Journal of Molecular Structure 1358 (2026) 145287

Contents lists available at ScienceDirect

s ;
MOLECULAR
STRUCTURE

Journal of Molecular Structure

journal homepage: www.elsevier.com/locate/molstr

ELSEVIER

Novel piperazine-pyrimidine hybrids as potential anticancer agents against
MCF-7 breast carcinoma: Synthesis, antimicrobial activity, antioxidant
evaluation, and computational insights

Nabeel A. Abdul-Rida®, Noor H. Youssef?, Risala H. Allami b Yahia Bekker “®,
Lanez Elhafnaoui “®, Najim A. Al-Masoudi ©"*"

@ Department of Chemistry, College of Science, University of Qadisiyah, Diwanyiah, Iraq

b Department of molecular and medical biotechnology, College of Biotechnology, Al-Nahrain University, Jadriya, Baghdad, Iraq

¢ Laboratory of Valorisation and Technology of Saharian Resources (VTRS), Department of Chemistry, Faculty of Exact Sciences, University of EL Oued, B.P.789, 39000,
El Oued, Algeria

d Department of Chemistry, College of Science, University of Basrah, Basrah, Iraq

€ Present address:78464 Konstanz, Germany

ARTICLE INFO ABSTRACT

Keywords: 2-(Piperazin-1-yl)pyrimidine and its derivatives display a wide spectrum of biological activities, particularly
Anticancer activity demonstrating significant antimicrobial and anticancer properties. Here we report the one-step synthesis of 2-(2-
Antioxidant

(1-(4-arylethylidene)hydrazinyl)-4-((4-(pyrimidin-2-yl)piperazin-1-yl)methylene)-4,5-dihydrothiazole de-
rivatives 17-23. All synthesized compounds were tested for antiproliferative activity against MCF-7 breast
cancer cells, with compound 19 showing the highest potency (ICso = 86.27 ug/mL, SI = 2.2). The total anti-
oxidant capacity and antimicrobial activity of compounds 17-23 were also evaluated, with compound 21
demonstrating the strongest radical scavenging and antimicrobial effects. Molecular docking analyses revealed
that compound 19 exhibited strong binding affinities toward estrogen receptor alpha (ERa) and epidermal
growth factor receptor (EGFR) (—10.04 kcal.mol-! for both targets), comparable to the reference drug tamoxifen
(-10.61 for ERa and -7.92 for EGFR). ADMET profiling revealed that derivative 19 possesses a favorable phar-
macokinetic and safety profile, characterized by high absorption, good solubility, and low predicted toxicity
compared to tamoxifen. Furthermore, molecular dynamics simulations over 100 ns confirmed the structural
stability, compactness, and sustained binding of compound 19 within the ERax and EGFR active sites. While these
results suggest potential dual-target interactions, experimental studies are necessary to validate this activity.

Antifungal activity
Antibacterial activity
2-(Piperazin-1-yl)pyrimidine
In-silico computational studies

compounds, including buspirone 1, gepirone 2, ipsapirone 3 (Fig. 1),
tandospirone, and zalospirone possesses the pharmacologically active

1. Introduction

Pyrimidine-based compounds have exhibited considerable pharma-
cological potential, with the incorporation of piperazine into the py-
rimidine scaffold represents a promising strategy for drug design and
development [1-9]. Derivatives of 2-(piperazin-1-yl)pyrimidine have
displayed diverse biological activities, including antimicrobial [10],
anticancer [11], antioxidant [12], anti-inflammatory [13], and anti-
malarial [14] effects, underscoring their relevance in modern drug dis-
covery. Ongoing research aims to optimize their chemical structures to
enhance therapeutic efficacy while reducing adverse effects. Of partic-
ular note, 2-(piperazin-1-yl)pyrimidine itself functions as an antagonist
of the a2-adrenergic receptor [15]. However, the azapirone class of
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1-(2-pyrimidinyl)piperazine (1-PP) moiety and are well recognized for
their anxiolytic and antidepressant properties [16]. In addition,
Al-Ghorbani et al. [17] synthesized a new series of (E)-1-(4-(4,
6-diphenylpyrimidin-2-yl)piperazin-1-yl)-3-phenylprop-2-en-1-one de-
rivatives and found that three compounds showed strong antiprotozoal
activity against the NF54 chloroquine-sensitive strain of Plasmodium
falciparum (ICsp = 0.18-0.21 pM), comparable to quinine and chloro-
quine. Several pyrimidine-piperazine derivatives have progressed to
clinical use. Notably, imatinib (Fig. 1, 4), infigratinib, and dasatinib are
marketed kinase inhibitors employed in cancer therapy. Among these,
dasatinib (BMS-354,825) (Fig. 1, 5) [18,19] has been approved for the
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treatment of chronic myelogenous leukemia (CML) through inhibition of
the BCR-ABL fusion gene [20], as well as for acute lymphoblastic leu-
kemia (ALL), particularly in Philadelphia chromosome-positive (pH+)
cases [21,22]. The BCR-ABL fusion gene arises from a reciprocal trans-
location between chromosomes 9 and 22, resulting in the production of
a hyperactive tyrosine kinase protein that drives the development of
CML [23]. Tokarski et al. [24] demonstrated that dasatinib’s effective-
ness against both wild-type and imatinib-resistant ABL mutants stems
from its ability to bind multiple BCR-ABL conformations, underscoring
the importance of kinase conformation in designing effective cancer
inhibitors. Moreover, Nam et al. [25] reported that dasatinib exhibited
therapeutic potential in metastatic prostate cancer driven by activated
SFK and focal adhesion kinase signaling. Furthermore, Liu et al. [26]
revealed that dasatinib markedly enhanced the sensitivity of P-gp-o-
verexpressing MCF-7/Adr cells to doxorubicin in MTT assays, thereby
increasing the cytotoxic effect of doxorubicin in these cells.

