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1. Introduction

A structural blueprint for antibacterial discovery:
microwave- and ultrasound-assisted synthesis of
pyrrolidine-fused quinoxalines as novel inhibitors
of DNA gyrase and biofilm

*a Mazin A. A. Najm,P Mostafa |. Abdelglil,® Triveena M. Ramsis, **
© Shimaa A. Metwally” and Maha A. Ebrahim?

Eman A. Fayed,
Nirvana A. Gohar,

In order to lessen the severity of infectious diseases, anti-infective agents—drugs that prevent, combat, or
control infections brought on by microorganisms—are essential in contemporary medicine. To tackle
antimicrobial resistance, this project intends to design and synthesize hybrid compounds that contain
pyrrolidine, quinoxaline and a hydrazinyl bridge, and assess the antimicrobial and antifungal properties of
these compounds against a variety of pathogenic strains. The bactericidal properties of hybrids 24, 27,
and 29 against E. coli were verified. The MIC of 12.5 uM was shown by hybrids 24, 25, and 31, which
suggests bactericidal hybrids are effective against P. aeruginosa at greater concentrations. In comparison
to Levofloxacin, treatment with all hybrids produced an 89-92% reduction in biofilm formation at 90%
MIC. Eight hybrids’ killing kinetics against P. aeruginosa were time-dependent, with an abrupt decrease in
CFU number observed at higher concentrations. While 4-fold and 8-fold MICs resulted in nearly total
bacterial eradication, primary bacterial elimination happened after three hours. The most effective DNA
gyrase inhibitors were hybrids 25, 28, and 31; their ICso values were significantly less than that of
ciprofloxacin (77.3, 87.6, and 65.5 uM, respectively). To determine the best drug-like qualities, the study
examined the physicochemical and pharmacokinetic features of active compounds. Molecular docking
simulation experiments were also conducted to comprehend the binding interactions and mechanisms
of action of these hits.

because of their ubiquitous occurrence in nature.*®*'® Amongst
the several scaffolds considered for the prospective pharmaco-

Diseases caused by infectious bacteria, viruses, and fungi have
appeared and are continuing to grow in tandem with daily
life.”* The need for novel antimicrobial drugs with lower
toxicity and resistance strain activity appears unresolved.>™®
Although many antibacterial medications are already acces-
sible, microorganism resistance to antibiotics remains an
immense °12 Compounds that are heterocyclic are
frequently included in numerous synthetic and biological fields
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logical applications of them, nitrogen-containing heterocyclic
frameworks have acquired a lot of focus owing to the diverse
spectrum of biological processes,"”** comprising antifungal,*»**
antimicrobial,?>* anticancer,**** antiviral,***” and antidiabetic
properties.”**®

A useful pharmacophore in medicinal science, quinoxaline,
is a bicyclic molecule constructed when a pyrazine ring and
a benzene ring combine.*** Its distinct structure permits
a variety of alterations, producing molecules with ameliorated
biological activity.***” Due to its capacity to communicate with
the essential cellular structures and microbial enzymes, quin-
oxaline derivatives have recently been shown to potentially be
potent antimicrobial drugs.*® The naturally occurring antibiotic
phenazinomycin, which has anticancer properties, is another
antibacterial medication containing a quinoxaline scaffold.****

Additionally, pyrrolidine ring piqued the curiosity of scien-
tists because of its strong antibacterial qualities.****” Numerous
quinolone antibiotics, including Gemifloxcin and Moxifloxacin,
include pyrrolidine.***° In addition, the newly approved drug
vonoprazan, which destroys Helicobacter-pylori, has a scaffold
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with a pyrrole ring.**~** Including an azo part to the compounds
which are heterocyclic enhances the drug's biological
impact‘27,54757

DNA gyrase is a potential target for antibacterial therapy,
a crucial bacterial enzyme associated with transcription,
recombination, and DNA replication.*® The effective prevention
of bacterial growth is achieved by DNA gyrase inhibitors,
which disrupt DNA supercoiling and replication.*® Since
DNA gyrase is essential for bacterial life yet is absent from
human cells, it is a desirable target for targeted antimicrobial
therapy.*®®

The notion that bacteria must attain a particular cell density
in infectious illnesses before they may establish virulence
factors and interfere with the host defences is widely recog-
nized.®*** Pathogenic bacteria have evolved a special mecha-
nism known as “biofilm formation” to withstand the lethal
assaults of oxidative stress, nutritional deprivation, and the
host immune system or antibiotics. Microorganisms form a bi-
ofilm while they latch on to an abiotic or biotic surface in
a matrix of extracellular polymeric substance (EPS). The ability
of Candida species forge biofilms, in addition to bacteria,
increases the possibility of resistance to existing antifungal
medications.®*** The need for novel molecules or hybrids of
already-existing chemicals that can suppress or destroy the bi-
ofilm matrix is critical because there is currently no treatment
option for biofilms in clinical settings.

The purpose of this work is to use pyrrolidine-fused quin-
oxaline employing azo bridge to produce a variety of novel
hybrid compounds, as seen in Fig. 1. The evaluation of the novel
hybrids involved examining their DNA gyrase inhibitory, anti-
bacterial, and antifungal properties. The antibiofilm activity of
each bactericidal derivative was examined. Each compound was
examined for pharmacokinetic and physicochemical charac-
teristics. Lastly, an evaluation of binding mode simulations
through docking for the most successful samples were carried
out.
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2. Findings and analysis

2.1. Chemical synthesis

The methods indicated in Schemes 1-3 were used to synthesis
the target compounds.

Benzene-1,2-diamine 1 was relfuxed with oxalic acid 2 using
water as a solvent in presence of conc. HCI affording 1,4-
dihydroquinoxaline-2,3-dione 3. Further reaction of 3 with thi-
onyl chloride resulted in 2,3-dichloroquinoxaline 5.
Hydrazinylquinoxaline 4 or 6 were obtained by refluxing 3 or 5
with hydrated-hydrazine, respectively, in ethyl alcohol for 24 h,
accordingly as represented in Scheme 1.%

Furthermore, the reaction of itaconic acid 7 with various
aniline derivatives 8-15, afforded the 5-oxo-pyrrolidine deriva-
tives 16-23 (Scheme 2). The reaction was conducted using three
methods implementing the principles of green chemistry (di-
scussed in the experimental section). Using ultrasound-assisted
reaction afforded the highest yield and consumed the least
time. The reaction time and yield are given in Table 1. Structure
elucidation using "H NMR confirmed the structures of oxo-
pyrrolidine derivatives 16-23. The COOH proton appeared as
a singlet-signal at approximately ¢ 12 part per million (ppm).
The hydrogens for the two methylene carbons appeared as four
doublet of doublet signals each integrating one proton at
approximately ¢ 2 and 4 ppm. The methine hydrogens from
pyrrolidine showed up as a multiplet at approximately delta-(9)
3 ppm.

The targeted quinoxalne-pyrrolidine hybrids 24-31 were
afforded by refluxing the respective pyrrolidine fragment with
hydrazinyl quinoxaline 4 or 6 (Scheme 3). A characteristic
singlet appeared in the "H NMR spectra of hybrids 24-27 at
approximately 6 11-12 ppm representing the 2-OH proton on
the quinoxaline ring. In all synthesized hybrids, -NH-NH-CO
showed as doublet at 6 11 ppm, while -NH-NH-CO showed as
a doublet roughly between 6 5 and 8 ppm. The protons of the
pyrrolidine ring exhibited the identical signal pattern in all
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Fig. 1 Schematic representation of hybridized substances featuring quinoxaline, pyrrole/pyrrolidine, azo-bridge, and various substitutes.
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Scheme 1 Creation of hydrazinylquinoxaline (4) and (6).
0
O CH, N
COOH
7 oA 8-15 16-23
8,16: n=0, R= 3-Cl phenyl
9,17: n=0, R= 4-Cl phenyl
10,18 :n=0, R= 4-CN phenyl
11,19: n=0, R= 2,5- di-CH3 phenyl
12,20: n=0, R= 3-OH phenyl
13,21: n=0, R= 4-NO, phenyl
14,22: n=0, R= 1-napthyl
15,23: n=1, R= phenyl

Scheme 2 Manufacturing of oxo-pyrrolidine fragments 16-23.

synthesized hybrids. The '*C NMR of all synthesized hybrids
revealed two characteristic signals representing the two C=0
groups at 6 between 170 and 175 ppm.

