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Abstract

Researchers have demonstrated substantial interest in bioactive compounds
derived from natural resources, such as vanillin, owing to their significant potential
in drug development. Here, we report the efficient synthesis of hybrid azo-Schiff
bases derived from vanillin 2(a-h) using vanillin azo 1(a-h) as natural product-
based precursors, achieved via microwave irradiation to yield significant amounts
(67-83%, 6 min) compared to conventional heating (38-53%, 36 h). Compounds
2(a-h) exhibited enhanced antibacterial activity against S. aureus (inhibition zones of
9-11 mm) compared to 1(a-h) (7-9 mm) and the parent vanillin, which showed no
inhibition. Similarly, 2(a—h) demonstrated superior activity against £ coli (8-11 mm)
relative to 1(a=h) (7-9 mm) and vanillin (no inhibition). Compound 2b exhibited
the most potent antibacterial activity among the synthesised compounds, with
inhibition zones of 11.03+£0.12 mm against E. coli and 11.20+0.10 mm against S.
aureus, comparable to the standard antibiotic ampicillin (11-12 mm). Compound
2b also revealed a strong binding affinity of —7.3 kcal/mol in molecular docking
analysis, alongside an energy gap of 3.45 eV as determined by DFT calculations
using Gaussian 09, indicating favourable electronic properties for antimicrobial
activity. The ADMET studies supported natural product-based hybrids derived from
vanillin as suitable drug candidates. This research significantly advances drug design
by presenting potent in vitro antibacterial agents derived from natural products,
characterised by promising pharmacological and physicochemical properties.

Keywords Absorption, Binding energy, DNA gyrase enzyme, Energy gap, Halogen.

1 Introduction

Multidrug-resistant superbugs pose a critical global health crisis, necessitating urgent
and comprehensive strategies to effectively combat antimicrobial resistance (AMR).
Pathogenic infections are responsible for an estimated 7.7 million deaths, with S. aureus
and E. coli identified as primary bacterial pathogens driving this alarming trend [1].
Despite active research into effective therapeutic strategies to combat AMR, the sub-
stantial costs and intricate processes inherent in developing new drugs remain major

obstacles [2]. To overcome these hurdles, the exploration of chemical modification
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strategies applied to natural product-based compounds has garnered significant inter-
est due to their considerable potential for drug development and therapeutic applica-
tions [3]. Vanillin is a bioactive compound that can be extracted from vanilla beans
and is widely utilised in food-grade additives [4] and medicines [5]. Building on this,
researchers have increasingly turned to synthetic approaches involving the chemical
modification of these natural resources with active scaffolds, aiming to enhance their
effectiveness and optimise interactions with biological targets [6]. A notable success in
structural modification of vanillin is Trimethoprim, one of the commercially available
antibiotics to combat bacterial infections [7].

Recent advancements in the functionalization of vanillin have demonstrated its poten-
tial as a versatile scaffold for the development of bioactive compounds. The structural
modification of vanillin has gained interest within the scientific community to develop
compounds with diverse biological activities, including anticancer [8—10], antiviral [11],
antifungal [12] and antibacterial properties [13]. Among the various modifications, the
incorporation of nitrogen-based moieties such as azo (-N=N-) and Schiff base (-C=N-)
groups has garnered significant attention due to their distinct electronic properties
and biological activities. Prior research, for instance, has underscored the significance
of integrating these moieties into vanillin scaffolds, leading to vanillin-azo [14, 15] and
vanillin Schiff bases [16, 17] that exhibit notably enhanced antimicrobial activities. This
enhancement is often attributed to the synergistic effects between vanillin and these
nitrogen chromophores, which can form crucial hydrogen bond interactions with the
bacterial surface [18]. Generally, nitrogen chromophores are widely recognised for their
crucial contribution in developing potent antibiotics such as nifuroxazide (C=N) and
phenazopyridine (N=N) to treat bacterial infections [19, 20]. While Schiff base deriva-
tives have shown superior antibacterial efficacy compared to azo analogues, particularly
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against Staphylococcus aureus and Escherichia coli [18], many existing studies have
examined these functional groups independently.

