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4-phenyl-5-((pyrimidin-2-ylthio)methyl)-1,2,4-triazole-3-thiol
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The article discusses effective methods for the synthesis of unsymmetrical disulfides, which are important in the development of new
bioactive molecules, pharmaceuticals, and materials for bioconjugation and systemic release.

The aim of the work is to develop a method for the synthesis of unsymmetrical disulfides of 4-phenyl-5-((pyrimidin-2-ylthio)methyl)-1,2,4-
triazole-3-thiols under mild conditions, with high selectivity and wide tolerance to functional groups, including the disulfide fragment as a
promising structural framework for the development of new active pharmaceutical ingredients.

Materials and methods. 'H NMR spectra were recorded on a Bruker AC-500 spectrometer (500 MHz) in DMSO-d. Elemental analysis (C,
H, N, S) was performed using an ELEMENTAR vario EL cube. Melting points were determined using the capillary method.

Results. A new strategy for the synthesis of unsymmetrical disulfides of 4-phenyl-5-((pyrimidin-2-ylthio)methyl)-1,2,4-triazole-3-thiols
using 1-chlorobenzotriazole has been developed, providing high product yields and selective transformation. This method does not
require low temperatures and demonstrates high compatibility with various functional groups, allowing easy modification of molecules
and further research potential. Spectral data confirm the structure of the obtained compounds and indicate the formation of stable
disulfide bonds.

Conclusions. The synthesis of new unsymmetrical disulfides of 4-phenyl-5-((pyrimidin-2-ylthio)methyl)-1,2,4-triazole-3-thiols was success-
fully carried out under mild conditions using 1-chlorobenzotriazole as a selective reagent, resulting in high yields and good tolerance to
functional groups. Their structural similarity to natural antioxidants such as cystine and allicin makes them promising model compounds
for further studies of the mechanisms of redox activity and the development of new drugs to regulate oxidative stress.
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4-cheHin-5-((nipumigun-2-intio)metun)-1,2,4-tpiason-3-tion sk nnatdopma ana cUHTE3y HeCUMETPUYHUX Aucynbdiais
tO. B. Kapnenko, M. O. NaHaceHko

OnucaHo eheKTMBHI METOAMN CUHTE3Y HECUMETPUYHMX ANCYNbMIAIB, LLIO MaOTb 3HAYEHHS NiJ Yac po3pobku HOBUX BiOAKTUBHKX MONEKYIT,
hapmaLeBTUYHMX NpenaparTiB i MaTtepianis Ans GiOKOH'toraLii i CUCTEM KOHTPOIbOBAHOTO BUBIMbHEHHS.

Meta po6oTm — po3pobka MeToay CUHTE3Yy HECUMETPUYHUX AnCYNbdiaiB 4-deHin-5-((nipumignH-2-intio)metnn)-1,2,4-Tpiason-3-Tionis 3a
M’SIKMX YMOB i3 BUCOKOIO CENEKTUBHICTIO Ta LUMPOKOO TONEPAHTHICTIO A0 (PYHKLOHAMNBbHUX rpyn, BKIKYAKYN AUCYNbMIAHWA parMeHT sk
NEePCreKTUBHUIA CTPYKTYPHWI KapKkac Ans po3pobneHHs HOBWUX aKTUBHUX (hapMaLeBTUYHUX IHTpEedieHTIB.

Matepianu i metoau. Cnextpn 'H AMP 3anucaHo Ha cnektpometpi Bruker AC-500 (500 M signosigHo) y AMCO-d,. EnemeHTHuit ananis
(C, H, N, S) apicHunu Ha npunagi ELEMENTAR vario EL cube. Temnepatypu nnasneHHs Bu3Ha4yanu KaninsgpHUM METOLOM.

