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le anchored oxadiazole
derivatives: synthesis, characterization, biological
evaluation, in silico docking and ADME-T analysis

Yellamanda Rao Salluri, a Kalyani Chepuri b and Shaik Anwar *a

A novel series of 1,2,4-oxadiazoles based on benzo[d]imidazole-1,3,4-oxadiazole fused 1,2,4-oxadiazoles,

were synthesised. The proposed chemical structures of the novel hybrids were confirmed by a variety of

spectroscopic methods, including HRMS, NMR (1H/13C), and infrared. The antibacterial properties of

these compounds showed that compound 8b (37 ± 1.20 mm) and compound 8i (6.9 ± 1.01 mM) had the

highest zone of inhibition (ZI) and lowest minimum inhibitory (MIC) values against S. aureus ATCC 29213,

which was verified by in silico evaluation. Compound 8f exhibited considerably better antibacterial

activity (31 ± 0.19 mm) against S. epidermidis ATCC 12228, and scaffold 8f showed a significantly higher

antibacterial effect (31 ± 0.19 mm) against S. pyogenes ATCC 19615 compared to moxifloxacin (29 ±

0.16 mm). Finally, in silico research that includes molecular modelling also validates an in vitro

investigation and explains the strong binding pattern of 8b, 8f, 8i, and 8k against E. coli Topoisomerase

IV (PDB: 3FV5) and S. aureus GyrB (PDB: 4URN). Extending our exploration, an analysis of the ADME-Tox

profiling confirmed the safe use of these newly synthesized scaffolds, paving the way for promising

therapeutic applications in the field of antimicrobial therapy.
1 Introduction

As a rising concern to world health, antibiotic resistance
increases morbidity, mortality, and medical expenses.1 Since
many bacterial isolates are becoming more resistant to
numerous drugs, bacterial illnesses are seen as a global issue.
Every year, almost 700 000 people die from diseases that cannot
be cured.2 Experts estimate that more than 10 million people
would die from various antibiotic resistances globally by 2050 if
the problem is not resolved. Severe infections, which greatly
worsen suffering in people with compromised immune systems
and result in major morbidity and mortality, are commonly
caused by a variety of pathogenic microorganisms, including
bacteria, fungi, yeasts, and viruses.3 Antimicrobial resistance
(AMR), which has been exacerbated by the COVID-19 pandemic,
has posed a serious danger to public health and global
economic development.4 While there are several reasons for
this, the increase in HIV-positive patients and the number of
cancer patients undergoing chemotherapy are two important
ones.5 Thankfully, other antibiotics have been approved for
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commercial use through structural modication of tetracy-
clines, quinolones and aminoglycosides, and other compounds,
such as plazomicin, delaoxacin, moxioxacin, and gemioxa-
cin. At the same time, certain natural antibacterial compounds
have been the subject of clinical studies.6 As a result,
researchers are now looking for novel molecular targets for
antimicrobial drugs. Therefore, there is a continuing need for
new antimicrobial drugs that can specically target various
bacteria without interfering with the metabolic functions of the
host.

Numerous researchers in medicinal chemistry have been
drawn to the promising ndings in the chemistry, structure–
activity relationship, and biological activities of various
heterocycles, particularly interested in the synthesis of benz-
imidazole and its derivatives. Heterocyclic compounds, espe-
cially nitrogen heterocycles, make up a substantial class of
chemicals utilized in the pharmaceutical business and account
for almost 60% of all pharmacological medications.7 Benz-
imidazole scaffold exhibit high aromaticity and metabolic
stability, which is advantageous for drug availability and effi-
cacy. Its heteroatoms facilitate key interactions, such as
hydrogen bonding and hydrophobic interactions, with various
biological targets, including enzymes (e.g., b-tubulin, ChE
inhibitors) and a-amylase and a-glucosidase inhibitors. The
thiadiazole moiety can also inhibit DNA/RNA synthesis,
contributing to its broad-spectrum of activity observed in
several FDA-approved drugs like albendazole, tiabendazole,
benomyl, enviradene, and bendamustine have been used as
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Commercial medications chemical structures based on 1,3,4-
oxadiazole, 1,2,4-oxadiazoles, and benzo[d]imidazole.

Scheme 1 Synthesis of benzo[d]imidazole-substituted oxadiazole
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fungicidal agents in the market (Fig. 1). An extensive pharma-
cological framework of benzimidazole has been reported in
a number of publications. These include antibacterial,8 anti-
fungal,9 antituberculosis,10 antiviral,11 antimalarial,12 anti-
ulcer,13 antileishmanial,14 anti-inammatory,15 antidiabetic,16

antiprotozoal,17 anti-convulsant,18 antioxidant,19 anti-hyperten-
sive,20 anti-Alzheimer, and analgesic.21

