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Five azo compounds, including N-(3-hydroxyphenyl) maleimide, were synthesized and characterized using FT-IR, 'H-NMR, *C-NMR,
and mass spectroscopy. The compounds were evaluated for antibacterial activity against Staphylococcus aureus and Pseudomonas
aeruginosa using the disk diffusion method. The screening results showed that the azo compounds tested were effective against
the bacteria tested, particularly Staphylococcus aureus. The geometry optimization of the molecular structures and the energy
calculations for compounds 1-5 were performed using the density functional approach. Molecular docking was conducted to examine
the interaction of the synthesized compound 1 with two bacterial receptors and one viral receptor (neuraminidase). It was found that
they would target the PDB:4C]N protein, for which the compound yielded the lowest binding energy.
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1. INTRODUCTION

One of the most significant challenges in modern medicine is
the rapid emergence of antimicrobial resistance (AMR) (Upad-
hayay et al., 2023), which is increasingly making it difficult to
treat diseases with conventional antibiotics (Upadhayay et al.,
2023; Adu et al., 2020). The adaptability of pathogenic bac-
teria to develop resistance through processes like enzymatic
inactivation, efflux, and target modulation has created a need
to design new antimicrobial agents that act through different
mechanisms (IHamdani et al., 2020).

Heterocyclic compounds have received widespread atten-
tion in medicinal chemistry owing to their diverse structures
(Irminova et al., 2020; Scarim and Chin, 2021), tunable elec-
tronic properties, and a wide range of pharmacological activities
(Jarallah et al., 2026; Shafeeq et al., 2023). Of interest are the
azo compounds (—N=N-) (Rabel and Prabhath, 2015), which
exhibit distinctive redox properties, 7-electron conjugation sys-
tems, and the ability to bind to biomolecules such as enzymes
and nucleic acids (Jasim et al., 2023; Widjajanti et al., 2021).
A number of azo compounds have been found to possess an-
tibacterial, antifungal, antioxidant, anticancer, and enzyme in-
hibitory properties (Marinescu et al., 2022; Mohammed et al.,
2024).

The incorporation of heterocyclic rings into azo structures

further enhances biological activity by increasing stiffness and
lipophilicity and by enhancing binding affinity for biological
targets (Piotto et al., 2017; Shaleeq et al., 2023). In particu-
lar, maleimide scaffolds are well known for their electrophilic
character, which can engage in either covalent or noncova-
lent interactions with nucleophilic amino acid side chains in
enzymes/proteins. This makes them highly suitable for ap-
plications in antimicrobial agents (Dhaef et al., 2021; Mutlaq
et al.,, 2021). The presence of additional functional groups,
such as nitro, sulfonamide, thiazole, or benzothiazole rings,
will help modulate biological properties.

Although extensive work has examined azo dyes and maleim
ide compounds, research on heterocyclic azo compounds and
maleimide cores to study their antibacterial properties, both
experimentally and theoretically, remains limited. Addition-
ally, research on the correlation between molecular structure
and electronic properties (HOMO-LUMO gap and dipole mo-
ment) and biological activity is limited. Furthermore, the use
of docking analysis against bacterial penicillin-binding proteins
and viral enzymes has not been explored to a great extent for
these compounds.

As such, this study seeks to develop a novel series of hetero-
cyclic azo compounds from N-(3-hydroxyphenyl)maleimide
and to assess their antibacterial activity against selected Gram-
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positive and Gram-negative bacterial strains. To further elu-
cidate structure-activity relationships and to provide insight
into possible molecular-level interactions, density functional
theory DFT calculations and molecular docking analyses were
also employed. This approach, which combines experimental
and theoretical components, will provide deeper insight into
the antimicrobial activity of heterocyclic azo compounds and
inform the design of novel antimicrobials.