The strategic integration of both moieties within a single molecular scaffold remains
insufficiently explored, despite its potential to enhance bioactivity through synergistic
effects. In 2020, Kaur et al. developed a series of diazenyl Schiff base compounds and
demonstrated their significant antimicrobial properties, alongside notable cytotoxic
effects against the HCT-116 human colorectal carcinoma cell line. These findings high-
light the therapeutic promise of such bifunctional molecular frameworks, particularly in
the development of compounds with dual antimicrobial and anticancer potential [21].
This dual-functionalization strategy not only improves lipophilicity and electron delo-
calization but also enhances molecular interactions with bacterial targets. In contrast, a
broader class of azo-Schiff base compounds has been reported, emphasising multifunc-
tional applications in dyes, sensors and antimicrobial agents. Nevertheless, it was pri-
marily on azobenzene systems and lacked specific insights into vanillin-based hybrids
[22].

Encouraged by our recent findings on the excellent biological activity of vanillin hybrid
compounds incorporating both azo (N=N) and chalcone (-C=C-) functionalities [23],
we hypothesised that the integration of nitrogen-rich moieties could further enhance
biological efficacy. This hypothesis is supported by the growing recognition that molecu-
lar hybridisation of natural products with structurally diverse pharmacophores offers a
promising strategy for enhancing biological performance through synergistic interac-
tions [6, 24]. Building upon this rationale, the present study focuses on the synthesis of
novel vanillin-based hybrid compounds that combine both azo and Schiff base moieties,
aiming to improve antimicrobial activity against S. aureus and E. coli.

Herein, we report the comparative synthesis of halogen-substituted vanillin azo-Schiff
base hybrids 2(a—h) via condensation of vanillin precursors 1(a—h) with aniline, employ-
ing both microwave-assisted and conventional heating methods. The antibacterial activ-
ities of all synthesised compounds were evaluated against S. aureus (548/81) and E. coli
(ATCC 25922). In addition, computational analyses were conducted, including molec-
ular docking to assess binding affinities, density functional theory (DFT) calculations
to investigate electronic properties, and ADMET profiling to predict pharmacokinetic
behaviour. These integrated approaches provide a comprehensive evaluation of the com-
pounds’ potential as antimicrobial agents.

2 Experimental

All chemicals used were of analytical grade and were utilised without further purifica-
tion. Stuart MP3 apparatus was used to determine melting points via open tube capillary
method. NMR spectra were recorded on a JEOL ECA 500 spectrometer (500 MHz for 'H
and 126 MHz for 3C nuclei). Chemical shifts were referenced to DMSO-d, and reported
in 8 (ppm). Microwave-assisted synthesis was carried out using the Anton Paar Micro-
wave Synthesis Reactor, Monowave 300. FTIR spectra were recorded using a Perki-
nElmer Thermo Scientific (Smart Omni Transmission Nicolet iS10 spectrophotometer).

2.1 Preparation of vanillin precursors 1(a-h)
Vanillin precursors 1(a-h) were prepared following previous literature [18]. NaNO,
solution (2 M, 5 mL) was added to the halogenated aniline (5 mmol) in HCI (2 M, 10
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mL) mixture while maintaining a temperature of 0-5 °C, followed by introducing vanil-
lin (5 mmol) dissolved in NaOH solution (0.4 g, 10 mmol). Subsequently, HCI (2 M) was
added to induce the formation of the precipitate upon completion of the reaction. Fol-
lowing filtration, the precipitate was recrystallised in ethanol to yield compounds 1(a—h)
[18]. Detailed characterisation data can be accessed through the supplementary file (Fig-
ures S2 and S3).

2.2 General synthesis of hybrid vanillin azo-Schiff base 2(a-h)

2.2.1 Conventional heating

Compounds 2(a-h) were synthesised following the previously reported method with
slight modifications (e.g. solvents, temperature, times) [18]. Aniline (0.5 mmol) and azo
precursor 1(a—h) (0.5 mmol) were dissolved in methanol for 36 h at reflux conditions.
Upon completion of the reaction, cold distilled water was added to precipitate the crude
product. The crude obtained was filtered and recrystallised from hot methanol to yield
compounds 2(a-h).

