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ydrazone scaffolds as promising
antitubercular and antibacterial agents: synthesis,
characterization, bioevaluation and computational
analysis

Yuvraj R. Sable,ab Rahul A. Shinde, *c Haya Khader Ahmad Yasin, *de

Niraj Ghanwate,f Suraj N. Mali, g Suresh K. Ghotekar, h Dhanesh P. Gawari,b

Dinesh A. Sasaneb and Vishnu A. Adole *a

In the search for novel therapeutic agents against tuberculosis and bacterial infections, a series of furan–

thiazole hydrazone derivatives (4a–4n) was synthesized, characterized and evaluated for antitubercular

and antibacterial properties. The furan–thiazole hydrazone derivatives were characterized using FT-IR, 1H

NMR, 13C{1H} NMR, 19F NMR and HRMS methods. The synthesized compounds were tested in vitro

against Mycobacterium tuberculosis H37Rv, Staphylococcus aureus, and Escherichia coli. Compounds

4a, 4b and 4c exhibited good antitubercular activity with MIC values of 3.12 mg mL−1, comparable to the

standard drug pyrazinamide. In antibacterial assays, compound 4g, bearing a trifluoromethoxy group,

demonstrated superior efficacy with inhibition zones of 19 mm (S. aureus) and 17 mm (E. coli). Molecular

docking studies further validated these findings, revealing strong binding affinities of compounds 4a–4c

with M. tuberculosis CYP51 (−10.32 to −10.76 kcal mol−1) and compound 4g with 2,2-dialkylglycine

decarboxylase (−9.65 kcal mol−1), suggesting effective interaction with key active site residues. In silico

ADME profiling revealed favorable drug-likeness and pharmacokinetics for most compounds, while DFT

studies including structure optimization, FMO analysis, reactivity descriptors, and MEP mapping offered

valuable insights into electronic distribution, reactivity, and potential binding sites of the furan–thiazole

hydrazone derivatives. The results support the candidacy of compounds 4a, 4b and 4c in antitubercular

study, while 4f and 4g as notable antibacterial agents for future development.
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1 Introduction

Heterocyclic compounds continue to serve as valuable scaffolds
in medicinal chemistry, owing to their remarkable structural
diversity and broad-spectrum biological activities.1–3 These
compounds, characterized by aromatic or partially saturated
ring structures containing at least one heteroatom such as
nitrogen, oxygen, and sulfur and are foundational in the design
of numerous therapeutic agents. Among them, the thiazole ring
system has created interest for its wide-ranging pharmacolog-
ical applications, including anticancer 4,5 antitubercular 6,7

antimicrobial 8,9 anti-inammatory 10 antioxidant11 antidepres-
sant 12 antiviral 13 antidiabetic 14 and antiparasitic15 properties.
Hydrazones, on the other hand, are well-known for their role as
effective Schiff base derivatives that exhibit diverse biological
properties.16 When these two moieties are conjugated into
thiazole–hydrazone scaffolds, the resulting hybrid system
benets from enhanced conjugation, improved cell perme-
ability, and favourable pharmacodynamic proles.17,18 Molec-
ular hybridization, a widely accepted strategy in rational drug
design, involves the fusion of two or more bioactive moieties
RSC Adv., 2025, 15, 30001–30025 | 30001
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into a single molecular framework to yield compounds with
enhanced potency, reduced resistance development, and
multifaceted biological activity. The inclusion of the furan ring
an oxygen-containing aromatic heterocycle has been associated
with a wide range of biological activities, including antimicro-
bial 19 anticancer 20 antioxidant 21 anti-inammatory22 and
antimalarial23 properties. Its planar structure and electron-rich
nature enable it to participate effectively in p-stacking and
hydrogen bonding interactions, enhancing binding affinity with
biological targets.22,23 In this context, the furan–thiazole hydra-
zone framework represents a rationally designed hybrid that
leverages the therapeutic potential of each constituent phar-
macophore. By combining the conjugated features of the
hydrazone linkage with the bioactive nature of the thiazole and
furan cores, these hybrids can exhibit synergistic or additive
effects in targeting microbial enzymes.24 The versatility of this
hybrid approach also allows for structural ne-tuning through
strategic substitution, offering opportunities to improve selec-
tivity, pharmacokinetics, and drug-likeness. Nitrofurans and
thiazole-containing compounds possess a wide range of phar-
macological activities and have been successfully utilized in
various therapeutic categories such as antibiotics 25,26 antibac-
terials 27,28 anti-inammatory agents 29,30 antineoplastic 31 and
nutritional supplements;32 representative examples of these
versatile bioactive molecules are depicted in Fig. 1.

One of the most deadly infectious diseases that contributes
signicantly to morbidity and death worldwide is tuberculosis
Fig. 1 Representative examples of biologically active compounds co
applications.

30002 | RSC Adv., 2025, 15, 30001–30025
(TB), which is caused by theMycobacterium tuberculosis bacteria.
Novel chemotherapeutic approaches are urgently needed since
the advent of extensively drug-resistant (XDR) and multidrug-
resistant (MDR) pathogens has reduced the effectiveness of
traditional treatments.33–36 In this context, heterocyclic
compounds, particularly those containing nitrogen and sulfur
atoms, have shown remarkable potential as antitubercular
agents.3,7 Likewise, the emergence of antibiotic-resistant
bacterial infections poses a serious threat to global health, as
increasing resistance in both Gram-positive and Gram-negative
bacteria continues to undermine the efficacy of existing
treatments.37–41 Hydrazone-based heterocycles, particularly
those incorporating thiazole and furan moieties, have been
widely explored for their antimicrobial properties.42,43 The
presence of electron-withdrawing and electron-donating
substituents on aryl rings signicantly inuences antibacterial
potency by modulating lipophilicity, electronic distribution,
and membrane permeability.9,43 Thus, the design of new furan–
thiazole hydrazone derivatives with diverse substitution
patterns offer a strategic approach to synthesize agents effective
against various bacterial strains.

In addition to experimental bioevaluation, computational
chemistry has emerged as an essential tool in modern drug
discovery.44 Density Functional Theory (DFT) calculations
enable detailed analysis of molecular geometry, frontier
molecular orbitals (HOMO–LUMO), and global reactivity
descriptors, providing insight into the electronic structure and
ntaining nitrofuran and thiazole scaffolds with diverse therapeutic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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chemical reactivity of molecules. Molecular Electrostatic
Potential (MEP) maps further assist in visualizing charge
distribution, which is critical for predicting reactive sites.45–48

Moreover, molecular docking studies allow the prediction of
binding modes and affinities of small molecules with biological
targets.49–51 To complement these analyses, ADME (Absorption,
Distribution, Metabolism, and Excretion) proling is performed
to assess pharmacokinetic properties and drug-likeness.52–54 In
this study, a series of furan–thiazole hydrazone derivatives were
synthesized and characterized, followed by evaluation of their
antitubercular and antibacterial activities. A combined experi-
mental and computational approach was employed to explore
their structure–activity relationships, electronic features, and
pharmacokinetic potential, aiming to identify promising leads
for future antitubercular and antibacterial drug development.
2 Materials and methods
2.1. General remarks

All chemicals and reagents used in the present study were of
analytical grade. The progress of reactions was monitored by
thin-layer chromatography (TLC) using pre-coated silica gel 60
F254 plates (Merck) and visualized under UV light (254/365 nm).
Melting points were determined using an open capillary
method and are uncorrected. Fourier-transform infrared (FT-IR)
spectra were recorded on a Bruker FT-IR spectrophotometer.
Proton (1H), carbon (13C{1H}) and uorine (19F) NMR spectra
were obtained on a Bruker Avance III 500 MHz spectrometer
using DMSO-d6 as the solvent and tetramethylsilane (TMS) as
the internal standard. The high resolution mass spectrometry
(HRMS) using ESI mode was used to record the HRMS of all
synthesized compounds. Chemical shis (d) are reported in
parts per million (ppm), and coupling constants (J) are
expressed in Hertz (Hz). The purity of the synthesized
compounds was conrmed by TLC and spectral consistency.
Scheme 1 Synthesis of furan–thiazole hydrazone derivatives.

© 2025 The Author(s). Published by the Royal Society of Chemistry
2.2. Synthesis of (E)-2-(2-((5-nitrofuran-2-yl)methylene)
hydrazinyl)-4-arylthiazole derivatives (4a–4n)

The furan–thiazole hydrazone derivatives (4a–4n) were synthe-
sized via a one-pot, three-component condensation reaction, as
detailed below (Scheme 1). A mixture of 5-nitrofuran-2-
carbaldehyde (1, 2 mmol) and thiosemicarbazide (2, 2 mmol)
were reuxed for one hour and aer this the selected phenacyl
bromide derivatives (3a–3n, 2 mmol) were added in ethanol (10
mL). Progress of the reaction was monitored by thin-layer
chromatography (TLC) using a hexane/ethyl acetate (8 : 2)
solvent system. Aer completion of the reaction, the mixture
was cooled to room temperature (reaction time: nearly 1.5
hours). The resulting solid product was ltered, washed with
cold ethanol, and dried. The crude products were then recrys-
tallized from ethanol to afford pure compounds 4a–4n.
2.3. Spectral data (E)-2-(2-((5-nitrofuran-2-yl)methylene)
hydrazinyl)-4-arylthiazole derivatives (4a–4n)

2.3.1. (E)-2-(2-((5-Nitrofuran-2-yl)methylene)hydrazinyl)-4-
(4-nitrophenyl)thiazole (4a). Maroon colour; yield: 95%; m.p.
220–222 °C; FT-IR (cm−1): 3257, 3084, 1569, 1482, 1416, 1330,
1243, 1193, 1148, 1107, 1053, 1016, 966, 900, 855, 789, 727, 578;
1H NMR (500 MHz, DMSO-d6) d 12.85 (s, 1H), 8.29 (d, J= 8.9 Hz,
2H), 8.12 (d, J= 8.9 Hz, 2H), 7.99 (s, 1H), 7.83 (s, 1H), 7.78 (d, J=
3.9 Hz, 1H), 7.16 (d, J = 3.9 Hz, 1H); 13C{1H} NMR (126 MHz,
DMSO-d6) d 168.1, 152.3, 152.1, 149.2, 146.8, 140.8, 129.9, 126.9,
124.7, 115.6, 114.6, 110.2; HRMS (ESI) for C14H9N5O5S: calcu-
lated (M + H)+: 360.0402 and observed (M + H)+: 360.0404.