2. EXPERIMENTAL SECTION
2.1 Materials

Materials. Various companies, including Sigma-Aldrich and
Alpha, supplied all chemicals and solvents used in this work. All
synthesized compounds were evaluated for biological activity
at the University of Tarbiyat Modarres, Iran. NMR spectra
were recorded on a Bruker inovo AV-400 spectrometer (Ger-
many) at room temperature, using DMSO-Dyg as the solvent,
to obtain 'H and '3C spectra at the University of Basrah, Col-
lege of Education for Pure Science. The coupling constant
(J) and chemical shifts (§ scale) were measured in hertz (Hz)
and parts per million (ppm), respectively. The precise mass of
the synthesized compounds is determined using a micro-mass
LCT apparatus in electrospray ionization (EST) mode (Iran).
Bioactivity was conducted at the Medicinal Plants and Drugs
Research Institute of Shahid Beheshti University in Iran. To
weigh the samples, a D225CPA model manufactured by Sarto-
rius AG (Gottingen, Germany) was used. The incubator used
in this test is an Incubator model D-63450, manufactured by
Heraeus (Hanau, Germany).

2.2 Methods
2.2.1 Preparation of N-(3-Hydroxyphenyl) Maleimide
(Morrison et al., 2019)

At room temperature, in a conical flask, 8.50 g of 8- aminop
henol was mixed with 3.80 g of maleic anhydride in 10 mL
of dimethylformamide (DMF). The mixture was stirred for
2 hours to produce a maleamic acid derivative. A mixture of
1.85 g of phosphorus pentoxide and 480 uL of concentrated
sulfuric acid in 15 mL of dimethylformamide was slowly added
to most of the reaction mixture over a period of one hour.
The resultant mixture was agitated at 80°C for 5 hours, then
cooled to ambient temperature and transferred to 250 mL
of cold water. The solid that formed was collected, cleaned
with isopropanol, and dried in a vacuum to produce N-(3-
hydroxyphenyl) maleimide as a yellow solid. Produce 2.8 g
(40%), m.p. 125-128°C

2.2.2 Synthesis of Heterocyclic Azo Compound Derivatives
4-methyl-8-nitroaniline (0.01 mol) was combined with water
(83 mL) and conc. HCI (3 mL), then cooled to 5°C using an ice
bath. A solution of NaNOy was prepared by dissolving 0.01
mol in 10 mL of water. Next, the sodium nitrate solution was
slowly mixed into the 4-methyl-3-nitroaniline solution at 5°C
while stirring. The mixture was then slowly added to a solution
of N-(3-hydroxyphenyl)maleimide (1.89 g, 0.01 mol) in 20
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mL of 10% NaOH at 5°C. The solution was maintained at a
low temperature in an ice bath and continuously agitated for
10 minutes. The solid was filtered, purified with glacial acetic
acid, rinsed with methanol, and then dried in an oven at 65°C
for 24 hours to afford compound 1. Other compounds were
prepared in the same way, using the appropriate amine. All
synthesized compounds 1-5 were of purity more than 90%.

(E)-1-(3-hydroxy-4-((4-methyl-3-nitrophenyl) diazenyl)
phenyl)-1H-pyrrole-2,5-dione (1). A dark-orange powder,
yield: 68%; m.p. 191-198 °C; IR (KBr) em~!, v: 2900-
3370 (OH), 3197 (CH, CH=CH), 3070 (CH aromatic), 1701
(C=0), 1458-1610 (N=N, C=C) azo, olefin, and phenyl, re-
spectively. 'H NMR (DMSO-dg) 6 (ppm): 2.58 (s, 8H, CHgy),
6.44 (d, 1H, J = 12 Hz, CH=CH), 6.65 (d, 1H, J = 12
Hz, CH=CH), 7.67-8.47 (m, 6H aromatiques), 10.44 (s, 1H,
OH). '¥C NMR (DMSO-dg) 6/ppm: 19.83, 108.18, 112.84,
118.88, 119.62, 127.42, 131.98, 133.51, 134.2, 134.58,
1384.75, 139.46, 149.93, 151.20, 163.77, 167.88. MS (EI)
m/z = 352.31 [M+1]*.