Pesynikratn. Po3pobneHo HoBy CTpaTerito CUHTE3Y HECUMETPUYHUX AnCynbdiaiB 4-eHin-5-((nipumignn-2-intio)metun)-1,2,4-tpiason-3-Ti-
onis 3a gonomorot 1-xnopobeH3oTpiasony, Lo 3abe3neyye BUCOKMIA BUXIA NPOAYKTIB i CENEKTUBHICTb nepeTBopeHHst. Lien meTon He
noTpebye HN3bKMX TEMMEPATYP i XapakTepu3yeTbCs BUCOKOI CYMICHICTIO 3 Pi3HOMaHITHUMMW (OYHKLiOHaNbHUMK rpynamu, Lo Aae 3Mory
nerko MoamdikyBaT MOMEKYNY, MiABULLYE iXHii NOTEHLian Ans HacTynHUX gocnimkeHb. CnekTpanbHi JaHi NigTBEPAXYOTb CTPYKTYPY
OTPVMMaHMUX CNONYK i BKa3yloTb Ha YTBOPEHHS CTabinbHUX ANCYNbiaHUX 3B'A3KiB.

BucHoBkU. CUHTE3 HOBMX HECUMETPUYHUX Ancynbdiais 4-deHin-5-((nipumignH-2-inTio)meTtnn)-1,2,4-Tpiason-3-Tionie yCnilWHO 34iNCHEHO 3a
M’SIKMX YMOB i3 BUKOPUCTaHHAM 1-Xxnopo6eH30Tpia3ony Sk CENeKTUBHOIO peareHTy, Lo 3abeaneyye BUCOKWIA BUXIf, | 3HAYHY TONepaHTHICTb
[0 cpyHKUioHanbHUX rpyn. CTpYKTypHa NOAIGHICTb O NPUPOAHMX aHTUOKCUAAHTIB, 30KpeMa LIMCTUHY 1 aniuuHy, pobuTb iX NepcnekTuBHU-
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MW MOZENbHUMM CMONyKamu Anst HACTYMHUX JOCTiMKeHb MEXaHi3MiB OKWCHO-BIHOBHOI aKTUBHOCTI Ta pO3pobIieHHs HOBUX Npenapartig,

cnpamMoBaHNX Ha peWJ'ISILI,iIO OKCMaaTnBHOIO CTpecy.

Kntouogi cnoBa: 1,2,4-Tpia3on, HECUMETPUYHI AMCYNbdian, M'siKi YMOBU, BUCOKA CENEKTUBHICTb, NPOTUMIKPOOHA aKTUBHICTb, aHTUOKCK-

[JaHTHa aKTUBHICTb.

AxTyanbHi nuTaHHa hapmaleBTMYHOI | MeaMyHOI Hayku Ta npakTuku. 2025. T. 18, Ne 2(48). C. 123-130

The synthesis of unsymmetrical disulfides has garnered
significant attention in recent years due to their relevance
in developing novel bioactive molecules, pharmaceuticals,
bioconjugation materials, and controlled release systems [1].
Unlike symmetrical disulfides, the synthesis of unsymmet-
rical disulfides requires strict control of reaction conditions
to prevent the formation of homodisulfides, thereby posing
a significant challenge to achieve high chemical selectivity
and efficient preparation. Disulfide bonds play a crucial role
in stabilizing the three-dimensional structure of proteins,
maintaining intracellular redox homeostasis, and enabling the
design of compounds with either prooxidant or antioxidant
properties. In this context, the development of efficient, selec-
tive, and environmentally friendly methods for the synthesis
of unsymmetrical disulfides remains a highly relevant and
timely objective.

Despite notable advances in this area, most existing
methods still suffer from several significant limitations. In
particular, many rely on highly toxic reagents such as bromine
(Br,), thionyl chloride (SOCL,), or sulfuryl chloride (SO,Cl,),
which greatly complicates their practical use — especially
in the context of bio-oriented synthesis. Additionally, these
approaches often require harsh reaction conditions, multi-step
procedures, and prior activation of thiol groups through their
conversion into sulfonyl derivatives or similar intermediates.
Such factors reduce chemical selectivity, lower yields of target
compounds, and ultimately diminish the overall efficiency of
the synthetic process [2].

In medicinal chemistry, the disulfide bond is of particular
interest as a pharmacophoric element capable of modulating
the biological activity of organic molecules. The incorpora-
tion of a disulfide moiety into a compound’s structure can
not only stabilize its three-dimensional conformation but
also serve as a functional group that imparts specific bio-
logical properties, particularly antimicrobial activity. In this
context, the development of new antimicrobial agents based
on unsymmetrical disulfides represents a promising research
direction, especially in addressing the growing challenge of
multidrug-resistant microorganisms.