2.3.2. (E)-4-(4-Chlorophenyl)-2-(2-((5-nitrofuran-2-yl)
methylene)hydrazinyl)thiazole (4b). Maroon colour; yield: 94%;
m.p. 214–216 °C; FT-IR (cm−1): 3624, 3117, 2943, 1619, 1577,
1462, 1396, 1330, 1243, 1193, 1140, 1090, 1020, 958, 909, 801,
731; 1H NMR (500 MHz, DMSO-d6) d 12.76 (s, 1H), 7.98 (s, 1H),
7.88 (d, J= 8.6 Hz, 2H), 7.78 (d, J= 3.9 Hz, 1H), 7.50 (s, 1H), 7.48
(d, J = 8.6 Hz, 2H), 7.14 (d, J = 3.9 Hz, 1H); 13C{1H} NMR (126
RSC Adv., 2025, 15, 30001–30025 | 30003
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MHz, DMSO-d6) d 167.8, 152.5, 152.1, 149.8, 133.7, 132.6, 129.6,
129.2, 127.7, 115.6, 114.3, 106.2; HRMS (ESI) for C14H9ClN4O3S:
calculated (M + H)+: 349.0162 and observed (M + H)+: 349.0156
and (M + H + 2)+: 351.0126.

2.3.3. (E)-2-(2-((5-Nitrofuran-2-yl)methylene)hydrazinyl)-4-
(p-tolyl)thiazole (4c). Red orange colour; yield: 88%; m.p. 180–
182 °C; FT-IR (cm−1): 3637, 3117, 2923, 2857, 1614, 1577, 1503,
1474, 1325, 1247, 1193, 1107, 1024, 971, 904, 810, 744, 657, 587;
1H NMR (500 MHz, DMSO-d6) d 12.69 (s, 1H), 7.98 (s, 1H), 7.78
(d, J= 3.9 Hz, 1H), 7.75 (d, J= 8.1 Hz, 2H), 7.36 (s, 1H), 7.22 (d, J
= 8.1 Hz, 2H), 7.14 (d, J= 3.9 Hz, 1H), 2.32 (s, 3H); 13C{1H} NMR
(126 MHz, DMSO-d6) d 167.6, 152.6, 152.0, 150.9, 137.5, 132.1,
129.7, 129.4, 126.0, 115.6, 114.2, 104.4, 21.3; HRMS (ESI) for
C15H12N4O3S: calculated (M + H)+: 329.0708 and observed (M +
H)+: 329.0705.

2.3.4. (E)-4-(4-Methoxyphenyl)-2-(2-((5-nitrofuran-2-yl)
methylene)hydrazinyl)thiazole (4d). Brown colour; yield: 87%;
m.p. 202–204 °C; FT-IR (cm−1): 3620, 3137, 3075, 2972, 2877,
1631, 1573, 1474, 1334, 1239, 1144, 1024, 958, 909, 805, 727,
673, 578; 1H NMR (500 MHz, DMSO-d6) d 12.73 (s, 1H), 7.97 (s,
1H), 7.83–7.76 (m, 3H), 7.26 (s, 1H), 7.13 (d, J= 3.9 Hz, 1H), 6.98
(d, J = 8.8 Hz, 2H), 3.79 (s, 3H); 13C{1H} NMR (126 MHz, DMSO-
d6) d 167.6, 159.4, 152.6, 152.0, 129.8, 129.3, 127.6, 127.4, 115.6,
114.5, 114.2, 103.2, 55.6; HRMS (ESI) for C15H12N4O4S: calcu-
lated (M + H)+: 345.0657 and observed (M + H)+: 345.0654.

2.3.5. (E)-4-(Naphthalen-2-yl)-2-(2-((5-nitrofuran-2-yl)
methylene)hydrazinyl)thiazole (4e). Red orange colour; yield:
85%; m.p. 189–191 °C; FT-IR (cm−1): 3364, 3175, 3129, 1610,
1565, 1519, 1478, 1317, 1243, 1193, 1008, 909, 855, 810, 748,
669, 574; 1H NMR (500 MHz, DMSO-d6) d 12.86 (s, 1H), 8.39 (s,
1H), 8.05–7.89 (m, 5H), 7.79 (d, J = 3.9 Hz, 1H), 7.60 (s, 1H),
7.57–7.45 (m, 2H), 7.16 (d, J = 3.9 Hz, 1H); 13C{1H} NMR (126
MHz, DMSO-d6) d 167.8, 152.6, 152.0, 150.9, 133.6, 133.0, 132.2,
129.5, 128.7, 128.3, 128.1, 127.0, 126.6, 124.7, 124.3, 115.6,
114.3, 106.2; HRMS (ESI) for C18H12N4O3S: calculated (M + H)+:
365.0708 and observed (M + H)+: 365.0703.

2.3.6. (E)-2-(2-((5-Nitrofuran-2-yl)methylene)hydrazinyl)-4-
(4-(triuoromethyl)phenyl)thiazole (4f). Red orange colour;
yield: 82%; m.p. 197–199 °C; FT-IR (cm−1): 3216, 3113, 2985,
2865, 2725, 1569, 1478, 1338, 1243, 1185, 1127, 1024, 958, 904,
801, 739, 698, 574; 1H NMR (500 MHz, DMSO-d6) d 12.82 (s, 1H),
8.07 (d, J = 8.1 Hz, 2H), 7.99 (s, 1H), 7.82–7.77 (m, 3H), 7.68 (s,
1H), 7.15 (d, J = 3.9 Hz, 1H); 13C{1H} NMR (126 MHz, DMSO-d6)
d 167.9, 153.1, 152.4, 152.1, 149.7, 138.6, 130.3, 129.7, 126.6,
126.2, 126.1, 125.9, 123.7, 115.6, 115.6, 114.5, 113.7, 108.2; 19F
NMR (471 MHz, DMSO-d6) d −60.90; HRMS (ESI) for
C15H9F3N4O3S: calculated (M + H)+: 383.0425 and observed (M +
H)+: 383.0425.

2.3.7. (E)-2-(2-((5-Nitrofuran-2-yl)methylene)hydrazinyl)-4-
(4-(triuoromethoxy)phenyl)thiazole (4g). Red orange colour;
yield: 80%; m.p. 180–182 °C; FT-IR (cm−1): 3414, 3137, 1594,
1482, 1338, 1206, 1107, 1024, 962, 921, 818, 739, 578; 1H NMR
(500 MHz, DMSO-d6) d 12.79 (s, 1H), 8.00–7.96 (m, 3H), 7.78 (d, J
= 3.9 Hz, 1H), 7.53 (s, 1H), 7.42 (d, J = 8.4 Hz, 2H), 7.15 (d, J =
3.9 Hz, 1H); 13C{1H} NMR (126 MHz, DMSO-d6) d 169.0, 148.9,
148.5, 148.0, 148.0, 147.6, 139.4, 136.8, 134.2, 129.3, 127.8,
124.8, 121.7, 119.6, 109.0, 104.8, 66.8, 50.8, 15.3; 19F NMR (471
30004 | RSC Adv., 2025, 15, 30001–30025
MHz, DMSO-d6) d −56.75; HRMS (ESI) for C15H9F3N4O4S:
calculated (M + H)+: 399.0374 and observed (M + H)+: 399.0376.

2.3.8. (E)-4-(4-Bromophenyl)-2-(2-((5-nitrofuran-2-yl)
methylene)hydrazinyl)thiazole (4h). Maroon colour; yield: 84%;
m.p. 199–201 °C; FT-IR (cm−1): 3629, 3084, 2960, 2865, 1627,
1577, 1470, 1334, 1235, 1140, 1061, 1012, 962, 904, 797, 731,
686, 550; 1H NMR (500 MHz, DMSO-d6) d 12.76 (s, 1H), 7.98 (s,
1H), 7.81 (d, J = 8.5 Hz, 2H), 7.78 (d, J = 3.9 Hz, 1H), 7.61 (d, J =
8.6 Hz, 2H), 7.52 (s, 1H), 7.14 (d, J = 3.9 Hz, 1H); 13C{1H} NMR
(126 MHz, DMSO-d6) d 167.8, 152.5, 152.1, 134.0, 132.1, 129.6,
128.0, 121.2, 119.7, 115.6, 114.4, 106.3; HRMS (ESI) for C14H9-
BrN4O3S: calculated (M + H)+: 392.9656 and observed (M + H)+:
392.9657 and (M + H + 2)+: 394.9631.

2.3.9. (E)-2-(2-((5-Nitrofuran-2-yl)methylene)hydrazinyl)-4-
phenylthiazole (4i). Red orange colour; yield: 86%; m.p. 218–
220 °C; FT-IR (cm−1): 3166, 3071, 2935, 1552, 1470, 1433, 1325,
1239, 1193, 1136, 1057, 1008, 900, 805, 719, 686, 570; 1H NMR
(500 MHz, DMSO-d6) d 12.76 (s, 1H), 7.98 (s, 1H), 7.89–7.84 (m, J
= 7.4 Hz, 2H), 7.78 (d, J= 3.9 Hz, 1H), 7.47–7.39 (m, 3H), 7.32 (t,
J = 7.3 Hz, 1H), 7.14 (d, J = 3.9 Hz, 1H); 13C{1H} NMR (126 MHz,
DMSO-d6) d 167.6, 152.6, 152.0, 134.9, 129.4, 129.3, 129.2, 128.2,
126.0, 115.6, 114.3, 105.4; HRMS (ESI) for C14H10N4O3S: calcu-
lated (M + H)+: 315.0551 and observed (M + H)+: 315.0548.

