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and Mohamed Hussiene

Dibenzyl methyl-substituted imidazolium salts were synthesized from readily available starting materials using

conventional methods. Initially, benzyl bromide derivatives were employed to alkylate 2-methyl-5-

nitroimidazole under reflux conditions, yielding mono-, di-, and tri-meric imidazolium salts in high yields.

Subsequent anion–exchange reactions produced compounds with yields of 83–89%, while solid-phase, silica-

supported processes further enhanced yields to 89–96%. The antibacterial activity of these compounds against

six human pathogens (Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, Proteus vulgaris,

Staphylococcus aureus, and Enterococcus faecalis) was evaluated using well diffusion and broth microdilution

techniques. Notably, nitro-substituted imidazolium salts demonstrated significant antibacterial activity, with

bromide variants exhibiting the strongest inhibition. Minimum inhibitory concentration values revealed potent

bactericidal effects. In terms of ADMET properties, all synthesized compounds exhibited favorable profiles,

including good gastrointestinal absorption, skin permeation, and minimal inhibitory effects on key cytochrome

P450 enzymes. Molecular docking analysis revealed significant binding affinities, particularly for compounds 4

and 6, with bacterial proteins, highlighting key interactions such as hydrogen bonding and p-alkyl stacking.

Molecular dynamic simulations of top compounds against bacterial target proteins exhibited stable interactions

and conformations throughout 100 ns trajectories. These synthesized compounds showed promising

antibacterial properties, warranting further investigation for potential therapeutic applications.
Introduction

Ionic liquids are salts composed of simple counter anions such
as bromide, chloride, sulphate, acetate, tetrauoroborate, and
hexauoro phosphate as well as complex (or) organic cations
such as the quaternary ammonium/pyrrolidinium/pyridinium/
imidazolium cation.1 Self-assembling behaviors of phenyl-
alkene-substituted, medium-alkyl-chain-substituted imidazo-
lium salts were better than those of the shorter-alkyl-chain-linked
imidazolium salt. Ionic liquids have been used as CO2

absorbents,2–4 lubricants,5,6 solvents,7,8 catalysts,9 electrolytes,10

surfactants,18,19 and antiseptic agents12 as well as for biotechno-
logical11 and pharmaceutical applications13–17 due to their
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exceptional behaviors consisting of the combination of an
organic cation with an inorganic anion, an inorganic cation with
an organic anion, or an organic cation with an organic anion.20–23

Antibacterial and antifungal activities of 1-alkyl-3-methyl imida-
zolium salts and ternary lanthanum coordination polymer were
assessed against Gram-positive and Gram-negative bacteria.24–27

For ascomycetes and basidiomycetes fungi, the larger alkyl chain
linked to imidazolium chloride showed better antibacterial and
antifungal responses than shorter alkyl substituents.28 Optically
active amino acids substituted for amide-based imidazolium and
pyridinium salts are synthesized using a green synthetic
approach. The aggregation, biodegradation, bacterial and fungal
toxicities of these compounds were studied.29 An organic hydro-
phobic cation (quaternary ammonium ion) with a hydrophilic
organic anion (dicamba) exhibited volatility, thermal stability
and strong herbicidal properties.30 Marta et al. reported that
various shorter/longer alkyl-substituted imidazolium cations
with various simple and complex anions of surface-active ionic
liquids are used as crop production agents.31 Nowadays, the
application of ionic liquids inmedicinal eld is enormous due to
their unique properties, such as high purity, easy storage, greater
thermal stability and distinct solubility behaviours. Imidazolium/
pyridinium-based ionic liquids have played a signicant role in
RSC Adv., 2025, 15, 35115–35136 | 35115
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Scheme 1 Synthesis of flexible substituted monomeric imidazolium salts under multiple routes.
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the development of biomaterials/modications (or) alteration of
drug delivery properties.32 Joanna and coworkers prepared some
novel non-steroidal anti-inammatory drug molecules from l-
amino acid alkyl-substituted ammonium cations, which show
effective responses in anti-inammatory, photo-protective and
anti-ageing effects.33 A simple/alkyl substituted-4-benyl morpho-
linium cation with various organic anions showed phytotoxicity
and wetting weed surface activities.34 Based on the available
reports, the aim is to design and synthesize a series of
compounds using both conventional and solvent-free methods,
employing a muffle furnace. The synthesized compounds will be
evaluated for their anti-bacterial activity, and further investigated
through molecular docking and simulation studies.
Results and discussion

2-Methyl-5-nitroimidazole is treated with 1.05 equivalent of benzyl
bromide/4-nitro benzyl bromide in the presence of NaOH/CH3CN
under reuxing to afford the compounds 1/2 in 95–97% yield. N-
Alkylation of compound 1/2 (1.0 equiv.) is reacted with benzyl
bromide/4-nitrobenzylbromide (1.05 equiv.) in the presence of dry
CH3CN under reuxing condition for about 10–16 h to give imi-
dazolium bromide 3–6 in 85–88% yield. The same reaction is then
tried under the solvent-free silica supported approach. The
uniformly mixed N-alkylation products of compounds 1/2 (1.0
equiv.) and benzyl bromide/4-nitrobenzylbromide (1.05 equiv.) are
kept in a muffle furnace with silica gel (80–120 mesh) at 100 °C for
4–6 h to give compounds 3–6 in 89–96% yield (Scheme 1). DBMNIB
3–6 is subjected to the anion exchange reaction with various
inorganic salts in the presence of deionizedwater for 1 h to give the
35116 | RSC Adv., 2025, 15, 35115–35136
anion exchanged products of compounds 7–18 in 83–89% yield.
Aer the anion-exchanged reaction, we used the Soxhlet extraction
to remove metal bromide from imidazolium salts using 100 mL of
dry THF for about 1 h reux to give the respective imidazolium
salts in quantitative yield (Scheme 1).
Bacterial cultures

Six pathogenic bacteria are used in this study as test microor-
ganisms, namely, Escherichia coli, Klebsiella pneumoniae, Pseu-
domonas aeruginosa, Proteus vulgaris, Staphylococcus aureus and
Enterococcus faecalis. The bacterial cultures were obtained from
the Department of Microbiology, Presidency College, Chennai,
India. The bacteria are subcultured using Nutrient agar
(Himedia, India) and stored at 4 °C until required for the study.
Sterility test

A loopful of imidazolium salts were inoculated into Nutrient
agar and Sabouraud Dextrose agar plates, and incubated at 37 °
C and 20 °C for 24 h and 72 h, respectively. All compounds
passed the sterility control.
Antibacterial studies

In the literature, 1-alkyl quinolinium types of ionic liquids showed
antibacterial activities against Gram-positive/negative pathogens.35

Docherty et al. have mentioned that the bacterial screenings of
their synthesized quinolinium salts are purely based on the length
of the side chain.36–40 While moving from carbon number 8 to 16,
the antibacterial responses will be enhanced. Based on this report,
the antibacterial activity was screened against both Gram-positive
© 2025 The Author(s). Published by the Royal Society of Chemistry
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and Gram-negative pathogens. The mono- and dimeric imidazo-
lium salts exhibited excellent inhibition compared to available
reports.35 The antibacterial activities of imidazolium salts were
studied by well/disc diffusion methods using Mueller Hinton Agar
(MHA).41 The stock solutions of the mono and dimeric imidazo-
lium salts were prepared as 1 mg mL−1, and dilutions of 25 mg per
well, 50 mg per well, 75 mg per well and 100 mg per well concen-
trations were prepared using dimethyl sulfoxide (DMSO) as the
solvent (Table 1). The bacterial inoculum was adjusted to a scale
factor of 0.5 of the McFarland standard.42 The dilutions of the
imidazolium salts were loaded into the respective wells of theMHA
plate. Gentamycin (30 mg per well), nalidixic acid (30 mg per well),
oaxacin (30 mg per well), ciproaxacin (30 mg per well) and ami-
kacin (30 mg per well) were used as standard drugs for comparison.
The MHA plates were incubated at 37 °C for 18–24 h. The zone of
inhibition was measured in mm using a Vernier caliper and
Table 1 Antibacterial screening of monomeric imidazolium salts 3–18 w
diffusion method

S. No.

Standard drug
(30 mg per well)/
imidazolium cation with
different anions
(mg per well)

Zone of inhibition (mm)

