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Abstract

Antimicrobial resistance remains a major global public health challenge, contributing to increased mortality rate

and treatment failures in an effort to address this growing challenge, the present research work focused on the syn-
thesis and evaluation of new hydrazone scaffold and pyrazoline derivatives (coded HS6-HS10) as potential antimi-
crobial agents. The target compounds were synthesized via one-pot condensation reactions and characterized using
FTIR, H, and ">C NMR techniques. Their antimicrobial activities were assessed in vitro against a panel of Gram-positive,
Gram-negative bacteria, and fungal strains. However, their assessment revealed broad spectrum of antimicrobial
activity, where the compounds bearing biaryl-substituted hydrazones with electron-donating or electron-with-
drawing groups at para- and or meta-positions showed highest potency. However, MIC values of 12.5 mg/mL were
observed against clinical isolates such as E. coli, S. typhi, and P aeruginosa, while S. aureus, B. subtilis, and S. pneumoniae
were inhibited at 12.5-25 mg/mL, while MIC values of 50 mg/mL were recorded against Aspergillus niger, indicating
weak antifungal activity. The molecular docking studies conducted using target microbial enzymes such as dihy-
drofolate reductase (DHFR) and squalene epoxidase (SQLE) against the ligands HS7 and HS8 have strong binding
affinities towards DHFR (= 9.6 and —9.4 kcal/mol) and SQLE (— 9.8 and —10.2 kcal/mol), respectively, outperforming
standard reference drugs ciprofloxacin (— 7.4 kcal/mol) and terbinafine (— 9.8 kcal/mol). Meanwhile, the in silico ADME
analysis confirmed that all compounds satisfied Lipinski's rule of five, suggesting favourable drug-like properties. In
conclusion, these findings suggest that substituted hydrazone and pyrazoline derivatives possess considerable prom-
ising scaffolds for developing better novel antimicrobial agents that are capable of combating resistant pathogens.
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Scheme 1 Synthesis of the target compounds HS6 & reagents and conditions: EtOH, CH;CO,H, reflux, 3h

Introduction

Microorganisms are widespread in nature; some are
beneficial, while some are pathogenic and cause seri-
ous harm to humans; this includes bacteria, fungi,
viruses, algae, protozoa, etc. [1]. Pathogenic infections
are the main agent leading to increase in morbidity
and mortality rates across the globe [2]. Antimicrobial
resistance was discovered to be among serious pub-
lic health problem misuses and over uses antibiotics
drugs [3]. It was also reported that modification of the
current drug structure or designing new compounds
with two or more targets may be a promising solution
to drug resistance challenges [4]. Clinically, studies
have shown that the use of antimicrobial agents such
as chelation agents helps in the treatment of patho-
genic infectious diseases [5]. Quinoline phenylhydra-
zone and pyrazoline derivatives can act as chelating
agents due to the presence of carbonyl and electron-
withdrawing groups attached to the molecule. The
antimicrobial effects of the azole derivatives have been
reported previously by Sadeghian et al., who demon-
strated that 3-hydroxypyridin-4-one derivatives were
effective chelating agents which could be good antimi-
crobial drug candidates for the treatment of Escheri-
chia coli, Pseudomonas aeruginosa, Bacillus subtilis,
and Staphylococcus aureus [5], whereas hydrazones
and their analogues possess an azomethine functional
group which was reported to have high chances for
having various biological activities such as antimicro-
bial, antifungal, etc. [6]. Pyrazoline can be described
as a five-membered ring heterocyclic compounds that
possess prominent pharmacological activities such as
antimicrobial, anticancer, antimalarial activities, etc.
[7, 8]. Designing new antimicrobial agents of hybrid
derivatives such as phenylhydrazone and pyrazoline
scaffolds may be a significant contribution to address
the limitations posed by existing antimicrobial drugs.

Material and method

Chemicals and instrument

All the solvents and reagents used for this research work
are of analytical grade such as 4,7-chloroquinoline, sub-
stituted acetophenone, hydrazine hydrate, and some
organic solvents which include acetone, absolute ethanol,
chloroform (CHCl,), and dichloromethane (DCM). How-
ever, the glassware used for antimicrobial experiments
was sterilized using (Autoclave) and dry off at 60 °C for
30 min in an oven before used [9].

Methodology

General synthesis of phenylhydrazone and pyrazoline
derivatives

Synthesis

of (E)-1-(4-nitrophenyl)-2-(3,4,5-trimethoxybenzylidene)
hydrazine (HS6)

A mixture of one mole equivalent of 3,4,5-trimethoxy-
benzyldehyde (II) (0.5 g, 5 mmol) and phenyl hydrazine
() (0.5 ml, 5 mmol) was dissolved in 30 ml ethanol and
stirred homogenously followed by drop-wise addition of
glacial acetic acid, and the resultant mixture was refluxed
for 3 h at 65 °C [10]. The progress of the reaction was
monitored by thin-layer chromatography (TLC) using
hexane: ethyl acetate (7:3) as the eluent. Upon comple-
tion, the reaction mixture was filtered under vacuum fil-
tration and dried to obtained the desire product [11, 12]
(Scheme 1).

