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Abstract

Objectives. To develop the procedures for synthesis of hybrid molecules with potential anti-
tubercular activity containing heterocyclic cores of 4-nitroimidazole and 1,3,4-thiadiazole within
the framework of a double-drug strategy and predict bioactivity of target structures and drug-
likeness physicochemical parameters.

Methods. Target compounds were prepared by classical organic synthesis methods. The
structure of the obtained compounds was characterized by melting points, 'H and '°C nuclear
magnetic resonance spectroscopy, and high-resolution mass spectrometry. The calculation of the
physicochemical parameters of the target compounds and prediction of their biological activity
were carried out using publicly available software for cheminformatics and molecular modeling.
Results. Acylation of propargylamine with (2-methyl-4-nitro-1H-imidazol-1-yl)acetic and (4-nitro-
1H-imidazol-1-yl)acetic acids provided the corresponding amides, which were cyclized with
seven different benzylamines in the presence of zinc triflate. In this way, seven new compounds
were obtained at 20-30% yields. Ten arylamines were acylated with chloroacetyl chloride and
the resulting chloroacetamides were converted into corresponding thio-oxahydrazides by the
Willgerodt-Kindler reaction. Following acylation by (4-nitro-1H-imidazol-1-yl)acetic acid, these
compounds were converted into the target hybrid imidazolyl-thiadiazoles at 29-54% yields.

© T.S. Vedekhina, M.V. Chudinov, A.Yu. Lukin, 2023
219


mailto:taveda@gmail.com
https://doi.org/10.32362/2410-6593-2023-18-3-219-229

Design and synthesis of 4-nitroimidazole derivatives with potential antitubercular activity

Conclusions. Two series of new heterocyclic compounds with a hybrid structure including a
privileged 4-nitroimidazole moiety linked to the second heterocycle, imidazole, or thiadiazole, were
obtained. The synthesis and characterization of compounds by physicochemical methods was
aimed at searching for anti-tuberculosis activity. The bioactivity potential of target compounds
was demonstrated by preliminary calculations performed using public prognostic programs.
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AHHOMAQuus

IMenu. Paspabomka cuHmesa 2ubpudHblX MONEKYSL C NOMEHYUUANTbHOU npomusomybeprye3Hotl
AKMUBHOCMbIO, COOEPIKAULUX 2emepoyuriuuecKue cucmemol 4-numpoumuoasona u 1,3,4-mua-
oduazona, 8 pamkax cmpamezuu «double drugr. AHanuz coomeemcmeust UX pPACUEmMHBbIX
PUBUKO-XUMUUECKUX NAPAMEempPo8 UHMepsanam 3HaueHUll ONsl JeKapcmeeHHO-no00OHbLIX
(«drug-likeness») coeduHeHUI.

Memooeut. Llenesvle coeduHeHust OblIU NOAYUEHbL KAACCUUECKUMU MEemodamMu Op2aHUUecKoz20
cuHmesa. Cmpyxmypa nonyueHHslx coeouHeHull bblia oxapaKkmepuszosaHa memnepamypamu
nnagneHusl, cneKkmpockonueii si0epHoeo mazHumHoeo pesoHavca 'H u BC, macc-cnekmpomempuetl
8blCOK020 paspeweHusl. Pacuem @Qu3uko-Xumuueckux napamempos uesiegblx COeOUHeHUll U
npozHo3uposaHue ux buosozuUecKoli aKmueHoCmu NPo8ooUNU C UCNOb308AHUEeM obugedocmyn-
HO020 NPo2paMMHO20 obecneueHus ONst XeMOUHPOPMAMUMKU U MOSEKYAIPHO20 MOOESUPOBAHUSL.
Pesynemameotl. AyunuposaHuem mnponapeunomuHa (2-wmemun-4-Humpo-1H-umudason-1-unjyrcycHotl
u (4-Humpo-1H-umudaszon-1-un)ykcycHoti Kucromamu OblLiU NOAYUEHbL NPONapsULAMUObL,
Komopble YUKAUI08ANU C 7 PASAUUHBIMU OEH3UNAMUHAMU 8 NpUCYymMCemeuu mpugrama yuHka.
Taxum cnocobom c evixooamu 20-30% om meopemuueckozo Obina NOAYUeHA cepust U3 7 HO8blLX
2-[(4-rHumpo- 1 H-umudaszon- 1-un)memunj- 1-6ex3un-5-memun-1 H-umuoazonos. 10 apunamuros
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6bLIU  AUUAUPOBAHBL  XAOPAUEMUXAOPUOOM. T[lonyueHHble xaopauemamudsl pearyueti
Bunwzepooma-KuHonepa npegpamuau 8 coomeememayrouiiue muookcazuopasuosl. Omu coe0uHeHUst
nocne ayuauposarust (4-numpo-1H-umudason-1-un)yrcycHoli Kucromoii 6bLiu npespauieHst
yursiodezudopamayueti 8 yesnesoble 2ubpuUOHble UMUOAZONUT-MUAOUA30bL, ¢ 8blxooamu 29-54%.
Buteooust. [TonyueHsbl 08e cepull HO8bLX 2eMepPOUUKAUUECKUX COCOUHEHUT C 2UOPUOHOTL cmpyK-
mypoti, erouarouell. NPUBUNE2UPOBAHHDLLU GpazmeHm 4-HUMpoOUMuUOa3ona, CoeOuHeHHbL
ANKUSIbHBIM JIUHKEPOM CO 8MOPbIM 2eMEePOYUUKIOM — UMUOAZ0/I0M Ulu muaduasonom. Coedu-
HeHUsl CKOHCMPYUPOBAHbLL C UeSIbI0 NOUCKA Npomusomybepryie3Hol aKmueHoCmu, CUHMe3upo-
8AHbL U 0OXAPAKMEPU308AHbL PUSUKO-XUMUUECKUMU memodamu. TIpedeapumenibHble pacuemst,
8blNONIHEHHbLE C NOMOULBLIO 00ULEOOCMYNHBIX NPOZHOCMUUECKUX NPOZPAMM, NOKA3AIU 803MOIN-
HbLl nomeHyuan 6uoi0euueckoli aKmu8HOCMU Yeaneblx CmpyKkmyp.