Gram-negative organism

E. coli K. pneumoni

1 Gentamycin 20 14
2 Amikacin 15 20
3 Nalidicxic acid 7 —
4 Oaxacin 20 17
5 Ciproaxacin 23 23
6 3 25 5.5 5

50 6 5.5
75 6.5 6
100 7.5 7

7 7 25 5 5
50 5.5 5.5
75 6.5 6
100 7.5 7

8 8 25 5 6
50 5.5 7
75 6 8.5
100 6.5 10

9 9 25 5 6
50 5 7.5
75 5.5 9
100 6 10

10 4 25 7 6.5
50 8 7
75 9.5 8
100 10.5 10

11 10 25 5.5 5.5
50 6 6.5
75 7 8
100 8.5 10

12 11 25 5 5.5
50 6.5 7
75 7.5 8.5
100 9 10.5

13 12 25 5.5 5
50 6.5 6
75 7 7
100 8.5 9.5

© 2025 The Author(s). Published by the Royal Society of Chemistry
compared with the standard drug disc. Izabelle and co-workers
reported that dicationic imidazolium-based ionic liquids exhibi-
ted IC50 values (dose to inhibit 50% of enzymatic activity) greater
than those of the reported monocationic ionic liquids.43 Thus, the
imidazolium salts in question appear to be more effective than
those described in the literature.44–51

Determination of the minimum inhibitory concentration

Minimum inhibitory concentration (MIC) and minimum bacterial
concentration (MBC) were determined by micro dilution method
usingMueller Hinton Broth (MHB).52 A stock solution (1mgmL−1)
of the imidazolium salts and dilutions containing 10 mg per well,
20 mg per well, 30 mg per well, 40 mg per well, 50 mg per well, 60 mg
per well, 70 mg per well and 80 mg per well concentrations were
prepared using MHB. 100 ml of each dilution was loaded in the
respective well of the micro titre plate. 100 ml of MHB was used as
ith different counter anions against human pathogens under the disc

Gram-positive organism

ae P. aeruginosa P. vulgaris S. aureus E. faecalis

20 18 20 16
22 20 20 18
15 — 15 —
28 8 22 22
30 — 25 25
5 — 7 —
6.5 5 8 —
7.5 6 10 5
9 6.5 12 6
9 — 6.5 —
10.5 5 7.5 —
12 5.5 9 —
14 6.5 10.5 5.5
7.5 — 6.5 —
9 5 8 —
10 6.5 9.5 —
11 8 11 5
7 — 6 —
8 5 7 —
9.5 6 8.5 —
10.5 7.5 10 5.5
9.5 5 7.5 —
11 5.5 8.5 —
12 6.5 10 5
13.5 8 12 6
8.5 — 7 —
10 5.5 8.5 —
11 7 9.5 —
12.5 8.5 11 5.5
8 — 6.5 —
9 5 8 —
10.5 6 9.5 —
12 7.5 10.5 5
8.5 — 6.5 —
10 5.5 8 —
12.5 7 9.5 —
14 8 11 5

RSC Adv., 2025, 15, 35115–35136 | 35117
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a control. Gentamycin, amikacin, nalidicxic acid and oaxacin,
ciproaxacin were used as standard drugs.53 The plate was incu-
bated at 37 °C for 18–24 h. The dilution showed that no bacterial
growth was formed, demonstrating bacterial growth inhibition
and inhibitory activities of the imidazolium salts.

Recovery plate technique

20 ml of each well was streaked onto the sterile nutrient agar
plates. The plates were incubated at 37 °C for 18–24 h. The
presence of growth was observed for imidazolium salts which
have no bactericidal activities, and the absence of growth was
observed for imidazolium salts showing bactericidal activities.

Microdilution technique

The MIC and MBC of the synthesized imidazolium salts against
Gram-negative/Gram-positive human pathogens were studied
Table 2 Antibacterial screening of monomeric imidazolium salts 14–18
diffusion method

S. No.

Standard drug (30 mg/well)/
imidazolium cation with
different anions (mg/well)

Zone of inhibition (mm)

Gram-negative organism

E. coli K. pneum

1 Gentamycin 20 14
2 Amikacin 15 20
3 Nalidicxic acid 7 —
4 Oaxacin 20 17
5 Ciproaxacin 23 23
14 5 25 6.5 6.5

50 7.5 8
75 9 9
100 10.5 11

15 13 25 6.5 6
50 7.5 7
75 8.5 8.5
100 10 10.5

16 14 25 6 5.5
50 7 7
75 8.5 8
100 10 9.5

17 15 25 5.5 6
50 7 7
75 8 8.5
100 9.5 10

18 6 25 6.5 8.5
50 8 10
75 9 11.5
100 11 13

19 16 25 5.5 7.5
50 6 9
75 7.5 10
100 8.5 11.5

20 17 25 6 7
50 7.5 8
75 8.5 9
100 10 10.5

21 18 25 6.5 10
50 8 11.5
75 9 13.5
100 10.5 15.5

35118 | RSC Adv., 2025, 15, 35115–35136
under the microdilution technique.54,55 We have observed that
BNBMNIB 6a shows excellent antimicrobial activity against E.
coli and P. vulgaris compared to that against S. aureus; other
pathogens showed good to moderate activity (Table 2). The MIC
andMBC values were determined for dimeric imidazolium salts
3–18 [10 mg per well], 20 mg per well, 30 mg per well, 40 mg per
well, 50 mg per well, 60 mg per well, 70 mg per well, and 80 mg per
well gentamycin, nalidixic acid, oaxacin, ciproaxacin, and
amikacin] concentrations against Gram-negative E. coli, K.
pneumoniae, P. aeruginosa, and P. vulgaris and Gram-positive S.
aureus, and E. faecalis human pathogens.
Well diffusion technique

Antimicrobial activities of imidazolium salts against Gram-
negative (Escherichia coli, Klebsiella pneumoniae, Pseudomonas
aeruginosa, Proteus vulgaris) and Gram-positive (Staphylococcus
with different counter anions against human pathogens under the disc

Gram-positive organism

oniae P. aeruginosa P. vulgaris S. aureus E. faecalis

20 18 20 16
22 20 20 18
15 — 15 —
28 8 22 22
30 — 25 25
8 5.5 8.5 —
9 7 10 —
10.5 8 12 6
12 9.5 13.5 7.5
7.5 5 10.5 —
9 6 13 —
10 7.5 15 —
11.5 8.5 17 6
6 5 8.5 —
7 6.5 9.5 —
8.5 8 11 —
10 9.5 12.5 6.5
7 5 7.5 —
8 6 9 —
9.5 7 10.5 —
11 8.5 12 6
9 6.5 7.5 —
10 8 9 —
11.5 9.5 10.5 6.5
13 11 13 7.5
8.5 6 7.5 —
9.5 7 9 —
11 8 10 —
12.5 9.5 11.5 5
6.5 6.5 8 —
8 8 9.5 —
9.5 9.5 11 —
11 11 12.5 5.5
9.5 6.5 8 —
10.5 8 9 —
12 9 10.5 —
13 10.5 12 6

© 2025 The Author(s). Published by the Royal Society of Chemistry
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aureus, Enterococcus faecalis) microorganisms were studied
under the well diffusion technique.56 Antimicrobial screening
was conducted by the well diffusion technique as the zone of
inhibition with diameters. Imidazolium salts 3–18 were scre-
ened for their microbial activities under well diffusion method.
Nearly sixteen imidazolium salts were prepared and exhibited
excellent inhibition. Accordingly, these sixteen imidazolium
salts were spread on a Petri dish plate and screened via well
diffusion with the six test pathogens (Tables 1–3).

The bacterial screening of more active nitro-substituted imi-
dazolium salts against six different human pathogens was exam-
ined. Nitro-substituted imidazolium salts exhibited a greater
response than other imidazolium salts. Focusing on bacterial
inhibition revealed that counter anions play a crucial role in their
response. Bromide-containing imidazolium salts 3 and 5 showed
effective inhibition with E. coli, P. aeruginosa and S. aureus path-
ogens. Other imidazolium salts exhibited good to moderate inhi-
bition against our test organisms, as shown in Fig. 1 and 2.