This hypothesis is supported by natural organosulfur
compounds found in garlic (A/lium sativum), such as S-alkyl-
cysteine sulfoxides, diallyl disulfides, and allicin. Allicin,
in particular, has attracted considerable scientific interest
due to its broad spectrum of biological activities, including
antibacterial, antifungal, and antiviral effects. According to
arecent study [3], allicin’s high reactivity, short intracellular
metabolic pathway, and lack of specificity for protein targets
are key factors that hinder the development of bacterial resist-
ance. The study’s authors highlight that this nonspecific yet
potent mode of action may serve as a foundation for designing

new therapeutics aimed at combating multidrug-resistant
pathogens.

Thus, the disulfide moiety is regarded as a promising
structural motif for the development of novel drug molecules
capable of addressing one of the most critical challenges in
modern pharmacology — antibiotic resistance.

Another promising avenue for the development of novel
unsymmetrical disulfide-containing compounds is the de-
sign of molecules with pronounced antioxidant potential. In
light of the growing interest in therapeutic agents capable of
effectively neutralizing reactive oxygen species (ROS) and
preventing oxidative stress, the targeted synthesis of antioxi-
dant-active structures represents a key objective in medicinal
chemistry. One of the most effective domestic antioxidant
drugs, Thiotriazolin®, is known for its strong cardio- and
hepatoprotective effects, which are attributed to its ability
to stabilize cell membranes, inhibit lipid peroxidation, and
modulate the activity of antioxidant enzymes [4,5].

In this context, the proposed compounds for the syn-
thesis incorporate a functionally significant 1,2,4-triazole-
3(2H)-thione fragment [6] — a key structural motif found
in Thiotriazolin® and various other biologically active
derivatives (Fig. 1). It is anticipated that the combination of
this heterocyclic core with a disulfide bridge will enhance
antioxidant properties, owing to the potential involvement
of the disulfide group in reversible redox transformations.

Additionally, the structural analogy with natural amino
acids, particularly cystine, which contains a disulfide bond
and plays a crucial role in maintaining redox homeostasis
in the human body, is noteworthy. Cystine, a dimeric form
of cysteine, serves as a substrate for the biosynthesis of
glutathione, one of the primary low-molecular antioxidants
in cells. Glutathione exists in both oxidized (GSSG) and
reduced (GSH) forms, and its functions include neutralizing
ROS, maintaining the reduced state of thiol groups in pro-
teins, and detoxifying xenobiotics [7]. Thus, the structural
mimicry or functional replication of the behavior of natural
redox-active compounds offers promising prospects for the
development of novel synthetic antioxidants with potential
pharmacological activity.

The interconversion between the oxidized and reduced
forms of glutathione is catalyzed in the body by the enzyme
glutathione S-transferase. This enzyme belongs to the oxi-
doreductase family and exhibits specific activity towards the
donor thiol group and the acceptor disulfide group.

Considering the above, a pressing challenge is to develop
new methods for the synthesis of unsymmetrical disulfides
that adhere to the principles of green chemistry, offer mild
reaction conditions, high selectivity, and compatibility with
a broad range of functional groups.
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Fig. 1. Strategy for identifying antioxidant activity of disulfide derivatives of 4-phenyl-4H-1,2,4-triazoles.

Aim

The aim of this work is to develop a synthetic method for
unsymmetrical disulfides of 4-phenyl-5-((pyrimidin-2-yl-
thio)methyl)-1,2,4-triazole-3-thiols under mild conditions,
with high selectivity and broad functional group tolerance,
incorporating a disulfide moiety as a promising structural
scaffold for the development of novel active pharmaceutical
ingredients.

Materials and methods

"H NMR spectra were recorded on a Bruker AC-500 spec-
trometer (500 MHz, respectively) in DMSO-d,, using TMS
as the internal standard (Agilent Technologies, Santa Clara,
California, USA). 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 reagents used were
purchased from Sigma-Aldrich (Merck).

The compounds were synthesized using a known meth-
od [8], and the constants obtained corresponded to the
literature data.

