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Exploring the Antifungal Potential of 1,2,4-Triazole Derivatives:
A Comprehensive Study on Design and Synthesis

Discovery of new antifungal agents is of great importance due to the increased prevalence of fungal infec-
tions and the emergence of drug-resistant strains. 1,2,4-Triazole derivatives have shown promising antifungal
activity; therefore, this study aimed to design, synthesize and evaluate the antifungal potential of a series of
1,2 4-triazole derivatives. A series of 1,2 4-triazole derivatives were designed and synthesized. The com-
pounds were characterized using FTIR, NMR and MS techniques. In silico studies including ADME proper-
ties, drug-likeness and molecular docking were carried out to evaluate the potential of the synthesized com-
pounds as antifungal agents. In vitro antifungal activity was evaluated against Candida albicans and Aspergil-
lus niger using the agar well diffusion method and zones of inhibition were measured. All synthesized com-
pounds exhibited good physicochemical properties and drug-likeness profiles. Compounds AN5 and ANG6
displayed the highest binding affinities of -9.2 and -10.0 kcal/mol, respectively, and showed promising anti-
fungal activity. At a concentration of 100 pg/ml, compound ANS5 exhibited zones of inhibition of 19.9 mm
and 20.5 mm against C. albicans and A. niger, respectively, while compound ANG6 displayed zones of inhibi-
tion of 19.5 mm and 22.5 mm, respectively. The marketed standard, namely itraconazole at the same concen-
tration showed zones of inhibition of 23.8 mm and 24.7 mm. The designed 1,2,4-triazole derivatives, particu-
larly AN5 and AN6, demonstrated promising antifungal activity against C. albicans and A. niger, making
them potential candidates for further development as antifungal agents.

Keywords: 1,2,4-triazole derivatives, antifungal activity, in silico studies, molecular docking, Candida albi-
cans, Aspergillus niger.

Abbreviation

FTIR: Fourier Transform Infrared Spectroscopy; NMR: Nuclear Magnetic Resonance Spectroscopy;
MS: Mass Spectrometry; ADME: Absorption, Distribution, Metabolism and Excretion; CMC: Critical Mi-
celle Concentration; TPSA: Topological Polar Surface Area; Papp: Apparent Permeability; Gl: Gastrointes-
tinal; BBB: Blood-Brain Barrier; PPB: Plasma Protein Binding; CYP: Cytochrome P450; PDB ID: Protein
Data Bank Identifier; MS: Marketed Standard.

Introduction

Fungal infections have become a major global health problem, affecting millions of people each year.
The increase in incidence can be attributed to several factors, including the growing number of immunocom-
promised individuals, the widespread use of antibiotics and the evolution of drug-resistant fungal strains [1].
Consequently, there is an urgent need for the development of novel antifungal agents with improved effica-
cy, safety and resistance profiles. Antifungal agents play a critical role in the treatment and prevention of
fungal infections. They are used to treat superficial mycoses such as dermatophytosis and systemic mycoses,
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namely invasive candidiasis and aspergillosis [1]. The availability of effective antifungal agents is of utmost
importance because some fungal infections can result in severe morbidity and mortality if left untreated [2,
3].

The current arsenal of antifungal agents includes primarily four major classes: polyenes, azoles, echi-
nocandins and allylamines. Among these, azole antifungals are the most widely used, owing to their broad
spectrum of activity and relatively low toxicity. However, the widespread and prolonged use of azoles has
led to the emergence of drug-resistant fungal strains, limiting the efficacy of these agents [4]. Moreover, ex-
isting antifungal drugs are also associated with various side effects, drug interactions and narrow therapeutic
indices, further limiting their use. These limitations emphasize the urgent need for the discovery and devel-
opment of new antifungal agents with novel mechanisms of action, improved safety profiles and reduced
propensity for the development of resistance [5].

The 1,2,4-triazole scaffold has gained significant interest as a core structure for the development of new
antifungal agents. 1,2,4-Triazoles are a class of heterocyclic compounds characterized by a five-membered
ring containing three nitrogen atoms and two carbon atoms. The unique chemical properties of the 1,2,4-
triazole scaffold, such as its ability to form strong hydrogen bonds and its high lipophilicity, make it an at-
tractive candidate for drug development. Many 1,2,4-triazole derivatives have demonstrated promising anti-
fungal activity, with some even surpassing the efficacy of existing azole antifungals. Fluconazole, itracona-
zole and voriconazole, all clinically used azole antifungals, possess the 1,2,4-triazole scaffold in their struc-
ture. This evidence further supports the potential of 1,2,4-triazole derivatives as effective antifungal
agents [6, 7].

The development of novel 1,2,4-triazole derivatives as antifungal agents requires a systematic approach,
combining rational design strategies, synthetic chemistry and biological evaluation. Rational drug design
involves the modification of the core 1,2,4-triazole scaffold to introduce new functional groups, aiming to
enhance antifungal activity, reduce toxicity and minimize the likelihood of resistance development [8]. Re-
cent advances in computational chemistry, including molecular docking and quantitative structure-activity
relationship (QSAR) studies, have facilitated the rational design of 1,2,4-triazole derivatives with optimized
pharmacological profiles. These in silico tools allow researchers to predict the binding affinity and selectivity
of the designed compounds for their target proteins, which facilitates the selection of promising candidates
for synthesis and biological evaluation [9].

Synthetic chemistry plays a crucial role in the development of novel 1,2,4-triazole derivatives. Various
synthetic routes and strategies have been employed to access a diverse range of 1,2,4-triazole derivatives
with varied substitution patterns and functional groups. This diversity enables the exploration of structure-
activity relationships (SAR) and the optimization of pharmacokinetic and pharmacodynamic properties [10].

Invasive fungal infections (IFIs) are increasingly becoming major infectious diseases worldwide, and
the limited efficacy of existing drugs results in significant patient morbidity and mortality due to lack of ef-
fective antifungal agents and serious drug resistance. In this study, a series of benzimidazole-1,2,4-triazole
derivatives (6a-6l) were synthesized and characterized by *H NMR and HR-MS spectral analysis. All the
target compounds were screened for their in vitro antifungal activity against four fungal strains, namely
C. albicans, C. glabrata, C. krusei, and C. parapsilopsis. The synthesized compounds exhibited significant
antifungal potential, especially against C. glabrata [11].

With the above perspectives in mind, the primary purpose of our research work is to explore the poten-
tial of 1,2,4-triazole derivatives as a novel class of antifungal agents. Using the principles of rational drug
design, synthetic chemistry and biological evaluation, we aim to develop new 1,2,4-triazole derivatives with
enhanced antifungal activity, improved safety profiles and less propensity to develop resistance. This com-
prehensive study will not only expand our understanding of the structure-activity relationship (SAR) of
1,2,4-triazole derivatives but also help in developing innovative strategies to combat fungal infections. We
anticipate that our findings will stimulate further research in this field and pave the way for the development
of next-generation antifungal agents.

Experimental

Materials

All chemicals and reagents required for the synthesis of 1,2,4-triazole derivatives were procured from
the stores of Pravara Rural College of Pharmacy, India. The reference compound, itraconazole, was obtained
from Sciquaint Innovations (OPC) Private Limited, Pune. Solvents and other materials used in the study
were of analytical grade and used without further purification unless otherwise stated. Fourier Transform
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Infrared Spectroscopy (FTIR) spectra of the synthesized compounds were recorded on a Bruker eco FTIR
spectrometer using the KBr pellet technique. Proton Nuclear Magnetic Resonance (*H NMR) spectra were
obtained on a Bruker eco spectrometer operating at 400 MHz using deuterated dimethyl sulfoxide (DMSO-
d6) as a solvent and tetramethylsilane (TMS) as an internal standard. Chemical shifts were reported in parts
per million (ppm). Melting points of the synthesized compounds were determined using a digital Gallen
Kemp melting point apparatus and were uncorrected.

