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Aim. Theoretical substantiation of directions of the cyclization reaction in different solvents
by means of quantum-chemical calculations of thermodynamic parameters of three tautom-
ers of the initial N-ethyl-N’-[4-(6,7,8,9-tetrahydro-5H-[1,2,4]triazol[4,3-a]azepin-3-yl)
phenyl]thiourea. Methods. Quantum-chemical calculations of relative energies, intercon-
version barriers, structural and thermodynamic parameters of tautomers of thiourea in di-
oxane, ethanol, dimethylformamide (DMFA) and tetrachlormethane were performed on the
basis of the density functional theory applying the GAUSSIAN 09W software. The influence
of the solvent was taken into account within the framework of the continuum polarized
model. Results. In all the solvents under study, the cyclization reaction must proceed in
one direction to form the N-ethyl-4-phenyl-N’-[4-(6,7,8,9-tetrahydro-5H-[1,2,4]triazol[4,3-
alazepin-3-yl) phenyl]-1,3-thiazole-2(3H)-imine. The smallest barrier of initial thiourea
tautomers interconversion was observed in the presence of dioxane as a solvent; this fact
indicated the advantage of synthesis conducting in this solvent precisely in comparison to
ethanol, water, tetrachlormethane and DMFA. Conclusions. Dioxane is the most suitable
solvent for cyclization.

Keywords: SH-[1,2,4]triazol[4,3-a]azepines, cyclization, quantum-chemical calculations,
activating energy, relative energy, saddle point (transitional state).

Introduction
Modern quantum-chemical methods gain and reactivity of organic compounds [1-3].
widespread acceptance in the study of structure  One of the most important and interesting
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directions of their application is related to the
study of chemical reactions paths. The results
of the theoretical research allow complementa-
tion and deepening of the interpretation of the
experiment, and in some cases even its im-
provement by using in the synthesis more
suitable solvent.

It was proved earlier that the molecule of
N-ethyl-N’-[4-(6,7,8,9-tetrahydro-5H-
[1,2,4]triazol[4,3-a]azepin-3-yl)phenyl]thiourea
has a higher analgesic activity than ketorolac,
the most common analogue with the same phar-
macological action [4].

Investigation of the N-ethyl-N’-[4- (6,7,8,9-
tetrahydro-5H-[1,2,4]triazol[4,3-a]azepin-3-
yl)phenyl]thiourea isolated molecule in dif-
ferent media is also required for studying the
environment influence on its structure, solving
the problems of hydration, interaction with
proteins, efc.; in particular, analgesic activity
due to inhibition of cyclooxygenase activity
(COX-1 and COX-2) and prostaglandins syn-
thesis blockage.

Our earlier research on the regioselectivity
of cyclization reaction of N-ethyl-N’-[4-
(6,7,8,9-tetrahydro-5H-[1,2,4]triazol[4,3-a]
azepin-3-yl)phenyl]thiourea with
a-bromoketone in water and without solvent
showed availability of application of quantum-
chemical calculations of the electronic struc-
ture, geometry and thermodynamic parameters
of initial thiourea tautomers, which was con-
firmed by the results of physical and chemical
studies of the synthesized product of cycliza-
tion [5].

The next step of this research was theoreti-
cal substantiation of the direction of the cycli-
zation reaction in conditions of synthesis in
different solvents. The selection of the optimal
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solvent for synthesis was carried out by calcu-
lating the thermodynamic parameters of the
initial tautomers in the medium of ethanol,
DMFA, dioxane and tetrachlormethane using
the licensed software product Gaussian W09,
Revision A.02. This program provides an op-
portunity to calculate the physical and chemi-
cal parameters of the raw materials for synthe-
sis both in gas phase and condensed state with
high precision and reliability [6].

The most popular DFT functionals and
PCM models nowadays allows the solution of
such tasks as calculation and comparison of
structural, electronic characteristics, relative
energy of tautomers that theoretically may
exist and energy barriers to their transforma-
tion; definition of the structure of intermediate
products of the reaction.

