

REFERENCES

B.I., Mironova, E.V., Nabiullin, V.N.,

Azancheev, N.M., Avvakumova, L.V., Rizvanov, I.Kh.,

Gubaidullin, A.T., Litvinov, I.A., and Syakaev, V.V.,

Zh. Obshch. Khim., 2008, vol. 78, no. 3, p. 476.

. Buzykin, B.I., Mironova, E.V., Nabiullin, V.N.,,
Gubaidullin, A.T., and Litvinov, 1.A., Zh. Obshch.

Khim., 2006, vol. 76, no. 9, p. 1534.

. Sainsbury, M., Rodd’s Chemisty of Carbon Compounds,

Ansell, M.F., Ed., Amsterdam: Elsevier, 1986, vol. IV,

part D, p. 32.

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

BUZYKIN et al.

Polya, J.B., Comperehensive Heterocyclic Chemistry I,
Katritzky, A.R. and Rees, Ch.W., Eds., 1984, vol. 5,
part 4A, p. 733.

Garratt, P.J., Comperehensive Heterocyclic Chemistry
1I, Katritzky, A.R., Rees, Ch.W., and Scriven, E.F.V.,
Eds., 1996, vol. 4, p. 127.

Shtefan, E.D and Vvedenskii, V.Yu., Usp. Khim., 1996,
vol. 65, no. 4, p. 326.

Prauda, I. and Reiter, J., J. Heterocycl. Chem., 2003,
vol. 40, no. 5, p. 821.

Trzhtsinskaya, B.V., Kositsina, E.I., Pertsikov, B.Z.,
Rudakova, E.V., Voronov, V.K., and Skvortsova, G.G.,
Khim. Geterotsikl. Soedin., 1987, no. 2, p. 271.

Britsun, V.N., Esipenko, A.N., Chernega, A.N., and
Lozinskii, M.O., Zh. Org. Khim., 2005, vol. 41, no. 1,
p- 109.

Danilkina, N.A., Vershilov, S.V., Ganina, M.B.,
Mikhailov, L.E., and Ivin, B.A., Zh. Obshch. Khim.,
2004, vol. 74, no. 3, p. 520.

Britsun, V.N., Esipenko, A.N., Kudryavtsev, A.A., and
Lozinskii, M.O., Zh. Org. Khim., 2004, vol. 40, no. 2,
p- 260.

Lazrak, F., Essassi, E.M., Kandri Rodi, Y., Misbahi, K.,
and Pierrot, M., Phosphorus, Sulfur Silicon, 2004,
vol. 179, no. 9, p. 1799.

Aldoshin, S.M., Sanina, N.A., Rakova, O.A., Shilov, G.V.,
Kulikov, A.V., Shul’ga, Yu.M., and Ovanesyan, N.S.,
Izv. Ross. Akad. Nauk, Ser. Khim., 2003, no. 8, p. 1614.
Trzhtsinskaya, B.V., Skvortsova, G.G., Mansurov, Yu.A.,
and Buchin, P.I., Khim.-Farm. Zh., 1982, vol. 16,
no. 12, p. 58.

Trzhtsinskaya, B.V., Aleksandrova, A.E., Apakina, E.V.,
Vinogradova, T.I., Shchegoleva, R.A., and Afonin, A.V.,
Khim.-Farm. Zh., 1991, vol. 25, no. 3, p. 25.
Kaplushenko, A.G., Knish, E.G., and Panasenko, O.I.,
Med. Khim., 2005, vol. 7, no. 3, p. 98.

Kane, J.M., Dudley, M.W., Sorensen, S.M., and Mil-
ler, F.P., J. Med. Chem., 1988, vol. 31, no. 6, p. 1253.
Kaplan, G.I. and Kukalenko, S.S., Sovremennye prob-
lemy khimii i khimicheskoi promyshlennosti (Modern
Problems of Chemistry and Chemical Industry),
Moscow: VNIITEKhim, 1983, issue 2(140).

Katritzky, A.R., Usp. Khim., 1972, vol. 41, no. 4, p. 700.