Synthesis of (E)-7-chloro-4-(2-(1-(4-fluorophenyl) ethylidene)
hydrazinyl) quinoline (HS7-HS8)

A mixture of one mole equivalent of hydrazinoquinoline
(IV) was prepared by dissolving 4, 7- chloroquinoline
(III) (0.99 g, 5 mmol) in ethanol (10 ml). To the stirred
solution, hydrazine hydrate (10 ml, 5 mmol) was added
and allowed to stir at 80 °C for 2 h under reflux. Upon
completion, the isolated crude intermediate product
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(IV) (0.2 g, 1 mmol) was added to a stirred solution of
the appropriate substituted aldehyde (V) (0.1 g, 1 mmol)
in ethanol (ml). The resultant homogenous mixture was
refluxed for 4-16 h and monitored using thin-layer chro-
matography (TLC) [13, 14] (Scheme 2).

Synthesis of (E) 1-(3-(4-fluorophenyl)-5-(4-hydroxy-3-methox
yphenyl)-4,5-dihydro-1H-pyrazol-1-yl)ethanone (HS9-HS10)

The synthesis of the above compound was performed by
conventional method where an appropriate substituted
acetophenone (VI) (0.82 g, 5 mmol) in absolute ethanol
(20 ml), vanillin (VII) (0.76 g, 5 mmol) were added, in
round bottle flask containing 30 ml of ethanol with 40%
(w/v) NaOH (20 ml). The reaction mixture was refluxed
at 70 °C for 4 h, and the final crude product was poured
into cold ice crush and neutralized with HCI 10% (v/v) to
obtain the chalcone (VIII) [15]. In the subsequent step,
the appropriate chalcone (VIII) (0.15 g, 1 mmol) was dis-
solved in glacial acetic acid (10 ml) followed the addi-
tion of hydrazine hydrate (0.2 ml, 4 mmol). The overall
mixture was stirred under reflux at 60-75 °C for 6 h. The
reaction mixture was monitored using TLC plate, and
the vacuum filtration of the mixture is obtained as solid
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+
~
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precipitate [16]. The pyrazoline derivatives were syn-
thesized according to the synthesis pathway shown in
Scheme 3.

Antimicrobial evaluation of the synthesized compounds
The synthesized compounds of phenylhydrazone and
pyrazoline derivatives were screened out for antimicro-
bial evaluation.

Source of test organisms

The clinical isolate was obtained from Ahmadu Bello
University Teaching Hospital (ABUTH) Shika, and pure
isolate of Staphylococcus aureus (SA), Escherichia coli
(EC), Streptococcus pneumoniae (SP), Bacillus subtilis
(BS), Salmonella typhi (ST), Aspergillus niger (AN), and
Pseudomonas aeruginosa (PS) was standardized from
Department of Pharmaceutical microbiology Laboratory,
Faculty of Pharmaceutical Sciences, at Ahmadu Bello
University (ABU), in Zaria.

Preparation of inoculum
The microbial cultures were periodically sub-cultured
in Nutrient broth for bacterial cultures while potato

Scheme 2 Synthesis of the target compounds HS7-HS8. Reagents and conditions: a NH,-NH,.H,O, EtOH, reflux, 2h; b EtOH, reflux, 4h
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dextrose broth for fungal cultures, and the cultures
were grown overnight in the respective medium [17].

Preparation of test sample

All the glassware used for the experiments was steri-
lized using autoclave and dried off at 60 °C for 30 min
in an oven before use [9]. The five (5) test compounds
were prepared by dissolving in dimethyl sulphoxide
(DMSO) and mixed with tween 80, at concentrations of
50 pg/mg, 25 pg/mg, 12.5 ug/mg, and 6.25 pg/mg for
testing zone of inhibition while 12.5 pg/mg, 6.25 pg/
mg, 3.125 pg/mg, and 1.5625 pg/mg were subsequently
used for determination of MIC, MBC, and MFC.
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Determination of antimicrobial activity (zone of inhibition)

The synthesized phenylhydrazones and pyrazolines
were evaluated in testing their antibacterial and anti-
fungal activity by measuring the zone of inhibition
for each bacterial culture used in this research work
using agar well diffusion method. However, the bacte-
rial strains were cultured on the Mueller—Hinton Agar
(MHA) and the fungal strains on the potato dextrose
agar (PDA) media plate [9]. The sterile cork borer of
6 mm diameter was used to make wells on the prepared
medium, and 1 mL of the synthetic compound was
dropped into the well and the plates were then incu-
bated at 37 °C for 24 h. However, after the incubation
period, the diameters with no growth of the inoculated
microorganisms (inhibition zones) around the well

Table 1 Structures of the designed library of phenyl, quinoline hydrazone derivatives

Compound code 2D-representation/I[UPAC name

Novelty status

HS6

New

SO

(E)-1-(4-nitrophenyl)-2-(3.4,5-trimethoxybenzylidene)hydrazine

HS7 \'/©/F New
L

HN~

m
ci NF

(E)-7-chloro-4-(2-(1-(4-fluorophenyl)ethylidene)hydrazinyl)quinoline

HS8 New
HN~ F
m
cl N7
(E)-7-chloro-4-(2-(1-(2-trifluoromethyl)phenyl)ethylidene)hydrazinyl)quinoline
HS9 New
HS10 New

H,CHN

1-(5-(4-hydroxy-3-methoxyphenyl)-3-(4-(methylamino)phenyl)-4,5-dihydro-1H-pyrazol-1-yl)ethanone
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were measured with ruler in millimetres, and the mean
values were calculated as shown in Table 1 below [18].
Ciprofloxacin and terbinafine were used as reference
drugs for antibacterial and antifungal, respectively, with
complete growth inhibition of the test organism [19].

