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HUngpexyuu, evizvigaemvle MUKpodamu, A6aa10MmMca OCHOGHOI NPUYUHOI cCMePmU 60 6cem
mupe. Pacmywiaa ycmoiiuusocms paznuunsvix namozennvix oakmepuii, ¢xaruas E. coli, S. aureus
u zpubvl Candida, Kk anmubuomukam u nPOMUBOZPUOKOBLIM HPENAPAMAM CHANA 8 NOC/IeOHUE
2000l Cepbe3HOll nPodIeMOil 00uiecmeeHn020 30pasooxpanenus. OzpanuueHHoe KOJIU4ecmeo aH-
muodUuOmuKos 01 1eyenus uHPeKyuil u nOCMOAHHOE pa3gumue YCmouuueoCmu K Ucnojv3ye-
MbIM GHIMUMUKDOOHBIM U HPOMUBOZPUOKOBHIM NPENAPAMAM RPEOCHAasAAIOMm CO00I CePbe3HYI0
npobnemy. Omkpoimue HOGbIX, DE30NACHBIX U GbICOKOIPPEKMUBHBIX AHMUDAKMEPUATLHBIX U
RPOMUBOZPUOKOGLIX COCOUHEHUII NPOMUE NAMO2EHO8 ABNACMCA 0UeHb AKMYAIbHOH 3a0auell.
2-Umuno-2,5-oucudopodypanst senaromces N-cooepicawyumu ananozamu O-cooepricamux ouono-
2UYeCKU AKMUGHBIX COCOUHEHUIl. YUUmbleas 6bICOKYI0 OUO0102UYECKYI0 AKMUBHOCHIb NPOU3BO0-
HbIX 2-0KC0-2,5-0uzuopoypana u 4-muazonuounona, ovliu uzyuenst in silico u in vitro anmu-
baxmepuanvhbvle U RPOMUEOZPUOKOBbIE CEOIICMEA CUHMEMUUECKUX COCOUHEHUIL, COOEPIHCAUUX
umunoouzuopoghypanosvie u 4-muazonuounonogvie Koavua. Mot cunmesupoeanu coeOuHeHus
amun-2-(4-oxco-2-((4-memun-5,5-ouanxkun-3-(arkun(apun, oOensun, YuKIOAIKUN)Kapoamoun)py-
pan-2(5H)-unuoen)zuopazono)muazonuoun-5-unuoen)ayemam 3a-3i u 2-(4-oxco-2-((4-memun-5,5-
ouanxkun-3-(ankun(apun, densun, yurkioankuwykapoamoun)pypan-2(SH)-unuoen)zuopazono)mua-
301U0uUH-5-un)yKcycHasn kucioma 5a-5i, cooepicaujue uMuHoOuZUOPOPypanosvie u mua3onuou-
HOHOGbBIE KOlbUa, Nymem nociedylowiell peakyuu npucoeounenua Muxaina/zemepoyurknuszayuu
u3 uMuUHOOUZUOPoPypanoevix muocemuxapoazonos. Coeounenus 2-(4-oxco-2-((4,5,5-mpumemun-3-
kapoamoun)ypan-2(5H)-unuoen)2uopazono)muazonudun-5-un)ykcycnas xucaoma (5a), 2-(4-
okco-2-((4,5,5-mpumemun-3-gpenunxapoamoun)pypan-2(5H)-unuoen)zuopazono)muazonu-
oun-5-un)yxcycnasa kucioma (5d), 2-(4-oxco-2-((4,5,5-mpumemun-3-6enzunxapoamoun) pypan-
2(5H)-unuoen)eudpazono)muazonuoun-5-un)ykcycnans xucioma (59), 2-(4-oxco-2-((4-memun-
5,5-nenmamemunen-3-oenzunkapoamoun)pypan-2(5SH)-unuoen)zuopazono)muazonuoun-5-un)yk-
cycnas kucioma (5h) oonaoarom eviparxceHHoii AHMUMUKPOOHOU AKMUBHOCMbIO NPOMUG 3 NAMO-
2EHHBIX MUKDPOOPZ2aHu3mos. Pesynomamel nokazanu, umo mecmupyemole Op2aHu3IMbvl UCHbI-
manu 3amemuoe unzuduposanue pocma 2puokoe u oaxkmepuii. Ilpogpunu ADMET nokaszanu,
umo amu coedunenus, ocobenno 2-(4-oxco-2-((4-memun-5,5-nenmamemunen-3-6enzunkap-
oamoun)pypan-2(5H)-unuoen)zuopazono)muazonuoun-sS-un)ykcycnaa kucaioma (5h), ¢ camoii
6bICOKOU adcopbyuell 8 KuuieyHUKe 4eno6eKkda, 001a0aom 01a20npUAMHBIMU XaAPAKMEPUCHIU-
Kamu 014 0anvreliwien onmumulayuy u pa3padomcu. Xomsa onu nPoAGIAIOMm 2enamomoKcuy-
HOCMb, ymouHenue ux papmaKoKunemuiecKux ceolicme umeem 8axcHoe 3Hauenue 011 npooeu-
JHCeHUs IMUX COCOUHEHUTL 8 Kauechnige NOMEHUUAIbHBIX NPOMUBOMUKDOOHBIX A2EHM0G6.

78 W3B. By30B. Xumus u xum. Texaojorus. 2026. T. 69. Beim. 2



G.G. Tokmajyan et al.