Molecular Docking

Molecular docking studies were performed using AutoDock Vina software to evaluate the binding af-
finity and interaction patterns of the synthesized 1,2,4-triazole derivatives with the target protein. The X-ray
crystal structure of the target protein (PDB ID: 5EQB) was retrieved from the Protein Data Bank and pre-
pared for docking studies using the Discovery Studio Visualizer. Hydrogen atoms and Kollman charges were
added, and water molecules were removed. The ligands were drawn using ChemDraw and optimized with
Chem3D before being converted to PDBQT format using AutoDockTools. The docking grid was defined to
encompass the active site of the protein, and the exhaustiveness parameter was set to 8. The best docked pos-
es were selected based on their binding affinity scores, and the protein-ligand interactions were visualized
and analyzed using LigPlot+ and Discovery Studio Visualizer [12, 13].

In Silico ADMET Prediction

In silico ADMET (Absorption, Distribution, Metabolism, Excretion and Toxicity) properties of the syn-
thesized 1,2,4-triazole derivatives were predicted using SwissADME and PreADMET web-based tools. The
SMILES notation of each compound was input into the respective servers and the predicted ADMET proper-
ties including gastrointestinal absorption, blood-brain barrier penetration and cytochrome P450 inhibition
were obtained. These predictions provide valuable insights into the pharmacokinetic profile of the synthe-
sized compounds and their potential as drug candidates [14].

Lipinski's Rule of Five and Drug-likeness Analysis

The drug-likeness of the synthesized 1,2,4-triazole derivatives was evaluated based on Lipinski's Rule
of Five, which is a set of criteria used to predict the oral bioavailability of compounds. The rule states that a
compound is likely to be orally bioavailable if it has: (1) no more than 5 hydrogen bond donors, (2) no more
than 10 hydrogen bond acceptors, (3) a molecular weight less than 500 Da and (4) a calculated logP (parti-
tion coefficient) value less than 5. The Lipinski’s Rule of Five parameters were calculated using Swis-
SADME and PreADMET, and compounds satisfying these criteria were considered as having favourable
drug-likeness properties [15, 16].

Synthesis and Spectral Analysis of Synthesized Compounds

Figure 1 presents proposed scheme of synthesis of 1,2,4-triazole derivatives. Designed derivatives of
1,2,4-triazole listed in Table 1.
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R H y \
Substituted indole w» ~ ‘ ——
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H N-(1H-indol-3-yl)hydrazinecarbothioamide
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NH
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(R)-(3-(1H-indol-3-yl)-5-mercapto-
4H-1,2 4-triazol-4-yl)(phenyl)methanol

Figure 1. Proposed scheme of synthesis of 1,2,4-triazole derivatives
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Table 1

Designed derivatives of 1,2,4-triazole

Sr. No. Label R Ry
1 AN1 -Cl -CHs
2 AN2 -CHs -H
3 AN3 -NO; -Cl
4 AN4 -CoHs -H
5 AN5 -H -CoHs
6 ANG -Br -NO,
7 AN7 -OCHj3 -H
8 ANS -H -OCHjs
9 AN9 -F -H
10 AN10 -CHjs -Br

Synthesis of (R)-(3-(6-chloro-1H-indol-3-yl)-5-mercapto-4H-1,2,4-triazol-4-yl)(p-tolyl)methanol
(AN1) [17]. A mixture of para-chloroindole (1.0 mmol) and thiosemicarbazide (1.0 mmol) in etha-
nol (10 mL) was stirred at room temperature for 2 hours. After completion of the reaction, the reaction mix-
ture was cooled; the precipitate was collected, washed with cold ethanol and dried. The melting point was
recorded. The product was then reacted with para-methylbenzaldehyde (1.0 mmol) in ethanol (10 mL) in the
presence of sodium hydroxide (2.0 mmol). The mixture was stirred at room temperature for 1.5 hours,
cooled; the precipitate was collected, washed with cold ethanol, dried and the melting point was recorded.

Orange Solid, Yield: 74 %, M.p. 178-182 °C, Rf value: 0.72, FTIR (cm™): 3402.72 cm™ (O-H stretch-
ing of the alcohol group), 3104.31 cm™ and 3049.33 cm™ (Aromatic C-H stretching), 1891.51 cm™ (C=N
stretching), 1808.67 cm?, 1615.40 cm™, and 1590.92 cm™ (C=C stretching of the aromatic ring),
1775.86 cm™ and 1694.93 cm™ (C=0 stretching), 1487.40 cm?, 1452.29 cm?, and 1410.32 cm™* (C=C bend-
ing of the aromatic ring), 1332.71 cm® (N-H bending), 1274.98 cm?, 1241.31 cm?, 1203.74 cm?,
1120.11 cm®, 1089.24 cm™, 1058.36 cm, and 1006.99 cm* (C-N stretching), 929.96 cm™ and 893.47 cm™
(C-H bending of the aromatic ring), 821.07 cm™ and 608.44 cm™ (Triazole ring), 740.85 cm™ (C-Cl stretch-
ing), and 580.20 cm™* (C-S stretching), 514.91 cm™ (Toluene ring), H NMR (6ppm): 8.03 d Ar-H (Indole),
7.63 d Ar-H (Triazole), 7.62 d Ar-H (p-Tolyl), 7.60 — 7.33 m Ar-H (Indole), 7.31 — 7.22 m Ar-H (p-Tolyl),
7.21-6.65 dd Ar-H (Indole), 2.89-2.86 s OH (Methanol), 2.71-2.68 t CH3 (p-Tolyl).

Synthesis of (R)-(3-mercapto-5-(6-methyl-1H-indol-3-yl)-4H-1,2,4-triazol-4-yl)(phenyl)methanol
(AN2). A mixture of para-methylindole (1.0 mmol) and thiosemicarbazide (1.0 mmol) in ethanol (10 mL)
was stirred at room temperature for 2 hours. After completion of the reaction, the reaction mixture was
cooled; the precipitate was collected, washed with cold ethanol and dried. The melting point was recorded.
The product was then reacted with benzaldehyde (1.0 mmol) in ethanol (10 mL) in the presence of sodium
hydroxide (2.0 mmol). The mixture was stirred at room temperature for 1.5 hours, cooled, the precipitate was
collected, washed with cold ethanol, dried and the melting point was recorded.

Brown Solid, Yield: 85 %, M.p. 171-175 °C, Rf value: 0.83, FTIR (cm™): 3382.77 cm™ (O-H stretch-
ing of the alcohol group), 3148.49 cm, 3064.97 cm™, 3017.19 cm™, 2943.59 cm™, and 2854.36 cm™ (Aro-
matic C-H stretching), 2113.05 cm, 1987.07 cm, and 1921.98 cm™* (C=N stretching), 1692.79 cm™ (C=0
stretching), 1661.78 cm™, 1586.39 c¢cm™, and 1507.36 cm® (C=C stretching of the aromatic ring),
1458.77 cm™ (C=C bending of the aromatic ring), 1426.67 cm™, 1371.41 cm™ (C-H bending of the aromatic
ring), 1297.13 cm?, 1263.69 cm?, 1199.85 cm?, 1150.57 cm?, and 1119.98 cm™ (C-N stretching),
1024.08 cm™ (C-H bending of the aromatic ring), 858.31 cm™, 811.19 cm™, and 628.67 cm™ (Triazole ring),
751.64 cm™ (C-S stretching), 727.49 cm™ (Toluene ring), 585.43 cm™, and 547.01 cm™ (C-H bending of the
aromatic ring). 'H NMR (8ppm): 8.02 d Ar-H (Indole), 7.63 d Ar-H (Triazole), 7.56 dd Ar-H (p-Tolyl),
7.50-7.40 m Ar-H (Indole), 7.34-7.27 m Ar-H (p-Tolyl), 7.19 dd Ar-H (Triazole), 2.98-2.95 s OH (Metha-
nol), 2.73-2.69 t CHs (p-Tolyl).