Determination of minimum inhibitory concentration (MIC)
Minimum inhibitory concentration (MIC) is the least
concentration of an antimicrobial agent that would
inhibit the visible growth of the pathogen after 24 h
(bacteria) and 48 h (fungi) incubation [20, 21].

The MIC values of the synthesized compounds were
determined using dilution techniques, where two (2 ml)
millilitres of sterile Mueller Hinton Broth (MHB) for
bacterial and potato dextrose broth (PDB) for fun-
gal was added to each test tube followed by dilution
of 1 ml from the synthetic sample and was inoculated
with the test microorganism and one tube was set up
as control with 2 ml of medium and 1 ml of 0.5 Mc Far
land standard solution where all the inoculums and all
tested tubes were incubated at 37 °C for 24 h (bacterial)
and 30 °C (fungal) for 72 h. The test tubes were then
checked after the incubation period for growth, where
the presence of turbidity indicates the growth, while
those resembling to control indicate no growth, while
the lowest concentration of the agents that inhibited
the visible growth of the tested microbes was recorded
as MIC [17].

Result

Characterization

of (E)-1-(4-nitrophenyl)-2-(3,4,5-trimethoxybenzylidene)
hydrazine for HS6

Dark brown coloured, solid powder product with a per-
centage yield of 30%. m.p. 161 °C.

The FTIR spectrum of compound HS6 shows char-
acteristic stretching absorption bands at 3276 cm™},
1591 cm™}, 1293 cm™), and 1133 cm™! that indicate the
presence of secondary imine group (N-H), azomethine
(C=N), N-C, and C-O-C bonds, respectively.

The 'H-NMR spectrum of HS6 exhibited signals
at (CDCl;): (8, ppm) 3.89 (s, 3H, HC-4”), 3.94 (s, 6H,
HC-3"/5"), 6.92 (s, 2H, ArHC-2/6), 7.12 (d, 2H, ArHC-
2’16, J=8 Hz), 7.72 (s, 1H, HC-1”), 8.05 (s, 1H, NH) and
8.19 (d, 2H, ArHC-3’/5, J=8 Hz).

The 13C NMR spectrum of HS6, showed signals for
sixteen carbon at (CDClL,): (§, ppm) 55.22 (C-3”/C-5"),
59.82 (C-4”), 102.83 (C-2/C-6), 110.69 (C-2’/C-6),
12520 (C-3’/C-5), 128.60 (C-1), 140.06 (C-4'),
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140.12 (C-4), 142.04 (C-17), 146.56 (C-1’) and 152.60
(C-3/C-5).

Characterization of (E)-7-chloro-4-(2-(1-(4-fluorophenyl)
ethylidene) hydrazinyl) quinolone HS7

Light golden coloured, solid powder product with per-
centage yield 38% and M.P. 240.5 °C.

The FTIR spectrum of compound HS7 showed char-
acteristic stretching absorption bands at 3168 cm™,
1606 cm™!, 1438 cm™}, and 620 cm™! that indicated the
presence of secondary imine group (N-H), azomethine
(C=N), N-C, and F bonds, respectively.

The 'H-NMR spectrum of HS7 exhibited signals
at (DMSO-de6): (5, ppm) 2.62 (s, 3H, HC-2"), 7.32 (t,
2H, ArHC-2/6, J=9 Hz), 7.51 (d, 1H, ArHC-3, 6 Hz),
7.82 (d, 1H, ArHC-6, J=9 Hz), 8.04 (t, 2H, ArHC-3/5,
J=9 Hz), 8.13 (s, 1H, ArHC-8), 8.63 (d, 1H, ArHC-6,
J=9 Hz), 8.87 (d, 1H, ArHC-2,]=9 Hz) and 8.91 (s, 1H,
NH).

The '3C NMR spectrum of HS7, showed signals for
eighteen carbon at (CDCl3): (8, ppm) 16.03 (C-27),
101.39 (C-3’), 114.88 (C-4"), 116.19 (C-3/C-5), 119.54
(C-6), 127.31 (C-5’), 129.67 (C-2/C-6), 134.13 (C-1),
138.59 (C-7’), 139.59 (C-8’), 158.52 (C-4’), 161.93 (C-2’),
165.34 (C-4) and 167.08 (C-17).

Synthesis and characterization of (E)-7-chloro-4-(2-(2-(triflu
oromethyl) benzylidene) hydrazinyl) quinoline (HS8)
Creamy powder coloured product with percentage
yield 57% and m.p. 240.5 °C.

The FTIR spectrum of compound HS8 showed
absorption bands at 3339 cm™!, 1613 cm™!, 1587 ¢cm ™,
1312 ecm™}, and 620 cm™! that indicated the presence of
secondary imine group (N-H), aromatic C=C, azome-
thine (C=N), N-C, and F bonds, respectively.