Knroueesle cnoea: Humpoumuoasosl, buumuoaszonwl, 1,3,4-muaduasonst, N-nponapaunamuost,

muocemurkapbasudsl, mpugaam YuHKa

Jna yumuposanua: Benéxuna T.C., Uymunos M.B., Jlykun A.}O. JluzaiiH W CHHTE3 NPOU3BOAHBIX 4-HUTPOUMHJA30JIa
C IOTEHIMANbHOM aHTUTYOEpKYIEe3HOM AaKTUBHOCTbIO. Tomkue xumuueckue mexnonoeuu. 2023;18(3):219-229. https://doi.

org/10.32362/2410-6593-2023-18-3-219-229

INTRODUCTION

One of the most studied structures in medicinal
chemistry comprises the imidazole heterocyclic
system. Many drugs that are currently on the
market or in the process of being developed are
based on an imidazole core [1]. Imidazole derivatives
are present among antibiotic, antiviral and anticancer
drugs, as well as antiprotozoal agents and many
other medicinal compounds. These compounds play
an important role in the fight against tuberculosis, a
socially significant infection that has recently created

increasingly serious problems for public health due to
the spread of multidrug-resistant strains. Delamanid
(1) was approved for the treatment of antibiotic-
resistant forms of tuberculosis in 2014; another
imidazole derivative, Pretomanid (PA-824) (2), is
currently undergoing phase III clinical trials [2]. Both
structures are based on the heterocyclic 4-nitroimidazole
system (Fig. 1). 5-Nitroimidazoles have been used
antibacterial and antiprotozoal agents [3] since
the 1960s; in this connection, it is sufficient to
mention the well-known metronidazole (3) and
ornidazole (4) variants. Due to the less well-developed

Fig. 1. Structures of nitroimidazole drugs 1-5 and synthesized compounds 6, 7.
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approaches to the synthesis of these substances,
the activity of 4-nitroimidazoles only became the
subject of studies more recently. The mechanisms
of action and biological targets of nitroimidazoles
are very diverse. At the first stage of metabolism,
cell enzyme systems reduce the nitro group to
an amine, while aminoimidazoles inhibit the
synthesis of DNA and proteins. Some drugs block
mitochondrial oxidation processes to deplete the
cell structure [4].

Another example of a privileged structure is
the 1,3,4-thiadiazole system. The biological activity
of 1,3,4-thiadiazole derivatives is very diverse
[5]. Among these substances are antimicrobial,
antiprotozoal and antituberculosis agents [6] with
high pharmacological potential, as well as registered
drugs, for example, megazole with antitrypanosomal
activity (5). However, the mechanisms of action
of these compounds have been much less studied.
One of the recent publications suggests inhibition
of one of the key enzymes of fatty acid synthesis,
enoyl-ACP reductase (EC 1.3.1.9) as comprising
such a mechanism [7]. Nevertheless, the very nature
of the electron-deficient azole cycle suggests
the possibility of effective binding to a wide
variety of targets; therefore, other reasons for the
antimicrobial action are also likely, for example,
inhibition of inosine monophosphate dehydrogenase
(EC 1.1.1.205), a key enzyme in the de-novo
synthesis of purine nucleotides [2].

The aim of the present work is to develop
the procedures for synthesis of hybrid molecules
containing such heterocyclic systems within the
framework of a “double-drug strategy”. Such a
strategy, which is widely used in the search for
new active structures [8], was previously used by
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us to obtain active derivatives of the S-nitrofuran
pharmacophore [9]. The design of the target structures
included an analysis of the correspondence of
their calculated physicochemical parameters to the
ranges of values for drug-likeness compounds. The
structures of the synthesized compounds 6, 7 are shown
in Figs. 1.

RESULTS AND DISCUSSION

The first series of compounds 6a—-g was designed
similarly to several previously described compounds
offering high antituberculosis activity [10, 11].
The structures of the prototype compounds include
2 imidazole cycles attached via an alkyl linker. The
advantages of such a structure from the point of
view of biological activity are considered in review
papers [2, 12]. The inclusion of a flexible linker
between  pharmacophore  fragments  presumably
increases the likelihood of the molecule binding to
different target sites.

Target compounds 6a—g were synthesized by
the zinc promoted reaction of propargylamides 9a
and 9b with primary amines [13—15] (Scheme 1).

Propargylamides 9a and 9b were obtained
by acylation of propargylamine with (2-methyl-4-
nitro-1H-imidazol-1-yl)acetic (8a) and (4-nitro-1H-
imidazol-1-yl)acetic (8b) acids in dimethylformamide
(DMF) in the presence of 1,1’-carbonyldiimidazole
(CDI). The yield of propargylamides was 64%
and 53%, respectively. Next, propargylamides 9a
and 9b were heated for 6 h in toluene with the
corresponding benzylamines in the presence of
zinc triflate; the reaction product was isolated by
silica gel column chromatography. Following isolation

NO, 6a:R,=CH, R,=H
6b: R, =CH;, R, = o-F
6c: R, =CH;, R, =mF
6d: R, = CH;, R, = mCl
6e: R, =H,R,=pCH,
6f: R, =H,R,= oF

6g: R, =CH;, R, = p-Cl

Scheme 1. Synthesis of compounds 6a—g.
Reagents and conditions: (I) carbonyldiimidazole (CDI), propargyl amine, dimethylformamide (DMF), 16 h;
(IT) Zn(CF,S0,),, R ~PhCH,NH,, toluene, reflux, 6 h.
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and purification, the yields of compounds 6a—6g
varied in the range of 20-30% of the theoretical
maximum. The structure of the obtained compounds
was confirmed by 'H and "3C nuclear magnetic
resonance (NMR) spectroscopy.

Hybrid imidazolyl-thiadiazoles 7 include two
heterocyclic nuclei linked by a methylene linker—
4-nitroimidazole and thiadiazole—as well as a peripheral
aryl group. The general structure of 7 is similar to
the compounds of series 6 and the structure of
megazole 5; its isosteric compounds having an
oxadiazole ring exhibit significant antibacterial
activity [16]. Series 7a—j was obtained using a

S5-step scheme starting with the acylation of
arylamines 10 with chloroacetyl chloride [17]
(Scheme 2).

In the next step, chloroacetamides 11 were
used without additional purification following

treatment in the Willgerodt—Kindler reaction with
elemental sulfur and morpholine, and then with
hydrazine hydrate. Thus, without isolation of
intermediate thiooxamides 12, compounds 13a-13j
were obtained, which were purified by crystallization
from ethanol and characterized by physicochemical
methods. The thio-oxahydrazides 13 were acylated
with commercially available (4-nitro-1H-imidazol-1-yl)-
acetic acid and then subjected to cyclodehydration
in glacial acetic acid. The yields of target arylamides
7a—7j after column chromatography were 29-54%.
Compounds 7a-j were characterized by melting
points, 'H- and “C-NMR spectra.

Cl

The calculation of the physicochemical
parameters of the target compounds using the publicly
available Molinspiration! and SwissADME?  software
demonstrated a correspondence between their
lipophilicity and molecular weight ratios with the
Lipinski criteria [18] for drug-likeness compounds
(Fig. 2).

The prediction of the biological activity of
structures 6 and 7 using the Molinspiration Virtual
Screening  Toolkit shows additional significant
similarity with known GPCR ligands, representing
the bulk of drug-active compounds. On this basis,
positive results of the proposed biological screening
can be expected.

6.00 -

5.00 fim===m == mmmmmmmmoooooooooo, .

100(),00 100.00 200.00 300.00 400.00 500.00 600.00
MW
Fig. 2. Calculated physicochemical parameters
of the target compounds:
¢ compounds 2-5; m compounds 6; A compounds 7.
MW — molecular weight; cLogP — average lipophilicity
value calculated from five predictions using
the standard 1-octanol-water system.
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Ar: Ph (a); 3,4-F-Ph (b); 4-MeOPh (c); 3-CI-Ph (d); 4-Me-Ph (e);
2,4-F-Ph (f); 2-F-Ph (g); 2-Me-Ph (h); 4-F-Ph (i); 3-Me-Ph (j)

Scheme 2. Synthesis of 5-[(4-nitro-1H-imidazol-1-yl)methyl]-1,3,4-thiadiazole-2-carboxyaryl amides(7a—j).
Reagents and conditions: (I) Et;N, CH,CL; (I) S, morpholine, Et,N, DMF, room temperature (r:t. is assumed to be equal to 25°C), 16 h;

(II1) N,H,‘H,0, DMF, r.t.,, 16 h; (IV) CDI, DMF, r.t., 16 h;
(V) AcOH, reflux, 0.5 h.