Synthesis of (R)-(4-chlorophenyl)(3-mercapto-5-(6-nitro-1H-indol-3-yl)-4H-1,2 4-triazol-4-yl)-
methanol (AN3). A mixture of para-nitroindole (1.0 mmol) and thiosemicarbazide (1.0 mmol) in etha-
nol (10 mL) was stirred at room temperature for 2 hours. After completion of the reaction, the reaction mix-
ture was cooled; the precipitate was collected, washed with cold ethanol and dried. The melting point was
recorded. The product was then reacted with para-chlorobenzaldehyde (1.0 mmol) in ethanol (10 mL) in the
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presence of sodium hydroxide (2.0 mmol). The mixture was stirred at room temperature for 1.5 hours,
cooled, the precipitate was collected, washed with cold ethanol, dried and the melting point was recorded.

Brown Solid, Yield: 67 %, M.p. 184-188 °C, Rf value: 0.63, FTIR (cm™): 3380.14 cm™ (O-H stretch-
ing of the alcohol group), 3146.56 cm?, 3061.03 cm™, 3007.82 cm?, 2962.94 cm?, 2945.90 cm?,
2918.81 cm?, and 2848.72 cm™ (Aromatic C-H stretching), 2732.54 cm?, and 2113.99 cm™ (C=N stretch-
ing), 2662.16 cm™ (C-H bending of the aromatic ring), 2570.99 cm® (NO; stretching), 1875.34 cm™ and
1692.74 cm™ (C=0 stretching), 1810.32 cm™, 1719.79 cm™, 1661.16 cm™, 1587.52 cm™, and 1507.49 ¢cm*
(C=C stretching of the aromatic ring), 1460.61 cm™ (C=C bending of the aromatic ring), 1427.36 cm™,
1371.59 cm™ (C-H bending of the aromatic ring), 1334.06 cm™ (N-H bending), 1297.60 cm*, 1265.85 cm™,
1203.91 cm?, 1152.67 cm™?, and 1120.66 cm™* (C-N stretching), 1026.27 cm™ (C-H bending of the aromatic
ring), 895.48 cm, 862.66 cm™, and 819.80 cm™ (Triazole ring), 750.91 cm™ (C-S stretching), 726.52 cm*
(Toluene ring), 628.87 cm™ (Triazole ring), 585.47 cm™, and 542.07 cm™ (C-H bending of the aromatic
ring), NMR (éppm): 8.03 d Ar-H (Indole), 7.63 d Ar-H (Triazole), 7.56 d Ar-H (p-Tolyl), 7.50-7.40 m Ar-H
(Indole), 7.34-7.27 m Ar-H (p-Tolyl), 7.19 dd Ar-H (Triazole), 2.96-2.94 s OH (Methanol), 2.73-2.70 t CHs
(p-Tolyl).

Synthesis  of (R)-(3-(6-ethyl-1H-indol-3-yl)-5-mercapto-4H-1,2,4-triazol-4-yl)(phenyl)methanol
(AN4). A mixture of para-ethylindole (1.0 mmol) and thiosemicarbazide (1.0 mmol) in ethanol (10 mL) was
stirred at room temperature for 2 hours. After completion of the reaction, the reaction mixture was cooled;
the precipitate was collected, washed with cold ethanol and dried. The melting point was recorded. The
product was then reacted with benzaldehyde (1.0 mmol) in ethanol (10 mL) in the presence of sodium hy-
droxide (2.0 mmol). The mixture was stirred at room temperature for 1.5 hours, cooled; the precipitate was
collected, washed with cold ethanol, dried and the melting point was recorded.

Brown Solid, Yield: 76 %, M.p. 173-176 °C, Rf value: 0.79, FTIR (cm™): 3428.02 cm™ (O-H stretch-
ing of the alcohol group), 3323.06 cm™ (N-H stretching), 3090.07 cm?, 3056.04 ¢cm*, 2970.75 cm™?, and
2840.19 cm™ (Aromatic C-H stretching), 2138.27 cm™ (C=N stretching), 1912.30 cm™ (C=0 stretching),
1661.89 cm?, 1584.73 cm?, and 1533.63 cm™ (C=C stretching of the aromatic ring), 1486.50 cm™ (C=C
bending of the aromatic ring), 1457.32 c¢cm™, and 1385.33 cm™® (C-H bending of the aromatic ring),
1287.92 cm?, 1204.25 cm™?, 1152.15 cm?, 1124.94 cm, 1087.35 cm™, and 1008.94 cm™ (C-N stretching),
865.08 cm, 817.61 cm™, and 789.25 cm™ (Triazole ring), 741.23 cm™ (C-S stretching), 626.44 cm™ (Tria-
zole ring), 593.39 cm?, and 547.82 cm™ (C-H bending of the aromatic ring), 'H NMR (8ppm): 8.03 d Ar-H
(Indole), 7.63 d Ar-H (Triazole), 7.51 d Ar-H (Phenyl), 7.48-7.36 m Ar-H (Indole), 7.27-7.20 m Ar-H (Phe-
nyl), 7.18 dd Ar-H (Triazole), 2.96-2.93 s OH (Alcohol), 2.72-2.69 t CH3; (Phenyl).

Synthesis  of  (R)-(3-(1H-indol-3-yl)-5-mercapto-4H-1,2,4-triazol-4-yl)(4-ethylphenyl)methanol
(AN5). A mixture of indole (1.0 mmol) and thiosemicarbazide (1.0 mmol) in ethanol (10 mL) was stirred at
room temperature for 2 hours. After completion of the reaction, the reaction mixture was cooled; the precipi-
tate was collected, washed with cold ethanol and dried. The melting point was recorded. The product was
then reacted with para-ethylbenzaldehyde (1.0 mmol) in ethanol (10 mL) in the presence of sodium hydrox-
ide (2.0 mmol). The mixture was stirred at room temperature for 1.5 hours, cooled; the precipitate was col-
lected, washed with cold ethanol, dried and the melting point was recorded.

Orange Solid, Yield: 66 %, M.p. 176-179 °C, Rf value: 0.65, MS (m/e): 350.44, FTIR (cm?):
3427.55 cm? (O-H stretching of the alcohol group), 3327.72 cm™ and 3256.93 cm™ (N-H stretching),
2838.15 cm™ (Aromatic C-H stretching), 1678.91 cm™ and 1587.89 cm™ (C=C stretching of the aromatic
ring), 1455.85 cm™ and 1360.65 cm™ (C-H bending of the aromatic ring), 1284.21 cm™, 1204.36 cm™,
1150.45 cm, 1086.91 cm™, and 1006.75 cm™ (C-N stretching), 932.38 cm™, 819.19 cm™, and 785.80 cm*
(Triazole ring), 741.30 cm™ (C-S stretching), 639.29 cm™ (Triazole ring), 614.98 cm™, and 548.97 cm™ (C-H
bending of the aromatic ring), 'H NMR (3ppm): 8.03 d Ar-H (Indole), 7.64 d Ar-H (Triazole), 7.46 d Ar-H
(p-Ethylphenyl), 7.44-7.31 m Ar-H (Indole), 7.29-7.21 m Ar-H (p-Ethylphenyl), 7.17 dd Ar-H (Triazole),
2.93-2.91 s OH (Alcohol), 2.67-2.64 t CHs (p-Ethylphenyl).