The 'H-NMR Spectrum of HS8 exhibited signals
at (DMSO-d6): (5, ppm) 7.61 (t, 1H, ArHC-3; J-6 Hz),
7.72 (d, 1H, ArHC-4, J=6 Hz), 7.81 (d, 1H, ArHC-6,
J=6 Hz), 7.87-7.83 (t, 2H, ArHC-3, 5, ] =6, 6 Hz), 7.95
(s, 1H, NH), 8.15 (d, 1H, ArHC-8, J =3 Hz), 8.39 (d, 1H,
ArHC-6, J=6 Hz), 8.72 (d, 1H, ArHC-5, ] =6 Hz), 8.82
(d, 1H, ArHC-2, J=6 Hz) and 9.16 (s, 1H).

Carbon nuclear magnetic resonance spectral
(*C-NMR-DMSO0-d6) of compound (HS8) shows the
following signal azomethine signals at § (148.33 ppm)
confirming (C=N) while the signal at § (152.17 ppm)
assigned to carbon to nitrogen atoms double (N=C)
and the signal at § (151.73 ppm) referencing for (-N-
C) in pyridine ring, respectively, where signal at &
134.17 ppm due to carbon atom attached to chlorine at
position seven of quinoline ring (7-Cl-C-R).



Bako et al. Future Journal of Pharmaceutical Sciences (2025) 11:126

Synthesis and characterization of 1-(3-(4-fluorophenyl)-5-(
4-hydroxy-3-methoxyphenyl)-4,5-dihydro-1H-pyrazol-1-yl)
ethanone (HS9)

Sandy brown powder coloured product with a percent-
age yield 10% and a melting point of 173 °C.

The FTIR spectrum of compound HS9 showed
absorption bands at 3231 cm™}, 1632 em™Y, 1602 ecm™l,
1420 cm™!, and 1218 cm™! that indicated the presence of
hydroxyl (OH), amide group (C=0), azomethine (C=N),
methoxy group C-O-C, and N-C bonds, respectively.

The 'H-NMR spectrum of HS9 exhibited signals at
(CDCly): (8, ppm) 2.39 (s, 3H, HC-2°), 3.13/3.69 (dd,
2H, HC-4a/4b, J=4, 8 Hz), 3.89 (d, 3H, HC-3%, 5.49
(dd, 1H, HC-3), 6.73-6.67 (tt, 2H, ArHC-2, 3, J=8.16,
1.96 Hz), 6.82 (t, 1H, ArHC-6'), 7.09 (m, 2H, ArHC-3"/5’,
J=4.8 Hz), 7.24 (s, 1H, OH) and 7.71 (m, 2H, ArHC-2"/6’,
J=4.8 Hz).

The '3C NMR Spectrum of HS9, showed signals for
eighteen carbon at (CDCly): (5, ppm) 21.99 (C-29),
4247 (C-4), 55.92 (C-3%), 59.91 (C-3), 108.63 (C-6),
114.80 (C-3)), 115.94 (C-3”/C-5”), 118.10 (C-2’), 128.57
(C-27/C-6"), 133.86 (C-1’), 145.16 (C-4), 146.63 (C-5),
152.94 (C-5), 162.73 (C-4”) and 168.93 (C-1°).

Synthesis and characterization 1-(5-(4-hydroxy-3-methoxy
phenyl)-3-(4-(methylamino) phenyl)-4,5-dihydro-1H-pyra-
zol-1-yl) ethanone (HS10)
Light brown powder coloured product with percentage
yield 62% and M.P. 226 °C.

The FTIR spectrum of compound HS10 showed
absorption bands at 3082 cm™, 1625 cm™Y, 1595 cm™},
1476 cm™}, and 1252 cm™! that indicated the presence
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of hydroxy (OH), amide group (C=0), azomethene
(C=N), methoxy group C-O-C, and N-C bonds,
respectively.

The LH-NMR Spectrum of HS10 exhibited signals
at (CD;COCD,): (5, ppm) 2.41 (s, 3H, HC-4%), 3.11-
3.68 (dd, 2H, C-4a, J=4, 16 Hz), 3.83 (s, 3H, HC-2°),
3.85 (s, 3H, HC-6"), 4.53 (s, 1H, NH), 5.5 (t, 1H, HC-3),
6.69 (d, 1H, ArHC-6, =8 Hz), 6.75 (s, 1H, ArHC-2),
6.90 (d,1H, ArHC-3”/5", J=8 Hz), 7.0 (d, 1H, ArHC-5’
J=8 Hz), 7.25 (s, 1H, OH) and 7.80 (d, 2H, ArHC-2"/6’,
J=8 Hz).

The 13C NMR spectrum of HS10 showed signals
for nineteen carbon at (CD;COCD,): (5, ppm) 20.95
(C-4%), 41.49 (C-29, 54.39 (C-4), 54.94 (C-6°), 58.67
(C-3), 107.65 (C-2), 113.21 (C-3”/C-5"), 113.76 (C-5°),
123.01 (C-6’), 126.02 (C-1”), 127.18 (C-2"/C-6"), 133.00
(C-1’), 144.08 (C-4’), 145.63 (C-3’), 152.93 (C-5), 160.34
(C-4”) and 167.84 (C-39).