KualoueBble cjioBa: aHTHOaKTEpHATbHAS W MTPOTUBOTPUOKOBAs aKTUBHOCTH, IMHHOAUTHAPO(DYpaH, 4-
THA30JUIUHOH, MOJICKYIISPHBIN TOKHHT

SYNTHESIS, MOLECULAR DOCKING AND in-vitro ANTIMICROBIAL ACTIVITY STUDY
OF IMINODIHYDROFURANS CONTAINING 4-THIAZOLIDINONE RING

G.G. Tokmajyan, L.V. Karapetyan, A.G. Sukiasyan, S.G. Chailyan, R. Kapavarapu, R.A. Madoyan

Gayane G. Tokmajyan (ORCID 0000-0002-2561-8494), Lusine V. Karapetyan (ORCID 0000-0002-9765-
6131)*

Department of Organic Chemistry, Faculty of Chemistry, Yerevan State University, Alex Manoogian ave., 1,
Yerevan, 0025, Armenia
E-mail: Ikarapetyan@ysu.am*

Anna G. Sukiasyan, Samvel G. Chailyan, Roza A. Madoyan

Laboratory of Analytical Chromatography, Institute of Biochemistry named after H. Buniatyan, NAS RA, Paruyr
Sevaki st., 5/1, Yerevan, 0014, Armenia

Ravikumar Kapavarapu,

Department of Pharmaceutical Chemistry and Phytochemistry, Nirmala College of Pharmacy, Mangalagiri-
522503, Andhra Pradesh, India

Infections caused by microbes are a major cause of death worldwide. The increasing re-
sistance of various pathogenic bacteria, including E. coli, S. aureus and Candida fungi, to antibi-
otics and antifungals has become a major public health problem in recent years. The limited num-
ber of antibiotics for the treatment of infections and the continuous development of resistance to
the used antimicrobial and antifungal drugs pose a serious challenge. The discovery of new, safe
and highly effective antibacterial and antifungal compounds against pathogens is very urgent. 2-
Imino-2,5-dihydrofurans are N-containing analogs of O-containing biologically active com-
pounds. Considering the enormous biological potential of 2-ox0-2,5-dihydrofuran and 4-thiazoli-
dinone derivatives, synthetic compounds containing iminodihydrofuran and 4-thiazolidinone rings
were studed for antibacterial and antifungal activities in silico and in vitro. We synthesized com-
pounds ethyl 2-(4-oxo-2-((4-methyl-5,5-dialkyl-3-(alkyl(aryl, benzyl, cycloalkyl)carbamoyl)furan-
2(5H)-ylidene)hydrazono)thiazolidin-5-ylidene)acetate 3a-3i and 2-(4-oxo-2-((4-methyl-5,5-dial-
kyl-3-(alkyl(aryl, benzyl, cycloalkyl)carbamoyl)furan-2(5H)-ylidene)-hydrazono)thiazolidin-5-
yl)acetic acid 5a-5i comprising iminodihydofuran and thiazolidinone rings by subsequent Michael
addition/heterocyclization reaction from iminodihydrofuran thiosemicarbazones. Compounds 2-(4-
ox0-2-((4,5,5-trimethyl-3-carbamoyl)furan-2(5H)-ylidene)hydrazono)thiazolidin-5-yl)acetic acid (5a),
2-(4-ox0-2-((4,5,5-trimethyl-3-phenylcarbamoyl)furan-2(5H)-ylidene)hydrazono)thiazolidin-5-yl)ace-
tic acid (5d), 2-(4-oxo0-2-((4,5,5-trimethyl-3-benzylcarbamoyl)furan-2(5H)-ylidene)hydrazono)thia-
zolidin-5-yl)acetic acid (5g), 2-(4-oxo-2-((4-methyl-5,5-penthamethylene-3-benzylcarbamoyl)fu-
ran-2(5H)-ylidene)hydrazono)thiazolidin-5-yl)acetic acid (5h) have pronounced antimicrobial ac-
tivity against 3 pathogenic microorganisms. The results indicated that the tested organisms expe-
rienced a noticeable inhibition of fungal and bacterial growth. The ADMET profiles indicate that
these compounds, particularly 2-(4-oxo-2-((4-methyl-5,5-penthamethylene-3-benzylcarbamoyl)fu-
ran-2(5H)-ylidene)hydrazono)thiazolidin-5-yl)acetic acid (5h) with the highest human intestinal
absorption, possess favorable characteristics for further optimization and development. Although
they exhibit hepatotoxicity, refining their pharmacokinetic properties is essential for advancing
these hit compounds as potential antimicrobial agents.
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INTRODUCTION

Research in the field of synthesis of biologi-
cally active compounds is one of the promising areas
in organic chemistry [1-3]. Infections caused by mi-
crobes are a major cause of death worldwide. The in-
creasing resistance of various pathogenic bacteria, in-
cluding E. coli, S. aureus and Candida fungi, to antibi-
otics and antifungals has become a major public health
problem in recent years. The limited number of antibi-
otics for the treatment of infections and the continuous
development of resistance to the used antimicrobial
and antifungal drugs pose a serious challenge [4]. The
discovery of new, safe and highly effective antibacte-
rial and antifungal compounds against pathogens is
very urgent and hence the only way to address the
problem of resistance and develop successful treat-
ments for infectious diseases [5-7].

Several 4-thiazolidinone based drugs such as
ralitoline (anticonvulsant), ethozolin (loop diuretic)
and pioglitazone (oral anti-diabetic drug) are already
approved for therapeutic use. The 4-thiazolidinone ring
has other important biological effects such as anti-inflam-
matory, antioxidant, platelet-activating factor (PAF) an-
tagonist, cyclooxygenase (COX) inhibition, tumor ne-
crosis factor antagonist, as well as anticancer, anticon-
vulsant, antimicrobial, antiviral and anti HIV effects
[8-13].