2.2.2 Microwave irradiation

An equimolar mixture of aniline (0.5 mmol) and azo intermediates 1(a—h) (0.5 mmol)
was subjected to microwave-assisted (700 W) in methanol (10 mL) at 170 °C for 6 min.
Upon completion, cold distilled water was added to the mixture to induce precipitation.
The crude precipitate was collected by filtration and subsequently recrystallised from
hot methanol to yield the target compounds 2(a—h). Purity assessment and characterisa-
tion data for these compounds are provided in the supplementary files (Figures S2, S3,
S4 and Table S1).

2.3 Antibacterial studies (In vitro)

The antimicrobial activities of compounds 1(a-h) and 2(a-h) towards S. aureus and E.
coli were examined using the disc diffusion method (i.e., Kirby-Bauer) [18]. Ampicillin
was used as the reference drug, while DMSO served as the negative control. All com-
pounds (100 pug/mL) were dissolved in DMSO and applied to sterile paper discs before
being placed on a microorganism-inoculated medium. The assay was performed in trip-
licate. Following 24 h of incubation, the diameters of the inhibition zones were measured
and documented. The antibacterial activity of the target compounds is illustrated in the
Supplementary file (Figure S1 and Table S2).

2.4 Statistical analysis

The antibacterial data are expressed as mean + standard deviation (SD) and are available
in the Supplementary Information (Table S1). The antibacterial activities of all com-
pounds 1(a-h) and 2(a—h) were statistically evaluated using Welch’s two-tailed t-test for
unequal variances. Significant differences were observed for both bacterial strains, with
p-values of 0.005 for S. aureus and p=0.013 for E. coli. A p-value less than 0.05 was con-
sidered statistically significant.

2.5 Molecular docking analysis (in silico)
Docking of ligand-receptor complexes was analysed using AutoDock Tools and
AutoDock Vina. The X-ray crystal structure of S. aureus Gyrase B 24 kDa in complex
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with Novobiocin (PDB ID: 4URQO) was retrieved from the Protein Data Bank. The active
site was identified using AutoGridFR, and a cubic grid box of 25 A was defined with a
spacing of 0.5 A, centred at coordinates x = 36.748, y = -13.829, z=9.075 to encompass

the active site region.

2.6 Pharmacokinetic studies

All compounds were evaluated for their potential as drug candidates and ADMET pro-
file through SwissADME [25] and pkCSM [26] (Tables S3 and S4). These accessible
online tools reduce reliance on empirical experimentation to determine prospective
drug candidates for drug development [27]. In this study, Lipinski’s rule was applied as a
preliminary study to evaluate the drug-likeness of the synthesised compounds, comple-
mented by computed ADMET properties to assess their pharmacokinetic profiles.

2.7 DFT method

The impact of various substituents’ chemical reactivity on the synthesised compounds
was investigated via DFT. Gaussian 09 [28] was used to analyse the geometric optimi-
sation, and GaussView 5.0 [29] was employed to visualise the results. DFT calculations
were performed using the B3LYP/6-311G(d, p) basis set. Frontier molecular orbital
(FMO) analysis provided initial insights into the HOMO-LUMO energy levels, which
were used to derive key reactivity descriptors including energy band gap (Egap), ion-
ization potential (IP), electron affinity (EA), electronegativity (x), chemical potential
(p), electrophilicity index (w), chemical hardness (n), and chemical softness (S). These
parameters offer a deeper understanding of the electronic and chemical characteristics
of the selected compounds 1g, 1h, 2b, and 2d [30]. The formulae used to calculate global
chemical reactivity are listed in Eqs. (1-8).

Eyup = HOMO — LUMO (1)

IP= —HOMO (2)

EA = —LUMO (3)
IP+ EA

X=—5— (4)
IP — EA

n = ﬁ (5)
1

S = W (6)
—(IP +EA
2

w="1- (8)
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3 Result and discussion

3.1 Synthetic optimisation

Vanillin azo precursors 1(a—h) were synthesised following previously reported pro-
cedures [31], while vanillin azo-Schiff base hybrids 2(a—h) were prepared via a con-
densation reaction between precursors 1(a—h) and aniline in methanol under heating
conditions, adapting a previously established methodology with slight modifications
[18]. The synthetic method for obtaining target compounds is depicted in Scheme 1. The
design strategy centred on the sequential synthesis of the compounds starting with the
vanillin-azo moiety 1(a-h). This specific order is critical because the acidic conditions
required for the diazo coupling reaction would otherwise cleave a pre-formed vanillin
Schiff base [18, 32, 33]. The resulting vanillin-azo compound then serves as the scaffold
for forming the vanillin azo Schiff base hybrids 2(a—h), ensuring the stable integration of
both nitrogen functionalities.