Building on the broad pharmacological significance of 2-(piperazine-
1-yDpyrimidine derivatives and our previous investigations of
anticancer-active chemo-analogues [27-30], we report herein the
rational design and one-pot synthesis of novel 2-(piperazine-1-yl)py-
rimidine derivatives conjugated with substituted
aryl-ethylidene-hydrazineyl-4,5-dihydrothiazole moieties. These com-
pounds were evaluated for their antiproliferative effects against MCF-7
breast cancer cell line and their antioxidant properties. In addition,
molecular docking, molecular dynamics simulations, and DFT analyses
were carried out to gain deeper insights into their therapeutic potential.

2. Experimental
2.1. General information

Melting points were determined on a Gallenkamp SMP apparatus and
are uncorrected. The IR spectra were recorded on FT-IR (Bruker
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Spectrophotometer), using KBr discs. 'H and '>C NMR spectra were
recorded on Bruker AMX (400 MHz) (lH) and 100 MHz (13C) spec-
trometers, using DMSOdg solvent (chemical shifts § in ppm). The re-
actions were monitored by thin layer chromatography, (eluent: hexane-
EtOAc 4:1), and the spots were visualized using iodine vapor and UV
light. Elemental (CHN) analyses were performed on a Thermo Scientific
EA1112 elemental analyzer equipped with Eager 300 software. The
elemental analysis results were measured and found to be within the
acceptable range of +0.3.

2.2. 1-Chloro-3-(4-(pyrimidin-2-yl)piperazin-1-yDpropane-2-one (8)
[31]

Bis(chloromethyl) ketone (17.6 mg, 14.0 mmol) was dissolved in dry
THF (15 mL) and placed in an ice bath. Subsequently, 2-(piperazin-1-yl)
pyrimidine (7) (12.0 mmol) was added, followed by addition dropwise
of EtgN (1.9 mL, 13.2 mmol) dissolved in dry THF (50 mL). The reaction
mixture was heated under reflux for 2.0 h. After completion of the re-
action (monitored by TLC), the mixture was stirred at room temperature
for 1 h. The precipitated product was filtered, washed with water, EtOH
and dried. Yield 65 %, mp: 132-134 °C.

2.3. General method for the preparation of 2-(piperazin-1-yl)pyrimidine
derivatives (17-23)

A mixture of 8 (240 mg, 1.0 mmol), thiosemicarbazide (91 mg, 1.0
mmol), 4-substituted acetophenones (1.0 mmol) and NaOAc (0.02
mmol) in EtOH (20 mL) was heated at 80 °C for 8 h. The reaction
mixture was monitored by TLC. After completion, the reaction was
cooled at room temperature and the precipitated product was filtered off
and purified by recrystallization from EtOH to give the desired products
in good yields.
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Fig. 1. Representative drugs featuring 2-(piperazin-1-yl)pyrimidine backbone and our target compounds.
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2.3.1. 2-(2-(1-(4-Chlorophenyl)ethylidene)hydrazineyl)-4-((4-(pyrimidin-
2-yDpiperazin-1-yl) methylene)-4,5-dihydrothiazole (17)