(E)-1-(4-((4,5-dihydrothiazol-2-yl) diazenyl)-3- hydroxyp
henyl)- 1 H-pyrrole-2,5-dione (2). A dark-brown powder, yield
of 58%; m.p. 175-176 °C; IR (KBr) em™!, v: 2800-3400
(OH), 3113 (CH, CH=CH), (CH aromatic overlap with OH
peak), 1701-1716 (C=0), 1419-1606 (N=N, C=C, C=C)
olefine, phenyl, and azo respectively. 'H NMR (DMSO-dg)
§/ppm: 6.39 (d, 1H, J = 12 Hz, CH=CH), 6.25 (d, 1H,
J =12 Hz, CH=CH), 7.76-7.85 (m, 8H aromatic), 10.49 (s,
1H, OH). '3C NMR (DMSO-dg) 6/ppm: 108.24, 118.60,
120.57, 122.55, 130.76, 132.66, 134.28, 139.83, 144.11,
163.82, 167.46. MS (EI) m/z = 302.31 [M+H]*.

(E)-1-(4-((4-acetylphenyl)diazenyl)-3-hydroxyphenyl)-1H
-pyrrole-2,5-dione (3). A dark-brown powder, yield: 70%; mp
179-181°C; IR (KBr) em™!, v: 2800-8360 (OH), 1714-1701
(C=0 ketone, C=0 amide respectively) (CH=CH, CH aro-
matic overlap with O—H peak), 1508-1608 (N=N azo, C=C
alkene, C=C phenyl ring). 'H NMR (DMSO-dg) 6/ppm:
2.63 (s, 3H, CHg), 6.41 (d, 1H, J = 12 Hz, CH=CH), 6.68 (d,
1H, J = 12 Hz, CH=CH), 7.75-8.14 (m, 7H aromatic), 10.69
(s, 1H, OH). '3C NMR (DMSO-dg) 6/ppm: 27.42, 108.06,
112.88, 120.08, 123.22, 129.89, 131.01, 132.37, 134.92,
137.94, 139.42, 155.12, 163.82, 167.79, 197.89. MS (EI)
m/z = 835.12 [M+H]".

(E)-4-((4-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl) -2-hyd
roxyphenyl) diazenyl) benzenesulfonamide (4). A darg-orang
powder, yield: 53%; mp dec. at 259 °C; IR (KBr) em™!, v:
2900-3300 (OH), 3342 NHy, 1710 C=0 amide, (CH=CH,
CH aromatic overlap with O—H peak), 1468-1610 (N=N
azo, C=C alkene, C=C phenyl ring). 'H NMR (DMSO-
dg) 6/ppm: 6.40 (d, 1H, J = 12 Hz, CH=CH), 6.68 (d,
1H, J = 12 Hz, CH=CH), 7.38 (s, 2H, NHy), 7.55-8.23
(m, d, d, 7H, Haromatic), 10.47. 3C NMR (DMSO-dg)
§/ppm: 111.06, 116.88, 1238.78, 126.22, 132.89, 133.31,
185.73, 142.74, 148.42, 158.12, 167.91, 168.12. MS (EI)
m/z = 872.36 [M+H]".

(E)-1-(4-(benzo[d]thiazol-2-yldiazenyl)-3-hydroxyphenyl)-
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1H

-pyrrole-2,5-dione (5). A brown powder, yield: 73%; mp 186-
187 °C; IR (KBr) em~!, v: 8000-8200 (OH), 8120 (CHvinyl)
(CHaromatic overlapping with OH band), 1672 (C=0), 1467-
1610 (N=N azo, C=C vinyl, C=C aromtic, respectively). 'H
NMR (DMSO-dg) 6/ppm: 6.41(d, 1H, J = 12 Hz, CH=CH),
6.68 (d, 1H, J = 12 Hz, CH=CH), 7.52-8.10 (m, 9H aro-
matic), 10.68 (s, 1H, OH). '3C. NMR (DMSO-dg) 6/ppm:
108.04, 112.87, 119.85, 123.48, 127.28, 130.96, 132.38,
134.80, 139.49, 145.87, 154.23, 163.78, 176.81. MS (EI)
m/z = 350.35 [M+H]*.

