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Инфекции, вызываемые микробами, являются основной причиной смерти во всем 

мире. Растущая устойчивость различных патогенных бактерий, включая E. coli, S. aureus 

и грибы Candida, к антибиотикам и противогрибковым препаратам стала в последние 

годы серьезной проблемой общественного здравоохранения. Ограниченное количество ан-

тибиотиков для лечения инфекций и постоянное развитие устойчивости к используе-

мым антимикробным и противогрибковым препаратам представляют собой серьезную 

проблему. Открытие новых, безопасных и высокоэффективных антибактериальных и 

противогрибковых соединений против патогенов является очень актуальной задачей. 

2-Имино-2,5-дигидрофураны являются N-содержащими аналогами O-содержащих биоло-

гически активных соединений. Учитывая высокую биологическую активность производ-

ных 2-оксо-2,5-дигидрофурана и 4-тиазолидинона, были изучены in silico и in vitro анти-

бактериальные и противогрибковые свойства синтетических соединений, содержащих 

иминодигидрофурановые и 4-тиазолидиноновые кольца. Мы синтезировали соединения 

этил-2-(4-оксо-2-((4-метил-5,5-диалкил-3-(алкил(арил, бензил, циклоалкил)карбамоил)фу-

ран-2(5H)-илиден)гидразоно)тиазолидин-5-илиден)ацетат 3a-3i и 2-(4-оксо-2-((4-метил-5,5-

диалкил-3-(алкил(арил, бензил, циклоалкил)карбамоил)фуран-2(5Н)-илиден)гидразоно)тиа-

золидин-5-ил)уксусная кислота 5a-5i, содержащие иминодигидрофурановые и тиазолиди-

ноновые кольца, путем последующей реакции присоединения Михаэля/гетероциклизации 

из иминодигидрофурановых тиосемикарбазонов. Соединения 2-(4-оксо-2-((4,5,5-триметил-3-

карбамоил)фуран-2(5Н)-илиден)гидразоно)тиазолидин-5-ил)уксусная кислота (5a), 2-(4-

оксо-2-((4,5,5-триметил-3-фенилкарбамоил)фуран-2(5Н)-илиден)гидразоно)тиазоли-

дин-5-ил)уксусная кислота (5d), 2-(4-оксо-2-((4,5,5-триметил-3-бензилкарбамоил)фуран-

2(5Н)-илиден)гидразоно)тиазолидин-5-ил)уксусная кислота (5g), 2-(4-оксо-2-((4-метил-

5,5-пентаметилен-3-бензилкарбамоил)фуран-2(5Н)-илиден)гидразоно)тиазолидин-5-ил)ук-

сусная кислота (5h) обладают выраженной антимикробной активностью против 3 пато-

генных микроорганизмов. Результаты показали, что тестируемые организмы испы-

тали заметное ингибирование роста грибков и бактерий. Профили ADMET показали, 

что эти соединения, особенно 2-(4-оксо-2-((4-метил-5,5-пентаметилен-3-бензилкар-

бамоил)фуран-2(5Н)-илиден)гидразоно)тиазолидин-5-ил)уксусная кислота (5h), с самой 

высокой абсорбцией в кишечнике человека, обладают благоприятными характеристи-

ками для дальнейшей оптимизации и разработки. Хотя они проявляют гепатотоксич-

ность, уточнение их фармакокинетических свойств имеет важное значение для продви-

жения этих соединений в качестве потенциальных противомикробных агентов. 
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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-oxo-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-

oxo-2-((4,5,5-trimethyl-3-carbamoyl)furan-2(5H)-ylidene)hydrazono)thiazolidin-5-yl)acetic acid (5a), 
2-(4-oxo-2-((4,5,5-trimethyl-3-phenylcarbamoyl)furan-2(5H)-ylidene)hydrazono)thiazolidin-5-yl)ace-
tic acid (5d), 2-(4-oxo-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. 

Keywords: antibacterial and antifunfal activity, iminodihydrofuran, 4-thiazolidinone, molecular docking 
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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-oxo-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 1a-1i 

[27, 28] with diethylacetylene dicarboxylate 2 were 

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-oxo-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 
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could be attributed to the presence of the carboxamide 

and N-benzylcarboxamide substituents in the 3-posi-

tion and dimethyl, pentamethylene substituents in the 

5-position of the dihydrofuran ring, which is accounted 

for their significant antibacterial activity.  