From 4-chloro-acetophenone (154 mg). Yield: 321 mg (75 %) as a
yellow powder, mp: 130-132 °C, Rf = 0.58; IR (KBr): 3460 (NH) 3145,
3052 (Ar-CH), 1716 (C = N), 1588 (C = C), 831 (C—Cl), 'H NMR (400
MHz, DMSO-dg): & 10.24 (s, 1H, NH), 8.42-8.29 (m, 2H, prrimidine);
7.96 (dd, 2H, J = 7.5 Hz, Harom.—1 + Harom.—6), 7.56 (dd, 2H, J = 7.5
Hz, Harom.—2 + Harom.—5), 6.95 (br s., 2H, C = Cy7H + prrimidine's):
3.42 (s, 2H, CH2hiazole-5), 3-21 (m, 8H, Hpiperazine)s 2-27 (s, 3H, Me). 13C
NMR (100 MHz, DMSO-dg) 8 160.7 (Cpyrimidine-2)s 158.0 (Cpyrimidine-4 +
Cpyrimidine-6), 154.5 (Ctniazole-2), 146.5 (Me-C = N), 136.4 (C—Cl +
Carom.—6.), 133.8 (C=CH-piperazine), 128.3, 128.1 (Cyom.—1 +
Carom._s)’ 111.1 (prrimidine'S + Cthiazole'4): 45.3, 42.2 (4XCpiperazine)
13.7 (Cthiazole-5), 10.3 (Me). Elemental analysis caled for CooHgoCIN7S
(427.13): C56.13; H, 5.18; N, 22.91. Found: C, 55.94; H, 5.02, N, 22.69.

2.3.2. 4-(1-(2-(4-((4-(Pyrimidin-2-yl)piperazin-1-yl)methylene)-4,5-
dihydrothiazol-2-yl) hydrazineylidene)ethyl)phenol (18)

From 4-hydroxy-acetophenone (136 mg). Yield: 319 mg (78 %) as a
brown powder, mp: 122-124 °C, R¢ = 0.64; IR (KBr): 3474 (NH) 3363
(OH), 3167 (Ar-CH), 1690 (C = N), 1596 (C = C), 829 (C—Cl), 'H NMR
(400 MHz, DMSO-dg): 6 9.86 (s, 1H, NH), 8.14 (s, 1H, OH), 7.81-7.79
(m, 2H, prrimidine)’ 7.74 (dd, 2H, J = 7.3 Hz, Harom.—1 + Harom.—5),
6.87 (d, 1H, J4,5 = J5,6 =5.1Hz, prrimjdine—s), 6.77 (m, 3H, Harom.—2 +
Harom.-4 + C = C17H), 3.37 (s, 2H, CH2hjazole-5), 3.11 (m, 2H, Hpiper.
azine)s 3-03 (M, 2H, Hpiperazine)s 2-23 (5, 3H, Me). '3C NMR (100 MHz,
DMSO-dg) 6 162.1 (prrimidine-z + C—OH), 158.0 (prrimidine'4 + prr»
imidine-6), 150.1 (Cthiazole-2), 148.3 (Me-C = N), 130.0 (C—=CH-pipera-
zine), 128.3, 128.0 (Carom.—2 + Carom.—4, 115.1 (Carom.—1 + Carom.—5),
114.9 (Cthiazole-4 + prrimidine's); 45.3, 45.2 (4XCpiperazine); 13.7 (Cthia-
zole-D + Me). Elemental analysis caled for CypoHa3N7OS (409.17): C
58.66; H, 5.66; N, 23.94. Found: C, 58.41; H, 5.53, N, 23.73.

2.3.3. 2-(2-(1-(4-Bromophenylethylidene) hydrazineyD)-4-((4-(pyrimidin-
2-yDpiperazin-1-yl) methylene)-4,5-dihydrothiazole (19)

From 4-bromo-acetophenone (198 mg). Yield: 377 mg (80 %) as a
light yellow powder, Rf = 0.50; mp: 128-130 °C IR (KBr): 3432 (NH)
3263, 3158 (Ar-CH), 1700 (C = N), 1602 (C = C), 846 (C—Cl), 'H NMR
(400 MHz, DMSO-dg): 6 10.24 (s, 1H, NH), 8.29-7.98 (m, 2H, Hpyr-
imidine); 7-88 (dd, 2H, J = 7.4 Hz, Harom.—2 + Harom.—4), 7.54 (dd, 2H, J
= 7.4 Hz, Hyrom.—1 + Harom.—5), 6.46 (brs., 2H, C = Cy7H + prrimidine'
5), 3.35-3.03 (m, 10H, Hpiperazine + CH2thiazole-5), 2.27 (s, 3H, Me). °C
NMR (100 MHz, DMSO-ds) 8 169.9 (Cpyrimidine-2), 157.4 (Cpyrimidine-4 +
prrimidine'6), 153.8 (Cthiazole'z)y 142.7 (Me-C = N), 137.4 (Carom.76),
132.3 (Carom.—2 + Carom.—4), 130.1 (C=CH-piperazine), 129.4, 128.8
(Carom.—1 + Carom.—5), 115.2 (prrimidine‘5 + Cthiazole-d), 50.2, 46.2
(4xCpiperazine)s 24.9 (Cthiazole-5), 19.0 (Me). Elemental analysis calcd for
CooHo2BrN7S (471.08): C 50.85; H, 4.69; N, 20.76. Found: C, 50.62; H,
4.53, N, 20.49.