Method for obtaining 1-chlorobenzotriazole. Treat benzotri-
azole with sodium hypochlorite in 50 % aq acetic acid. The
reagent quickly precipitates and is obtained in nearly quan-
titative yield after recrystallization from CH,Cl, / petroleum
ether.

Method for obtaining 3-(R-disulfanyl)-5-(4-R’)-4-phenyl-4H-
1,2,4-triazoles. A solution of 1-chlorobenzotriazole (0.61 g,
4 mmol), 1,2,3-benzotriazole (0.32 g, 0.7 mmol) and trieth-
ylamine (0.03 g, 0.3 mmol) in dichloromethane was cooled
to -25 °C using an insulated ice bath (66 g NaBr + 100 g
ice). To this solution, a solution of 5-R-4-phenyl-4H-1,2,4-
triazole-3-thiol (2.7 mmol) in 2 ml of dichloromethane was
added dropwise. The reaction mixture was stirred for 2 hours
while gradually warming to 10 C. Subsequently, a second
thiol derivative (4 mmol) in dichloromethane was added
dropwise, and stirring was continued at 0 °C for an additional
30 minutes. The reaction was quenched by the simultaneous
addition of 10 ml of an aqueous sodium thiosulfate solution
(0.45 g) and 10 ml of saturated aqueous sodium bicarbonate

under vigorous stirring for 20 minutes. After completion,
the mixture was subjected to liquid-liquid extraction with
dichloromethane (3 x 100 ml). The combined organic layers
were dried over anhydrous magnesium sulfate, filtered, and
concentrated under reduced pressure. The crude products
were purified by recrystallization from hexane.
2-((5-(2,6-dioxo-1,2,3,6-tetrahydropyrimidin-4-yl)-4-phe-
nyl-4H-1,2,4-triazol-3-yl)disulfaneyl)acetic acid (4a). Yield
70 %, yellow crystalline compound, mp 196-198 °C.'H
NMR(DMSO-d,, 500 MHz): & (ppm) 3.73 (s, 2H), 6.15 (s,
1H), 7.37-7.43 (m, 2H), 7.43-7.49 (m, 2H), 7.52-7.59 (m,
1H), 11.29 (s, 1H), 11.83 (s, 1H), 11.89 (s, 1H). Found, %: C
44.51; H2.96; N 18.51; S 17.04. C ,H, N,O,S,. Calculated,
%: C 44.56; H 2.94; N 18.56; S 16.99.
6-(5-((2-hydroxyethyl)disulfaneyl)-4-phenyl-4H-1,2,4-
triazol-3-yl)pyrimidine-2,4(1H,3H)-dione (4b). Yield 95 %,
orange amorphous substance, mp 184-185 °C. '"H NMR(DM-
SO-d,, 500 MHz): § (ppm) 2.94 (t,J= 4.1 Hz, 2H), 3.65 (dt,
J=5.4,42 Hz, 2H), 5.33 (t, /= 5.4 Hz, 1H), 6.15 (s, 1H),
7.37-7.43 (m, 2H), 7.43-7.48 (m, 2H), 7.53-7.59 (m, 1H),
11.29 (s, 1H), 11.83 (s, 1H). Found, %: C 46.21; H 3.74;
N 19.33; S 17.69. C ,H N.O,S,. Calculated, %: C 46.27; H
3.61;N 19.27; S 17.64.
6-(5-((3-hydroxypropyl)disulfaneyl)-4-phenyl-4H-1,2,4-
triazol-3-yl)pyrimidine-2,4(1H,3H)-dione (4¢). Yield 91 %,
yellow crystalline substance, mp 172—173 °C. '"H NMR(DM-
SO-d,, 500 MHz): § (ppm) 1.73 (p, J= 5.5 Hz, 2H), 2.86 (t,
J=5.6 Hz, 2H), 3.57 (q,J=5.4 Hz, 2H), 3.93 (t, /=5.6 Hz,
1H), 6.15 (s, 1H), 7.37-7.43 (m, 2H), 7.43-7.48 (m, 2H),
7.53-7.59 (m, 1H), 11.29 (s, 1H), 11.83 (s, 1H). Found, %: C
47.65; H4.13; N 18.51; S 16.86. C, .H,/N.O,S,. Calculated,
%: C47.73; H4.01; N 18.56; S 16.99.
6-(5-((2-hydroxypropyl)disulfaneyl)-4-phenyl-4H-1,2,4-
triazol-3-yl)pyrimidine-2,4(1H,3H)-dione (4d). Yield 85 %,
yellow crystalline substance, mp 154—155 °C. "H NMR(DM-
SO-d,, 500 MHz): 8 (ppm) 1.32 (d,/= 6.1 Hz, 3H), 2.76 (dd,
J=12.8,4.0 Hz, 1H), 3.03 (dd, /= 12.8, 4.2 Hz, 1H), 4.07
(qdt,J=6.0,4.8,4.2 Hz, 1H), 4.22 (d, /=4.8 Hz, 1H), 6.15
(s, 1H), 7.37-7.43 (m, 2H), 7.43-7.48 (m, 2H), 7.53-7.59
(m, 1H), 11.29 (s, 1H), 11.83 (s, 1H). Found, %: C 47.71;
H 4.11; N 18.45; S 16.73. C, H N.O.S.. Calculated, %: C