The "H NMR of hybrids 25 and 29 demonstrated two char-
acteristic signals between 6 2 and 2.3 ppm, each integrating for
3 protons representing the two methyl groups. Additionally, the

two methyl groups were shown as two signals in >C NMR at
approximately 6 16 and 19 ppm. The "H NMR of hybrids 26 and
30 a signal representing the phenolic-OH between delta (6) 7
and delta (0) 8 part per million. The "*C NMR of hybrids 24 and
28 confirmed the presence of the cyano groups at approximately
0 118 ppm.
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Scheme 3 Preparation of quinoxaline—pyrrolidine conjugates 24-31.
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Table 1 Effect of reaction green method A, B and C on reaction time
and yield

Reflux in water ~ Ultrasound Microwave

Compound Time Yield % Time Yield % Time Yield %
16 24 h 56% 6 min 91% 12 min  73%
17 24 h 44% 4.5 min  95% 13 min  77%
18 24 h 62% 5 min 90% 12 min  84%
19 24 h 50% 5.5 min  92% 11 min  79%
20 24 h 55% 4 min 89% 15 min  86%
21 24 h 58% 5.5 min 88% 14 min  73%
22 24 h 65% 5 min 92% 15 min  88%
23 24 h 57% 4 min 90% 12 min  84%
2.2. Invitro assessment

2.2.1. Agar well-diffusion zones of inhibition (ZOI). At
a dosage of 5 mM, the eight novel conjugates were screened for
antibacterial activity using agar well diffusion, which revealed
varying antimicrobial action in opposition to the assessed
bacterial and fungal organisms (Table 2). With the exception of
compound 29, every synthetic derivative was found to promote
the growth of E. coli. ZOI =15 mm at a dose of 5 mM.
Remarkably, hybrids 24, 26, 27, 28, 30, and 31 displayed E. coli
ZOI that was greater than 17.6 + 0.33 mm, superior to that of
amoxicillin. With ZOI ranging from 18 to 23 mm, P. aeruginosa
illustrated higher sensitivity to all synthesized hybrids than to
Amoxicillin (15.3 £ 0.33 mm), with the exception of the formerly
described inactive hybrid 29.

Additionally, the ZOI values of hybrids 26, 28, 30, and 31
ranged from 20 to 23 mm, indicating a greater reduction in P.
aeruginosa growth than that of Levofloxacin (19.6 + 1.3 mm).
Out of all the synthetic derivatives, hybrids 24, 25, 26, and 30
showed the highest ZOI against K. pneumoniae, with values
ranging from 17 to 21 mm, outperforming Amoxicillin (16.3 +
0.33 mm). Only hybrid 31 showed the greatest ZOI in the case of
A. baumannii, with a value of 17.16 £+ 0.44 mm surpassing that

View Article Online
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of Amoxicillin (15.6 £ 0.33 mm), while only hybrid 28 was on
par with Amoxicillin.

Nevertheless, the hybrids under investigation showed
modest antibacterial efficacy against MSSA. With ZOI varying
from 13 to 15 mm, all hybrids excluding 25 showed consider-
able antifungal efficacy against C. albicans, which is comparable
to the common antifungal medication Fluconazole (19 + 0.57
mm).

2.2.2. Assessment of MIC, MBC and MFC. The investigated
active compounds were further tested for their minimum
inhibitory concertation (MIC), minimum bactericidal concen-
tration (MBC) and minimum fungicidal concentration (MFC).
The values of the MIC, MBC, and MFC as well as the computed
MBC/MIC (or MFC/MIC) ratio of the active hybrids against the
aforementioned bacterial and fungal organisms, are seen in
Table 3. Every synthetic chemical demonstrated broad-
spectrum anti-infective activity. The strongest effect on MIC
for E. coli, was observed upon administration of 29 with values
of 6.25 uM, Verifying advantage over Levofloxacin. In MBC, the
same pattern was noted, using value of 12.5 uM. Additionally,
25, 26, 28, and 30 still achieved excellent MIC value of 12.5 uM
against E. coli. Based on calculated MBC/MIC ratio (R), values of
2, 24, 27, and 29 were confirmed as bactericidal agents against
E. coli.

Hybrids 28 and 30 displayed substantial MIC value of 6.25
uM, and MBC value of 25 pM and 50 pM, against P. aeruginosa,
resulting in (R) value of 4 and 8, indicating bacteriostatic
activity. Moreover, 24, 25 and 31 displayed MIC of 12.5 uM,
whereas the calculated (R) indicate bactericidal hybrids at
higher concentrations.

In case of K. pneumonia, 24 and 26 displayed excellent MIC
value of 12.5 uM, and a much higher MBC value resulting in
a ratio above 2 indicating bacteriostatic hybrids. Compounds
28, 29, and 31 demonstrated moderate MIC value of 25 uM.
Hybrid 28 emerged as the most potent derivative against A.
baumannii, with MIC and MBC values of 6.25 uM and 12.5 uM,
respectively, thereby identifying it as a bactericidal contender.

Table 2 ZOI diameter (mm) of the investigated hybrids, Levofloxacin, Amoxicillin and Fluconazole (at 5 mM)¢

Average inhibition zone diameter (mm)

Bacteria (Gram negative) Bacteria (Gram positive) Fungi

Cpd. no. E. coli P. aeruginosa K. pneumonia A. baumannii MSSA C. albicans
24 20.83 £ 0.60 18 £ 0.57 20.3 £ 1.2 — — 13.8 £ 0.16
25 16.3 £+ 0.33 19.6 + 0.33 17.8 £ 0.16 — — —

26 19 + 0.01 20.16 £ 0.6 20.6 + 0.33 — — 15 + 0.01
27 19.3 £ 0.33 18.3 + 0.88 15.5 + 0.28 13.8 £ 0.16 — 14.6 + 0.33
28 18.3 £ 0.66 22.3 £ 0.3 16.6 £+ 0.33 15.5 £ 0.28 15.5 £+ 0.28 13.8 £ 0.4
29 14.6 £ 0.33 14.6 + 0.66 14 £ 0.01 13.8 £ 0.16 14.6 + 0.66 14 £ 0.57
30 20.6 + 0.33 21.3 +0.33 20.5 + 0.28 15.3 £ 0.33 17 £ 0.01 15 + 0.57
31 18 + 0.57 20.6 £ 0.88 15.16 £ 0.16 17.16 £ 0.44 15.6 + 0.33 14.6 = 0.6
Levofloxacin 26.3 + 0.33 19.6 + 1.3 27.5 + 0.28 30.5 + 0.28 41.1 + 0.01 NA
Amoxicillin 17.6 £ 0.33 15.3 £ 0.33 16.3 + 0.33 15.6 = 0.33 25 £ 0.01 NA
Fluconazole NA NA NA NA NA 19 £ 0.57

“ DMSO was used as a solvent with no inhibition zone.
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Table 3 MIC, MBC, and MFC (uM) of the tested hybrids and calculated rate (R) of (MBC or MFC) toMIC
Bacteria (Gram

Bacteria (Gram negative) positive) Fungi

E.coli P. aeruginosa K. pneumonia A. baumannii MSSA C. albicans
Cpd. no. MIC MBC R MIC MBC R MIC MBC R MIC MBC R MIC MBC R MIC MFC R
24 25 50 2 12.5 25 2 12.5 50 4 >200 >200 — >200 >200 — 50 100 2
25 12.5 50 4 12.5 100 8 50 200 4 >200 >200 — >200 >200 12.5 50 4
26 12.5 50 4 25 50 2 12.5 50 4 >200 >200 — >200 >200 — 50 100 2
27 25 50 2 50 100 2 50 100 2 50 50 1 >200 >200 — 50 100 2
28 12.5 50 4 6.25 25 4 25 50 2 6.25 12.5 2 12.5 25 2 100 200 2
29 6.25 12.5 2 100 200 2 25 100 4 50 100 2 6.25 12.5 2 12.5 50 4
30 12.5 50 4 6.25 50 8 50 200 4 25 50 2 25 50 2 50 100 2
31 50 200 4 12.5 50 4 25 100 4 100 100 1 6.25 25 4 100 200 2
Levofloxacin 8 4 8 2 <0.5 NA
Amoxicillin 1 256 >1024 >1024 <0.5 NA
Fluconazole  — — — — — 64

Hybrids 29 and 31 displayed outstanding MIC value of 6.25
uM and MBC value of 12.5 uM and 25 uM, respectively, against
MSSA. Hybrid 28, however, demonstrated MIC and MBC values
of 12.5 and 25 pM, respectively. MIC/MBC ratio confirmed
hybrids 28 and 29 as bactericidal and 31 as bacteriostatic
against MSSA.

With the exception of 28 and 31, the assessed hybrids out-
performed fluconazole in opposition to C. albicans, according to
an evaluation of their fungistatic/fungicidal activities. With
MBC values of 50 pM and MIC values of 12.5 pM, hybrids 25 and
29 indicated the strongest anti-fungal activity against C. albi-
cans; nevertheless, the MFC to MIC Rate deemed that they were
fungistatic.

2.2.3. Activity against biofilms. Since bacterial biofilm can
cause a number of chronic illnesses, as was previously noted,
effective therapies have become uncertain because of signifi-
cant antibiotic resistance.®*®” Therefore, we evaluated the
candidate hybrids for their antibiofilm activity at sub-inhibitory
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acin 24 25 26 27 28 29 30 31
90%MIC 83.96 91.99 89.29 9111 91.81 9152 9199 9152 90.17
m75%MIC  82.20 91.30 88.42 89.17 89.75 89.34 90.81 86.87 56.38
m50%MIC 80.62 20.78 80.08 87.46 84.40 8399 84.69 80.04 43.14
% Inhibition

Fig. 2 Biofilm formation inhibition by
Levofloxacin at 50%, 75% and 90% MIC.

evaluated hybrids versus
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concentrations to confirm that the antibiofilm activity was not
due to bacteriostatic or bactericidal effect. Treatment of P. aer-
uginosa with each of the synthesized hybrids at 90% MIC
resulted in 89 to 92% reduction in the production of biofilms in
comparison to the untreated ones, outperforming Levofloxacin.
Similar biofilm inhibition was noted upon administering 75%
MIC of each assessed hybrid, excluding an outlier hybrid 31.
Examining biofilm inhibition at 50% MIC of assessed hybrids,
similarly, displayed the strong biofilm inhibition, with however
two outlier compounds 28 and 31 (Fig. 2).