It is known that during choosing a method
of calculation the nature of a particular prob-
lem should be taken into account since various
methods used in quantum-chemical calcula-
tions have specific disadvantages that limit
their application.

The methods of the density functional the-
ory of B3LYP and M06-2X were chosen as the
main calculation methods for our purpose — the
selection of solvent with the most favorable
parameters for synthesis; the basis set 6-31 +
G (d) and the continuum model PCM imple-
mented in Gaussian W09, Revision A.02 were
used. [7].These models are widely applied in
the practice of solvation effects in heterocyclic
compounds.

The popularity of the hybrid method Beck3-
Lee-Yang-Parr (B3LYP) is due to the fact that
its applying allows description of the pro-
cesses that include a wide range of chemical
transformations. However, a significant disad-
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vantage of this method is that it does not take
into account the dispersion interactions, which
results in the underestimation of the activation
energy value and inaccuracies in describing
the processes where the essential role is played
by the effects associated with Van der Waals
interaction [1]. Thus, more accurate and at the
same time accessible methods are necessary
for describing complex chemical processes.
For the calculations of thermochemical kine-
tics, weak intermolecular interaction and ex-
cited states, we proposed a complex of meta-
hybrid functionals M06 [7], which is based on
an improved generalized gradient approxima-
tion (GGA). The M06-2X method was spe-
cially designed for kinetic studies, it has 54 %
of HF exchange function and is most effective
in solving our problem.

The frequencies of harmonic oscillations
were calculated for the determination of
stationary points (minima with all positive
frequencies; the transition state is corre-
sponded to the presence of one imaginary
frequency).

An analysis of the solvation effects, that we
have carried out earlier for tautomers of N,
N’-disubstituted thiourea in the frame of the
PCM model with bases of medium size
(B3LYP/ 6-31 + G (d) and M06-2X / 6-31 +
G (d)), found a fairly strong influence of the
solvent on the position of tautomeric equilib-
rium in the studied compounds [5]. According
to the research results, the additional optimiza-
tion of tautomers geometry in solutions with
the application of larger bases leads only to
small changes in the activation energy and is
not necessary. The estimated and experimental
data are consistently identical, and this fact
allows us to rely on the correctness of predic-

tions of the influence of solvents on the ther-
modynamic characteristics of the compounds
studied.

Materials and Methods

N-ethyl-N’-[4-(6,7,8,9-tetrahydro-5H-
[1,2,4]triazol[4,3-a]azepin-3-yl)phenyl]thiourea
I has two mobile hydrogen atoms in positions
N and N’, so the molecule can exist in differ-
ent tautomeric forms I 4 and I B as it is shown
in the Scheme 1.

During the interaction of N,N’-disubstituted
thiourea I with 2-bromo-1-phenylethanone 17
[4, 8] by boiling in dioxane according to data
of ' H NMR spectroscopy, one product is
formed. For this product two structures can be
assumed: hydrobromide 3-ethyl-4-phenyl-
N-[4-(6,7,8,9-tetrahydro-5H-[1,2,4]triazol[4,3-
alazepin-3-yl)phenyl]-1,3-thiazol-2(3H)-imine
IV A and hydrobromide 3-[4-(6,7,8,9-tetra-
hydro-5H-[1,2,4]triazol[4,3-alazepin-3-yl)
phenyl]-4-phenyl-N-ethyl-1,3-thiazol-2(3H)-
imine IV B.

The formation of the 2-R-imino-1,3-
thiazoline derivative IV A or IV B, credibly
occurs through the formation of acyclic inter-
mediate ITI-II1 A or III-IIT B with 2-bromo-
1-phenylethanone 7 followed by intramolecu-
lar cyclization, accompanied by loss of water
molecule.