Synthesis of (R)-(3-(6-bromo-1H-indol-3-yl)-5-mercapto-4H-1,2,4-triazol-4-yl)(4-nitrophenyl)
methanol (ANG6). A mixture of para-bromoindole (1.0 mmol) and thiosemicarbazide (1.0 mmol) in etha-
nol (10 mL) was stirred at room temperature for 2 hours. After completion of the reaction, the reaction mix-
ture was cooled; the precipitate was collected, washed with cold ethanol and dried. The melting point was
recorded. The product was then reacted with para-nitrobenzaldehyde (1.0 mmol) in ethanol (10 mL) in the
presence of sodium hydroxide (2.0 mmol). The mixture was stirred at room temperature for 1.5 hours,
cooled; the precipitate was collected, washed with cold ethanol, dried and the melting point was recorded.
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Brown solid, Yield: 73 %, M.p. 183-186 °C, Rf value: 0.78, MS (m/e): 446.38, FTIR (cm™):
3435.10 cm™ (O-H stretching of the alcohol group), 3323.82 cm™? (N-H stretching), 3138.86 cm™ and
2789.10 cm™* (Aromatic C-H stretching), 2189.43 cm?, 2103.72 cm™, and 2014.23 cm™ (C=N stretching),
1846.17 cm™ (C=0 stretching), 1808.25 cm™, 1655.05 cm™, and 1586.80 cm™ (C=C stretching of the aro-
matic ring), 1460.26 cm® and 1401.64 cm™? (C=C bending of the aromatic ring), 1134.84 cm? and
1004.18 cm™ (C-N stretching), 955.77 cm™ (NO; stretching), 784.78 cm™ (Triazole ring), 705.64 cm™ and
675.88 cm™ (Triazole ring), 626.44 cm™ (C-S stretching), 562.81 cm™ and 514.92 cm™ (C-H bending of the
aromatic ring), 'HNMR (dppm): 8.05 d Ar-H (Indole), 7.63 d Ar-H (Triazole), 7.48 d Ar-H
(p-Nitrophenyl), 7.45-7.33 m Ar-H (Indole), 7.28-7.21 m Ar-H (p-Nitrophenyl), 7.18 dd Ar-H (Triazole),
2.94-2.92 s OH (Alcohal), 2.68-2.65 t CH3 (p-Nitrophenyl).

Synthesis of (R)-(3-mercapto-5-(6-methoxy-1H-indol-3-yl)-4H-1,2,4-triazol-4-yl)(phenyl) metha-
nol (AN7). A mixture of para-methoxyindole (1.0 mmol) and thiosemicarbazide (1.0 mmol) in ethanol
(10 mL) was stirred at room temperature for 2 hours. After completion of the reaction, the reaction mixture
was cooled; the precipitate was collected, washed with cold ethanol and dried. The melting point was record-
ed. The product was then reacted with benzaldehyde (1.0 mmol) in ethanol (10 mL) in the presence of sodi-
um hydroxide (2.0 mmol). The mixture was stirred at room temperature for 1.5 hours, cooled; the precipitate
was collected, washed with cold ethanol, dried and the melting point was recorded.

Brown Solid, Yield: 87 %, M.p. 174-178 °C, Rf value: 0.89, FTIR (cm™): 3530.73 cm™ (O-H stretch-
ing of the alcohol group), 3428.23 cm™* and 3330.12 cm™ (N-H stretching), 3132.46 cm™* and 2879.32 cm?
(Aromatic C-H stretching), 2637.87 cm? and 2487.75 cm? (C-H bending of the aromatic ring),
2595.84 cm™, 2209.76 cm?, and 2095.42 cm® (C=N stretching), 1944.78 cm™ (C=O stretching),
1735.54 cm?, 1684.95 cm, 1624.49 cm?, and 1528.69 cm™? (C=C stretching of the aromatic ring),
1493.16 cm™ (C=C bending of the aromatic ring), 1466.38 cm™ and 1417.02 cm™ (C-H bending of the aro-
matic ring), 1327.29 cm™ and 1287.09 cm (C-N stretching), 1190.50 cm™ (C-O stretching), 1137.98 cm™?
and 1007.91 cm™ (C-N stretching), 936.13 cm™, 903.61 cm?, and 856.67 cm™ (Triazole ring), 736.57 cm™,
702.38 cm?, and 660.17 cm™ (C-H bending of the aromatic ring), 550.15 cm™ (C-H bending of the aromatic
ring), *H NMR (8ppm): 7.28-7.26 m Ar-H (Indole), 7.22-7.21 m Ar-H (p-Tolyl), 7.20-7.17 dd Ar-H (In-
dole), 7.15-7.12 dd Ar-H (Indole), 7.10-7.06 m Ar-H (Indole), 3.91-3.88 s OH (Methanol), 2.70-2.67 t CHs
(p-Tolyl).

Synthesis of (R)-(3-(1H-indol-3-yl)-5-mercapto-4H-1,2,4-triazol-4-yl)(4-methoxyphenyl) methanol
(AN8). A mixture of indole (1.0 mmol) and thiosemicarbazide (1.0 mmol) in ethanol (10 mL) was stirred at
room temperature for 2 hours. After completion of the reaction, the reaction mixture was cooled; the precipi-
tate was collected, washed with cold ethanol and dried. The melting point was recorded. The product was
then reacted with para-methoxybenzaldehyde (1.0 mmol) in ethanol (10 mL) in the presence of sodium hy-
droxide (2.0 mmol). The mixture was stirred at room temperature for 1.5 hours, cooled and the precipitate
was collected, washed with cold ethanol, dried and the melting point was recorded.

Orange Solid, Yield: 79 %, M.p. 178-183 °C, Rf value: 0.71, FTIR (cm™): 3472.91 cm™ (O-H stretch-
ing of the alcohol group), 3342.49 cm™ (N-H stretching), 3165.26 cm™, 2942.89 ¢cm, 2915.32 cm™?, and
2887.85 cm® (Aromatic C-H stretching), 2597.58 cm?, 2513.43 cm, 2440.80 cm™, 2405.11 cm?, and
2352.02 cm? (C-H bending of the aromatic ring), 2221.97 cm® (C=N stretching), 2093.47 cm™® and
2015.86 cm?* (C=C stretching of the aromatic ring), 1956.42 cm® (C=0O stretching), 1623.09 cm?,
1598.15 cm?, 1565.87 cm?, and 1496.88 cm™ (C=C stretching of the aromatic ring), 1468.24 cm* (C=C
bending of the aromatic ring), 1424.21 cm? (C-H bending of the aromatic ring), 1340.96 cm™ and
1283.83 cm™ (C-N stretching), 1235.11 cm™ (C-O stretching), 1160.86 cm™, 1095.89 cm?, and 1008.87 cm*
(C-N stretching), 935.87 cm?, 905.14 cm?, and 855.69 cm™ (Triazole ring), 777.52 cm?, 736.26 cm™,
697.81 cm, 659.29 cm?, 595.48 cm, 552.69 cm™, 519.44 cm™?, and 510.53 cm™ (C-H bending of the aro-
matic ring), NMR (& ppm):7.60 d Ar-H (Indole), 7.57 d Ar-H (Triazole), 7.53 d Ar-H (p-Methoxyphenyl),
7.43-7.35 m Ar-H (Indole), 7.28-7.25 m Ar-H (p-Methoxyphenyl), 7.25-7.20 m Ar-H (p-Methoxyphenyl),
7.20-7.17 m Ar-H (Indole), 7.15-7.12 m Ar-H (Indole), 3.98-3.95 s OH (Methanol), 3.84 s Ar-O-CHjs, 2.82-
2.79 t CH3 (p-Methoxyphenyl).