1577157 573720

47.73; H4.01; N 18.56; S 16.99.
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6-(5-((4,5-dihydrothiazol-2-yl)disulfaneyl)-4-phenyl-4H-
1,2,4-triazol-3-yl)pyrimidine-2,4(1H,3H)-dione (4e¢). Yield
93 %, white crystalline powder, mp 228-230 °C. '"H NMR(DM-
SO-d,, 500 MHz): & (ppm) 3.39 (dd, J = 4.6, 3.9 Hz, 2H),
3.90-3.94 (m, 2H), 6.15 (s, 1H), 7.37-7.43 (m, 2H), 7.43-7.48
(m, 2H), 7.53-7.59 (m, 1H), 11.29 (s, 1H), 11.83 (s, 1H).
Found, %: C 44.46; H 2.91; N 20.73; S 23.71. C _H N.O,S..
Calculated, %: C 44.54; H 2.99; N 20.78; S 23.78.
2-((4-phenyl-5-((pyrimidin-2-ylthio)methyl)-4H-1,2,4-
triazol-3-yl)disulfaneyl)acetic acid (4f). Yield 74 %, yellow
crystalline substance, mp 225-227 °C.'"H NMR(DMSO-d.,
500 MHz): 6 (ppm) 3.73 (s, 2H), 4.64 (s, 2H), 7.20 (t,J=3.7
Hz, 1H), 7.37-7.44 (m, 2H), 7.41 (s, 2H), 7.52—7.60 (m, 1H),
8.52 (d, J=3.7 Hz, 2H), 11.89 (s, 1H). Found, %: C 46.12;
H3.31; N 17.93; S 24.31. C ,H ,N,O,S.. Calculated, %: C
46.02; H3.35; N 17.89; S 24.57.
2-((4-phenyl-5-((pyrimidin-2-ylthio)methyl)-4H-1,2,4-
triazol-3-yl)disulfaneyl)ethan-1-ol (4g). Yield 86 %, yellow
crystalline substance, mp 168-170 °C. 'H NMR(DMSO-d.,
500 MHz): 6 (ppm) 2.94 (t,J=4.1 Hz, 2H), 3.65 (dt, /=54,
4.2 Hz, 2H), 4.64 (s, 2H), 5.33 (t, J = 5.4 Hz, 1H), 7.20 (t,
J=3.7Hz, 1H), 7.37-7.44 (m, 4H), 7.52-7.60 (m, 1H), 8.52
(d, J = 3.7 Hz, 2H). Found, %: C 47.64; H 4.22; N 18.51;
S 25.37. C,;H N,OS.. Calculated, %: C 47.73; H 4.01; N
18.55; S 25.48.
4-((4-phenyl-5-((pyrimidin-2-ylthio)methyl)-4H-1,2,4-
triazol-3-yl)disulfaneyl)butan-1-ol (4h). Yield 90 %, yellow
crystalline substance, mp 218-220 °C.'H NMR(DMSO-d,,
500 MHz): & (ppm) 1.60 (ttd, J = 7.5, 5.5, 1.0 Hz, 2H),
1.67-1.76 (m, 2H), 2.79 (t, /= 5.1 Hz, 2H), 3.58 (q, /= 5.6
Hz, 2H), 3.77-3.83 (m, 1H), 4.64 (s, 1H), 7.20 (t, J = 3.7
Hz, 1H), 7.37-7.44 (m, 2H), 7.41 (s, 2H), 7.52-7.60 (m,
1H), 8.52 (d, J = 3.7 Hz, 2H). Found, %: C 50.28; H 4.51;
N 17.43; S 23.78. C ,H,,N,OS.. Calculated, %: C 50.35; H
472; N 17.27; S 23.72.
1-((4-phenyl-5-((pyrimidin-2-ylthio)methyl)-4H-1,2,4-
triazol-3-yl)disulfaneyl)propan-2-ol (4i). Yield 88 %, white
crystalline substance, mp 192-193 °C. '"H NMR(DMSO-d.,
500 MHz): 6 (ppm) 1.32 (d, J = 6.1 Hz, 3H), 2.76 (dd,
J=12.8,4.0 Hz, 1H), 3.03 (dd, /= 12.8, 4.2 Hz, 1H), 4.08
(qdt,J=6.0,4.8,4.2 Hz, 1H), 4.22 (d, /=4.8 Hz, 1H), 4.64
(s,2H),7.20(t,J=3.7 Hz, 1H), 7.37-7.44 (m, 4H), 7.52-7.60
(m, 1H), 8.52 (d,J=3.7 Hz, 2H). Found, %: C49.13; H 4.24;
N 17.62; S 24.51. C, H,,N,OS.. Calculated, %: C 49.08; H
4.38; N 17.89; S 24.57.
2-((4-phenyl-5-((pyrimidin-2-ylthio)methyl)-4H-1,2,4-tri-
azol-3-yl)disulfaneyl)-4,5-dihydrothiazole (4j). Yield 96 %,
white crystalline powder, mp 164-166 °C. '"H NMR(DM-
SO-d,, 500 MHz): 6 (ppm) 3.39 (dd, J = 4.6, 3.9 Hz, 2H),
3.90-3.95 (m, 2H), 4.64 (s, 2H), 7.20 (t, J = 3.7 Hz, 1H),
7.37-7.44 (m, 4H), 7.52-7.60 (m, 1H), 8.52 (d, J = 3.7
Hz, 2H). Found, %: C 45.83; H 3.32; N 20.36; S 30.32.
C, H NS .Calculated, %: C45.91;H3.37; N 20.08; S 30.64.
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Results