2.2.4. Time-kill kinetics. The time-killing results of 24-31
are plotted in Fig. 3. For all eight hybrids, the killing kinetics
against P. aeruginosa was time dependent. Higher hybrid
concentrations led to a more rapid decrease in CFU number.
For hybrids 24, 26, 27 and 29, at 2-fold MIC, primary bacterial
elimination was noticed after 3 hours, whereas bacterial elim-
ination almost competed after 12 hours. Administering 4-fold
and 8-fold MIC resulted in significant P. aeruginosa elimination
starting at 6 hours. At 4-fold MIC of hybrids 28 and 31, P. aer-
uginosa were almost completely killed in 24 hours, whereas
primary bacterial elimination was noted at 3 hours. Adminis-
tering 8-fold MIC resulted in significant P. aeruginosa elimina-
tion starting at 12 hours. At 8-fold MIC of hybrids 25 and 30, all
P. aeruginosa elimination was primarily observed after 3 hours
and almost completed after 24 hours.

2.2.5. Inhibition of DNA gyrase. The potential of the novel
quinoxaline hybrids to inhibit P. aeruginosa DNA-gyrase was
assessed in vitro in comparison to a widely used antibiotic
ciprofloxacin (Table 4). The produced compounds’ ICs, values
were expressed in-relation to ciprofloxacin, which was identified
to possess a value of an ICs, of 143.1 uM (Fig. 4). The most
effective DNA gyrase inhibitors were hybrids 25, 28, and 31, with
ICs, values that were noticeably lower than those of ciprofl-
oxacin (77.3, 87.6, and 65.5 uM). With values of 144.7 and 147.8
uM, respectively, hybrids 26 and 30 displayed DNA gyrase
inhibition analogous to that of ciprofloxacin. With ICs, values
surpassing 150 uM, the remaining hybrids showed minimal
inhibition against DNA gyrase.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Time-kill effect of 24—31 against P. aeruginosa versus growth control (GC).

2.3.

This work exploited the novel compounds’ biological processes
to understand the connection between structure and the action

The study of the structure-activity relationship (SAR)

(Fig. 5). The impact of the most potent chemicals on DNA
Gyrase inhibitory verified that the 3-chloro-quinoxalinyl bearing

250.0
200.0
Table 4 DNA gyrase inhibition activity of synthesized hybrids versus
ciprofloxacin < 150.0
3
DNA gyrase supercoiling 5 100.0
Cpd. no. ICs0 (UM) -
24 172.7 + 15.1 50.0
25 77.3 £15.5
26 144.7 £ 15.2 0.0
27 200.8 £ 16.4
28 87.6 = 16.0
29 182.2 £ 16.5
30 147.8 £ 15.6
31 65.5 + 16.8
Ciprofloxacin 143.1 + 11.2 gyrase.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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hybrids are generally more active than 3-hydroxy-quinoxalinyl
derivatives. Substitution on the ring of the N-phenyl demon-
strated a pattern in the inhibitory effect of DNA gyrase, where
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Fig. 4 The ICsq values of artificial hybrids on P. aeruginosa DNA
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Fig. 5 SAR of pyrrolidine—quinoxaline hybrids.

electron-withdrawing groups on the para position demon-
strated superior activity to Ciprofloxacin as observed with 28
and 31. The remaining 3-chloro-quinoxalinyl hybrids bearing
electron-donating groups on the N-phenyl ring (30) and (29)
demonstrated DNA gyrase inhibitory activity either equipotent
or lower than Ciprofloxacin, respectively. This finding confirms
the importance of bearing electron-withdrawing groups at both
R and R'. Most importantly, Presence of 3-hydroxy substitution
on the N-phenyl ring generally resulted in lower DNA gyrase
inhibitory activity, however equipotent to Ciprofloxacin. Such
a trend was not noted in hybrid 26, bearing two hydroxyl groups.
A plausible explanation for this exception suggests the forma-
tion of an extra compensatory hydrogen bond with DNA gyrase.
It was noted, however that hybrids bearing both R groups as
electron-donating still exhibited equipotent or superior DNA
gyrase inhibitory activity to Ciprofloxacin (hybrids 26 and 25,
respectively).

2.4. In silico ADME

To assess the physicochemical characteristics of the produced
hybrids in comparison to levofloxacin, amoxicillin, and fluco-
nazole, a simulated study was conducted.®®*”° In terms of their
physicochemical characteristics, all compounds and reference
drugs—aside from 27—display zero breaches of the Lipinski's
requirements regarding oral medications, as stated by Table 5.
With the exception of 27 and amoxicillin, all examined deriva-
tives and references adhere to Veber's requirements.

View Article Online

Paper
Table 6 TPSA and %ABS of the synthesized differences
Cpd. no. TPSA % ABS
24 131.240 63.720
25 107.450 71.920
26 127.680 64.950
27 153.270 56.120
28 111.010 70.700
29 87.220 78.900
30 107.450 71.920
31 133.040 63.100
Levofloxacin 84.240 79.180
Amoxicillin 158.260 52.980
Fluconazole 81.650 80.090
Ciprofloxacin 74.570 82.600

Additionally, all hybrids exhibit high flexibility with no more
than six rotatable bonds. This implies that oral consumption of
the eight hybrids is possible. Each analogue was given a score
between 3.05 and 3.76 for ease of manufacturing, suggesting
that a large number of them can be produced on a large scale.

Additionally, the percentage was computed using TPSA as
follows: % ABS = 109 — (0.354 x TPSA).”>”> All of the prospec-
tive antibacterial agents possess estimated absorption
percentages between 87 and 154%, which indicates strong oral
bioavailability analogous to reference medications. The
percentage of ABS ranges from 56 to 79% (Table 6).

The findings of monitoring the new antibacterial hybrids for
pharmacokinetic and medicinal chemistry characteristics
suggest that, with the exception of 27 and amoxicillin, every
other compound has demonstrated adequate GI tract absorp-
tion. They can't overcome all, however, overcome the brain-
blood barrier. Every hybrid has a high probability of effluxing
outside the cell and is a P-gp (P-glycoprotein) substrate.

Furthermore, inhibition of metabolic enzymes by investi-
gated hybrids was computationally assessed. Predictions
revealed that hybrid 26 did not inhibit any of the assessed
metabolic enzymes, whereas 27 only inhibited CYP2C9.

All investigated hybrids received a bioavailability score of
0.55, with the exception of derivative 24, which received a score
of 0.56, analogous to the other reference drugs. We assessed
every hit, and PAINS showed no warnings. In order to avoid

Table 5 Physicochemical characteristics of the most physiologically active drugs compared to reference medications

Cpd. no. HBD HBA MW MlogP No. of rotatable bonds  Lipinski's violations ~ Veber's violations  Synthetic accessibility
24 3 6 388.38 1.09 5 0 0 3.64
25 3 5 391.42  2.16 5 0 0 3.76
26 4 6 379.37 1.2 5 0 0 3.67
27 3 7 408.37  0.88 6 1 1 3.71
28 2 5 406.83 1.68 5 0 0 3.05
29 2 4 409.87  2.76 5 0 0 3.31
30 3 5 397.82 1.8 5 0 0 3.30
31 2 6 426.81  1.47 6 0 0 3.49
Levofloxacin 2 7 379.38 0.2 2 0 0 3.74
Amoxicillin 4 6 365.40 0.23 5 0 1 4.17
Fluconazole 1 7 306.27 1.47 5 0 0 2.45
Ciprofloxacin 2 5 331.34 1.28 3 0 0 2.51
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Table 7 Medicinal chemistry parameters and pharmacokinetic features
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GI BBB Pgp CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4 Bioavailability PAINS
Cpd. no. absorption  permeation substrate inhibitor inhibitor inhibitor  inhibitor inhibitor  score alerts
24 High No Yes Yes No Yes No No 0.56 0
25 High No Yes Yes No Yes Yes Yes 0.55 0
26 High No Yes No No No No No 0.55 0
27 Low No Yes No No Yes No No 0.55 0
28 High No Yes Yes No Yes Yes Yes 0.55 0
29 High No Yes Yes Yes Yes Yes Yes 0.55 0
30 High No Yes Yes No Yes Yes Yes 0.55 0
31 High No Yes No Yes Yes No Yes 0.55 0
Levofloxacin High No Yes No No No No No 0.55 0
Amoxicillin Low No No No No No No No 0.55 0
Fluconazole High No Yes No Yes No No No 0.55 0
Ciprofloxacin  High No Yes No No No No No 0.55 0

inaccurate outcomes, PAINS are important considerations while
developing drugs (Table 7). The evaluated substances’
bioavailability radar is illustrated within Fig. 6. The intended
hybrids revealed promise as attractive agents for antibacterial
treatment by exhibiting typically very good physicochemical
properties.