! Molinspiration Cheminformatics. URL: https://www.molinspiration.com. Accessed December 13, 2022.
2 SwissADME. URL: http://www.swissadme.ch. Accessed December 13, 2022.
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EXPERIMENTAL

All reactions were carried out in glassware
preliminarily dried at 140°C under a nitrogen
atmosphere. Melting points as determined with
a C-520 melter (Biichi, Switzerland) were not
corrected. Analytical thin layer chromatography
(TLC) was performed on Sorbfil plates (IMID, Russia)
using the corresponding ethyl acetate/hexane and
chloroform/methanol solvent systems. Compounds
were visualized using shortwave ultraviolet light.
'H and "C NMR spectra were recorded on a
DPX-300 spectrometer (Bruker, Germany) in
DMSO-d, and CDCI, using tetramethylsilane as
an internal standard. Mass spectra of the final
compounds were recorded on an Agilent 6210 TOF
time-of-flight mass spectrometer (Agilent, USA) with
electrospray ionization (ESI-MS). All reagents and
solvents were obtained from commercial sources
and used without further purification.

General procedure for the synthesis
of compounds 9a—b

To 16.2 mmol of carboxylic acid 8 in 25 mL
of dry DMF was added 17.8 mmol of CDI, and the
mixture was left to stir at room temperature for 30 min.
Then 17.8 mmol of propargylamine was added
and left to stir at room temperature for 16 h. The
reaction mixture was poured into water (150 mL)
and extracted with ethyl acetate. The organic phase
was washed with 5% K CO, aqueous solution
(2 x 20 mL), dried over anhydrous Na,SO,, and
evaporated on a rotary evaporator under vacuum.
The residue was suspended in diethyl ether; the
precipitate was filtered off.

2-(2-methyl-4-nitro-1H-imidazol-1-yl)-N-prop-
2-yn-1-ylacetamide 9a

Yield of 2.3 g (64%), light yellow crystals,
T = 150-151°C. 'H NMR (300 MHz, DMSO-d,),
5 8.80 (t, J = 5.1 Hz, 1H), 8.28 (s, 1H), 4.80 (s, 2H),
3.93 (dd, J= 5.3, 2.4 Hz, 2H), 3.19 (t, J = 2.4 Hz, 1H),
2.25 (s, 3H).

2-(4-nitro-1H-imidazol-1-yl)-N-prop-2-yn-1-
ylacetamide 9b

Yield of 1.3 g (53.4%), orange crystals,
T = 139-140°C. '"H NMR (300 MHz, DMSO-d,),
5 8.76 (t, J = 5.1 Hz, 1H), 8.33 (s, 1H), 7.80 (s, 1H),
4.86 (s, 2H), 3.93 (dd, J = 5.3, 2.4 Hz, 2H), 3.19
(t,J=2.4 Hz, 1H).

General procedure for the synthesis
of compounds 6a-g
To 0.90 mmol of propargylamide 9 in 20 mL
of toluene, 1.08 mmol of the corresponding

benzylamine and 0.2 mmol of Zn(CF,SO,), were
added, and the mixture was boiled for 8 h with
distillation of water. The reaction mixture was
evaporated, the residue was dissolved in ethyl ace-
tate and washed with a 5% aqueous solution of K,CO,
(2 x 15 mL), dried over anhydrous Na,SO,, and
evaporated on a rotary evaporator under vacuum.
The residue was subjected to silica gel column
chromatography, eluting with chloroform, increas-
ing the polarity by adding methanol from 0% to 20%.
Fractions containing the target product were combined
and evaporated.

1-[(1-benzyl-5-methyl-1H-imidazol-2-yl)-
methyl]-2-methyl-4-nitro-1H-imidazole 6a

Yield of 110 mg (26%), orange crystals,
T, = 119-120°C. 'H NMR (300 MHz, CDCL,), & 7.37
(s, 1H), 7.30-7.27 (m, 1H), 7.26 (d, J = 2.0 Hz, 2H),
6.90 (s, 1H), 6.80—6.75 (m, 2H), 5.03 (s, 2H), 4.99 (s, 2H),
2.29 (s, 3H), 2.19 (s, 3H); "C NMR (75 MHz, CDCl,),
o 146.4, 144.8, 140.0, 135.0, 130.4, 129.4, 128.5,
126.7, 125.2, 119.9, 47.0, 43.7, 13.3, 9.7. ESI-MS:
calculated for [C, H ,N.O,]" 312.1461, found 312.1453.

1-[(1-(2-fluorobenzyl)-5-methyl-1H-imidazol-2-yl)-
methyl]-2-methyl-4-nitro-1H-imidazole 6b

Yield of 80 mg (27%), orange crystals,
T = 138-139°C. 'H NMR (300 MHz, CDCL,),
6 7.38 (s, 1H), 7.27-7.19 (m, 2H), 7.08-7.02 (m, 1H),
7.01-6.93 (m, 1H), 6.91 (s, 1H), 5.09 (s, 2H), 5.07
(s, 2H), 2.33 (s, 3H), 2.19 (s, 3H); *C NMR (75 MHz,
CDCL,), 6 159.6 (d, J = 2464 Hz), 146.3, 144.7,
139.9, 130.6 (d, J = 8.2 Hz), 130.4, 126.6, 126.5
(d,/=3.3Hz), 125.1 (d,/J=3.6 Hz), 122.0 (d,/=14.0 Hz),
119.6, 115.9 (d, J=20.5 Hz), 43.5, 41.4 (d, /= 5.4 Hz),
13.3, 9.8. ESI-MS: calculated for [C H FN.O,]"
330.1366, found 330.1371.

1-[(1-(3-fluorobenzyl)-5-methyl-1H-imidazol-2-yl)-
methyl]-2-methyl-4-nitro-1H-imidazole 6¢

Yield of 60 mg (20.2%), orange crystals,
T,, = 156-157°C. 'H NMR (300 MHz, CDCI,),
o 7.47 (s, 1H), 7.31-7.22 (m, 1H), 6.98 (dd, J = 8.3,
1.9 Hz, 1H), 6.94 (s, 1H), 6.57 (broad.d, /= 7.7 Hz, 1H),
6.48 (broad.d, J=9.2 Hz, 1H), 5.06 (s, 4H), 2.33 (s, 3H),
2.19 (s, 3H); “"C NMR (75 MHz, CDCl,), 5 163.4
(d,J=249.1 Hz), 146.4, 144.8, 139.9, 137.5 (d, /= 7.0 Hz),
131.2(d, J=8.4 Hz), 130.5, 126.7, 120.7 (d, /= 3.0 Hz),
119.8, 115.6 (d, J = 21.1 Hz), 112.3 (d, J = 22.7 Hz),
46.5 (d, /= 1.8 Hz), 43.6, 13.4, 9.7. ESI-MS: calculated
for [C, . H _FN.O,]" 330.1366, found 330.1362.