The analogues of 1,3,4-oxadiazole and imidazole are the
basic building blocks of many medications.22 This class of
heterocycles contains compounds that have demonstrated
a wide range of therapeutic potential, including antibacterial,23

antiepileptic,24 anticancer,25 antiviral,26 and anti-inammatory
properties.27 Commercial medications such as Raltegravir
(anti-HIV), Furamizole (antimicrobial), Zibotentan (anticancer),
Tiodazosin (antihypertensive), Nesapidil (vasodilator), and
Fenadiazole (sedative) all contain the 1,3,4-oxadiazole molecule,
which has proven pharmacophore status (Fig. 1).28 The hydro-
philic and electron-donating characteristics oxadiazole ring
allows for non-covalent binding with enzyme and other
biomolecules, nitrogenated-based heterocycles, like 1,2,4-
oxadiazole-derived molecules, exhibit encouraging biological
activity.29 Numerous bioactive qualities, such as antibacterial,30

anticancer,31 antitubercular,32 anti-inammatory, and antipar-
asitic activities,33 have since been shown by studies on 1,2,4-
oxadiazole derivatives. Additionally, a 1,2,4-oxadiazole moiety is
present in the molecular structure of clinically used medica-
tions like Oxolamine, Prenoxdiazine, Irrigor, Fasiplon (GABA-
receptor), and Butalamine (vasodilatation agent), respectively.
This emphasizes how crucial this moiety is to drug discovery
and design (Fig. 1).34

Recent studies highlight that 1,3,4-oxadiazole derivatives are
increasingly important as privileged scaffolds in medicinal
chemistry, with advancements focused on overcoming drug
resistance and improving the efficiency of synthesis. The
novelty in recent literature lies in the shi toward conventional/
microwave synthetic methodologies that produce high yields, as
well as the design of hybrid molecules that target complex,
multidrug-resistant infections and cancer cell lines. Molecular
hybridization is a powerful strategy in medicinal chemistry and
drug discovery where two or more pharmacophoric units from
© 2026 The Author(s). Published by the Royal Society of Chemistry
different bioactive substances are combined into a single
molecule. This approach aims to create a new hybrid compound
with enhanced affinity, improved efficacy, altered selectivity
proles, and/or dual modes of action, oen resulting in supe-
rior properties compared to the parent compounds or simple
combination therapies. In this work, a series of benzo[d]imid-
azole derivatives with 1,2,4-oxadiazole and 1,3,4-oxadiazole
groups are synthesized and evaluated, in silico modeling and
biological evaluation.35 We anticipate that this study will
increase our understanding of how the pharmacological action
of oxadiazole derivatives of benzimidazole is inuenced by their
chemical structure. The aromatic rings benzimidazole and bis-
oxadiazole both add to the molecule's overall rigidity and
planarity, which is advantageous for attaching to biological
targets. The structural exibility and varied substituent patterns
on both rings increase the potential for ne-tuning the
compounds for specic therapeutic outcomes. The ndings of
this study may contribute for novel antimicrobial drugs with
enhanced selectivity and efficacy, expanding the range of
chemotherapeutic alternatives for the treatment of bacteria.
The present heterocyclic work offers signicant practical and
conceptual advantages by addressing the need for more effi-
cient, sustainable, and functionalized chemical synthesis in the
pharmaceutical and materials science industries.
2 Results and discussion

This study used the Vilsmeier reaction sequence shown in
Scheme 1 to synthesize a new series of 1,2,4-oxadiazole based on
benzo[d]imidazole-1,3,4-oxadiazole. We have prepared
compounds number 1–3 based on previous literature.36 Methyl
3-(1,5-dimethyl-1H-benzo[d]imidazole-2-yl)propanoate (1) and
hydrazine hydrate were reuxed for approximately 10 hours at
75 °C with methanol present. 5-[2-(1,5-Dimethyl-1H-1,3-
benzodiazol-2-yl)ethyl]-1,3,4-oxadiazole-2-thiol (3) was obtained
by reuxing the reaction mixture for eight hours aer the
hydrazide (2) further reacted with carbon disulphide and
potassium hydroxide in ethanol. The yield was excellent, at
90%. Additionally, in the presence of potassium carbonate at
room temperature, the oxadiazole (3) was transformed into
propargylation in the presence of 2-bromoacetonitrile as a light-
brown solid (4). The key intermediate (5) was synthesized by the
reaction of (4) in DCM in the presence of mCPBA at 0 °C for 2 h.
(Z)-2-{[5-[2-(1,5-Dimethyl-1H-benzimidazol-2-yl)ethyl]-1,3,4-
derivatives (8a–8k).

RSC Adv., 2026, 16, 12702–12712 | 12703
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Fig. 2 Synthesized oxadiazole scaffolds.
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oxadiazol-2-yl]sulfonyl}-N0-hydroxyethanimidamide (6) was
create when a combination of TEA and hydroxylamine hydro-
chloride was added dropwise to DCM at rt. O-Acylation and
cyclization steps were conducted in a one-pot reaction with the
carboxylic acids in the presence of coupling reagent 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC.HCl).
Next, 1,2,4-oxadiazoles were obtained through reux of the
acylated intermediate in ethanol in the presence of sodium
acetate (Scheme 1).37 The 1,2,4-oxadiazole derivatives were then
formed as a result of component (6) and the corresponding
acids (7a–7k) in reuxing DCM for eight hours in the presence
of EDC.HCl. Ultimately, the obtained intermediate was reuxed
in the presence of sodium acetate in ethanol for 3–4 hours.
Reaction progress was monitored by TLC (2 : 8; ethyl acetate and
hexane). Aer completion, the reaction solvent was distilled
out, then 2 N NaOHwas added, followed by extraction with ethyl
acetate. The separated organic layer was distilled, and the crude
was puried by ash column chromatography to produce
compounds (8a–8k) (67–92%) (Fig. 2).
Table 1 Antibacterial activity of benzo[d]imidazolyl-oxadiazole derivativ