2.3.10. (E)-4-(3,4-Dichlorophenyl)-2-(2-((5-nitrofuran-2-yl)
methylene)hydrazinyl)thiazole (4j). Red orange colour; yield:
90%; m.p. 170–172 °C; FT-IR (cm−1): 3125, 1619, 1474, 1321,
1247, 1202, 1148, 1065, 1020, 933, 871, 810, 739, 673, 587; 1H
NMR (500 MHz, DMSO-d6) d 12.78 (s, 1H), 8.09 (d, J = 2.0 Hz,
1H), 7.98 (s, 1H), 7.85 (dd, J = 8.4, 2.0 Hz, 1H), 7.78 (d, J =
3.9 Hz, 1H), 7.68 (d, J = 8.4 Hz, 1H), 7.66 (s, 1H), 7.15 (d, J =
3.9 Hz, 1H); 13C{1H} NMR (126 MHz, DMSO-d6) d 167.9, 152.4,
152.1, 148.5, 135.4, 132.0, 131.4, 130.4, 129.7, 127.7, 126.1,
115.6, 114.5, 107.6; HRMS (ESI) for C14H8Cl2N4O3S: calculated
(M + H)+: 382.9772 and observed (M + H)+: 382.9766, (M + H +
2)+: 384.9737 and (M + H + 2)+: 386.9712.

2.3.11. (E)-4-(2-(2-((5-Nitrofuran-2-yl)methylene)
hydrazinyl)thiazol-4-yl)phenol (4k). Red orange colour; yield:
82%; m.p. 209–211 °C; FT-IR (cm−1): 3459, 3302, 3084, 2968,
1589, 1540, 1453, 1392, 1350, 1251, 1189, 1107, 1024, 958, 904,
830, 731, 649, 562; 1H NMR (500 MHz, DMSO-d6) d 12.86 (s, 1H),
7.97 (s, 1H), 7.78 (d, J= 3.9 Hz, 1H), 7.67 (d, J= 8.6 Hz, 2H), 7.15
(s, 1H), 7.13 (d, J = 3.9 Hz, 1H), 6.79 (d, J = 8.6 Hz, 2H); 13C{1H}
NMR (126 MHz, DMSO-d6) d 167.5, 157.7, 152.7, 152.0, 129.8,
129.3, 127.4, 126.1, 115.8, 115.7, 114.2, 102.3; HRMS (ESI) for
C14H10N4O4S: calculated (M + H)+: 331.0501 and observed (M +
H)+: 331.0495.

2.3.12. (E)-4-(2-(2-((5-Nitrofuran-2-yl)methylene)
hydrazinyl)thiazol-4-yl)benzonitrile (4l). Red orange colour;
yield: 84%; m.p. 232–233 °C; FT-IR (cm−1): 3249, 3129, 2997,
2217, 1573, 1478, 1404, 1346, 1317, 1239, 1173, 1057, 1020, 962,
904, 834, 706, 562; 1H NMR (500 MHz, DMSO-d6) d 12.81 (s, 1H),
8.04 (d, J= 8.3 Hz, 2H), 7.99 (s, 1H), 7.88 (d, J= 8.3 Hz, 2H), 7.78
(d, J = 3.9 Hz, 1H), 7.74 (s, 1H), 7.15 (d, J = 3.9 Hz, 1H); 13C{1H}
NMR (126 MHz, DMSO-d6) d 168.0, 152.4, 152.1, 149.5, 138.9,
133.2, 129.8, 126.6, 119.4, 115.6, 114.5, 110.3, 109.2; HRMS (ESI)
for C15H9N5O3S: calculated (M + H)+: 340.0504 and observed (M
+ H)+: 340.0463.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.3.13. (E)-4-(3-Chlorophenyl)-2-(2-((5-nitrofuran-2-yl)
methylene)hydrazinyl)thiazole (4m). Brown colour; yield: 83%;
m.p. 152–154 °C; FT-IR (cm−1): 3624, 3080, 2972, 1639, 1573,
1474, 1434, 1235, 1148, 1024, 953, 810, 719, 541; 1H NMR (500
MHz, DMSO-d6) d 12.78 (s, 1H), 7.98 (s, 1H), 7.91 (t, J = 1.7 Hz,
1H), 7.83 (d, J= 7.8 Hz, 1H), 7.78 (d, J= 3.9 Hz, 1H), 7.60 (s, 1H),
7.45 (t, J = 7.9 Hz, 1H), 7.37 (dd, J = 7.9, 1.1 Hz, 1H), 7.15 (d, J =
3.9 Hz, 1H); 13C{1H} NMR (126 MHz, DMSO-d6) d 167.8, 152.5,
152.1, 149.5, 136.8, 134.0, 131.1, 129.6, 127.9, 125.7, 124.5,
115.6, 114.4, 107.0; HRMS (ESI) for C14H9ClN4O3S: calculated
(M + H)+: 349.0162 and observed (M + H)+: 349.0153.

2.3.14. (E)-3-(2-(2-((5-Nitrofuran-2-yl)methylene)
hydrazinyl)thiazol-4-yl)phenol (4n). Maroon colour; yield: 83%;
m.p. 210–212 °C; FT-IR (cm−1): 3612, 3467, 3088, 2964, 2865,
1577, 1482, 1404, 1325, 1243, 1156, 1111, 1065, 1020, 958, 896,
843, 810, 731, 690, 562; 1H NMR (500 MHz, DMSO-d6) d 12.79 (s,
1H), 10.84 (s, 1H), 7.99 (s, 1H), 7.86 (dd, J= 7.8, 1.2 Hz, 1H), 7.78
(d, J = 3.9 Hz, 1H), 7.52 (s, 1H), 7.18–7.14 (m, 2H), 6.93–6.90 (m,
1H), 6.88–6.85 (m, 1H); 13C{1H} NMR (126 MHz, DMSO-d6)
d 166.8, 155.5, 152.4, 152.1, 148.4, 138.6, 129.9, 129.4, 128.0,
119.6, 117.1, 115.6, 114.5, 106.5; HRMS (ESI) for C14H10N4O4S:
calculated (M + H)+: 331.0501 and observed (M + H)+: 331.0493.

2.4. Anti-tubercular screening method

The furan–thiazole hydrazone derivatives (4a–4n) were assessed
for antitubercular activity against Mycobacterium tuberculosis
H37Rv (ATCC 27294) using the Microplate Alamar Blue Assay
(MABA) 55 a widely accepted method due to its non-toxic nature,
reagent stability, and strong agreement with proportional and
BACTEC radiometric assays. The compounds were tested across
a concentration range of 100 to 0.8 mg mL−1. To prepare the 96-
well plates, 200 mL of sterile deionized water was added to the
outer wells to minimize evaporation, while 100 mL of Mid-
dlebrook 7H9 broth was added to each test well, followed by
serial dilutions of the compounds. Plates were sealed with
paralm and incubated at 37 °C for ve days. Subsequently, 25
mL of a freshly prepared 1 : 1 mixture of alamar blue reagent and
10% Tween 80 were added to each well and incubated for
another 24 hours. Wells retaining a blue color indicated no
bacterial growth, whereas a pink color denoted growth. The
minimum inhibitory concentration (MIC) was dened as the
lowest concentration preventing this color change. Standard
drugs-isoniazid, ethambutol, pyrazinamide, rifampicin, and
streptomycin served as positive controls.

2.5. Kirby–Bauer disk diffusion method

The antimicrobial susceptibility testing of the synthesized
furan–thiazole hydrazone derivatives (4a–4n) was evaluated
against Staphylococcus aureus (ATCC 23235) and Escherichia coli
(ATCC 25922) using the standard Kirby–Bauer disk diffusion
method.56 Mueller–Hinton agar plates were prepared and
uniformly inoculated with bacterial suspensions adjusted to the
0.5 McFarland standard (approximately 1.5 × 108 CFU mL−1).
Sterile lter paper discs (6 mm diameter) were impregnated
with 30 mL of compound solutions (1 mg mL−1 in DMSO) and
air-dried under aseptic conditions. These discs were carefully
© 2025 The Author(s). Published by the Royal Society of Chemistry
placed on the surface of the inoculated agar plates along with
standard antibiotic discs (tetracycline) as positive controls and
DMSO-loaded discs as negative controls. All plates were incu-
bated at 37 °C for 24 hours under standard conditions. Aer
incubation, the diameter of the zone of inhibition around each
disc was measured in millimeters (mm) using a transparent
ruler. The results were interpreted based on inhibition zones,
where larger zones indicated stronger antibacterial activity.

2.6. Microbroth dilution method

The Minimum Inhibitory Concentration (MIC) of the synthe-
sized compounds (only those compounds that showed a zone of
inhibition) against Staphylococcus aureus (ATCC 23235) and
Escherichia coli (ATCC 25922) was determined using the
microbroth dilution method as per CLSI guidelines.57 Stock
solutions of each compound were prepared at a concentration
of 1024 mg mL−1 using DMSO or sterile distilled water as
a solvent. Two-fold serial dilutions were performed in Cation
Adjusted Mueller–Hinton Broth (CA-MHB) to obtain a range of
concentrations typically from 1024 to 1 mg mL−1. Each dilution
(100 mL) was dispensed into the wells of a sterile 96-well
microtiter plate. Bacterial inocula were prepared by suspending
freshly grown colonies (18–24 hours old) in sterile saline and
adjusting the turbidity to match the 0.5 McFarland standard
(approximately 1.5 × 108 CFU mL−1). The suspension was then
diluted 1 : 100 in CA-MHB to achieve a nal concentration of
approximately 1–2× 106 CFUmL−1. To each well containing the
compound dilutions, 100 mL of the bacterial suspension was
added, resulting in a nal volume of 200 mL per well and a nal
inoculum density of ∼5 × 105 CFU mL−1. The plates were
incubated at 37 °C for 18–24 hours under aerobic conditions.
Aer incubation, wells were examined visually for turbidity as
well as colorimetrically. Each assay included a sterility control
(media and compound only), a growth control (bacteria with no
compound), and a positive control (standard antibiotic).