2.3.4. 2-(2-(1-(4-NitrophenyDethylidene)hydrazineyl)-4-((4-(pyrimidin-
2-yDpiperazin-1-yl) methylene)-4,5-dihydrothiazole (20)

From 4-nitro-acetophenone (165 mg). Yield: 319 mg (74 %), a light-
yellow powder, mp: 133-136 °C, Rf = 0.61; IR (KBr): 3235 (NH) 3108,
3070 (Ar-CH), 1672 (C = N), 1595 (C = C), 847 (C—Cl), ‘H NMR (400
MHz, DMSO-dg): § 10.44 (s, 1H, NH), 8.44-8.14 (m, 6H, Hayom +
Hpyrimidine 4 + Hpyrimidine 6), 6.71 (brs., 2H, C = C17H + Hpyrimidine-5),
3.50 (s, 2H, CH2hiazole-5), 3-41-3.00 (m, 4H, Hpiperazine)s 2-34 (s, 3H,
Me). 3C NMR (100 MHz, DMSO-ds) & 167.9 (Cpyrimidine-2), 156.6
(Cthiazole-2), 153.9 (prrimidine‘4 + prrimidine‘6 + C—NO»), 148.2 (Me-C
= N), 138.5-121.3 (Cyrom. + C = C-piperazine), 115.9 (Carom.), 115.9
(Cthiazole-4), 115.6 (prrimidine's)’ 45.7, 43.0 (4XCpiperazine), 22.4 (Cthja-
zole-5), 14.9 (Me). Elemental analysis caled for CooH2oNgO2S (438.16): C
54.78; H, 5.06; N, 25.55. Found: C, 54.55; H, 4.96, N, 25.38.
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2.3.5. 4-(1-(2-(4-((4-(Pyrimidin-2-yl)piperazin-1-ylmethylene)-4,5-
dihydrothiazol-2-yl) hydrazineylidene)ethylaniline (21)

From 4-amino-acetophenone (165 mg). Yield: mg (78 %) as a yellow
powder, mp: 170-172 °C, Rf = 0.73; IR (KBr): 3373, 3310 (NH), 3209
(Ar-CH), 1665 (C = N), 1603 (C = C), 828 (C—CI), 'H NMR (400 MHz,
DMSO-dg): 6 9.93 (s, 1H, NH), 8.06 (br s., 2H, Hpyrimidine 4 + Hpyrimidine
6), 7.64 (dd, 2H, J = 7.5 Hz, Harom.—2 + Harom.—5), 6.56-6.04 (m, 4H,
Harom.—3 + Harom.-5 + C = C17H + prrimidine's); 5.46 (br s., 2H, NH)),
3.60 (5, 2H, CH2hiazole-5); 3-50 (m, 8H, Hypiperazine), 2-36 (s, 3H, Me). 13C
NMR (100 MHz, DMSO-dg) 6 164.4 (prrimidine—Z), 157.6 154.0 (prr,
imidine‘4 + prrimidine‘6); 154.0 (Cthiazole‘z)’ 150.1 (C_NHZ), 148.9 (Me-
C = N), 130.4 (C=CH-piperazine), 127.8 (Carom.—1 + Carom.—5> +
Carom._6)’ 113.1 (Carom._2 + Carom.—4 + Cthiazole“‘)a 112.4 (prrimidine'
5), 55.9, 45.6 (4xCpiperazine) 13.4 (Cthiazole-5 + Me). Elemental analysis
caled for CogHo4NgS (408.18): C 58.80; H, 5.92; N, 27.43. Found: C,
58.61; H, 5.88, N, 27.25.

2.3.6. 2-(2-(1-(4-Methoxyphenyl)ethylidene)hydrazinyl)-4-((4-pyrimidin-
2-yDpiperazin-1-yl)methylene)-4,5-dihydrothiazole (22)