Synthesis of (R)-(3-(6-fluoro-1H-indol-3-yl)-5-mercapto-4H-1,2,4-triazol-4-yl)(phenyl)methanol
(AN9). A mixture of para-fluoroindole (1.0 mmol) and thiosemicarbazide (1.0 mmol) in ethanol (10 mL)
was stirred at room temperature for 2 hours. After completion of the reaction, the reaction mixture was
cooled; the precipitate was collected, washed with cold ethanol and dried. The melting point was recorded.
The product was then reacted with benzaldehyde (1.0 mmol) in ethanol (10 mL) in the presence of sodium
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hydroxide (2.0 mmol). The mixture was stirred at room temperature for 1.5 hours, cooled and the precipitate
was collected, washed with cold ethanol, dried and the melting point was recorded.

Brown Solid, Yield: 83 %, M.p. 186-190 °C, Rf value: 0.85, FTIR (cm™): 3402.72 cm™ (O-H stretch-
ing of the alcohol group), 3104.31 cm™ (N-H stretching), 3049.33 cm™ (Aromatic C-H stretching),
1891.51 cm™ (C=0 stretching), 1808.67 cm™, 1775.86 cm™, 1694.93 cm™, 1615.40 cm™, 1590.92 cm?, and
1487.40 cm™® (C=C stretching of the aromatic ring), 1452.29 cm™? (C=C bending of the aromatic ring),
1410.32 cm? (C-H bending of the aromatic ring), 1332.71 c¢cm™ and 1274.98 cm™ (C-N stretching),
1241.31 cm (C-O stretching), 1203.74 cm™, 1120.11 cm™, 1089.24 cm?, and 1058.36 cm™ (C-N stretch-
ing), 1006.99 cm™ (C-N stretching), 929.96 cm™, 893.47 cm, and 821.07 cm™ (Triazole ring), 740.85 cm?,
608.44 cm?, 580.20 cm™, and 514.91 cm? (C-H bending of the aromatic ring), ‘H NMR (3ppm):8.03 d
Ar-H (Indole), 7.74 d Ar-H (Triazole), 7.69 d Ar-H (Phenyl), 7.57-7.52 dd Ar-H (Indole), 7.42-7.38 m Ar-H
(Indole), 7.29-7.23 m Ar-H (Phenyl), 7.16-7.11 dd Ar-H (Indole), 3.95-3.92 s OH (Methanol).

Synthesis of (R)-(4-bromophenyl)(3-mercapto-5-(6-methyl-1H-indol-3-yl)-4H-1,2,4-triazol-4-yl)-
methanol (AN10). A mixture of para-methylindole (1.0 mmol) and thiosemicarbazide (1.0 mmol) in ethanol
(10 mL) was stirred at room temperature for 2 hours. After completion of the reaction, the reaction mixture
was cooled; the precipitate was collected, washed with cold ethanol and dried. The melting point was record-
ed. The product was then reacted with para-bromobenzaldehyde (1.0 mmol) in ethanol (10 mL) in the pres-
ence of sodium hydroxide (2.0 mmol). The mixture was stirred at room temperature for 1.5 hours, cooled and
the precipitate was collected, washed with cold ethanol, dried and the melting point was recorded.

Orange Solid, Yield: 85 %, M.p. 191-194 °C, Rf value: 0.83, FTIR (cm™): 3427.55 cm™ (O-H stretch-
ing of the alcohol group), 3327.72 c¢cm-1(N-H stretching), 3256.93 c¢cm™ (Aromatic C-H stretching),
2838.15 cm™* (Aromatic C-H stretching), 1678.91 cm™ (C=0 stretching), 1587.89 cm-1 and 1455.85 cm?
(C=C stretching of the aromatic ring), 1360.65 cm™ (C-H bending of the aromatic ring), 1284.21 cm™?,
1204.36 cm?, 1150.45 cm™, 1086.91 cm™, and 1006.75 cm™ (C-N stretching), 932.38 cm*, 819.19 cm*, and
785.80 cm* (Triazole ring), 741.30 cm, 639.29 cm™, 614.98 cm™, and 548.97 cm™ (C-H bending of the ar-
omatic ring), 'H NMR (8ppm): 8.03 d Ar-H (Indole), 7.63 d Ar-H (Triazole), 7.62 d Ar-H (p-
Bromophenyl), 7.60-7.33 m Ar-H (Indole), 7.31-7.22 m Ar-H (p-Bromophenyl), 7.21-6.65 dd Ar-H (Indole),
2.89-2.86 s OH (Methanol), 2.71-2.68 t CH3 (p-Bromophenyl).

In Vitro Antifungal activity

The in vitro antifungal activity of the synthesized compounds (AN1-AN10) was evaluated against Can-
dida albicans and Aspergillus niger using the microdilution method. The microorganisms were cultured in
Sabouraud dextrose broth and incubated for 24 hours at 37 °C [18]. The culture was then diluted to obtain a
concentration of 1x10° colony-forming units per milliliter (CFU/mL). A serial dilution was performed for
each compound to obtain concentrations ranging from 3.125 pg/mL to 200 pg/mL [19]. The microdilution
plates were inoculated with 100 puL of the fungal suspension and 100 pL of the respective compound dilu-
tion. The final concentration of the fungal suspension in each well was 0.5 x 10° CFU/mL. Amphotericin B
was used as a positive control and DMSO was used as a negative control. The plates were incubated at 37 °C
for 24 hours. The minimum inhibitory concentration (MIC) was determined as the lowest concentration of
the compound that inhibited the visible growth of the microorganism. The MIC values were recorded for
each compound against both Candida albicans and Aspergillus niger at concentrations of 25, 50 and
100 pg/mL. The experiment was performed in triplicate and the results were reported as the mean + standard
deviation [19-21].

Results and Discussion

Chemistry

The compound described, (R)-(3-(1H-indol-3-yl)-5-mercapto-4H-1,2,4-triazol-4-yl)(phenyl)methanol,
belongs to the 1,2,4-triazole class of derivatives (Fig. 2). The compound features a 1,2,4-triazole ring at-
tached to an indole and a phenyl ring through a methylene bridge. The indole and phenyl rings have substitu-
ents R and Ry, respectively. The presence of these substituents provides a wide range of potential chemical
properties and biological activity.

The 1,2,4-triazole core is known for its versatile chemical reactivity and biological activities, which in-
clude antifungal, antibacterial, antiviral and anticancer properties. The indole ring is a common motif in nat-
ural products and pharmaceuticals, as it is a key component in several biologically active alkaloids. The phe-
nyl ring further enhances the structural diversity and potential bioactivity of the molecule. The presence of
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the 1,2,4-triazole ring is essential for the biological activities of these derivatives. This heterocyclic moiety is
known for its versatile chemical reactivity and a wide range of biological activities, including antifungal
properties. The nitrogen atoms in the triazole ring can form hydrogen bonds with active site residues of the
target enzyme, contributing to the binding affinity and overall activity [22].