2-Imino-2,5-dihydrofurans are N-containing
analogs of O-containing biologically active com-
pounds, 2-0xo0-2,5-dihydrofurans, which are found in
many natural and synthetic compounds. The 2-oxo-
2,5-dihydrofuran scaffolds represent important thera-
peutic classes with a wide range of biological activities
[14-20]. The 2-imino-2,5-dihydrofuran derivatives of-
ten exhibit equally valuable properties [21-24]. Con-
sidering the enormous biological potential of 2-oxo-
2,5-dihydrofuran and 4-thiazolidinone derivatives,
synthetic compounds containing iminodihydrofuran
and 4-thiazolidinone rings [25, 26] were chosen to
study the antibacterial and antifungal activities in silico
and in vitro.

RESULTS AND DISCUSSION

A convenient synthetic route to the 4-thiazoli-
dinone ring involving a Michael addition/heterorocy-
clization sequence was developed (Scheme 1). Reac-
tions of iminodihydrofuran thiosemicarbazones la-1i
[27, 28] with diethylacetylene dicarboxylate 2 were
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carried out in absolute ethanol at room temperature for
10-12 h, which leads to iminodihydrofuran derivatives
containing a thiazolidinone ring, in particular, ethyl 2-
(4-ox0-2-((4-methyl-5,5-dialkyl-3-(alkyl(aryl, benzyl,
cycloalkyl)carbamoyl)furan-2(5H)-ylidene)hydra-
zono)thiazolidin-5-ylidene)acetate 3a-3i in high yields
(86-91%). Reactions of iminodihydrofuran thiosemi-
carbazones 1a-1i with maleic anhydride 4 were carried
out in absolute ethanol or chloroform under reflux for
10-15 h, yielding iminodihydrofuran derivatives, con-
taining thiazolidinone ring, in particular 2-(4-oxo-2-((4-
methyl-5,5-dialkyl-3-(alkyl(aryl, benzyl,cycloalkyl)car-
bamoyl)furan-2(5H)-ylidene)hydrazono)thiazolidin-5-
yl)acetic acid 5a-5i with good (76-83%) yields [25, 26].
All synthesized compounds 3a-3i and 5a-5i
(Scheme 1) [25, 26] were tested for antibacterial activ-
ity against Gram-positive (S. aureus) and Gram-nega-
tive (E. coli) bacteria and antifungal activity against the
fungus (C. albicans) by agar diffusion method [29].
Furadonin, Furazolidone and Fluconazole were used as
standards for comparison of antibacterial and antifungal
activity [30]. DMSO showed no zones of inhibition.
Compounds 5a, 5d, 5g, 5h have pronounced
antimicrobial activity against 3 pathogenic microor-
ganisms. Compounds 5a, 5g, 5h showed higher anti-
bacterial activity against the bacteria S. aureus and E.
coli than the standard drugs Furadonin and Furazoli-
done. Compounds 5g, 5h showed antifungal activity
against the fungus C. albicans. Despite fluconazole
used as a reference drug against C. albicans, it doesn't
have antibacterial properties against E. coli and S. au-
reus. Unlike fluconazole, the new synthesized com-
pounds also have superior antibacterial properties
against E. coli (30 mm) and S. aureus (30 mm).
Comparative analyses were conducted to com-
pare the antifungal activity of the obtained compounds
with Fluconazole. Different concentrations (50 mg/ml
and 150 mg/ml) of fluconazole were used. The zones
of inhibition of C. albicans growth under the influence
of Fluconazole were 25 mm and 33 mm, respectively.
However, the zones were not clean and seeded with
fungal cells. There are some Candida fungal cells that
are resistant to fluconazole. Analyses of the results
showed that the tested compounds had better activity
against bacterial strains in comparison to the fungal
strain.
The structure-activity relationship (SAR) sug-
gested that the potency of compounds 5a, 5g and 5h

W3B. By30B. Xumus u xum. Texaojorus. 2026. T. 69. Beim. 2



G.G. Tokmajyan et al.

could be attributed to the presence of the carboxamide  5-position of the dihydrofuran ring, which is accounted
and N-benzylcarboxamide substituents in the 3-posi-  for their significant antibacterial activity.
tion and dimethyl, pentamethylene substituents in the
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Scheme. Catalyst-free synthesis of compounds 3a—3i and 5a-5i
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Table 1
In vitro antibacterial and antifungal activity of compounds 3a-3i and 5a-5i
Tabnuya 1. In vitro anTubdaKkTepuaibHas U NPOTHBOIPHOKOBAs AKTHBHOCTD coeAnHeHuii 3a-3i u 5a-5i
Compounds Growth inhibition zones, mm
Ne Candida albicans Gram-positive bacteria Gram-negative E.coli
S.aureus
3a - - -
3b - - -
3c - - 14
3d - -
81
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Continuation of the Table 1

3e - - 16

3f - - -

39 - - -

3h - 12 13

3i - 15 15

5a 16 25 28

5b - - -

5c - - -

5d 10 16 18

5e 13 15

5f - -

59 22 29 30

5h 21 30 30

5i - - -

Furadonine 25 24

Furazolidone 25 24
Fluconazole 50 mg/ml 25
Fluconazole 150 mg/ml 33

the tested compounds. The synthetic agents with sys-
temic antimicrobial action, Furazolidone and Furadon-
Compounds 3a-3i and 5a-5i were prepared as  jne (50 mg were taken as a control) (manufactured by
previously reported [25, 26]. JSC Borisov Plant of Medical Preparations, Republic
Antibacterial and antifungal activity. of Belarus) and both doses of 50 mg and 150 mg of
All used chemicals had analytical grade. The  Fluconazole were taken as a control, (synthesized and
synthesized compounds were screened in vitro for their - patented by Pfizer (USA) were used as positive con-
antibacterial activity against two strains of bactria, S.  trols. Dimethylformamide (DMFA) was also used as a

aureus, E. coli, and antifungal activity against C. albi-  solvent, the results showed no significant differ-
cans strain, by the agar diffusion method [29]. The in-  ence/data.

