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DFT analysis of the [3 + 2] heterocyclization reaction of
((1,2,4-triazole(1,3,4-oxadiazole)-3(2)-yl)methyl)thiopyrimidines
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The article examines the mechanisms of the heterocyclization reaction using density functional theory (DFT) methods. A quantum-chemical
analysis of the starting compounds, transition states, and products was conducted, with energy barriers and key reaction stages identified.
Particular attention was given to the influence of electronic and steric effects on the stability of the resulting heterocycles. The application
of solvent models (PCM) allowed for more realistic simulation of reaction conditions. The study’s findings provide a deeper understanding
of chemical transformations in heterocyclic systems and can be utilized to optimize synthetic methods in medicine, agrochemistry, and
materials science.

The aim of this work is to perform a DFT analysis of the heterocyclization reaction of ((1,2,4-triazole(1,3,4-oxadiazol)-3(2)-yl)methyl)
thiopyrimidines and to evaluate the stability of the transition states, as well as the influence of substituents on the activation energy.

Materials and methods. 'H and "*C NMR spectra were recorded on a Bruker AC-500 spectrometer (500 MHz and 125 MHz, respectively) in
DMSO-d,, using TMS as the internal standard (Agilent Technologies, Santa Clara, California, USA). LC-MS analysis was performed using
an Agilent 1260 Infinity HPLC System equipped with a diode-array detector and proton ionization. Elemental analysis (C, H, N, S) was
conducted on an ELEMENTAR vario EL cube, with sulfanilamide as the standard. Melting points were determined using the capillary method
on a Stanford Research Systems Melting Point Apparatus 100 (SRS, USA). The reagents were sourced from Sigma-Aldrich (Merck). All
calculations were performed using the molecular visualization program GaussView 5.0.8 and the Gaussian 09 Rev E.01 software package.

Results. This article presents the results of a study on the mechanisms of [3 + 2] and [4 + 1] heterocyclization for the synthesis of 1,2,4-tri-
azole and 1,3,4-oxadiazole derivatives. The reaction stages are analyzed in detail, including the formation of intermediates and cycliza-
tion, culminating in aromatization and the formation of stable heterocyclic structures. Thermodynamic analysis was conducted using the
Gaussian 09 software package, incorporating calculations of enthalpy, entropy, and Gibbs free energy in both the gas phase and ethanol
medium. The resulting energy profiles illustrate the key stages of the reactions and define the temperature conditions required for their
execution. Special attention is given to the role of the solvent and other factors influencing process efficiency.

Conclusions. The DFT analysis revealed that the [3 + 2] heterocyclization reaction for forming the 1,2,4-triazole ring proceeds through
several sequential stages, with the cyclization stage being the most energy-intensive. The obtained thermodynamic parameters confirm the
feasibility of the reaction at temperatures above 85 °C in the gas phase and 78 °C in ethanol solution. The heterocyclization mechanism
involves a nucleophilic attack by the amino group of hydrazide, thiol-thiourea tautomerism, ring closure, and structure aromatization. The
most significant energy transitions are associated with the activation of the thiourea group and the formation of a new heterocyclic bond.

Keywords: 1,2 4-triazole, 1,3,4-oxadiazole, DFT-analysis of the reaction, [3 + 2] heterocyclization, [4 + 1] heterocyclization.

Current issues in pharmacy and medicine: science and practice. 2025;18(1):5-11

DFT-aHani3 peakuii [3 + 2] rerepouumknisauii ((1,2,4-Tpia3on(1,3,4-okcapia3on)-3(2)-in)meTun)tionipumiaunHis
tO. B. KapneHko

Po3rnsiHyTo MexaHi3mu peakLii reTepoLyknisaLii 3a 4onoMoroto MeToziB Teopii dyHkuioHany ryctuhy (DFT). 3giiicHunm KBaHTOBO-XiMiYHUIA
aHani3 BUXigHWX Crionyk, NepexifHWX CTaHiB i MPOdyKTiB, BU3HA4YMNW eHepreTnyHi 6ap’epu Ta knto4oBi cTapii peakuii. Ocobnusy yary
NPUAINUAW BNUBY €NEKTPOHHWX i CTEPUYHMX edIeKTiB Ha CTabinbHICTb YTBOPEHUX reTepoLmKniB. 3acTocyBaHHS MOAENel PO34YMHHUKA
(PCM) 3abe3neynno GinbL peanicTyHe MOLEMOBAHHSA YMOB peakuii. Pe3ynsratu JOCNimKeHHs CNpUsioTh AeTanbHILOMY PO3YMiHHIO
XiMiYHUX NepeTBOpeHb Y reTepOLIMKMIYHNX CUCTEMAX | MOXYTb BYTU BUKOPUCTaHi ANs ONTUMI3aLii CUHTETUYHMX METOAMK Y MeAULMHI,
arpoximii Ta MaTepiano3HaBCTBI.