1-[(1-(3-chlorobenzyl)-5-methyl-1H-imidazol-
2-yl)methyl]-2-methyl-4-nitro-1H-imidazole 6d

Yield of 80 mg (25.7%), orange crystals,
T, =164-165°C. 'H NMR (300 MHz, CDCL,), & 7.47
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(s, 1H), 7.24 (t, J = 6.1 Hz, 2H), 6.94 (s, 1H), 6.74
(broad.s, 1H), 6.68 (broad.d, J = 6.5 Hz, 1H), 5.04
(s, 4H), 2.32 (s, 3H), 2.21 (s, 3H); “C NMR (75 MHz,
CDCL), 6 146.4, 144.8, 139.9, 136.9, 135.7, 130.7,
130.5, 128.8, 126.7, 125.3, 123.3, 119.7, 46.4, 43.6,
13.4, 9.8. ESI-MS: calculated for [C, H CINO,]"
346.1071, found 346.1066.

5-methyl-1-(4-methylbenzyl)-2-[(4-nitro-1H-
imidazol-1-yl)methyl]-1H-imidazole 6e

Yield of 90 mg (30.7%), orange crystals,
T = 110-111°C. '"H NMR (300 MHz, CDCL,),
8 7.45 (s, 1H), 7.28 (s, 1H), 7.04 (broad.d, J = 7.6 Hz,
2H), 6.88 (s, 1H), 6.68 (broad.d, J = 7.7 Hz, 2H), 5.11
(s, 2H), 5.03 (s, 2H), 2.27 (s, 3H), 2.17 (s, 3H);
“C NMR (75 MHz, CDCL,), & 147.6, 140.1, 138.4,
137.4, 135.8, 132.2, 130.3, 129.9, 129.2, 126.6, 125.3,
119.6, 46.7, 442, 2009, 9.7. ESI-MS: calculated
for [C, ,H ,N.O,]" 312.1461, found 312.1460.

1-(2-fluorobenzyl)-5-methyl-2-[(4-nitro-1H-
imidazol-1-yl)methyl]-1H-imidazole 6f

Yield of 80 mg (24.3%), orange crystals,
T, =132-133°C. 'H NMR (300 MHz, CDCL,), 6 7.59
(s IH) 7.33 (s, 1H), 7.26-7.22 (m, 1H), 7.08-7.01
(m, 1H), 6.99-6.92 (m, 1H), 6.90 (s, 1H), 6.40
(t, J = 7.7 Hz, 1H), 5.21 (s, 2H), 5.12 (s, 2H), 2.19
(s, 3H); "C NMR (75 MHz, CDCL), & 159.6
(d, J = 246.6 Hz), 147.9, 140.1, 135.7, 130.5, 130.3
(d, J = 8.1 Hz), 127.0, 126.8 (d, J = 3.3 Hz), 125.0
(d, J = 3.5 Hz), 122.3 (d, J = 14.1 Hz), 119.4, 115.9
(d, J = 20.7 Hz), 44.2, 413 (d, J = 5.1 Hz), 9.7.
ESI-MS: calculated for [C H FN.O,]" 316.1210,
found 316.1222.

1-[(1-(4-chlorobenzyl)-5-methyl-1H-imidazol-
2-yl)methyl]-2-methyl-4-nitro-1H-imidazole 6g

Yield of 70 mg (22.5%), orange crystals,
T ., = 189-190 °C. 'H NMR (300 MHz, CDCL,),
S 747 (s, 1H), 7.29 (s, 1H), 7.26 (s, 1H), 6.92 (s, 1H),
6.74 (d, J = 8.3 Hz, 2H), 5.04 (s, 2H), 5.03 (s, 2H),
2.33 (s, 3H), 2.17 (s, 3H); "C NMR (75 MHz, CDCl,),
0 146.5, 144.9, 139.9, 134.6, 133.5, 130.4, 129.7, 126.8,
126.6, 119.8, 46.5, 43.7, 13.4, 9.7. ESI-MS: calculated
for [C,H ,CIN,O,]" 346.1071, found 346.1075.

General procedure for the synthesis
of compounds 13a-j

5.0 mmol of the corresponding aniline 10 was
dissolved in 25 mL of CH,Cl,. 5.5 mmol of triethylamine
and 5.0 mmol of chloroacetyl chloride were added,
and the reaction mixture was stirred at room
temperature for 16 h. The triethylammonium chloride
precipitate was filtered off and concentrated under
vacuum to obtain 2-chloroacetamide 11, which was
further used without further purification.

Triethylamine (32.0 mmol) and morpholine
(2.12 mmol) were successively added (dropwise)
to a suspension of elemental sulfur (32.0 mmol) in
dry DMF (40 mL), and the resulting mixture was
stirred for 30 min. Then a solution of 1.0 mmol of
2-chloroacetamide 11 was added and the mixture
was left to stir overnight. The mixture was poured
into 100 mL of water, the resulting precipitate was
filtered off and air dried. Then it was suspended
in 100 mL of acetone and the insoluble residue of
unreacted sulfur was filtered off and discarded.
The filtrate was evaporated to dryness, and the dry
residue of thiomorpholide 12 was dissolved in
30 mL of dry DMF, treated with 5 mL of hydrazine
hydrate, and stirred for 12 h. The reaction mixture
was poured into water, and the pH of the aqueous
medium was adjusted to 5.0 with 2 M aqueous HCL
The resulting precipitate was filtered off, washed
with water, air dried, and crystallized from ethanol
to give analytically pure compounds 13 in the
indicated yields.

2-hydrazino-N(1)-phenyl-2-thiooxacetamide 13a

Yield of 107 mg (55%), yellow crystals,
T, = 152-153°C. 'H NMR (300 MHz, DMSO-d,),
5 10.21 (s, 1H), 7.74 (d, J = 7.8 Hz, 1H), 7.36
(t, J=17.9 Hz, 5H), 7.14 (t, J = 7.4 Hz, 1H); *C NMR
(75 MHz, DMSO-d,), 6 167.7, 158.4, 137.9, 129.3,
125.0, 120.5.

N(1)-(3,4-difluorophenyl)-2-hydrazino-2-
thiooxacetamide 13b

Yield of 175 mg (76%), yellow crystals,
T, = 164-165°C. 'H NMR (300 MHz,
DMSO-d,), 8 10.41 (s, 1H), 7.91 (ddd, J = 13.0,
74, 24 Hz, 1H), 7.65-7.55 (m, 1H), 7.43
(dd, J = 19.5, 9.2 Hz, 1H); BC NMR (75 MHz,
DMSO-d), & 167.8, 158.9, 149.5 (dd, J = 2108,
12.9 Hz), 1463 (dd, J = 2104, 13.0 Hz), 135.1
(dd, J = 9.1, 3.0 Hz), 117.9 (d, J = 17.9 Hz), 117.43
(dd,J=6.1,3.4 Hz), 109.97 (d, J=21.7 Hz).