Considering the aforementioned, it became necessary to
design a rational and selective synthetic strategy for access-

ing this class of potentially bioactive disulfide-containing
compounds [9]. To this end, we analyzed and built upon the
methodologies described by Abe [10] and Hunter [ 11], which
explore thiol activation pathways suitable for disulfide bond
formation. Specifically, Abe demonstrated that N-chlorosuc-
cinimide (NCS) can convert thiols into sulfenyl chlorides,
which, in the presence of triethylamine, undergo further
reaction with succinimide — a by-product of the initial chlo-
rination step — yielding N-sulfenylsuccinimide intermediates.
These intermediates can then react with a second thiol to form
disulfides. However, this approach suffers from a critical
drawback: the highly reactive sulfenyl chloride intermediate
can also undergo direct, non-selective coupling with a sec-
ond equivalent of the starting thiol, leading to the undesired
formation of symmetrical disulfides as major by-products.

To overcome this limitation, Hunter and co-workers
proposed the use of 1-chlorobenzotriazole as a more che-
moselective chlorinating agent. This reagent allows for the
direct conversion of thiols into N-sulfenylbenzotriazole
intermediates, bypassing the formation of unstable sulfenyl
chlorides. More importantly, under carefully controlled
conditions, it becomes possible to selectively generate the
N-sulfenyl intermediate without promoting side reactions
that would lead to homodimer formation. Once formed, this
intermediate exhibits sufficient electrophilicity to undergo
efficient coupling with a structurally distinct thiol, thus
providing a viable route to the targeted unsymmetrical di-
sulfides with improved selectivity and synthetic reliability.
This strategy therefore lays the groundwork for the efficient
and scalable synthesis of novel disulfide-based scaffolds of
pharmacological relevance.

