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-thiazole hybrid candidates
bearing N-methyl piperazine as potential anti-
breast cancer agents: synthesis, biological
evaluation and computational studies
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Rahul A. Shinde, d Ruma Sarkar,e Adrija Mukherjee,e Suraj N. Mali, f
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Breast cancer remains one of the most pressing global health concerns, emphasizing the urgent need for

novel and effective therapeutic strategies. In this context, a new series of quinolinyl-thiazole derivatives

incorporating an N-methyl piperazine moiety (6a–6h) was rationally designed, synthesized, and

thoroughly characterized using FT-IR, 1H NMR, 13C NMR, and mass spectral methods. The anti-breast

cancer potential of these compounds was assessed against the triple-negative breast cancer cell line

MDA-MB-231, exhibiting IC50 values ranging from 1.415 ± 0.16 to 2.898 ± 0.27 mM, thus highlighting

their anti-breast cancer potential. Within the series, compound 6a showed the highest potency with the

lowest IC50 value, whereas 6f displayed the weakest activity. Molecular docking of quinolinyl–thiazole

derivatives (6a, 6f, 6g and 6h) against epidermal growth factor receptor tyrosine kinase revealed binding

affinities correlating with their in vitro cytotoxicity on MDA-MB-231 cells, with 6a showing the strongest

activity (IC50 = 1.415 ± 0.16 mM; docking score = −10.0 kcal mol−1) via key hydrogen bonds,

electrostatic contacts, and hydrophobic interactions. Furthermore, in silico ADME evaluation and drug-

likeness analysis indicated that all synthesized derivatives possessed favorable pharmacokinetic

properties. Density functional theory analysis of the most potent compound (6a) offered valuable insights

into its structural characteristics, electronic distribution, and chemical reactivity via optimized geometry,

frontier molecular orbital and molecular electrostatic potential surface studies. The results suggested

that the synthesized compounds are promising candidates for further investigation.
andhi Vidyamandir's Loknete Vyankatrao

ge (Affiliated to Savitribai Phule Pune

ik 422003, Pune, India. E-mail:

e86@gmail.com; tbpawar03@gmail.com

rotar University of Science and Technology

388421, India. E-mail: umangshah.ph@

ry, Pune-411008, India. E-mail:

dhi Vidyamandir's Maharaja Sayajirao

lege (Affiliated to Savitribai Phule Pune

3105, India. E-mail: rahulshinde843@

ces, Charotar University of Science and

ga 388421, Gujarat, India. E-mail:

ukherjee@gmail.com

vi Mumbai-400706, Maharashtra, India.

the Royal Society of Chemistry
1. Introduction

Cancer is one of the most pressing global health issues, with
breast cancer being the most commonly diagnosed malignancy
and the leading cause of cancer-related deaths among women
globally.1–3 Challenges such as drug resistance, systemic toxicity,
and tumor heterogeneity continue to impede effective breast
cancer treatment.4–6 As a result, the discovery of new bioactive
compounds with superior potency, selectivity, and pharmacoki-
netic features is important.7–9 Heterocyclic compounds have
generated signicant interest in anticancer research due to their
structural versatility and biological signicance.10,11 Thiazole and
quinoline scaffolds, in particular, have emerged as key pharma-
cophores in the development of strong anticancer drugs.12,13

Thiazole, a ve-membered heterocycle containing both sulfur
and nitrogen atoms, is a core unit in various FDA-approved drugs
and bioactive molecules.14,15 Thiazole derivatives have exhibited
promising activity against cancer cells through diverse mecha-
nisms, including DNA intercalation, tubulin polymerization
inhibition, apoptosis induction, and kinase modulation.16–20
RSC Adv., 2025, 15, 47203–47219 | 47203
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Several clinically useful anticancer drugs, such as dasatinib and
tiazofurin, feature the thiazole nucleus, underlining its thera-
peutic relevance.12,21,22 On the other hand, quinoline, a fused
aromatic nitrogen-containing heterocycle, is another scaffold
widely explored in medicinal chemistry.23–25 Its derivatives are
known for diverse pharmacological activities, particularly as
anticancer, antimalarial, and antimicrobial agents.26–28

Hybridization of pharmacophores represent a strategic
approach in modern drug design, wherein two or more bioac-
tive moieties are integrated into a single molecular entity to
enhance biological activity and improve target specicity.29,30

The fusion of thiazole and quinoline into a single framework,
therefore, holds signicant promise for generating potent
anticancer agents.31,32 In last two decades, medicinal chemists
have incorporated piperazine and its derivatives as functional
components in drug design due to their favorable pharmaco-
logical attributes.33–35 It enhances drug–receptor interactions,
and is a common motif in drugs such as imatinib and unar-
izine.36,37 Fig. 1 represents bioactive compounds incorporating
quinoline, thiazole, and piperazine scaffolds, known for their
diverse pharmacological activities.
Fig. 1 Bioactive compounds featuring quinoline, thiazole and piperazine

47204 | RSC Adv., 2025, 15, 47203–47219
In silico molecular modelling techniques such as molecular
docking, absorption, distribution, metabolism, and excretion
(ADME) proling, and density functional theory (DFT) studies have
become indispensable tools in modern drug development.38–40 It
has been previously reported that targeting the epidermal growth
factor receptor (EGFR) is an effective strategy for investigating
drug–receptor interactions, particularly in the context of devel-
oping and evaluating compounds with potential anti-breast cancer
activity.41–44 Molecular docking provides insights into the binding
affinity and interaction prole between synthesized compounds
and EGFR which is frequently overexpressed in breast cancer.45,46

Triple-negative breast cancer (TNBC) is an aggressive type of breast
cancer lacking estrogen receptor (ER), progesterone receptor (PR),
and human epidermal growth factor receptor 2 (HER2), and some
TNBC tumors have high epidermal growth factor receptor (EGFR)
levels, which drive tumor growth and poor outcomes, making
EGFR a useful target for developing new therapies.47–51 In this
context, the present study was undertaken with the objective of
designing and synthesizing novel quinoline-thiazole hybrid
derivatives bearing N-methyl piperazine as potential antibreast
cancer candidates. A concise synthetic strategy was adopted,
structures.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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enabling the construction of the hybrid framework in good yields
with structural conrmation through spectroscopic techniques
including FT-IR, 1H and 13C NMR, and mass spectral techniques.
The synthesized compounds were subjected to Anti-Breast cancer
activity against triple negative breast cancer cell line (MDA-MB-
231) using MTT assay to evaluate their cytotoxic efficacy. Further-
more, molecular docking studies were carried out to predict the
binding interactions of the most active compounds. ADME prop-
erties were also computed to assess their drug-likeness and
pharmacokinetic suitability. The novelty of this work lies in the
rational design of a new class of quinoline-thiazole hybrids inte-
grated with a N-methyl piperazine unit, aiming for enhanced
cytotoxicity against breast cancer cells. This multi-faceted
approach combining organic synthesis, biological evaluation,
andmolecularmodelling offers a robust platform for the discovery
of new anticancer agents.
2. Materials and methods
2.1. General remarks