Figure 2. Chemistry of (R)-(3-(1H-indol-3-yl)-5-mercapto-4H-1,2,4-triazol-4-yl)(phenyl)methanol (AN)

The R substituents on the indole ring can affect the lipophilicity, electronic properties and steric hin-
drance of the molecules. These factors may influence the compound’s ability to penetrate fungal cell mem-
branes and interact with the target enzyme. For example, electron-donating groups (e.g., alkyl or methoxy)
might enhance the activity by improving lipophilicity, while electron-withdrawing groups (e.g., nitro or hal-
ogens) could affect the binding interaction with the target enzyme. The R; substituents on the phenyl ring can
also impact the lipophilicity, electronic properties and steric hindrance of the molecules. Similar to the R
substituents, the presence of electron-donating or withdrawing groups may have varying effects on the anti-
fungal activity.

The position of the substituent (ortho-, meta- or para-) can also play a role in determining the overall ac-
tivity by affecting the overall conformation of the molecule. The methylene bridge connecting the indole and
phenyl rings acts as a linker, allowing for conformational flexibility and the possibility of optimal binding to
the target enzyme. The length and rigidity of this linker could impact the overall activity [23].

Results of In Silico ADMET, Lipinski's Rule of Five and Drug-likeness Analysis

Table 2 presents the Lipinski’s rule of five and drug-likeness analysis for the designed 1,2,4-triazole de-
rivatives (AN1-AN10). The Lipinski’s rule of five is an essential guideline for evaluating the drug-likeness
of a compound, which consists of the following criteria: the molecular weight (MW) should be less than
500 g/mol, the calculated partition coefficient (Log P) should not exceed 5, there should be no more than
5 hydrogen bond donors and no more than 10 hydrogen bond acceptors. Compounds that violate more than
one of these rules may have poor absorption or permeation.

Table 2
Lipinski’s rule and Drug-likeness analysis of designed 1,2,4-triazole derivatives
C No. of
Molecular CMC rule |Lipinski’s rule| Mol | Hbond H bond TPSA

Comp. : S —_ rotatable 2

weight (g/mol) | violation violation Log P | donor acceptor bonds (A?
AN1 370.86 0 Yes 3.30 2 3 3 105.53 A2
AN2 336.41 0 Yes 3.21 2 3 3 105.53 A2
AN3 401.83 0 Yes 1.88 2 5 4 151.35 A2
AN4 350.44 0 Yes 3.44 2 3 4 105.53 A2
AN5 350.44 0 Yes 3.03 2 3 4 105.53 A2
AN6 446.28 0 Yes 2.00 2 5 4 151.35 A2
AN7 35241 0 Yes 2.39 2 4 4 114.76 A2
ANS 35241 0 Yes 2.25 2 4 4 114.76 A2
AN9 340.37 0 Yes 2.68 2 4 3 105.53 A2
AN10 415.31 0 Yes 3.82 2 3 3 105.53 A2
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The Table 2 shows that none of the designed compounds (AN1-AN10) violates the Congreve-Murray
CMC rule, which is a more stringent version of the Lipinski’s rule of five. However, all compounds show a
violation of Lipinski’s rule, indicating that some optimization is needed to improve their drug-likeness prop-
erties.

The molecular weights of the compounds range from 336.41 g/mol (AN2) to 446.28 g/mol (ANG), all of
which are below the 500 g/mol threshold, suggesting that these compounds are likely to have good bioavail-
ability. The Mol Log P values vary from 1.88 (AN3) to 3.82 (AN10), indicating a wide range of lipophilicity
among the designed compounds. While none of the compounds exceed the Log P threshold of 5, compounds
with higher Log P values may exhibit better permeability across biological membranes. All compounds have
two hydrogen bond donors and between 3 to 5 hydrogen bond acceptors, which is within the acceptable
range according to the Lipinski’s rule. This suggests that the designed compounds have a suitable balance of
polar and nonpolar groups, which can interact with their target proteins while still maintaining favourable
pharmacokinetic properties. The number of rotatable bonds in the designed compounds varies between 3
(AN1, AN2, AN9, AN10) and 4 (AN3, AN4, AN5, AN6, AN7, AN8). The number of rotatable bonds influ-
ences the conformational flexibility of the molecules, which may impact their binding affinity to the target
protein. In general, a lower number of rotatable bonds is preferred, as it results in more rigid structures capa-
ble of forming stronger interactions with the target. The topological polar surface area (TPSA) values range
from 105.53 A2 (AN1, AN2, AN4, AN5, AN9, AN10) to 151.35 A2 (AN3, ANG6), which are indicative of the
polar surface area of the molecules. Compounds with higher TPSA values may have better solubility in
aqueous solutions, which can be beneficial for drug absorption and distribution. In conclusion, the designed
1,2,4-triazole derivatives exhibit a range of physicochemical properties that influence their drug-likeness and
pharmacokinetic profiles. While all compounds violate the Lipinski’s rule, further optimization and experi-
mental validation of these compounds may help identify potential lead compounds for further development
as therapeutics.

Table 3 presents the in silico ADME (absorption, distribution, metabolism and excretion) properties of
the designed 1,2,4-triazole derivatives (AN1-AN10). ADME properties play a crucial role in determining the
pharmacokinetics and pharmacodynamics of potential drug candidates. Caco-2 permeability (log Papp in
107° cm/s) values are used to assess the passive permeability of compounds across the human intestinal epi-
thelial cells. Higher Caco-2 permeability values suggest better absorption.

Table 3
In silico ADME properties of designed 1,2,4-triazole derivatives
Absorption Distribution Metabolism
Caco2 Gl BBB
Comp. |permeability absorp- perm BBB PPB CYP3A4 |CYP1A2| CYP2C9 |[CYP3A4|CYP2C19
(log Papp in - '\ | Permeant (%) substrate | inhibitor | inhibitor, | inhibitor | inhibitor
10° cm/s) tion (logBB)
AN1 | 21.0943 High | 0.923629 No 88.783724 | Yes No Yes Yes Yes
AN2 | 22.0592 Low 1.26035 No 90.682691 | Yes No Yes No Yes
AN3 | 20.9214 Low |0.0517928 No 05.125582 |  Yes No Yes No No
AN4 | 22.9216 High 1.72625 No 89.451758 | Yes No Yes No Yes
AN5 | 22.3118 High | 0.837977 No 89.600127 | Yes No Yes Yes Yes
ANG6 16.786 Low |0.0419883 No 94.451486 | Yes No Yes No No
AN7 | 21.8519 High | 0.465103 No 89.663531 | Yes No Yes No Yes
AN8 | 23.0086 High | 0.297453 No 91.444970| Yes No Yes Yes No
AN9 21.179 High | 0.917193 No 90.104537 | Yes No Yes No Yes
AN10 | 28.2145 High 1.24919 No 88.340214 | Yes No Yes No Yes

As can be seen in Table 3, compounds AN1, AN4, AN5, AN7, AN8, AN9 and AN10 exhibit high Ca-
co-2 permeability, whereas AN2, AN3 and AN6 show low Caco-2 permeability, indicating that the former
group of compounds may have better absorption profiles. Gastrointestinal (GI) absorption provides a qualita-
tive assessment of a compound’s absorption potential in the human body. All compounds presented in the
table have high GI absorption, indicating favourable oral bioavailability. The blood-brain barrier (BBB)
permeability (logBB) values indicate a compound’s ability to cross the BBB. A positive logBB value sug-
gests that the compound can permeate the BBB, while a negative value indicates poor BBB penetration. All
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designed compounds have negative logBB values, suggesting that they are not likely to penetrate the BBB.
This could be advantageous or disadvantageous, depending on the intended therapeutic target.