2.7. Molecular docking studies

In this study, we employed molecular docking simulations to
investigate the binding interactions of a series of furan–thiazole
hydrazones (4a–4n) with antitubercular target: Mycobacterium
tuberculosis Cytochrome P450 14a-sterol demethylase (CYP51;
PDB ID: 1E9X; resolution: 2.10 Å; https://www.rcsb.org/
structure/1E9X),58 and antibacterial target: 2,2-dialkylglycine
decarboxylase (PDB ID: 1D7U; resolution: 1.95 Å; https://
www.rcsb.org/structure/1D7U), both of which have been
previously reported in the literature as relevant targets.59–63

Docking calculations were conducted using ‘AutoDockTools’
version 1.5.6.64 A grid box with dimensions 20 × 20 × 20 Å
(volume: 8000 Å3)65 was centered on the co-crystallized ligand
‘PIM’ in the CYP51 active site and used for further
simulations. For processing of protein, we followed all steps
such as removal of water molecules, additions of missing side
chains, additions of missing residues and Gasteiger charges,
and nonpolar hydrogens were applied. As per the ‘AutoDock4’
(AD4) user manual, we maintained the LGA (the Lamarckian
Genetic Algorithm) algorithm and the scoring function
RSC Adv., 2025, 15, 30001–30025 | 30005
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parameters.64,65 For ligand preparations, we used
‘ChemSketch V. 2025’ for drawing 2D and then subsequently,
3D structures. Before saving all structures in ‘.pdbqt’, we
optimized them with B3LYP/6-31G(d,p) as the basis set. With
an exhaustiveness set to 32, docking results were retrieved
and visualization for ‘ligand–receptor interactions’ were done
using ‘PyMol’ (for academic use; https://pymol.org/edu/) and
‘Discovery Studio Visualizer’ V. 2025 (https://discover.3ds.com/
discovery-studio-visualizer-download). (Note: The apparent
shi in double bond positions in the ligand structure is
a visualization artefact caused by the loss of bond order
information during conversion to PDBQT format for
AutoDock. The original chemical structure remains
unchanged.)

2.8. Theoretical predictions for ADME

Furan–thiazole-containing compounds were evaluated for their
ADME properties using the SwissADME web tool 66 which
provides insights into absorption, distribution, metabolism,
and excretion proles based on structure, helping assess drug-
likeness and pharmacokinetic behavior. To evaluate the drug-
likeness and ADME (Absorption, Distribution, Metabolism,
and Excretion) proles of a series of furan–thiazole hydrazones
(4a–4n), we utilized the widely used web server SwissADME
(http://www.swissadme.ch/citing.php; accessed on 10 June
2025).

2.9. DFT method

DFT has emerged as a powerful computational approach for
investigating the electronic structure, chemical stability, and
reactivity proles of a wide range of small organic molecules.
This method provides valuable theoretical insights that support
experimental ndings and aid in the rational design of
compounds for chemical and pharmacological applications.67–69

In the present study, all DFT-based quantum chemical calcu-
lations for the newly synthesized derivatives (4a–4n) were per-
formed in the gas phase utilizing the Gaussian 03
computational package.70 The electronic properties were eval-
uated using the B3LYP functional, which combines Becke's
three-parameter exchange functional with the Lee–Yang–Parr
correlation functional 71,72 in conjunction with the 6-31G(d,p)
basis set. Visualization and interpretation of the optimized
molecular geometries and frontier molecular orbitals were
facilitated using the GaussView version 4.1.2 graphical
interface.73

3 Results and discussion
3.1. Chemistry and spectral characterization

The target compounds 4a–4n were synthesized via a one-pot,
three-component condensation reaction involving 5-
nitrofuran-2-carbaldehyde (1), thiosemicarbazide (2), and
different phenacyl bromides (3a–3n) in ethanol under reux
conditions.74 The presence of an electron-decient aldehyde
moiety and the nucleophilic nature of thiosemicarbazide facil-
itated the initial condensation to form the corresponding
30006 | RSC Adv., 2025, 15, 30001–30025
thiosemicarbazone intermediate. Subsequently, in situ reaction
with phenacyl bromide derivatives afforded the nal (E)-2-(2-((5-
nitrofuran-2-yl)methylene)hydrazinyl)-4-arylthiazole derivatives
(4a–4n) in good yields. The progress of the reaction was moni-
tored by TLC using a hexane/ethyl acetate (8 : 2) solvent system.
Upon completion (typically within 2 hours), the precipitated
products were collected by ltration, washed with cold ethanol
to remove impurities, and recrystallized from ethanol to yield
analytically pure compounds. The structures of the synthesized
compounds were conrmed by FT-IR, 1H NMR, 13C{1H} NMR
and HRMS analyses, which were consistent with the proposed
thiazole molecular frameworks.74 The hydrazone derivatives are
proposed to exist predominantly in the E conguration across
the C]N bond, as this is the more thermodynamically stable
form due to minimized steric repulsion between the adjacent
substituents. This assignment is consistent with previously re-
ported structural trends for similar hydrazone frameworks in
the literature.75,76 The structural diversity of the synthesized
compounds is illustrated in Fig. 2, which showcases a wide
range of functional groups incorporated into the molecular
framework. These include both electron-donating groups, as
well as electron-withdrawing groups. The inclusion of such
substituents on the aromatic ring signicantly inuences the
physicochemical properties, electronic distribution, and
potentially the biological activity of the resulting furan–thiazole
hydrazone derivatives. This diversity allows for systematic
structure–activity relationship (SAR) studies and highlights the
synthetic versatility.

The FT-IR spectral analysis of the synthesized compounds
4a–4n conrms the presence of key functional groups consis-
tent with their proposed structures. Broad absorption bands
around 3600–3200 cm−1 in correspond to N–H or O–H
stretching vibrations, indicating the presence of hydrazone74 or
hydroxyl functionalities. Aromatic and aliphatic C–H stretching
vibrations are observed in the range of 3100–2850 cm−1 across
all compounds.74 Strong bands around 1600–1500 cm−1, are
attributed to C]N and aromatic C]C stretching.74 The pres-
ence of nitro groups is supported by asymmetric and symmetric
NO2 stretching vibrations observed in the range of 1540–
1320 cm−1. A sharp absorption near 2217 cm−1 in 4l conrms
the presence of a nitrile (C^N) group. The C–O stretching band
for phenolic groups appears around 1250–1200 cm−1, notably in
4d, 4k, and 4n. Thiazole and aromatic ring deformations are
evident frommultiple bands between 1140–540 cm−1 across the
series. These IR spectra provide crucial insights into the struc-
tural motifs of the compounds and support successful
synthesis. The 1H NMR spectra of compounds 4a–4n exhibit
characteristic signals conrming the proposed structures. All
compounds display a singlet around d 12.7–12.9, corresponding
to the NH proton of the hydrazone moiety. For 4a, aromatic
protons from the nitrophenyl ring appear as doublets at d 8.29
and 8.12 (J = 8.9 Hz, 2H each), while the furan protons resonate
as singlets and doublets between d 7.16–7.99. In 4b, the 4-
chlorophenyl protons show symmetrical doublets at d 7.88 and
7.48 (J = 8.6 Hz), and furan resonances appear between d 7.14–
7.98. 4c contains a p-tolyl group, reected in the methyl singlet
at d 2.32 and aromatic doublets at d 7.22 and 7.75. In 4d, the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Structural diversity of synthesized furan–thiazole hydrazone derivatives (4a–4n) bearing diverse substitution on the aromatic ring.
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presence of a methoxy group is evident by a singlet at d 3.79,
while aromatic protons are observed between d 6.98–7.83. The
4e compound with a naphthyl ring shows complex multiplets
between d 7.45–8.39 due to the multiple aromatic protons. 4f
and 4g, having triuoromethyl and triuoromethoxy groups,
display chemical shis of aromatic protons, withmultiplets and
© 2025 The Author(s). Published by the Royal Society of Chemistry
singlets appearing around d 7.42–8.07. 4h, bearing a bromo-
phenyl group, shows well-dened aromatic doublets at d 7.81
and 7.61. In 4i, the phenyl protons appear as a multiplet from
d 7.32–7.89. 4j shows distinctive aromatic signals due to the 3,4-
dichlorophenyl ring, including a doublet of doublets at d 7.85.
4k contains a phenolic ring, evident by doublets at d 6.79 and
RSC Adv., 2025, 15, 30001–30025 | 30007
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Table 1 Antitubercular activity of synthesized compounds (4a–4n)
against Mycobacterium tuberculosis (H37 RV strain): ATCC no. 27294

Compound MIC (mg mL−1)