From 4-methoxy-acetophenone (mg). Yield: mg (83 %) a brown
powder, mp: 115-118 °C, Rf = 0.59; IR (KBr): 3423 (NH), 3149, 3001
(Ar-CH), 1715 (C = N), 1587 (C = C), 813 (C—Cl), 'H NMR (400 MHz,
DMSO-de): 6 10.20 (s, 1H, NH), 8.26 (br s., 2H, Hpyrimidine 4 + Hpyrimidine
6), 7.91 (br s., Harom.—2 + Harom.—6), 7.36 (br s., 2H, Harom.—3 +
Harom.—5), 6.19 (C = Cy7H + prrimidine'5), 3.83(s, 5H, OMe +
CH2thiazole-5), 2.95-2.92 (m, 8H, Hpiperazine), 2-29 (5, 3H, Me). 13C NMR
(100 MHz, DMSO-de) 8 166.7 (Cpyrimidine-2), 155.0 (Cthiazole-2 + Cpyr-
imidine-4 + Cpyrimidine-6), 150.6 (C—OMe), 143.0 (Me-C = N), 130.8
(C=CH-piperazine), 130.3 (Carom.—6), 126.6 (Carom.—1 + Carom.—5),
120.9 (prrimidine's): 116.9 (Cthiazole'4 + Carom.—2 + Carom._4)’ 62.9
(OMe), 52.2 (4xCpiperazine)s 21.4 (Cthiazole-5), 20.4 (Me). Elemental
analysis calcd for Cy1HosN70S (423.54): C 59.55; H, 5.95; N, 23.15.
Found: C, 59.38; H, 5.86, N, 22.97.

2.3.7. 2-(2-(1-Phenylethylidene)hydrazineyl)-4-((4-pyrimiden-2-yl)
piperazin-1-yl)methylene)-4,5-dihydrothiazole (23)

From acetophenone (mg). Yield: mg (83 %), a light brown bowder,
mp: 142-144 °C, Ry = 0.78;

IR (KBr): 3441 (NH), 3034, 3006 (Ar-CH), 1736 (C = N), 1645 (C =
C), 808 (C—CL), 'H NMR (400 MHz, DMSO-dg): 5 10.20 (s, 1H, NH),
8.41 (br s., 2H, Hpyrimidine 4 + Hpyrimidine 6), 7.92-7.82 (m., Harom.—1 +
Harom.—5), 7.45-7.35 (m, 3H, Harom.—2 + + Harom.—3 + Harom.—4), 6.72
(C = C17H + Hpyrimidine-5), 3.86 (s, 2H, CH2¢hjazole-5), 3.10-3.00 (m, 8H,
Hpiperazine)s 2.36 (s, 3H, Me). '3C NMR (100 MHz, DMSO-de) & 160.7
(prrimidine‘z), 158.0 (Cthiazole2 + prrimidine'4 + prrimidine'6): 147.8
(Me-C = N), 137.7 (Carom.—6), 129.6, 129.1, 128.3, 126.5, 126.4, 126.3
(C—=CH-piperazine + Carom.), 111.0 (Cpyrimidine5 + Cthiazole-4), 45.2
(4xCpiperazine)s 13.9 (Cthiazole-5 + Me). Elemental analysis caled for
Co0H23N70S (393.17): C 61.04; H, 5.89; N, 24.92. Found: C, 60.88; H,
5.76, N, 24.79.

2.4. Biological assays
2.4.1. In vitro anticancer activity

2.4.1.1. Cancer cell lines. The MCF-7 human breast adenocarcinoma
cell line (HTB-22™) was obtained from the American Type Culture
Collection (ATCC, Rockville, MD, USA). Cells were grown in DMEM and
maintained in RPMI-1640 medium, both supplemented with 10 % heat-
inactivated fetal bovine serum (FBS), 1 % (v/v) penicillin (10,000 U/
mL)-streptomycin (10 mg/mL), and 1 % (v/v) r-glutamine (200 mM)
(all from Sigma-Aldrich). Cultures were maintained at 37 °C in a hu-
midified atmosphere with 5 % COa.

2.4.1.1. Proliferation assay. To evaluate cytotoxicity, an MTT cell
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viability assay [32] was performed in 96-well plates. MCF-7 cells were
seeded at a density of 1 x 10* cells/well. After reaching a confluent
monolayer (typically within 24 h), cells were treated with the test
compound at a final concentration of 1000 ug/mL. Following 72 h of
exposure, the culture medium was removed, and 28 uL of MTT solution
(2 mg/mL) was added to each well. Plates were incubated for 2 h at 37
°C, after which the MTT solution was discarded. The resulting formazan
crystals were solubilized by adding 100 ul of dimethyl sulfoxide
(DMSO) and incubating at 37 °C for 15 min with gentle shaking.
Absorbance was measured at 620 nm using a microplate reader. All
experiments were carried out in triplicate.

The inhibition rate (IR) of cell growth was calculated according to
the following equations:

Proliferationrate (PR) = B/A % 100 (€8]

where A is the mean optical density of untreated wells and B is the
optical density of treated wells, and the inhibition rate (IR) is calculated
as: (IR) = 100- PR.

2.4.2. Total antioxidant capacity by phosphomolybdate assay

The total antioxidant activity (TAC) of the fractions was evaluated
using the phosphomolybdate method described by Prieto et al. [33],
with ascorbic acid serving as the reference standard. Briefly, 1.0 mL of
each sample solution was combined with 1.0 mL of the reagent solution
containing 0.6 M sulfuric acid, 28 mM sodium phosphate, and 4 mM
ammonium molybdate. The mixtures were capped and incubated in a
water bath at 95 °C for 90 min. After cooling to room temperature,
absorbance was measured at 695 nm using a UV-2450 spectrophotom-
eter (Shimadzu, Japan). A blank was prepared by mixing 1.0 mL of the
reagent solution with an equal volume of solvent under the same
conditions.