During the course of our investigation, we established that
the synthesis of the target disulfide derivatives of 4-phenyl-
4H-1,2 4-triazoles does not require extremely low reaction
temperatures, as previously assumed. Moreover, the efficien-
cy and reproducibility of the transformation were significantly
improved by the addition of a small amount of triethylamine,
which effectively scavenges the hydrogen chloride released
during the activation step. This adjustment not only simplified
the experimental procedure but also enhanced the overall
yield of the desired products.

The general synthetic strategy employed (Fig. 2) relies on
the in situ generation of 1-chlorobenzotriazole (BtCl) via the
oxidation of 1,2,3-benzotriazole with sodium hypochlorite.
This reagent serves as a selective electrophilic chlorinating
agent that reacts smoothly with the thiol precursor — a 4-phe-
nyl-5-((pyrimidin-2-ylthio)methyl)-1,2,4-triazole-3-thiol — to
afford a key sulfenylated intermediate, namely 1-((5-R-4-phe-
nyl-4H-1,2 4-triazol-3-yl)thio)-1H-benzo[d][1,2,3]triazole.
The resulting intermediate is sufficiently stable under the
reaction conditions and undergoes a chemoselective nucleop-
hilic substitution upon treatment with a second, structurally
distinct thiol. This final step yields the unsymmetrical di-
sulfide product in good yield and with high regioselectivity.

This approach thus provides a concise and operationally
simple method for accessing a variety of functionalized
unsymmetrical disulfides, bypassing the common pitfalls
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of homocoupling and overoxidation, and is particularly
well-suited for structurally diverse thiol partners.

To ensure high selectivity toward the formation of the
target unsymmetrical disulfide, the reaction was quenched
at the appropriate stage by kinetic termination with an aque-
ous solution of sodium thiosulfate, combined with saturated
sodium bicarbonate. This step effectively neutralized any
residual electrophilic intermediates, thereby suppressing
unwanted side reactions.

Discussion

The substances are individual crystalline compounds in the
form of white, light yellow and red colors, insoluble in water,
soluble in organic solvents. The structure of the compounds
has been proven using spectral analysis methods, and their
individuality — chromatographically.

A noteworthy feature of the developed synthetic approach
is the high selectivity observed for the formation of unsym-
metrical disulfide products, with no significant traces of
homodimeric disulfides detected. This conclusion was sup-
ported by thin-layer chromatography (TLC) analysis, which
showed the absence of additional non-target byproducts cor-
responding to homocoupled species. TLC monitoring of the
reaction progress revealed complete consumption of the initial
5-R-4-phenyl-4H-1,2,4-triazole-3-thiol at the first stage, ac-
companied by the appearance of two closely migrating polar

intermediates. These species are attributed to regioisomeric
sulfenylated adducts formed via substitution at the N-1 and
N-2 positions of the benzotriazole ring, respectively.

An additional highlight of this synthetic protocol is the
critical role of triethylamine, which facilitates the N-sulfeny-
lation step by scavenging generated hydrogen chloride and
stabilizing the sulfenyl intermediate. Moreover, from a
sustainability perspective, the procedure offers a valuable
advantage: the 1-chlorobenzotriazole used as an activating
agent can be readily hydrolyzed under basic conditions to
regenerate 1,2,3-benzotriazole. This recyclability underscores
the catalytic-like behavior of the heterocycle in the overall
transformation and aligns well with the principles of green
chemistry.

The successful formation of the desired disulfide deriv-
atives was further confirmed by 'H NMR spectroscopy
(Fig. 3), which clearly demonstrated the disappearance of the
thiol proton signal and the appearance of diagnostic signals
corresponding to the newly formed disulfide linkage, thereby
verifying the structural integrity of the products.

The '"H NMR spectrum of the obtained compound in
DMSO-d, (500 MHz) confirms the structure of the target
disulfide derivative and reveals a well-resolved set of character-
istic signals corresponding to all expected proton environments.