2.2.3 Antimicrobial assay

Two bacterial strains (E. coli and S. aureus) were selected for
antibacterial activity. The CLSI method was used for testing
(Standard test) (Wiegand et al., 2008). The microbial strains
were characterized by growing them on nutrient agar. Twelve
different concentrations for each sample were used in this test
(2.5,1.25,0.625,0.312, 0.156, 0.078, 0.039, 0.0195, 0.0097,
0.0048, 0.0024, and 0.0012 mM). The bacterial suspension
used contained 106 CFU/mL. Mueller-Hinton broth (Con-
dalab (Madrid, Spain)) culture medium was used for the MIC
test, and Nutrient broth (Condalab (Madrid, Spain)) culture
medium was used for the MBC test. A stock solution a 20
mM was prepared for all samples. 160 pL of culture medium
was poured into the first well. 100 uL of culture medium was
poured into the remaining wells. 40 uL of the sample dissolved
in DMSO was poured into the first well. Then 100 uL. was
transferred from the first well to the second, and then from the
second to the third. This work was performed up to well 12,
and 100 uL was then removed from well 12 and discarded, so
that all wells had a volume of 100 uL.

2.2.4 Computational Study

The shapes and energy levels of compounds 1-5 can be de-
termined using density functional theory (DFT), employing
the BLYP functional and the standard DNP basis set in Ma-
terials Studio-DMol8 Version 2017. A molecular docking
analysis of molecule 1 was carried out using MOE 2019. First,
the Ligand molecule (Compound 1) is drawn, geometrically
optimized until it reaches the lowest energy, and then saved
as a PDB file. The second stage is the preparation of the
protein molecule, in which the 8D structure is downloaded
from the Protein Data Bank website https://www.rcsb.org/
structure and configured within the program by removing
the excess water molecules and reattaching some broken bonds.
In the third stage, the run docking simulation of the ligand
molecule on the protein is run to determine the forms and
types of associations that occur (Al-Asadi et al., 2020).

3. RESULTS AND DISCUSSION

3.1 Synthesis and Characterization

The heterocyclic azo compounds 1-5 were synthesized via a
two-step procedure. Step 1 - Synthesis of N-(3-hydroxyphenyl)
maleimide: Maleic anhydride was then reacted with 3-hydroxya
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niline to give a Z-maleamic acid intermediate, which was then
cyclized using a mixture of sulfuric acid and phosphorus pentox-
ide in dimethylformamide (DMF) to give N-(8-hydroxyphenyl).
Step 2 - Synthesis of heterocyclic azo compounds: Diazonium
salts were prepared from the corresponding aniline derivatives
via diazotization brought about by sodium nitrite (NaNOy) in
the presence of hydrochloric acid at 0-5°C. A solution of N-(38-
hydroxyphenyl)maleimide in a cold alkaline medium was then
added dropwise to the diazonium salt solution. Thus, depro-
tonation of the hydroxyl group generated the phenoxide ion,
which acted as the nucleophile, attacking the diazonium salts,
thereby producing the desired heterocyclic azo compounds
(1-5). The process is illustrated in Figure 1.

5.8,

Synthesis N-(3-hydroxy phenyl) maleimide

1) DMF/20 °C/ 2 hr

2}H250.xf P20Osg
DMF, 70 °C, 2 hr

Hcl, 0-5C + -
R—NH;  ———= R—N,CI
NaNQ,
Com‘.| 1 2 3 4 5

COCH;
R

NO; ’( N
N=A )
-@-oi—ig /® @53}—

Synthesis of diazonium salt of amine derivatives

@iﬁ

o

SO,NH;,

o N (e]

- NaOHf 0-5°%

Com.,

R

2
—@—COGH;
CHs
SO,NH,

Synthesis of heterocyclic azo compounds

Figure 1. Synthesis Route of Heterocyclic Azo Compounds 1-5

The structures of the heterocyclic azo compounds 1-5 that
have been synthesized have been confirmed using Fourier trans-
form infrared spectra (FTIR), proton NMR spectroscopy (! H
NMR), carbon-18 NMR spectroscopy ('3C NMR), and mass
spectra. From FT-IR, there was a prominent band around
1701 ecm™! in the spectra of compounds 1-5, which repre-
sented the carbonyl (C=0) stretching band in the maleimide
ring. The bands corresponding to 3059-3120 cm™! were asso-
ciated with aromatic/vinylic C—H stretching, while those occur-
ring in the range 1528-1610 cm™! showed C=C stretching in
aromatic and alkenes functional groups. The bands occurring in
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Figure 2. FT-1IR Spectra of Compounds 1-5

the range 8880-8900 cm™! were associated with O=H stretches.
In comparison, the characteristic band for azo (N=N) was
represented by a band occurring around 1460 cm™!, which
indicated successful azo bond formation (Figure 2).