All experiments were performed in duplicate. The antioxidant ca-
pacity ( %) was calculated using the equation:

Totalantioxidantcapacity % = [(Acontrol ) —Asample ) / (Control )] X 100

2.4.3. Antifungal and antibacterial activity

The antimicrobial activity of the test compounds was evaluated
against the bacterial strain Escherichia coli(ATCC 25,922) and the yeast
fungal strain Candida albicans using the well diffusion method [34]. For
the antibacterial activity evaluation, a stock solution of the synthesized
compounds was prepared at a concentration of 100 mg/mL by dissolving
them in dimethyl sulfoxide (DMSO). Bacterial isolate (E.coli(ATCC 25,
922) was cultured on Mueller Hinton agar plates by spreading a sus-
pension standardized to 10® CFU/mL (corresponding to a 0.5 McFarland
standard). Wells with a diameter of 6 mm were created using a sterile
cork borer, and 50 uL of each test compound was gently added to the
wells. The plates were incubated at 37 °C for 24 h, after which the mean
inhibition zone (IZ) diameters, measured in millimeters (mm), were
determined in triplicate.

The antifungal activity of all the title compounds was primary
screened in vitro using the well diffusion method as described previously
on PDA plates. Fungal isolate (C. albicans) was subcultured on sterile
PDA plates and incubated at 37 °C for 72 hr. After fungal spore sus-
pensions were prepared at 1 x 10° cell /mL, a 150 mL was vaccinated on
fresh PDA plates by spreading using a sterile L-shape. Following making
four holes 6 mm in diameter per a plate by a sterile cork borer, then were
flooded by 50 mL of compounds stock solutions with three replicates
each. The plates were incubated at 37 °C for 72 h. The inhibitory activity
of tested compounds against fungal growth was observed by measured
the inhibition zone diameter in mm. All experiments were carried out in
triplicate.
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2.5. In silico studies

2.5.2. Molecular docking

Molecular docking simulations were carried out using AutoDock
Tools (ADT) version 1.5.7 [35], applying the Lamarckian Genetic Al-
gorithm (LGA) for conformational sampling and binding optimization.
The synthesized 2-(piperazin-1-yl)pyrimidine compounds 17-23 were
energy-minimized using the MMFF94 force field implemented in Avo-
gadro 1.2.0 [36]. The 3D structure of the reference anticancer agent
tamoxifen (TMX) was retrieved from the PubChem database [37] The
crystal structures of human estrogen receptor alpha (ERa, PDB ID:
1ERR) and epidermal growth factor receptor tyrosine kinase (EGFR, PDB
ID: 3W2S) were retrieved from the Protein Data Bank [38]. All
co-crystallized ligands, ions, and water molecules were removed. Polar
hydrogens were added, Kollman charges were assigned, and the struc-
tures were saved in PDBQT format for docking [39-43]. Ligands were
assigned flexible torsions, while the receptors were kept rigid.

Docking grids were defined around the respective active sites, with
dimensions of 50 x 40 x 42 A for ERx and 42 x 30 x 44 A for EGFR. The
grid centers were set at (X = 67.930, Y = 34.785, Z = 74.193) for ER«
and (X = 4.931, Y = 1.214, Z = 10.249) for EGFR. Docking results were
ranked according to their binding free energies (AG, kcal/mol), and the
most favorable conformations (lowest energy poses) were selected for
further interaction analysis [43].

Docked complexes were visualized using Discovery Studio Visualizer
2021 to identify hydrogen bonds, and hydrophobic interactions [44]. To
validate the reliability of the docking protocol, redocking was performed
by reintroducing the native co-crystallized ligand into the active site of
each receptor. The docking method was considered valid when the
root-mean-square deviation (RMSD) between the predicted and exper-
imental poses was below 2.0 A [41,42] .

2.5.3. ADMET study

The absorption, distribution, metabolism, excretion, and toxicity
(ADMET) properties of the synthesized compounds 17-23 were evalu-
ated to assess their drug-likeness and safety profiles. The SwissADME
and pkCSM web server [45,46] was used to predict physicochemical
parameters, Lipinski’s rule of five, water solubility, lipophilicity (LogP),
and gastrointestinal (GI) absorption. Additionally, pharmacokinetic
properties such as blood-brain barrier (BBB) permeability, P-glycopro-
tein (P-gp) substrate prediction, and cytochrome P450 (CYP) enzyme
interactions were analyzed. Toxicological assessment was conducted
using the ProTox-II server [47], which estimated the toxicity class,
median lethal dose (LDsp) in rats, and potential organ-specific toxicities,
including hepatotoxicity, cytotoxicity, and carcinogenicity.