The successful synthesis of 2(a—h) were achieved using conventional heating in reflux
conditions for 36 h, and the optimised yield was obtained using microwave irradia-
tion. The conventional heating method by reflux for 36 h resulted in moderate yields of
2(a—h) with 38—53%. Remarkably, microwave irradiation significantly improved 67-83%
yield of 2(a—h) with a shorter reaction time of 6 min at 170 °C (700 W). Microwave irra-
diation provided uniform and rapid heating throughout the reaction mixture, ensuring
consistent reactions and higher yields [32, 33]. Moreover, MW irradiation minimised the
tendency of the C = N bond to hydrolyse to form a side product due to the shorter reac-
tion time, which could affect the yield [34—36]. Similar findings have been reported that
water can hydrolyse the imine bonds induced by prolonged reaction via conventional
heating [36, 37]. Microwave irradiation has been proven to shorten the reaction time,
boost conversion and heighten selectivity [38]. The comparison for the percentage yield
of 2(a-h) using different methods is depicted in Fig. 2.

3.2 Spectral characterisation
Further analysis on FTIR, 'H and *C NMR explained the structures of the precursors
1(a-h), which corresponded to the previous literature [18]. The formation of compounds

NH, Q o
HO o,
j@y n 1. HCI, NaNO,, 0-5 °C
~o 20 , 2. NaOH, 0-5 °C x NN | N
X
la-h Z
NH, | MeOH

X: ortho-, meta- and para .
of halogen (F, Cl, Br) Reflux (36 h)
MW (6 min, 170 °C, 700 W)

2a-h

Fig. 1 Synthesis route of vanillin azo precursors 1(a—h) and vanillin azo-Schiff base hybrids 2(a-h)
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Fig. 2 Percentage yield of vanillin azo-Schiff base bearing halogen 2a-h using microwave irradiation in compari-
son to conventional heating method

2(a—h) was confirmed by FTIR spectroscopy, evidenced by the disappearance of the car-
bonyl stretching vibration (v(C = O)) in the range of 1649-1685 cm™ ' [15] and the for-
mation of a new absorption band at 1621-1625 cm™, attributed to the imine stretching
vibration (v(C = N)). Other peaks such as v(N = N) and v(O-H) appeared at 1477-1492
cm™ ! and 3425-3446 cm™ ! on the FTIR spectra, respectively.

Apart from FTIR, 'H NMR analysis was also conducted to prove the successful syn-
thesis of 2(a—h), where compound 2e was chosen to represent vanillin azo-Schiff base
for comparison with vanillin azo precursor le. 'H NMR spectroscopy provided clear
evidence that the vanillin azo-Schiff base has been formed. The disappearance of the
aldehyde proton’s singlet peak at 9.87 ppm in compound le (H,) and a new singlet at
8.55 ppm for compound 2e has appeared, which corresponds to the imine’s proton (H,),
confirming the successful synthesis of the hybrid compound (Fig. 3). The chemical shift
of the aldehyde’s proton appears further downfield compared to that of the imine proton,
which can be attributed to the higher electronegativity of the oxygen atom relative to
nitrogen, resulting in a greater deshielding effect [39]. Integration of the 'H NMR spec-
trum revealed a resonance in the range of 7.18—-8.05 ppm representing the eleven aro-
matic protons of compound 2e. For '>*C NMR spectra, the disappearance of the carbonyl
signal at 190.8-192.2.8.2 ppm (C,) of 1e and the emergence of a new peak at 160.3—
164.3.3.3 ppm (C,) were indicative of imine (C=N) formation of hybrid compound of 2e.