The following concentrations of imidazolium salts are used
for antibacterial studies [25 mg per well, 50 mg per well, 75 mg per
well and 100 mg per well]. Each well capacity is 30–50 ml. Values
are measured by a Vernier caliper (diameter in mm).
MIC/MBC determination by colorimetric method

Broth microdilution tests were performed according to NCCLS
guidelines. Serial two-fold dilutions of each imidazolium salt (from
an original working solution which had been 0.22 mm sterile
ltered) inMHB (100ml) were prepared in 96-wellmicrotitre plates
Table 3 Minimum inhibitory concentration of DBMNIB 3–18 by colorim

S. No. Standard drug/compound

Monomeric imidazolium cations w

Gram-negative organism

E. coli K. pneumoniae

MIC MBC MIC MBC

1 Gentamicin 0.235 0.235 0.265 0.265
2 Nalidixic acid 0.235 0.235 0.235 0.235
3 Oaxacin 0.235 0.235 0.265 0.265
4 Ciproaxacin 0.235 0.235 0.235 0.235
5 Amikacin 0.235 0.235 0.235 0.235
6 DBMNIB 3 0.265 0.265 0.275 0.275
7 DBMNIT 7 0.265 0.265 0.285 0.285
8 3-NBBMNIT 8 0.265 0.265 0.285 0.285
9 1-NBBMNIT 9 0.275 0.275 0.285 0.285
10 3-NBBMNIB 4 0.265 0.265 0.275 0.275
11 BNBMNIT 10 0.265 0.265 0.285 0.285
12 DBMNIH 11 0.265 0.265 0.285 0.285
13 3-NBBMNIH 12 0.275 0.275 0.285 0.285
14 1-NBBMNIB 5 0.265 0.265 0.275 0.275
15 1-NBBMNIH13 0.265 0.265 0.275 0.275
16 BNBMNIH 14 0.275 0.275 0.275 0.275
17 DBMNIT 15 0.265 0.265 0.275 0.275
18 BNBMNIB 6 0.265 0.265 0.265 0.265
19 3-NBBMNIT 16 0.265 0.265 0.275 0.275
20 1-NBBMNIH 17 0.265 0.265 0.275 0.275
21 BNBMNIT 18 0.275 0.275 0.275 0.275

a Medium control = 0.07 (medium only), organism control = 0.31 (mediu

© 2025 The Author(s). Published by the Royal Society of Chemistry
over the range of 10–100 mg per well. The inoculum to be testedwas
prepared by adjusting the turbidity of an actively overnight
growing broth culture in MHB to an optical density at 550 nm
equivalent to 1 × 10−8 CFU cm−3. The suspension was further
diluted to give a nal inoculum density of 2 × 10−5 CFU cm−3 in
MHB, as veried by the total viable count. The microtitre plate for
the determination of MIC and MBC was set up as described else-
where.57 Positive and negative controls are included in each plate.
All controls and test concentrations were prepared as six replicates.
The microtitre plates were then incubated for 24 h at 37 °C.
Following determination of the MIC for each compound, the MBC
were derived by transferring 20 mL of the suspension from the
wells, which displayed no signs of growth toMHA plates. TheMHA
plates were then incubated in a stationary incubator at 37 °C for
24 h and examined for 99.9% killing (Table 3).
Docking studies

Hydrogen bonding, ligand/nonligand bonding, and van der Waals
bonding were studied using various protein sequences against the
synthesized dibenzyl imidazolium salts using computer assisted
docking studies. Fig. 3–5 indicate how pathogens effectively bind
with dibenzyl imidazolium salts 3–18 via host–guest interactions
(ligand bond, hydrogen bonding etc.). Effective binding between 3-
NBBMNIT 8 and P. aeruginosa was examined (Table 3).

Pseudomonas aeruginosa (5eoe) as a host for membrane
protein structure determination: a comprehensive analysis of
protein databases was performed using a unique membrane
protein method (X-ray diffraction), with resolution (1.60 Å),
etric method (mg per well)a

ith different anions

Gram-positive organism

P. aeruginosa P. vulgaris S. aureus E. faecalis

MIC MBC MIC MBC MIC MBC MIC MBC

0.235 0.235 0.235 0.235 0.235 0.235 0.265 0.265
0.235 0.235 0.235 0.235 0.235 0.235 0.235 0.235
0.235 0.235 0.275 0.275 0.235 0.235 0.235 0.235
0.235 0.235 0.295 0.295 0.235 0.235 0.235 0.235
0.235 0.235 0.235 0.235 0.235 0.235 0.235 0.235
0.265 0.265 0.285 0.285 0.265 0.265 0.295 0.295
0.265 0.265 0.285 0.285 0.265 0.265 0.295 0.295
0.265 0.265 0.285 0.285 0.265 0.265 0.295 0.295
0.265 0.265 0.285 0.285 0.265 0.265 0.295 0.295
0.265 0.265 0.285 0.285 0.265 0.265 0.295 0.295
0.265 0.265 0.285 0.285 0.265 0.265 0.295 0.295
0.265 0.265 0.285 0.285 0.265 0.265 0.295 0.295
0.265 0.265 0.285 0.285 0.265 0.265 0.295 0.295
0.265 0.265 0.275 0.275 0.265 0.265 0.295 0.295
0.265 0.265 0.275 0.275 0.265 0.265 0.295 0.295
0.265 0.265 0.275 0.275 0.265 0.265 0.295 0.295
0.265 0.265 0.275 0.275 0.265 0.265 0.295 0.295
0.265 0.265 0.265 0.265 0.265 0.265 0.295 0.295
0.265 0.265 0.265 0.265 0.265 0.265 0.295 0.295
0.265 0.265 0.265 0.265 0.265 0.265 0.295 0.295
0.265 0.265 0.275 0.275 0.265 0.265 0.295 0.295

m + organism), drug control = 0.22 (medium + drug).

RSC Adv., 2025, 15, 35115–35136 | 35119
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Fig. 1 Zone of inhibition against K. pneumoniae with different concentrations (25, 50, 75 and 100 mg/well) of DBMNIB 3 and 4.

Fig. 2 Zone of inhibition against P. aeruginosa with different concentrations (25, 50, 75 and 100 mg/well) of compounds 7 and 12.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 3

/1
2/

20
26

 3
:2

2:
14

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
crystal structure of DHFR 20% isopropanol, asymmetric-C1,
monomer-A1, R-value free (0.167), R-value Work (0.142) strain
K12, modeled residue count (318), total structure weight (58.85
kDa), atom count 5139, unique protein chain (1), modelled
residue count (524), and deposited residue count (526) (PDB
DOI: 10.2210/pdb5EOE/pdb) (Fig. 4). Six amino acids of Pseu-
domonas aeruginosa (5EOE), namely, GLN34 (A), GLU260 (A),
LEU269 (A), LEU261 (A), GLU265 (A) and LEU268 (A), show
effective binding with the dibenzyl imidazolium nitrogen and
oxygen (Fig. 8). Among these amino acids, the nitro-substituted
Fig. 3 K. pneumoniae (5hsg) interaction with 3-NBBMNIT 8 showing th
ILE67 (−0.5322), LYS52 (−1.4266), LEU49 (−0.9565), GLN55 (−0.5375), a

35120 | RSC Adv., 2025, 15, 35115–35136
dibenzyl imidazolium cation with BF4
− anion 8 shows effective

binding interaction such as ASN33(A) (3.36) with amino acids
(Table 3 and Fig. 8).

Bonding between the six amino acids of Proteus vulgaris
(5AVA), namely, ASP122 (A), IIC236 (A), ASN151 (A), LEU126 (A),
TYR133 (A) and TRP154 (A), and those of 3-NBBMNIT 8 such as
THR237 (A) (3.19 A) with imidazolium nitrogen and oxygen
(Fig. 9) was observed, whereas the nitro-substituted dibenzyl
imidazolium cation with the BF4

− anion showed moderate
binding with proteins (Tables 3 and 4). Hydrogen bonding
e hydrogen bonding (−5.12) with an amino acid like GLN42 (−0.8078),
nd LEU45 (−0.4015).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Pseudomonas aeruginosa (5eoe) interaction with 3-NBBMNIT
8 showing the hydrogen bonding (−5.13) with an amino acid like
GLU260 (−0.7717), ASN33 (−0.7126), LEU61 (−0.4599), HIS32
(−0.4947), GLN34 (−0.7632), and GLU265 (−0.4266).

Fig. 5 Proteus vulgaris (5ava) interaction with 3-NBBMNIT 8 showing
the hydrogen bonding (−5.56) with an amino acid like THR237
(−0.7841), ASN151 (−0.6154), ILE236 (−2.0875), ASP107 (−0.3738),
LEU149 (−0.387), and LYS123 (−0.1853).

Fig. 6 Staphylococcus aureus (5elz) interaction with DBMNIB 3
showing the hydrogen bonding (−6.85) with an amino acid like LYS30
(−0.7245), ASP136 (−0.4454), LEU28 (−2.1518), LEU11 (−0.8312),
GLN125 (−0.4964), and THR10 (−0.3645).