In the 'H NMR spectra, all the compounds showed two
doublets between § 6.30-6.70 ppm due to the maleimide
vinylic protons. Compounds 1 and 3 showed a singlet signal at
6 2.58 and 2.63 ppm, respectively, due to the methyl protons.
Aromatic proton signals occur between ¢ 7.00-8.00 ppm as ex-
pected by the presence of aromatic protons, and the downfield
signal greater than § 10.40 ppm was attributed to the phenolic
OH proton. For compound 4, a broad NHyg signal appeared
around § 7.38 ppm Figure 3.

These assignments were supported by ¥C NMR spec-
tra with characteristic methyl carbons for compound 1 at ¢
19.83 ppm and for compound 3 at § 27.42 ppm, and numer-
ous peaks in aromatic regions for phenyl rings bearing func-
tional groups. Taken together, all data confirmed the proposals
of structures for compounds 1-5 in Figure 4. Mass analysis
by mass spectrometry for each compound yielded a distinct
molecular ion peak corresponding to its calculated molecular
mass, thereby confirming successful synthesis Figure 5.

3.2 Antibacterial Activity

The antibacterial activity of the synthesized heterocyclic azo
dyes (1-5) was evaluated against Staphylococcus aureus (ATCC
12600, Gram-positive) and Pseudomonas aeruginosa (ATCC
27835, Gram-negative), as shown in Table 1. The synthe-
sized compounds exhibited significant antibacterial activity,
with greater inhibitory activity against S. aureus than against
E. coli. This may be related to the natural resistance of Gram-
negative bacteria to antimicrobial drugs, which cannot readily
cross their outer membranes (Adu et al., 2020).

© 2026 The Authors.

Science and Technology Indonesia, 11 (2026)

In the series, compound 1 had the most potent antibacte-
rial activity with the lowest MIC values against both S. aureus
(MIC = 0.125 ug/mL) and E. coli  MIC = 2 ug/mL). Com-
pounds 2 and 3 were also highly effective as antibacterials,
especially against S. aureus (MIC = 0.25 pg/mL), with good
activity against E. coli (MIC = 1-2 pg/mL). By contrast, com-
pounds 4 and 5 moderately inhibited bacterial growth, with an
MIC of 1 pug/mL for S. aureus and 2 ug/mlL for E. coli.

Since all compounds were synthesized from the same phe-
nolic precursor, N-(3-hydroxyphenyl) maleimide, the differ-
ences in antibacterial activities could probably be ascribed to the
nature of the amine-derived functional groups. Compound 1,
which has nitro and methyl functional groups, had the highest
antibacterial activity and indicated that electron-withdrawing
functional groups could increase antibacterial activities. While
compound 2, which has the thiazole structure, demonstrated
antibacterial properties similar to those of compound 8, which
has the acetophenone structure, the lower antibacterial activity
of compounds 4 and 5 may be attributed to steric hindrance
and reduced accessibility of the azo bond due to the sulfon-
amide and benzothiazole functional groups.

A comparative study of previously reported azo compounds,
particularly those reported by Piotto et al. (2017), further sup-
ports the improvement in antibacterial activity achieved by the
presented series. As can be reviewed in Table 1, the synthe-
sized compounds show significantly lower MIC values against
S. aureus (0.125-1 ug/mL) than the reported azo reference
compounds, which showed an MIC of >2-32 ug/mL. Such
improvements indicate the beneficial effect of combining the
maleimide system with the heterocyclic azo moiety.

Structural and electronic factors account for the enhanced
antibacterial activity. Unlike the relatively simple aromatic azo
dyes documented in the literature, the compounds designed
and synthesised here combine the conjugated azo bond with
the maleimide ring system, thereby providing enhanced -7
stacking and hydrogen-bonding interactions with the bacterial
enzyme. Moreover, the enhanced electron-withdrawing capa-
bility of the nitro/sulfonamide groups enables efficient electron
distribution across the entire scaffold and, consequently, effi-
cient interactions with target biological sites that contain the
active residues. These findings are consistent with earlier re-
ports on the structures and activities of nitro-substituted azo
dyes (Jasim et al., 2023; Piotto et al., 2017).