Blacman, A.J. and Polya, J.B., J. Chem. Soc. C, 1971,
no. 5, p. 1016.

Kubota, S. and Uda, M., Chem. Pharm. Bull., 1973, vol. 21,
no. 6, p. 1342.

Elhajji, A., Ouijja, N., Idrissi, M.S., and Garrigou-
Lagrange, C., Spectrochim. Acta, Part A, 1997, vol. 53,
no. 5, p. 699.

Krishnakumar, V. and Xavier, R.J., Spectrochim. Acta,
Part A, 2004, vol. 60, no. 3, p. 709.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 78 No. 4 2008



24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

TAUTOMERISM OF AZACYCLES: III.

Shklyarenko, A.A., Nasledov, D.G., and Yakovlev, V.V_,
Zh. Org. Khim., 2005, vol. 41, no. 4, p. 636.

Mosselhi, M.A.N., Abdallah, M.A., Riyadh, S.M.,
Harhash, A.E., and Shawali, A.S., J. Prakt. Chem.—
Chem.-Ztg., 1998, vol. 340, no. 2, p. 160.

Moran, D., Sukcharoenphon, K., Puchta, R., Schaefer, H.F.,
Schleyer, P.R., and Hoff, C.D., J. Org. Chem., 2002,
vol. 67, no. 25, p. 9061.

Buzykin, B.I.,, Gazetdinova, N.G., and Sysoeva, L.P.,
Khimiya gidrazonov (Chemistry of Hydrazones), Ki-
taev, Yu.P., Ed., Moscow: Nauka, 1976, p. 153.
Buzykin, B.I., Lipunova, G.N., Sysoeva, L.P., and
Rusinova, L.I., Formazany (Formazans), Moscow:
Nauka, 1992, p. 140.

Beilstein Registry no. 507153+ 6505932+ 6505932+
6505936+ 6505937, +609015+ 609019+ 609025+
609049. Frankfurt on Main (Germany): MDL CrossFire
by MDL Information Systems, 1994-2004.
Vereshchagin, F.N., [Induktivnyi effekt. Konstanty
zamestitelei dlya korrelyatsionnogo analiza (Inductive
Effect. Substituent Constants for Correlation Analysis),
Moscow: Nauka, 1988.

Kurzer, F., J. Chem. Soc. C, 1970, no. 13, p. 1805.
Heravi, M.M., Montazari, N., Rahimizadeh, M., Bako-
vali, M., and Ghassemzadeh, M., Monatsh. Chem.,
2001, vol. 132, no. 10, p. 1225.

Kochikyan, T.V., Samvelyan, M.A., Arutyunyan, V.S.,
and Avetisyan, A.A., Zh. Org. Khim., 2005, vol. 41, no. 6,
p-913.

Beyer, H. and Kroger, C.-F., Justus Liebigs Ann. Chem.,
1960, vol. 637, nos. 1-3, p. 135.

Hoggarth, E., J. Chem. Soc., 1949, no. 5, p. 1160.

Mndzhoyan, A.L. and Afrikyan, V.G., in Sintezy getero-
tsiklicheskikh soedinenii (Syntheses of Heterocyclic
Compounds), Yerevan: Arm. Akad. Nauk, 1956, issue 1,
p- 13.

Ghorab, M.M., Abdel-Hamide, S.D., and Shaurab, E.-S.H.,
Pesticide Sci., 1996, vol. 48, no. 1, p. 31.

Labanauskas, L., Kalcas, V., Udrenaite, E., Bu¢inskaite, V.,
BruksStus, A., and Susvilo, 1., Azotistye geterotsikly i
alkaloidy (Nitrogen Heterocycles and Alkaloids),
Kartsev, V.G. and, Tolstikov, G.G., Eds., Moscow:
IRIDIUM, 2001, vol. 2, p. 181.

Klink, K.J. and Meade, B.J., Toxicol. Sci., 2003, vol. 75,
no. 1, p. 89.

Avetisyan, A.A., Aleksanyan, [.A., and Pivazyan, A.A.,
Zh. Org. Khim., 2003, vol. 39, no. 8, p. 1235.