 

 
Scheme. Catalyst-free synthesis of compounds 3a–3i and 5a–5i  

Схема. Синтез соединений 3a–3i и 5a–5i без катализатора 
 

Table 1 

In vitro antibacterial and antifungal activity of compounds 3a-3i and 5a-5i 

Таблица 1. In vitro антибактериальная и противогрибковая активность соединений 3a-3i и 5a-5i 

Compounds 

№ 

 

Growth inhibition zones, mm 

Candida albicans 
Gram-positive bacteria 

S.aureus 
Gram-negative E.coli 

3a - - - 

3b - - - 

3c - - 14 

3d - -  
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Continuation of the Table 1 

3e - - 16 

3f - - - 

3g - - - 

3h - 12 13 

3i - 15 15 

5a 16 25 28 

5b - - - 

5c - - - 

5d 10 16 18 

5e  13 15 

5f  - - 

5g 22 29 30 

5h 21 30 30 

5i - - - 

Furadonine  25 24 

Furazolidone  25 24 

Fluconazole 50 mg/ml 25   

Fluconazole 150 mg/ml 33   

 

EXPERIMENTAL SECTION 

Compounds 3a-3i and 5a-5i were prepared as 

previously reported [25, 26]. 

Antibacterial and antifungal activity. 

All used chemicals had analytical grade. The 

synthesized compounds were screened in vitro for their 

antibacterial activity against two strains of bactria, S. 

aureus, E. coli, and antifungal activity against C. albi-

cans strain, by the agar diffusion method [29]. The in-

oculum was applied Sabouraud (for fungi) and nutrient 

agar (for pathogenic bacteria). From bacterial and fun-

gal biomass in sterile saline solution, suspensions were 

prepared, where 1 ml suspension of E. coli contains 

2·108 bacteria, and 1 ml suspension of S. aureus con-

tains 2.5·108 bacteria. 1 ml suspension of C. albicans 

contains 1·108 fungal cells. The hospital strains of 

pathogenic microorganisms were taken from the De-

partment of Epidemiology of Yerevan State Medical 

University after M. Heratsi. Solutions of the synthe-

sized compounds were poured (0.2 mL) into cylinders 

placed on the surface of an agar medium inoculated 

with test strain in Petri dishes, and by a spatula it was 

evenly distributed over the surface of the nutrient agar 

and sabouraud agar. After all, were made wells (with a 

diameter of 8 mm) and the test substances (dissolving 

50 mg of substance in 1 mL of solvent DMSO was 

done) were collected in 0.1 mL to these wells (0.1 mL 

of DMSO solvent contains 5 mg of the synthesized 

substances). After 20 h of culture at 37 °C, the diame-

ters of growth inhibition zones were measured. The 

tests were repeated three times. The zones of inhibition 

were measured in millimetre to estimate the potency of 

the tested compounds. The synthetic agents with sys-

temic antimicrobial action, Furazolidone and Furadon-

ine (50 mg were taken as a control) (manufactured by 

JSC Borisov Plant of Medical Preparations, Republic 

of Belarus) and both doses of 50 mg and 150 mg of 

Fluconazole were taken as a control, (synthesized and 

patented by Pfizer (USA) were used as positive con-

trols. Dimethylformamide (DMFA) was also used as a 

solvent, the results showed no significant differ-

ence/data. 

Molecular docking study 

In order to have insights into the better activity 

of compounds, we did molecular docking studies. Mo-

lecular docking studies were conducted to evaluate the 

binding affinities and molecular interactions of poten-

tial compounds, aiming to uncover the structure-based 

mechanisms that drive their in vitro antimicrobial ac-

tivity. By simulating interactions between the com-

pounds and key microbial targets, these studies offer 

insights into how the compounds bind to active sites 

and impact the biological processes of bacterial and 

fungal pathogens, aiding in the optimization for im-

proved antimicrobial efficacy. 

Docking simulation were performed by using 

AutoDock VINA integrated in the PyRx 0.8 [31] vir-

tual screening tool to identify compounds with high 

binding affinity. Insilico docking simulation studies to 

evaluate the molecular interactions of 5a, 5d, 5g, and 

5h compounds were done with the E. coli, Flavopro-

tein (NfsA) (PDB:7NB9) [32] with a co-crystallised 

antagonist Nitrofurantoin (U6Z) with a resolution of 

1.09 Å and C. albicans, Sterol 14-alpha demethylase 

(CYP51) (PDB: 5TZ1) in complex with anti-fungal 
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ligand VT1161 (VT1) or Oteseconazole with a reso-

lution of 2.00 Å [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 pdbqt 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 (Å) X: 4.839, 