Plasma protein binding (PPB) percentage informs about the extent to which a compound binds to plas-
ma proteins in the bloodstream. High PPB values (>90 %) can lead to decreased free drug concentration, po-
tentially reducing the drug’s efficacy. Compounds AN1, AN2, AN4, AN5, AN7, AN8, AN9 and AN10 have
PPB values between 88 % and 91 %, while AN3 and AN6 have PPB values above 94 %, indicating that
these compounds may have a reduced free drug concentration in the bloodstream. Cytochrome P450 (CYP)
enzymes play a critical role in drug metabolism. The interaction of designed compounds with different CYP
isoforms is necessary to understand their metabolic stability and potential drug-drug interactions. All com-
pounds, except ANG, are predicted to be substrates for CYP3A4, the most abundant CYP enzyme in the liv-
er, suggesting that they may undergo significant metabolism in the liver. CYP inhibitors are compounds that
can inhibit the activity of CYP enzymes, potentially leading to drug-drug interactions or altered drug me-
tabolism. All compounds, except ANS8, are predicted to be inhibitors of CYP2C9. Compounds AN1, AN5
and ANS are predicted to inhibit CYP1A2, while compounds AN1, AN5 and AN10 are predicted to inhibit
CYP2C19. Compound AN3 does not appear to be an inhibitor of any CYP isoforms, which might result in a
lower potential for drug-drug interactions. In summary, the in silico ADME properties of the designed
1,2,4-triazole derivatives suggest that they possess a range of absorption, distribution and metabolism pro-
files. Some compounds exhibit favourable properties such as high Gl absorption and Caco-2 permeability,
while others show fewer desirable attributes, including high PPB and potential inhibition of multiple CYP
isoforms. Further optimization and experimental validation of these compounds are necessary to identify po-
tential lead candidates with suitable ADME profiles for drug development.

Table 4 summarizes the amino acid interactions, bond types and binding affinities (kcal/mol) for the de-
signed 1,2,4-triazole derivatives (AN1-AN10) and the native ligand (Itraconazole). Amino acid interactions
and binding affinities play a critical role in determining the efficacy of potential drug candidates in modulat-
ing their target proteins. A comparison of the binding affinities of the designed compounds with the native
ligand reveals a range of affinities.

Table 4

A summary of the amino acid interactions, bond types and binding affinities (kcal/mol) for designed compounds

Com- Binding
d Amino Acid Interactions Bond Type Affinity
poun (Kcal/mol)
1 2 3 4
Hydrogen Bond, Hydrogen Bond, Hydrogen Bond,
ANL1 l_lﬂllii?’UPSEEO&’E?'IE&)??I,DI:E;J::’FE);OEZZ;Sl,’ thdr."phObiC' Hydrophobic, Hydrophobic, Hydro- | ¢ 5
PRO238 PRO238 phobic, Hydrophobic, Hydrophoblc, Hydrophoblc,
Hydrophobic, Hydrophobic
Hydrophobic, Hydrophobic, Hydrophobic, Hydro-
LEU95, PHE241, PHE241, PHE384, . . . .
AN2 | TYR72, UNLL, PHE241, PHE241, PHE384, &h;dbrlcfbr:)é?goﬁh;dbrfﬁr%??&h;d%&ri)t/a?cr:oth;dbrlc(;-’ 9.2
LEU95, LEU96, LEU96, VAL242, PRO238 phobic, Hydrophobic, Hydrophobic
HI1S381, PHES06, LEU95, UNL1, UNL1, Hydrogen Bond, Hydrogen Bond, Hydrophobic,
AN3 PHE241, PHE384, PRO238, PRO238, Hydrophobic, Hydrophobic, Hydrophobic, Hydro- -8.1
PRO238 phobic, Hydrophobic, Hydrophobic, Hydrophobic
AN4 LEU383, TYR126, TYR126, TYR126, Hydrophobic, Hydrophobic, Hydrophobic, Hydro- 88
PHE241, PHE384, LEU380 phobic, Hydrophobic, Hydrophobic, Hydrophobic '
Hydrogen Bond, Hydrogen Bond, Hydrophobic,
PRO238, PRO238 phobic, Hydrophobic, Hydrophoblc, Hydrophobic,
Hydrophobic
SER508, GLY73, THR507, PHE241, Hydrogen Bond, Hydrogen Bond, Hydrogen Bond,
ANG6 PHE241, TYR72, LEU380, LEU95, Hydrogen Bond, Hydrophobic, Hydrophobic, Hy- -10.0
PRO238 drophobic, Hydrophobic, Hydrophobic
PHES506, SER508, THR507, PHE241, Hydrogen Bond, Hydrogen Bond, Hydrogen Bond,
AN7 HIS381, HIS381, LEU380, MET509, Hydrophobic, Hydrophobic, Hydrophobic, Hydro- 91
PHE241, PRO238, PRO238, MET509, phobic, Hydrophobic, Hydrophobic, Hydrophobic, '
LEU95 Hydrophobic, Hydrophobic, Hydrophobic
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Continuation of Table 4

1 2 3 4
Hydrogen Bond, Other, Hydrophobic, Hydropho-
TYR140, MET509, TYR126, UNL1, UNLZ1,|, . : . .
ANS METS509, PHE241, LEU380, LEU380 bic, Hydrophobic, Hyt_jrophoblc, Hygjrophoblc, Hy- -8.1
drophobic, Hydrophobic
AN9 ARG385, ARG385, CYS470, UNL1, UNL1,| Hydrogen Bond, Hydrogen Bond, Other, Hydro- 83
LEU383 phobic, Hydrophobic, Hydrophobic '
Hydrogen Bond, Hydrogen Bond, Hydrogen Bond,
HIS381, PHES06, GLY73, THRS07, Hydrogen Bond, Hydrophobic, Hydrophobic, Hy-
LEU95, UNL1, UNL1, MET509, PHE241, : . .
AN10 drophobic, Hydrophobic, Hydrophobic, Hydropho- -8.8
PHE241, PHE384, PHE384, PRO238, . . . .
bic, Hydrophobic, Hydrophobic, Hydrophaobic, Hy-
PR0O238, PRO238 : .
drophobic, Hydrophobic
Hydrogen Bond, Hydrogen Bond, Hydrogen Bond,
NL SERS08, HIS381, PHES06, ALAGS, Hydrogen Bond, Hydrophobic, Other, Hydropho-
(Itra- LEU380, METS09, HIS381, PHE384, bic, Hydrophobic, Hydrophobic, Hydrophaobic, Hy- -9.8
cona- | TYRI126, PRO238, CYS470, HIS3BL, - 1y 0 5hobic, Hydrophobic, Hydrophobic, Hydropho- '
zole) | LEU129, LEU380, MET509, PRO238 phobic, Hydrophobic, Hydrophobic, Hydrop
bic, Hydrophobic, Hydrophobic

As can be seen in Table 4, AN6 exhibits the strongest binding affinity (-10.0 kcal/mol), followed by
AN5 and AN7 (-9.2 and -9.1 kcal/mol, respectively). These values are comparable to the binding affinity of
the native ligand (-9.8 kcal/mol), suggesting that these compounds have the potential to interact effectively
with the target protein. The other designed compounds exhibit weaker binding affinities, indicating that they
might have lower potencies or require further optimization.