All reagents and solvents were procured from commercial
suppliers and used without further purication. Reaction
progress was monitored by thin-layer chromatography (TLC) on
silica gel plates using appropriate solvent systems, and spots
were visualized under UV light. The melting points of the
synthesized compounds were determined in open capillaries
and are uncorrected. The purity of nal compounds (6a–6h) was
conrmed by TLC and characterized using FT-IR, 1H NMR, 13C
NMR, and mass spectrometry.
2.2. Synthetic procedure

2.2.1. Step (i): synthesis of intermediate 2. To a stirred
solution of N-acetylaniline (compound 1) in dry di-
methylformamide (DMF), phosphorus oxychloride (POCl3) was
added dropwise under cooling. The reaction mixture was then
reuxed for 8 hours. The progress of the reaction wasmonitored
using TLC. Aer completion, the reaction mixture was cooled to
room temperature and poured onto crushed ice with contin-
uous stirring. The resulting precipitate was ltered, washed
with water, and puried by using isopropyl alcohol to obtain the
intermediate 2-chloroquinoline-3-carbaldehyde (2) in good
yield.

2.2.2. Step (ii): synthesis of intermediate 3. In a separate
round-bottom ask, compound 2 was reacted with N-methyl-
piperazine (1.2 equivalents) in the presence of anhydrous
potassium carbonate (K2CO3) as a base in dry DMF as the
solvent. The mixture was heated at 110–120 °C for 5 hours with
constant stirring. This step facilitates the nucleophilic substi-
tution of the chloro group by theN-methylpiperazine unit. Upon
reaction completion (monitored by TLC), the reaction mass was
cooled, poured into ice-cold water, and extracted with ethyl
acetate. The organic layer was washed with water and brine,
dried over anhydrous sodium sulfate, and concentrated under
reduced pressure. The residue was puried by using isopropyl
alcohol to obtain the pure compound 3.
© 2025 The Author(s). Published by the Royal Society of Chemistry
2.2.3. Step (iii): synthesis of quinolyl-thiazole hybrids (6a–
6h). Quinolyl-thiazole hybrids (6a–6h) were prepared as per
previously published method with slight modication.52 A
mixture of intermediate 3 (255.32 mg, 1.00 mmol) and thio-
semicarbazide (4, 91 mg, 1.00 mmol) was placed in a 25 mL
round-bottom ask containing PEG-400 (5 mL) and 10 mol%
sulfamic acid (9.71 mg, 0.10 mmol). The mixture was stirred
and heated at 80–90 °C for 60 minutes to allow initial conden-
sation. Subsequently, the substituted phenacyl bromide deriv-
ative (5a–5h, 1.00 mmol) was added directly to the hot reaction
mixture. Heating was continued at 80–90 °C for an additional 15
minutes until completion, monitored by TLC. The reaction
mixture was cooled to room temperature and ice cold water (20–
30 mL) was added with stirring, and the precipitate was ltered,
washed with cold ethanol and dried at room temperature. The
crude products were puried by recrystallization using ethanol
to afford pure hybrid compounds 6a–6h (Scheme 1).
2.3. Spectral data

2.3.1. 2-(4-methylpiperazin-1-yl)quinoline-3-carbaldehyde
(3). 1H NMR (500 MHz, CDCl3) d 10.18 (s, 1H), 8.49 (s, 1H), 7.86–
7.77 (m, 2H), 7.72–7.67 (m, 1H), 7.37 (t, J = 7.5 Hz, 1H), 3.59–
3.50 (m, 4H), 2.70–2.61 (m, 4H), 2.39 (s, 3H); 13C NMR (126MHz,
CDCl3) d 190.27, 159.05, 149.35, 142.28, 132.47, 129.27, 127.57,
124.62, 124.03, 122.11, 77.30, 77.04, 76.79, 55.00, 51.04, 46.18;
MS for C15H17N3O: [M + H]+ calculated m/z: 256.14 and
observed: 256.1448.

2.3.2. (E)-2-(2-((2-(4-methylpiperazin-1-yl)quinolin-3-yl)
methylene)hydrazineyl)-4-(4-nitrophenyl)thiazole (6a). FT-IR
(cm−1): 3176, 3103, 2920, 2845, 1595, 1560, 1516, 1456, 1437,
1408, 1273, 1153, 1047, 1015, 984, 945, 847, 755, 686, 530; 1H
NMR (500 MHz, DMSO-d6) d: 12.47 (s, 1H), 8.59 (s, 1H), 8.30 (d, J
= 8.6 Hz, 2H), 8.25 (s, 1H), 8.14 (d, J= 8.6 Hz, 2H), 8.05–8.00 (m,
1H), 7.82–7.78 (m, 2H), 7.72–7.68 (m, 1H), 7.51–7.47 (m, 1H),
3.33 (s, 8H), 2.88 (s, 3H); 13C NMR (126 MHz, DMSO-d6) d:
168.12, 157.46, 148.45, 146.15, 146.01, 140.46, 138.25, 134.46,
130.24, 128.23, 127.07, 126.25, 125.14, 124.98, 124.04, 120.86,
108.78, 52.55, 47.33, 42.46; MS for C24H23N7O2S: [M + H]+

calculated m/z: 474.17 and observed: 474.2784.
2.3.3. (E)-4-(4-bromophenyl)-2-(2-((2-(4-methylpiperazin-1-