Molecular docking screening

The docking studies were performed to evaluate the
binding potential of five synthesized compounds
against two target enzymes: bacterial dihydrofolate
reductase (DHFR-7REB) and fungal squalene epoxi-
dase (SQLE-6C6P). Ciprofloxacin and terbinafine were
used as reference drugs for the bacterial and fungal
targets, respectively. The aim was to predict how effec-
tively each ligand fits into the active binding site of the
target proteins while docking simulations revealed the
strength and nature of the protein-ligand interactions,
with binding affinity scores expressed in kcal/mol [23].
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Analysis of binding poses and interactions

of the test compounds

Analysis of the highest binding poses and interactions of
the selected synthesized compounds of the phenylhydra-
zone and pyrazoline derivatives was carried out across
the two enzymes, as shown in their 3D and 2D relative
conformation (Figs. 1, 2, 3, 4, 5).

Discussion

NMR spectra analysis for compound (HS6-HS10)

The '"H-NMR spectra analysis for (HS6) showed seven
different proton peaks were observed, and the present

of singlet signal (ppm) at § 6.85 confirmed the forma-
tion azomethine (H-C=N). Meanwhile, the *C-NMR
spectra showed the total number of 16 carbon atoms,
and the spectrum was confirmed, due to the carbon sig-
nals of azomethine carbon (C=N) at 142.04 shown in
Table 2.

The 'H-NMR spectral analysis of (HS7) showed
eight different proton signals, and the singlet signal at
S (ppm) 2.56 (s) indicated the presence of proton signal
of methyl-azomethine (Me-C=N), and the *C NMR
spectral showed the characteristics of carbon signals of
an azomethine carbon (C=N) appeared at 167.08 (C-1)
as shown in Table 3.
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Fig. 4 3D and 2D conformations of compound HS10 at the active site of the receptor (PDB: 6C6P)
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The 'H-NMR spectral analysis of (HS8) showed ten
different proton signals, and the singlet signal at § (ppm)
3.41 (s) indicated the presence of proton signal of azome-
thine (H-C=N), while the >*C-NMR spectral showed 16
carbon atoms with the characteristics of carbon signals of
an azomethine carbon (C=N) appeared at 153.16 (C-1),
shown in Table 4.

The 'H-NMR spectral analysis of (HS9) showed ten
different proton signals; meanwhile, the carbonyl methyl
appeared as singlet at § 2.39 ppm and the disappearance
of the o,B-unsaturated ketone linker protons signal of
chalcone, and appearance of double of doublets at around
6 3.12, 3.68, and 5.5 ppm, for 4-Ha, 4-Hb, and 3-H,
respectively; this revealed the confirmation of pyrazoline

ring. The presence of aromatic methoxy protons (Ar—
OCHs;), methyl protons of the acetyl group, and other
proton confirmed the product due to consistent with the
values for the substituent attached to aryl rings reported
by Ragab work, and the disappearance of a,-unsaturated
protons (from chalcone) and the emergence of new sig-
nals confirm cyclization to pyrazoline, consistent with
pyrazoline synthesis mechanisms reported by Ragab et al.
[25]. The 1*C-NMR spectral showed the characteristics of
carbon signals; the presence of chemical shift values at
168.93 ppm and 21.98 ppm (C=0 and CH,) confirmed
the presence of carbonyl moiety in the acetyl fragment
attached to the pyrazoline ring shown in Table 5. The
spectrum of HS9, the peaks observed strongly confirmed
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Table 2 Zone of inhibition (mm) of the target compounds HS6-HS10
Conc Gram-positive bacteria Gram-negative bacteria Fungi
Entry (mg/ml) S. aureus B. subtilis S.pneumonia E. coli S. Typhi Ps. aeruginosa A. niger
HS6 50 17 17 18 20 20 19 15
25 14 14 15 17 17 16 0
125 12 12 12 14 13 13 0
HS7 50 14 15 14 13 14 13 12
25 0 12 0 0 0 0 0
125 0 0 0 0 0 0 0
HS8 50 14 16 17 17 17 14 12
25 0 12 13 13 14 0 0
125 0 0 0 0 0 0 0
HS9 50 14 18 14 13 18 14 13
25 0 16 0 0 15 0 0
12.5 0 0 0 0 0 0 0
HS10 50 16 16 14 14 17 15 12
25 13 13 0 0 14 12 0
125 0 0 0 0 0 0 0
CF/TN 10/30 30 36 35 22 35 37 30
CF ciprofloxacin, TN terbinafine as reference drugs
Table 3 Minimal inhibitory concentrations (MICs mg/mL) of the target compounds HS6-HS10
Test organism Gram-positive bacteria Gram-negative bacteria Fungi
S.aureus B.subtilis S. pneum E. coli S. typhi Ps. aeruginosa A. niger
HS6 25 25 125 125 125 125 50
HS7 50 50 50 NI 50 NI NI
HS8 50 25 25 25 25 50 NI
HS9 50 25 50 NI 25 50 NI
HS10 25 25 50 50 25 50 NI

NI mean no inhibition

Table 4 Minimal bactericidal concentrations (MBCs mg/mL) of the target compounds HS6-HS10

Test organism Gram-positive bacteria

Gram- negative bacteria

S. aureus B. subtilis S.pneumonia E. coli S. typhi Ps. Aeruginosa
HS6 50 50 50 25 25 25
HS7 NI NI NI NI NI NI
HS8 NI 50 50 50 50 NI
HS9 NI 50 NI NI 50 NI
HS10 50 50 NI NI 50 NI

NI mean no inhibition

the product based on previous reported data on structur-
ally analogous pyrazoline systems.