oculum was applied Sabouraud (for fungi) and nutrient Molecular docking study

agar (for pathogenic bacteria). From bacterial and fun- In order to have insights into the better activity
gal biomass in sterile saline solution, suspensions were  of compounds, we did molecular docking studies. Mo-
prepared, where 1 ml suspension of E. coli contains  |ecular docking studies were conducted to evaluate the
2-10° bacteria, and 1 ml suspension of S. aureus con-  pinding affinities and molecular interactions of poten-
tains 2.5-10° bacteria. 1 ml suspension of C. albicans  tjal compounds, aiming to uncover the structure-based
contains 1-10° fungal cells. The hospital strains of  mechanisms that drive their in vitro antimicrobial ac-
pathogenic microorganisms were taken from the De-  tjvity. By simulating interactions between the com-
partment of Epidemiology of Yerevan State Medical  pounds and key microbial targets, these studies offer
University after M. Heratsi. Solutions of the synthe-  jnsights into how the compounds bind to active sites
sized compounds were poured (0.2 mL) into cylinders  and impact the biological processes of bacterial and

placed on the surface of an agar medium inoculated  fungal pathogens, aiding in the optimization for im-
with test strain in Petri dishes, and by a spatula it was  proved antimicrobial efficacy.

evenly distributed over the surface of the nutrient agar Docking simulation were performed by using
and sabouraud agar. After all, were made wells (witha  AutoDock VINA integrated in the PyRx 0.8 [31] vir-
diameter of 8 mm) and the test substances (dissolving  tual screening tool to identify compounds with high
50 mg of substance in 1 mL of solvent DMSO was  pinding affinity. Insilico docking simulation studies to
done) were collected in 0.1 mL to these wells (0.1 ML evaluate the molecular interactions of 5a, 5d, 5g, and
of DMSO solvent contains 5 mg of the synthesized  5h compounds were done with the E. coli, Flavopro-
substances). After 20 h of culture at 37 °C, the diame-  tejn (NfsA) (PDB:7NB9) [32] with a co-crystallised
ters of growth inhibition zones were measured. The  antagonist Nitrofurantoin (U6Z) with a resolution of
tests were repeated three times. The zones of inhibition 1,09 A and C. albicans, Sterol 14-alpha demethylase
were measured in millimetre to estimate the potency of  (CYP51) (PDB: 5TZ1) in complex with anti-fungal

EXPERIMENTAL SECTION
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ligand VT1161 (VT1) or Oteseconazole with a reso-
lution of 2.00 A [33].

The selection of antibacterial and antifungal
targets was driven by their demonstrated in vitro activ-
ity and relevance to the compounds under investiga-
tion. E. coli NfsA was chosen as an antibacterial target
due to the structural similarity of the compounds to Ni-
trofurantoin, a well-known antimicrobial agent. This
similarity suggests that the compounds may interact
with the NfsA protein in a comparable manner, poten-
tially leading to effective inhibition of the bacterial en-
zyme. For the antifungal targets, C. albicans CYP51
was selected because it represents a broad-spectrum
antifungal target critical for fungal cell membrane syn-
thesis. The compounds were evaluated against C. albi-
cans in in vitro antimicrobial assays. These rational tar-
gets were selected to uncover the underlying mecha-
nisms of antimicrobial activity against both bacterial
and fungal pathogens, with the aim of assessing their
potential for broad-spectrum efficacy. Protein struc-
tures were processed to ensure an optimized structure
for docking studies and it was executed with UCSF
Chimera Dock Prep module and that includes the fol-
lowing steps: elimination of water molecules and other
ligands, addition of missing atoms and residues, energy
minimization and assigning Gasteiger partial charges
and polar hydrogens and then converted to the pdbqt
format.

Molecular interaction summary of com-
pounds with E. coli NfsA

The 2D structure of the ligands was drawn
with ChemDraw software and the structures were op-
timized through energy minimization with MMFF94
force field parameters and optimization was done with
conjugate gradient algorithm in Open Babel module of
PyRx and then eventually converted the ligands to the
AutoDock compatible pdbgt format to carry out dock-
ing exploration.

Autodock Vina grid box was created around
the antagonist active site with the following details of
the vina search space: 7NB9: Centre (A) X: 4.839,
Y:-22.809, Z: -6.791,5ZT1: X: 71.372, Y: 66.694, Z:
4,726, with Dimensions (/‘i) X: 25.00, Y: 25.00, Z:
25.00, Spacing (A) = 0.375.

Post docking analysis and visualization of
binding poses and molecular interactions were done
with BIOVIA Discovery Studio 2021 and Chimera X
tools [34]. The validation procedure for the docking
program meticulously involved the re-docking of VT-
1161 into its co-crystallized site. The remarkably low

ChemChemTech. 2026. V. 69. N 2

Root Mean Square Deviation (RMSD) value of 1.95 A,
observed between the docked (white) and native poses
(grey), strongly indicates the program's effectiveness
in precisely predicting the binding pose of VT-1161.
The binding energies and molecular interaction pro-
files of the compounds will be compared to those of
Nitrofurantoin and VT-1161. These co-crystallized an-
tagonist ligands are well-established antimicrobial
drugs effective against bacterial and fungal targets.