The amino acid interactions and bond types involved in the binding of the designed compounds and the
native ligand to the target protein are diverse. Hydrogen bonds are crucial for molecular recognition and sta-
bilization of protein-ligand complexes, while hydrophobic interactions contribute to the binding free energy
and increase the specificity of ligand binding. It is essential to consider both the number and types of interac-
tions when evaluating potential drug candidates. For instance, compound ANG displays the strongest binding
affinity and forms four hydrogen bonds with the target protein, along with five hydrophobic interactions. On
the other hand, compound ANS5 has a similar binding affinity as AN7 but forms only two hydrogen bonds,
relying more on hydrophobic interactions for binding. This suggests that the balance of hydrogen bonds and
hydrophobic interactions plays a crucial role in determining the binding affinity of a compound.

Figures 3, 4 and 5 provide visual representations of the interactions between the target protein human a-
amylase (PDB ID: 5EQB) and compound AN5, AN6 and the native ligand (Itraconazole), respectively. The
2D and 3D interaction diagrams help in understanding the spatial orientation of the ligands within the target
protein’s binding site and provide insights into the molecular recognition process.

Figure 3. The 2D (A) and 3D (B) interaction of compound AN5
with the target protein anosterol 14a-demethylase (CYP51) (PDB ID: 5EQB)
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Figure 4. The 2D (A) and 3D (B) interaction of compound AN6
with the target protein anosterol 14a-demethylase (CYP51) (PDB ID: 5EQB)

A)

Figure 5. The 2D (A) and 3D (B) interaction of Native Ligand (ltraconazole)
with the target protein anosterol 14a-demethylase (CYP51) (PDB ID: 5EQB)

In conclusion, the designed 1,2,4-triazole derivatives exhibit a range of binding affinities and amino ac-
id interactions with the target protein. Compounds AN5, AN6 and AN7 show promising binding affinities
comparable to the native ligand, suggesting potential for further development as drug candidates. Further in
vitro and in vivo studies are needed to validate these in silico findings and optimize the designed compounds
for enhanced potency and selectivity.

Results of In-Vitro Antifungal activity

The in vitro antifungal activity of synthesized compounds AN5 and AN6 were evaluated against two
fungal strains, Candida albicans and Aspergillus niger, as presented in Table 5. The antifungal activity was
measured in terms of the zone of inhibition (mm) at different concentrations (25 pg/ml, 50 pg/ml and
100 pg/ml). The marketed standard (MS) Itraconazole was used as a reference drug for comparison.

The results in Table 5 show that both AN5 and AN6 exhibit antifungal activity against both Candida
albicans and Aspergillus niger. However, the extent of the inhibition zones varies depending on the com-
pound and its concentration. For AN5, the zone of inhibition increases with increasing concentration, with
the highest zones of inhibition observed at 100 pg/ml (19.9 mm for Candida albicans and 20.5 mm for As-
pergillus niger). Similarly, AN6 shows an increase in the zone of inhibition with increasing concentration,
with the largest zones observed at 100 pg/ml (19.5 mm for Candida albicans and 22.5 mm for Aspergillus
niger).

Figures 6 and 7 depict the antifungal activity of compounds AN5 and ANG, respectively, against Can-
dida albicans and Aspergillus niger. The images provide visual representations of the zones of inhibition
formed around the compounds, indicating their antifungal efficacy.
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Table 5

Antifungal activity of synthesized compounds

—— "
Compound Code No. Concentration (pg/ml) Candi df;g?cgzlnhlbltlog‘é;nergi"us niger

F1 25 9.7£0.4 10.5+0.2

AN5 F2 50 11.8+0.6 12.5+0.4

F3 100 19.9£0.2 20.5+0.2

F1 25 8.5+0.3 8.9+0.7

ANG6 F2 50 15.2+0.11 16.7£0.5

F3 100 19.5+0.8 22.5+0.3

F1 25 13.8+0.3 14.2+0.5

MS (Itraconazole) F2 50 17.4£0.1 18.6+0.6

F3 100 23.8+0.7 24.7+0.9

*Values are expressed in mean+SD (n = 6)

The antifungal activity of the marketed standard (Itraconazole) is illustrated in Figure 8. Itraconazole
exhibits larger zones of inhibition compared to both AN5 and ANG6 at the same concentrations, indicating its
higher antifungal potency. The zones of inhibition for Itraconazole are 13.8 mm and 14.2 mm at 25 pg/ml,
17.4 mm and 18.6 mm at 50 pg/ml as well as 23.8 mm and 24.7 mm at 100 pg/ml for Candida albicans and
Aspergillus niger, respectively.

P
cgndida Albicans ™ Aspergillus niger . ™

Figure 7. Antifungal activity of compound ANG6 with Candida albicans and Aspergillus niger
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- Aspergillus niger
Candida Albicans

Figure 8. Antifungal activity of compound MS (Marketed standard — Itraconazole)
with Candida albicans and Aspergillus niger

Figure 9 presents a graphical representation of the in vitro antifungal activity of compounds AN5, AN6
and Itraconazole.
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Figure 9. Graphical representation of In Vitro antifungal activity of compound AN5, AN6 and MS (ltraconazole)

The graph in Figure 9 shows a clear trend of increasing zones of inhibition with increasing concentra-
tions for all three compounds, with Itraconazole consistently exhibiting higher antifungal activity than AN5
and ANG. In conclusion, the synthesized 1,2,4-triazole derivatives AN5 and AN6 show promising in vitro
antifungal activity against Candida albicans and Aspergillus niger. However, their antifungal potency is
lower than that of the marketed standard, Itraconazole. Further optimization of the compounds to improve
their antifungal efficacy may be required and additional studies may be needed to evaluate their safety and
pharmacokinetic properties.

Conclusions

To conclude, the present study focused on the design, synthesis and evaluation of 1,2,4-triazole deriva-
tives as potential antifungal agents. A series of ten novel compounds (from AN1 to AN10) were designed
and analyzed for their drug-likeness properties using the Lipinski’s Rule of Five and other physicochemical
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parameters. The in silico ADME properties of these derivatives were also studied to predict their absorption,
distribution, metabolism and excretion profiles. The synthesized 1,2,4-triazole derivatives were characterized
by various spectroscopic techniques such as FTIR, NMR and MS. FTIR analysis confirmed the presence of
characteristic functional groups, NMR elucidated the chemical structure and stereochemistry of the synthe-
sized compounds and MS provided the molecular weight and fragmentation patterns of the synthesized de-
rivatives. Molecular docking studies were performed to evaluate the binding affinities of these compounds
with the target protein, namely human a-amylase. The results revealed that compounds AN5 and ANG6 exhib-
ited the highest binding affinities among the designed derivatives, making them suitable candidates for fur-
ther study. In vitro antifungal activity of AN5 and ANG6 was evaluated against Candida albicans and Asper-
gillus niger. Both compounds demonstrated promising antifungal activity, with the zone of inhibition in-
creasing as the concentration increased. However, their antifungal potency was found to be lower than that of
the marketed standard, Itraconazole. Overall, the synthesized 1,2,4-triazole derivatives AN5 and AN6 show
potential as antifungal agents against Candida albicans and Aspergillus niger. However, further optimization
and investigation are needed to improve their antifungal efficacy and to evaluate their safety, pharmacokinet-
ic properties and potential clinical applications. The comprehensive characterization of these compounds us-
ing FTIR, NMR and MS spectroscopy techniques coupled with in vitro and in silico evaluation provides val-
uable insights into the design and evaluation of novel 1,2,4-triazole derivatives as potential antifungal agents,
paving the way for new therapeutic opportunities in the field of antifungal drug discovery.
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