Fig. 7 2D plot of K. pneumoniae (5HSG) interacting with 3-NBBMNIT 8.
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studies with nitro-substituted imidazolium bromide against
various pathogens like E. coli., P. aeruginosa, P. vulgaris, and S.
aureus were carried out. Staphylococcus aureus was used as the
host for the membrane protein structure determination. Among
these pathogens (Fig. 3–10), the nitro-substituted dibenzyl
imidazolium salts 6–8 showed the highest intermolecular
binding in the order P. aeruginosa > P. vulgaris > S. aureus > K.
pneumoniae > E. coli based on the number of hydrogen bonding,
intermolecular energy, residues, and other physical parameters
(Tables 3 and 4). Other dibenzyl imidazolium salts (3–5 and 9–
18) have shown good to moderate values (Tables 5–8).
Molecular docking analysis

The docking studies of the synthesized compounds with
bacterial pathogenic proteins showed binding interactions,
indicating their potential for further investigation. Regarding
the protein Vulgaris 5AVA, 3-NBBMNIB 4 (Fig. 11A) obtains the
© 2025 The Author(s). Published by the Royal Society of Chemistry
highest binding affinity scoring of −8.2 kcal mol−1 with p-alkyl
interactions with LEU149 and ILE236; p-sigma interactions
with LEU126; and hydrogen bonds with ASN151. BNBMNIB 6
(Fig. 11B) shows a p-sigma interaction with LEU126, a carbon–
hydrogen bond with HIS153, and hydrogen bonds with ASN151
and ASN240, with a score of −7.9 kcal mol−1. DBMNIH 11
(−7.5 kcal mol−1) forms a hydrogen bond with SER200, p-sigma
interactions with VAL202, and P-alkyl interaction with LEU187
(Fig. 11D), while DBMNIB 3 (−7.2 kcal mol−1) forms a hydrogen
bond with ARG159, p-sigma with VAL179 and p-alkyl with
VAL99 (Fig. 11C). Next, the 5E8Q protein from E. coli, 3-
NBBMNIB 4 (−9.1 kcal mol−1) (Fig. 12A) exhibits strong binding
affinity by forming a hydrogen bond with TRP22, p–p stacking
with PHE31, and p-alkyl interactions with ILE50 and ALA7.
BNBMNIB 6 (−8.8 kcal mol−1) (Fig. 12D) exhibits hydrogen
bonds with MET20, LEU24, and TRP22, while DBMNIH 11
RSC Adv., 2025, 15, 35115–35136 | 35121
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Fig. 8 2D plot of Pseudomonas aeruginosa (5EOE) interacting with 3-
NBBMNIT 8.

Fig. 9 2D plot of Proteus vulgaris (5AVA) interacting with 3-NBBMNIT 8.

Fig. 10 2D plot of Staphylococcus aureus (5ELZ) interacting with
DBMNIB 3.

35124 | RSC Adv., 2025, 15, 35115–35136

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 3

/1
2/

20
26

 3
:2

2:
14

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
(−8.1 kcal mol−1) (Fig. 12B) displays hydrogen bonding with
ALA7 and interactions with MET20 and PHE31. DBMNIB 3
(−7.7 kcal mol−1) (Fig. 12C) shows a hydrogen bond with LYS58.
The Aureus protein 5ELZ follows, BNBMNIB 6 (−9.3 kcal mol−1)
(Fig. 13A) forms hydrogen bonds with LYS155 and THR172, and
p-anion and P-cation interactions with GLU202 and ASP239,
while 3-NBBMNIB 4 (−8.9 kcal mol−1) (Fig. 13B) engages in p–p

stacked interactions with PHE256 and HIS228. DBMNIB 3
(−8.6 kcal mol−1) (Fig. 13C) interacts with TYR240 and ARG244,
and DBMNIH 11 (−7.8 kcal mol−1) (Fig. 13D) exhibits p-anion
interactions with ASP186. As for the protein 5EOE from Aeru-
ginosa, DBMNIH 11 (−8.9 kcal mol−1) (Fig. 14A) displays
hydrogen bonds with LYS36 and p-cation interactions with
ARG57, while 3-NBBMNIB 4 (−8.6 kcal mol−1) (Fig. 14B) forms
hydrogen bonds with ARG57 and ASN257 and a p-anion inter-
action with GLU170. BNBMNIB 6 (−8.4 kcal mol−1) (Fig. 14C)
shows hydrogen bonds with ARG57 and a p-cation interaction
with LYS36, whereas DBMNIB 3 (−8.0 kcal mol−1) (Fig. 14D)
interacts with LYS36 and ASN257. The 5HSG protein for Pneu-
monia, BNBMNIB 6 (−9.0 kcal mol−1) (Fig. 15A) forms multiple
hydrogen bonds with GLN270 and GLN172, along with p-anion
interactions with ASP251 and GLU226. DBMNIB 3
(−8.7 kcal mol−1) (Fig. 15B) exhibits hydrogen bonding with
GLN270 and p–p stacking with PHE46, while 3-NBBMNIB 4
(−8.5 kcal mol−1) (Fig. 15C) shows interactions with GLN270,
GLN172, and GLU226. DBMNIH 11 (−8.2 kcal mol−1) (Fig. 15D)
displays hydrogen bonding with GLN270 and p–p stacking with
PHE46. These ndings illustrate the strong binding potential of
3-NBBMNIB 4 and BNBMNIB 6 across various pathogenic
bacterial proteins. The favorable interactions indicate that they
could be effective for antibacterial treatments.
Molecular dynamics simulation

To assess their stability and behavior in a dynamic environment,
the top compound for each protein—based on their binding
affinities and interactions—was further studied through molec-
ular dynamics simulations. The protein in the 5AVA-3-NBBMNIB
4 complex stays stable (∼1.5–2.0 Å), according to the RMSD
analysis (Fig. 16A), while the ligand varies considerably aer 80
ns, reaching 13.0 Å, indicating possible separation. While areas
close to the C-terminal are more exible, the protein's RMSF
shows stability (Fig. 16B). Atoms 1–10 exhibit ligand RMSF
stability (Fig. 16C), while atoms 15–21 exhibitmoreexibility. Key
hydrogen bonds involving VAL152, HIS153, and TRP154, as well
as hydrophobic contacts from LEU126, PHE130, and TYR133 are
highlighted by protein-ligand contact analysis as contributing to
the complex's stability. Furthermore, the interaction is further
stabilized by ionic bonds that form between ASP155 and LYS169.
Water-mediated interactions, involving residues like ILE168,
LYS169, ASP155, and TYR133, provide additional stabilization
(Fig. 16D). Next, the 5E8Q-3-NBBMNIB 4 RMSD analysis
(Fig. 17A) reveals a stable protein backbone (Ca) with minimal
uctuations (1.5–2.2 Å) over 100 ns, indicating structural integ-
rity. In contrast, the ligand RMSD progressively increases to 9 Å,
suggesting signicant exibility or partial dissociation. Protein
RMSF (Fig. 17B) highlights stable residues (RMSF < 2 Å) with
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Physicochemical properties, lipophilicity and water solubility studies

Compound

Physicochemical properties Lipophilicity Water solubility

MW
(g mol−1)

No. heavy
atoms

No. atom.
heavy
atoms

Molar
refractivity TPSA

Log P
o/w (iLOGP)

Log P
o/w
(XLOGP3)

Log P
o/w
(MLOGP)

Log S
(ESOL)

Solubility
mg ml;
mol l−1 Class

DBMNIB 3 388.26 24 17 100.97 54.63 −4.20 4.87 3.30 −5.51 1.20 × 10−3;
3.09 × 10−6

Moderately
soluble

3-NBBMNIB 4 433.26 27 17 109.80 100.45 −4.84 4.70 2.38 −5.56 1.20 × 10−3;
2.77 × 10−6

Moderately
soluble

1-NBBMNIB 5 433.26 27 17 109.80 100.45 −4.61 4.70 2.38 −5.56 1.20 × 10−3;
2.77 × 10−6

Moderately
soluble

BNBMNIB 6 478.25 30 17 118.62 146.27 −5.06 4.52 1.55 −5.61 1.17 × 10−3;
2.45 × 10−6

Moderately
soluble

DBMNIT 7 395.16 28 17 102.23 54.63 0.00 6.12 3.41 −6.26 2.15 × 10−4;
5.43 × 10−7

Poorly
soluble

3-NBBMNIT 8 453.32 30 17 105.62 68.22 0.00 7.11 3.63 −7.22 2.74 × 10−5;
6.04 × 10−8

Poorly
soluble

1-NBBMNIT 9 457.42 31 17 107.84 120.21 −3.88 4.22 2.60 −5.34 2.07 × 10−3;
4.52 × 10−6

Moderately
soluble

BNBMNIT 10 440.16 31 17 111.05 100.45 0.00 5.95 2.49 −6.33 2.07 × 10−4;
4.71 × 10−7

Poorly
soluble

DBMNIH 11 498.32 33 17 114.44 114.04 0.00 6.94 2.71 −7.29 2.57 × 10−5;
5.16 × 10−8

Poorly
soluble

3-NBBMNIH 12 502.42 34 17 116.67 166.03 −4.74 4.05 1.77 −5.41 1.93 × 10−3;
3.85 × 10−6

Moderately
soluble

1-NBBMNIH 13 440.16 31 17 111.06 100.45 0.00 5.95 2.49 −6.33 2.07 × 10−4;
4.71 × 10−7

Poorly
soluble

BNBMNIH 14 498.32 33 17 114.44 114.04 0.00 6.94 2.76 −7.29 2.57 × 10−5;
5.16 × 10−8

Poorly
soluble

DBMNIT 15 502.42 34 17 116.67 166.03 −4.98 4.05 1.77 −5.41 1.93 × 10−3;
3.85 × 10−6

Moderately
soluble

3-NBBMNIT 16 485.15 34 17 119.88 146.27 0.00 5.77 3.27 −5.76 2.43 × 10−3;
4.57 × 10−6

Moderately
soluble

1-NBBMNIH 17 543.31 36 17 123.26 159.86 0.00 6.77 1.88 −7.36 2.37 × 10−5;
4.35 × 10−8

Poorly
soluble

BNBMNIT 18 547.42 37 17 125.49 211.85 −5.74 3.88 5.30 −5.49 0.77 × 10−3;
3.23 × 10−6

Moderately
soluble

Table 7 Pharmacokinetic studies

Compound
GI
absorption

BBB
permeant

P-gp
substrate

Log Kp
skin permeation (cm s−1)