Y: -22.809, Z: -6.791, 5ZT1: X: 71.372 , Y: 66.694, Z: 

4.726, with Dimensions (Å) X: 25.00, Y: 25.00, Z: 

25.00, Spacing (Å) = 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 

Root Mean Square Deviation (RMSD) value of 1.95 Å, 

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 

Таблица 2. Результаты связывания, полученные из 

сводки молекулярных взаимодействий соединений, 

содержащих NfsA E.coli 

Compounds 

Binding  

Energy 

(K.cal/mol) 

Interacting 

Amino acids 

Nature  

of interactions 

5a -6.6 

SER41, SER40, 

SER39, PHE42, 

SER38, ASP107, 

LEU103, GLU99 

H-bond, alkyl, 

van der waals 

5d -6.2 

SER41, SER40, 

SER39, PHE42, 

SER38, ASP107, 

MET110 

H-bond, π- π 

stacked, van 

der waals 

 

5g -5.9 

SER39, SER38, 

PHE42, SER41, 

SER40, GLN44, 

ARG35, THR37, 

ALA36 

H-bond, π- π  

T-shaped, π-al-

kyl, carbon hy-

drogen bond, 

van der waals 

5h -7.1 

SER41, SER40, 

SER39, PHE42, 

SER38, THR37 

H-bond, π- π 

stacked, 

π-alkyl, carbon 

hydrogen 

bond, van der 

waals 

 

 

 
Fig. 1. Binding energy plot of compounds with E. coli NfsA and 

Candida CYP51 

Рис. 1. График энергии связывания соединений с E. coli NfsA 

и Candida CYP51 
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Molecular interaction profile of compounds with E.coli NfsA 

 

 
A 

 
B 

 
C 

 
D 

 

Fig. 2. 2D molecular representation of interactions of compounds 

A) 5a, B) 5d, C) 5g, D) 5h, with the active site residues of the 

E.coli NfsA protein. Interactions were displayed as color coded 

dashed lines, green lines indicated the H–bonds 

Рис. 2. Двумерное молекулярное изображение взаимодей-

ствий соединений A) 5a, B) 5d, C) 5g, D) 5h с остатками ак-

тивного центра белка NfsA E. coli. Взаимодействия обозна-

чены цветными пунктирными линиями, зелёные линии обо-

значают водородные связи 

 
 

 
A  

B 
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 

Рис. 3. Комплексы белковых лигандов (A), представляющие способы связывания соединений 5a, 5d, 5g, 5h и нитрофурантоина 

(золотой с заполненными шариками и палочками) (B) Поверхность белка E. coli NfsA, представляющая соединения (зеленый с 

палочками), а также нитрофурантоин (желтый с палочками) и ФМН (серый с палочками) в кармане активного центра 
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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)  

Рис. 4. Молекулярное выравнивание, представляющее способы связывания, и остатки активного центра, демонстрирующие 

общие взаимодействия водородных связей соединений 5a, 5d, 5g и 5h (зеленый с представлением палочки) и нитрофурантоина 

и ФМН (оранжевый и серый с представлением шарика и палочки) 

 

 
A 

 
B 

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) 

Рис. 5. A) Молекулярное выравнивание позиций связывания и B) Фармакофорные характеристики соединений 5a, 5d, 5g и 5h и 

нитрофурантоина (золотой цвет с обозначением в виде шарика и палочки). Цветовая кодировка фармакофорных характеристик 

следующая: фиолетовые сферы: ароматические группы, зелёные сферы: гидрофобные группы, оранжевые сферы: доноры водо-

родных связей (HBD), белые сферы: акцепторы водородных связей (HBA) 

 

 
A 

 
B 

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 

Рис. 6. A) Взаимодействия LigPlot нитрофурантоина (U6Z) и FMN, B) VT1161 (VT1) и HEM, демонстрирующие критические 

взаимодействия водородных связей, включающие SER41 с E. coli NfsA и TYR118, TYR132, LYS143, HIS377, ARG381, HIS468 

с Candida albicans CYP51 
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A 

 
B 

 
C 

 
D 

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 

Рис. 7. Двумерное молекулярное изображение взаимодействий соединений A) 5a, B) 5d, C) 5g, D) 5h с остатками активного 

центра белка CYP51 C. albicans. Взаимодействия отображены цветными пунктирными линиями, зелёные линии обозначают 

водородные связи 

 
Table 3 

Molecular interaction summary of compounds with Candida CYP51  

Таблица 3. Сводка молекулярного взаимодействия соединений с Candida CYP51 

Compounds 

Binding  

Energy 

(K.cal/mol) 