Ovsepyan, T.R., Dilanyan, E.R., Engoyan, A.P., and
Melik-Ogandzhanyan, R.G., Khim. Geterotsikl. Soedin.,
2004, no. 4, p. 1377.

Kelarev, V.I.,, Shvekhgeimer, G.A., and Lunin, A.F,,
Khim. Geterotsikl. Soedin., 1984, no. 9, p. 1271.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 78 No

647

Trzhtsinskaya, B.V., Rudakova, E.V., Afonin, A.V.,
Voronov, V.K., and Pertsikov, B.Z., Izv. Akad. Nauk
SSSR, Ser. Khim., 1986, no. 12, p. 2745.

Malbes, F. and Milcent, R., and Barbier, G., J. Heterocycl.
Chem., 1984, vol. 21, no. 6, p. 1689.

Burbuliene, M.M., Jakubkiene, V., Mekuskiene, G., and
Vainilavicius, P., Phosphorus, Sulfur Silicon, 2003,
vol. 178, no. 11, p. 2431.

Bondar’, V.M., Britsun, A.M., Esipenko, A.M., and
Lozinskii, M.O., Ukr. Khim. Zh., 2005, vol. 71, nos. 5—
6, p. 110.

Martin, 1.J., Lewis, R.J., Bonnert, R.V., Cace, P., and
Moody, G.C., Drug Metabolism, 2003, vol. 31, no. 6,
p. 694.

Kubota, S. and Uda, M., Chem. Pharm. Bull., 1975,
vol. 23, no. 5, p. 955.

Zon, X. and Lin, G., J. Heterocycl. Chem., 2001, vol. 38,
no. 4, p. 993.

Yanchenko, V.A., Demchenko, A.M., and Lozinskii, M.O.,
Khim. Geterotsikl. Soedin., 2004, no. 4, p. 614.

Ivanova, N.V., Sviridov, S.I.,, Shorshnev, S.V., and
Stepanov, A.E., Syntesis, 2006, no. 1, p. 156.

Moustafa, A.H., Haggam, R.A., Younes, M.E., and El
Ashry, E.S.H., Phosphorus, Sulfur Silicon, 2006,
vol. 181, no. 10, p. 2361.

Tsitsika, M.M., Khripak, S.M., and Smolanka, 1.V,
Khim. Geterotsikl. Soedin., 1975, no. 11, p. 1564.
Ulusoy, N., Gursoy, A., and Otuk, G., Farmaco, 2001,
vol. 56, no. 12, p. 947.

Vasil’eva, E.B., Sevenard, O.G., Kuznetsova, O.A.,
Karpenko, N.S., and Filyakova, V.I., Zh. Org. Khim.,
2004, vol. 40, no. 6, p. 912.

Milezarska, B. and Foks, H., Phosphorus, Sulfur Silicon,
2005, vol. 180, no. 1, p. 197.

Akkurt, M., Ozturk, S., Servi, S., Cansiz, A., Sekerci, M.,
and Kazak, C., Acta Crystallogr., Sect. E, 2004, vol. 60,
no. 9, p. 1507.

Govindasamy, L., Velmurugan, D., Senthilvelan, A.,
and Suh, L., Acta Crystallogr., Sect. C, 1999, vol. 55, no. 12,
p. 2098.

McCarrick, R.M., Squattrito, P.J., Singh, R.N., Han-
da, R.N., and Dubey, S.N., Acta Crystallogr., Sect. C,
1999, vol. 55, no. 12, p. 2111.

Sen, A.K., Singh, R.N., Handa, R.N., and Dubey, S.N.,
J. Mol. Struct., 1998, vol. 470, p. 61.

Ozturk, S., Akkurt, M., Cansiz, A., Koparir, M.,
Sekerci, M., and Heinemann, F.W., Acta Crystallogr.,
Sect. E, 2004, vol. 60, no. 3, p. 425.