4a 3.12
4b 3.12
4c 3.12
4d 6.25
4e 6.25
4f 6.25
4g 12.5
4h 6.25
4i 12.5
4j 12.5
4k 6.25
4l 6.25
4m 12.5
4n 6.25
Isoniazid 1.6
Ethambutol 1.6
Pyrazinamide 3.12
Rifampicin 0.8
Streptomycin 0.8
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7.67. In 4l, the benzonitrile moiety shows typical doublets at
d 8.04 and 7.88. 4m, with a 3-chlorophenyl ring, shows aromatic
protons distributed between d 7.37–7.91. Lastly, 4n, containing
a phenol ring at the meta-position, exhibits an additional OH
signal at d 10.84 and aromatic multiplets between d 6.85–
7.86 ppm. The 13C{1H} NMR spectra of compounds 4a–4n are
consistent with their structures, typically showing 12–18 carbon
signals. The carbon of the imine (C]N) or hydrazone linkage is
observed downeld around d 167–169 in all compounds. Nitro
and furan-related quaternary carbons appear around d 150–153.
In 4a, resonances at d 168.10, 152.33, and 149.16 support the
presence of a thiazole ring. Similar types of signals were
observed for rest of the compounds. The compound 4b shows
chlorophenyl carbons between d 127.72–133.67. In 4c, the
methyl carbon of the p-tolyl group appears at d 21.28, and
aromatic carbons between d 104.44–137.53. 4d displays the
methoxy carbon at d 55.61 and aromatic carbons consistent
with substituted anisole. The naphthyl carbons in 4e give
multiple signals from d 124.34 to 133.59. In 4f and 4g, the
presence of uorinated substituents results in deshielded
carbon signals above d 148. 4h shows aromatic bromophenyl
carbons from d 128.04–134.03. In 4i, the phenyl ring gives
signals around d 128–129. 4j, with two chlorine substituents,
gives additional downeld peaks near d 148.53 and 135.36. 4k
and 4n, which include phenol functionalities, exhibit reso-
nances near d 157–158 for the phenolic carbon. The cyano
carbon in 4l is evident around d 110.26. Lastly, 4m shows
aromatic carbon resonances at d 124.54–136.82 due to the 3-
chlorophenyl ring. The 1H and 13C{1H} NMR data collectively
conrm the proposed structures of all 14 thiazole-hydrazone
derivatives. The para-substituted triuoromethyl derivative 4f
exhibits a single, strong singlet at d −60.90 in the 19F NMR
spectra, which is indicative of an aryl-CF3 group. The analogous
resonance is shied downeld to d −56.75 when an intervening
oxygen atom is added to compound 4g. This is consistent with
the higher inductive electron-withdrawing action of the –O–
linkage (aryl-OCF3), which lessens shielding at the uorine
sites.

All the synthesized thiazole-based hydrazone derivatives (4a–
4n) were conrmed by high-resolution mass spectrometry
(HRMS) using ESI mode. The experimentally observed [M + H]+

peaks showed excellent agreement with the calculated mono-
isotopic masses, validating the proposed molecular formulae.
The 4a displayed a molecular ion peak at m/z 360.0404, closely
matching the calculated value of 360.0402. Similarly,
compounds bearing halogen substituents, such as 4b, 4h, 4j,
and 4m, exhibited characteristic isotope peaks. Compound 4b
(4-chlorophenyl derivative) exhibited an [M + H]+ peak at m/z
349.0156, closely matching the calculated value of 349.0162,
along with a corresponding (M + H + 2)+ peak at m/z 351.0126,
indicative of the natural isotopic abundance of 35Cl and 37Cl.
Similarly, 4m, bearing a 3-chlorophenyl group, displayed
a strong [M + H]+ peak atm/z 349.0153, again consistent with its
calculated mass. Compound 4j, a dichlorinated derivative (3,4-
dichlorophenyl), presented a characteristic triplet isotopic
distribution with peaks at m/z 382.9766, 384.9737, and
386.9712, reecting the presence of two chlorine atoms with
30008 | RSC Adv., 2025, 15, 30001–30025
combinations of 35Cl/35Cl, 35Cl/37Cl, and 37Cl/37Cl. The bromi-
nated compound 4h (4-bromophenyl derivative) showed an [M +
H]+ peak atm/z 392.9657 and a corresponding (M + H + 2)+ peak
atm/z 394.9631, consistent with the typical 1 : 1 isotopic pattern
of 79Br and 81Br. The isotopic intensity ratio for mono-
chlorinated compounds is found to be approximately 3 : 1,
while for dichlorinated compound is approximately 9 : 6 : 1.
Compounds 4f and 4g, containing triuoromethyl and tri-
uoromethoxy groups, respectively, also showed matching
calculated and observed values (m/z 383.0425 and 399.0376). All
other compounds also showed a very good match with the ex-
pected mass values. The close correspondence between calcu-
lated and observed masses for all derivatives strongly supports
the successful synthesis and molecular integrity of the target
compounds.
3.2. Evaluation of in vitro antitubercular activity of
synthesized compounds

The synthesized furan–thiazole hydrazone derivatives (4a–4n)
were screened for antitubercular activity against Mycobacterium
tuberculosis H37Rv strain (ATCC 27294), and their minimum
inhibitory concentrations (MICs) were determined. The results
are given in Table 1. The graphical representation is given
Fig. S1 and MIC in micro molar concentration Table S1. The
MIC values ranged from 3.12 to 12.5 mg mL−1, indicating
varying degrees of efficacy depending on the nature and posi-
tion of the substituents on the aryl ring attached to the thiazole
moiety. Compounds 4a, 4b and 4c demonstrated the most
promising activity, with MIC values of 3.12 mg mL−1, which is on
par with the standard drug pyrazinamide (MIC = 3.12 mg mL−1)
and less effective than standard drugs like isoniazid and
ethambutol (both MIC = 1.6 mg mL−1). Compound 4a, which
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Antibacterial activity of synthesized compounds (4a–4n)
against Staphylococcus aureus (ATCC 23235) and Escherichia coli
(ATCC 25922)

Compounds

Zone of inhibition in mm (MIC in mg mL−1)

Staphylococcus
aureus ATCC 23235

Escherichia
coli ATCC 25922

4a 00 00
4b 00 00
4c 10 (512) 00
4d 11 (512) 00
4e 00 00
4f 16 (512) 12 (256)
4g 19 (256) 17 (512)
4h 00 00
4i 00 00
4j 00 00
4k 10 (512) 00
4l 13 (512) 10 (512)
4m 9 (512) 00
4n 00 00
Tetracycline 13 (4) 10 (8)
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bears both a 4-nitrophenyl and a 5-nitrofuran group, showed
signicant activity, suggesting a synergistic enhancement from
the presence of two strong electron-withdrawing nitro groups.
Similarly, 4b, with a 4-chlorophenyl substituent, also exhibited
high activity, further conrming the positive inuence of
electron-withdrawing groups at the para-position. Compound
4c, incorporating a p-tolyl group (a weak electron-donating
methyl group), maintained comparable activity. The
compound 4d which carries a p-methoxyphenyl substituent,
and 4e, with a bulky naphthyl group, both showed decreased
activity with MIC values of 6.25 mg mL−1. Furthermore,
compounds 4f and 4g, featuring triuoromethyl and tri-
uoromethoxy substituents respectively, displayed further
diminished activity (MIC = 6.25 and 12.5 mg mL−1). Although
uorine-containing groups typically enhance bioavailability and
metabolic stability, in these cases, negatively impact interaction
with the biological target. The role of halogen atoms was further
examined through compound 4h (4-bromophenyl), which
retained moderate activity (MIC = 6.25 mg mL−1), indicating
that bulky halogens like bromine can still show reasonable
activity. On the other hand, 4j with a 3,4-dichlorophenyl group
exhibited reduced activity (MIC= 12.5 mg mL−1), pointing to the
importance of substitution pattern—para-substitution being
more favorable thanmeta- or multi-substitution due to its effect
on electronic distribution and steric prole. Compound 4i,
bearing an unsubstituted phenyl ring, also showed low activity
(MIC = 12.5 mg mL−1), suggesting that the presence of
a substituent is critical for effective interaction with the target
site. The derivatives 4k, 4l, and 4n incorporate extended
conjugation through an additional aromatic linker with polar
functionalities such as phenol and nitrile groups. These
compounds showed intermediate activity (MIC = 6.25 mg
mL−1). Finally, compound 4m, which features a 3-chlorophenyl
group, was among the least active (MIC = 12.5 mg mL−1),
underscoring that substitution at the meta-position of chloro
group is less favorable for biological activity compared to its
para-counterpart.
3.3. In vitro antibacterial activity evaluation of synthesized
compounds

The antimicrobial evaluation of the synthesized furan–thiazole
hydrazone derivatives (4a–4n) was carried out against Staphy-
lococcus aureus (ATCC 23235) and Escherichia coli (ATCC 25922)
using the Kirby–Bauer disk diffusion method, followed by MIC
determination via the microbroth dilution method for active
compounds. Out of the fourteen synthesized derivatives, some
of the compounds exhibited measurable zones of inhibition,
indicating antibacterial potential. Compounds 4c, 4d, 4f, 4g, 4k,
4l, and 4m were found to be active against S. aureus, with
inhibition zones ranging from 9 to 19 mm (Table 2). Among
these, compound 4g exhibited the highest activity against S.
aureus (19 mm) and also showed notable activity against E. coli
(17 mm). Compound 4f also displayed dual antibacterial activity
with inhibition zones of 16 mm (S. aureus) and 12 mm (E. coli).
The MIC values (mg mL−1) of the active compounds further
supported these ndings (Table 2). MIC in mM is given Table S2.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Compounds 4c, 4d, 4f, 4k, 4l, and 4m showed MICs of 512 mg
mL−1 against S. aureus, while compound 4g demonstrated
better potency with aMIC of 256 mgmL−1. For E. coli, compound
4f had the lowest MIC value (256 mgmL−1), followed by 4g and 4l
(512 mg mL−1). The rest of the compounds, including 4a, 4b, 4e,
4h, 4i, 4j, and 4n, were found to be inactive against both
bacterial strains, showing no zone of inhibition. Compared to
the standard drug tetracycline, which showed inhibition zones
of 13 mm (S. aureus) and 10 mm (E. coli), compounds 4f and 4g
displayed comparable or superior activity, especially against S.
aureus. These results suggested that groups such as tri-
uoromethyl (4f) and triuoromethoxy (4g) enhances antibac-
terial activity in this series. The structure–activity relationship
(SAR) analysis of the synthesized furan–thiazole hydrazone
derivatives (4a–4n) revealed that the nature and position of
substituents on the phenyl ring signicantly inuence anti-
bacterial activity. Compounds 4f and 4g showed the highest
activity against both S. aureus and E. coli. Notably, 4g, con-
taining a triuoromethoxy substituent, exhibited the largest
zone of inhibition (19 mm against S. aureus) and the lowest MIC
(256 mg mL−1), indicating superior potency. Compounds with
electron-donating groups such as methoxy (4d) and methyl (4c)
displayed moderate activity against S. aureus, but were inactive
against E. coli, implying that such substitutions may restrict
spectrum of action. Additionally, the presence of halogen atoms
like chlorine (4m) and hydroxyl (4k) contributed to marginal
activity, suggesting a minor role in antibacterial enhancement.
In contrast, compounds with unsubstituted phenyl rings or
bulkier groups such as naphthyl (4e) or dichlorophenyl (4j) were
completely inactive, highlighting the importance of electronic
and steric effects in modulating antibacterial activity. This SAR
ndings suggest that introduction of strong electron-
withdrawing substituents at the para position of the aryl ring
is crucial for improved activity in this series.
RSC Adv., 2025, 15, 30001–30025 | 30009
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3.4. Molecular docking analysis