yl)quinolin-3-yl)methylene)hydrazineyl)thiazole (6b). FT-IR
(cm−1): 3365, 3169, 3048, 2982, 2899, 2843, 1607, 1482, 1433,
1353, 1283, 1240, 1158, 1047, 998, 948, 855, 786, 749, 686, 663,
542; 1H NMR (500 MHz, DMSO-d6) d: 12.37 (s, 1H), 8.58 (s, 1H),
8.23 (s, 1H), 8.05–7.99 (m, 1H), 7.83 (d, J= 8.4 Hz, 2H), 7.81–7.79
(m, 1H), 7.72–7.68 (m, 1H), 7.62 (d, J = 8.4 Hz, 2H), 7.50–7.46
(m, 2H), 3.33 (s, 8H), 2.89 (s, 3H); 13C NMR (126 MHz, DMSO-d6)
d: 167.81, 157.43, 149.29, 145.95, 137.88, 134.37, 133.68, 131.48,
130.19, 128.20, 127.44, 127.06, 125.13, 125.00, 120.93, 120.51,
104.79, 52.50, 47.26, 42.39; MS for C24H23BrN6S: [M + H]+

calculated m/z: 507.09 and observed: 507.2186.
2.3.4. (E)-4-(4-chlorophenyl)-2-(2-((2-(4-methylpiperazin-1-

yl)quinolin-3-yl)methylene)hydrazineyl)thiazole (6c). FT-IR
(cm−1): 3364, 3170, 3052, 2983, 2843, 1644, 1608, 1484, 1355,
1283, 1241, 1159, 1088, 1048, 948, 916, 855, 787, 667, 519; 1H
NMR (500 MHz, DMSO-d6) d: d 12.37 (s, 1H), 8.57 (s, 1H), 8.24 (s,
RSC Adv., 2025, 15, 47203–47219 | 47205

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06350g


Scheme 1 Synthetic pathway for the preparation of novel quinolinyl-thiazole hybrid candidates (6a–6h) bearing N-methylpiperazine via three-
step synthesis involving quinoline formation, piperazine substitution, and final condensation and cyclization with thiosemicarbazide and phe-
nacyl bromide derivatives.
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1H), 8.04–8.00 (m, J = 8.0 Hz, 1H), 7.90 (d, J = 6.8 Hz, 2H), 7.81–
7.78 (m, J = 8.3 Hz, 1H), 7.71–7.68 (m, J = 7.4 Hz, 1H), 7.50–7.46
(m, J= 9.3 Hz, 4H), 3.35 (s, 8H), 2.87 (s, 3H); 13C NMR (126MHz,
DMSO-d6) d: 168.39, 158.07, 149.80, 146.54, 138.46, 134.91,
133.92, 132.48, 130.75, 129.14, 128.77, 127.70, 127.63, 125.68,
125.56, 121.52, 105.26, 53.16, 47.97, 43.12; MS for C24H23ClN6S:
[M + H]+ calculated m/z: 463.14 and observed: 463.2554.

2.3.5. (E)-4-(4-methoxyphenyl)-2-(2-((2-(4-methylpiperazin-
1-yl)quinolin-3-yl)methylene)hydrazineyl)thiazole (6d). FT-IR
(cm−1): 3358, 3164, 3044, 2977, 2839, 1648, 1608, 1552, 1489,
1355, 1168, 1053, 989, 833, 788, 695, 527; 1H NMR (500 MHz,
DMSO-d6) d: 12.31 (s, 1H), 8.58 (s, 1H), 8.22 (s, 1H), 8.05–8.01
(m, 1H), 7.86–7.77 (m, 3H), 7.74–7.68 (m, 1H), 7.51–7.46 (m,
1H), 7.23 (s, 1H), 6.98 (d, J = 8.6 Hz, 2H), 3.80 (s, 3H), 3.33 (s,
8H), 2.93 (s, 3H); 13C NMR (126 MHz, DMSO-d6) d: 167.53,
158.75, 157.34, 150.33, 145.90, 137.49, 134.27, 130.16, 128.19,
127.37, 127.07, 126.76, 125.16, 125.05, 121.01, 113.91, 101.73,
55.06, 52.38, 47.05, 42.17; MS for C25H26N6OS: [M + H]+ calcu-
lated: 459.19 and observed: 459.3092.

2.3.6. (E)-2-(2-((2-(4-methylpiperazin-1-yl)quinolin-3-yl)
methylene)hydrazineyl)-4-phenylthiazole (6e). FT-IR (cm−1):
3346, 3148, 3058, 2958, 2845, 1638, 1604, 1553, 1487, 1356,
1281, 1161, 1050, 990, 849, 779, 695, 539; 1H NMR (500 MHz,
DMSO-d6) d: 12.35 (s, 1H), 8.58 (s, 1H), 8.23 (s, 1H), 8.05–8.01
(m, J = 8.1 Hz, 1H), 7.88 (d, J = 7.8 Hz, 2H), 7.82–7.79 (m, J =
8.4 Hz, 1H), 7.72–7.68 (m, J = 7.6 Hz, 1H), 7.49 (t, J = 7.5 Hz,
1H), 7.45–7.39 (m, J= 13.0, 5.2 Hz, 3H), 7.34–7.30 (m, J= 7.3 Hz,
1H), 3.33 (s, 8H), 2.93 (s, 3H); 157.36, 150.49, 145.92, 137.45,
47206 | RSC Adv., 2025, 15, 47203–47219
134.46, 133.48, 129.56, 128.20, 127.57, 127.02, 125.42, 125.04,
120.98, 108.89, 67.65, 52.38, 42.09, 42.17; MS for C24H24N6S: [M
+ H]+ calculated m/z: 429.18 and observed: 429.2868.

2.3.7. (E)-4-(3,4-dichlorophenyl)-2-(2-((2-(4-
methylpiperazin-1-yl)quinolin-3-yl)methylene)hydrazineyl)
thiazole (6f). FT-IR (cm−1): 3161, 3100, 2980, 2921, 2849, 1595,
1565, 1489, 1453, 1410, 1385, 1358, 1295, 1133, 1054, 986, 936,
876, 787, 679, 557; 1H NMR (500MHz, DMSO-d6) d: 12.40 (s, 1H),
8.58 (s, 1H), 8.23 (s, 1H), 8.10 (d, J = 1.8 Hz, 1H), 8.02 (d, J =
8.0 Hz, 1H), 7.87 (dd, J = 8.4, 1.8 Hz, 1H), 7.80 (d, J = 8.4 Hz,
1H), 7.72–7.68 (m, 2H), 7.63 (s, 1H), 7.51–7.47 (m, 1H), 3.34 (s,
8H), 2.94 (s, 3H); 13C NMR (126 MHz, DMSO-d6) d: 168.47,
157.89, 148.47, 146.52, 138.60, 135.59, 135.01, 131.93, 131.37,
130.80, 130.24, 129.12, 128.79, 127.62, 126.02, 125.74, 125.58,
121.42, 106.72, 52.94, 47.63, 42.72, 14.34; MS for C24H22Cl2N6S:
[M + H]+ calculated m/z: 497.10 and observed: 497.2287.