2.5. Toxicity assessment in silico

The pkCSM online tools confirm the security of the most active
hits since, as shown in Table 8, with the exception of 31, none
have demonstrated the potential for mutagenicity according to
AMES toxicity, equivalent to that of Levofloxacin and Flucona-
zole. Furthermore, compared to Fluconazole (0.114 log mg per
kg per day) and other hits, hybrid 26 demonstrated a maximum
acceptable human dose of 0.261 log mg per kg per day. The LDs,
value of compound 31 has been estimated to be 2.587 mol kg™,
which is considerably higher than that of Fluconazole and
equivalent to that of Levofloxacin. Additionally, compound 26
had an LOAEL value of 2.798log mg per kg bw per day,
surpassing the values of all hits and the reference drugs. The
potassium channels encoded by the hERG gene control the
repolarization of cardiac action potentials. Pharmaceutical
companies are concerned because blocking. These channels
may cause cardiovascular problems that could be fatal. While
every potent ingredient was expected to have an inhibitory
impact on hERG-II, it was shown that they had no effect on
hERG-1.

The pkCSM server was used to examine hepatotoxicity. All
active hits, including reference medications, were predicted to
be hepatotoxic. Skin discomfort was not evident in any of the
hits. It was expected that Levofloxacin, Fluconazole, and active
hybrids would be categorized as a class IV (GHS) utilizing the-
ProTox-II identification webtool (Table 8). It was discovered
that all active hybrids had LDs, values exceeding the reference
medications. None of the active hits were supposed to be
immunotoxic, cytotoxic, or mutagenic. The active hybrids and
reference drugs were expected to exhibit both neurotoxicity and
clinical toxicity. Neither the voltage-gated sodium channel
(VGSC) nor the phosphoprotein (tumor suppressor) p53 were
suppressed by those active hybrids.

© 2026 The Author(s). Published by the Royal Society of Chemistry

2.6. Molecular docking

The investigated hybrids were docked against DNA gyrase (PDB
ID: 8BN6) to predict binding mode and interactions. The bound
ligand was separately redocked to validate the docking proce-
dure Validation was confirmed by visualizing the overlay of the
original and the redocked pose (Fig. 7) and calculated RMSD
value of 0.79 A. The investigated hybrids were docked imple-
menting the same parameters. The 2D interactions and energy
scores are recorded (Table 9).

The interaction of co-crystalized ligand with DNA Gyrase
involved six alkyl-type van der Waals interactions with val73,
Val169, Val45 and Val122. Two H-bonds were noted between the
co-crystalized ligand and key amino acids: Arg138 and Thr167.
Three pi-alkyl interactions were observed with Pro81 and Ile96.
Glu52 interacted with the ligand through two pi-anion inter-
actions, whereas Arg78 interacted through one pi-cation inter-
actions. Amide-pi stacked interaction was involved with Asn48.

Docking of ciprofloxacin as a reference against DNA Gyrase
demonstrated that the binding energy was —9.70 kcal per mol.
Ciprofloxacin was able to interact with key amino acids;
including three H-bonds with The167, Arg138 and Arg78, two
alkyl-type van der Waals interactions with Ile96 and Ile80, one
pi—alkyl interaction with Ile80, one amide-pi stacked interac-
tion with Asn48, and two pi-anion interactions with Glu52.

Simulation of the hybrid 25 binding showed that the binding
energy was —8.12 kcal mol ', Key amino acids were involved in
the interaction of 25 with DNA Gyrase. Such interactions
included two amide-Pi stacked interactions with Asn48, two pi-
alkyl-type van der Waals interactions with Ile96 and Val122, one
H-bond with Thr167 and one alkyl-type van der Waals with
Ile96. Additional interactions included two pi-alkyl interactions
with Ile80, two H-bonds with Asp75 and one amide—pi stacked
interaction with Gly79.

Binding simulation of hybrid 28 demonstrated a binding
energy of —8.05 kcal mol™". Key amino acids were involved in
the interaction of 28 with DNA Gyrase. Such interactions
included two pi-alkyl-type van der Waals interactions with Ile96,
one H-bond with Val122. Additional interactions involved two
pi—alkyl interactions with Ile 80, and one amide-pi stacked
interaction with Gly79.
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Fig. 6 The bioavailability radar of the assessed hybrids and the drugs that are referenced are correlated. The area that is colored provides ideal
chemical and physical conditions for absorption through the mouth. Insolubility (INSOLU), unsaturation (INSATU), polarity (POLAR), molecular

weight (SIZE), lipophilicity (LIPO), and flexibility (FLEX).

Binding simulation of hybrid 31 revealed that the binding
energy score was —10.80 kcal mol . Although docking scores
do not strictly follow experimental ICs, values, the binding
energy of 31 still confirms superiority to Ciprofloxacin in silico.
Key amino acids were involved in the interaction of 31 with DNA
Gyrase. Such interactions included three pi-alkyl-type van der
Waals interactions with Val169, Val122 and Ile96, one H-bond
with Glu52, and two amide-pi stacked interactions with
Asn48. Additional interactions involved two pi-alkyl interac-
tions with Ile80.

14646 | RSC Adv, 2026, 16, 14638-14659

The binding mode and energies of the remaining hybrids are
noted in (Table 9, Fig. 8 and 9).

3. Experimental

3.1. Chemistry

3.1.1. Synthesis of 16-23

3.1.1.1 Method A. In a flask with a round bottom, 1 mmol
(0.13 g) of itaconic acid (1) was mixed with 1 mmol of each of the
respective amines 8-15 with water. The mixture of the reaction

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Toxicity of the most active hybrids 25, 26, 30, and 31 versus with Levofloxacin and Fluconzaole

Most active compounds

Test 25 26 30 31 Levofloxacin Fluconazole
pkCsM”?

AMES toxicity No No No Yes No No
Max. tolerated dose (human) —0.11 0.261 0.144 0.021 0.965 0.114
hERG I inhibitor No No No No No No
hERG II inhibitor Yes Yes Yes Yes No No
Oral rat acute toxicity (LDso) 2.046 2.089 2.116 2.587 2.59 2.328
Oral rat chronic toxicity (LOAEL) 1.504 2.798 2.046 2.07 1.791 1.033
Hepatotoxicity Yes Yes Yes Yes Yes Yes
Skin sensitization No No No No No No

T. Pyriformis toxicity 0.405 0.346 0.357 0.326 0.285 0.312
Minnow toxicity 0.812 1.777 0.187 —0.601 1.273 3.872
ProTox-II prediction”

LDs, (mg kg™) 2000 1600 1600 2000 1478 1271
Toxicity class v v v v v v
Neurotoxicity +0.72 +(0.73) +(0.9) +(0.57) +(0.93) +(0.91)
Nephrotoxicity —(0.53) —(0.53) +(0.58) —(0.54) +(0.85) —(0.61)
Immunotoxicity —(0.99) —(0.98) —(0.96) —(0.98) —(0.99) —(0.83)
Mutagenicity —(0.57) —(0.58) —(0.54) +(0.79) +0.66) —(0.52)
Cytotoxicity —(0.57) —(0.6) —(0.6) —(0.53) —(0.69) —(0.76)
Clinical toxicity +(0.66) +(0.68) +(0.73) +(0.58) +(0.62) +(0.55)
Phosphoprotein (tumor suppressor) —(0.88) —(0.88) —(0.87) —(0.86) —(0.98) —(0.97)
p53

Voltage gated sodium channel (VGSC) —(0.89) —(0.76) —(0.7) —(0.82) —(0.95) (0.95)

underwent reflux heating for 24 hours. The resulting precipi-
tates were filtered recrystallized from ethanol.”>®

3.1.1.2 Method B. In a beaker of 250 mL, 1 mmol (0.13 g)
itaconic acid (1) was dissolved in the least amount of ethanol
and mixed with 1 mmol of each of the respective amines 8-15.
The reaction solution was sonicated until reaction completion,
monitored by TLC.

3.1.1.3 Method C. In a 250 mL beaker, 1 mmol (0.13 g) ita-
conic acid (1) was dissolved in the least amount of ethanol and
mixed with 1 mmol of each of the respective amines 8-15. The
reaction solution was microwaved in domestic microwave until
reaction completion, monitored by TLC.

3.1.1.4 1-(3-Chlorophenyl)-5-oxopyrrolidine-3-carboxylic acid,
8. Yellowish powder; yield: 91%, m.p. 187-189 °C; "H NMR (400
MHz, CDCl,): 6 = 12.38 (s, 1H, COOH), 7.28-7.24 (m, 3H, A-H),
7.20-7.15 (m, 1H, A-H), 4.19 (dd, J = 11.9, 4.4 Hz, 1H, pyrroli-
dine CH,), 3.93 (dd, J = 11.9, 4.4 Hz, 1H, pyrrolidine CH,), 3.33-
3.24 (m, 1H, pyrrolidine CH), 2.78 (dd, J = 15.0, 5.6 Hz, 1H,
pyrrolidine CH,), 2.53 (dd, J = 15.0,5.6 Hz, 1H, pyrrolidine CH,).