CYP2C19
inhibitor

CYP1A2
inhibitor

DBMNIB 3 High No Yes −5.21 No No
3-NBBMNIB 4 High No Yes −5.61 No Yes
1-NBBMNIB 5 High No Yes −5.61 No Yes
BNBMNIB 6 High Yes No −4.37 Yes No
DBMNIT 7 High No No −4.02 Yes No
3-NBBMNIT 8 Low No Yes −6.09 Yes No
1-NBBMNIT 9 High No No −4.76 Yes No
BNBMNIT 10 Low No No −4.41 Yes No
DBMNIH 11 Low No Yes −6.49 Yes No
3-NBBMNIH 12 Low No Yes −6.5 Yes No
1-NBBMNIH 13 High No No −4.76 Yes No
BNBMNIH 14 Low No No −4.41 Yes No
DBMNIT 15 Low No Yes −6.49 Yes No
3-NBBMNIT 16 High No Yes −5.76 Yes No
1-NBBMNIH 17 Low No Yes −4.81 Yes No
BNBMNIT 18 Low No Yes −6.88 Yes No

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 35115–35136 | 35127
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Table 8 Drug likeness and medicinal chemistry studies

Compounds

Drug likeness Medicinal chemistry

Lipinski Ghose Veber Egan Muegge
Bioavailability
score Brenk

Synthetic
accessibility

DBMNIB 3 Yes Yes Yes Yes Yes 0.55 3 alert 2.94
3-NBBMNIB 4 Yes Yes Yes Yes Yes 0.55 3 alert 3.04
1-NBBMNIB 5 Yes Yes Yes Yes Yes 0.55 3 alert 3.04
BNBMNIB 6 Yes Yes Yes Yes Yes 0.55 3 alert 3.04
DBMNIT 7 Yes Yes Yes Yes Yes 0.55 4 alert 3.18
3-NBBMNIT 8 Yes Yes Yes Yes Yes 0.55 4alert 3.20
1-NBBMNIT 9 Yes Yes Yes Yes Yes 0.55 4 alert 3.14
BNBMNIT 10 Yes No Yes Yes Yes 0.55 4 alert 3.28
DBMNIH 11 Yes No Yes Yes Yes 0.55 4 alert 3.25
3-NBBMNIH 12 No: 2 violations No: 1 violation No: 1 violation No: 1 violation No: 1 violation 0.55 5 alert 3.30
1-NBBMNIH 13 Yes Yes Yes Yes Yes 0.55 4 alert 3.14
BNBMNIH 14 Yes No Yes Yes No 0.55 4 alert 3.28
DBMNIT 15 No: 2 violations No: 1 violation No: 1 violation No: 1 violation No: 1 violation 0.55 5 alert 3.30
3-NBBMNIT 16 Yes Yes Yes Yes Yes 0.55 5 alert 3.26
1-NBBMNIH 17 No No No No No 0.17 4 alert 3.36
BNBMNIT 18 No: 2 violations No: 1 violation No: 1 violation No: 1 violation No: 1 violation 0.17 5 alert 3.37

Fig. 11 Molecular docking poses of the synthesized compounds with the 5AVA protein: (A) 3-NBBMNIB 4 forming p-alkyl interactions with
LEU149 and ILE236, p-sigma interactions with LEU126, and hydrogen bonds with ASN151; (B) BNBMNIB 6 showing a p-sigma interaction with
LEU126, carbon–hydrogen bond with HIS153, and hydrogen bonds with ASN151 and ASN240; (C) DBMNIB 3 forming hydrogen bonds with
ARG159, p-sigma with VAL179, and p-alkyl with VAL99; and (D) DBMNIH 11 forming hydrogen bonds with SER200, p-sigma interactions with
VAL202, and p-alkyl interaction with LEU187.
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higher exibility around residues 60 and 140, likely correspond-
ing to loops or terminal regions. Ligand RMSF (Fig. 17C) shows
moderate uctuations (1–3 Å) with some regions exceeding 4 Å,
indicating exible functional groups. Key interactions include
hydrogen bonds (ASN18, TRP22, HIS45), hydrophobic contacts
(ALA19, LEU28, PHE31, ILE50, ILE94), water bridges (MET16,
GLY15, HIS45), and ionic bonds (ASP27), supporting stable
ligand binding (Fig. 17D). Then, 5ELZ-BNBMNIB 6 RMSD anal-
ysis (Fig. 18A) indicates protein stability with uctuations
35128 | RSC Adv., 2025, 15, 35115–35136
between 1.0–3.0 Å. Notably, higher deviations (3.5–4.0 Å) are
observed during 50–60 ns, followed by stabilization from 60–100
ns. Protein RMSF (Fig. 18B) highlights the overall stability, with
minimal uctuations below 3.0 Å. The ligand RMSD (Fig. 18C)
remains within 3.0 Å, showing moderate stability with slight
exibility, attributed to positional alterations on the protein
surface. Key interactions include hydrogen bonds with ARG244,
hydrophobic contacts with ARG149, LYS155, PRO168, LEU171,
ASP239, and TYR240, ionic bonds with ARG149, ASP153, LYS155,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Molecular docking poses of the synthesized compounds with the 5E8Q protein: (A) 3-NBBMNIB 4 forming a H-bond with TRP22, p–p
stacking with PHE31, and p-alkyl interactions with ILE50 and ALA7; (B) DBMNIH 11 displaying H-bonding with ALA7 and interactions with MET20
and PHE31; (C) DBMNIB 3 forming a H-bond with LYS58. (D) BNBMNIB 6 showing H-bonds with MET20, LEU24, and TRP22.

Fig. 13 Molecular docking poses of the synthesized compoundswith the 5ELZ protein: (A) BNBMNIB 6 forming hydrogen bondswith LYS155 and
THR172, p-anion interaction with GLU202, and p-cation interaction with ASP239. (B) 3-NBBMNIB 4 forming p–p stacked interactions with
PHE256 and HIS228. (C) DBMNIB 3 interacting with TYR240 and ARG244. (D) DBMNIH 11 exhibiting p-anion interactions with ASP186.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 3

/1
2/

20
26

 3
:2

2:
14

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
and VAL236, and water bridges involving ARG149, LYS155, and
ARG244 (Fig. 18D). Thereaer, the 5EOE-BNBMNIB 6 complex
demonstrates stable dynamics over a 100 ns simulation. Both
components are equilibrated within ∼10 ns. 5EOE maintains an
average RMSD of ∼1.5 Å, and BNBMNIB 6 exhibits an average
RMSD of ∼1.0 Å, indicating stable protein conformation and
binding, respectively (Fig. 19A). A transient increase in the RMSD
of compound 6 at around 60 ns suggests a brief conformational
change, but the overall complex stability is maintained. The
protein RMSF (Fig. 19B) reveals signicant exibility in regions
around residues 50, 100, and 250, indicating potential loop or
terminal regions. The majority of the protein backbone exhibits
© 2025 The Author(s). Published by the Royal Society of Chemistry
lower RMSF values, suggesting a relatively stable core structure.
The ligand RMSF (Fig. 19C) analysis shows minimal uctuations
(RMSF ∼1 Å) for residues 1–7, indicating a stable region. A
signicant increase in exibility is observed between residues 8
and 16, peaking around residue 15 (RMSF ∼2.5 Å). From residue
17 onwards, the RMSF decreases again, uctuating between∼1.3
and ∼2.1 Å, suggesting moderate exibility in this region.
Protein-ligand contact analysis (Fig. 19D) reveals several key
interactions. Hydrogen bonds are observed with ALA59 and
ASN233. Hydrophobic interactions are formed with LYS36 and
PRO167. Water-mediated hydrogen bonds are present with
ASN165, GLY168, GLU170, ASN233, THR256, and an unidentied
RSC Adv., 2025, 15, 35115–35136 | 35129
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Fig. 14 Molecular docking poses of the synthesized compounds with the 5EOE protein: (A) DBMNIH 11 forming H-bonds with LYS36 and p-
cation interactions with ARG57. (B) 3-NBBMNIB 4 forming H-bonds with ARG57 and ASN257, and p-anion interaction with GLU170. (C)
BNBMNIB 6 forming H-bonds with ARG57 and p-cation interaction with LYS36. (D) DBMNIB 3 interacting with LYS36 and ASN257.