Therefore, based on the results obtained in this comparison,
it can be said that the synthesized azo-maleimide heterocyclic
hybrids exhibit a marked superiority in their antimicrobial
activity relative to the previously synthesized azo compounds.
Additionally, the improved antimicrobial activity of compound
1 has been proven by density functional theory calculations
and a molecular docking analysis.

3.3 DFT Study

Density functional theory (DFT) calculations were performed
to optimize the geometries of compounds 1-5 and to investigate
their electronic properties. The optimized molecular structure
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Figure 3. 'H-NMR Spectra of Compounds 1-5

of the compounds is shown in Figure 6, and the data for the
HOMO-LUMO energy gap (A EHOMO-LUMO), dipole mo-
ment, binding energy, and heat of formation are given in Table
2. These results provide information regarding the reactivity,
stability, and biological activities of the synthesized compounds
(Al-Asadi, 2019).

© 2026 The Authors.

Among the compounds under investigation, compound
1 has the smallest HOMO-LUMO gap (1.030 €V) and the
most significant dipole moment (7.487 Debye), making it more
chemically reactive and more eflicient in intermolecular inter-
actions. A lower energy gap between the HOMO-LUMO is
known to impart increased ability to transfer electrons, thus
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Figure 4. 13C-NMR Spectra of Compounds 1-5

easily interacting with biological molecules, hence making a
compound highly active biologically. Theoretical results are
consistent with antibacterial experiments, in which compound
1 exhibited the highest biological activity among the synthe-
sized compounds. The high chemical reactivity of compound
1 can be attributed to the presence of a conjugated azo and
an electron-withdrawing nitro group, which readily delocalize

© 2026 The Authors.

electrons throughout the molecule.

The computed formation enthalpy and binding energies
also confirm that all synthesized compounds are thermody-
namically stable, thereby ensuring their successful isolation and
characterization. Though the energy gaps of compounds 2
through 5 are larger compared to compound 1, they are in the
range that indicates reasonable chemical reactivity and stability.

Page 6 of 13



Mohammed et. al.

File  :CAMSDCHEM\T\DATAISnapshotAFRAH1-.D
Operator :

Acquired : 23 Feb 2025 13:24  using AcgMethod default.m
Instrument : direct mass

Sample Name:

Misc Info :

Vial Number: 1

Aurdance Avorage of0.16310 1 428 min AFRAHY- Dida s
190000

40

120000

170000

110000
181

[Molecular Weight: 352.31)

2

222 23 | P92 mus aawes w173 a3s3aspsess amo s 5 5153

o\
)

s Ay
4 ‘

& e
\ i\'

[Molecular Weight: 300.29]

wr o

- ; Mu.‘L.‘umq‘.};'.l | s 22

o
wes J0 4o 40 40 o

T 1o Vo W6 o zn o A6 200 M0 30 M M0 W0 40 430 44 460 480 50 50 S0 50 460 460 030

F\le CAMSDCHEM\1\DATA\Snapshot AFRAHS-.D

A eives |23 Feb 2025 1400 using AcaMethod defeultm
instrument : _direct mass
Sample Na
Misc Infa
Vial Number: 1

Avupdance
340000
320000
300000
280000

260000} 120.4

File
Operator

Acquired 23 Feb 2025 13:37  using AcgMethod default.m
Instrument : _ direct mass

Sample Name:

Misc Info :

WVial Number: 1

e W s e

"R A A S I I AT AR A

Science and Technology Indonesia, 11 (2026)

:C:\MSDCHEM\1IDATA\Snapshot AFRAH3- D 3

Avorae of 0 344 101,067 min - AFRAHS. Didata ms

;J

400000 |

-

%k,,/( e

[Molecular Weight: 335.32]