3.3 Antibacterial evaluation (in vitro)

The antimicrobial efficacy of the synthesised compounds was initially assessed employ-
ing a turbidimetric kinetic procedure, specifically targeting S. aureus and E. coli. How-
ever, the compounds exhibited limited solubility, which is likely due to their inherent
lipophilic nature [20]. This phenomenon resulted in the precipitation of the compounds
and the formation of vehicle-insoluble particles within the culture medium, which could
potentially interfere with the accurate assessment of antimicrobial activity [24, 40]. This
outcome provides crucial insight into a key physicochemical property of these com-
pounds, which is a significant consideration for their potential as drug candidates. As
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Table 1 Inhibition zone for in vitro antibacterial screening compounds 1(a-h) and 2(a-h)

Compound Diameter of inhibition zone (mm) Compound Diameter of inhibition zone
(mm)

S.aureus E. coli S.aureus E. coli
1a (0-F) 2a (o-F) 11.10£0.10 10.10+£0.10
1b (m-F) 9.03£0.15 803+0.15 2b (m-F) 11.20+0.10 11.03+0.12
1c (o-Cl) 8.07+0.15 8.10+0.17 2c¢ (0-Cl) 9.07+0.06 10.07£0.15
1d (m-Cl) 803+0.12 - 2d (m-Cl) 10.07+0.15 10.07£0.06
Te (p-Cl) - - 2e (p-Cl) 10.03+0.12 8.10+0.10
1f (0-Br) - - 2f (0-Br) 11.17+£0.06 8.00+0.17
1.9 (m-Br) 7.00+0.10 7.07+0.15 2g (m-Br) 9.17+0.12 9.17+0.06
1 h (p-Br) - - 2h (p-Br) 10.03+£0.12 9.17+0.12
Vanillin - -
Ampicillin 12.23+£0.15 10.23+0.15

Used Disc=6 mm

an alternative approach, the antimicrobial efficacy of the target compounds was subse-
quently evaluated using the disc diffusion method, with the results summarised in Table
1; Fig. 4. The solubility limitations of the turbidimetric assay directly impact a com-
pound’s drug-likeness because a poorly soluble substance is unlikely to have sufficient
bioavailability for it to be an effective drug in the body [41]. The assay’s failure due to
the few undissolved synthesised compounds interfering with the turbidity measurement
was a valuable finding that highlighted a critical property of the molecules. The switch

Page 8 of 17



Hissam et al. Discover Applied Sciences (2025) 7:1407

(A) E. coli
12.00
‘g 10.00 11.03
E 10.10 10.07  10.07 10:23
v 8.00 | Fmmi . ! 917 917
b 8.10 8.00
N 6.00 ! ]
3]
£ 4.00 | | |
=
E 2.00 = |
0.00
\o ,& h / % ) ’ P PN
> *0\ o\o b® c,@ \\0 Qo@ \\\Q @Q\D
Compounds v
® Vanillin azo (1) Vanillin azo-Schiff base (2)
(B) S. aureus
14.00
= 12.00
= 1225
= 10.00 11.10 11.20 11.17
] 10.07  10.03 10.03
S 8.00 07 ‘ ‘ ‘ 9.17
£ 600 = | ‘
3 400 = B S L. ‘
& 2000045 0.00  0.00 0.00
0.00
O & O O P PN P
S <& Y 4 4 4 4 ’ o
@ *0\ 0\0 b@ c\Q K@ & \\® o
% Yg\‘
Compoounds
® Vanillin azo (1) Vanillin azo-Schiff base

Fig.4 Antibacterial activity of 1a~h and 2a-h against £. coli (A) and S. aureus (B)

to the disc diffusion method which relies on drug diffusion from a solid disc rather than
full dissolution has successfully overcome this technical challenge and provided reli-
able data. This underscores the importance of a compound’s physical properties for both
effective testing and practical drug development.