Table 2
Binding affinity outcomes obtained from the Molecular
interaction summary of docking asessments compounds
with E.coli NfsA
Taonuya 2. Pe3yabraThl CBA3bIBAHUS, I0JTyYeHHbIE U3
CBOJKH MOJIEKYJ/ISIPHBIX B3aUMO/elicTBUIA coeMHeHMI,
coep:xamux NfsA E.coli

Binding
Energy
(K.cal/mol)

Nature
of interactions

Interacting

Compounds . .
pou Amino acids

SER41, SERA40,
SER39, PHEA42,
SER38, ASP107,
LEU103, GLU99
SER41, SERA40,
SER39, PHEA42,
SER38, ASP107,
MET110
SER39, SER38,

H-bond, alkyl,

-6.6
van der waals

5a

H-bond, n- 7
stacked, van

5d der waals

-6.2

H-bond, n- 7

59

-5.9

PHE42, SER41,

SER40, GLN44,

ARG35, THR37,
ALA36

T-shaped, n-al-
kyl, carbon hy-
drogen bond,
van der waals

5h

-7.1

SER41, SERA40,
SER39, PHEA42,
SER38, THR37

H-bond, - ©
stacked,
n-alkyl, carbon
hydrogen
bond, van der
waals

W EcoliNfsa [T Candida CYPS1

[

rr I\. =
‘ |

2a
=6.2 il
29
STAN 2h

ho

Nitrofurantoin

0 vT1161

Fig. 1. Binding energy plot of compounds with E. coli NfsA and
Candida CYP51
Puc. 1. I'paduk sHepruu cBsa3piBanus coeaunenuii ¢ E. coli NfsA
u Candida CYP51
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Molecular interaction profile of compounds with E.coli NfsA

Interactions o Fig. 2. 2D molecular representation of interactions of compounds
[ ven der viadls [ cabonrrdrogenzend [T Amdeistaded ) 55 B) 5dl, C) 5g, D) 5h, with the active site residues of the
[ saiteridge I B P#istacked E.coli NfsA protein. Interactions were displayed as color coded
[ conventionalHydrogenond [ Pl [ Pi-Pi T-shaped dashed lines, green lines indicated the H-bonds

[ Atwactive Charge I Prsoma Puc. 2. JIByMepHOE MONEKYIAPHOE H300paKEHNE B3AUMOIEH-

crBuil coequuenuii A) 5a, B) 5d, C) 5g, D) 5h ¢ ocrarkamu ak-

THBHOTO IieHTpa Oenka NfsA E. coli. Bzaumoneiicteust 0603Ha-

9EHBI IBETHBIMU TYHKTUPHBIMH JIMHUAMH, 3€JIEHBIE TMHUA 060~
3HAYAIOT BOJOPOHBIE CBA3U

Fig. 3. Protein ligand complexes (A) representing the binding modes of 5a, 5d, 5g, 5h compounds and Nitrofurantoin (gold with ball
and stick filled representtation) (B) E.coli NfsA protein surface representing the compounds (green with stick representation) and Nitro-
furantoin (Yellow with stick representation) and FMN (grey with stick representation) in the active site pocket
Puc. 3. KoMmiekchl OeIKOBBIX JTUTaHa0B (A), IpeACTaBISIONINE CIIOCO0b! CBA3bIBaHMS coequHeHuit 5a, 5d, 59, 5h u murpodypanTonHa
(30J10TOIi € 3a0NTHEHHBIMY IapHKaMu U nanodykamu) (B) IToBepxHocTs Geinka E. coli NfSA, npencrapisitonias coeuHeH s (3eIICHBIH ¢
MaJIOYKaMH), a TaKkxke HUTpo(ypaHTouH (>kenThli ¢ manoukamu) 1 @®MH (cepslif ¢ manoukamu) B kKapMaHe aKTUBHOTO IIEHTPa
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Fig. 4. Molecular alignment representing the binding modesand active site residues displaying common hydrogen bonding interactions
of 5a, 5d, 5g and 5h compounds green with stick representation) and Nitrofurantoin and FMN (Orange and grey with ball and stick rep-
resentation)

Puc. 4. MOJ‘ICKyJ'ISIpHOG BbIpaBHHUBAHUE, TPECICTABJIAIOICE CIIOCOOBI CBA3BIBAHUSA, U OCTATKU aKTUBHOT'O LICHTPA, ICMOHCTPUPYIOIINUE
o01re B3anMoIeHCTBUS BOZOPOAHBIX CBsi3eil coenuHenuit 5a, 5d, 59 u 5h (3enenslii ¢ npeacTaBieHieM ManovKi) 1 HAITPOypaHTOHHA
n ®MH (opaHKeBBIi U CepBIii ¢ IPeACTaBICHUEM IIapUKa ¥ MaJ09KH)

Fig. 5. A) Molecular alignment of the binding poses and B) Pharmacophore features of compounds 5a, 5d, 5g and 5h and Nitrofurantoin
(gold color with ball and stick representation). The pharmacophore feature color coding is as follows: purple spheres: aromatic groups,
green spheres: hydrophobic groups, orange spheres: hydrogen bond donors (HBD), and white spheres: hydrogen bond acceptors (HBA)

Puc. 5. A) MornekynsipHOe BbIpaBHHBaHHE TTO3UIMIT CBsA3bIBaHKA U B) @apmako(opHbIe XapakTepUCTHKH coemuHeHui 5a, 5d, 59 u 5h n

HUTpOdypaHTOHHA (30JI0TOH 1BET ¢ 0003HAYCHHEM B BHJIE IIapHKa 1 Najouky). L[BeToBas koaupoBka papmMakoGOpPHBIX XapaKTEPUCTUK

crnenyromas: GpuosieToBbie chephl: ApOMATHUSCKUE TPYIILL, 3eNEHBIC chephl: THAPO(OOHBIC TPYIITIBI, OPAHIKEBBIC CHEPhI: JOHOPHI BOJIO-

ponubix ceszert (HBD), 6enbie cdeprl: akmenTopbl BOXOPOHEIX cBsizeit (HBA)