2-hydrazino-N(1)-(4-methoxyphenyl)-2-
thiooxacetamide 13c

Yield of 173 mg (77%), yellow crystals,
T = 168-169°C. 'H NMR (300 MHz, DMSO-d,),
5 10.10 (s, 1H), 7.66 (t, J = 6.2 Hz, 2H), 6.92
(t, J= 6.1 Hz, 1H), 3.73 (s, 1H); C NMR (75 MHz,
DMSO-d,), & 167.8, 158.0, 156.6, 131.0, 122.2,
114.4, 55.7.

N(1)-(3-chlorophenyl)-2-hydrazino-2-
thiooxacetamide 13d

Yield of 146 mg (64%), yellow crystals,
T, = 162-163°C. 'H NMR (300 MHz,
DMSOd) 5 10.38 (s, 1H), 7.94 (t, J = 2.0 Hz, 1H),
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7.73-7.68 (m, 1H), 7.38 (t, J = 8.1 Hz, 1H),
7.20 (dd, J = 7.8, 1.6 Hz, 1H); *C NMR (75 MHz,
DMSO-d)), 6 167.6, 159.0, 139.5, 133.5, 130.9, 124.7,
120.2, 119.2.

2-hydrazino-N(1)-(4-methylphenyl)-2-
thiooxacetamide 13e

Yield of 115 mg (55%), yellow crystals,
T, = 155-156°C. 'H NMR (300 MHz, DMSO-d,),
S 10.13 (s, 1H), 7.62 (d, J = 8.4 Hz, 2H), 7.16
(d, J = 8.3 Hz, 2H), 2.27 (s, 3H); *C NMR (75 MHz,
DMSO-d), 6 167.7, 1582, 135.4, 1342, 129.7,
120.5, 21.0.

N(1)-(2,4-difluorophenyl)-2-hydrazino-2-
thiooxacetamide 13f

Yield of 164 mg (71%),
T, = 174-175°C. 'H NMR (300 MHz,
DMSO-d), 6 10.19 (s, 1H), 791 (it, J = 19.2,
9.6 Hz, 1H), 7.41 (ddd, J = 11.5, 9.0, 2.8 Hz, 1H),
7.28-7.04 (m, 1H), 7.19-7.08 (m, 1H); “C NMR
(75 MHz, DMSO-d,), 6 165.81, 159.5 (dd, J = 244.7,
11.7 Hz), 157.9, 154.6 (dd, J = 248.4, 12.7 Hz), 125.0
(dd, /=9.7,2.3 Hz), 122.2 (dd, J=11.5, 3.7 Hz), 111.9
(dd, J=22.1, 3.7 Hz), 104.8 (dd, J=27.1, 23.8 Hz).

yellow crystals,

N(1)-(2-fluorophenyl)-2-hydrazino-2-
thiooxacetamide 13g

Yield of 149 mg (70%), yellow crystals,
T = 172-173°C. 'H NMR (300 MHz, DMSO-d,),
5 10.26 (s, 1H), 8.05 (ddd, J = 7.8, 5.6, 2.9 Hz, 1H),
7.40-7.29 (m, 1H), 7.28-7.19 (m, 2H); "“C NMR
(75 MHz, DMSO-d), & 1657, 157.5, 154.0
(d, J = 2449 Hz), 126.6 (d, J = 7.8 Hz), 1255
(d, J =109 Hz), 125.3 (d, J = 3.6 Hz), 122.8, 116.0
(d, J=19.0 Hz).

2-hydrazino-N(1)-(2-methylphenyl)-2-
thiooxacetamide 13h

Yield of 152 mg (73%), yellow crystals,
T = 151-152°C. '"H NMR (300 MHz, DMSO-d,)
5 10.09 (s, 1H), 7.83 (d, J = 7.9 Hz, 1H), 7.25
(dd, J = 13.5, 7.5 Hz, 2H), 7.11 (t, J = 7.4 Hz, 1H),
228 (s, 3H); “"C NMR (75 MHz, DMSO-d)),
5 166.8, 157.4, 135.8, 130.9, 130.0, 126.9, 125.8,
122.1, 17.8.

N(1)-(4-fluorophenyl)-2-hydrazino-2-
thiooxacetamide 13i

Yield of 132 mg (62%),
T, = 179-180°C.

yellow crystals,
N 'H NMR (300 MHz,
DMSO-d,), & 10.28 (s, 1H), 7.78 (ddd, J = 8.5,
52, 29 Hz, 1H), 7.23-7.16 (m, 2H); “C NMR
(75 MHz, DMSO-d,), 6 167.9, 159.2 (d, J = 241.5 Hz),
158.5, 1344 (d, J = 2.6 Hz), 122.7 (d, J = 8.0 Hz),
115.9 (d,J=22.4 Hz).

2-hydrazino-N(1)-(3-methylphenyl)-2-
thiooxacetamide 13

Yield of 123 mg (59%),
r,, = [115-116°C. 'H NMR (300 MHyz,
DMSO-d,), & 10.12 (s, 1H), 7.56 (s, 2H), 7.25
(dd, J = 11.4, 4.8 Hz, 1H), 6.96 (d, J = 7.3 Hz, 1H),
230 (s, 3H); "C NMR (75 MHz, DMSO-d)),
o 167.8, 158.2, 138.6, 137.8, 129.2, 125.8, 120.9,
117.6, 21.6.

yellow crystals,

General procedure for the synthesis
of compounds 7a—j

To 1.07 mmol of (4-nitro-1H-imidazol-1-yl)
acetic acid 8b and 25 mL of dry DMF was added
1.18 mmol of CDI and the mixture was left to
stir at room temperature for 30 min. Then, 1.18 mmol
of the corresponding compound 13 was added and
the mixture was stirred at room temperature for
16 h. The reaction mixture was poured into 100 mL
of water, the precipitation 14 that formed was
filtered off and air dried. Without further purifica-
tion, thiohydrazide 14 was boiled in 3 mL of glacial
acetic acid with 12.8 mmol of succinic anhydride for
30 min, cooled, and poured into 25 mL of water.
The resulting precipitation, predominantly consisting
of compound 7, was filtered off and air dried.
The precipitation was purified by silica gel column
chromatography (eluent, ethyl acetate). Fractions
containing target product 7 were combined and
exhausted.

5-[(4-nitro-1H-imidazol-1-yl)methyl]-N-
phenyl-1,3,4-thiadiazole-2-carboxamide 7a

Yield of 130 mg (36.7%), orange crystals,
T = 182-183°C. '"H NMR (300 MHz, DMSO-d,),
5 11.16 (s, 1H), 8.56 (s, 1H), 8.08 (s, 1H), 7.82
(d, J = 8.2 Hz, 2H), 7.38 (t, J = 7.8 Hz, 2H), 7.17
(t, J = 72 Hz, 1H), 597 (s, 2H); *C NMR
(75 MHz, DMSO-d,), 6 168.8, 167.5, 155.9, 147.2,
1379, 137.6, 128.8, 124.8, 121.9, 120.9, 45.4.
ESI-MS: calculated for [C,H NO,S]+ 331.0613,
found 331.0621.