Mean diameter of zones of inhibition (mean � SEM) (mm)

Entry

Gram-positive strains

S. pyogenes
ATCC 19615

S. epidermidis
ATCC 12228

S. aureus
ATCC 2921

8a 14 � 0.14 NA 20 � 0.33
8b 28 � 0.10 32 � 0.30 37 � 1.20
8c 10 � 0.55 19 � 1.03 NA
8d NA 8 � 0.87 17 � 0.04
8e 27 � 0.99 22 � 0.55 16 � 0.80
8f 31 � 0.19 NA 30 � 0.37
8g NA 12 � 0.73 15 � 0.57
8h 11 � 0.43 9 � 0.79 NA
8i 28 � 0.22 30 � 0.38 26 � 0.92
8j NA 24 � 1.08 21 � 1.04
8k 26 � 0.32 NA 32 � 0.80
MXF 29 � 0.16 31 � 0.08 34 � 0.62
GMF 30 � 0.94 28 � 0.37 31 � 0.16

a MXF: moxioxacin; GMF: gemioxacin; NA: not active; each value is
triplicates.

12704 | RSC Adv., 2026, 16, 12702–12712
2.1 Antibacterial activity

Three Gram-negative strains, Escherichia coli ATCC 25922,
Klebsiella pneumonia ATCC 13883, and Pseudomonas aeruginosa
ATCC 27853, as well as three Gram-positive strains, Strepto-
coccus pyogenes ATCC 19615, Staphylococcus epidermidis ATCC
12228, and Staphylococcus aureus ATCC 29213, were used to test
the titled derivatives (8a–8k) in vitro antibacterial activity. Title
substances antibacterial inhibitory activity was tested using
a previously established agar wall diffusion technique. The
diameter zone of inhibition (ZI) and minimal inhibitory
concentration (MIC) values for the investigated derivatives are
displayed in Tables 1 and 2.38 The results indicated that the
derivatives antibacterial activity was greatly impacted by the sort
and makeup of the substituents on the oxadiazole moiety and
phenyl ring. The tested compounds (8a–8k) showedmoderate to
good antibacterial effectiveness against Gram-negative bacteria
as compared to Gram-positive bacteria. When compared to the
conventional moxioxacin and gemioxacin, all compounds
showed moderate antibacterial activity. Oxadiazole compound
8b, which had a zone of inhibition of 37 ± 1.20 mm and
signicant antibacterial activity against S. aureus ATCC 29213,
was used as a positive control based on the ndings of anti-
bacterial screening. The results revealed that the highest S.
pyogenes ATCC 19615 inhibition potential is exhibited by
compound 8f with ZI value of 31 ± 0.19 mm. Additionally,
compounds 8b (IC50 32 ± 0.30 mm) and 8i (ZI = 30 ± 0.38 mm)
also showed potent activity against the S. epidermidis ATCC
12228 strain. The other derivatives have signicant inhibitory
antibacterial activity on S. epidermidis ATCC 12228 within the ZI
values (8 ± 0.87–24 ± 1.08 mm), whereas compounds 8a, 8f and
8k did not show antibacterial inhibition activity against S.
epidermidis.

Notably, 3-chlorophenyl (8f), pyridin-3-ol (8i), and 6-
chloropyridin-2-yl (8k) linked to benzo[d]imidazole showed the
es (8a–8k)a

Gram-negative strains

3
K. pneumonia
ATCC 13883

E. coli
ATCC 25922

P. aeruginosa
ATCC 27853

13 � 0.20 NA 31 � 0.78
NA 34 � 1.12 13 � 1.17
22 � 0.11 25 � 0.05 NA
19 � 0.24 11 � 0.09 9 � 0.62
11 � 0.08 NA NA
29 � 0.83 28 � 0.10 12 � 0.89
17 � 0.28 NA 17 � 1.10
20 � 0.05 10 � 0.83 23 � 0.90
28 � 0.73 36 � 0.13 NA
NA 14 � 1.35 30 � 0.75
NA 25 � 0.51 28 � 1.10
30 � 0.28 33 � 0.23 26 � 0.79
29 � 0.28 35 � 0.77 29 � 0.40

an average of three replicates, ± denotes standard deviation among

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 MIC values of the most active analogues against various microbial species (mM)

Mean diameter of zones of inhibition (mean � SEM) (mm)

Entry

Gram-positive strains Gram-negative strains

S. pyogenes
ATCC 19615

S. epidermidis
ATCC 12228

S. aureus
ATCC 29213

K. pneumonia
ATCC 13883

E. coli
ATCC 25922

P. aeruginosa
ATCC 27853

8b 14.7 � 1.20 9.2 � 0.09 >50 27.4 � 0.70 30.3 � 1.20 >50
8f 42.8 � 0.91 >50 40.2 � 1.23 8.0 � 1.03 >50 10.5 � 1.22
8i >50 18.9 � 1.15 6.9 � 1.01 19.3 � 1.65 7.0 � 1.35 >50
8k 7.3 � 0.85 >50 37.1 � 0.67 >50 20.6 � 1.60 22.9 � 0.55
MXF 8.2 � 1.10 10.4 � 0.80 7.3 � 0.92 9.1 � 1.18 8.9 � 1.07 12.8 � 1.02
GMF 10.4 � 0.14 10.0 � 1.06 8.5 � 1.12 10.5 � 1.01 8.5 � 0.87 11.3 � 0.54