<
%Sﬂ 4MA)
/>7771

00 cn
Ser41(A) ca 4
o ¥ ‘
22 52- « 3
N
. N

Fig. 6. A) LigPlot interactions of Nitrofurantoin (U6Z) and FMN, B) VT1161 (VT1) and HEM displaying thecritical hydrogen bond interac-
tions that includes SER41 with E.coli NfsA and TYR118, TYR132, LYS143, HIS377, ARG381, HIS468 with Candida albicans CYP51
Puc. 6. A) B3aumopeiictus LigPlot autpodypanronna (U6Z) u FMN, B) VT1161 (VT1) u HEM, nemoHCTpHpYIOIIHE KPUTHYECKUE
B3aMOJICHCTBHSI BOJOPOIHBIX cBsi3eid, Bkmovaromue SER41 ¢ E. coli NfsA u TYR118, TYR132, LYS143, HIS377, ARG381, HIS468
¢ Candida albicans CYP51
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C
Fig. 7. 2D molecular representation of interactions of compounds A) 5a, B) 5d, C) 5g, D) 5h, with the active site residues of the C. albi-
cans, CYP51protein. Interactions were displayed as color coded dashed lines, green lines indicated the H-bonds
Puc. 7. JIByMepHOE MOJIEKyJIspHOE H300paxkeHne B3anmoaeiictuii coenunennii A) 5a, B) 5d, C) 59, D) 5h ¢ ocratkamu akTuBHOrO
nenrpa 6enka CYP51 C. albicans. B3aumozeiicTBust 0TOOpaskeHbI [IBETHBIMHU TYHKTHPHBIMH JIHHUSMH, 3€JIEHBIC JINHHUU 0003HAYAIOT
BOJZIOPO/IHBIE CBSI3H

Table 3
Molecular interaction summary of compounds with Candida CYP51

Tabauya 3. CBojKa MoJIeKyJISIpHOro B3anmojeiicrBusi coenqnnennii ¢ Candida CYP51

Binding
Compounds Energy Interacting Amino acids Nature of interactions
(K.cal/mol)
HIS468, TYR132, PHE463, LYS143, MET374, H-bond, r-alkyl, alkyl, carbon
54 8.9 LEU376, ILE379, CYS470, ILE131, LEU139, hydrogeﬁ bond éalt bri'dge van
MET140, ARG467, ARG469, GLY465, GLY464, der \’Naals '
PRO462, PRO375, THR311
HIS468, TYR132, CYS470, LYS143, ILE471, H-bond, -alkyl, alkyl, carbon
ILE304, PRO375, PHE463, LEU376, MET374, hydr(;gen bon,d attrz;lctive
5d -9.2 PRO462, MET140, LEU139, ILE131, ARG469, h d, |
GLY307, LEU150, GLY308, GLY472, PHE4TS5, charge, van der waals
THR311
TYR132, TYR118, ILE471, ARG381, ILE304,
ILE131, LEU139, LYS143, LEU150, PHE126, H-bond, n-alkyl, n-sigma,
59 -8.4 GLY303, LEU300, CYS470, GLY472, GLY307, | alkyl, amide-x stacked, salt
GLY308, ILE379, LEU376, HIS468, PHE105, bridge, van der waals
LEU204, PHE475
THR311, GLY307, GLY465, ARG381, GLY472,
ALAA476, CYSAT0, ILE304, LYS143, ILE471, H-bond, n-alkyl, n-sigma,
5h -8.7 LEU139, ILE131, TYR132, TYR118, LEU376, alkyl, salt bridge, van der
HIS468, ARG469, ILE379, GLY464, PHE105, waals
PHE463, PHEA475, SER312, GLY308, GLY303
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Molecular interaction profile of compounds with C. albicans CYP51
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Fig. 8. Protein ligand complexes (A) representing the binding modes of 5a, 5d, 5g, 5h compounds HEM and VT1 (gold with stick repre-
sentation) (B) Molecular alignment representing the binding modesof 5a, 5d, 5g, 5h compounds and VT1 displaying common hydrogen
bonding interactions with active site residues HIS468 and TYR132
Puc. 8. KoMiutekchl GeIKOBBIX JIMTaHA0B (A), IPeICTaBISIONIHeE CII0OCO0bI CBA3bIBaHUS coequHenuii 5a, 5d, 59, 5h HEM u VT1 (301010
¢ u3obOpakenuem nanouku) (B) MosekyssspHOe BRIpaBHHBAHHKE, PECTABISONIEe COCO0bI CBS3bIBaHMs coenuuenuii 5a, 5d, 59, 5h u
VT1, nemoHCTpUpYyIOLIee 00Iue B3anMOACHCTBHS BOJOPOAHBIX CBS3€H ¢ ocTaTkamu akTuBHOTO IeHTpa HIS468 m TYR132

Molecular interaction profile analysis of
compounds with E. coli NfsA

Docking simulations on the E. coli NfsA pro-
tein revealed that compound 5h (3-benzylcarbamoyl 1-
oxaspiro) exhibited the strongest binding energy of -
7.1 kcal/mol, followed closely by 5a (3-carbamoyl)
and 5d (3-phenylcarbamoyl) with binding energies of
-6.6 and -6.2 kcal/mol, respectively. These compounds
displayed notable similarities in their interaction pro-
files. Compound 5g (3-benzylcarbamoyl) showed
slightly weaker binding energy at -5.9 kcal/mol. Over-
all, all compounds demonstrated superior binding en-
ergy and interaction profiles compared to Nitrofu-
rantoin (-5.4 kcal/mol). The enhanced binding affini-
ties suggest that these compounds form favorable in-
teractions with the target protein, potentially contrib-
uting significantly to their biological activity.

The compound 5a exhibited three hydrogen
bond interactions with consecutive serine residues in
the active site;: SER39, SER40, and SER41. The car-
bamoyl group and the oxygen atom of the furan ring
formed hydrogen bonds with SER40 and SER41, re-
spectively, while the acetic acid moiety on the 4-oxo-
thiazolidine ring established a hydrogen bond with
SER39. These serine residues are critical for interac-
tions with FMN (SER39) and Nitrofurantoin (SER41).
Additionally, one of the methyl groups of the dimethyl
substituent on the furan ring displayed an alkyl hydro-
phobic interaction with the LEU103 residue. Other key
binding site residues, including SER38, ASP107,
PHE42, and GLU99, contributed through van der
Waals interactions.