Meta pobotu — 3girichnTi DFT-aHanis peakuii rerepouwknisaii ((1,2,4-tpiason(1,3,4-okcagiason)-3(2)-in)MeTnn)TionipUMIgnHie, OLHUTK
cTabinbHICTb NepexigH1X CTaHIB i BNAWB 3aMICHWKIB HA EHEprito akTuBaLlii.

Matepianu i meToau. Crektpn AMP 'H i **C 3anucysanu Ha cnektpomeTpi Bruker AC-500 (500 M i 125 MI"u signosiaxo) 8 AMCO-d,,
BukopmcToBytoun TMC sk BHyTpilwHin cTaHaapT (Agilent Technologies, Canta-Knapa, KanicopHis, CLUA). Avanis LC-MS 3aiiicHunmu Ha
cuctemi HPLC Agilent 1260 Infinity 3 giogHWM AeTekTOpOM, BUKOPWUCTANM NPOTOHHY ioHiauito. EnemeHTHuid aHanis (C, H, N, S) uko-
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Hamm Ha ELEMENTAR vario EL cube i3 cynbgaHinamigom sik ctaHgaptom. Temnepatypy nnaBneHHs BU3Hayanm kaninsgpHuM Metogaom
Ha anaparti Stanford Research Systems Melting Point Apparatus 100 (SRS, CLUA). PeareHtn npuabaro y Sigma-Aldrich (Merck). Yci
00paxyHKm 3AiCH1NM 3a 4OMOMOTO Nporpamm Bidyanisauii monekynspHoi naHkm Gauss-View 5.0.8 i nporpamHoro naketa Gaussian 09
Revesio-A.02-SMP.

Pe3ynkratn. HaBegeHo pesynbratvt JOCTiMKeHHS MexaHiamiB [3 + 2] i [4 + 1] reTepoumknisauii Ans cuHTesy noxigHux 1,2,4-Tpiasony Ta
1,3,4-okcagiasony. [letTanbHo po3rnsHyTO cTadii peakuii, BKNoYauy yTBOPEHHS NPOMiKHMX NPOAYKTIB i LMKni3aLito, Lo 3aBepLUyETbCs
apomaTu3aLieto Ta yTBOPEHHAM cTabiflbHUX reTePOLMKMIYHIX CTPYKTYP. BUKoHanm TepMognHamivHvii aHania 3a JOrnoMOoror nporpaMHoro
nakeTa Gaussian 09, 3okpema obumcneHHs eHTanbnii, eHTponii Ta eHeprii [66ca B rasosin dasi 1 eTaHonsHoMy cepenosuLi. OTpuMaHi
€eHepreTVYHi Npodini iINCTPYHOTL KIKYOBI eTanm peakLii i BU3Ha4aKoTb TeMnepaTypHi yMoBU iXHbOT peanisaii. Ocobnusy ysary npugineHo
POni PO3YMHHKKA Ta iHLWIMX PaKTOPIB, L0 BNSIMBAKOTb Ha €(PEKTUBHICTb MPOLIECIB.