Remarkably, compound 2(a-h) demonstrated superior inhibition compared to 1(a—h)
against E. coli and S. aureus. This enhanced antibacterial property could be attributed to
the synergistic effect of incorporating imine (C=N) and phenyl ring moieties onto van-
illin azo 1(a-h), thus increasing the compound’s hydrophilicity and lipophilicity. This
finding aligned with previous research on hybrid azo-Schiff base compounds, which
have shown excellent inhibition activity [21]. The formation of compounds 2(a-h) by
incorporating the Schiff base moiety into 1(a-h) likely contributes to greater binding
affinity and improved hydrogen bonding between synthesised compounds and the pro-
tein sites, which disrupts the growth of bacteria [42, 43]. The presence of a phenyl ring
enhances a compound’s lipophilic character, thereby facilitating its penetration through
the thick outer membrane of bacteria [44].
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Compound 2b exhibited significant antibacterial activity, which is comparable to the
standard ampicillin against both bacterial strains. The presence of the fluorine atom in
compound 2b is postulated to facilitate hydrogen bonding interactions, thereby enhanc-
ing its binding affinity and contributing to its efficacy in inhibiting bacterial cell prolif-
eration [45]. Furthermore, the strategic meta position of the fluorine atom significantly
contributed to favourable binding interactions with the bacterial surface, aligning with
previous studies that highlight the impact of substituent position on biological proper-
ties [46, 47].

The enhanced antibacterial activity of the hybrid compounds 2(a-h) can be attributed
to the synergistic effect of their functional groups, namely azo (N=N), imine (C=N),
hydroxyl (-OH), and methoxy (—~OCHj,), which likely facilitate hydrogen bond interac-
tions with biological receptors. These interactions may contribute to the superior effi-
cacy of 2(a-h) compared to compounds 1(a-h). This enhanced inhibition can also be
attributed to the optimised balance of hydrophilic and lipophilic characteristics within
the molecule [31, 48]. The inclusion of halogen atoms in the molecular structure has
significantly improved the biological efficacy of the synthesised compounds via stabilisa-
tion of the non-hydrophobic interactions of the bacterium with halogen substituents.
This effect is primarily achieved through the interaction of halogen bonding with the
amino acid residues present in the bacterial environment [40].

3.4 Molecular docking analysis (in silico)

Docking simulations were conducted using the DNA gyrase B enzyme (PDB: 4URO) [49,
50] to evaluate the mode of interaction for ligands 2(a-b) as antibacterial agents com-
pared to moxifloxacin as a reference drug. Selecting this enzyme is crucial for develop-
ing drugs targeting its active sites, which are involved in the complex DNA winding and
unwinding processes during bacterial replication and transcription [51]. The optimal
binding site was determined using AutoGridFR [52], and the docking was analysed via
AutoDock Vina [53, 54].

To validate the docking protocol implemented in AutoDock Vina, the crystal struc-
ture of the gyrase enzyme was re-docked to evaluate the reproducibility and reliability
of the methodology. The re-docked inhibitor was subsequently superimposed onto the
co-crystallised ligand within the original active site, yielding a root-mean-square devia-
tion (RMSD) of 0.59 A, within the acceptable threshold of 3.00 A, indicating a reliable
docking performance [55]. This result confirms that AutoDock Vina is a reliable tool for
accurately predicting ligand—receptor interactions (Fig. 5).

The binding affinity and 3D interaction of 2(a-b) are tabulated in Table 2. Both ligands
2a and 2b, which contain fluorine as substituents, demonstrated comparable binding
affinities of —6.9 kcal/mol and —7.3 kcal/mol, respectively, relative to reference com-
pound moxifloxacin (-7.7 kcal/mol). These findings agree with the in vitro data, further
supporting the observed outcomes.

The ligand’s influence on the target enzyme’s physiological function improves with the
increase of binding affinity or interaction intensity [56, 57]. Compared with moxifloxacin
(Fig. 8), ligand 2(a-b) can bind to multiple amino acid residues on the enzyme’s active
sites through different non-covalent interactions (Figs. 6 and 7). Various hydrophobic
interactions, including amide-m, alkyl, rt-alkyl and -0 (represented by purple lines), can
be observed between ligands 2a and 2b and the amino acid residues ASN54, GLY85,
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Table 2 Simulated Docking affinities and binding interaction residues

Ligand Affinity (kcal/mol) Interaction residues
Hydrogen Halogen Hydrophobic Electrostatic
2a -69 ARG84, ARG144,  ARGB84, GLY85, ILES6, GLU58
GLY85 ARG144 ILE102, PRO87
2b -73 SER128,VAL126 - ASN54, GLY85, -
ILE86, ILE102,
PRO87, SERS55,
VAL105
Moxifloxacin -77 ASP81,THR173  GLU5S, ASN54, GLY8S, GLUS58
GLY85 PRO87, ILE86

LE102

B:ILE:102

Fig. 6 3D and 2D binding modes of 2a in the active site of DNA gyrase enzyme

ILES6, ILE102, PRO87, SER55 and VAL105. This is due to the presence of various active
pharmacophores such as Schiff base, azo, fluorine and aromatic groups onto vanil-
lin, which increased the ligand lipophilic characteristic for hydrophobic interactions,
enhancing the binding affinity and antibacterial potential of the compounds [58].