ChemChemTech. 2026. V. 69. N 2

Compound 5d displayed a hydrogen bond in-
teraction profile similar to that of compound 5a, in-
volving the same key active site residues, including
SER39, SER40, and SER41. These interactions were
complemented by an additional n-n stacking interac-
tion with the PHE42 residue, mediated by the phenyl
group attached to the carbamoyl moiety. Additionally,
compound 5d formed van der Waals interactions with
residues ASP107, MET110, and SER38, further con-
tributing to its binding stability within the active site.

Compound 5g exhibited two hydrogen bond
interactions: one with SER38 via the carbonyl group of
the acetic acid moiety and another with SER39 through
the sulfur atom of the 4-oxo-thiazolidine ring. PHE42
engaged in a T-shaped n-r interaction with the benzyl
aromatic ring and z-alkyl interactions with the methyl
groups of the furan ring. Additionally, THR37 estab-
lished a carbon-hydrogen bond with the benzyl ring,
while van der Waals interactions were observed with
residues SER40, SER41, GLN44, ARG35, and ALA36
within the active site.

Compound 5h demonstrates hydrogen bond
interactions with a triad of serine residues (SER39,
SER40, and SER41), similar to compounds 5a and 5d.
Specifically, SER39 forms hydrogen bonds with the
nitrogen atoms of the 4-oxo-thiazolidine ring and the
carbamoyl group, while SER40 interacts with the car-
boxylic group of the acetic acid substituent on the same
ring. SER41 engages with the hydrazone linker con-
necting the heterocyclic rings. Additionally, SER42
participates in w-m stacking with the benzyl aromatic
ring and n-alkyl interactions with the methyl group of
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the oxospiro ring. SER38 establishes carbon-hydrogen
bond interactions with the 4-oxo group of the thiazoli-
dine ring and van der Waals interactions with THR37.

Flavin Mononucleotide (FMN), the native sub-
strate of the flavin protein, interacts with the active site
in the presence of Nitrofurantoin. SER39 forms a hy-
drogen bond with one of the hydroxyl groups on the
linker and participates in amide-r stacking interactions
with the dihydrobenzopteridine ring. MET110 and
VAL106 exhibit alkyl interactions with the dimethyl
groups on the benzene ring in the central scaffold,
while SER40 establishes n-donor hydrogen bond inter-
actions with the same ring. Additionally, SER38,
PHE42, and ASP107 engage in van der Waals interac-
tions. Notably, Nitrofurantoin, positioned close to
FMN, forms a critical hydrogen bond with SER41.

Compounds 5a, 5d, and 5h, which display
similar critical hydrogen bond interactions with SER41
(Fig. 6A) and comparable structural features, also en-
gage with SER39 in hydrogen bonding interactions
akin to FMN. This mirroring of interactions likely con-
tributes to their potential antibacterial activity against
E. coli. The binding pocket orientations (Fig. 3B) re-
veal that compounds 5a, 5d, 5g, and 5h occupy the ac-
tive site in a manner similar to Nitrofurantoin, which
engages in limited interactions primarily with SER41.
These compounds, however, demonstrate a broader
range of interactions, enhancing their stabilization and
binding affinities. Additionally, molecular alignment
and pharmacophore analysis (Fig. 5A and 5B) indicate
a significant overlap in pharmacophore features with
Nitrofurantoin.

The interaction analysis is depicted in 2D in-
teraction diagrams (Fig. 2), highlighting the various in-
teractions between the compounds and the active site
residues of the target protein. Figure 6 focuses on the
interactions of Nitrofurantoin, while Fig. 4 presents a
3D representation of the molecular alignment and
binding poses of the compounds alongside Nitrofu-
rantoin, emphasizing hydrogen bonds with key binding
site residues. Additionally, Fig. 3A and 3B illustrate
the binding modes of the compounds within the active
site and the pocket surface.

Molecular interaction profile analysis of
compounds with Candida albicans CYP51.

Docking simulations performed on the C. albi-
cans protein indicate that compounds 5d (-9.2 K.cal/mol)
exhibited better binding affinity and interaction pro-
files compared to other compounds.

VT1, a co-crystallized antifungal drug, primar-
ily interacts with the HEM porphyrin's Feion and
HIS377. These interactions play a crucial role in its
binding and activity. Most of the compounds evaluated
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in this docking simulation demonstrated strong inter-
actions with key HEM-binding residues, such as
TYR118, TYR132, PHE463 and HIS468. The interac-
tion profile of HEM and VT1 is depicted in Fig. 5B.

These compounds showed binding energies and
interaction profiles comparable to VT1 (-10.2 kcal/mol).
With their strong in-silico performance in docking sim-
ulations, these hit compounds hold promising potential
and warrant further investigation and optimization for
development as effective antifungal agents.

Compound 5a formed three hydrogen bonds
with TYR132, HIS468, and PHE463, facilitated by the
acetic acid moiety and the carbamoyl group. A salt
bridge interaction was observed between LYS143 and
the carboxylic group of the acetic acid linked to the thi-
azolidine ring. Hydrophobic alkyl interactions were
identified between the methyl groups of the furan ring
and residues CYS470, ILE379, LEU376, and MET374.
Additionally, HIS468 displayed a carbon-hydrogen
bond interaction, while the remaining binding site res-
idues participated in van der Waals interactions.

Compound 5d displayed a comparable interac-
tion pattern to 2a, forming hydrogen bonds with
TYR132 and HIS468. A key distinction was observed
in the carbamoyl interaction: 5d interacted with
CYS470, whereas 5a engaged with PHE463. Addition-
ally, LYS143 contributed through attractive charged
interactions. Additionally, m-alkyl interactions with
ILE304 and ILE471 were mediated by the phenyl
group linked to the carbamoyl moiety. The compound's
methyl groups also formed alkyl interactions with
CYS470, PRO375, PHE463, and LEU376 residues.