In order to establish the tautomer structure,
the formation of which is most probable, we
conducted quantum-chemical calculations us-
ing the software Gaussian W09.

Using the meta-hybrid method M06-2X
applying a basis functions set 6-31 + G (d),
the local minima and transition states (saddle
points) of I, I4 and IB molecules in a medium
of water, dioxane, ethanol, DMFA, tetrachlor-
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methane were investigated. For the spatial
structures obtained, the thermodynamic param-
eters were calculated as well as the relative
energies and activation energies of tautomeric
transformations for the transition states
I — IAandI < I B. The calculations were
carried out in the framework of the traditional
B3LYP method.

470

Results and Discussion

The presence of only one set of Hydrogen
protons signals in the 'TH NMR spectrum of
the cyclized product synthesized testifies to the
formation of one of the possible structures —
IV A or IV B [5].

According to the results of quantum-chemical
calculations obtained by two methods — B3LYP-
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Fig. 1. Comparison of the relative energies of the corresponding tautomers in various solvents calculated by the me-

thods B3LYP-6-31+g(d) and M06-2X-6-31+g(d)
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Fig. 2. Comparison of activation energies of corresponding tautomers in various solvents, calculated by methods

B3LYP-6-31+g(d) and M06-2X-6-31+g(d)

6-31+g(d) and M06-2X-6-31+g(d) — in water
and without solvent (w/s) [5], dioxane, ethanol,
DMFA and tetrachlormethane (Fig. 1-2, tab.
1-4), I A is more stable isomer that is endother-
mically conducive to the IV A4 [formation]. The
results of X-ray structure analysis finally con-
firmed the formation of the structure IV A4 [5].
The theoretical results of calculations of
thermodynamic parameters of N-ethyl-N'-
[4-(6,7,8,9-tetrahydro-5H-[1,2,4]triazol[4,3-a]
azepin-3-yl)phenyl]thiourea I tautomers were
obtained by the methods B3LYP and M06-2X
after optimization of the molecules spatial
structure in the medium of dioxane, ethanol,

DMFA and tetrachlormethane. The calculated
parameters — relative energy, activation energy,
free energy of Gibbs and enthalpy — are given

Table 1. Relative energy calculated by the methods
B3LYP-6-31+g(d) and M06-2X-6-31+g(d), kcal/mol

Method B3LYP-6-31+g(d) | M06-2X-6-31+g(d)
—“aﬁled';;;tlates I>IA | I-IB | I-14 | I>IB
CCl, 17.857 | 16.363 | 18.829 | 17.988
Diox 17.849 | 16.349 | 18.821 17.975
DMFA 19.094 | 18.390 | 20.077 | 19.861
Eth 19.038 | 18.309 | 20.023 | 19.788
H,O 19.154 | 18.476 | 20.136 | 19.940
w/s 17.017 | 14.806 | 17.959 | 16.505
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Table 2. The activation energy of tautomers / A and I B, calculated by the methods B3LYP-6-31+g(d) and
M06-2X-6-31+g(d), keal/mol

Method B3LYP-6-31+g(d) M06-2X-6-31+g(d)
Tmﬁled"i:l:;ates I—I 4 I-IB 114 I—IB I—I 4 I-IB 114 I—IB
CCl, 37.632 45.763 19.775 29.400 39.923 45.522 21.094 27.534
Diox 37.621 44.531 19.772 28.182 39.739 45511 20918 27.536
DMFA 39.350 46.284 20.256 27.894 41.456 47.288 21.379 27.426
Eth 39.435 46.210 20.396 27.901 41.388 47.213 21.365 27.425
H,0 39.555 46.363 20.401 27.887 41.315 47.368 21.179 27.428
w/s 36.483 43.350 19.466 28.543 38.651 44.272 20.692 27.767