Page 11 of 17
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Fig. 7 3D and 2D binding modes of 2b in the active site of DNA gyrase enzyme

Fig. 8 3D and 2D binding modes of moxifloxacin in the active site of DNA gyrase enzyme

Hydroxy of vanillin can bind
with bacterial surface through -

hydrogen bonding O

/ N
‘

- {HO
Derivatives bearing F showed \
\

.

the most potent due to hydrogen

7
Schiff base contributed to
bonding with target receptor ¢~ .

A N SN .

< ’

’ R
1 1 £
\ ’

1
'

!

: Aromatic Ting ncrease

1 lipophilic characteristic for
'

!

!

1

'

'
'

Cl & Br introduced halogen :
bonding to enhance antibacterial ~ 4 1
'

'

'

|

S ol o % voliand S aurel = cell membrane penetration
clfects agamnst L. colr and 5. aureus / Azo enhanced antibacterial
activity via hydrogen bonding
| SRR e ——
X: o-F, m-F, 0-Cl, m-Cl, p-Cl, o-Br,
m-Br, p-Br

Fig. 9 SAR of halogenated vanillin azo-Schiff base

The strong ligand-enzyme interactions of 2(a-b) were also influenced by their ability
to form multiple hydrogen bond interactions between ARG84, ARG144, GLY85, SER128
and VAL126 residues through azo, hydroxyl and fluorine atoms, similar to moxifloxacin.
This hydrogen bonding helps to stabilise the formation of the ligand-enzyme complex,
thus preventing the enzyme function [59, 60]. The presence of a fluorine atom actively
contributed to the ligand-enzyme interaction by forming halogen bond interactions with
ARG84 and ARG144. Its high electronegativity simultaneously enhanced the ligand’s
lipophilicity and facilitated hydrogen bond interactions, collectively optimising the bind-
ing affinity [45, 61]. In addition, ligands 2(a-b) replicate the moxifloxacin binding inter-
action with GLY85, PRO87, and ILE86 residues, showing a comparable inhibitory mode
of action. The structure—activity Relationship (SAR) studies of the hybrid vanillin azo-
Schiff base with the biological target have been illustrated in Fig. 9.
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Table 3 Measurement of global chemical reactivity descriptors using B3LYP/6-311G (d, p) method

1g (m-Br) 1h (p-Br) 2b (m-F) 2d (m-Cl)
EHOMO (eV) —646 -6.37 —598 —-6.00
ELUMO (eV) - 271 —2.69 - 253 - 258
Egap (V) 375 368 345 342
lonization potential (IP) 6.46 6.37 598 6.00
Electron affinity (EA) 271 2.69 253 2.58
Electronegativity (X) 459 453 4.26 429
Chemical potential (u) - 459 —453 —-4.26 —4.29
Chemical hardness (n) 1.88 1.84 1.73 1.71
Electrophilic index (w) 5.60 558 524 538
Chemical softness (S) 0.27 0.27 0.29 0.29

‘ Eep = 3.42 €V ‘

!
i’q@ LS

Fig. 10 Energy level diagram of the synthesized compounds

3.5 DFT study

The electronic structure and reactivity of the compounds were evaluated using Density
Functional Theory (DFT) and are presented in Table 3. The Highest Occupied Molecu-
lar Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) energy levels,
which reflect the molecules’ electron-donating and electron-accepting capabilities, were
calculated for 1g 1h, 2b, and 2d. The HOMO-LUMO energy gap (E,,)
indicator of chemical reactivity, with a smaller gap signifying a more reactive molecule

serves as a key

[62]. For example, compound 2b, which exhibits superior antibacterial activity among
gap (345 €V). This analysis indicates
that the increased reactivity is a crucial factor in their mechanism of action against bac-
terial pathogens (Fig. 10) [63].