3.1.1.5 1-(4-Chlorophenyl)-5-oxopyrrolidine-3-carboxylic acid,
9. Yellowish powder; yield: 95%, m.p. 184-185 °C; "H NMR (400
MHz, CDCl,): 6 = 12.14 (s, 1H, COOH), 7.31-7.22 (m, 2H, A-H),
7.08-7.00 (m, 2H, A-H), 4.15 (dd, J = 11.8, 4.5 Hz, 1H, pyrroli-
dine CH,), 3.90 (dd, J = 11.8, 4.2 Hz, 1H, pyrrolidine CH,), 3.37-
3.27 (m, 1H, pyrrolidine CH), 2.76 (dd, J = 14.9, 5.5 Hz, 1H,
pyrrolidine CH,), 2.51 (dd, J = 14.9,5.5 Hz, 1H, pyrrolidine CH,).

3.1.1.6 1-(4-Cyanophenyl)-5-oxopyrrolidine-3-carboxylic acid,
10. Orange powder; yield: 90%, m.p. 181-183 °C; "H NMR (400
MHz,CDCl,): 6 = 12.38 (s, 1H, COOH), 7.58 (d, ] = 7.5 Hz, 2H, A-

© 2026 The Author(s). Published by the Royal Society of Chemistry

H), 7.30 (d, ] = 7.1 Hz, 2H, A-H), 4.17 (dd, J = 11.7, 4.2 Hz, 1H,
pyrrolidine CH,), 3.92 (dd, J = 12.0,4.4 Hz, 1H, pyrrolidine CH,),
3.29 (p,J = 4.9 Hz, 1H, pyrrolidine CH), 2.78 (dd, J = 14.8,5.6 Hz,
1H, pyrrolidine CH,), 2.53 (dd, J = 14.8,5.6 Hz, 1H, pyrrolidine
CH,).

3.1.1.7 1-(2,5-Dimethylphenyl)-5-oxopyrrolidine-3-carboxylic
acid, 11. Ligh yellow powder; yield: 92%, m.p. 196-198 °C; 'H
NMR (400 MHz, CDCl;): 6 = 12.13 (s, 1H, COOH), 6.97 (d, ] =
2.8 Hz, 1H, A-H), 6.87 (d, J = 8.5 Hz, 1H, A-H), 6.72 (dd, J =
8.6,2.9 Hz, 1H, A-H), 4.32 (dd, J = 11.6, 4.3 Hz, 1H, pyrrolidine
CH,), 4.07 (dd, J = 11.6, 4.3 Hz, 1H, pyrrolidine CH,), 3.04-2.93
(m, 1H, pyrrolidine CH), 2.70 (dd, J = 15.0, 5.6 Hz, 1H, pyrro-
lidine CH,), 2.44 (dd, J = 14.9, 5.6 Hz, 1H, pyrrolidine CH,), 2.17
(s, 3H, CH3), 2.09 (s, 3H, CHj).

3.1.1.8 1-(3-Hydroxyphenyl)-5-oxopyrrolidine-3-carboxylic
acid, 12. Yellowish powder; yield: 89%, m.p. 179-181 °C; 'H
NMR (400 MHz,CDCL,): 6 = 12.38 (s, 1H, COOH), 7.98 (s, 1H,
OH), 7.11 (t,] = 7.9 Hz, 1H, A-H), 7.02 (d, ] = 7.1 Hz, 1H, A-H),
6.65 (d, J = 8.3 Hz, 1H, A-H), 6.59 (d, J = 2.6 Hz, 1H, A-H), 4.19
(dd, J = 11.9, 4.3 Hz, 1H, pyrrolidine CH,), 3.93 (dd, J = 11.9,
4.4 Hz, 1H, pyrrolidine CH,), 3.29 (p,J = 4.8 Hz, 1H, pyrrolidine
CH), 2.78 (dd, J = 15.0, 5.4 Hz, 1H, pyrrolidine CH,), 2.53 (dd, J
= 15.1, 5.6 Hz, 1H, pyrrolidine CH,).

3.1.1.9 1-(4-Nitrophenyl)-5-oxopyrrolidine-3-carboxylic  acid,
13. Orange powder; yield: 88%, m.p. 198-200 °C; 'H NMR (400
MHz, CDCl;): 6 = 13.14 (s, 1H, COOH), 8.05 (d, J = 7.2 Hz, 2H,
A-H),7.43 (d,] = 7.4 Hz, 2H, A-H), 3.98 (dd, ] = 11.9, 4.4 Hz, 1H,
pyrrolidine CH,), 3.73 (dd, J = 11.8, 4.3 Hz, 1H, pyrrolidine
CH,), 3.38 (p,J = 4.8 Hz, 1H, pyrrolidine CH), 2.79 (dd, J = 14.9,
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Fig.7
Ciprofloxacin.

5.6 Hz, 1H, pyrrolidine CH,), 2.54 (dd, /] = 14.8, 5.6 Hz, 1H,
pyrrolidine CH,).

3.1.1.10 1-(Naphthalen-1-yl)-5-oxopyrrolidine-3-carboxylic
acid, 14. Light yellow powder; yield: 92%, m.p. 195-196 °C; 'H
NMR (400 MHz, CDCl,): 6 = 12.13 (s, 1H, COOH), 7.78-7.64 (m,
3H, A-H), 7.42-7.22 (m, 3H, A-H), 7.14 (d, ] = 7.8 Hz, 1H, A-H),
4.32 (dd, J = 11.5, 4.3 Hz, 1H, pyrrolidine CH,), 4.06 (dd, J =
11.6, 4.4 Hz, 1H, pyrrolidine CH,), 2.99 (p, J = 4.6 Hz, 1H, pyr-
rolidine CH), 2.70 (dd, J = 15.0, 5.7 Hz, 1H, pyrrolidine CH,),
2.45 (dd, J = 15.0, 5.6 Hz, 1H, pyrrolidine CH,).

3.1.1.11 5-Oxo-1-phenylpyrrolidine-3-carboxylic  acid, 15.
Yellow powder; yield: 90%, m. p. 186-187 °C; "H NMR (400
MHz,CDCly): 6 = 12.38 (s, 1H, COOH), 7.36-7.15 (m, 5H, A-H),
4.17 (dd, J = 11.9, 4.2 Hz, 1H, pyrrolidine CH,), 3.92 (dd, J =
11.9, 4.4 Hz, 1H, pyrrolidine CH,), 3.33-3.24 (m, 1H, pyrrolidine
CH), 2.78 (dd, J = 15.0, 5.6 Hz, 1H, pyrrolidine CH,), 2.53 (dd, J
= 15.0, 5.6 Hz, 1H, pyrrolidine CH,).

3.1.2. Synthesis of hybrids 24-31. In a 250 mL beaker,
1 mmol of 2-hydroxy-3-hydrazinylquinoxaline (4) (0.17 g) or 2-
chloro-3-hydrazinylquinoxaline (6) (0.19 g) was dissolved in the
least amount of ethanol with 1 mmol of each of fragments 18-
21. The reaction solution was sonicated until reaction comple-
tion monitored by TLC.”*®
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3.1.2.1 1-(4-Cyanophenyl)-N'-(3-hydroxyquinoxalin-2-yl)-5-
oxopyrrolidine-3-carbohydrazide, 24. Orange powder; yield:
(59%), m.p. 264-265 °C; IR (KBr, cm ') = 3474-3359 (2NH &
OH), 3073 (CH aromatic), 2214 (CN), 1687 (br. 2C=0); '"H NMR
(400 MHz, CDCl,): 6 = 12.87 (s, 1H, OH), 11.04 (d, ] = 6.6 Hz, 1H,
-NH-NH-CO), 8.18 (d, / = 6.8 Hz, 1H, NH-NH-CO), 8.05 (dd, J
= 7.7, 2.0 Hz, 1H, A-H), 7.73-7.52 (m, 5H, A-H), 7.30 (d, J =
7.8 Hz, 2H, A-H), 4.17 (dd, J = 12.4, 3.6 Hz, 1H, pyrrolidine
CH,), 3.92 (dd, J = 12.5, 3.5 Hz, 1H, pyrrolidine CH,), 3.12 (m,
1H, pyrrolidine CH), 2.52 (dd, J = 15.7, 4.9 Hz, 1H, pyrrolidine
CH,), 2.33 (dd, J = 15.6, 4.9 Hz, 1H, pyrrolidine CH,); >*C NMR
(100 MHz,CDCl,): 6 = 172.77 (C=0), 171.24 (C=O0), 146.52,
141.54, 140.22, 136.97, 136.51, 132.41, 128.93, 126.45, 125.38,
123.42, 118.23 (CN), 117.28, 102.21, 48.51 (pyrrolidine CH,),
38.02 (pyrrolidine CH), 36.42 (pyrrolidine CH,); MS(EI, 70 eV):
miz (%) = 388 [M'"] (18%), 356.46 (100%); anal. cale. for:
Ca0H16NO; (388.38): C, 61.85; H, 4.15; N, 21.64; found: C, 61.80;
H, 4.17; N, 21.68.