Fig. 3 Antibacterial efficacy of the tested benzo[d]imidazoles on the S.
aureus and E. coli.
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highest inhibitory effect against S. aureus ATCC 29213, with ZI
values of 30 ± 0.37, 26 ± 0.92, and 32 ± 0.80 mm (GMF at 31 ±

0.16 mm). Against K. pneumoniae ATCC 13883, however,
compound 4-hydroxyphenyl-1,2,4-oxadiazole (8d), 3-tolyl-1,2,4-
oxadiazole (8g), and 3-uoropyridin-4-yl-1,2,4-oxadiazole (8h)
Fig. 4 The active sites of S. aureus GyrB [PDB code: 4URN] are bound
hydrophobic contacts, and hydrogen bonds.

© 2026 The Author(s). Published by the Royal Society of Chemistry
showed moderate activity (ZI = 19 ± 0.24, 17 ± 0.28, and 20 ±

0.05 mm). In comparison to MXF (ZI = 33 ± 0.23 mm),
compound 8b, which has a 4-nitro group at the 4th position
with phenyl, and compound 8i, which has a hydroxy group at
the 3rd position with pyridine, are the lead compounds of the
series. They have the highest inhibitory action against E. coli
ATCC 25922 (ZI values of 34± 1.12 and 36± 0.13 mm). Then, in
1,2,4-oxadiazole analogues 8a, 8h, and 8j, we found 3-nitro-
phenyl, 3-uoropyridin-4-yl, and pyridin-2-amine with ZI values
of 31 ± 0.78, 23 ± 0.90, and 30 ± 0.75 mm against P. aeruginosa
ATCC 27853. These compounds demonstrated superior potency
in comparison to MXF (ZI = 26 ± 0.79 mm). The ATCC 27853
strain of P. aeruginosa was not susceptible to the antibacterial
activity of compounds 8c, 8e, and 8i. Compared to counterparts
with electron-withdrawing substituents like NO2 and F, those
with electron-donating substituents (such as Br, NH2, and CH3)
show less antibacterial activity. Compared to a nitro group at
the third position in 8a, the presence of a nitro group at the
fourth position on the phenyl ring in 8b demonstrated the
strongest antibacterial activity. The antibacterial activity of
substituted halogen compounds increased when the chlorine
atom (8f) replaced the bromine atom (8e). The results showed
by ligands 8b and 8k, respectively, demonstrating ionic interactions,

RSC Adv., 2026, 16, 12702–12712 | 12705
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Fig. 5 Compound 8i binds to the E. Coli topoisomerase IV active site (PDB code: 3FV5), as shown in (A) and (B), which display 8i's 3D and 2D
interactions, respectively.
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that the amine substituent pyridin-2-yl moiety (8j) was less
active than the chloro substituent pyridin-2-yl on the 1,2,4-
oxadiazole (8k).

The results of in vitro assessment of the antimicrobial effi-
cacy of most active benzo[d]imidazoles 8b, 8f, 8i and 8k using
MICs are tabulated in Table 2 and Fig. 1. MICs against S.
pyogenes ATCC 19615, which indicate that the tested oxadia-
zoles are most effective at 7.3 ± 0.85 mM and that the lowest
concentration considerably inhibits their development, fol-
lowed by MXF at 8.2 ± 1.10 mM. On the other hand, the MICs of
the investigated oxadiazole composites that had bactericidal
effects on isolates of S. aureus ATCC 29213 and S. epidermidis
ATCC 12228 were 9.2 ± 0.09 and 6.9 ± 1.01 mM for 8b and 8i,
respectively. Similarly, MICs showed that the most effective
analogues for K. pneumoniae ATCC 13883 were 8f and 8i, with
8.0± 1.03 and 19.3± 1.65 mM, respectively, followed by 8b, with
27.4 ± 0.70 mM. The 8i and 8k oxadiazole composites were
Fig. 6 The Ligplot interactions of 8b, 8i, and 8k with the antibacterial
important interactions inside the active site pockets.

12706 | RSC Adv., 2026, 16, 12702–12712
found to be the most effective at 7.0 ± 1.35 and 20.6 ± 1.60 mM,
respectively, according to MICs against E. coli ATCC 25922. The
8b compound came in second at 30.3± 1.20 mM. S. aureus ATCC
29213 was less susceptible to the antibacterial activity of
compounds 8f and 8k (MIC = 40.2 ± 1.23, 37.1 ± 0.67 mM) with
m-chloro and o-chloro on the phenyl ring of the 1,2,4-oxadiazole
portion. When tested against P. aeruginosa ATCC 27853,
compounds 8b and 8i (MIC > 50 mM) that had a nitro or hydroxy
group on the phenyl ring of the 1,2,4-oxadiazole portion did not
show antibacterial efficacy. The nitration and chlorination of
the phenyl moiety at position 4th and 3rd with oxadiazole ring
resulted in compounds that displayed good antimicrobial on
both Gram-positive and Gram-negative strains. The lower
activity of compounds bearing bulky groups meta-bromo and
meta-nitro (e.g., 8a and 8e) suggests steric hindrance or reduced
interaction potential. This consistent correlation across in vitro,
SAR, and docking data underscores the impact of electronic and
protein active site are depicted in the figure, highlighting comparable