Interacting Amino acids Nature of interactions 

5a -8.9 

HIS468, TYR132, PHE463, LYS143, MET374, 

LEU376, ILE379, CYS470, ILE131, LEU139, 

MET140, ARG467, ARG469, GLY465, GLY464, 

PRO462, PRO375, THR311 

H-bond, π-alkyl, alkyl, carbon 

hydrogen bond, salt bridge, van 

der waals 

5d -9.2 

HIS468, TYR132, CYS470, LYS143, ILE471, 

ILE304, PRO375, PHE463, LEU376, MET374, 

PRO462, MET140, LEU139, ILE131, ARG469, 

GLY307, LEU150, GLY308, GLY472, PHE475, 

THR311 

H-bond, π-alkyl, alkyl, carbon 

hydrogen bond, attractive 

charge, van der waals 

 

5g -8.4 

TYR132, TYR118, ILE471, ARG381, ILE304, 

ILE131, LEU139, LYS143, LEU150, PHE126, 

GLY303, LEU300, CYS470, GLY472, GLY307, 

GLY308, ILE379, LEU376, HIS468, PHE105, 

LEU204, PHE475 

 

H-bond, π-alkyl, π-sigma,  

alkyl, amide-π stacked, salt 

bridge, van der waals  

 

5h -8.7 

THR311, GLY307, GLY465, ARG381, GLY472, 

ALA476, CYS470, ILE304, LYS143, ILE471, 

LEU139, ILE131, TYR132, TYR118, LEU376, 

HIS468, ARG469, ILE379, GLY464, PHE105, 

PHE463, PHE475, SER312, GLY308, GLY303 

H-bond, π-alkyl, π-sigma,  

alkyl, salt bridge, van der 

waals  



G.G. Tokmajyan et al. 

__________________________________________________________________________________________________ 

 

ChemChemTech. 2026. V. 69. N 2  87  

 

 

Molecular interaction profile of compounds with C. albicans CYP51 

 

 
A 

 
B 

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 

Рис. 8. Комплексы белковых лигандов (A), представляющие способы связывания соединений 5a, 5d, 5g, 5h HEM и VT1 (золото 

с изображением палочки) (B) Молекулярное выравнивание, представляющее способы связывания соединений 5a, 5d, 5g, 5h и 

VT1, демонстрирующее общие взаимодействия водородных связей с остатками активного центра HIS468 и 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. 

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 π-π 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 π-π interaction with the benzyl 

aromatic ring and π-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 π-π stacking with the benzyl aromatic 

ring and π-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-π 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 π-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 

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, π-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 π-sigma interactions with ILE304 and amide-π 

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 π-

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 π-sigma interactions, while ALA476 

and CYS470 formed π-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.uq.edu.au/pkcsm/ 

prediction [35].  
Table 4 

ADMET properties of potential compounds with pkCSM 

Таблица 4. ADMET-свойства потенциальных соединений с pkCSM  

C
o

m
p

o
u

n
d

s 

Absorption Distribution Metabolism Excretion Toxicity 

W
at

er
 s

o
lu

b
il

it
y

 

L
o

g
 m

o
l/

L
 

H
u

m
an

 I
n

te
st

in
al

 

A
b

so
rp

ti
o

n
 (

%
) 

C
ac

o
2

 p
er

m
ea

b
il

it
y

 

lo
g

 P
ap

p
 i

n
 1

0
-6

 c
m

/s
 

V
D

ss
 (

lo
g

 L
/k

g
) 

B
B

B
 

P
er

m
ea

b
il

it
y

 (
lo

g
 B

B
) 

C
Y

P
4

5
0

 i
so

fo
rm

 

In
h

ib
it

o
rs

 

C
Y

P
4

5
0

 i
so

fo
rm

 

S
u

b
st

ra
te

s 

T
o

ta
l 

C
le

ar
an

ce
 

(m
l/

m
in

/k
g

) 

R
en

al
 O

C
T

2
 s

u
b

st
ra

te
 

M
ax

. 
to

le
ra

te
d

 d
o

se
 

(L
o

g
 m

g
/k

g
/d

ay
) 

S
k

in
 S

en
si

ti
za

ti
o

n
 

H
ep

at
o

to
x

ic
it

y
 

A
M

E
S

 t
o

x
ic

it
y

 

h
E

R
G

 I
  

an
d

 I
I 

in
h

ib
it

o
n

 

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 

5g -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 II 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-

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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