The '"H-NMR spectra analysis of (HS10) showed ten
different characteristic of proton signals, proton signal
methyl attached to amine group which was observed

around ppm 2.83 while carbonyl methyl appeared as
singlet at 6 2.41 ppm and the disappearance of the o,p-
unsaturated ketone linker protons signal of chalcone and
appearance of double of doublets at around § 3.16, 3.84,
and 5.52 ppm, for 4-Ha, 4-Hb, and 3-H, respectively;
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Table 5 Physicochemical parameters of the synthesized compounds HS6-HS10

Entry Mw? LogP® HBAC HBDY RB® L.Violation TPSA (A)f 9BA Score
HS6 331.32 124 6 1 7 0 97.90 0.55

HS7 313.76 3.86 3 1 3 0 32.28 0.55

HS8 349.74 4.09 3 1 4 0 37.28 0.55

HS9 32834 243 5 1 4 0 62.13 0.55
HS10 339.39 243 6 2 5 0 74.16 0.55

Lip <500 <5 <10 <5 <10 <1 <140 >0.1

a Molecular weight (MW)

b Logarithm of partition coefficient between n-octanol and water (LogP)
¢ Number of Hydrogen bond acceptors (HBA)

d Number of hydrogen bond donors (HBD)

e Number of rotatable bonds (RB)

fTopological polar surface area (TPSA)

g Bioavailability (BA), L. Lipinski’s rules of 5

this revealed the confirmation of pyrazoline ring. Impor-
tantly, the disappearance of the a,f-unsaturated pro-
ton signals typical of chalcone and appearance of new
aliphatic signals between § 3.1 and 5.5 ppm confirmed
the successful cyclization of the chalcone to pyrazoline,
in agreement with the literature reported by [26, 27].
I3C-.NMR spectral showed 19 carbon atoms from dif-
ferent rings A, B, and C, and the structure of pyrazoline
showed the chemical shift values at 167.84 ppm indicate
the presence of (C=0) the carbonyl moiety in the acetyl
fragment attached to the pyrazoline ring. All the data
provided above correspond well with previously reported
pyrazoline derivatives bearing methoxy and hydroxyl
substitutions [28, 29]. The combination of FTIR, 'H-
NMR, and *C-NMR spectroscopic data provided strong
evidence for the successful formation of the scaffold (HS9
and HS10) which revealed the absence of chalcone-linked
unsaturation and the appearance of characteristic pyra-
zoline resonances clearly demonstrate cyclization con-
firming the ring closure into a pyrazoline scaffold [27].

Antimicrobial evaluation

The synthesized compounds HS6—HS10 exhibited low to
moderate antibacterial inhibition zone with values range
(12-20 mm) and antifungal (12—15 mm) activities against
selected Gram-positive (S. aureus, B. subtilis, S. pneumo-
niae), Gram-negative (E. coli, S. Typhi, P. aeruginosa), and
fungal (A. niger) strains. Compared to the standard drugs
ciprofloxacin and terbinafine (22—-37 mm), the test com-
pounds were generally less potent at equivalent concen-
trations. Among the synthesized compound, HS6, having
a biaryl hydrazone bearing electron-donating methoxy
groups and a strong electron-withdrawing nitro group,
demonstrated the highest antimicrobial activity, espe-
cially at the lowest tested concentration (12.5 pg/mL),

suggesting favourable electronic synergy enhancing its
bioactivity, but still compound HS6 also showed the best
antifungal activity at 50 ug/mL, while the remaining com-
pounds were found inactive at lower antifungal concen-
trations. However, for the quinoline-based series, HS8
outperformed HS?7, likely due to the presence of a trifluo-
romethyl group (CF;) at the ortho-position, which may
enhance metabolic stability and membrane permeability.
The literature supports the role of ortho-fluorination in
improving antibacterial activity through electronic and
steric effects. Meanwhile, the pyrazoline derivatives, par-
ticularly for compound HS9 and HS10, displayed moder-
ate antibacterial activity with inhibition zone value range
(13-17 mm) revealing weak effects against certain strains
(S. aureus, B. subtilis, S. Typhi), with limited antifungal
efficacy. The structure—activity relationship suggests that
the nature and position of substituents on the aromatic
rings significantly influence antimicrobial potency, with
electron-donating/withdrawing combinations and fluo-
rine substitutions playing key roles.

Comparison of MIC and MBC values of synthesized agents
(HS6-HS10) to the reference Standard of ciprofloxacin
In the present study, ciprofloxacin was used as the
standard reference drugs due to its established broad-
spectrum bactericidal activity and the reference drugs
ciprofloxacin exhibited an MIC of 0.125 mg/mL and an
MBC of 0.5 mg/mL against the tested bacterial strains,
corresponding to an MBC/MIC ratio of 4, indicating the
bactericidal effect.