Fig. 15 Molecular docking poses of the synthesized compounds with the 5HSG protein: (A) BNBMNIB 6 forming H-bonds with GLN270 and
GLN172, p-anion interactions with ASP251 and GLU226. (B) DBMNIB 3 forming H-bonding with GLN270 and p–p stacking with PHE46. (C) 3-
NBBMNIB 4 interacting with GLN270, GLN172, and GLU226. (D) DBMNIH 11 displaying H-bonding with GLN270 and p–p stacking with PHE46.
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asparagine residue ASN. An ionic interaction is identied
between ARG57 and GLU170. Subsequently, dynamics simula-
tions of the 5HSG-DBMNIB 3 complex show that between the rst
10 ns, the protein and ligand are in equilibrium. 5HSG shows
a stable protein structure with an average RMSD of about 2.0 Å
(Fig. 20A). DBMNIB 3 indicates stable binding with an average
RMSD of about 1.5 Å. Nonetheless, signicant variations in
DBMNIB 3 RMSD are noted over the simulation, especially in the
60–80 ns range, suggesting some adaptability in the binding
position. The 5HSG-DBMNIB 3 complex stays constant overall in
spite of these variations, indicating a dynamic yet enduring
relationship. Different regions of exibility are shown by
35130 | RSC Adv., 2025, 15, 35115–35136
analyzing the root mean square uctuation (RMSF) of the protein
(Fig. 20B). Three prominent peaks are observed around residues
50, 100, and 250, indicating higher exibility in these segments,
likely corresponding to loop regions or termini. The remaining
portions of the protein display lower RMSF values, generally
below 1.5 Å, suggesting a more rigid and stable core structure.
The RMSF analysis of the ligand (Fig. 20C) reveals varying degrees
of exibility across its atoms. Atoms 1–7 exhibit relatively low
uctuations (RMSF values around 4–4.5 Å), suggesting a more
constrained region. A gradual increase in exibility is observed
from atom 8, culminating in a peak around atoms 17–19 (RMSF
values reaching approximately 6.5–7 Å), indicating a highly
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Molecular dynamics simulation of the 5AVA-3-NBBMNIB 4 complex: (A) RMSD analysis of the protein and ligand dynamics; (B) RMSF
analysis of the protein residues; highlighting flexibility in the C-terminal region. (C) RMSF of the ligand atoms, indicating the stability and flexibility
in atoms 15–21; and (D) protein-ligand contact analysis revealing the key hydrogen, hydrophobic, ionic, and water-mediated interactions.

Fig. 17 Molecular dynamics simulation of the 5E8Q-3-NBBMNIB 4 complex: (A) RMSD analysis showing the stable protein backbone and ligand
flexibility; (B) RMSF analysis of protein residues, with minimal fluctuations and flexible loops; (C) RMSF of ligand atoms, showing moderate
fluctuations and flexibility; and (D) protein-ligand contact analysis highlighting the hydrogen bonds, hydrophobic contacts, water bridges, and
ionic interactions.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 35115–35136 | 35131
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Fig. 18 Molecular dynamics simulation of the 5ELZ-BNBMNIB 6 complex: (A) RMSD analysis indicating protein stability and ligand flexibility; (B)
RMSF analysis of protein residues showing stability with less deviations; (C) RMSF of ligand atoms indicating moderate stability and flexibility; and
(D) protein-ligand contact analysis showing hydrogen bonds, hydrophobic interactions, ionic bonds, and water-mediated contacts.

Fig. 19 Molecular dynamics simulation of the 5EOE-BNBMNIB 6 complex: (A) RMSD analysis showing stability for both protein and ligand; (B)
RMSF analysis of the protein residues, indicating the flexible loop and stable regions; (C) RMSF of the ligand atoms showing stable and flexible
regions; and (D) protein-ligand contact analysis revealing hydrogen bonds, hydrophobic contacts, water bridges, and ionic interactions.
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exible segment. Beyond atom 19, the RMSF values decrease,
suggesting a return to more stability towards the ligand. Protein-
ligand interaction analysis (Fig. 20D) reveals a network of
35132 | RSC Adv., 2025, 15, 35115–35136
stabilizing contacts. Hydrogen bonds are observed with ALA254,
GLN270, and GLN271. Hydrophobic interactions are formed with
ALA44, LEU45, PHE46, PHE47, and LEU49. Water-mediated
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 20 Molecular dynamics simulation of the 5HSG-DBMNIB 3 complex: (A) RMSD analysis showing stability for both protein and ligand, with
variations in the ligand dynamics; (B) RMSF analysis of the protein residues; (C) RMSF of ligand atoms indicating flexibility in specific regions; and
(D) protein-ligand contact analysis revealing hydrogen bonds, hydrophobic interactions, water bridges, and ionic interactions.
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hydrogen bonds are present with ASP120, ARG175, ASP251, and
GLN70. Ionic interactions are identied between ASP120,
ARG175, and ASP251.

Conclusions

In conclusion, this study successfully demonstrated the synthesis
of benzylated 2-methyl-5-nitro-imidazolium salts via N-alkylation
reactions, with the solvent-free silica-supported method signi-
cantly reducing the reaction time. Anti-bacterial screening
revealed promising inhibition responses, particularly against
Gram-negative pathogens. Notably, salts containing the bromide
counter anion exhibited excellent anti-bacterial activity. Molec-
ular docking studies provided valuable insights into host–guest
interactions between the synthesized salts and various protein
sequences. These ndings have important implications for the
development of novel anti-bacterial agents, and future studies
will explore the potential applications of these compounds.

Experimental sections
General procedure

AR-grade reagents and reactants were purchased from Merck
Chemicals and Sigma-Aldrich Chemicals and used directly
without further purication. Proton (1H) and carbon-13 (13C)
NMR spectra were recorded on a Bruker 400 spectrometer (1H:
400 MHz, 13C: 100 MHz) using CDCl3 and DMSO-d6 as solvents.
The following abbreviations were used to describe
multiplicities: s (singlet), d (doublet), t (triplet), q (quartet), and
m (multiplet). Chemical shis are reported in parts per million
© 2025 The Author(s). Published by the Royal Society of Chemistry
(ppm) and referenced to tetramethylsilane (TMS). Coupling
constants are reported in Hertz (Hz).

General procedure for N-alkylation

2-Methyl-5-nitroimidazole (1.573 × 10−2 mmol, 1.0 equiv.) was
treated with a slight excess of benzyl bromide/4-nitrobenzyl
bromide (1.65 × 10−2 mmol, 1.05 equiv.) in the presence of
NaOH in CH3CN under reuxing conditions for 6–7 h, yielding
compounds 1 and 2 in 95–97% yield.

1-Benzyl-2-methyl-5-nitro-1H-imidazole 1 (BMNI). Yield:
8.15 g (95%); mp: 167–169 °C. 1H NMR (400 MHz, DMSO-d6):
d = 2.6 (s, 3H), 4.52 (s, 2H), 6.9–7.3 (m, 5H), 8.19 (s, 1H). 13C
NMR (100 MHz, DMSO-d6): d = 12.1, 39.9, 123.4, 127.5, 128.3,
132.7, 139.4, 143.9, 153.7; MS: m/z: 217; anal. calcd. for
C11H11N3O2: calculated: C, 60.82; H, 5.10; N, 19.34. Found: C,
60.78; H, 5.04; N, 19.28.

1-(4-Nitrobenzyl)-2-methyl-5-nitro-1H-imidazole 2 (NBMNI).
Yield: 9.89 g (96%); mp: 152–154 °C. 1H NMR (400 MHz, DMSO-
d6): d = 2.53 (s, 3H), 4.32 (s, 2H), 7.39–7.42 (d, 2H), 8.12–8.16 (d,
2H). 13C NMR (100 MHz, DMSO-d6): d = 11.4, 40.5, 124.2, 126.8,
131.4, 142.3, 144.3, 146.7, 153.2; MS: m/z: 262; anal. calcd. for
C11H10N4O4: calculated: C, 50.38; H, 3.84; N, 21.37. Found: C,
50.33; H, 3.80; N, 21.34.