Compound 5g exhibited four hydrogen bond
interactions with active site residues TYR132,
TYR118, ARG381, and ILE471, mediated by the 4-
oxo and acetic acid moieties on the thiazolidine ring,
as well as the carbamoyl linker. The benzyl ring
formed n-sigma interactions with ILE304 and amide-r
stacked interactions with ILE471. ARG381 also en-
gaged in a salt bridge interaction with the acetic acid
moiety. The trimethyl substituents on the furan ring
formed alkyl interactions with ILE131, LEU139,
LYS143, and ILE304, while LEU150 demonstrated -
alkyl interactions with the benzyl ring.

Compound 5h demonstrated a distinct hydro-
gen bonding profile compared to 5a and 5d, forming
interactions with GLY307, THR311, and GLY465,
primarily mediated by the acetic acid and carbamoyl
groups. A salt bridge interaction was observed between
ARG381 and the acetic acid moiety. Additionally,
GLY472 exhibited n-sigma interactions, while ALA476
and CYS470 formed n-alkyl interactions with the ben-
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zyl ring. The spiro ring participated in alkyl interac-
tions with ILE304, LYS143, and ILE471, comple-
mented by van der Waals interactions with adjacent
residues in the binding site.

The molecular interaction profile of the 5a,
compounds with CYP51 is illustrated in Fig. 6, while
the respective binding site orientations and critical hydro-
gen bond interactions are depicted in Fig. 8 (A and B).

In all compounds, the terminal acetic acid moi-
ety and the carbamoyl group play a critical role in
forming hydrogen bonds and hydrophobic interactions
with key residues.

However, the hydrazo linker connecting the
furan and thiazole rings does not contribute to any sig-

nificant interactions. This lack of contribution is at-
tributed to the internalization of the hydrazo linker
when the compounds adopt stable binding confor-
mations. Consequently, the carbamoyl and acetic acid
groups are exposed, facilitating their interactions with
the critical residues.

Determination of ADMET and Druglikness
Profile.

ADMET properties (absorption, distribution,
metabolism, excretion, and toxicity) are crucial in drug
development for successful progression to clinical trials.
To evaluate the pharmacokinetic properties of our com-
pounds, we performed an in-silico assessment using
pkCSM webserver https://biosig.lab.ug.edu.au/pkcsm/
prediction [35].

Table 4
ADMET properties of potential compounds with pkCSM
Tabnuya 4. ADMET -cBoiicTBa IOTeHIINAIBHBIX coegnHeHuii ¢ pkCSM
Absorption Distribution | Metabolism | Excretion Toxicity

_ Z‘Q [an] % 5] .
g2 |Eg|€5| 2| 2| |E |e~|2|83|€ 2| 2| 5
c | =2 | 22| 8« < <) Cw|lu|l S| 2 - © S o =
S| a=| 8 < o © — = o5|od Eé > > | N = =% |— 2
S |2o|=2c5c| g o m 22|l 8= 2ExX | =2 35 3 |lo<
e ] Q| ©- = = = Q2| Qa| O E = s 2| < o =
o) . o £ o o = m = T = WYe =] = O S E for} = fﬁ w
Clg3|E2|yg| & S |12a5|da|BEE|C |22 2| = |35
= | 22]8%] S El5 |5 |7 |8 |E3d|s| T | 2| &

O o E & = w

5a |-3.268|47.862| 0.866 | -1.194 | -1.066 - 3A4 |-0.142| No | 0.774 | No | Yes | No | No
5d |-3.628|47.862| 0.866 | -1.194 | -1.066 - 3A4 |-0.142| No | 0.774 | No | Yes | No | No
59 |-3.482|45.401| 0.634 |-1.261| -1.002 - 3A4 |-0.123 | No | 0.683 | No | Yes | No | No
5h |-3.795|52.119| 0.625 | -1.058 | -1.034 - 3A4 |-0.197 | No | 0.514 | No | Yes | No | No

Toxicity assessments reveal no concerns for
AMES toxicity, skin sensitization, or hERG I and Il in-
hibition, suggesting that the compounds do not exhibit
significant mutagenic or cardiac toxicity risks. How-
ever, all compounds show hepatotoxicity, which war-
rants further investigation in terms of liver safety and
potential mitigation strategies.

CONCLUSION

We have developed the catalyst-free and eco-
friendly synthesis of compounds 3a-i and 5a-i com-
prising iminodihydrofuran and thiazolidinone rings by
subsequent Michael addition/heterocyclization reac-
tion from iminodihydrofuran thiosemicarbazones. To
attach a thiazolidinone scaffold to iminodihydrofuran
a thiourea linker was used. The methodologies are sim-
ple, efficient and inexpensive affording good to excel-
lent yields of the polyheteroconjugated products with
operational simplicity.

Compounds 5a, 5d, 5g, 5h have pronounced
antimicrobial activity against 3 pathogenic microor-

ChemChemTech. 2026. V. 69. N 2

ganisms. Compounds 5a, 5g, 5h showed higher anti-
bacterial activity against the bacteria S. aureus and E.
coli than the standard drugs Furadonin and Furazoli-
done. Compounds 5g, 5h showed very good antifungal
activity against the fungus C. albicans. The results in-
dicated that the tested organisms experienced a notice-
able inhibition of fungal and bacterial growth.The AD-
MET profiles indicate that these compounds, particu-
larly 5h with the highest human intestinal absorption,
possess favorable characteristics for further optimiza-
tion and development. Although they exhibit hepato-
toxicity, refining their pharmacokinetic properties is
essential for advancing these hit compounds as poten-
tial antimicrobial agents.
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