3.1.2.2 1-(2,5-Dimethylphenyl)-N'-(3-hydroxyquinoxalin-2-yl)-
5-oxopyrrolidine-3-carbohydrazide, 25. Light brown powder;
yield: (77%), m.p. 271-272 °C; IR (KBr, cm ™) = 3369-3280 (br.
2NH & OH), 3060 (CH aromatic), 2971, 2860 (CH aliphatic), 1698
(br. 2C=0; 'H NMR (400 MHz,CDCl,): 6 = 12.86 (s, 1H, OH),
10.79 (d, J = 6.8 Hz, 1H, -NH-NH-CO), 8.88 (d, ] = 6.6 Hz, 1H,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 9 Binding energies and interactions of bound ligand and hybrids against DNA Gyrase (PDB: 8BN6)
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S S Type of Length
Cpd. no. (kcal mol™") Type of interaction Amino acid Length (A) Cpd. no. (kcal mol™) interaction Amino acid (A)
24 —8.35 Amide-Pi stacked  Asn48 5.01 28 —8.05 Pi-alkyl Ile8o 4.44

Amide-Pi stacked  Asn48 4.66 Pi-alkyl Ile8o 4.51
Pi-alkyl Ile80 4.41 Amide-Pi  Gly79 4.50
stacked
Pi-alkyl 1le80 4.40 H-bond Val122 4.85
H-bond Thr167 2.17 Pi-alkyl Ile96 5.55
H-bond Asp75 1.97 Pi-alkyl Ile96 7.25
Amide-Pi stacked  Gly79 5.10
Pi-alkyl 1le96 4.78
Pi-alkyl val122 5.35
H-bond Arg138 2.96
25 —8.12 Amide-Pi stacked  Asn48 4.64 29 —7.66 Alkyl Ile96 5.35
Amide-Pi stacked  Asn48 5.00 Alkyl Pro81 4.41
Pi-alkyl Ile80 4.41 H-bond Arg138 2.82
Pi-alkyl 1le80 4.44 Pi-alkyl 1le80 4.25
H-bond Asp75 1.95 Pi-alkyl 1le8o 4.23
H-bond Asp75 3.12 Amide-Pi  Gly79 4.80
stacked
Amide-Pi stacked  Gly79 5.12
Pi-alkyl Ile96 4.46
Alkyl Ile96 4.52
H-bond Thr167 2.16
Pi-alkyl Val122 5.32
26 —7.81 H-bond Arg138 2.23 30 —10.20 H-bond Asp51 1.96
H-bond Asp75 2.79 Amide-Pi  Asn48 5.07
stacked
H-bond Gly79 2.27 Amide-Pi  Asn48 4.69
stacked
Amide-Pi-stacked  Gly79 4.36 Pi-alkyl Val122 5.25
Pi-alkyl 1le80 4.10 Pi-alkyl Val169 5.43
Pi-alkyl 1le80 4.37 Pi-alkyl Tleso 5.32
H-bond Glu52 2.85 Pi-alkyl 1le80 4.29
27 —7.41 Pi-alkyl ILE96 4.48 31 —10.80 H-bond GLU52 3.07
Pi-alkyl VAL122 5.34 Pi-alkyl ILE8O 4.34
H-bond ARG138 3.06 Pi-alkyl ILESO 5.42
Amide Pi-stacked =~ ASN48 4.99 Pi-alkyl VAL169 5.35
Amide Pi-stacked ASN48 4.65 Amide ASN48 5.08
Pi-stacked
Pi-alkyl ILE8O 4.43 Amide ASN48 4.65
Pi-stacked
Pi-alkyl ILE8SO 4.41 Pi-alkyl VAL122 5.22
H-bond ASP75 3.12 Pi-alkyl ILE96 4.66
H-bond ASP75 1.95
Amide Pi-stacked GLY79 5.11
H-bond THR167 2.16
Co-crystalized —9.34 H-bond ARG138 2.17 Ciprofloxacin  —9.70 H-bond ARG138 7.22
Pi-cation ARG78 4.05 Pi-anion GLU52 6.62
Pi-alkyl PROS81 4.21 Pi-anion GLU52 5.34
Pi-alkyl PROS81 4.37 Pi-alkyl ILESO 4.88
Pi-anion GLU52 5.18 Alkyl ILESO 5.73
Pi-anion GLU52 3.78 H-bond THR167 3.93
Pi-alkyl ILE96 5.23 Halogen ASP75 5.58
H-bond THR167 2.94 Amide-pi ASN48 6.59
stacked
Alkyl VAL73 4.87 Alkyl ILE96 4.64
Amide-Pi stacked ~ ASN48 4.50 H-bond ARG78 5.40
Alkyl VAL169 4.95
Alkyl VAL169 4.41
Alkyl VAL45 5.03
Alkyl VAL45 4.18
Alkyl VAL122 3.77

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Binding mode and ligand interactions of (A) 24 (B) 25 (C) 26 (D) 27.

NH-NH-CO), 7.91 (dd, J = 8.0, 1.6 Hz, 1H, A-H), 7.68 (dd, J = 1H, pyrrolidine CH,), 3.96 (dd, J = 12.3, 3.7 Hz, 1H, pyrrolidine
8.0,1.8 Hz, 1H, A-H), 7.65-7.52 (m, 2H, A-H), 7.12 (d,/ = 8.2 Hz, CH,), 3.34-3.25 (m, 1H, pyrrolidine CH), 2.75 (dd, J = 15.7,
1H, A-H), 6.98 (d,] = 8.2 Hz, 2H, A-H), 4.21 (dd,/ = 12.2,3.6 Hz, 4.9 Hz, 1H, pyrrolidine CH,), 2.53 (dd, J = 15.7, 4.9 Hz, 1H,
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Fig. 9 The ligand interactions and binding mechanism of (A) 28 (B) 29 (C) 30 (D) 31.

pyrrolidine CH,), 2.28 (s, 3H, CH3), 2.10 (s, 3H, CH3); *C NMR
(100 MHz,CDCl;): 6 = 172.15 (C=0), 171.54 (C=0), 145.99,
140.73, 137.35, 136.84, 135.02, 132.42, 129.63, 129.36, 129.05,
126.42, 125.73, 123.93, 123.84, 121.82, 49.31 (pyrrolidine CH,),

© 2026 The Author(s). Published by the Royal Society of Chemistry

38.12 (pyrrolidine CH), 36.32 (pyrrolidine CH,), 19.52 (CHj;),
16.53 (CHs); MS (EI, 70 €V): m/z (%) = 391.94 [M""] (16.89%),
74.07 (100%); anal. calc. for: C,;H,;N50; (391.42): C, 64.44; H,
5.41; N, 17.89; found: C, 64.48; H, 5.38; N, 17.85.
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3.1.2.3 1-(3-Hydroxyphenyl)-N'-(3-hydroxyquinoxalin-2-yl)-5-
oxopyrrolidine-3-carbohydrazide, 26. Dark yellow powder; yield:
(62%), m.p. 243-244 °C; IR (KBr, cm ') = 3422-3269 (br. 2NH &
20H), 3070 (CH aromatic), 1656-1703 (br. 2C=0; *H NMR (400
MHz,CDCl,): 6 = 11.03 (s, 1H, OH), 8.80 (d, ] = 6.6 Hz, 1H, -NH-
NH-CO), 8.60 (s, 1H, OH), 8.17 (d,J = 8.1 Hz, 1H, A-H), 7.73 (dd,
J=8.1,1.6 Hz, 1H, 1H, A-H), 7.70-7.54 (m, 2H, 1H, A-H), 7.09 (t,
J=7.9Hz, 1H, 1H, A-H), 6.83 (d, ] = 6.9 Hz, 1H, A-H), 6.68 (d, ]
= 8.6 Hz, 1H, A-H), 6.54 (t, ] = 2.3 Hz, 1H), 5.90 (d, ] = 6.8 Hz,
1H, -NH-NH-CO), 3.90 (dd, J = 12.5, 3.5 Hz, 1H, pyrrolidine
CH,), 3.65 (dd, J = 12.5, 3.7 Hz, 1H, pyrrolidine CH,), 3.08-3.00
(m, 1H, pyrrolidine CH), 2.54 (dd, J = 15.6, 4.9 Hz, 1H, pyrro-
lidine CHS,), 2.40 (dd, J = 15.8, 4.8 Hz, 1H, pyrrolidine CH,); *C
NMR (100 MHz,CDCl,): 6 = 173.48 (C=0), 172.48 (C=O0),
158.81, 147.23, 147.07, 140.85, 136.93, 135.59, 131.70, 131.16,
129.32, 125.08, 122.44, 117.35, 109.00, 106.54, 49.02 (pyrroli-
dine CH,), 40.83 (pyrrolidine CH), 38.00 (pyrrolidine CH,); MS
(EI, 70 eV): m/z (%) = 379.40 [M""] (19.76%), 190.16 (100%);
anal. calc. for: C10H;,N50, (379.37): C, 60.15; H, 4.52; N, 18.46;
found: C, 60.19; H, 4.50; N, 18.48.