N-(3,4-difluorophenyl)-5-[(4-nitro-1H-imidazol-
1-yl)methyl]-1,3,4-thiadiazole-2-carboxamide 7b

Yield of 180 mg (46%), orange crystals,
T, ., = 208-209°C. 'H NMR (300 MHz, DMSO-d,),
5 11.45 (s, 1H), 8.57 (s, 1H), 8.08 (s, 1H), 8.00-7.90
(m, 1H), 7.71-7.65 (m, 1H), 7.47 (q, J = 9.3 Hz, 1H),
5.97 (s, 2H); "C NMR (75 MHz, DMSO-d,), 5 169.1,
167.0, 156.2, 148.8 (dd, J = 243.7, 13.2 Hz), 147.2,
146.2 (dd, J = 2434, 12.6 Hz), 137.9, 134.6
(dd, J = 9.0, 3.1 Hz), 121.9, 117.6 (d, J = 18.0 Hz),
117.4 (dd, J= 6.3, 3.4 Hz), 110.0 (d, J=21.7 Hz), 45.4.
ESI-MS: calculated for [C H,F,N.O,S]" 367.0425,
found 367.0396.
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N-(4-methoxyphenyl)-5-[(4-nitro-1H-imidazol-
1-yl)methyl]-1,3,4-thiadiazole-2-carboxamide 7c:

Yield of 170 mg (44.1%), orange crystals,
T,, = 204-205°C. 'H NMR (300 MHz, DMSO-d,),
o 11.09 (s, 1H), 8.57 (s, 1H), 8.08 (s, 1H), 7.73
(d, J = 9.0 Hz, 2H), 6.94 (d, J = 9.0 Hz, 2H), 5.96
(s, 2H), 3.74 (s, 3H); "C NMR (75 MHz, DMSO-d,),
o 168.7, 167.7, 156.3, 155.5, 147.2, 138.0, 130.6,
122.5, 122.0, 113.9, 55.3, 45.5. ESI-MS: calculated for
[C,,H,N,O,S]"361.0719, found 361.0724.

N-(3-chlorophenyl)-5-[(4-nitro-1H-imidazol-
1-yl)methyl]-1,3,4-thiadiazole-2-carboxamide 7d

Yield of 110 mg (28.2%), orange crystals,
T, = 205-206°C. 'H NMR (300 MHz, DMSO-d,),
5 11.39 (s, 1H), 8.57 (s, 1H), 8.08 (s, 1H), 7.98 (s,
1H), 7.79 (d, J = 8.3 Hz, 1H), 7.41 (t, /= 8.1 Hz, 1H),
723 (d, J = 8.0 Hz, 1H), 597 (s, 2H); *C NMR
(75MHz, DMSO-d,), 6 169.5,167.5,156.7,147.6, 139.5,
138.4, 133.5, 131.0, 125.0, 122.4, 120.8, 119.7, 45.9.
ESI-MS: calculated for [C H, CINO,S]" 365.0224,
found 365.0225.

N-(4-methylphenyl)-5-[(4-nitro-1H-imidazol-
1-yl)methyl]-1,3,4-thiadiazole-2-carboxamide 7e

Yield of 150 mg (40.7%), orange crystals,
T = 215-216°C. '"H NMR (300 MHz, DMSO-d,),
5 11.07 (s, 1H), 8.55 (d, J = 1.2 Hz, 1H), 8.07
(d, J = 1.3 Hz, 1H), 7.70 (d, J = 8.5 Hz, 2H), 7.18
(d, J = 84 Hz, 2H), 5.96 (s, 2H), 2.28 (s, 3H);
BC NMR (75 MHz, DMSO-d,), & 168.6, 167.5,
155.7, 147.1, 137.8, 135.0, 133.9, 129.1, 121.8, 120.8,
45.4, 20.5. ESI-MS: calculated for [C H N.,O,S]*
345.0770, found 345.0758.

147713

N-(2,4-difluorophenyl)-5-[(4-nitro-1H-imidazol-
1-yl)methyl]-1,3,4-thiadiazole-2-carboxamide 7f
Yield of 190 mg (48.5%), orange crystals,
T, ., = 213-214°C. 'H NMR (300 MHz, DMSO-d,),
5 11.01 (s, 1H), 8.56 (s, 1H), 8.08 (s, 1H), 7.62-7.52
(m, 1H), 7.46-7.35 (m, 1H), 7.15 (t, J = 8.4 Hz, 1H),
5.97 (s, 2H); "C NMR (75 MHz, DMSO-d,), 6 169.1,
166.5, 160.5 (dd, J = 246.0, 11.7 Hz), 156.5, 156.4
(dd, J = 251.0, 13.0 Hz), 147.3, 138.1, 128.9
(dd, J = 9.9, 2.6 Hz), 122.1, 120.7 (dd, J = 12.7,
3.8 Hz), 111.7 (dd, J = 22.3, 3.6 Hz), 104.8
(dd, J = 26.8, 24.2 Hz), 45.5. ESI-MS: calculated for
[C,,H,F,NO,S]" 367.0425, found 367.0428.
5-[(4-nitro-1H-imidazol-1-yl)methyl]-/N-(2-
fluorophenyl)-1,3,4-thiadiazole-2-carboxamide 7g
Yield of 170 mg (45.6%), orange crystals,
T = 173-174°C. 'H NMR (300 MHz, DMSO-d,),
& 1095 (s, 1H), 857 (d, J = 1.1 Hz, 1H), 808
(d, J = 1.1 Hz, 1H), 7.58 (t, J = 7.7 Hz, 1H), 7.36-7.31
(m, 2H), 7.27-721 (m, 1H), 598 (s, 2H);

"C NMR (75 MHz, DMSO-d,), 6 169.0, 166.6,
156.2, 155.8 (d, J = 248.1 Hz), 147.2, 138.0, 128.1
(d, J = 7.8 Hz), 127.2, 124.5 (d, J = 3.5 Hz), 124.0
(d, J = 12.3 Hz), 122.0, 116.0 (d, J = 19.6 Hz), 45.4.
ESI-MS: calculated for [C H FN.O,S]" 349.0519,
found 349.0520.

N-(2-methylphenyl)-5-[(4-nitro-1H-imidazol-
1-yl)methyl]-1,3,4-thiadiazole-2-carboxamide 7h

Yield of 200 mg (54.3%), orange crystals,
T = 185-186°C. 'H NMR (300 MHz, DMSO-d,),
5 10.72 (s, 1H), 8.57 (d, J = 1.4 Hz, 1H), 8.08
(d, J = 1.4 Hz, 1H), 7.39-7.35 (m, 1H), 7.31-7.27
(m, 1H), 7.25-7.20 (m, 2H), 5.97 (s, 2H), 2.23 (s, 3H);
"C NMR (75 MHz, DMSO-d,), & 168.6, 167.1,
156.0, 147.2, 137.8, 134.7, 133.5, 130.4, 126.7, 126.3,
126.1, 121.8, 45.3, 17.6. ESI-MS: calculated for
[C,H,NO,S]"345.0770, found 345.0764.