3.4.1. Docking on cytochrome P450 14a-sterol demethy-
lase. Cytochrome P450 14a-sterol demethylase (CYP51) is a key
enzyme in the sterol biosynthesis pathway, responsible for the
Table 3 Interacting residues for all compounds inside the binding cavity

Molecule
Affinity
(kcal mol−1) Hydrophobic interactions

4a −10.69 Ala256(4.13, 5.10); Cys394(3.
Thr260(3.78); His259(5.36);
Val434(5.44);
Phe78(4.92); Tyr76(4.75);
Leu321(4.58)(5.14);

4b −10.76 Phe78(5.02); Tyr76(5.19); Leu
5.36, 5.37); His259(4.53); Ala
5.03); Phe387(4.82); Ala400(4
Thr260(4.81); Cys394(3.49); V

4c −10.32 His259(5.12); Phe78(5.00); Va
Leu321(3.89, 4.56); Ala256(5.
Phe387(4.71); Ala400(4.42);
Cys394(3.47); Thr260(3.665)

4d −8.53 Val434(5.34); His259(5.18); T
Phe78(4.87); Ala256(4.04, 5.1
Leu321(4.52, 5.10); Thr260(8
Cys394(3.56); Pro320(4.00);
Phe387(4.67)

4e −9.3 Phe78(5.07); His259(5.14); Le
Val434(5.36); Ala256(3.90, 4.7
Thr260(4.13); Cys394(3.50);
Pro320(4.93); Ala400(5.50)

4f −9.27 Cys394(4.74); Val395(5.09); A
Met79(4.75, 5.28); Phe78(5.1
Leu321(4.34, 5.21)

4g −7.64 Tyr76(4.90); Ala256(4.06); Pro
Phe387(4.66); His259(5.16);
Leu321(4.55, 4.92); Phe78(4.9

4h −9.21 Tyr76(4.71); Ala256(4.20)(5.0
His259(5.28); Val434(5.43); P
Leu321(4.50)(5.12);
Cys394(2.88)(3.57)(4.81); Thr
Phe387(4.69)

4i −4.76 Phe387(4.83); Cys394(3.53)(3
Thr260(3.86); Tyr76(4.61); Hi
Phe78(4.93); Cal434(5.45);
Leu321(4.55)(5.25); Ala256(4

4j −4.32 Val434(5.39); Phe78(5.06); H
Ala256(5.16); Leu321(3.98); C

4k −8.76 Ala256(4.39); Leu321(4.74); T
Cys394(3.62)

4l −8.69 Phe78(4.98); Ty76(5.28); Leu3
Val434(5.42); His259(4.54); A
4.95); Thr260(3.78); Cys394(3

4m −5.32 Phe78(5.03); His259(5.14); Ty
Met433(4.96); Val434(5.39);
Leu321(3.99); Cys394(3.17)

4n −8.53 Leu321(3.94); Cys394(3.66); P
Ala256(5.14)

Cocrystal
ligand

−8.69 Tyr76(3.71); Phe78(5.30); Me
Leu321(3.83)

Isoniazid −9.01 Cys394(5.10); Pro320(4.64);
Ala400(4.92); Thr260(3.72);
Phe387(4.64)

30010 | RSC Adv., 2025, 15, 30001–30025
demethylation of sterol precursors—a critical step in the
production of functional sterols necessary for maintaining
cellular membrane structure and uidity. This enzyme is highly
conserved across multiple species, including fungi and
of target CYP51

Halogen
H-bonding
interactions

van der
Waals

55);

321(4.92,
256(4.01,
.21);
al434(5.36)
l434(5.24);
37);

yr76(4.87);
9);
3.75);

u321(4.51);
4);

Gly257

la256(3.83);
6);

Met433
(2.61, 3.20)

Val434(4.88);
His259(3.49);
His101(3.51)

320(3.82);

9)

pro386(3.12) Thr264(3.57);
Thr260(3.46);
Cys394(3.94)

7);
he78(5.01);

260(3.78);

.60)(4.94);
s259(5.38);

.23)(4.92)

Gly257

is259(5.12);
ys394(3.63)

Thr260(3.17)

yr76(5.17);

21(4.77);
la256(4.12,
.50)
r76(4.83); Thr260(3.62)

he78(4.98); Ile323(2.56)

t79(5.48);

Pro386(2.14)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Mycobacterium tuberculosis, making it an attractive and well-
validated therapeutic target.58,77 Inhibition of CYP51 disrupts
sterol synthesis, leading to compromised membrane integrity
and ultimately cell death. Given its vital role in M. tuberculosis
survival, CYP51 is considered a promising target for developing
new antitubercular agents, especially in the context of
increasing drug resistance.78 The molecular docking results of
compounds 4a–4n using AutoDockTool includes binding
affinities, docking scores, and interaction proles which are
summarized in Table 3. The 2D and 3D interaction diagrams of
selected compounds with CYP51, highlighting key binding
interactions, are presented in Table 4. Among the series of
furan–thiazole hydrazones docked against Mycobacterium
tuberculosis CYP51, compounds 4a (−10.69 kcal mol−1), 4b
(−10.76 kcal mol−1), and 4c (−10.32 kcal mol−1) exhibited the
strongest binding affinities compared to the co-crystalized
ligand (−8.69 kcal mol−1) and isoniazid (−9.01 kcal mol−1).
Compound 4a showed favorable binding within the active site,
interacting with Ala256 (4.13, 5.10 Å), Cys394 (3.55 Å), Thr260
(3.78 Å), His259 (5.36 Å), Val434 (5.44 Å), Phe78 (4.92 Å), Leu321
(4.58 Å and 5.14 Å); and Tyr76 (4.75 Å), suggesting a stable
complex through hydrophobic interactions. Compound 4b
exhibited stable binding by interacting with key residues
including Phe78 (5.02 Å), Tyr76 (5.19 Å), Leu321 (4.92, 5.36, 5.37
Table 5 Docking interaction analysis for a series of furan–thiazole hydra

Molecules
Affinity
(kcal mol−1) Hydrophobic interactions (distan

4a −4.56 Trp138(4.51, 4.73, 4.94); Ala245(3
4b −4.99 Ala112(4.83); Gly11(3.99)

4c −6.88 Trp138(4.48, 4.76, 5.01); Ala245(3
4d −7.39 Ala245(3.95); Trp138(4.53, 4.77, 4

Val396(4.54)
4e −3.91 Arg406(4.15); Trp138(4.62, 4.96, 5

Val396(4.64); Ala245(4.05)
4f −7.89 Ala245(4.21)

4g −9.65 Ala152(4.45); Trp138(4.64, 4.76, 4
Ala245(3.93)

4h −3.77 Trp138(4.51, 4.75, 5.00); Ala245(3
4i −3.86 Arg(4.05); Val396(4.10);

Trp138(4.51, 4.84, 4.96, 5.01);
Ala245(3.87)

4j −3.33 Ala245(4.18); Thr110(3.60)

4k −6.59 Trp138(4.68); Ala245(4.03)

4l −7.42 Ala245(3.91); Trp138(4.44, 4.80, 4
4m −6.21 Trp138(4.61, 4.78, 5.04); Val396(4

Ala245(4.07)
4n −2.94 Ala245(4.17); Thr110(3.80)

Control
(co-crystal)

−7.61 —

© 2025 The Author(s). Published by the Royal Society of Chemistry
Å), His259 (4.53 Å), Ala256 (4.01, 5.03 Å), Phe387 (4.82 Å), Ala400
(4.21 Å), Thr260 (4.81 Å), Val434 (5.36 Å); and Cys394 (3.49 Å),
indicating a strong binding affinity through hydrophobic
contacts. Isoniazid displayed hydrophobic interactions with
Cys394, Pro320, Ala400, Phe387, and Thr260 and formed
hydrogen bond with and Pro386, indicating stable binding
within the active site. The overlapping interaction proles of the
top candidates with those of the control and reference drugs
highlight their potential as promising inhibitors of CYP51 and
worthy candidates for further antitubercular development.