2022

282

. HLdlnﬁJ

ot
o REIEN | 2 [l geras0re 21 ssua ansasmsa do0s1es s atss ane sanspase us
100 170 140 160 180 200 220 240 0 280 300 30 4D 360 30 400 420 440 460 480 0

‘GAMSOGHEM\T\DATAISNapSOIAFRAH4-.D a
Operator

Acquired : 23 Feb 2025 13:52  using AcaMethod default.m

Instrument - direct mass

Sample Name:

Misc info

Vial Number: 1

Avoras o 0 449151 096 i : AFRAHA DAdata ms

P g
e

% [Molecular Weight: 372 36)

4

-

2082 2322 271 2re12m03 3158
W0 200 20 200 20 20 We Mo Mo

I AS_ALAM04 AR 91045308 5508 5755 Spes 620

30 30 400 470 440 460 480 500 520 540 560 S0 600

Avarage of 0.302 10 1.286 man.. AFRANS- Didata ms.

&ﬁvlw

[Molecular Weight: 350.35]

Figure 5. Mass Spectra of Synthesized Compounds 1-5

The molecular electrostatic potential maps and HOMO
distributions of the compounds of interest have also been rep-
resented in Figure 7. The HOMO orbitals in these molecules
are primarily localized on the azo bond and the aromatic rings
of the neighboring systems, suggesting that these regions can
serve as electron-donating sites. On the contrary, the molecular
electrostatic potential maps highlight regions of high electron

© 2026 The Authors.

density around the azo nitrogens and the oxygen atoms of the
hydroxyl and carbonyl groups in the molecules. Such areas
serve as favorable sites for electrophilic attack and electrostatic
interactions with amino acid moieties in biological molecules
(Al-Ameertaha and Al-Asadi, 2025; Temma et al., 2025). In
conclusion, the DFT results are consistent with the antibac-
terial activity of compound 1. This may be due to the low
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Table 1. Antimicrobial Activity of Synthesized Compounds 1-5 Expressed as MIC (ug/mL), and Compared with Azo Compounds
in Reference Piotto et al. (2017)

S. aureus ATCC12600 E. coli ATCC27835 Sample (Piotto et al., 2017)
Sample  MIC MBC MIC MBC S. aureus ATCC12600 E. coli ATCC27835 MIC

(mM) (mM) (mM) (mM) MIC (mM) (mM)

1 0.125 >92 2 >9 4a 32

2 0.25 >2 1 >2 4b >2

3 0.25 >2 2 >2 4c >128

4 1 >92 2 >2 4d 4

5 1 >92 2 >9 4f 12

Table 2. Values of the Calculated Energies of the Studied Molecules

Dipole

Molecules EE?M(?V) EnlgJ M(?V) AEu(ﬁ:wvo)_HOMO Moment Erilrndn(lfw
8Y 8Y (Debye) &Y
I 1053 3.093 1,030 7437 8679
9 -5.208 -3.830 1.378 1.184 -5.700
3 -5.894 -3.731 1.593 3.555 -7.903
4 -5.162 -3.765 1.697 6.450 27,023
5 -5.389 -3.891 1.568 1.1299 ~6.790

Figure 6. Optimization of Geometries and Structures of the Studied Molecules 1-5

© 2026 The Authors. Page 8 of 13
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Figure 7. HOMO Orbitals Forms and Electrostatic Potential Map of the Studied Molecules

value of the HOMO-LUMO gap energy, high dipole moment,
and good charge distribution of compound 1. Therefore, the
aforementioned factors are responsible for its high antibacterial
activity.

© 2026 The Authors.

8.4 Molecular Docking Study

Molecular docking is an advanced computational method fre-
quently used to predict binding orientations, energies, and key
intermolecular forces in the binding of small molecules (lig-
ands) to biological macromolecules (receptors) (Mutlaq et al.,
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Figure 8. 2D and 3D Forms of Compound 1 with Target Proteins; 4CJN, 1CEF, and 8T16

2021). The intensity and character of ligand-protein interac-
tions are essential indicators of the biological activity of com-
pound molecules as well as their capability to act as competent
inhibitors of biological targets (Hamdani et al., 2020).