2.3.8. (E)-4-(4-uorophenyl)-2-(2-((2-(4-methylpiperazin-1-
yl)quinolin-3-yl)methylene)hydrazineyl)thiazole (6g). FT-IR
(cm−1): 3176, 3105, 2920, 2854, 1590, 1558, 1485, 1354, 1277,
1154, 1089, 983, 836, 794, 684, 520; 1H NMR (500 MHz, DMSO-
d6) d: 12.35 (s, 1H), 8.58 (s, 1H), 8.23 (s, 1H), 8.05–8.01 (m, J 1H),
7.92 (m, 2H), 7.82–7.79 (m, 1H), 7.72–7.68 (m, 1H), 7.49 (t, J =
7.3 Hz, 1H), 7.39 (s, 1H), 7.29–7.24 (m, 2H), 3.33 (s, 8H), 2.93 (s,
3H); 13C NMR (126 MHz, DMSO-d6) d: 167.76, 161.55 (d, J =
244.5 Hz), 157.35, 149.48, 145.93, 137.73, 134.34, 131.12, 130.20,
128.21, 127.41 (d, J = 8.1 Hz), 127.07, 125.17, 125.04, 120.95,
115.40 (d, J = 21.5 Hz). 103.65, 52.38, 47.06, 42.16; MS for
© 2025 The Author(s). Published by the Royal Society of Chemistry
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C24H23FN6S: [M + H]+ calculated m/z: 447.17 and observed:
447.2705.

2.3.9. (E)-4-(2-(2-((2-(4-methylpiperazin-1-yl)quinolin-3-yl)
methylene)hydrazineyl)thiazol-4-yl)benzonitrile (6h). FT-IR
(cm−1): 3418, 3195, 3116, 3038, 2844, 2217, 1606, 1486, 1436,
1361, 1281, 1161, 1122, 1051, 984, 841, 782, 670, 518; 1H NMR
(500 MHz, DMSO-d6) d: 12.42 (s, 1H), 8.59 (s, 1H), 8.24 (s, 1H),
8.06 (d, J = 8.3 Hz, 2H), 8.04–8.00 (m, 1H), 7.89 (d, J = 8.3 Hz,
2H), 7.82–7.79 (m, 1H), 7.74–7.68 (m, 2H), 7.51–7.47 (m, 1H),
3.35 (s, 8H), 2.93 (s, 3H); 13C NMR (126 MHz, DMSO-d6) d:
168.57, 157.90, 149.34, 146.51, 139.12, 138.67, 135.04, 133.21,
130.83, 128.80, 127.62, 126.59, 125.76, 125.58, 121.43, 119.46,
110.13, 108.35, 52.94, 47.63, 42.73; MS for C24H23FN6S: [M + H]+

calculated m/z: 454.18 and observed: 454.2892.

2.4. MTT assay on MDA-MB-231 cells

A cytotoxicity assay of the synthesized compounds was per-
formed against the triple-negative breast cancer cell line MDA-
MB-231 (NCCS, Pune; passage 52) using the MTT colorimetric
method. Cells were maintained in MEM supplemented with
10% fetal bovine serum, 1% antibiotic-antimycotic, and
1.25 mM HEPES, and seeded at 10 000 cells/well in 96-well
plates and allowed to adhere for 24 h at 37 °C in a 5% CO2

incubator. Test compounds and reference drugs like doxoru-
bicin, 5-FU, getinib, ceritinib were prepared in DMSO as stock
solutions and diluted in complete medium to nal concentra-
tions of 1, 2, 4, 8, and 16 mM (nal DMSO#0.5% v/v) and added
in triplicate; vehicle and untreated controls were included. Aer
24 h treatment, 25 mL of MTT (5 mg mL−1 in PBS) was added to
each well (nal MTT∼0.42 mgmL−1) and incubated for 2–3 h at
37 °C. Formazan crystals were dissolved in 100 mL DMSO and
absorbance read at 570 nm. Percent viability was calculated
relative to vehicle control and IC50 values determined by
nonlinear regression (four-parameter logistic t) from at least
three independent experiments. [note: MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), MDA-
MB-231 (triple-negative human breast cancer cell line), NCCS
(national centre for cell science), MEM (minimum essential
medium), FBS (fetal bovine serum), HEPES (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid), PBS (phosphate buffered
saline), EDTA (ethylenediaminetetraacetic acid), CO2 (carbon
dioxide), DMSO (dimethyl sulfoxide), IC50 (half maximal
inhibitory concentration), mM (micromolar), mL (microliter), nm
(nanometer)]

2.5. Molecular docking

The 3D crystal structure of EGFR (PDB ID: 1M17 (https://
www.rcsb.org/structure/1M17)) was obtained from the Protein
Data Bank and prepared using AutoDock Tools v1.5.6, as
previously described.53 Ligands were energy-minimized at the
MM2 level using Chem3D Pro54 to ensure structural stability.
Docking was performed with AutoDock Vina v1.2.0, employing
a hybrid Lamarckian Genetic Algorithm and empirical scoring
function. Water molecules were removed, hydrogens added,
and Kollman charges assigned. Docking used with a 70 × 70 ×

70 Å grid centered on the AQ4-binding site (x = 20.143, y =
© 2025 The Author(s). Published by the Royal Society of Chemistry
0.376, z = 52.218) and exhaustiveness of 8. Protocol validation
by re-docking the native ligand yielded an RMSD < 2.0 Å. Visu-
alization was done using Discovery Studio Visualizer v16.1.0.55
2.6. Swiss ADME prediction