5-[(4-nitro-1H-imidazol-1-yl)methyl]-N-
(4-fluorophenyl)-1,3,4-thiadiazole-2-carboxamide 7i

Yield of 120 mg (32.2%), orange crystals,
T = 228-229°C. 'H NMR (300 MHz, DMSO-d,),
& 1124 (s, 1H), 8.55 (d, J = 1.1 Hz, 1H), 8.07
(d, J = 13 Hz, 1H), 7.88-7.82 (m, 2H), 7.22
(t, J = 89 Hz, 2H), 597 (s, 2H); "*C NMR
(75 MHz, DMSO-d,), & 168.9, 167.393, 158.990
(d, J = 2418 Hz), 1559, 1472, 1379, 1339
(d, J =2.6 Hz), 122.8 (d, J = 8.0 Hz), 121.9, 1154
(d, J = 224 Hz), 45.4. ESI-MS: calculated for
[C,H,FN,O,S]" 349.0519, found 349.0533.

N-(3-methylphenyl)-5-[(4-nitro-1H-imidazol-
1-yl)methyl]-1,3,4-thiadiazole-2-carboxamide 7j

Yield of 110 mg (29.8%), orange crystals,
T, = 200-201°C. 'H NMR (300 MHz, DMSO-d,),
5 11.05 (s, 1H), 8.55 (d, J = 1.0 Hz, 1H), 8.07
(d,J=0.9 Hz, 1H), 7.67 (s, IH), 7.60 (d, /= 8.2 Hz, H),
7.25 (t, J = 7.8 Hz, 1H), 6.99 (d, J = 7.5 Hz, 1H),
5.96 (s, 2H), 2.31 (s, 3H); “C NMR (75 MHz,
DMSO-d,), & 168.8, 167.5, 1559, 147.2, 138.1,
138.0, 137.5, 128.6, 125.5, 122.0, 121.4, 118.1,
45.4, 21.2. ESI-MS: calculated for [C H N.O,SJ*
345.0770, found 345.0764.

CONCLUSIONS

In the course of the work, two novel series
of heterocyclic compounds having a hybrid
structure were obtained, including a preferred
fragment of 4-nitroimidazole, which was connected
by an alkyl linker with a second heterocycle,
imidazole (6) or thiadiazole (7). The compounds
designed as part of a search for anti-tuberculosis
activity were synthesized and characterized by
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physicochemical methods. Preliminary calculations
using publicly available prognostic  programs
demonstrated the potential biological activity of
target structures.

Acknowledgments
This work was supported by the Russian Science
Foundation Grant No. 22-25-00420. NMR spectra were
registered using the equipment of the RTU MIREA
Collective Use Center (Agreement No. 075-15-2021-689
dated September 01, 2021, unique identification number
2296.61321X0010).

REFERENCES

1. Agarwal S. Imidazole-Based Drug Discovery. Elsevier;
2021.372 p.

2.FanY.L.,Jin X.H., Huang Z.P., Yu H.F,, Zeng Z.G., Gao T.,
et al. Recent advances of imidazole-containing derivatives as
anti-tubercular agents. Eur. J. Med. Chem. 2018;150:347-365.
https://doi.org/10.1016/j.ejmech.2018.03.016

3. Leitsch D. A review on metronidazole: An old warhorse in
antimicrobial chemotherapy. Parasitology. 2019;146(9):1167-1178.
https://doi.org/10.1017/S0031182017002025

4. Edwards D.I. Nitroimidazole drugs — action and
resistance mechanisms. I. Mechanisms of action. J. Antimicrob.
Chemother. 1993;31(1):9-20. https://doi.org/10.1093/jac/31.1.9

5.Anthwal T., Paliwal S., Nain S. Diverse Biological Activities
of 1,3,4-Thiadiazole Scaffold. Chemistry. 2022;4(4):1654-1671.
https://doi.org/10.3390/chemistry4040107

6. Jain A.K., Sharma S., Vaidya A., Ravichandran V.,
Agrawal R.K. 1,3,4-thiadiazole and its derivatives: a review
on recent progress in biological activities. Chem. Biol.
Drug Des. 2013;81(5):557-576. https://doi.org/10.1111/
cbdd.12125

7. Omar A.Z., Alshaye N.A., Mosa T.M., El-Sadany S.K.,
Hamed E.A., El-Atawy M.A. Synthesis and Antimicrobial
Activity Screening of Piperazines Bearing N,N’-Bis(1,3,4-
thiadiazole) Moiety as Probable Enoyl-ACP Reductase
Inhibitors. Molecules. 2022;27(12). https://doi.org/10.3390/
molecules27123698

8. Rossi R., Ciofalo M. An Updated Review on the Synthesis
and Antibacterial Activity of Molecular Hybrids and Conjugates
Bearing Imidazole Moiety. Molecules. 2020;25(21):5133.
https://doi.org/10.3390/molecules25215133

9. Lukin A.Y., Vedekhina T.S., Chudinov M.V.
5-Nitrofuran-2-yl Thiohydrazones as Double Antibacterial
Agents Synthesis and In Vitro Evaluation. Letters in Drug
Design & Discovery. 2020;17(3):356-361. http://doi.org/10.2
174/1570180816666190221162055

10. Pandey J., Tiwari VK., Verma S.S., Chaturvedi V.,
Bhatnagar S., Sinha S., et al. Synthesis and antitubercular
screening of imidazole derivatives. Eur. J. Med. Chem.
2009;44(8):3350-3355. https://doi.org/10.1016/j.
ejmech.2009.02.013

Authors’ contributions
T.S. Vedekhina — conducting experiments;
M.V. Chudinov — the research results analysis and
presentation;
A.Yu. Lukin — creating a research concept.

The authors declare no conflicts of interest.

11. Moreira J.B., Mann J., Neidle S., McHugh T.D.,
Taylor P.W. Antibacterial activity of head-to-head bis-
benzimidazoles. Int. J. Antimicrob Agents. 2013;42(4):361-366.
https://doi.org/10.1016/j.ijjantimicag.2013.04.033

12. Agarwal D.K., Soni J., Sethiya A., Sahiba N., Teli P,,
Agarwal S. Recent advancements on imidazole containing
heterocycles as antitubercular agents. In: Imidazole-Based
Drug Discovery. Elsevier; 2021. p. 133-166. https://doi.
org/10.1016/B978-0-323-85479-5.00002-2

13. Pews-Davtyan A., Beller M. Zinc-Catalyzed
Hydroamination Route to Di- and Trisubstituted
Imidazoles.  Synfacts.  2011(05):0481.  https://doi.
org/10.1055/s-0030-1259836

14. Pews-Davtyan A., Beller M. A novel Zn-catalyzed
hydroamination of propargylamides: a general synthesis
of di- and tri-substituted imidazoles. Chem. Commun.
2011;47(7):2152-2154. https://doi.org/10.1039/COCCO04625F

15. Krasavin M., Lukin A., Vedekhina T., Manicheva O.,
Dogonadze M., Vinogradova T., et al. Conjugation of a
S-nitrofuran-2-oyl moiety to aminoalkylimidazoles produces
non-toxic nitrofurans that are efficacious in vitro and in vivo
against multidrug-resistant Mycobacterium tuberculosis. Eur.
J. Med. Chem. 2018;157:1115-1126. https://doi.org/10.1016/j.
ejmech.2018.08.068