2.5.4. Molecular dynamics simulation

Molecular dynamics simulations (MDS) were performed to investi-
gate the stability and conformational dynamics of the ERa and EGFR
complexes with their respective ligands. All simulations were conducted
using the GROMACS 2024.4 software package for a total simulation time
of 100 ns [48]. Ligand topology and parameter files were generated
using the SwissParam web server [49], which provided the structural
parameters required for accurate molecular modeling [40]. The receptor
topologies were prepared using the CHARMM36 all-atom force field,
ensuring an accurate and detailed description of protein-ligand in-
teractions throughout the simulation [50]. Each protein-ligand complex
was placed in a cubic simulation box and solvated using the TIP3P water
model. To maintain charge neutrality and mimic physiological condi-
tions, appropriate numbers of Na* and Cl~ counterions were added [39].
Energy minimization of each solvated and neutralized system was per-
formed using the steepest descent algorithm until the maximum force
acting on the system was below 10.0 kJ/mol ensuring structural stability
prior to equilibration [40].

The systems were equilibrated in two stages. The first stage involved
constant-volume, constant-temperature (NVT) equilibration for 100 ps
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at 300 K using a velocity-rescaling thermostat with a coupling constant
of 0.1 ps. The second stage employed constant-pressure, constant-tem-
perature (NPT) equilibration for an additional 100 ps using the
Berendsen barostat with a pressure coupling constant of 2.0 ps [41].
Subsequently, a 100-ns production run was performed to examine the
dynamic behavior and stability of each receptor-ligand complex.
Structural and dynamic properties were analyzed to assess system
behavior over time: root-mean-square deviation (RMSD) was computed
to evaluate overall structural stability; root-mean-square fluctuation
(RMSF) assessed residue-level flexibility; the radius of gyration (Rg)
quantified protein compactness; and the solvent-accessible surface area
(SASA) measured the degree of solvent exposure of the protein surface.

3. Results and discussion
3.1. Chemistry

The target compounds, 2-(2-(1-(4-aryl)ethylidene)hydrazinyl)-4-((4-
(pyrimidin-2-yl)piperazin-1-yl)methylene)-4,5-dihydrothiazole de-
rivatives 17-23 were synthesized via a two-step sequence. First,
1-chloro-3-(4-(pyrimidin-2-yl)piperazin-1-yl)propan-2-one  (8) was
prepared from 2-(piperazin-1-yl)pyrimidine (7) by reaction with 1,3-
dichloropropan-2-one in the presence of EtsN in dry THF, affording
compound 8 in 73 % yield [31]. Subsequently, compound 8 was reacted
with thiosemicarbazide (9) and a series of 4-substituted acetophenones,
namely 4-chloro, 4-hydroxy, 4-bromo, 4-nitro, 4-amino, 4-methoxy,
and unsubstituted acetophenone (10-16) in the presence of NaOAc in
EtOH to afford the corresponding 4-(aryl)ethylidenehydrazinyl-thiazole
analogs 17-23 in 74-83 % yields (Scheme 1).

The proposed mechanism for the formation of compounds 17-23
through a one-pot, three-component reaction involving 4-substituted
acetophenones 10-16, thiosemicarbazide (9), and 1-chloro-3-(4-(pyr-
imidin-2-yl)piperazin-1-yl)propan-2-one (8), catalyzed by anhydrous
sodium acetate, is illustrated in Scheme 2 [51].

The structures of the newly synthesized compounds were identified
from their IR, lH, 13¢ NMR spectra. The N—H stretching vibrations of
the 2-(piperazin-1-yl)pyrimidine derivatives 17-23 appeared in the