In silico ADME analysis of the synthesized compounds was
performed using the SwissADME web tool (http://
www.swissadme.ch/).56 The SMILES notations of each
compound were input to predict key pharmacokinetic and
drug-likeness parameters. Physicochemical descriptors such
as topological polar surface area (TPSA), number of hydrogen
bond donors/acceptors, and rotatable bonds were evaluated.
Lipophilicity was assessed using the consensus log P value, and
aqueous solubility was predicted via the ESOL and SILICOS-IT
models. Pharmacokinetic properties proles were analyzed.
Drug-likeness was determined based on Lipinski's rule of ve.
3. Results and discussion
3.1. Chemistry and spectral discussion

The synthetic strategy toward the thiazole–quinoline hybrid
molecules (6a–6h) involved a well-planned multistep procedure
beginning with the Vilsmeier–Haack formylation of N-acetyla-
niline to furnish a 2-chloroquinoline-3-carbaldehyde interme-
diate (compound 2). This reaction utilized POCl3 and DMF
under promoting electrophilic substitution followed by ring
closure and formylation at the C-3 position. The intermediate 2
was then subjected to nucleophilic aromatic substitution with
N-methylpiperazine in the presence of K2CO3, 2-(4-methyl-
piperazin-1-yl)quinoline-3-carbaldehyde (3). This carbaldehyde
was then employed in a one-pot cyclocondensation reaction
with thiosemicarbazide (4) and substituted phenacyl bromides
(5a–5h) in PEG-400 solvent and sulfamic acid to form the nal
thiazole–quinoline hybrids (6a–6h). The mechanism involves
initial formation of a thiosemicarbazone followed by thiazole
ring cyclization via nucleophilic attack and elimination of
bromide. The structural diversity of the nal hybrids arises from
various electron-donating and electron-withdrawing groups on
the phenacyl bromides (Table 1), thus tailoring their potential
biological activities. The synthesized compounds were charac-
terized comprehensively using FT-IR, 1H and 13C NMR spec-
troscopy and Mass spectrometry. In FT-IR, the NH peaks in the
synthesized compounds were found at 3418–3148 cm−1, the
aromatic C–H appears near 3105–3044 cm−1, and the aliphatic
C–H near 2983–2839 cm−1. The azomethine C]N stretch is
prominent in the 1648–1590 cm−1 region. Characteristic peaks
for various substituents are also observed in their correspond-
ing spectra. The aldehyde precursor 3 shows the expected
formyl singlet at d 10.18, quinoline aromatics at d ∼8.5–7.3,
piperazine methylenes as two multiplet envelopes (d 3.59–3.50
and 2.70–2.61, 8H total), and the N–CH3 at d 2.39. For 6a–6h,
a downeld singlet at d ∼12.47–12.31 (1H) corresponds to the
hydrazone NH, and a singlet near d 8.25 (1H) to the azomethine
CH. Quinoline/arene protons appear between d ∼8.6–7.3 with
patterns reecting substituents: 6a (4-NO2) shows the pair at
d 8.30/8.14 (2H each); 6b/6c (4-Br/4-Cl) give doublets near
RSC Adv., 2025, 15, 47203–47219 | 47207
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Table 1 Structural diversity and physicochemical data of the synthesized compounds (6a–6h)

Entry Structures Yield (%) M.P. (°C)

6a 92 248–250

6b 89 208–210

6c 90 204–206

6d 85 176–178

6e 82 236–238

6f 90 242–244

6g 84 236–238

47208 | RSC Adv., 2025, 15, 47203–47219 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd. )

Entry Structures Yield (%) M.P. (°C)

6h 90 218–220

Table 2 Anti-Breast cancer activity on triple negative breast cancer
cell line (MDA-MB-231)
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d ∼7.90/7.62 and ∼7.90/7.50, respectively; 6d (4-OMe) has d 3.80
(s, 3H) and para-aromatic d 6.98 (d, 2H); 6e (phenyl) presents
multiplets across d ∼7.88–7.30; 6f (3,4-dichloro) shows the ex-
pected pattern; 6g (4-F) exhibits uorine-coupled aromatic
multiplets around d ∼7.92 and 7.29–7.24; 6h (4-CN) shows two
para sets at d 8.06 and 7.89 (2H each). In all 6a–6h, the piper-
azine methylenes collapse to an 8H singlet near d 3.33 and the
N–CH3 appears as a 3H singlet at d ∼2.88–2.94. Compound 3
shows the aldehyde carbon at d 190.27, quinoline carbons over
d ∼159–122, and piperazine/N–Me carbons at d ∼55/51/46. For
6a–6h, the imine C]N resonates at d ∼168–167; quinoline/
thiazole/arene quaternaries populate d ∼158–140, with
remaining aromatics in the d ∼134–120 range. In compound 6g
(4-F) gives C–F at d 161.55 (d, J = 244.5 Hz) with additional 19F-
coupled carbons at d 115.40 (d, J = 21.5 Hz) and 127.41 (d, J =
8.1 Hz). Across the series, piperazine carbons appear at d ∼52–
47 ppm and the N-methyl near d∼42, in agreement with tertiary
amine substitution. All species show [M + H]+ that agree closely
with calculated values: 3 (calc 256.14, found 256.1448), 6a
(474.17/474.2784), 6b (507.09/507.2186) with the expected
bromine isotopic partner at m/z 509.2050 (∼1 : 1), 6c (463.14/
463.2554) plus m/z 465.2479 for 37Cl (∼3 : 1 pattern overall for
a single Cl), 6d (459.19/459.3092), 6e (429.18/429.2868), 6f
(497.10/497.2287) with an [M + H + 2]+ at 499.2132 (due to Cl2
giving the characteristic M/M + 2/M + 4 cluster), 6g (447.17/
447.2705), and 6h ([M + H]+ found 454.2892), all consistent
with the proposed molecular formulas and substituent patterns
(nitro, halogens, uoro, methoxy, and nitrile). These spectral
features conrmed the successful construction of the thiazole–
quinoline scaffolds and the identity of all synthesized analogs
(6a–6h), paving the way for their further biological evaluation.
Entry IC50 (mM)

6a 1.415 � 0.16
6b 2.357 � 0.23
6c 2.539 � 0.26
6d 2.548 � 0.29
6e 2.390 � 0.21
6f 2.898 � 0.27
6g 1.484 � 0.13
6h 1.658 � 0.15
Doxorubicin 8.23 � 0.79
5-FU 72.48 � 6.89
Getinib 35.42 � 4.18
Ceritinib 1.043 � 0.098
3.2. Anti-breast cancer activity