General procedure for quaternization

N-Alkylation reactions were conducted between compounds 1 and
2 (1.0 equiv.) and benzyl bromide/4-nitrobenzyl bromide (1.05
equiv.) in dry CH3CN under reuxing conditions for 10–16 h. This
resulted in imidazolium bromides 3–6 in 85–88% yield.
RSC Adv., 2025, 15, 35115–35136 | 35133
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General procedure for solid-supported solvent-free muffle
furnace condition

2-Methyl-5-nitroimidazole (1.573 × 10−2 mmol, 1.0 equiv.) was
treated with a slight excess of benzyl bromide/4-nitrobenzyl
bromide (1.65 × 10−2 mmol, 1.05 equiv.) using a conventional
solvent-free method. The reaction mixture, containing 5 g of
silica gel (80–120 mesh), was nely ground using a mortar and
pestle. The mixture was then heated in a muffle furnace at 100 °
C.

1,3-Dibenzyl-2-methyl-5-nitro-1H-imidazolium bromide 3
(DBMNIB). Yield: 3.37 g (94%); mp: 136–138 °C. 1H NMR (400
MHz, DMSO-d6): d = 2.5 (s, 3H), 3.73 (s, 2H), 4.71 (s, 2H), 7.25–
7.45 (m, 10H), 8.05 (s, 1H). 13C NMR (100 MHz, DMSO-d6): d =

14.5, 42, 53.4, 124.8, 130.5, 132.2, 135.2, 153.3, 154.7, 156.7; MS:
m/z: 388; anal. calcd. for C18H18BrN3O2: calculated: C, 55.68; H,
4.67; N, 10.82. Found: C, 55.64; H, 4.63; N, 10.77.

3-(4-Nitrobenzyl)-1-benzyl-2-methyl-5-nitro-1H-imidazolium
bromide 4 (3-NBBMNIB). Yield: 3.96 g (93%); mp: 140–142 °C.
1H NMR (400 MHz, DMSO-d6): d= 2.54 (s, 3H), 3.68 (s, 2H), 4.75
(s, 2H), 7.65–7.82 (m, 9H), 8.24 (s, 1H). 13C NMR (100 MHz,
DMSO-d6): d = 14.2, 41, 54.4, 122.5, 128.2, 130.9, 132.2, 134.9,
137.2, 142.9, 145.3, 149, 152.6, 156.4; MS: m/z: 432; anal. calcd.
for C18H17BrN4O4: calculated: C, 49.90; H, 3.95; N, 12.93. Found:
C, 49.86; H, 3.92; N, 12.88.

1-(4-Nitrobenzyl)-3-benzyl-2-methyl-5-nitro-1H-imidazolium
bromide 5 (1-NBBMNIB). Yield: 2.93 g (89%); mp: 120–122 °C.
1H NMR (400 MHz, DMSO-d6): d= 2.39 (s, 3H), 2.67 (s, 2H), 4.78
(s, 2H), 6.77–7.27 (m, 5H), 7.25–7.27 (d, 2H), 7.92 (s, 1H), 8.22–
8.24 (d, 2H). 13C NMR (100 MHz, DMSO-d6): d= 13.1, 41.3, 52.7,
116.7, 118.4, 120, 122.4, 124.9, 131.2, 137, 139.4, 146.3, 147.5,
153.3; MS: m/z: 432; anal. calcd. for C18H17BrN4O4: calculated:
C, 49.90; H, 3.95; N, 12.93. Found: C, 49.87; H, 3.90; N, 12.89.

1,3-Bis(4-nitrobenzyl-2-methyl-5-nitro-1H-imidazolium
bromide 6 (BNBMNIB). Yield: 3.49 g (96%); mp: 118–120 °C. 1H
NMR (400 MHz, DMSO-d6): d = 2.32 (s, 3H), 2.86 (s, 2H), 4.77 (s,
2H), 7.39–7.41 (d, 4H), 8.02–8.05 (d, 4H), 8.44 (s, 1H). 13C NMR
(100 MHz, DMSO-d6): d = 12.8, 42.7, 52.4, 122.8, 130.5, 141.6,
146, 153, 155; MS: m/z: 477; anal. calcd. for C18H16BrN5O6:
calculated: C, 45.20; H, 3.37; N, 14.64. Found: C, 45.16; H,
3.33; N, 14. 61.
General procedure for anion exchange reaction

N-alkylated imidazolium bromides 3–6 (1.0 equiv.) were treated
with NaBF4, KPF6, and LiCF3SO3 (1.05 equiv.) in 10 mL of
deionized water at room temperature with stirring for approxi-
mately 1 h, affording the anion-exchanged ionic liquids.
Following the anion exchange reaction, the Soxhlet extraction
was performed to remove the metal bromide from the ionic
liquids using 100 mL of dry THF for approximately 1 hour,
yielding ionic liquids 7–18 in 83–89% yield.

1,3-Dibenzyl-2-methyl-5-nitro-1H-imidazolium tetrauoro
borate 7 (DBMNIT). Yield: 245 mg (88%); mp: 115–117 °C. 1H
NMR (400 MHz, DMSO-d6): d = 2.57 (s, 3H), 3.78 (s, 2H), 4.74 (s,
2H), 7.29–7.51 (m, 10H), 8.09 (s, 1H). 13C NMR (100 MHz,
DMSO-d6): d = 14.7, 42.3, 53.5, 124.6, 130.8, 132.5, 135.4, 153.6,
154.9, 156.5; MS: m/z: 395; anal. calcd. for C18H18BF4N3O2:
35134 | RSC Adv., 2025, 15, 35115–35136
calculated: C, 54.71; H, 4.59; N, 10.63. Found: C, 54.67; H,
4.55; N, 10.58.

3-(4-Nitrobenzyl)-1-benzyl-2-methyl-5-nitro-1H-imidazolium
tetrauoro borate 8 (3-NBBMNIT). Yield: 233 mg (85%); mp:
129–131 °C. 1H NMR (400 MHz, DMSO-d6): d= 2.63 (s, 3H), 3.71
(s, 2H), 4.79 (s, 2H), 7.69–7.86 (m, 9H), 8.28 (s, 1H). 13C NMR
(100 MHz, DMSO-d6): d = 14.4, 41.7, 54.8, 122.2, 128.7, 130.1,
132.8, 134.5, 137.8, 142.1, 145.6, 149.4, 152.9, 156.1; MS: m/z:
440; anal. calcd. for C18H17BF4N4O4: calculated: C, 49.12; H,
3.89; N, 12.73. Found: C, 49.07; H, 3.85; N, 12.67.

1-(4-Nitrobenzyl)-3-benzyl-2-methyl-5-nitro-1H-imidazolium
tetrauoro borate 9 (1-NBBMNIT). Yield: 231 mg (84%); mp:
125–127 °C. 1H NMR (400 MHz, DMSO-d6): d= 2.33 (s, 3H), 2.69
(s, 2H), 4.72 (s, 2H), 6.74–7.23 (m, 5H), 7.23–7.25 (d, 2H), 7.98 (s,
1H), 8.21–8.23 (d, 2H). 13C NMR (100 MHz, DMSO-d6): d = 13.7,
41.8, 52.2, 116.1, 118.9, 120.8, 122.7, 124.3, 131.5, 136.7, 139.2,
146.9, 147.6, 153.7; MS: m/z: 440; anal. calcd. for
C18H17BF4N4O4: calculated: C, 49.12; H, 3.89; N, 12.73. Found:
C, 49.09; H, 3.84; N, 12.87.

1,3-Bis(4-nitrobenzyl-2-methyl-5-nitro-1H-imidazolium
tetrauoro borate 10 (BNBMNIT). Yield: 224 mg (85%); mp:
109–111 °C. 1H NMR (400 MHz, DMSO-d6): d= 2.35 (s, 3H), 2.89
(s, 2H), 4.72 (s, 2H), 7.37–7.39 (d, 4H), 8.08–8.11 (d, 4H), 8.41 (s,
1H). 13C NMR (100 MHz, DMSO-d6): d = 12.6, 42.3, 52.9, 122.3,
130.7, 141.2, 146.7, 153.4, 155.8; MS: m/z: 485; anal. calcd. for
C18H16BF4N5O6: calculated: C, 44.56; H, 3.32; N, 14.44. Found:
C, 44.51; H, 3.28; N, 14. 39.

1,3-Dibenzyl-2-methyl-5-nitro-1H-imidazolium hexauoro
phosphate 11 (DBMNIH). Yield: 250 mg (83%); mp: 100–102 °C.
1H NMR (400MHz, DMSO-d6): d= 2.53 (s, 3H), 3.75 (s, 2H), 4.70 (s,
2H), 7.26–7.47 (m, 10H), 8.03 (s, 1H). 13C NMR (100 MHz, DMSO-
d6): d = 14.8, 42.7, 53.6, 124.4, 130.6, 132.4, 135.7, 153.4, 154.3,
156.9; MS: m/z: 453; anal. calcd. for C18H18F6N3O2P: calculated: C,
47.69; H, 4.0; N, 9.27. Found: C, 47.64; H, 4.03; N, 9.22.