Table 3. The value of enthalpy tautomers 7, I A and

I B, calculated by the methods B3LYP-6-31+g(d)
and M06-2X-6-31+g(d), kcal/mol

Method B3LYP-6-31+g(d) | M06-2X-6-31-+g(d)
Traﬁf(;:l;:ates 1A IB 1A 1B
CCl4 17.857 | 16.363 | 18.829 | 17.988
Diox 17.849 | 16.349 | 18.821 | 17.975
DMFA 19.094 | 18.390 | 20.077 | 19.861
Eth 19.038 | 18.309 | 20.023 | 19.788
H20 19.154 | 18.476 | 20.136 | 19.940
w/s 17.017 | 14.806 | 17.959 | 16.505

Table 4. The value of free energy of Gibbs

tautomers I, I A and I B, calculated by the

methods B3LYP-6-31+g(d) and M06-2X-6-31+g(d),

kcal/mol
Method B3LYP-6-31+g(d) | M06-2X-6-31-+g(d)
Tmﬁ':d"i:l::lates 1A IB 1A 1B

CCl4 15.194 |13.823 |[16.340 |15.539
Diox 15.187 |13.809 [16.336 |[15.527
DMFA 16.312 |15.709 [17.699 |17.451
Eth 16.264 |15.620 |17.644 |17.384
H20 16.366 |15.812 [17.746 |17.522
w/s 14.449 |12.280 [15.622 |[14.015

in tab. 1-4 and in fig. 1-2. All energy param-
eters are calculated in conditions 7=298.15 K

and P=1 ath.
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As can be seen from the data in Tab. 1-4,
in most cases for energy and energy barriers
there is a reliable (1-2 kcal / mol) coincidence
of the calculations results obtained by the
methods M06-2X and B3LYP. The calculated
data and the obtained data of the physical-
chemical researches of the interaction product
more accurately coincide with the application
of the method M06-2X.

Thus, using the methods of B3LYP and
MO06-2X of the density functional theory, the
main directions and transition states of the
reaction that determine the formation of
hydrobromide 3-ethyl-4-phenyl-N-[4-(6,7,8,9-
tetrahydro-5H-[1,2,4]triazol[4,3-a]azepin-3-yl)
phenyl]-1,3-thiazol-2(3H)-imine IV A were
found regardless of the test solvents choice.

As can be seen from Table 1, a transition
state I«<»>I A in dioxane has the lowest values
of activation energy. The graphical representa-
tion of the 3D isomers of structure 7 and the
activation energy of tautomeric transforma-
tions for the transition states I4«<>I<—I B in
dioxane for both methods is shown in Fig. 3

Despite the fact that the values of the ther-
modynamic potentials for transition states in
dioxane and tetrachlormethane are the same,
the activation energy and the relative energy
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of the transient state I«<»I A in dioxane are the
lowest. Compared with the values of these
parameters of the transition states of compound
I in dioxane, the corresponding parameters for
transitional states I«<»I A and I<I B in the
environment of other solvents (ethanol, DMFA
and tetrachlormethane) have considerably
higher values (Table 1-4), and hence, the syn-
thesis in these solvents will be slower and will
require additional conditions.

Taking into account these data, we can con-
clude that according to the two methods of
quantum-chemical calculations, the reaction
pathway by A, which indicates the formation
of hydrobromide 3-ethyl-4-phenyl-N-[4-
(6,7,8,9-tetrahydro-5H-[1,2,4]triazol[4,3-a]
azepin-3-yl)phenyl]-1,3-thiazol-2(3 H)-imine
IV A, is the most probable, and the synthesis
of the substance is the most energy-efficient
in the environment of dioxane.