The anti-breast cancer potential of the synthesized quinolyl-
thiazole hybrid derivatives (6a–6h) was evaluated against the
triple-negative breast cancer (TNBC) cell line MDA-MB-231
using an in vitro MTT cytotoxicity assay. The IC50 values
summarized in Table 2 indicate that most of the compounds
exhibited signicant cytotoxic activity. To understand the
inuence of structural variations on biological activity, a struc-
ture–activity relationship (SAR) analysis was conducted based
on the nature and position of substituents on the aryl ring
© 2025 The Author(s). Published by the Royal Society of Chemistry
attached to the C4-position of the thiazole core. The synthesized
quinolyl-thiazole hybrid derivatives (6a–6h) exhibited signi-
cant cytotoxic activity against MDA-MB-231 cells, with IC50

values ranging from 1.415 ± 0.16 to 2.898 ± 0.27 mM. Among
these, compound 4-nitrophenyl containing thiazole derivative
(6a) emerged as the most potent derivative with an IC50 of 1.415
± 0.16 mM, closely followed by 6g (4-uorophenyl, IC50 = 1.484
± 0.13 mM) and 6h (4-cyanophenyl, IC50 = 1.658 ± 0.15 mM).
These results indicate that strong electron-withdrawing groups
(EWGs) at the para-position of the aryl ring signicantly
enhance anticancer activity. In contrast, compounds 6b (4-
bromo, IC50 = 2.357 ± 0.23 mM), 6c (4-chloro, IC50 = 2.539 ±

0.26 mM), and 6e (unsubstituted phenyl, IC50= 2.390± 0.21 mM)
displayedmoderate activity. Interestingly, 6d (4-methoxy, IC50=

2.548± 0.29 mM), containing an electron-donating group (EDG),
also showed reduced cytotoxicity compared to EWG-bearing
analogues. Compound 6f (3,4-dichloro, IC50 = 2.898 ± 0.27
mM), featuring dual halogen substitution at the meta and para
positions, was the least active among the series. When
compared to standard anticancer agents, most synthesized
compounds outperformed 5-uorouracil (5-FU, IC50 = 72.48 ±

6.89 mM) and getinib (IC50 = 35.42± 4.18 mM), and were nearly
as potent or comparable to ceritinib (IC50 = 1.043 ± 0.098 mM)
while being signicantly more active than doxorubicin (IC50 =

8.23 ± 0.79 mM). The cell morphology study of MDA-MB-231
cells treated with compounds 6a, 6f, 6g, and 6h at concentra-
tions of 1, 2, and 4 mM (Fig. 2) revealed signicant, dose-
RSC Adv., 2025, 15, 47203–47219 | 47209
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dependent cytotoxic effects. The IC50 values of all the listed
anticancer drugs were experimentally determined to validate
their inhibitory activity. As the evaluation was limited to the
MTT assay, additional assays will be necessary to strengthen
these biological conclusions.

3.3. Molecular docking study

In view of the in vitro anti-breast cancer evaluation against the
triple-negative MDA-MB-231 cell line, where 6a demonstrated the
most potent cytotoxic activity (IC50= 1.415± 0.16 mM) followed by
Fig. 2 Cell morphology of breast cancer cells (MDA-MB-231) treated
changes indicate dose-dependent effects compared to the untreated co

47210 | RSC Adv., 2025, 15, 47203–47219
6g (IC50 = 1.484 ± 0.13 mM) and 6h (IC50 = 1.658 ± 0.15 mM), and
6f exhibited comparatively lower potency (IC50= 2.898± 0.27 mM),
molecular docking was performed for these four representative
compounds to rationalize their biological proles. All docking
studies were conducted against the EGFR tyrosine kinase domain
(PDB ID: 1M17) using AutoDock Tools 1.5.6. The molecular
docking results of compounds 6a, 6f, 6g, and 6h with the EGFR
tyrosine kinase domain (PDB ID: 1M17) are summarized in Table
3. The 3D and 2D diagrams are presented in Fig. 3–6.
with compounds 6a, 6f, 6g, and 6h at 1, 2, and 4 mM. Morphological
ntrol.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Molecular docking scores and key binding interactions of synthesized compounds with the EGFR tyrosine kinase domain

Compound
Docking score
(kcal mol−1) Key interactions

6a −10.0 Conventional hydrogen bond with MET769;
multiple Pi–Anion interactions with ASP831; Pi–
Sigma with VAL702; alkyl–alkyl with ARG817;
Pi–alkyl with ALA719 and LEU820

6f −9.2 Electrostatic interaction with ASP831; hydrogen
bond with ARG817; carbon–hydrogen bond with
LEU694; Pi–sigma with LEU820; Pi–alkyl with
ARG817, VAL702, and ALA719

6g −9.5 Electrostatic interaction with ASP831; hydrogen
bond with SER696; halogen bonds with GLY695
and SER696; hydrogen bond with ARG817;
carbon–hydrogen bond with LEU694; Pi–sigma
with LEU820; Pi–alkyl with ARG817, VAL702,
and ALA719

6h −9.4 Electrostatic interaction with ASP831; hydrogen
bond with SER696; halogen bonds with GLY695
and SER696; hydrogen bond with ARG817;
carbon–hydrogen bond with LEU694; Pi–sigma
with LEU820; Pi–alkyl with ARG817, VAL702,
and ALA719
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Molecular docking of the synthesized compound 6a with the
EGFR tyrosine kinase produced favourable docking score
(−10.0 kcal mol−1), indicating strong binding affinity. The
ligand formed a key conventional hydrogen bond with the
backbone amide of MET769, a critical residue involved in ATP
binding.55 In addition, the ligand established multiple Pi–anion
electrostatic interactions with the negatively charged carbox-
ylate oxygen of ASP831, which stabilized the aromatic moiety
through strong electrostatic attraction. Hydrophobic
Fig. 3 Interaction of compound 6a with EGFR tyrosine kinase.