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Different docking pose interactions in DNA GyrB and topoisomerase

Entry

Gram-positive strains

DG (kcal mol−1)/(kl) Interacting residues Bond distance [Å]

Antibacterial drug candidate S. aureus [4URN]

8b −7.42/3.65 mM Hydrogen bonding: AsnA:7, AsnA:4 × 2,
AsnA:141, TyrA:143, LysA:159
p-donor hydrogen bonding: LysA:5 alkyl–alkyl:
LeuA:157
p-anion: AspA:12, AspA:139 >50
p-sulfur: ThrA:143
p-loan pair: ThrA:83
van der Waals: ProA:91, IleA:85, GlyA:84, GlnA:6

8k −8.10/32.22 mM Hydrogen bonding: ThrA:166 × 2, GlyA:140, AspA:139 2.97, 3.04, 2.86, 3.06
AsnA:146 × 2, ThrA:147, ArgA:117 × 2
Carbon H-bonding: ThrA:166
p-alkyl & alkyl–alkyl: ArgA:138, AlaA:2, ArgA:79
p-donor: H-bond: AspA:139
p-p stacking: AspA:139 × 2
van der Waals: AlaA:2, MetA:3, LysA:165, LysA:164,
LysA:162, ThrA:163, AsnA:4

3.22, 2.80

Antibacterial drug candidate E. coli [3FV5]
8i −7.15/31.07 mM Hydrogen bonding: HisA:37, ThrA:147 × 2,

AsnA:146, ArgA:117 × 2
2.70, 3.18, 2.77, 2.76, 3.29,2.82

Carbon H-bonding: AspA:56, AsnA:146
p-cation: ArgA:40 × 2
p-anion: ArgA:117, AspA:56
van der Waals: AlaA:38, GlyA:57, LysA:39, AspA:42,
AspA:55, IleA:54, ArgA:145

2.60, 2.89
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steric features on biological efficacy. Additionally, heteroaryl
substitutions, particularly pyridine-based analogues (8i and 8k),
showed improved antibacterial potency. This may be attributed
to the presence of heteroatoms that facilitate additional
hydrogen bonding and favorable interactions with bacterial
enzymes, as supported by docking studies. The introduction of
EWG (NO2, Cl) substituents does contribute good activity than
EDG (CH3 and NH2) groups. The ortho and meta positions of
the phenyl group substituents were well tolerated, when
compared to other substitution via para groups more benecial
and showed excellent antibacterial activity (Fig. 3).
Table 4 Physicochemical and lead likeness properties of oxadiazole co

Entry TPSA I log P M log P log S (ESOL) Lipinski Ghose

8a 184.0 2.38 1.50 −4.70 No No
8b 184.0 2.38 1.50 −4.70 No No
8c 158.4 2.56 1.79 −4.51 Yes No
8d 158.4 3.17 1.79 −4.51 Yes No
8e 138.1 3.33 2.87 −5.55 Yes No
8f 138.1 3.10 2.76 −5.24 Yes No
8g 138.1 3.77 2.50 −4.95 Yes Yes
8h 151.0 2.65 1.68 −4.14 Yes No
8i 171.3 2.76 0.81 −3.86 Yes No
8j 171.0 2.14 0.81 −3.65 Yes No
8k 151.0 2.79 1.79 −4.80 Yes No

© 2026 The Author(s). Published by the Royal Society of Chemistry
It should be noted that the present biological evaluation is
limited to planktonic antibacterial assays, which represents
a limitation of the current study. Biolm-associated and fungal
infections are clinically more challenging and are not addressed
here. However, previous reports have demonstrated that benz-
imidazole and oxadiazole scaffolds possess promising anti-
fungal and antibiolm activities, attributed to their ability to
disrupt microbial membranes and interfere with biolm
formation pathways. Therefore, the benzo[d]imidazole-
oxadiazole hybrids reported in this study may also hold poten-
tial for antifungal and antibiolm applications, which will be
explored in future investigations.
mpounds (8a–8k)

Veber Egan Muegge Leadlike ness Bio. score Brenk

No No No No 0.17 2
No No No No 0.17 2
No No No No 0.55 0
No No No No 0.55 0
Yes No Yes No 0.55 0
Yes No Yes No 0.55 0
Yes No Yes No 0.55 0
No No No No 0.55 0
No No No No 0.55 0
No No No No 0.55 0
No No No No 0.55 1

RSC Adv., 2026, 16, 12702–12712 | 12707
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Fig. 8 The intestinal absorption and blood–brain barrier penetration
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2.2 Docking analysis

Molecular docking was done to make sure that strong ligands
had an inhibitory mechanism. This research makes a substan-
tial contribution to our knowledge of molecular biological
proles. We conducted a molecular docking study on the most
active ligands that were found to be themost effective inhibitors
in biological evaluation. We used the particular identier codes
4URN for S. aureus GyrB and 3FV5 for E. coli Topoisomerase IV
to retrieve the protein molecules from the RCSB Protein Data
Bank (PDB).39–42 Polar hydrogens were added aer co-
crystallized ligand and water molecules were removed from
both proteins to prepare them for docking. Using the p-system
of the enzyme, ligand molecules attach to the enzymes in the
active site by p-cation, p-cation, p-donor H-bond, p-alkyl, p-
loan pair, and p–p interactions, according to the results of the
docking study.