3.4.2. Docking on common antibacterial target. 2,2-Dia-
lkylglycine decarboxylase (DGD) is a key enzyme in bacterial
metabolism that catalyzes the decarboxylation of 2,2-dia-
lkylglycines to produce amines and acetate. It plays an impor-
tant role in amino acid degradation, enabling bacteria to utilize
alternative carbon sources, especially under nutrient-limited
conditions. By supporting metabolic processes, DGD aids
bacterial adaptation to diverse environments, including host
tissues, thereby enhancing survival and virulence. Thus, tar-
geting DGD is considered as an important target in developing
newer antibacterials. Thus, we carried out docking analysis of
synthesized compounds (4a–4n) against 2,2-dialkylglycine
decarboxylase (PDB id: 1d7u) (Table 5). The 2D and 3D inter-
action diagrams of selected compounds (4f and 4g) with CYP51,
zones (4a–4n) against 2,2-dialkylglycine decarboxylase (PDB id: 1d7u)

ce, Å) Halogen H-bonding interactions (distance, Å)

.99) — Lys272(3.55); Gln246(2.98)
— Trp138(3.04, 3.25); Ser215(2.80);

Gln246(3.00, 3.07); Arg406(3.21);
Lys272(3.37); Ser54(3.10)

.95) — Gln246(2.99); Lys272(3.55)

.99); — Gln246(2.97); Lys272(3.57)

.00); — Gln246(2.95)

— Gln246(2.92); Trp138(3.34);
Lys272(3.52)

.79); Ser215(3.36) Gln246(2.93); Lys272(3.62)

.96) — Gln246(2.99); Lys272(3.55)
— Gln246(2.98); Lys272(3.66)

— Gly111(3.14); Ala112(2.96);
Gln246(2.80); Trp138(3.32);
Lys272(3.61)

— Ser271(2.85); Leu280(1.92);
Lys272(4.62); Gln246(3.03)

.91) — Gln246(2.98); Lys272(3.56)

.25); — Gln246(3.00)

Ser109(2.34); Gly111(3.36);
Lys272(3.74); Trp138(3.30);
Gln246(2.80); Ala112(2.94)
Asn115(2.80); Asp243(2.08);
Gly111(3.00); Trp138(3.07);
Ser215(2.47, 3.10); Gln246(3.10)

RSC Adv., 2025, 15, 30001–30025 | 30015
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Table 7 In silico ADME properties for synthesized compounds as calculated by ‘SwissADME’

Molecule MW
#Heavy
atoms

#Aromatic
heavy atoms

Lipinski
#violations

Ghose
#violations

Veber
#violations

Egan
#violations

Muegge
#violations

4a 359.32 25 16 0 0 1 1 1
4b 348.76 23 16 0 0 0 0 0
4c 328.35 23 16 0 0 0 0 0
4d 344.35 24 16 0 0 0 1 0
4e 364.38 26 20 0 0 0 0 1
4f 382.32 26 16 0 1 0 0 1
4g 398.32 27 16 0 1 0 1 1
4h 393.22 23 16 0 0 0 0 0
4i 314.32 22 16 0 0 0 0 0
4j 383.21 24 16 0 0 0 0 1
4k 330.32 23 16 0 0 1 1 0
4l 339.33 24 16 0 0 1 1 0
4m 348.76 23 16 0 0 0 0 0
4n 330.32 23 16 0 0 1 1 0

Molecule
GI
absorption

BBB
permeant

Pgp
substrate

CYP1A2
inhibitor

CYP2C19
inhibitor

CYP2C9
inhibitor

CYP2D6
inhibitor

CYP3A4
inhibitor

4a Low No No Yes Yes Yes No Yes
4b Low No No Yes Yes Yes No No
4c High No No Yes Yes Yes No No
4d Low No No Yes Yes Yes No No
4e Low No No Yes Yes Yes No No
4f Low No No Yes Yes Yes No No
4g Low No No Yes Yes Yes No No
4h Low No No Yes Yes Yes No No
4i High No No Yes Yes Yes No No
4j Low No No Yes Yes Yes No No
4k Low No No Yes Yes Yes No No
4l Low No No Yes Yes Yes No No
4m Low No No Yes Yes Yes No No
4n Low No No Yes Yes Yes No No
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highlighting key binding interactions, are presented in Table 6.
Among the series of furan–thiazole hydrazones (4a–4n) docked
against 2,2-dialkylglycine decarboxylase (PDB ID: 1d7u),
compound 4g exhibited the highest binding affinity with
a docking score of −9.65 kcal mol−1, surpassing the co-crystal
Table 8 In silico toxicity properties for synthesized compounds as calcu

Compounds hERG H-HT DILI
AMES
toxicity

Rat oral acute
toxicity FDAMDD

4a 0.055 0.881 0.979 0.998 0.076 0.526
4b 0.011 0.832 0.978 0.99 0.15 0.499
4c 0.008 0.889 0.976 0.993 0.117 0.262
4d 0.016 0.926 0.976 0.993 0.132 0.417
4e 0.012 0.885 0.979 0.994 0.127 0.701
4f 0.007 0.905 0.971 0.984 0.175 0.383
4g 0.026 0.982 0.984 0.988 0.521 0.665
4h 0.011 0.65 0.977 0.98 0.105 0.457
4i 0.006 0.881 0.976 0.993 0.258 0.298
4j 0.013 0.711 0.977 0.986 0.055 0.668
4k 0.007 0.857 0.977 0.989 0.165 0.303
4l 0.03 0.952 0.978 0.993 0.273 0.762
4m 0.009 0.85 0.975 0.988 0.122 0.664
4n 0.008 0.865 0.974 0.987 0.182 0.568

30018 | RSC Adv., 2025, 15, 30001–30025
ligand (control), which showed an affinity of
−7.61 kcal mol−1. Compound 4g formed strong hydrophobic
interactions with key residues such as Trp138, Ala245, and
Ala152, and was further stabilized by a halogen bond with
Ser215 (3.36 Å), along with hydrogen bonds involving Gln246
lated by ‘ADMETlab 2.0’ (https://admetmesh.scbdd.com/)

Skin
sensitization Carcinogenicity

Eye
corrosion

Eye
irritation

Respiratory
toxicity

0.52 0.971 0.133 0.97 0.899
0.254 0.955 0.028 0.946 0.922
0.283 0.96 0.081 0.967 0.914
0.289 0.97 0.04 0.958 0.912
0.243 0.97 0.016 0.962 0.874
0.159 0.941 0.032 0.917 0.95
0.132 0.97 0.004 0.294 0.916
0.328 0.957 0.199 0.973 0.936
0.337 0.959 0.136 0.974 0.933
0.25 0.955 0.025 0.916 0.947
0.292 0.962 0.063 0.966 0.932
0.323 0.967 0.036 0.955 0.94
0.28 0.954 0.056 0.934 0.921
0.323 0.962 0.088 0.959 0.934

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Optimized structures of synthesized derivatives.
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(2.93 Å) and Lys272 (3.62 Å). Other high-affinity compounds
included 4f (−7.89 kcal mol−1) and 4l (−7.42 kcal mol−1), which
also interacted consistently with Trp138, Ala245, Gln246, and
Lys272—residues critical for ligand binding (Fig. 2). In
comparison, the control ligand formed multiple hydrogen
bonds, notably with Trp138, Gln246, Ser215, and Asp243,
indicating similar binding site preferences. The best binding of
4g suggests its promising potential as a lead molecule.

3.5. In silico ADME and toxicity analysis

The ADME and drug-likeness analysis of the furan–thiazole
hydrazones (4a–4n) revealed that most compounds exhibit
favourable drug-like properties, with no violations of Lipinski's
rule, indicating good oral bioavailability potential (Table 7).
Compounds 4b, 4c, 4h, 4i, and 4m emerged as the most
promising candidates, showing zero violations across all ve
major drug-likeness lters (Lipinski, Ghose, Veber, Egan, and
Muegge). The compounds like 4a, 4e, 4f, 4g, 4j, 4k, 4l, and 4n
showed one or more violations, mostly related to Veber and
Muegge rules, which may affect bioavailability or lead-likeness.
Regarding ADME properties, only 4c and 4i demonstrated high
gastrointestinal (GI) absorption, a critical factor for oral drugs,
while the remaining compounds had low GI absorption. None
of the molecules were predicted to cross the blood–brain barrier
(BBB) or act as P-glycoprotein (Pgp) substrates, which is
favourable in avoiding CNS side effects and drug efflux issues.
Most compounds were predicted to inhibit multiple cyto-
chrome P450 enzymes. The compounds 4b, 4c, 4h, 4i, and 4m
possessed good balance of drug-likeness and ADME proles,
making them suitable candidates for further development. The
in silico toxicity assessment (Table 8) of compounds 4a–4n
revealed that all molecules exhibited excellent hERG safety
(probability # 0.055), indicating a low risk of cardiotoxicity.
However, all compounds showed poor human hepatotoxicity
(H-HT) proles (values > 0.7), and similarly, high DILI proba-
bilities ($0.971), suggesting signicant liver toxicity risk. Most
compounds also showed very poor AMES toxicity scores ($0.98),
indicating a strong mutagenic potential. Regarding rat oral
acute toxicity, the majority of compounds showed excellent to
moderate safety (values mostly < 0.3), with compound 4g being
the least favourable (0.521). FDAMDD predictions showed that
the compounds 4c and 4i have good safety, while others (4l and
4e) fell in the medium to poor range (>0.7). Skin sensitization
values were mostly moderate (0.13–0.52), implying potential for
mild sensitization. All compounds showed high carcinogenicity
scores ($0.941), indicating a strong potential carcinogenic risk.
Eye corrosion predictions were mostly in the excellent range
(<0.2), while eye irritation values were generally poor (>0.9),
suggesting a notable risk of ocular irritation.