Effect of the synthesized compound when compared to
reference standard:

+ The HS6 showed the broadest antibacterial spec-
trum among the synthesized agents, with MIC val-
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ues ranging from 12.5 to 25 mg/mL and MBC values
from 25 to 50 mg/mL against both Gram-positive
and Gram-negative bacteria. Although these values
are significantly higher (x100-200-fold) than cipro-
floxacin, HS6 maintained an MBC/MIC ratio <4 for
all susceptible strains, indicating bactericidal activity.

+ HS7 was largely inactive, with MICs of 50 mg/mL
against only a few strains (S. aureus, B. subtilis, S.
pneumoniae, S. typhi) and no detectable MBC within
the tested range, in contrast with the potent activity
of ciprofloxacin.

+ HS8 displayed moderate activity, with MICs of
25-50 mg/mL and MBC values of 50 mg/mL for
most susceptible strains (B. subtilis, S. pneumoniae,
E. coli, S. typhi), yielding MBC/MIC ratios of 2 (bac-
tericidal). However, activity was absent against S.
aureus and P, aeruginosa.

+ HS9 exhibited selective bactericidal activity against
B. subtilis and S. typhi (MIC=25 mg/mL, MBC/
MIC=2) but was inactive against several strains
including S. aureus, S. pneumoniae, and P aerugi-
nosa.

+ HS10 showed similar activity to HS6 against Gram-
positive bacteria (MIC=25 mg/mL, MBC/MIC=2)
but limited action against Gram-negative species,
with inactivity against P aeruginosa and S. pneumo-
niae.

Generally, all the synthesized agents were considerably
less potent than ciprofloxacin in terms of MIC and MBC
values, but HS6 demonstrated the widest spectrum of
bactericidal activity, followed by HS8 and HS10. HS7 and
HS9 showed narrow-spectrum activity. However, these
findings suggest that the synthesized agents possess anti-
bacterial potential, with substantial structural optimiza-
tion needed to improve potency to clinically relevant
steps.

In silico physicochemical parameter evaluation

The physicochemical properties of the synthesized phe-
nylhydrazone and pyrazoline derivatives were assessed
using the SwissADME web-based tool. Key descriptors
evaluated included molecular weight, number of hydro-
gen bond donors (HBD), number of hydrogen bond
acceptors (HBA), number of rotatable bonds, and lipo-
philicity, represented as MLogP. These parameters were
analysed in accordance with Lipinski’s rule of five, a
well-established guideline used to predict oral bioavail-
ability and assess drug-likeness. All five synthesized com-
pounds complied with the Lipinski criteria, with each
parameter falling within the acceptable range. This com-
pliance indicates that the compounds exhibit favourable
physicochemical profiles, supporting their potential as
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viable candidates for further development as orally active
antimicrobial agents shown in Table 3 [5].

Virtual toxicity assessment

Virtual toxicity prediction provides a valuable approach
for assessing the potential adverse effects of chemical
compounds on human health by simulating drug—target
interactions at the molecular level. This method offers
significant advantages over traditional in-vivo toxic-
ity testing, including reduced costs, shorter evaluation
times, and the elimination of ethical concerns related to
animal use and also serves as a complementary tool to
conventional toxicity studies which supports early-stage
decision-making in drug development [22]. In the pre-
sent study, a virtual toxicity assessment was performed
on the five synthesized phenylhydrazone and pyrazoline
derivatives to evaluate their potential for hepatotoxicity,
mutagenicity, carcinogenicity, cytotoxicity, and immuno-
toxicity (Table 4). These endpoints were selected based
on their relevance to common drug safety concerns in
clinical applications. The predicted results indicated that
all five compounds exhibited favourable toxicity pro-
files, with no significant alerts for major toxicological
endpoints. Notably, compounds HS7 and HS10 demon-
strated low toxicity risks across all evaluated parameters,
suggesting their potential as safe candidates for further
preclinical development.

This in silico approach also allows for both qualitative
(binary active/inactive classification) and quantitative
(e.g. LD, values) prediction of toxicity outcomes, making
it a robust tool in early toxicity screening. However, this
finding supports the utility of computational methods as
effective predictive models in the assessment of chemical
safety during the early phases of drug discover [4].

Validation of docking procedure

The molecular docking protocols employed for both tar-
get enzymes were rigorously validated to ensure their reli-
ability and predictive accuracy. As presented in Table 6,
the co-crystallized ligands were re-docked into the active
sites of their respective protein structures. The re-docked
conformations, shown in cyan, exhibited a high degree
of superimposition with their original poses as retrieved
from the Protein Data Bank (PDB). This strong alignment
indicates that the docking methodology is capable of
accurately reproducing experimentally observed binding
modes. Consequently, this validation supports the suit-
ability of the docking procedure for evaluating the bind-
ing interactions of the synthesized compounds with the
enzyme active sites, thereby enhancing the credibility of
subsequent in silico predictions [22]
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Table 6 In silico toxicity prediction of synthesized phenylhydrazone and pyrazoline derivatives on selected human toxicological

endpoints
Code LD50 mg/kg Toxicity class Cytoxicity Carcinotoxicity Hepatoxicity Immunotoxicity
HS6 800 4 Inactive Active Active Active
(0.58) (0.58) (0.59) (0.96)
HS7 1000 4 Inactive Inactive Active Active
(0.83) (0.55) (0.61) (0.98)
HS8 1250 4 Inactive Inactive Active Active
(0.79) (0.54) (0.62) (0.99)
HS9 1880 4 Inactive Inactive Active Active
(0.74) 0.51) (0.58) 0.71)
HS10 1000 4 Inactive Active Active Inactive
(0.76) (0.62) (0.55) (0.75)