BucHoBku. Pesynstatt DFT-aHani3y nokasanu: peakuis [3 + 2] reTepoumknisadii ons yTBopeHHs 1,2,4-Tpia3onbHOro KinbLs NPpOXoauTb
4yepes Kinbka MocnigoBHWX CTagil, HanbinbLl eHeproMicTkn — eTan uyknisauii. OTprmaHi TepMogMHaMivHI mapameTpy MiATBEPAXYOTb
MOXIUBICTb NPOBEAEHHS peakLii 3a Temnepartypy BuLe Hix 85 °C y rasosii tasi Ta 78 °C y posyuHi etaHony. MexaHiam retepouuknisadii
BKIKOYAE HYKNEOMinbHy ataky amiHorpynu rigpasuay, Tion-TiokapbamigHy TayToMepito, 3aMUKaHHs! KinbLs i apoMaTtiaaLito CTPYKTYpU.
HaliBaxnuBiLLi eHepreTUyHi Nepexoam NoB’A3aHi 3 akTuBaLjeto TiokapbamigHOT rpynu 1 yTBOPEHHSM HOBOTO reTEPOLMKIIYHOIO 3B’AI3KY.

Kntouosi cnosa: 1,2,4-Tpiason, 1,3,4-okcagiason, DFT-aHani3 peakuii, [3+2] retepoumknisavis, [4+1] reTepoumknisadis.
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Density Functional Theory (DFT) analysis of heterocycli-
zation reactions enables the investigation of reaction me-
chanisms, energy barriers, transition states, and the stability
of the resulting products. This approach relies on quantum
mechanical calculations to provide insights into the electronic
processes within chemical systems. In heterocyclization
reactions, such as the formation of triazoles or pyrimidines,
DEFT allows for the evaluation of transition state stability
and the influence of substituents on activation energy. This
information is invaluable for designing efficient synthetic
pathways and predicting reaction outcomes [1].

Heterocyclization reactions are fundamental processes
in modern organic chemistry, enabling the synthesis of
structurally complex heterocyclic compounds that find ex-
tensive application across various scientific and industrial
fields. Heterocycles play a critical role in pharmaceuticals,
agrochemistry, and materials science, serving as structural
components of numerous biologically active substances,
catalysts, and functional materials. Given the significance
of these compounds, optimizing synthesis conditions and
elucidating the reaction mechanisms underlying heterocy-
clization represent pressing challenges in contemporary
chemistry.

DFT is a powerful tool for investigating reaction me-
chanisms, enabling the evaluation of energy parameters,
transition states, and reaction pathways. This method not
only allows for the prediction of chemical transformation
outcomes but also provides deeper insights into the nature of
electronic interactions that govern the course of a reaction.
The application of DFT is particularly valuable in the study
of heterocyclization, as these reactions are often accompanied
by complex electronic and steric effects that are difficult to
analyze using experimental methods alone.

This study presents a comprehensive DFT analysis of
a heterocyclization reaction, focusing on identifying key
energy barriers, characterizing transition states, and inves-
tigating the electronic properties of intermediates and final
products. The calculations were performed with consideration
of solvent effects, enabling the modeling of more realistic

reaction conditions. The obtained results not only enhance
the understanding of heterocyclization mechanisms but
also provide a scientific foundation for the rational design
of synthetic methods and the prediction of properties of the
resulting compounds.

Thus, this work not only expands theoretical understanding
of chemical transformations in heterocyclic systems but also
holds practical significance for the development of applied
fields such as the creation of new medicines, agrochemicals,
and functional materials.

Aim

The aim of this work is to perform a DFT analysis of the
heterocyclization reaction of ((1,2,4-triazole(1,3,4-oxadi-
azol)-3(2)-yl)methyl)thiopyrimidines and to evaluate the
stability of the transition states, as well as the influence of
substituents on the activation energy.

Materials and methods

'H and “C NMR spectra were recorded on a Bruker AC-500
spectrometer (500 and 125 MHz, respectively) in DMSO-d,,
using TMS as the internal standard (Agilent Technologies,
Santa Clara, California, USA). LC-MS analysis was per-
formed on an Agilent 1260 Infinity HPLC System with a
diode-array detector using proton ionization. Elemental
analysis (C, H, N, S) was carried out on an ELEMENTAR
vario EL cube, with sulfanilamide as the standard. Melting
points were determined using the capillary method in a
Stanford Research Systems Melting Point Apparatus 100
(SRS, USA). The used reagents were purchased from Sig-
ma-Aldrich (Merck).

The compounds were synthesized using a known method
[2,3], and the constants obtained corresponded to the lite-
rature data.