In the current project, the azo compound 1 was selected for
molecular docking studies owing to its higher antibacterial ac-
tivity. The docking of the molecule was performed against two
penicillin-binding proteins (PBPs), named 4CJN and 1CEF,

© 2026 The Authors.

which are critical enzymes involved in the biosynthesis of the
bacterial cell wall, as well as the viral enzyme neuraminidase
(PDB ID: 8T16), based on previously published literature (Ali
et al.,, 2018). Based on the docking studies, Table 3 shows
that compound 1 has the highest binding energy (-6.941 kcal/-
mol) and RMSD of 1.780 for protein 4CJN, indicating that
the docking pose is stable and optimal (Al-Salim and Al-Asadi,
20238).
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Table 3. Molecular Docking Data of Compound 1 with Target 4CGJN, 1CEF, and 8T16

. .. Interaction

Proteins (Receptors) RMSD  Affinity Energy (S) Kcal/mol Type Amino Acd  Distance (A4

H-donor GLY 522 2.97

H-acceptor  GLN 521 3.33

4CJN 1.780 -6.941 H-acceptor SER 400 3.16

H-acceptor ~ SER 400 3.07

pi-H LYS 604 3.84

H-acceptor  ASN 161 3.056

1CEF 0.827 -5.908 H-acceptor ~ ASP 114 3.12

H-acceptor ARG 152 2.94

3TI6 1.021 -5.916 pi-H ARG 871 4.40

As can be observed in Figure 8, compound 1 binds to the
4CJN protein using various non-covalent bonding interactions.
These noncovalent interactions involve hydrogen bonding be-
tween the oxygen and nitrogen atoms of ligand 1 and the rele-
vant amino acid residues GLN-521, SER-400, and GLY-522
of the 4CJN protein, as well as a 7-H bond between the aro-
matic ring of ligand 1 and LYS-604. This has been identified
to play an essential role in the strength of ligand protein com-
plexes (Al-Resayes et al., 2023; Falah Azeez et al., 2024).

Docking of compound 1 on the second penicillin-binding
protein (PDB code: 1CEF) resulted in a binding energy of -
5.908 kcal/mol with an RMSD of 0.827. As revealed in Figure
8, there are hydrogen-bond acceptor interactions of the ligand
with ASN-161 and ASP-114, thus showing positive binding of
the ligand in the active site but less than that of 4CJN (Osman,
2017; Prakash et al., 2021).

Further, docking analysis was performed on the neuraminid
ase enzyme (PDB code: 8TI6). It showed moderate binding
aflinity with the following significant interactions: the hydrogen-
bond acceptor type between the ligand’s oxygen and ARG-152
and the 7-H type between the aromatic ring and ARG-371.
These results also imply antiviral activity for compound 1, but
its most significant application is to bacterial targets. Overall,
the molecular docking study provides strong theoretical evi-
dence supporting the experimental findings on antibacterial
activity. The favorable binding affinity of compound 1 for the
penicillin-binding protein, together with multiple hydrogen
bonds and 7-H interactions, supports inhibition of bacterial
cell wall biosynthesis as the mechanism of action. The high
consistency among the docking scores, the DFT parameters,
and the experimental in vitro antibacterial activity values con-
firms the validity of the study’s strategy (Al-Resayes et al., 2023;
Elsayed et al., 2023).

4. CONCLUSIONS

In this paper, a new set of heterocyclic azo compounds of N-(3-
hydroxyphenyl) maleimide was designed and prepared, and a
series of tests, including FT-IR, 'H NMR, '¥C NMR, and MS
spectroscopy, were conducted. The synthesized compounds
exhibited potent inhibitory activity against Staphylococcus aureus

© 2026 The Authors.

and Escherichia coli, with compound 1 showing the most vigor-
ous activity. The antibacterial activity was found to be related
to the substituent effects and electronic properties, which were
revealed by the density functional theory calculation, in that
compound 1 had the lowest HOMO-LUMO energy gap value
and the highest dipole moment value. The molecular docking
results revealed that compound 1 exhibited a favorable binding
mode to penicillin-binding protein 4CJN via hydrogen-bond
interactions. Altogether, these findings suggest that the azo-
maleimide derivatives, particularly compound 1, are promising
scaffolds for new antibacterial agents and provide a foundation
for further optimization.
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