16.LiY.,LuoY.,HuY.,ZhuD.D., Zhang S.,Liu Z.J., et al.
Design, synthesis and antimicrobial activities of nitroimidazole
derivatives containing 1,3,4-oxadiazole scaffold as FabH
inhibitors. Bioorg. Med. Chem. 2012;20(14):4316—4322.
https://doi.org/10.1016/j.bmc.2012.05.050

17. Krasavin M., Lukin A., Zhurilo N., Kovalenko A.,
Zahanich 1., Zozulya S., et al. Novel free fatty acid receptor 1
(GPR40) agonists based on 1,3,4-thiadiazole-2-carboxamide
scaffold. Bioorg. Med. Chem. 2016;24(13):2954-2963.
https://doi.org/10.1016/j.bmc.2016.04.065

18. Lipinski C.A. Lead- and drug-like compounds:
the rule-of-five revolution. Drug Discov. Today Technol.
2004;1(4):337-341. https://doi.org/10.1016/j.ddtec.2004.11.007

Toukue xuMmudeckue TexHoaoruu = Fine Chemical Technologies. 2023;18(3):219-229

228


https://doi.org/10.1016/j.ejmech.2018.03.016
https://doi.org/10.1017/S0031182017002025
https://doi.org/10.1093/jac/31.1.9
https://doi.org/10.3390/chemistry4040107
https://doi.org/10.1111/cbdd.12125
https://doi.org/10.1111/cbdd.12125
https://doi.org/10.3390/molecules27123698
https://doi.org/10.3390/molecules27123698
https://doi.org/10.3390/molecules25215133
http://doi.org/10.2174/1570180816666190221162055
http://doi.org/10.2174/1570180816666190221162055
https://doi.org/10.1016/j.ejmech.2009.02.013
https://doi.org/10.1016/j.ejmech.2009.02.013
https://doi.org/10.1016/j.ijantimicag.2013.04.033
https://doi.org/10.1016/B978-0-323-85479-5.00002-2
https://doi.org/10.1016/B978-0-323-85479-5.00002-2
https://doi.org/10.1055/s-0030-1259836
https://doi.org/10.1055/s-0030-1259836
https://doi.org/10.1039/C0CC04625F
https://doi.org/10.1016/j.ejmech.2018.08.068
https://doi.org/10.1016/j.ejmech.2018.08.068
https://doi.org/10.1016/j.bmc.2012.05.050
https://doi.org/10.1016/j.bmc.2016.04.065
https://doi.org/10.1016/j.ddtec.2004.11.007

Tatiana S. Vedekhina, Mikhail V. Chudinov, Alexey Yu. Lukin

About the authors:

Tatiana S. Vedekhina, Cand. Sci. (Chem.), Senior Researcher, Laboratory of Structure and Functions
of Biopolymers, Lopukhin Federal Research and Clinical Center of Physical-Chemical Medicine of Federal Medical Biological
Agency (la, Malaya Pirogovskaya ul., Moscow, 119435, Russia). E-mail: taveda@gmail.com. ResearcherID AAZ-5822-2021,
Scopus Author ID 57190025747, RSCI SPIN-code 9274-6340, https://orcid.org/0000-0001-7356-397X

Mikhail V. Chudinov, Cand. Sci. (Chem.), Associate Professor, Department of Biotechnology and Industrial Pharmacy,
M.V. Lomonosov Institute of Fine Chemical Technologies, MIREA — Russian Technological University (86, Vernadskogo pr.,
Moscow, 119571, Russia). E-mail: chudinov@mirea.ru. ResearcherID L[-5728-2016, Scopus Author ID 6602589900,
RSCI SPIN-code 3920-8067, https://orcid.org/0000-0001-9735-9690

Alexey Yu. Lukin, Cand. Sci. (Chem.), Associate Professor, Department of Biotechnology and Industrial Pharmacy,
M.V. Lomonosov Institute of Fine Chemical Technologies, MIREA — Russian Technological University (86, Vernadskogo pr.,
Moscow, 119571, Russia). E-mail: lukin@mirea.ru. ResearcherID P-1019-2016, Scopus Author ID 7102949868,
RSCI SPIN-code 7264-1878

06 aemopax:

Bedéxuna Tamwvsna CepzeeeHa, K.X.H. CTaplIMi HaydHBI COTPYIHUK J1a0OpaTOpMM CTPYKTYPHl M (yHKIIHIA
ouornormmMepoB OI'BY  «DenepaibHbIi HAyYHO-KIIMHMYECKUN LIEHTP (DM3MKO-XMMHUYECKOH MEMIIMHBI MMeHH akanemuka FO.M. JlomyxuHa
®denepanbHOro  Menuko-Ouosnorndeckoro areHtctBay (119435, Poccusi, MockBa, yia. Mamas [luporoBckas, a. la).
E-mail: taveda@gmail.com. ResearcherID AAZ-5822-2021, Scopus Author ID 57190025747, SPIN-kon PUHII 9274-6340,
https://orcid.org/0000-0001-7356-397X

Yyounoe Muxaun Bacunveeudu, K.x.H., JOUEHT Kapeapbl OHOTEXHONOTHM U TIPOMBIIUIEHHON (apmannn MucTuTyTa
TOHKUX XuMHueckux texnonoruit um. M.B. Jlomonocosa ®I'BOY BO «MUPOA — Poccuiickuii TEXHOTOTHYECKUI YHUBEPCUTET
(119571, Poccusi, Mocksa, rip-t BepHanckoro, a. 86). E-mail: chudinov@mirea.ru. ResearcherID L-5728-2016, Scopus Author ID
6602589900, SPIN-kon PMHI] 3920-8067, https://orcid.org/0000-0001-9735-9690

Ayrxun Anexceii FOpveeuu, x.X.H., IOUEHT Kadeapbl OMOTEXHOIOIMM M NPOMbIILIEHHON (apManuu WMHcTuTyTa
TOHKUX XUMU4ecKuX TexHonoruit um. M.B. Jlomonocosa ®I'bOY BO «MUPDA — Poccuiickuil TeXHOIOIMYECKUI YHUBEPCUTET
(119571, Poccus, Mocksa, np-t Bepnuaackoro, a. 86). E-mail: lukin@mirea.ru. ResearcherID P-1019-2016, Scopus Author ID
7102949868, SPIN-kon PUHIT 7264-1878

The article was submitted: December 13, 2022, approved afier reviewing: February 21, 2023; accepted for publication: May 17, 2023.

Translated from Russian into English by H. Moshkov
Edited for English language and spelling by Thomas A. Beavitt

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(3):219-229
229


mailto:taveda@gmail.com
https://orcid.org/0000-0001-7356-397X
mailto:chudinov@mirea.ru
https://orcid.org/0000-0001-9735-9690
mailto:lukin@mirea.ru
mailto:taveda@gmail.com
https://orcid.org/0000-0001-7356-397X
mailto:chudinov@mirea.ru
https://orcid.org/0000-0001-9735-9690
mailto:lukin@mirea.ru