Preparation of 4-methyl-5-((pyrimidin-2-ylthio)methyl)-
4H-1,2,4-triazole-3-thiol 1.3 (general methods). A mixture of
10 mmol of 2-(pyrimidin-2-ylthio)acetohydrazide, 10 mmol
of sodium hydroxide, and 50 mL of purified water is boiled
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Table 1. Calculated thermochemical values using Gaussian for the [3 + 2] heterocyclization of 1,2,4-triazole

Parameter, units of measurement Compound 1.1 Compound 1.2 Compound TS1 Compound 1.3
Gas

E (Thermal), kd/mol 454.67528 134.9591 616.88896 523.76986

S, kd/mol-kelvin 459.34462-10° 260.5795-10° 558.92801-10° 720.83008-10
E,+H,,. kd/mol -3857.0019694 -2221.287382 -6072.04358126 -5753.9529980
E,+ G, kiimol -3857.2202194 -2221.411191 -6072.30914811 -5754.1886325
Ethanol

E (Thermal), kd/mol 425.21992 139.8753 616.41198x" 490.02171

S, kd/mol-kelvin 478.87135-10° 305.0764-10° 563.53459-10 720.84815-103
E,+H_, kd/mol -3873.1564562 -2221.306327 -6072.16739419 -5774.8174387
E,+ G, kiimol -3873.3839863 -2221.451282 -6072.43514508 -5775.0644286

for 2 hours. After complete cooling, 2 mL of concentrated
acetic acid is added to the filtrate. The formed precipitate
is filtered and washed with purified water. For analysis, the
product is purified by recrystallization from DMF. The final
product appears as a light yellow powder, soluble in aqueous
solutions of alkali, DMF, and 1,4-dioxane.

4-Methyl-5-((pyrimidin-2-ylthio)methyl)-4H-1,2,4-tri-
azole-3-thiol (1.3). Yield 72 %, light yellow powder, mp
266 °C (DMF). 1H NMR, 8, ppm. (J, Hz): 3,55 (s, 3H, -N-
CH,), 4,43 (s, 2H, -CH,-), 7,19 (t, ] = 4,4 Hz, 1H, Ar), 8,53
(d, J=4,4 Hz, 2H, Ar), 12,83 (s, 1H, -SH). Mass spectrum,
m/z (Irel, %) 240 [M+H]+ (100). Anal. caled. for CHN.S :
C:40.15 %; H: 3.79 %; N: 29.26 %; S: 26.79 %; Found: C:
40.11 %; H: 3.82 %; N: 29.35 %; S: 26.71 %.

Preparation of 5-((pyrimidin-2-ylthio)methyl)-1,3,4-oxadi-
azole-2-thiol 1.5 (general methods). A mixture of 0.01 mol
of 2-(pyrimidin-2-ylthio)acetohydrazide, 0.01 mol of carbon
disulfide, and 0.02 mol of potassium hydroxide in 50 mL of
ethanol is boiled for 8 hours. After complete cooling, the
mixture is filtered, and 5 mL of concentrated acetic acid
is added to the filtrate. The resulting precipitate is filtered
and washed with purified water. For analysis, the product is
purified by recrystallization from DMF. The final product is
a light yellow powder, soluble in aqueous alkali solutions,
DMF, and 1,4-dioxane.

5-((Pyrimidin-2-ylthio)methyl)- 1,3,4-oxadiazole-2-thiol
(1.5). Yield: 63 %, light yellow powder, melting point: 195 °C
(DMF). '"H NMR spectrum, 6, ppm (J, Hz): 4,51 (2H, s,
SCH2CO), 4,95 (1H, s, SH), 7,21 (1H, t, J=3,7 Hz, H__ ),
8,51 2H, d, J=3,7 Hz, H__ ). Mass spectrum, m/z (I, %):
227 [M+H]" (100). Found, %: C 37.18; H 2.62; N 24.82;
S 28.25. C.HN,OS,. Calculated, %: C 37.16; H 2.67; N
24.76; S 28.34.

Computational quantum chemical methods. All calcula-
tions were performed using the GaussView 5.0.8 molecular
visualization program [4] and the Gaussian 09 Revesio-
A.02-SMP software package [5]. Ground state geometries
were fully optimized using the widely used B3LYP method
[6,7], with the 6-311-G(d,p) [8] basis set, without symmetry
constraints, and using the default convergence criteria. Geo-

metry optimization was followed by frequency calculations.
Stationary structures were confirmed by ensuring that all
ground states had only real frequencies, and all transition
states had exactly one imaginary frequency, using the same
method and basis set as those used for geometry optimiza-
tion. The polarizable continuum model (IEFPCM) [9] was
employed to account for the effect of bulk solution at the
same level of theory.