3.6. DFT study

3.6.1. Optimized molecular geometries and electronic
parameters. DFT calculations were performed at the B3LYP/6-
31G(d,p) level to evaluate the geometric and electronic proper-
ties of the synthesized furan–thiazole hydrazone derivatives
(4a–4n) and to understand their structure–activity relationships
© 2025 The Author(s). Published by the Royal Society of Chemistry
with respect to antitubercular potential. The optimized molec-
ular structures (Fig. 3) revealed predominantly non-planar
conformations with extended p-conjugation, inuenced by
the nature of the substituents present on the phenyl or heter-
oaryl rings.
RSC Adv., 2025, 15, 30001–30025 | 30019
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Table 9 Electronic parameters of the synthesized compound (4a–4n)

Entry E (a.u.) EHOMO (eV) ELUMO (eV) I (eV) A (eV) Eg (eV) Dipole moment (debye)

4a −1584.72 −4.10 −2.88 4.10 2.88 3.22 4.3933
4b −1841.82 −5.81 −2.74 5.81 2.74 3.05 5.3810
4c −1421.54 −5.41 −2.47 5.41 2.47 2.94 4.0941
4d −1494.75 −5.43 −2.44 5.43 2.44 2.79 7.5059
4e −1535.87 −5.57 −2.70 5.57 2.70 2.87 5.8847
4f −1719.24 −5.93 −2.80 5.93 2.80 3.13 5.5299
4g −1794.48 −5.87 −2.78 5.87 2.78 3.09 5.4229
4h −3953.33 −5.80 −2.74 5.80 2.74 3.04 5.3859
4i −1382.22 −5.49 −2.49 5.49 2.49 3.00 5.8882
4j −2301.41 −5.93 −2.83 5.93 2.83 3.1 4.0109
4k −1457.44 −5.49 −2.48 5.49 2.48 2.81 4.9547
4l −1474.44 −403 −2.84 4.03 2.84 3.17 4.2818
4m −1841.82 −5.84 −2.74 5.84 2.74 3.10 4.9542
4n −1457.44 −5.44 −2.45 5.44 2.45 2.99 4.8454

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
2/

6/
20

25
 1

:2
5:

20
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
To gain deeper insight into their electronic behaviour, the
electronic parameters (Table 9) such as frontier molecular
orbitals (FMOs), energy gaps (Eg), dipole moments, and global
reactivity descriptors (Table 10) were analysed and correlated
with the observed biological activity. The HOMO and LUMO
energy levels, which provide insight into a molecule's electron-
donating and accepting capacities 80 exhibited signicant vari-
ation across the series, reecting the effect of different
substituents. The pictorial representation of HOMO–LUMO
plots are given in Table S3. HOMO energies ranged from
−4.10 eV (4a) to −5.93 eV (4f and 4j), while LUMO energies
spanned −2.44 eV (4d) to −2.88 eV (4a). Consequently, the
HOMO–LUMO energy gaps varied between 2.79 and 3.22 eV,
indicating differences in chemical reactivity and electronic
exibility among the derivatives. Compounds with lower Eg
values and higher chemical soness, such as 4c (Eg = 2.94 eV,
soness = 0.68 eV−1) and 4d (Eg = 2.79 eV, soness = 0.67
eV−1), displayed enhanced electronic polarizability, which
typically favours biological interactions. These compounds
Table 10 Global reactivity parameters of synthesized compoundsa

Entry c (eV) h (eV) s (eV−1) u (eV) m (eV) DNmax (eV)

4a 3.49 0.61 1.64 9.98 −3.49 5.72
4b 4.27 1.53 0.65 5.95 −4.27 2.78
4c 3.94 1.47 0.68 5.28 −3.94 2.68
4d 3.93 1.49 0.67 5.18 −3.93 2.63
4e 4.13 1.43 0.70 5.96 −4.13 2.88
4f 4.36 1.56 0.64 6.09 −4.36 2.79
4g 4.32 1.54 0.65 6.05 −4.32 2.80
4h 4.27 1.53 0.65 5.96 −4.27 2.79
4i 3.99 1.50 0.67 5.31 −3.99 2.66
4j 4.38 1.55 0.65 6.19 −4.38 2.82
4k 3.98 1.50 0.66 5.27 −3.98 2.65
4l 3.43 0.59 1.68 9.91 −3.43 5.77
4m 4.29 1.55 0.64 5.94 −4.29 2.77
4n 3.94 1.49 0.67 5.20 −3.94 2.64

a c = electronegativity; h = chemical hardness; s, chemical soness; u,
global electrophilicity; m, chemical potential; DNmax = maximum
electronic charge.

30020 | RSC Adv., 2025, 15, 30001–30025
demonstrated moderate antitubercular activity with MIC values
of 3.12–6.25 mg mL−1, suggesting that reduced energy gaps and
increased soness can contribute to improved biological
response. Interestingly, compounds 4a and 4b, bearing
electron-withdrawing nitro and chloro substituents, showed the
most potent antitubercular activity (MIC = 3.12 mg mL−1)
despite relatively higher Eg values (3.22 and 3.05 eV, respec-
tively). This observation indicates that, beyond energy gap
considerations, substituent-induced electronic effects play
a crucial role in facilitating favourable interactions with the
biological target, possibly through enhanced molecular polarity
and electrophilicity. This is supported by their high electro-
philicity indices (u = 9.98 eV for 4a and 5.95 eV for 4b) and
signicant dipole moments (4.39 and 5.38 debye), which can
enhance binding affinity toward enzyme active sites or receptor
proteins. In contrast, derivatives such as 4f, 4j, and 4m exhibi-
ted lower biological activity (MIC= 12.5 mg mL−1), which can be
attributed to their higher energy gaps (3.10–3.13 eV). These
structural features likely reduce their ability to participate
effectively in non-covalent interactions critical for biological
activity. The observed trends were further supported by global
reactivity descriptors, where higher electronegativity (c) and
electrophilicity (u) values were generally associated with
compounds exhibiting better antitubercular efficacy. For
instance, 4a showed a high electrophilicity index (u = 9.98 eV)
and low hardness (h = 0.61 eV), consistent with its excellent
activity prole. Moreover, dipole moments across the series
ranged from 4.01 to 7.51 debye, with higher values in
compounds such as 4d (7.51 D) reecting enhanced molecular
polarity, which may contribute to favorable interactions with
the polar environment of the mycobacterial target. Additionally,
compounds with higher maximum electronic charge transfer
values (DNmax), such as 4a (5.72 eV) and 4l (5.77 eV), demon-
strated increased soness and electron accommodation
capacity, features that support effective biological engagement.
The DFT derived electronic parameters revealed that electron-
withdrawing or donating groups signicantly affect the elec-
tronic distribution, reactivity, and polarity of the compounds,
which correlates with their antitubercular activity. The study
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Molecular electrostatic potential (4a–4n).
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supports the structure–activity relationship and highlights the
role of electronic factors in inuencing biological efficacy.

3.6.2. Molecular electrostatic potential surface analysis.
Molecular Electrostatic Potential (MEP) surface analysis
provides a detailed visualization of the charge distribution
across a molecule and is an essential computational tool for
identifying reactive sites.79 By projecting the electrostatic
potential derived from electron density onto the molecular van
© 2025 The Author(s). Published by the Royal Society of Chemistry
der Waals surface, MEP maps offer a three-dimensional, color-
coded representation of electronic behavior. In these maps,
blue indicates regions of high positive potential (electron-
decient), red denotes areas of negative potential (electron-
rich), and yellow signies zones with moderate negative char-
acter. For the synthesized furan–thiazole hydrazone derivatives
(4a–4n), the MEP surfaces (Fig. 4) clearly illustrate distinct
charge separation inuenced by the substitution patterns.
Intense yellow to red coloration is consistently observed around
the oxygen atoms of both the carbonyl and nitro groups,
reecting their high electron density and conrming these
atoms as potential nucleophilic centers. This suggests their
likely participation in intermolecular interactions such as
hydrogen bonding or coordination with electrophiles.
Conversely, strong blue regions are prominently localized
around the nitrogen atoms particularly those within the
hydrazone and thiazole rings indicating signicant electron-
decient character.79 These sites may act as potential accep-
tors in nucleophilic interactions or hydrogen bond donors,
depending on their molecular environment. The MEP distri-
bution demonstrates how specic substituents and hetero-
atoms modulate the molecule's electronic landscape. The
gradient from red to blue across the molecular surface high-
lights the electronic polarization within the structure, helping
to predict the molecule's reactivity, non-covalent binding pref-
erences, and interaction sites.80 These electrostatic character-
istics are key to understanding the chemical behavior of the
series and are directly inuenced by the type and positioning of
electron-donating or -withdrawing groups present in each
derivative.

4 Conclusion

The present investigation highlights the successful design and
evaluation of a novel series of furan–thiazole hydrazone deriv-
atives (4a–4n) as dual-action as antitubercular and antibacterial
candidates. The compounds were successfully characterized
using FT-IR, 1H NMR, 13C{1H} NMR, 19F NMR, and HRMS
techniques. Among the synthesized compounds, 4a, 4b, and 4c
displayed notable antitubercular activity, comparable to stan-
dard drugs. Compound 4g emerged as a potent candidate in
antibacterial assays, demonstrating better antibacterial activity
compared to other derivatives which is attributed to its tri-
uoromethyl substitution. Molecular docking further validated
the bioactivity, with high binding affinities aligning with the in
vitro data. The structure–activity relationships derived from this
study offer valuable insights for the rational design of future
analogues. Compounds 4b, 4c, 4h, 4i, and 4m demonstrated
promising ADME properties, reinforcing their potential leads
with acceptable drug-like behavior for further development. The
DFT analysis, including electronic structure, frontier molecular
orbital distribution, and electrostatic potential mapping
provided insights into electronic, chemical and biological
aspects. These ndings validate the furan–thiazole hydrazone
scaffold as a promising platform for the development of new
antitubercular and antibacterial agents amid rising drug resis-
tance challenges. Further cytotoxicity and selectivity studies are
RSC Adv., 2025, 15, 30001–30025 | 30021
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planned in future work to evaluate the therapeutic safety prole
of the most active compounds.
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