Conclusions

The obtained results of quantum-chemical cal-
culations indicate that in all the solvents studied

Fig. 3. Graphical view of the 3D iso-
mers of structure I and activation
energies of tautomeric transforma-
tions for the transition states
IA—I<I B in dioxane by the meth-
ods B3LYP-6-31 + g (d) and M06-
2X-6-31 + g (d) in brackets

(dioxane, ethanol, DMFA, tetrachlormethane,
water) the cyclization reaction theoretically
should lead to the formation of hydrobromide
3-ethyl-4-phenyl-N-[4-(6,7,8,9-tetrahydro-
5H-[1,2,4]triazol[4,3-a]azepin-3-yl)phenyl]-1,3-
thiazol-2(3H)-imine. It was theoretically proved
that the most appropriate solvent for the syn-
thesis is dioxane. It is proposed to apply in the
further research the method of quantum-chem-
ical calculations M06-2X as more reliable.
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KBanToBo-xiMiuHi po3paxyHKH TepMOAHHAMIYHHX
napaMeTpiB nepexigHuX cTaHiB TayToMepiB
BHUXIigHOI /V,N’-1u3amilieHoi TiocedyoBHHH

y peakuii HuKIi3anii npu BUKOPUCTAHHI Pi3HUX
PO3YUHHMKIB

JI. O. [lepexona, I'. O. €Epromina, 3. I. €promiHa,
H. B. llefikina, 1. B. KpacoBcekui,
M. B. Kpacogcska, I. I1. CroposkeHko

Meta. TeoperuuHe OOTpyHTYBaHHS HANPSIMKY IPOXO-
JOKEHHS peakiii NMKIIi3anii B pi3HUX PO3YMHHUKAX 3a
JIOTIOMOTOI0 KBaHTOBO-XIMIYHUX PO3PaXyHKIB TEPMO-
TUHAMIYHUX ITapaMeTpiB JBOX TayToMepiB 1-eTwi-3-[4-
(6,7,8,9-terparinpo-SH-[1,2,4]tpiazono[4,3-alazemnin-3-
im)¢denin|rioceaopunu. Mertoau. KBaHTOBO-XiMiuHI
PO3paxyHKH BiTHOCHUX €HEpriii, 0ap’epiB B3aeMoIIepeT-
BOPEHHSI, CTPYKTYpPHHX 1 TEPMOJMHAMIYHUX ITapaMeTpiB
TayTOMEpiB BUXiTHOI TIOCEYOBHHH Y CEPEIOBHIII TIOKCa-
Hy, eraHony, JIM®A Tta TeTpaxiopMmeTany Oy 00UuC-
JIeHI MeTotaMt Teopii (PyHKIiOHaIa TYCTHHH 3 BUKOPHC-
TaHHsaM nporpamu GAUSSIAN 09W. Brinus po3unHHI-
Ka BPaxOBYBAJld y paMKax MOJIeJIi KOHTHHYYMY, 11O T10-
nspu3yeThes. Pe3yabraTu. 3rilHO Oiep)KaHUX pe3yiib-
TaTiB, B yCiX JOCTIIHKYBAaHUX PO3YMHHHUKAX PEAKIIist
IUKJIi3aIlil Ma€e MPOXOIUTH B OHOMY HAIpsIMKY 3 YTBO-
peHHsM TinpoOpoMiny 3-etun-4-¢penin-N-[4-(6,7,8,9-
teTparinpo-5H-[1,2,4]tpiazono[4,3-ala3enid-3-in)
tenin]-1,3-riazon-2(3 H)-iminy. Halimenmmmii 6ap’ep B3a-
€MOITIEPETBOPEHHSI TayTOMEPIB BHUXIJHOI TIOCEYOBHHH
TTOBMHEH CIIOCTEPIraTucs Npy BUKOPUCTaHHI SIK PO34HH-
HUKa JTI0KCaHy, [0 CBITYHUTH IO MepeBary MpOBEICHHS
CHHTE3y caMe Y [IbOMY PO3YHHHUKY ITOPIBHSIHO 3 €TaHO-
JIOM, BOZO0, TeTpaxyiopMmeTraHoM Ta [IM®DA. BucHoBku.
TeopeTndHO OOTPYHTOBAHO, IO ISl IPOBEACHHS CHHTE-
3y HaOLIBII JOIUIEHUM € BUKOPHCTAHHS SIK PO3YMHHU-
Ka JIIOKCaHy.
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KBaHTOBO-XMMHYECKHE pacyeThbl
TePMOAMHAMMYECKHUX MaPaMeTPOB MepPeXoIHbIX
COCTOSIHUI TayTOMepPOB MCXOAHOM N,V ’-
AU3aMelleHHOl THOMO4YeBUHBI B PeaKINH
IHMKJIU3ANUH TPH HCMOJIB30BAHNHU PA3JINYHBIX
pacTBopuTeiei