Results

The mechanism of [3 + 2] heterocyclization to form 1,2,4-tri-
azole from carboxylic acid hydrazide and methyl isothiocy-
anate involves several consecutive steps (Fig. /).

First, the nucleophilic amino group of the hydrazide
attacks the electrophilic carbon of methyl isothiocyanate,
forming the intermediate thiosemicarbazide. This interme-
diate undergoes thiol-thiourea tautomerism, which activates
it for subsequent cyclization. Next, the interaction between
the activated thiourea group and the carbonyl group of
the hydrazide leads to ring closure and the elimination
of a water molecule. In the final stage, a stable aromatic
structure of 1,2,4-triazole with an added S-alkyl fragment
is formed. Reaction conditions, such as temperature, pH of
the medium, and the choice of solvent, play a crucial role
in ensuring the efficiency of the process.

Thermodynamic calculations, performed using the Gaus-
sian 09 Revesio-A.02-SMP software package, are presented
in Table 1.

To calculate the enthalpy of a reaction in the standard way,
Hess’s law is applied:

(298K).

react

AH°(298K) =X AH®  (298K)~ X AH°

Using calculations in Gaussian (7able 1), the enthalpy of re-
action can be simply calculated using the following equation:

AH°(298K) = (E, + H (E+H

corr)products - 0 corr)rcactams'

For the [3 + 2] heterocyclization reaction equation, which
forms 4-methyl-5-((pyrimidin-2-ylthio)methyl)-4H-1,2,4-
triazole-3-thiol, the enthalpy of the reaction in both the gas
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Fig. 1. Mechanism of [3 + 2] heterocyclization of 1,2,4-triazole.
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Fig. 2. Energy profile of the [3 + 2] heterocyclization of 1,2,4-triazole.

phase and ethanol solution (using the polarizable continuum

approximation, IEFPCM) is:
A HO(298K gas) (E + Hcon')products - (EO cnn')rcactants
=-5753.9529980 — (-3857.0019694 + (-2221.287382)) =
= 324.3363 kJ/mol;

A HO(298K ethan()l) (E +Hcorr)products - (EO +Hcorr)reactants

= -5774.8174387 — (-3873.1564562 + (-2221.306327)) =
= 319.645345 kJ/mol;

AS°(298K, gas) =S ..~ S, = 720.83008-10" -
—(260.5795-10° + 459.34462:10%) =

=0.90596 kJ/mol-kelvin;

Arso(zggK’ ethanoD = Sproducts " Preactants
=739.45085-10° — (260.5795-10° + 478.87135-107) =
= 0.92403 kJ/mol-kelvin.

The same short path can be used to calculate the Gibbs free
energy of the reaction:
A GO(298K gas) (E + Gcorr)products (E Gcorr)reactams

= -5754.1886325 — (-3857.2202194 + (-2221.411191)) =
= 324.442778 kJ/mol;

A G°(298K, ethanol) = (E, + G, ) -(E,+G,)

corr/ products corr reactami

= -5775.0644286 — (-3873.3839863 + (-2221.451282)) =
=319.77084 kJ/mol.
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Fig. 3. Mechanism of [4 + 1] heterocyclization of 1,3,4-oxadiazole.
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Fig. 4. Energy profile of the [4 + 1] heterocyclization of 1,3,4-oxadiazole.

The obtained data indicate the fundamental impos-
sibility of carrying out the reaction at a temperature of
T = 298 K. Using the Gibbs free energy equation, we
can calculate the temperature at which heterocyclization
becomes feasible:

T (gas) = AH / AS=324.3363 / 0.90596 = 358 K (85 °C);

T (ethanol) = AH / AS=324.3363 / 0.92403 = 351 K (78 °C).

Fig. 2 shows the energy profile of the [3 + 2] heterocycliza-
tion of 1,2,4-triazole, illustrating the changes in the system’s
free energy at each reaction step. The process begins with the
interaction of hydrazide and methyl isothiocyanate, leading to
the formation of an intermediate thiosemicarbazide complex.