In addition to these bonds, the potent compounds also
displayed various forms of H-bonding, van der Waals, carbon
H-bond, and alkyl–alkyl interactions (Fig. 4, 5, and 6).
According to the dissociation constant of 3.65 mM and negative
score energy values of −7.42 kcal mol−1, respectively,
compound 8b formed the most stable complex with the S.
aureus (PDB ID: 4URN) target. This molecule showed one
electrostatic alkyl–alkyl interaction with LeuA:157 and one
strong p-donor H-bond with LysA:5 (bond distance = 2.75 Å).
Additionally, it demonstrated four hydrophobic van der Waals
contacts with the S. aureus target's active site residue: ProA:91,
IleA:85, GlyA:84, and GlnA:6 (Table 3 and Fig. 4). There are four
strong conventional H-bonds that the compound's sulfonyl
group established with TyrA:143 [O28/OD1], LysA:159 [O28/
NZ], AsnA:4 [O21/OD1], and AsnA:141 [O21/NH] at bond
distances of 3.13 Å, 3.28 Å, 2.86 Å, and 2.41 Å, respectively.
Additionally, the p-sulfur bonding interaction seen with
TyrA:143 can be related to the sulfonyl group. Since the
sulfonyl gatekeeper residue frequently plays a critical role in
inhibitor selectivity, these interactions are very intriguing.
Extending from the core structure, the 1,3,4-oxadiazole group
seems to establish two hydrogen connections with LysA:5
[N14/O, 3.09 Å] and AsnA:7 [N13/N, 3.16 Å], further solidi-
fying the ligand's location [Fig. 6]. At the same time, 1,2,4-
Fig. 7 Bioavailability radar of benzo[d]imidazole compounds 8a, and 8d

12708 | RSC Adv., 2026, 16, 12702–12712
oxadiazole of this ligand formed one H-bond interaction via
AsnA:4 residue [N22/NZ, 2.95 Å] and p-anion interaction via
AspA:139 [3.18 Å] in the active site S. aureus target. A possibly
high affinity and specicity for S. aureus is suggested by the
compound's capacity to interact with numerous residues
through its varied functional groups.

Notably, the compound 8k complex with the S. aureus target
(PDB code: 4URN) had a good dissociation constant of 32.22 mM
and the best negative energy value of−8.10 kcal mol−1. With the
antibacterial target's active site, this molecule established three
electrostatic p-alkyl and alkyl–alkyl ArgA:79, ArgA:138, and
AlaA:2 contacts. Interestingly, these studies have shown that the
amino acid AspA:139 × 2 [distance = 3.22 Å and 2.80 Å] plays
a signicant role in amide p-stacking in the inhibition of S.
aureus receptors. GlyA:140 formed a hydrogen bond with the
sulfonyl group's oxygen (O29, 2.86 A ̊) during the co-crystallized
ligand's interaction. Two more p-donor hydrogen bonding
contacts between AspA:139 and the 1,3,4-oxadiazole core and
ThrA:167 and the sulfonyl moiety were discovered. The contact
between the co-crystallized ligand entailed two bonds of
hydrogen involving the region of the hinge (ThrA:166) with the
.

of 1,3,4-oxadiazoles are represented by the boiled egg [8a–8k].

© 2026 The Author(s). Published by the Royal Society of Chemistry
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1,3,4-oxadiazole and benzo[d]imidazole rings at a distance 3.04
and 2.97 Å accordingly (Fig. 4).

In addition, one extra hydrogen bonding interaction have
been found between AspA:139 [3.06 Å] and the nitrogen of the
1,3,4-oxadiazole moiety (Fig. 6). In the binding pocket of E. coli
Topoisomerase IV (PDB code: 3FV5), the N-methyl group of the
benzo[d]imidazole ring of ligand8i connected with AspA:56 via
a carbon H-bond. Furthermore, at a distance of 2.60 and 2.89 Å,
the benzo[d]imidazole ring demonstrated p-cation interactions
with the ArgA:40 × 2 residue. The antibacterial known inhibi-
tor's 1,3,4-oxadiazole ring interacted with ArgA:117 via p-anion
and H-bond interactions. Furthermore, hydroxy pyridine core of
compound 8i exhibited two strong hydrogen bonds (conven-
tional types) with the residue HisA:37, and ThrA:147 respec-
tively (bond distance = 2.96 Å and 2.75 Å) (Fig. 5). Seven
electrostatic interactions (van der Waals) were detected with
ArgA:145, GlyA:57, AlaA:38, LysA:39, AspA:42, AspA:55, and
IleA:54, respectively. As a result, two typical H-bond contacts
between the residues, ThrA:147 and AsnA:146, were formed
between 1,2,4-oxadiazole and sulfonyl.
Table 5 Absorption, metabolism, excretion and toxicity results of benzo