3-(4-Nitrobenzyl)-1-benzyl-2-methyl-5-nitro-1H-imidazolium
hexauoro phosphate 12 (3-NBBMNIH). Yield: 273 mg (88%);
mp: 120–122 °C. 1H NMR (400 MHz, DMSO-d6): d = 2.58 (s, 3H),
3.63 (s, 2H), 4.76 (s, 2H), 7.62–7.79 (m, 9H), 8.26 (s, 1H). 13C
NMR (100 MHz, DMSO-d6): d = 14.8, 41.9, 54.3, 122.7, 128.9,
130.4, 132.6, 134.6, 137.4, 142.5, 145.9, 149.5, 152.4, 156.8; MS:
m/z: 498; anal. calcd. for C18H17F6N4O4P: calculated: C, 43.38; H,
3.44; N, 11.24. Found: C, 43.34; H, 3.41; N, 11.20.

1-(4-Nitrobenzyl)-3-benzyl-2-methyl-5-nitro-1H-imidazolium
hexauoro phosphate 13 (1-NBBMNIH). Yield: 277 mg (89%);
mp: 101–103 °C. 1H NMR (400 MHz, DMSO-d6): d = 2.37 (s, 3H),
2.64 (s, 2H), 4.76 (s, 2H), 6.75–7.25 (m, 5H), 7.27–7.29 (d, 2H),
7.94 (s, 1H), 8.27–8.29 (d, 2H). 13C NMR (100 MHz, DMSO-d6):
d = 13.5, 41.6, 52.4, 116.5, 118.3, 120.7, 122.9, 124.6, 131.8,
137.4, 139.6, 146.1, 147.8, 153.1; MS: m/z: 498; anal. calcd. for
C18H17F6N4O4P: calculated: C, 43.38; H, 3.44; N, 11.24. Found:
C, 43.34; H, 3.39; N, 11.19.

1,3-Bis(4-nitrobenzyl-2-methyl-5-nitro-1H-imidazolium
hexauoro phosphate 14 (BNBMNIH). Yield: 245 mg (83%); mp:
105–107 °C. 1H NMR (400 MHz, DMSO-d6): d= 2.37 (s, 3H), 2.82
(s, 2H), 4.79 (s, 2H), 7.35–7.37 (d, 4H), 8.06–8.09 (d, 4H), 8.47 (s,
1H). 13C NMR (100 MHz, DMSO-d6): d = 12.1, 42.5, 52.2, 122.5,
130.3, 141.9, 146.2, 153.9, 155.1; MS: m/z: 543; anal. calcd. for
© 2025 The Author(s). Published by the Royal Society of Chemistry
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C18H16F6N5O6P: calculated: C, 39.79; H, 2.97; N, 12.89. Found:
C, 39.75; H, 2.91; N, 12.86.

1,3-Dibenzyl-2-methyl-5-nitro-1H-imidazolium triuoro
methane sulfonate 15 (DBMNIT). Yield: 265 mg (87%); mp: 97–
99 °C. 1H NMR (400 MHz, DMSO-d6): d = 2.55 (s, 3H), 3.74 (s,
2H), 4.76 (s, 2H), 7.22–7.43 (m, 10H), 8.07 (s, 1H). 13C NMR (100
MHz, DMSO-d6): d = 14.3, 42.5, 53.2, 124.9, 130.4, 132.7, 135.8,
153.6, 154.8, 156.8; MS: m/z: 457; anal. calcd. for
C19H18F3N3O5S: calculated: C, 49.89; H, 3.97; N, 9.19. Found: C,
49.84; H, 3.93; N, 9.14.

3-(4-Nitrobenzyl)-1-benzyl-2-methyl-5-nitro-1H-imidazolium
triuoro methane sulfonate 16 (3-NBBMNIT). Yield: 223 mg
(89%); mp: 125–127 °C. 1H NMR (400 MHz, DMSO-d6): d = 2.52
(s, 3H), 3.65 (s, 2H), 4.71 (s, 2H), 7.67–7.84 (m, 9H), 8.21 (s, 1H).
13C NMR (100 MHz, DMSO-d6): d= 14.6, 41.3, 54.6, 122.9, 128.5,
130.5, 132.1, 134.7, 137.5, 142.6, 145.9, 149.7, 152.1, 156.7; MS:
m/z: 402; anal. calcd. for C19H17F3N4O7S: calculated: C, 45.42; H,
3.41; N, 11.15. Found: C, 45.38; H, 3.36; N, 11.12.

1-(4-Nitrobenzyl)-3-benzyl-2-methyl-5-nitro-1H-imidazolium
triuoro methane sulfonate 17 (1-NBBMNIH). Yield: 276 mg
(88%); mp: 104–106 °C. 1H NMR (400 MHz, DMSO-d6): d = 2.35
(s, 3H), 2.62 (s, 2H), 4.75 (s, 2H), 6.79–7.29 (m, 5H), 7.29–7.31 (d,
2H), 7.96 (s, 1H), 8.29–8.71 (d, 2H). 13C NMR (100 MHz, DMSO-
d6): d = 13.9, 41.4, 52.8, 116.4, 118.7, 120.3, 122.1, 124.5, 131.7,
137.8, 139.8, 146.6, 147.2, 153.9; MS: m/z: 502; anal. calcd. for
C19H17F3N4O7S: calculated: C, 45.42; H, 3.41; N, 11.15. Found:
C, 45.36; H, 3.39; N, 11.09.

1,3-Bis(4-nitrobenzyl-2-methyl-5-nitro-1H-imidazolium tri-
uoro methane sulfonate 18 (BNBMNIT). Yield: 298 mg (89%);
mp: 99–101 °C. 1H NMR (400 MHz, DMSO-d6): d = 2.39 (s, 3H),
2.83 (s, 2H), 4.75 (s, 2H), 7.34–7.37 (d, 4H), 8.05–8.08 (d, 4H),
8.46 (s, 1H). 13C NMR (100 MHz, DMSO-d6): d = 12.4, 42.6, 52.5,
122.4, 130.2, 141.3, 146.4, 153.5, 155.9; MS:m/z: 547; anal. calcd.
for C19H16F3N5O9S: calculated: C, 41.69; H, 2.95; N, 12.79.
Found: C, 41.63; H, 2.91; N, 12.75.
Binding site prediction in pathogenic bacterial proteins
through docking

The protein structures of pathogenic bacteria (PDB IDs: 5AVA,
5E8Q, 5ELZ, 5EOE, and 5HSG) were obtained from the Protein Data
Bank (PDB) in PDB format and processed for docking using Auto-
Dock Vina in PyRx 0.8. This preparation included removing water
molecules and co-crystallized ligands, adding hydrogen atoms, and
assigning Kollman charges to generate the macromolecule prior to
docking. Water molecules and co-crystallized ligands were
removed, hydrogen atoms were added, and Kollman charges were
assigned to generate macromolecules suitable for docking. Open
Babel was used to prepare the synthesized compounds 3, 4, 6, and
11, which were supplied in SDF format. For AutoDock Vina
compatibility, the structures were translated to PDBQT format with
Gasteiger charges and atom types aer the compounds' geometries
were optimized using energy reduction using the MMFF94 force
eld. A grid box enclosing the entire protein surface was used for
blind docking in order to evaluate possible binding sites. The poses
with the highest binding affinity scores were kept to evaluate
stability and protein-ligand interactions.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Assessing structural stability through molecular dynamics
simulation

The top-scoring protein-ligand complexes then underwent 100 ns
molecular dynamics (MD) simulations using Desmond (D. E.
Shaw Research) aer virtual screening with AutoDock Vina. The
system was set up using Maestro's (Schrödinger, LLC) System
Builder tool. Each complex was solvated in an orthorhombic box
of TIP3P water molecules with a buffer of 10 Å between the
complex and box edges. The system charge was neutralized by
adding counter-ions (Na+ or Cl−). The OPLS_2005 force eld was
applied to the protein and ligand, and the TIP3P model was
utilized for water. Then, the system was subjected to energy
minimization, which combines both unconstrained and
restrained minimization phases. In the NPT ensemble (300 K, 1
atm), MD simulations were performed with the Nose–Hoover
thermostat and the Martyna–Tobias–Klein barostat for tempera-
ture and pressure control, respectively. The boundary conditions
were implemented on regular intervals. The RESPA integrator was
used, with a time step of 2 fs for bound interactions and 6 fs for
non-bonded interactions. The Particle Mesh Ewald (PME)
approach was used to treat long-range electrostatics, with a 9 Å
cutoff for van derWaals and short-range electrostatic interactions.
Simulation Interaction Diagrams (SIDs) and RMSD and RMSF
calculations were used to examine protein-ligand interactions in
order to evaluate the residue exibility and complex stability.
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