Reaction coordinate

This step has a relatively low energy barrier due to the high
nucleophilicity of the amino group.

Subsequent thiol-thiourea tautomerism activates the
thiourea group, as indicated by a small increase in energy. The
following cyclization, which involves the formation of a new
heterocyclic bond, is the most critical and energy-intensive
step, requiring the overcoming of a significant energy barrier.
After this, the system stabilizes through aromatization and
the formation of a 1,2,4-triazole ring, as reflected by a sharp
decrease in energy in the profile.

The mechanism of [4 + 1] heterocyclization to form
1,3,4-oxadiazole from carboxylic acid hydrazide and carbon
disulfide consists of several sequential stages (Fig. 3).

The reaction begins with a nucleophilic attack by the ami-
no group of hydrazide on the electrophilic carbon atom of
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Table 2. Calculated thermochemistry values using Gaussian for the [4 + 1] heterocyclization of 1,3,4-oxadiazole

Parameter, units of measurement Compound 1.1 Compound 1.4 Compound TS2 Compound 1.5
Gas

E (Thermal), kJ/mol 45467528 27.0161 504.96278 376.8612

S, kdimol-kelvin 459.34462-10° 235.9358-10° 612.84722-10° 699,85886-10

E, +H_, . kd/mol -3857.0019694 -3484.739996 -9872.39785174 -5693.5003987

E,+ G, kd/mol -3857.2202194 -3484.852097 -0872.68903304 -5693.7316233

Ethanol

E (Thermal), kJ/mol 425.21992 26.3508 488.22678 377.1541

S, kdimol-kelvin 478.87135-10° 236.0153-10° 619.77174-10° 719.65248-103

E, +H_, . kd/mol -3873.1564562 -3484.743774 -9872.60398487 -5693.5612968

E,+ G, kiimol -3873.3839863 -3484.855913 -0872.89845897 -5693.7932912
carbon disulfide, leading to the formation of an intermediate A G°(298K, ethanol) = (E, + Gcorr)pro e~ Bt G ) s =

dithiocarbamate complex. This intermediate then undergoes
intramolecular cyclization: the sulfur atom interacts with the
carbonyl group of the hydrazide fragment, forming a heterocy-
clic structure. In the final stage, the ring undergoes aromatiza-
tion, accompanied by the elimination of the H,S molecule and
the formation of a stable aromatic system of 1,3,4-oxadiazole.

Thermodynamic calculations, performed using the Gauss-
ian 09 Revesio-A.02-SMP software package, are presented
in Table 2.

For the [4 + 1] heterocyclization reaction equation, which
forms 5-((pyrimidin-2-ylthio)methyl)-1,3,4-oxadiazole-2-thi-
ol, the enthalpy of the reaction in both the gas phase and
ethanol solution (using the polarizable continuum approxi-
mation, IEFPCM) is:

AH®(298K, gas) = (B, + H, ). g = By T Ho ) i =
=-5693.5003987 — (-3857.0019694 + (-3484.739996)) =
=1648.2416 kJ/mol;

AH®(298K, ethanol) = (B, + H__ ) o= Bt H )=
=-5693.7932912 — (-3873.1564562 + (-3484.855913)) =
=1664.2191 klJ/mol;

AS°(298K, gas) =S .~ S, . = 699.85886°10° -
—(235.9358:10° +459.34462+10%) =

= 4.57844 kJ/mol-kelvin

AS°(298K, ethanol) =S _ | =S =719.65248:10° —

roducts reactants

—(236.0153-10° +478.87135-10%) =
=4.76853 kJ/mol-kelvin.

The same method can be used to calculate the Gibbs free
energy of the reaction:

ArGo(298K’ gas) = (EO + Gcon‘ products - (EO + Gcon‘ reactants =
=-5693.7316233 — (-3857.2202194 + (-3484.739996)) =
=1648.3984 kJ/mol,

=-5693.7932912 — (-3873.38398063 + (-3484.743774)) =
=1664.5664 kJ/mol.

The obtained data indicate the fundamental impossibility of
carrying out the reaction at a temperature of T =298 K. Using
the Gibbs free energy equation, we calculate the temperature
at which heterocyclization becomes feasible:

T(gas) = AH /AS = 1648.2416 / 4.57844 =360 K (87 °C);

T(ethanol) = AH / AS=1664.2191 / 4.76853 = 349 K (76 °C).