3.1.2.4 N'-(3-Hydroxyquinoxalin-2-yl)-1-(4-nitrophenyl)-5-
oxopyrrolidine-3-carbohydrazide, 27. Light brown powder; yield:
(73%), m.p. 267-268 °C; IR (KBr, cm ') = 3480, 3359, 3219 (br.
2NH & OH), 3078 (CH aromatic), 1698 (br. 2C=0; 'H NMR (400
MHz,CDCl,): 6 = 12.86 (s, 1H, OH), 10.79 (d, J = 6.8 Hz, 1H, -
NH-NH-CO), 8.88 (d, J = 6.6 Hz, 1H, -NH-NH-CO), 8.09 (d, ] =
7.8 Hz, 2H, A-H), 7.91 (dd, J = 7.7, 1.8 Hz, 1H, A-H), 7.73-7.42
(m, 5H, A-H), 4.20 (dd, J = 12.5, 3.7 Hz, 1H, pyrrolidine CH,),
3.94 (dd, J = 12.5, 3.6 Hz, 1H, pyrrolidine CH,), 3.28-3.16 (m,
1H, pyrrolidine CH), 2.71 (dd, J = 15.7, 4.9 Hz, 1H, pyrrolidine
CH,), 2.49 (dd, J = 15.6, 4.9 Hz, 1H, pyrrolidine CH,); "*C NMR
(100 MHz,CDCl3): 6 = 172.73 (C=0), 171.24 (C=0), 146.52,
143.90, 141.54, 139.45, 136.97, 136.51, 128.93, 126.45, 125.38,
124.48, 123.42, 119.11, 48.60 (pyrrolidine CH,), 38.03 (pyrroli-
dine CH), 36.42 (pyrrolidine CH,); MS(EL, 70 eV): m/z (%) =
408.60 [M'"] (13.86%), 147.50 (100%); anal. calc. for:
C1oH;6NgOs5 (408.37): C, 55.88; H, 3.95; N, 20.58; found: C, 55.86;
H, 3.96; N, 20.55.

Conjugates 28-31 were afforded by reacting 2-chloro-3-
hydrazinylquinoxaline (6) with fragments 18-21.

3.1.2.5 N'-(3-Chlorogquinoxalin-2-yl)-1-(4-cyanophenyl)-5-
oxopyrrolidine-3-carbohydrazide, 28. Brown powder; yield: (66%),
m.p. 258-259 °C; IR (KBr, cm ™) = 3367-3260 (br. 2NH), 3070
(CH aromatic), 2213 (CN), 1696 (br. 2C=0); 'H NMR (400
MHz,CDCl;): 6 = 10.33 (d,J = 7.0 Hz, 1H, -NH-NH-CO), 8.97 (d,
J = 7.0 Hz, 1H, NH-NH-CO), 8.01-7.86 (m, 2H, A-H), 7.61-7.51
(m, 4H, A-H), 7.30 (d, ] = 7.7 Hz, 2H, A-H), 4.19 (dd, J = 12.5,
3.7 Hz, 1H, pyrrolidine CH,), 3.94 (dd, J = 12.5, 3.6 Hz, 1H,
pyrrolidine CH,), 3.26-3.17 (m, 1H, pyrrolidine CH), 2.71 (dd, J
= 15.7, 5.0 Hz, 1H, pyrrolidine CH,), 2.49 (dd, J = 15.7, 4.9 Hz,
1H, pyrrolidine CH,); *C NMR (100 MHz,CDCl;): 6 = 172.24
(C=0), 171.54 (C=0), 146.11, 141.32, 140.42, 137.80, 132.33,
131.31, 129.74, 127.06, 126.42, 125.81, 117.89, 117.18 (CN),
102.13, 48.78 (pyrrolidine CH,), 38.09 (pyrrolidine CH), 36.37
(pyrrolidine CH,); anal. cale. for: C,,H;5CINgO, (406.83): C,
59.05; H, 3.72; N, 20.66; found: C, 59.08; H, 3.70; N, 20.65.
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3.1.2.6 N'-(3-Chloroquinoxalin-2-yl)-1-(2,5-dimethylphenyl)-5-
oxopyrrolidine-3-carbohydrazide, 29. Light brown powder; yield:
(75%), m.p. 274-276 °C; IR (KBr, cm ') = 3349 (br. 2NH), 3044
(CH aromatic), 2904, 2840 (CH aliphatic), 1656 (br. 2C=0; 'H
NMR (400 MHz, CDCL;): 6 = 10.50 (d, J = 7.0 Hz, 1H, -NH-NH-
CO), 8.16-8.01 (m, 2H, A-H), 7.94 (d, J = 7.0 Hz, 1H, NH-NH-
CO0), 7.61 (dd, J = 6.0, 3.6 Hz, 2H, A-H), 7.14 (d, J = 8.7 Hz, 1H,
A-H), 7.00 (d,] = 7.3 Hz, 2H, A-H), 4.18 (dd, J = 12.2, 3.6 Hz, 1H,
pyrrolidine CH,), 3.93 (dd, J = 12.3, 3.6 Hz, 1H, pyrrolidine
CH,), 3.18-3.09 (m, 1H, pyrrolidine CH), 2.53 (dd, J = 15.6,
4.9 Hz, 1H, pyrrolidine CH,), 2.34 (dd, J = 15.6, 4.9 Hz, 1H,
pyrrolidine CH,), 2.26 (s, 3H, CH3), 2.09 (s, 3H, CH3); °C NMR
(100 MHz,CDCl3): 6 = 172.15 (C=0), 171.54 (C=O0), 146.11,
140.42, 137.80, 137.35, 132.42, 131.31, 129.74, 129.63, 129.36,
127.06, 126.42, 125.81, 123.84, 121.82, 49.31 (pyrrolidine CH,),
38.12 (pyrrolidine CH), 36.32 (pyrrolidine CH,), 19.52 (CHz),
16.53 (CH;); MS(EL, 70 eV): m/z (%) = 411.38 [M + 2] (24.70%),
409.44 [M'] (33.19%), 259.30 (100%); anal. cale. for:
C,1H,0CIN;O, (409.87): C, 61.54; H, 4.92; N, 17.09; found: C,
61.58; H, 4.90; N, 17.14.

3.1.2.7 N'-(3-Chloroquinoxalin-2-yl)-1-(3-hydroxyphenyl)-5-
oxopyrrolidine-3-carbohydrazide, 30. Brown powder; yield: (63%),
m.p. 278-279 °C; IR (KBr, cm ') = 3418-3397 (br. 2NH & 20H),
3076 (CH aromatic), 1651 (br. 2C=0); 'H NMR (400
MHz,CDCl;): 6 = 10.27 (d, ] = 7.0 Hz, 1H, -NH-NH-CO), 9.38 (d,
J = 7.0 Hz, 1H, NH-NH-CO), 7.81-7.72 (m, 1H, A-H), 7.71-7.61
(m, 1H, A-H), 7.49-7.39 (m, 3H, A-H & OH), 7.06-6.97 (m, 2H,
A-H), 6.55-6.49 (m, 1H, A-H), 6.43-6.34 (m, 1H, A-H), 4.24 (dd, J
= 12.5, 3.7 Hz, 1H, pyrrolidine CH,), 3.98 (dd, J = 12.5, 3.7 Hz,
1H, pyrrolidine CH,), 3.17-3.09 (m, 1H, pyrrolidine CH), 2.70
(dd, J = 15.6, 4.9 Hz, 1H, pyrrolidine CH,), 2.45 (dd, J = 15.6,
4.9 Hz, 1H, pyrrolidine CH,); *C NMR (100 MHz,CDCl,):6 =
173.48 (C=0), 172.44 (C=0), 158.81, 149.69, 141.26, 140.85,
139.36, 131.53, 131.16, 130.66, 129.32, 126.83, 124.68, 117.35,
109.00, 106.54, 49.02 (pyrrolidine CH,), 40.79 (pyrrolidine CH),
38.00 (pyrrolidine CH,); MS(EI, 70 eV):m/z (%) = 397.20 [M + 2]
(33.98%), 399.22 [M""] (25.48%), 379.93 (100%); anal. calc. for:
C10H;6CIN;O; (397.82): C, 57.37; H, 4.05; N, 17.60; found: C,
57.33; H, 4.09; N, 17.57.

3.1.2.8 N'-(3-Chloroquinoxalin-2-yl)-1-(4-nitrophenyl)-5-
oxopyrrolidine-3-carbohydrazide, 31. Dark yellow powder; yield:
(51%), m.p. 266-267 °C; IR (KBr, cm ') = 3420-3342 (br. 2NH &
OH), 3067 (CH aromatic), 1686 (br. 2C=0); 'H NMR (400
MHz,CDCl,): 6 = 10.50 (d, J = 7.0 Hz, 1H, -NH-NH-CO), 8.15-
8.01 (m, 4H, A-H), 7.94 (d, J = 7.0 Hz, 1H, NH-NH-CO), 7.61
(dd,] = 6.0, 3.5 Hz, 2H, A-H), 7.40 (d, ] = 7.8 Hz, 2H, A-H), 4.17
(dd, J = 12.5, 3.7 Hz, 1H, pyrrolidine CH,), 3.92 (dd, J = 12.5,
3.6 Hz, 1H, pyrrolidine CH,), 3.12 (p,J = 4.2 Hz, 1H, pyrrolidine
CH), 2.52 (dd, J = 15.7, 4.9 Hz, 1H, pyrrolidine CH,), 2.33 (dd, J
=15.6, 4.9 Hz, 1H, pyrrolidine CH,); *C NMR (100 MHz,CDCl5):
6 = 172.65 (C=O0), 171.12 (C=0), 146.45, 143.82, 139.83,
139.37, 138.67, 130.84, 129.01, 126.36, 126.02, 125.18, 124.41,
119.04, 48.53 (pyrrolidine CH,), 37.94 (pyrrolidine CH), 36.35
(pyrrolidine CH,); MS (EI, 70 eV): m/z (%) = 428.41 [M + 2]
(10.83%), 426.69 [M""] (19.33%), 263.76 (100%); anal. calc. for:

© 2026 The Author(s). Published by the Royal Society of Chemistry
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C10H;5CINGO, (426.82): C, 53.47; H, 3.54; N, 19.69; Found: C,
53.44; H, 3.50; N, 19.67.