JI. A. Ilepexona, A. A. Epemuna, 3. I. Epemuna,
H. B. llefikuna, K. B. Kpacosckuii,
M. B. Kpacosckas, 1. I1. CroporkeHko

Heasb. Teopernueckoe 060CHOBaHME HAIIPABICHUS MIPO-
XOXKACHUA pCaKIUN HUKIIM3alluX B pa3IMYHbIX paCTBOPH-
TENSAX C MOMOIIBIO KBAHTOBO-XUMHUECKUX PACUETOB TEP-
MOAMHAMHYECKUX MTApaMETPOB TPEX TayToMepoB N-3TI-
N’-[4-(6,7,8,9-treTrparuapo-5SH-[ 1,2,4]Tpuazono[4,3-a]
azenuH-3-w1) e | TnomodeBuHEL. MeTtoanl. KBanTo-Bo-
XMMHYECKHE PACIeThl OTHOCUTEBHBIX SHEPT Ui, 0aphepoB
B3aMMOIIPEBPAILICHUS, CTPYKTYPHBIX U TEPMOANHAMUYE-
CKHX NapaMEeTPOB TayTOMEPOB HUCXOJHON THOMOYEBHHBI
B cpene AUOKcaHa, ataHona, JJM®A u terpaxiopmeraHa

OBLTH BEIYUCIICHBI METOIAMH TEOPHH (PYHKIIMOHAJIA TLIOT-
HOCTH C ucnosb3oBanueM rmporpammbsl GAUSSIAN 09W.
BinsiHue pacTBOPUTEIIS YUUTHIBAIA B paMKaX MOJICTH
MOJIPU3yeMOro KOHTHHyyMa. Pe3yibrarbl. ComtacHO
MTOTY4IEHHBIX PEe3YIBTaTOB, BO BCEX UCCIEAYEMbIX PacTBO-
PUTEISIX PEeaKIus [UKITU3AIMH JOJDKHA MPOXOIUTh B OJT-
HOM HaIpaBJIeHHWU C OOpazoBaHUEM THAPOOpPOMHIA
3-atrn-4-pennn-N-[4-(6,7,8,9-terparuapo-SH-[1,2,4]
Tpuaszono[4,3-alazenun-3-wn)denmn|-1,3-tnazon-2(3H)-u-
MuHa. HanMmeHsImmit 6apbep B3auMONpEeBpaIICHHS TayTO-
MEpOB UCXOIHOW THOMOYEBHHBI IOJDKEH HAOIIOAATHCS TIPH
HCTIONb30BAaHUH B KAUECTBE PACTBOPUTEIIS TMOKCAHA, YTO
CBUICTEITLCTBYET O MIPEUMYIIIECTBE IPOBEACHUS CHHTE3a
HMMEHHO B 3TOM PAaCTBOPHUTEJNE 110 CPABHEHHIO C ITAHOJIOM,
Bojoil, Terpaxjopmetranom u JIM®DA. BsiBOabI.
TeopeTruecku 060CHOBAHO, YTO HANOOIIEE TTOIXOISIIIM
pacTBOpHUTENEM UIS NMPOBEACHUS ITUKJIN3AINH SBIISIETCS
JIUOKCaH.
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