© 2025 The Author(s). Published by the Royal Society of Chemistry
interactions further contributed to complex stabilization,
including Pi–sigma contacts between the ligand's aromatic ring
and the C–H groups of VAL702, an alkyl–alkyl interaction with
ARG817, and Pi–alkyl contacts with the side chains of ALA719
and LEU820. These non-covalent interactions collectively
enhanced shape complementarity and van der Waals stabili-
zation in the active site. The combination of a strong hydrogen
bond with MET769, multiple electrostatic interactions with
ASP831, and extensive hydrophobic contacts accounts for the
RSC Adv., 2025, 15, 47203–47219 | 47211
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Fig. 4 Interaction of compound 6f with EGFR tyrosine kinase.
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high binding affinity, supporting the potential of compound 6a
as a potent EGFR inhibitor with promising activity against the
triple-negative MDA-MB-231 breast cancer cell line. The dock-
ing analysis of compound 6g revealed a docking score of
−9.5 kcal mol−1, indicating strong binding affinity. The ligand
formed multiple stabilizing interactions within the active site,
starting with an electrostatic attractive charge between the
positively charged nitrogen of the ligand and the negatively
charged side chain oxygen of ASP831. A key dual-interaction
motif was observed where the uorine atom of the ligand
established both a conventional hydrogen bond with the amide
hydrogen of SER696 and halogen bonding with GLY695 and
SER696, enhancing specicity. Additionally, the ligand engaged
in a conventional hydrogen bond via its imine hydrogen with
Fig. 5 Interaction of compound 6g with EGFR tyrosine kinase.

47212 | RSC Adv., 2025, 15, 47203–47219
the carbonyl oxygen of ARG817 and a carbon hydrogen bond
between a ligand carbon and the backbone oxygen of LEU694.
Hydrophobic interactions further stabilized the complex,
including Pi–sigma interactions with LEU820 and Pi–alkyl
contacts with ARG817, VAL702, and ALA719. The combination
of electrostatic, hydrogen-bond, halogen-bond, and hydro-
phobic interactions positions 6g favourably within the active
site, supporting its EGFR inhibitory potential. Docking of
compound 6h afforded a score of −9.4 kcal mol; when we
docked 6h into the active site of the target protein. An electro-
static attractive-charge interaction is observed between a posi-
tively charged ligand nitrogen and the carboxylate oxygen of
ASP831, helping to orient the scaffold toward the catalytic cle.
A notable dual motif around the ligand's halogen (F) reinforces
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Interaction of compound 6h with EGFR tyrosine kinase.
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anchoring at the entrance region: a conventional H-bond
between SER696–HN and the ligand F contact together with
halogen bonds to GLY695 and SER696. Additional polarity is
provided by a conventional hydrogen bond from a ligand N–H
to ARG817 and a carbon–hydrogen bond from a ligand carbon
to LEU694. The pose is further consolidated by a cluster of
hydrophobic contacts: Pi–sigma interactions with LEU820 and
multiple Pi–alkyl contacts to ARG817, VAL702, and ALA719.
Together, contacts with ASP831, SER696, and GLY695, sup-
ported by hydrophobic interactions, account for the favourable
binding of 6h to EGFR. The least potent, compound 6f had
a docking score of −9.2 kcal mol−1 with electrostatic, hydrogen-
bond, and hydrophobic interactions in the EGFR active site. A
key electrostatic attractive-charge contact is formed between the
positively charged ligand nitrogen and the carboxylate oxygen of
ASP831, which likely assists in orienting the ligand. This is
complemented by a conventional hydrogen bond from a ligand
N–H to ARG817 and a carbon–hydrogen bond between a ligand
carbon and LEU694. Additional stabilization arises from Pi–
sigma hydrophobic interactions with LEU820, alongside
multiple Pi–alkyl contacts to ARG817, VAL702 and ALA719.
These interactions collectively generate a robust hydrophobic
network surrounding the ligand's aromatic core, while the
electrostatic and hydrogen-bond contacts help lock the scaffold
in an orientation favourable for kinase inhibition, rationalizing
the strong binding affinity of 6f. Among the docked
compounds, the most potent 6a also exhibited the highest
binding affinity, while the least potent 6f showed the lowest
docking score, thereby validating the docking results against
the observed cytotoxicity trends. Similarly, 6g and 6h, with
intermediate IC50 values, displayed correspondingly strong but
slightly lower binding affinities than 6a. In line with in vitro
© 2025 The Author(s). Published by the Royal Society of Chemistry
cytotoxicity results against MDA-MB-231 cells, compound 6a,
the most potent (IC50 = 1.415 ± 0.16 mM), showed the strongest
docking score (−10.0 kcal mol−1) and distinct interactions. In
contrast, the less potent 6f (IC50 = 2.898 ± 0.27 mM) lacked this
key hydrogen bond withMET769 and relied primarily on weaker
interactions such as carbon–hydrogen bonding with LEU694
and electrostatic contact with ASP831. Compounds 6g and 6h,
with intermediate potency, featured halogen bonds (with
GLY695 and SER696) and shared hydrogen bonding with
ARG817, yet did not engage MET769. These ndings suggest
that hydrogen bonding with MET769 and Pi–anion interactions
with ASP831 may contribute signicantly to enhanced binding
affinity and biological activity. This parallel between experi-
mental potency and predicted binding strength underscores the
relevance of the docking analysis in explaining the EGFR
inhibitory potential of these compounds against the MDA-MB-
231 cell line. The re-docking validation of erlotinib into the
EGFR (1M17) binding site (RMSD 1.524 Å) is given in Fig. 7.
Although a good correlation between IC50 values and docking
scores against EGFR was observed, the absence of a direct
enzymatic assay limits denitive conrmation of EGFR inhibi-
tion in this study. Importantly, Molecular docking results are
predictive in nature, and further biochemical assays are
required to conrm EGFR as the target.
3.4. ADME study

The ADME and drug likeness proles of compounds 6a–6h were
analyzed to assess their pharmacological potential (Table 4)
using SwissADME online tool.56 Compounds 6a–6h showed
a range of TPSA values 84.89–130.71 Å2. All compounds
possessed one hydrogen bond donor and 4–6 acceptors, which
were enough targets polarity. Flexibility was ensured by up to 5–
RSC Adv., 2025, 15, 47203–47219 | 47213
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Fig. 7 Re-docking validation of erlotinib into the EGFR (1M17) binding site (RMSD 1.524 Å).
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6 rotatable bonds. Log Po/w values varied from 3.15 (6a) to 5.08
(6f), and the obtained values pointed to moderate to high lip-
ophilicity. The water solubility (log S, ESOL) ranged among 6a,
6d, 6e, and 6h being moderately soluble and others especially 6f
were poorly soluble. All compounds showed high GI absorption
and categorization as non-BBB permeant, which is favorable for
non-CNS targets. P-gp substrate prediction was negative only for
6a for being better retained, while 6b–6h might suffer from
efflux. All were metabolically inhibitory for CYP2C19 and
CYP2C9, and all but 6a and 6f were also inhibitory for CYP2D6
Table 4 In Silico ADME, drug likeness, and medicinal chemistry propert