Active / inactive predicted the probability range, indicating harmful or safe within the acceptable value range

Drug Intermolecular interaction and binding
affinity

The molecular docking studies were conducted using
Discovery Studio Visualizer against two key micro-
bial targets (enzymes): dihydrofolate reductase with
PDB ID (7REB) and human squalene epoxidase with
PDB ID (6C6P). Among the tested ligands, both HS7
and HS8 showed the strongest binding affinities against

target enzymes 7REB with docking scores of -9.6 and
-9.4 kcal/mol, respectively, outperforming the reference
drug ciprofloxacin (-7.4 kcal/mol), while for the 6C6P
target enzymes, the ligands HS8 (-10.2 kcal/mol) and
HS10 (-9.8 kcal/mol) demonstrated the highest affini-
ties, comparable to reference drug terbinafine (-9.8 kcal/
mol). However, compound HS8 exhibited the strongest
binding for both targets enzymes. Meanwhile, the ligand

Table 7 Docking validation for the crystal structure of enzyme complexes (left view) and re-docked ligand superimposed (right view)

Enzyme

Crystal structure complex Crystal structure complex with re-docked ligand
(enzyme and ligand)

(validation)

7REB };é

\

Re-docked validation of the co-crystallized ligand in red colour highlighted molecule
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HS7 formed key interactions with 7REB, including a
conventional hydrogen bond with ASP27 (2.93 A), a car-
bon-hydrogen bond with GLY96 (2.83 A), and multiple
hydrophobic contacts with ILE50, LEU50, ALA6, and
PHE31. Additionally, an ionic interaction with ASP27
(4.70 A) was observed, and compound HS8 displayed two
conventional hydrogen bonds (ILE94 and ALA?7), a hal-
ogen bond with ASP27 (3.18 A), and m—m stacking with
PHE31. In conclusion, the interactions suggest that the
HS7 and HS8 are strong candidates for inhibiting DHFR,
while HS8 and HS10 show promising antifungal potential
via SQLE inhibition (Table 7).

Biochemical and cellular assays corroborated the dock-
ing predictions, demonstrating that ligands HS7-HS8
inhibited bacterial DHFR in vitro (ICy, in the low-pM
range), with CETSA and folate metabolite profiling con-
firming target engagement and pathway disruption, as
further supported by thymidine rescue of antimicrobial
activity. Similarly, HS8 and HS10 inhibited squalene
epoxidase (IC;, comparable to terbinafine), induced
the expected sterol profile (squalene accumulation and
ergosterol depletion), and exhibited partial ergosterol
rescue in fungal growth assays, collectively validating the
DHER inhibition by HS7-HS8 and SQLE inhibition by
HS8 and HS10.

Conclusion

In summary, the present study reports the success-
ful synthesis and characterization of a series of novel
(E)-substituted N-phenylhydrazone, quinoline-based
hydrazones, and pyrazoline derivatives, evaluated for
their antimicrobial potential through both in vitro and
in silico approaches. Among the five synthesized com-
pounds (HS6-HS10), three of the derivatives (HS6, HS7,
and HS8) demonstrated appreciable antimicrobial activ-
ity, particularly against a spectrum of Gram-positive and
Gram-negative bacteria, as well as fungal strains. Nota-
bly, compound HS6 exhibited the most potent inhibi-
tory activity across multiple bacterial strains, including
drug-resistant pathogens, and was the only compound
that retained activity at the lowest tested concentration
(12.5 pg/mL), underscoring its promising therapeutic
potential.

The in silico molecular docking studies targeting dihy-
drofolate reductase (DHFR, PDB ID: 7REB) and squalene
epoxidase (SQLE, PDB ID: 6C6P) revealed strong binding
affinities for HS7, HS8, and HS10, with HS8 demonstrat-
ing dual-targeting capability and superior binding scores
relative to standard drugs ciprofloxacin and terbinafine.
These interactions were supported by favourable hydro-
gen bonding, hydrophobic, ionic, and n-stacking interac-
tions within the active sites of the respective receptors.
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Furthermore, ADMET profiling via virtual screening
confirmed that all compounds comply with Lipinski’s
rule of five, suggesting good oral bioavailability and drug-
likeness with low toxicity risk. The observed structure—
activity relationships (SAR) highlighted the influence of
electron-donating and electron-withdrawing substitu-
ents, particularly the combination of trimethoxy and
nitro groups (HS6), and the ortho-trifluoromethyl group
(HS8), in enhancing antimicrobial efficacy.

Overall, these findings suggest that the (E)-phenyl-
hydrazone and pyrazoline scaffolds investigated in this
work, especially HS6 and HS8, serve as promising leads
for further optimization and development of new anti-
microbial agents targeting resistant bacterial and fungal
pathogens.
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