Entry 8a 8b 8c 8d 8e

Absorption
Caco-2 −0.49 −0.50 −0.27 −0.30 −0.32
Skin per. −2.73 −2.73 −2.73 −2.73 −2.73
Pgp Yes Yes Yes Yes Yes
VDss −0.5 −0.49 −0.62 −0.61 −0.55
BBB −1.96 −1.96 −1.57 −1.60 −1.64
CNS −3.63 −3.63 −3.74 −3.72 −3.44

Metabolism
CYP1A2 No No No No No
CYP2C19 No No No No No
CYP2C9 No No No No Yes
CYP2D6 No No No No No
CYP3A4 No No No No No
CYP2E1 No No No No No

Excretion
OCT 2 sub Yes Yes No No Yes
T1/2 −0.003 0.032 0.25 0.28 0.15

Toxicity
AMES Yes Yes No No No
hERG I No No No No No
hERG II Yes Yes Yes Yes Yes
Skin. Sen No No No No No
Hep. Tox. Yes Yes Yes Yes Yes
Neuro Tox. No No No No No
Cardi. Tox. No No No No No
Carcino. city Yes Yes Yes No Yes
Muta. city Yes Yes No No No
Cytotox. No No No No No
BBB-bar. Yes Yes No No Yes
Eco. Tox. Yes Yes No No Yes
Clinical Tox. No No No No No
ER-alpha No No No No No
GABA No No No No No
Pregnane-X No No No No No

© 2026 The Author(s). Published by the Royal Society of Chemistry
2.3 ADME-T analysis outcomes

The https://biosig.lab.uq.edu.au/pkcsm/prediction; and https://
tox.charite.de/protox3/index.php?site=compound_input
online servers were used to calculate ADME-T parameters.43–45 In
silico ADME-T (Absorption, Distribution, Metabolism,
Excretion, and Toxicity) predictions are a crucial, cost-
effective, and rapid method for screening compounds during
the early stages of drug discovery. These computational tools
allow for the assessment of drug-likeness and potential safety
issues before synthesis, facilitating the selection of better lead
candidates and reducing late-stage attrition. No more than
one infraction of Lipinski's rule of ve (ROF) is present in any
of the synthesized benzo[d]imidazole-oxadiazole derivatives,
which is acceptable. However, as evidenced by their low
values for qualitative human oral absorption, these
compounds are beyond the optimal range for expected
aqueous solubility (ESOL). In spite of this, the synthesized
oxadiazole shows signicant M log P values [0.81 to 2.87] and
low Caco-2 permeability values [−0.03 to −0.50], suggesting
the possibility of intestinal absorption. The SwissADME
[d]imidazole compounds (8a–8k)

8f 8g 8h 8i 8j 8k

−0.32 0.33 −0.03 −0.08 −0.05 −0.16
−2.73 −2.73 −2.73 −2.73 −2.73 −2.73
Yes Yes Yes Yes Yes Yes
−0.56 −0.55 −0.68 −0.62 −0.64 −0.69
−1.63 −1.45 −1.90 −1.81 −1.72 −1.86
−3.45 −3.47 −4.06 −4.22 −4.13 −3.84

No No No No No No
No No No No No No
Yes No No No No Yes
No No No No No No
No No No No No No
No No No No No No

Yes Yes Yes No No No
0.20 0.25 0.27 0.21 0.27 0.08

No No No Yes Yes No
No No No No No No
Yes Yes Yes Yes Yes Yes
No No No No No No
Yes Yes Yes Yes Yes Yes
No No No No No No
No No No No No No
Yes Yes No Yes Yes Yes
No No No No No No
No No No No No No
Yes Yes Yes No Yes Yes
Yes No No No No No
No No No No No No
No No No No No No
No No No No No No
No No Yes No No No

RSC Adv., 2026, 16, 12702–12712 | 12709
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Fig. 9 Comparison of input compound (8a) with dataset compounds.
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website calculates other metrics that t within the
recommended limitations, including the blood–brain
partition coefficient, affinity to HIA, and topological polar
surface area (TPSA), Ghose, Veber, Egan, Muegge, and Lead
like ness (Table 4). Fig. 7 shows the bioavailability radar chart
for the tested derivatives. Out of the six examined
parameters—lipophilicity (LIPO), size, polarity, insolubility
(INSOL), insaturation (INSATU), and exibility (FLEX)—
compounds 8a and 8d only exhibit one violation, and that was
in the polarity parameter (Fig. 7). A BOILED-Egg, a two-
dimensional gure that used estimated TPSA and A WLOGP
features, was used to show the results. The most promising
compound absorption across the blood–brain barrier (BBB)
and human intestinal absorption (HIA) was shown in graphs.
A BOILED-Egg chart was made, where the white region
represented gastrointestinal absorption and the non-mutually
exclusive yellow area represented BBB penetration. A blue hue
indicates a high probability that the tested drug is a PGP
substrate, whereas a red color indicates a lower probability.
PGP is an efflux protein that is in charge of the uptake and
efflux of several pharmaceuticals. All of the recently produced
chemicals 8a–8k are seen to lie inside the gray region of
Fig. 10 Toxicity model report of triazole 8a and 8i.