Ozturk, S., Akkurt, M., Cansiz, A., Koparir, M.,
Sekerci, M., and Heinemann, F.W., Acta Crystallogr.,
Sect. E, 2004, vol. 60, no. 4, p. 642.

Seccombe, R.C. and Kennard, C.H.L., J. Chem. Soc.,
Perkin Trans. 2, 1973, no. 1, p. 9.

. 4 2008



648

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

BUZYKIN et al.

Seccombe, R.C. and Kennard, CH.L., J. Chem. Soc.,
Perkin Trans. 2, 1973, no. 1, p. 4.

Dincer, M., Ozdemir, N., Dege, N., Cetin, A., Cansiz, A.,
and Sekerci, M., Acta Crystallogr., Sect. E, 2005,
vol. 61, no. 6, p. 1953.

Alajarin, M., Molina, P., Perez de Vega, M.J., Foces-
Foces, M.C. de la, Hernandez Cano, F., Claramunt, R.M.,
and Elguero, J., Chem. Scripta, 1985, vol. 25, p. 230.
Allen, F.H., Kennard, O., Watson, D.G., Brammer, L.,
Orpen, A.G., and Taylor, R., J. Chem. Soc., Perkin
Trans. 2, 1987, no. 12, p. S1.

Brunelli, M., Fitch, A.N., and Mora, A.J., Z. Kristal-
logr., 2002, vol. 217, no. 2, p. 83.

Shimada, K., Nanae, T., Aoyagi, S., Takikawa, Y., and
Kabuto, C., Tetrahedron Lett., 2001, vol. 42, no. 35,
p. 6167.

Cambridge Structural Database System. Version 5.27,
Cambridge Crystallographic Data Centre, 2006.
Tokitoh, N., Noguchi, M., Kabe, Y., Ando, W., Goto, M.,
and Maki, H., Tetrahedron Lett., 1990, vol. 31, no. 52,
p- 7641.

Secombe, R.C., Tillack, J.V., and Kennard, C.H.L.,
J. Chem. Soc., 1973, no. 1, p. 6.

Cheung, K.-K., Echevarria, A., Galembeck, S., Ma-
ciel, M. A.M., Miller, J., Rumjanek, V.M., and Si-
mas, A.M., Acta Crystallogr., Sect. C, 1993, vol. 49, no. 6,
p- 1092.

74.

75.

76.

7.
78.

79.

80.

81.

82.

83.

84.

Gabryszewski, M. and Wieczorek, B., Polish J. Chem.,
2006, vol. 80, no. 5, p. 709.

Smith, A.L., Applied Infrared Spectroscopy: Funda-
mentals, Techniques, and Analytical Problem-
Solving, New York: Wiley, 1979.

Moskowits, H., Mignot, A., and Mioque, M., J. Hetero-
cycl. Chem., 1980, vol. 17, no. 9, p. 1321.

Kabachnik, M.I., Usp. Khim., 1956, vol. 25, no. 2, p. 137.
Sheinker, Yu.N., Izv. Sib. Otd. Akad. Nauk SSSR, Ser.
Khim., 1980, no. 2/1, p. 37.

Aroyan, A.A. and Azaryan, A.S., in Sintezy getero-
tsiklicheskikh soedinenii (Syntheses of Heterocyclic
Compounds), Yerevan: Arm. Akad. Nauk, 1966,
issue 7, p. 43.

Straver, L.H. and Schierbeek, A.J., MolEN. Structure
Determination System, Delft (Netherlands): Nonius
B.V., 1994, vols. 1, 2.

Altomare, A., Cascarano, G., Giacovazzo, C., and Vi-
terbo, D., Acta Crystallogr., Sect. A, 1991, vol. 47, no. 4,
p. 744.

Sheldrick, G.M., SHELX-97. Programs for Crystal
Structure Analysis, Release 97-2, Univ. of Gottingen
(Germany), 1997.

Farrugia, L.J., J. Appl. Crystallogr., 1999, vol. 32, no. 3,
p. 837.

Spek, A.L., Acta Crystallogr. Sect. A, 1990, vol. 46, no. 1,
p. 34.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 78 No. 4 2008




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