Fig. 4 shows the energy profile of the [4 + 1] heterocy-
clization of 1,3,4-oxadiazole, demonstrating the sequential
changes in the system’s energy during the reaction between
carboxylic acid hydrazide and carbon disulfide. In the first
stage, the formation of an intermediate dithiocarbamate com-
plex occurs, accompanied by a slight increase in energy due to
overcoming the initial energy barrier for nucleophilic attack.

The subsequent intramolecular cyclization is the most
energy-intensive step, as indicated by the peak in the profile.
This stage requires overcoming a significant energy barrier
to close the heterocyclic ring. The final step is aromatization,
accompanied by the elimination of the H,S molecule, which
leads to a sharp decrease in energy and the formation of a
stable aromatic product.

Discussion

The results of the thermodynamic analysis of the [3 + 2] het-
erocyclization reaction of 1,2,4-triazole indicate significant
energetic and entropic differences between the compounds
at different stages of the reaction, both in the gas phase and
in ethanol. The transition state TS1 exhibits the highest
values of thermal energy, which indicates its energetic ten-
sion and the great complexity of its structure. At the same
time, the most thermodynamically stable compound is 1.1,
which has the lowest values of Gibbs energy (E, + G_ )
in both environments, indicating its preference as the final
reaction product.
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In the ethanol medium, compared to the gas phase, a
decrease in Gibbs energy is observed for all compounds,
highlighting the stabilizing effect of the solvent. This effect
is particularly noticeable for 1.2, whose entropy increases
significantly in solution, indicating an increase in molecular
mobility. Compound 1.3, which has the highest entropy in
both media, is characterized by significant branching or
degrees of freedom in its structure.

The overall energy profile of the reaction confirms that
heterocyclization proceeds through the high-barrier transi-
tion state TS1, after which the thermodynamically favorable
compound 1.1 is formed.

When considering the [4 + 1] heterocyclization of
1,3,4-oxadiazole, the results of the thermodynamic anal-
ysis demonstrate significant differences in the energetic
characteristics of the compounds at different stages, both in
the gas phase and in ethanol solution. In the gas phase, the
transition state TS2 exhibits the highest values of thermal
energy and entropy, indicating the energetic complexity and
tension of this stage. Compound 1.4, on the other hand, is
characterized by the lowest values of thermal energy and
entropy, indicating its simple structure and high stability
in the gas phase.

In the ethanol phase, a decrease in thermal energies is
observed for all compounds, especially for TS2, indicating
the stabilizing effect of the solvent. Similarly, the decrease in
Gibbs energy in the ethanol phase for all compounds confirms
that the solvent contributes to the thermodynamic stability
of the molecules.

Overall, the transition state TS2 exhibits the highest energy
barriers, while the stability of the final compounds, particu-
larly 1.1, emphasizes the thermodynamic directionality of
the reaction. The obtained results confirm that the solvent
(ethanol) lowers the energy barriers, contributing to the
stabilization of both the transition and final states. This is
important for optimizing the conditions for the synthesis of
heterocyclic compounds.

The obtained data provide a better understanding of the
mechanisms of this reaction and allow us to predict the sta-
bility of the products in different environments, which may
be useful for developing new methods for the synthesis of
heterocyclic compounds.

Conclusions

1. The DFT analysis showed that the [3 + 2] heterocycliza-
tion reaction forming the 1,2,4-triazole ring proceeds through
several consecutive stages, the most energy-intensive of
which is the cyclization stage. The obtained thermodynamic
parameters confirm the possibility of carrying out the reaction
at temperatures above 85 °C in the gas phase and 78 °C in
an ethanol solution.

2. The mechanism of heterocyclization involves the
nucleophilic attack of the amino group of the hydrazide,
thiol-thiourea tautomerism, ring closure, and aromatization
of the structure. The most significant energy transitions are
associated with the activation of the thiourea group and the
formation of a new heterocyclic bond.

3. The characterization of the synthesized compounds was
confirmed by '"H NMR, *C NMR, LC-MS, and elemental
analysis. All results indicate high purity of the products, and
the obtained spectra match the expected data for the target
structures.
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