The aliphatic region displays two distinct signals: a triplet
at 8 =2.94 ppm (J = 4.1 Hz, 2H) and a doublet of triplets at
8 =3.65 ppm (J =5.4, 4.2 Hz, 2H), which are assignable to
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the methylene protons of a -CH>—CH>— fragment adjacent
to a heteroatom (most likely sulfur or nitrogen). The triplet
at 0 = 5.33 ppm (J = 5.4 Hz, 1H) corresponds to a methine
proton, presumably located between two heteroatoms, indi-
cating the presence of a—CH—S— linkage within a substituted
triazole ring or adjacent to a disulfide bridge.

Asinglet at 6 =6.15 ppm (1H) likely represents the proton
at position 5 of the 1,2,4-triazole ring, as it appears in the
aromatic region yet is slightly shielded due to the electronic
environment of the heterocycle.

The aromatic region consists of a multiplet between
6 = 7.37 ppm and 7.59 ppm integrating for five protons,
which is consistent with a monosubstituted phenyl ring. The
chemical shift and multiplicity are typical for phenyl protons
that are electronically decoupled from strongly withdrawing
or donating substituents.

Two downfield singlets at 6 = 11.29 ppm and 11.83 ppm
(1H each) are indicative of labile NH protons, most likely be-
longing to amide-like or thiol-like environments, possibly due
to hydrogen bonding interactions with the solvent (DMSO).
Their distinct chemical shifts suggest non-equivalent envi-
ronments, supporting the presence of multiple heterocyclic
or polar functional groups within the molecule.

Opverall, the spectral data are in full agreement with the
proposed structure of the unsymmetrical disulfide bearing
a substituted 1,2,4-triazole core and confirm the successful
formation of the expected product.

In conclusion, the proposed synthetic methodology offers
several compelling advantages in terms of sustainability,
cost-efficiency, and operational simplicity. A key innovation
lies in the use of household bleach (sodium hypochlorite) as a
mild and readily available oxidizing agent, in combination with
benzotriazole (BtH), which acts not only as a ligand precursor
but also as a recyclable mediator of oxidative transformations.

The environmental appeal of this approach is further en-
hanced by the recyclability of BtH, which can be recovered
in high yield using either column chromatography (up to
96 % recovery) or a more accessible acid-base extraction
protocol. In the latter case, post-reaction acidification of the

é‘(’)o n & BtH,"CI”
BtH /"\
DN

__SH

aqueous layer followed by vigorous stirring in the presence of
dichloromethane for 1 hour enabled efficient partitioning of
benzotriazole into the aqueous phase as its hydrochloride salt,
achieving up to 99 % recovery. However, under these condi-
tions, a modest reduction in the isolated yield of the disulfide
product to approximately 70 % was observed, as detailed
in the Experimental Section. Notably, shorter mixing times
resulted in incomplete extraction of benzotriazole, thereby
diminishing overall recovery efficiency and complicating
downstream processing.

This one-pot protocol is also notable for its operational
simplicity, avoiding the need for multiple isolation steps and
minimizing the use of hazardous reagents. The core strategic
features of this disulfide-forming transformation are summa-
rized schematically in Fig. 4.

Further investigations are underway to expand the scope
of this methodology, including detailed mechanistic studies
and its application to the preparation of structurally diverse
disulfide-containing bioconjugates.

Conclusions

1. The synthesis of new unsymmetrical disulfides of 4-phe-
nyl-5-((pyrimidin-2-ylthio)methyl)-1,2,4-triazole-3-thiols
was successfully implemented under mild conditions using
1-chlorobenzotriazole as a selective reagent, which ensured a
high yield of target compounds and good tolerance to various
functional groups.

2. The obtained disulfide derivatives form pharmacophore
active fragments —a disulfide bridge and a 1,2,4-triazole core
— which increases their prospects as discovered biologically
active compounds with antioxidant and antimicrobial effects,
in particular in the context of combating antibiotic-resistant
pathogens.

3. The structural similarity of the synthesized compounds
to natural antioxidants, such as cystine and allicin, allows us
to consider them as model compounds for further studies of
the mechanisms of redox activity and the development of
new drugs aimed at regulating oxidative stress.
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