12710 | RSC Adv., 2026, 16, 12702–12712
Fig. 8, suggesting that they are likely to be poorly absorbed via
the GI tract by passive diffusion. Although they are outside
the plot's range and may not be able to reach the brain,
compounds 8a, 8b, 8i, and 8j have the ability to cross the
blood–brain barrier. Furthermore, the Boiled-egg plot's red
spots (8e and 8f) indicate that the candidates are not P-
glycoprotein (PGP) substrates, indicating good bioavailability
as these compounds may be able to stop the reux impact.

It also evaluates the bioavailability score and looks at cyto-
chromes P450 molecular interactions (CYP). Since substances
like 1A2, 2C19, 2C9, 2D6, 3A4, and 2× 101 were expected to have
minimal inhibitory activity on different CYP450 isozymes,
drug–drug interactions are unlikely to happen. Crucially, no
drug exhibited CYP2E1 inhibition, indicating a more specic
metabolic prole. With the exception of compounds 8c, 8d, 8i,
8j, and 8k, excretion predictions showed that none of the
compounds were substrates for renal OCT2. The Ames test
prediction evaluates the potential for genetic damage. A positive
AMES alert in silico indicates a potential mutagenic risk. During
optimization, such compounds are usually deprioritized, or the
specic functional group responsible for the alert is identied
and replaced to ensure the nal candidate is non-mutagenic. All
© 2026 The Author(s). Published by the Royal Society of Chemistry
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of the compounds' toxicity predictions were encouraging; none
of them (except 8a, 8b, 8i, and 8j) displayed any indications of
AMES toxicity, indicating a low probability of mutagenic
consequences used to predict the toxicological endpoints and
organ toxicities of ligands by the Protox-II service. The web
server chose toxicity targets and computed the acute toxicity
using selected models. The six different targets linked to
pharmacological side effects served as the foundation for the
anticipated amount of toxicity. The compounds' cytotoxicity,
carcinogenicity, neurotoxicity, cardiotoxicity, hepatotoxicity,
and mutagenicity were evaluated (Table 5). In silico, hepato-
toxicity is oen predicted based on structural alerts or machine
learning models (e.g., HepG2 cytotoxicity). If a lead compound
shows high hepatotoxicity potential, it suggests that structural
modications (e.g., reducing lipophilicity or modifying meta-
bolically active sites) may be required to decrease liver toxicity.
All the oxadiazole compounds showed hepatotoxicity, while
compounds 8d and 8h were showed to be non-carcinogenic.
Furthermore, compounds 8a and 8b shown mutagenicity,
while compounds 8a, 8b, 8e, and 8f, respectively, demonstrated
ecotoxicity (Table 4). The active cluster of physicochemical
regions for optimal oral bioavailability (hepatotoxicity, neuro-
toxicity, cardiotoxicity, etc.) is shown by the blue color radar,
whereas the inactive cluster is represented by the orange color
radar (Fig. 9 and 10). All things considered, these ADME-T
predictions demonstrate the advantageous pharmacokinetic
advantageous and safety characteristics of compounds 8a–8k,
which make them attractive options for additional therapeutic
agent development.

3 Conclusion

A set of innovative benzo[d]imidazole-oxadiazole derivatives
(8a–8k) was developed and produced using six step component
procedures. Compound structures were veried via HRMS
characterizations, 1H-NMR, 13C-NMR, and FT-IR. The antibac-
terial efficiency of the studied molecules was assessed, and the
majority of the compounds under investigation showed
encouraging antimicrobial qualities. According to an in vitro
assessment of antibacterial activity, molecule 8f showed
encouraging potency as an inhibitor of K. pneumonia and P.
aeruginosa, with an MIC value of 8.0 ± 1.03, 10.5 ± 1.22 mM
compared to GMF (MIC = 10.5 ± 1.01 & 11.3 ± 0.54 mM).
Furthermore, it was observed that molecule 8b, 8f and 8i
exhibited an excellent inhibitory antibacterial effect on E. coli
ATCC 25922, as indicated by its ZI values of 34± 1.12, 28± 0.10,
and 36 ± 0.13 mm accordingly. The compound 8k produced
more potent antibacterial activity on S. pyogenes, and S. aureus
(ZI = 26 ± 0.32 & 32 ± 0.80 mm), respectively, in comparison to
MXF and GMF. Compounds having electron-withdrawing
groups, on the other hand, exhibit more antibacterial action.
By illustrating interactions such p-cation, p-sigma, H-bonds,
CH-bonding, halogen bonds, van der Waals, p-alkyl, and the
p-anion cloud, the results corroborate the experimental nd-
ings. Moreover, molecules 8b, 8k, and 8i demonstrated the
highest docking scores of −7.42, −8.10, and −7.15 kcal mol−1

in in silico tests conducted on the most potent compounds with
© 2026 The Author(s). Published by the Royal Society of Chemistry
S. aureus (4URN) and E. coli (3FV5) enzymes. Likewise, in silico
ADME/Tox discovered the drug-like properties of the proposed
molecule, demonstrating its novelty as a potential lead. None of
the compounds violated the Lipinski and Veber standards, and
all of them, with the exception of 8a and 8b, fell within the
expected range. Collectively, these ndings underscore the
potential of bis-oxadiazole hybrids, particularly compounds 8b
and 8f, as promising leads for the development of new anti-
microbial agents.
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