Category Parameter 6a 6b 6

Physicochemical TPSA (Å2) 130.71 84.89 8
H-bond donors 1 1 1
H-bond acceptors 6 4 4
Rotatable bonds 6 5 5

Lipophilicity Consensus log Po/w 3.15 4.57 4
Water Solubility log S (ESOL) −5.94 −6.79 −
Pharmacokinetics GI absorption High High H

BBB permeant No No N
P-gp substrate No Yes Y
CYP2C19 inhibitor Yes Yes Y
CYP2C9 inhibitor Yes Yes Y
CYP2D6 inhibitor No Yes Y
CYP3A4 inhibitor Yes Yes Y

Druglikeness Lipinski rule Yes (0) Yes (1) Y
Veber rule Yes Yes Y

Med. Chemistry PAINS lter 0 alerts 0 alerts 0
Brenk alerts 3 (imine, nitro, O–N) 1 (imine_1) 1

a Note: full forms of the abbreviations used in this table are provided in t

47214 | RSC Adv., 2025, 15, 47203–47219
and CYP3A4. All the compounds obeyed the Veber rule and only
6b slightly violated Lipinski's rule (high molecular weight).
There was no PAINS alert, so there were little assay interfer-
ences. Brenk warnings highlighted one imine group in 6b–6h
and three warnings in 6a. Graphical ADME proling of the
compounds (6a–6h) is given Table S1 (SI). The ADME results
presented are based on in silico predictions and require further
experimental validation, including solubility, serum stability,
and metabolic stability studies.
ies of compounds 6a–6h a

c 6d 6e 6f 6g 6h

4.89 94.12 84.89 84.89 84.89 108.68
1 1 1 1 1
5 4 4 5 5
6 5 5 5 5

.50 3.92 3.95 5.08 4.28 3.76
6.48 −5.95 −5.88 −7.07 −6.04 −5.83
igh High High High High High
o No No No No No
es Yes Yes Yes Yes Yes
es Yes Yes Yes Yes Yes
es Yes Yes Yes Yes Yes
es Yes Yes No Yes Yes
es Yes Yes No Yes Yes
es (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0)
es Yes Yes Yes Yes Yes
alerts 0 alerts 0 alerts 0 alerts 0 alerts 0 alert
(imine_1) 1 (imine_1) 1 (imine_1) 1 (imine_1) 1 (imine_1) 1 (imine_1)

he SI.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Optimizedmolecular geometry of compound 6a obtained using DFT (B3LYP/6–31++G(d,p)) level, showing planar conjugation across the
quinoline–hydrazone–thiazole–nitrophenyl core and a non-planar piperazine ring (nitrogen in blue, oxygen in red, sulfur in yellow, carbon in
grey and hydrogen atoms in white colors).
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3.5. DFT calculations

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
Fig. 9 The frontier molecular orbitals (FMO) of compound 6a obtained u
sulfur in yellow, carbon in grey and hydrogen atoms in white colors).

© 2025 The Author(s). Published by the Royal Society of Chemistry
experimental ndings and aid in the rational design of
compounds for chemical and pharmacological applications.57–59

In the present study, calculations for the compound 6a were
performed in the gas phase using the Gaussian 03 computational
package.60 The electronic properties were evaluated using the
B3LYP functional, which combines Becke's three-parameter
sing DFT (B3LYP/6–31++G(d,p)) level (nitrogen in blue, oxygen in red,

RSC Adv., 2025, 15, 47203–47219 | 47215
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Fig. 10 MESP Plot of the compound 6a obtained using DFT (B3LYP/6–
31++G(d,p)) level (nitrogen in blue, oxygen in red, sulfur in yellow,
carbon in grey and hydrogen atoms in white colors).
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exchange functional with the Lee–Yang–Parr correlation func-
tional,61,62 in conjunction with the 6–31++G(d,p) basis set. Visu-
alization and interpretation of the optimized molecular
geometries and frontier molecular orbitals were facilitated using
the GaussView version 4.1.2 graphical interface.63 The DFT-
optimized structure (Fig. 8) on B3LYP/6-31++G(d,p) level for
compound 6a showed that there is an almost planar conjugated
plane over the quinoline, hydrazone, thiazole, and nitrophenyl
groups. The piperazine ring takes a non-planar chair conforma-
tion adding exibility and facilitating binding contacts. The
frontier molecular orbitals (FMO) of compound 6a are shown in
Fig. 9. The HOMO of molecule 6a is mainly distributed over the
quinoline, hydrazone, and thiazole rings, which indicates the
strong p-conjugation. In contrast instead, the LUMO is chiey
localized on the nitrophenyl ring, with a small contribution from
the thiazole that shows the above-mentioned electron-accepting
characters. MESP plot of the compound 6a (Fig. 10) showed
a negative potential (red/orange) around the nitro group and
positive potential (blue) around the hydrazone and in the vicinity
of the piperazine nitrogen atoms. The total charge distribution
indicates a polar molecule capable of intramolecular charge
transfer and potential interaction with the biological targets.
4 Conclusion

The present study successfully designed, synthesized, and char-
acterized a novel series of quinolinyl–thiazole derivatives incor-
porating an N-methyl piperazine moiety, which demonstrated
potent activity against the triple-negative breast cancer cell line
MDA-MB-231. The use of PEG-400 and sulfamic acid offered an
environmentally benign approach. Among them, compound 6a
was found to be the most promising candidate, exhibiting the
lowest IC50 value and the strongest binding affinity toward the
47216 | RSC Adv., 2025, 15, 47203–47219
EGFR tyrosine kinase domain, as supported by molecular dock-
ing analysis. The correlation between experimental cytotoxicity
and predicted binding energies suggests EGFR as a potential
target that warrants further investigation. Additionally, favorable
in silico ADME and drug-likeness proles, along with DFT based
structural and electronic characteristics provided additional
insights.
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