Furthermore, the chemical hardness of the target compounds in the range of 1.71-

the synthesised compounds, produces a smaller E

1.88 eV corresponds to the properties of molecules resistant to electron exchange. In
contrast, the chemical softness of the compounds highlights their potential to respond
to external perturbations, with hybrid compounds 2b and 2d exhibiting higher chemical
softness values compared to the vanillin azo precursors 1g and 1h. The molecules’ elec-
tron affinity and polarizability contribute to electronegativity values ranging from 4.26
to 4.59 eV.

Moreover, the synthesised compounds are ready for electron acceptance with elec-
trophilicity indices of 5.24 to 5.60 (eV) during the occurrence of the chemical reaction.
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DFT calculations reveal notable patterns where the low electronegativity of 2b displays
a unique weakened electron affinity that determines its characteristics. With the small-
est electrophilicity index, compound 2b exhibits a distinct reduced electrophilicity. The
electronic potential of the synthesised compounds significantly highlights their electron-
donation tendencies. The significant chemical hardness and molecular softness values of
the synthesised compounds indicate their insusceptibility towards the donation of elec-

trons and remarkable response to perturbations, respectively [64].

3.6 Pharmacokinetic studies

The promising in vitro antibacterial activity supported by the in silico docking and
DFT studies was further complemented by favourable pharmacokinetic properties,
which are essential for a successful drug candidate. All compounds were analysed for
their ADMET profile and pharmacokinetic properties using SwissADME and pkCSM
online tools (Table S3 and S4). According to pharmacokinetic studies, all synthesised
compounds data suggested favourable drug-likeness, good bioavailability and potential
for oral administration. Key properties like Lipinski’s Rule compliance and low toxicity
contributed to enhancing its therapeutic viability [65]. None of the compounds violates
any established rules, and a standard bioavailability score (ABS) of 0.55 was calculated.
The synthetic accessibility ranged from 2.48 to 3.32, in compliance with Lipinski’s rule.
All compounds demonstrated excellent human intestinal absorption (HIA), ranging
from 84.335% to 91.545%. The compounds exhibited Log BB values between - 0.691 and
0.302, and log PS values from — 2.133 to —1.428, indicating effective drug distribution to
the brain and potential CNS penetration.

All compounds exhibited a strong potential for crossing biological barriers [27], as
presented in Table S2. Drug biotransformation was assessed through enzymatic metabo-
lism, with cytochrome P450 enzymes playing a key role, particularly the CYP families
1A2, 2C9, 2C19, 2D6, and 3A4. Notably, CYP3A4 functions as both a substrate and an
inhibitor. Total clearance, which reflects the rate of drug elimination relative to its con-
centration in the body, is considered moderate to high when values exceed 5-15. All
compounds meet the acceptable criteria for drug clearance, with values ranging from -
0.664 to 0.291 [65].

4 Conclusions

In conclusion, compounds 2(a—h) were successfully synthesised with improved yields
upon microwave irradiation compared to conventional heating methods. The antibacte-
rial evaluation of the hybrid vanillin derivatives containing azo (-N=N) and imine (-
C=N) functionalities 2(a—h) revealed excellent antimicrobial effects against E. coli and
S. aureus, surpassing the efficacy of both the parent vanillin and vanillin azo precursors
1(a-h). The hybridisation of azo and Schiff base functionalities through vanillin as a
linker facilitated synergistic effects, strengthening the ligand’s interactions with the bac-
terial surface. Compound 2b demonstrated the most potent antibacterial activity among
the synthesised compounds, which is well-correlated with its strong docking affinity of
-7.3 kcal/mol and a relatively low HOMO-LUMO energy gap of 3.45 eV. These param-
eters collectively suggest an optimal balance of reactivity and molecular stability, facili-
tating effective interaction with the biological target. The promising ADMET properties
make these hybrid compounds good candidates for further drug development. These
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collective findings underscore the considerable potential of the hybrid compounds in
offering innovative strategies for the effective treatment of bacterial infections. To fully
achieve this potential, future research is encouraged to integrate detailed computational
studies (i.e. MEP analysis with comprehensive biological evaluations) inclu7ing cytotox-
icity assays, in vitro broader-spectrum antibacterial testing and in vivo evaluations to
establish pharmacokinetic profiles and safety toward clinical relevance.
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