3.2. Biology

3.2.1. Agar diffusion approach. The action of the antibac-
terial was assessed utilizing the well-diffusion of Agar test
(Sabaraud Dextrose Agar plates (fungi) and Tryptic Soya Agar
plates (bacteria)) (Oxoid Ltd, UK). Eight different hybrids were
examined for antimicrobial action taken in opposition to test
organisms, namely, Gram-positive bacteria (Methicillin sensi-
tive S. aureus (MSSA) ATCC 25923), Bacteria that are Gram-
negative (P. aeruginosa ATCC 27853, A. baumannii ATCC
19606, K. pneumonia ATCC 700603, E. coli ATCC 25922), and
fungal strain (C. albicans ATCC 10231). Fresh cultures were
utilized to create the bacterial suspensions, which were then
adjusted with saline to 0.5 McFarland-standard (pertaining to 1
x 10® CFU mL™ ). To attain an ultimate accumulation of 1 x 10°
CFU mL™', the fungal suspensions were likewise modified. A
target concentration of 5 mM was obtained by dissolving the
investigated hybrids in DMSO. 200 pL of each hybrid were
applied. Measurements of surrounding clear zones of inhibi-
tion were taken and compared to the negative command. Di-
methylsulphoxide (DMSO) functioned as a negative control.
Fluconazole as well as Levofloxacin were utilized as standard.
Incubation of the plates lasted 24 hours for bacteria and 48
hours for fungus at 35 + 2 °C. The data were asserted using the
well-diffusion technique in triplicate.®**¢

3.2.2. Evaluation of MIC. 96-well microtiter plates with
serial dilutions of the hybrids in Tryptic Soy Broth (TSB-Sigma®)
medium were employed to measure the compounds' MIC
implementing the broth microdilution method (BMM). The
hybrids were prepared as stock solutions in DMSO/TSB 1:10 v/
v. The concentrations varied between 1.5 and 200 pg mL ™, with
fluconazole, levofloxacin, and amoxicillin serving as drug
controls. Briefly, in a microtiter plate, 100 pL of the chemicals to
be tested were combined with 100 uL of TSB and 5 pL of 1 x 10°
CFU mL ™' of the strain under investigation. For bacteria or
fungi, incubation of the plates lasted at 35 + 2 °C for 24 or 48
hours, respectively. MIC was the least amount of concentration
of substance which showed no signs of growth.*”*°

3.2.3. Evaluation of MBC and MFC. After transferring 10 puL
of MIC-tests culture either plates of Tryptic Soya-Agar or Sabo-
uraud Dextrose-Agar and incubating them overnight at 35 2 ©
C for 24 hours or 48 hours for bacteria or fungi, MBC and MFC
of the substances under test were identified. MBC/MFC is
clearly the lowest concentration, resulting in a 99.9% decrease
in the growth of bacteria. If the MBC to MIC or MFC to MIC rate
falls between 1:1 and 2:1, the investigated conjugate was
deemed bactericidal or fungicidal; if the ratio is more than 2: 1,
it was deemed bacteriostatic or fungistatic.”**

3.2.4. Anti-biofilm activity. Using TSB, the inhibitory
impact of studied hybrids on biofilm development was evalu-
ated in 96-well polystyrene flat-bottom plates. Briefly, 200 pL of
freshly inoculated TSB with 1% glucose was aliquoted into plate
wells, resulting in a last focus of 10° CFU per mL of the tested
strain. The culture was conducted in the presence of sub-
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inhibitory doses (50 and 90% of MIC). To remove all of the
planktonic bacterial cells, the cups had next cultured for 24
hours at 37 °C, after that washed three times with PBS.
Following the washing stage, the cups had opened inside a hot
air at 60 °C for 60 minutes, then 150 pL of crystal-violet (CV) at
a 0.1% concentration was put into every well for 15 minutes for
fixing and staining. To get rid of any remaining CV stains, the
washing process was reapplied Addition of 150 uL of 100%
ethanol to each well followed the washing process and the well
OD at 630 nm was measured in a 96-well plate spectropho-
tometer (800 TS Absorbance Reader, Biotek, USA). Every plate
included sterility and growth controls. Ultimately, The formula
below was utilized to ascertain the inhibitory percentages of
biofilm: biofilm inhibitory (%) = [1 — OD nm isolate/OD nm of
positive control] x 100.%°7%

3.2.5. Time kill kinetics. The bactericidal efficacy of the
conjugates under evaluation was confirmed by the time-kill
experiment. P. auerogenosa ATCC 27853 bacterial cultures in
the exponential growth phase (1 x 10° CFU mL™') were
administered treatment in drug-containing tubes under exam-
ination at 8-fold, 4-fold, 2-fold, 1-fold and 0.5-fold MIC, and
incubated at 37 °C. Viable count measurements were made
using samples collected at 0, 3, 6, 12, and 24 hours of incuba-
tion. After being serially diluted, each sample was spread out
across two to four agar plates. CFU were established following
18 to 24 hours of the incubated at 35 °C in 5% CO,. 10 CFU
mL ™! was the limit of detection (LOD). Visual examination of
the colony dispersion on the plates was used to gauge drug
carryover. Growth control was included, involving an experi-
ment without addition of hybrids. A plot of log 10 CFU mL™ " vs.
time (h) was used to depict the bactericidal kinetics of
conjugates.'**'%°

3.2.6. DNA gyrase inhibition assay. See SI."**

115

3.3. In silico ADMET

Pharmacokinetics prediction was performed as reported."*****

3.4. Molecular docking

The 3D layout for DNA gyrase (PDB.: 8BN6) had been extracted
through data bank of the protein (https://www.rcsb.org/) and
prepared using UCSF Chimera.’****” Briefly, the mol2 file of
protein was set by deleting water molecules, adding and
charges and energy minimization. The generated compounds
and respective co-crystallized ligands were sketched in Avoga-
dro software, and their geometries were optimized.”®*** The
prepared protein was imported in AutoDock. Hydrogens were
added and Kollman charges and AD4 atom parameters were
assigned. The grid calculations were set up; —5.5 x 23.5 x 1.1 A
grid with dimensions of 35, 35, 35 respectively, at a resolution of
0.375 A, was created around the compound. Docking
commenced using genetic algorithm search parameters. During
docking, partial Gasteiger charges were applied. Docked
conformations were generated using the Lamarckian evolu-
tionary method and arranged according to their docking energy
in descending order.****** Results visualizations were per-
formed using Biovia Discovery Studio. The same steps were
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repeated for the co-crystallized ligand in order to perform vali-
dation. The RMSD value of the redocked pose was calculated
using DockRMSD online tool.**>3¢

4. Conclusion

This study successfully synthesized and studied several novel
hybrid chemicals, such as quinoxaline, pyrrolidine, and
a hydrazinyl bridge, indicating their potential as strong anti-
bacterial and antifungal medicines. Several compounds had
strong efficacy against different pathogenic strains, according
to the in vitro tests, with eight derivatives demonstrating
notable bactericidal effects. Eight novel conjugates were tested
for antibacterial activity at a dosage of 5 mM. All synthesized
derivatives caused E. coli growth ZOI =15 mm, with hybrids 26,
28, 30, and 31 showing greater reduction than Amoxicillin and
Levofloxacin. Hybrids 24, 27, and 29 were confirmed as bacte-
ricidal agents against E. coli. Hybrids 24, 25, and 31 displayed
MIC of 12.5 uM, whereas they indicate bactericidal hybrids at
higher concentrations against P. aeruginosa. Treatment with
involving all hybrids resulted in 89-92% decrease in biofilm
formation at 90% MIC, outperforming Levofloxacin. The killing
kinetics of eight hybrids against P. aeruginosa were time-
dependent, with higher concentrations leading to a rapid
decrease in CFU number. Primary bacterial elimination
occurred after 3 hours, while 4-fold and 8-fold MICs led to
almost complete elimination. Hybrids 25, 28, and 31 were the
most efficient DNA gyrase inhibitors; their IC50 values were
significantly lower than those of ciprofloxacin (77.3, 87.6, and
65.5 pM). The study reveals that molecular docking studies
reveal effective compounds' binding interactions, confirming
their biological activities. Compounds having drug-like prop-
erties are identified by examining their physicochemical and
pharmacokinetic properties, indicating the possibility of
further development. With future research concentrating on
optimizing lead compounds for clinical applications, the find-
ings support the continuing attempts to develop novel treat-
ment medicines for infectious disorders and resistant microbial
strains.
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