CICH,COCH,CI /EtsN

H:
>
NZ THF, reflux, 2 h
.
7
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range v 3235-3474 cm’l. Medium to weak absorption bands were
observed at 3006-3263 cm’’, while bands in the 1587-1645 cm™ region
were attributed to vibrations characteristic of the aromatic ring and the
(C4thiazole=CH-piperazine) stretching. In addition, a strong absorption
band in the range v 1665-1736 cm™ was assigned to C = N stretching. In
the '"H NMR spectra, H-4 and H-6 of the pyrimidine backbone appeared
as multiplets or broad singlets in the region & 7.81-7.79 and  7.79-8.24
ppm, respectively. The doublets, multiplets, or broad singlets observed
in the range 8 6.19-6.95 ppm were assigned to H-5 of the pyrimidine
residue together with the olefinic protons (C = C+7H). The CH2-5 proton
of the thiazole moiety appeared as singlets in the range 6 3.37-3.86 ppm.
The eight protons of the piperazine ring resonated as multiplets or broad
singlets in the range  2.92-3.42 ppm. All aromatic and aliphatic protons
were fully characterized (see Experimental section). In the 3¢ NMR
spectra of compounds 17-23, the lower field resonances in the range &
160.7-169.9 ppm corresponded to C-2 of the pyrimidine backbone,
while those in the range 8 155.0-158.7 ppm and 111.0-120.9 ppm, were
assigned to C-4 + C-6 and C-5 of the same ring, respectively. Further-
more, C-2 of the thiazole moiety were observed in the range &
150.1-158.0 ppm, whereas C-4 and C-5 of the same ring appeared in the
range & 111.0-116.9 and 13.7-21.4 ppm, respectively. Resonances in
the range § 142.7-148.9 ppm were attributed to the carbon atoms of the
Me-C = N group, while the signals in the range § 42.2-55.9 ppm were
assigned to the piperazine carbon atoms. The other aromatic and
aliphatic carbon atoms were fully analyzed (see Experimental section).
The gradient-selected HMBC spectrum [52] of 17 revealed 3JCJH
coupling between the CH; protons of the thiazole moiety at 5y 3.37 ppm
and the carbon atom of C—CH-piperazine group at éc 130.0 ppm.
Additionally, a 3JC’H coupling was observed between the same thiazole
CH,, protons and carbon C-2 of the thiazole ring at ¢ 150.1 ppm. A 2JC,H
coupling was noted between proton of the C—=CH-piperazine group at 5y
6.95 ppm and C-4 of the thiazole residue at 6c 111.1 ppm. Furthermore,
a 3JC,H coupling was identified between H-1 and H-5 of the aromatic ring
at 6y 7.74 ppm and the carbon atom of the Me-C = N group at §¢ 148.3
ppm (Fig. 2).

e
NaOAc, EtOH
8 + Ho & —_—
HoN N 80°C,8h
9 10-16 17-23 ’\/l\w
7
I
[1017 1118 1219 1320 1421 1522 16,23
Rlc  oH  Br NO, NH, OMe H

Scheme 1. Synthesis of 2-(piperazin-1-yl)pyrimidine-thiazole derivatives 17-23.
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Scheme 2. Proposed mechanism for the formation of 4,5-dihydrothiazole derivatives 17-23.

Fig. 2. Jgy correlations in the HMBC NMR spectrum of 17.
3.2. Biological evaluation

3.2.1. Anticancer activity against breast cancer (MCF-7)

The cytotoxic activities of all newly synthesized compounds were
evaluated against human breast adenocarcinoma (MCF-7) and primary
neonatal human dermal fibroblast (HDFn) cell lines using the MTT assay
[32], with tamoxifen (TMX) and taxol as reference drugs. ICsy values
(ug/mL) were determined for each compound and are summarized in
Table 1. The results indicated that substitution on the 2-(piperazin-1-yl)
pyrimidine scaffold markedly affected cytotoxic activity. Several com-
pounds demonstrated poor to moderate cytotoxicity toward the MCF-7
cell line. Among them, compound 19 displayed good activity, with an
ICs0 of 86.27 ug/mL compared to 186.7 ug/mL in healthy cells (HDFn),
giving a selectivity index (SI) of 2.2. Compounds 20 and 21 also
exhibited anticancer activity against the MCF-7 cell line, with ICsg
values of 97.2 and 95.9 ug/mL, respectively. In contrast, the healthy
HDFn cells showed ICsg values of 222.5 and 211.5 ug/mL, respectively,

Table 1
The anticancer activity of compounds 17-23, tamoxifen and taxol.
Compd. MCF HdFn SI*
(ICs, ug/mL) (ICsp, ug/mL)
17 91.6 196.1 2.1
18 118.1 226.1 1.9
19 86.27 86.27 2.2
(183.2 uM) (396.4 uM)
20 97.2 222.5 2.3
21 95.9 211.5 2.2
22 96.0 181.4 1.2
23 131.1 155.4 1.2
TMX 75.67 162.9 2.2
Taxol (203.7 uM) (438.5 uM) 3.1
57.9 176.6
(67.8 uM) (206.8 uM)

* SI: Selectivity index, TMX: Tamoxifen.

yielding SI values of 2.3 and 2.2, respectively.

Regarding the structure-activity relationship, TuYuN et al. [53] have
reported that the para-bromo-phenyl group is a crucial structural motif
that can greatly enhance a compound’s anticancer potency, as evi-
denced by studies on brominated plastoquinone and similar drug can-
didates. Furthermore, Geunin et al. [54] demonstrated that the
inhibition of tumor cell proliferation in vitro is strongly influenced by
both the type and position of halogen substituents on the phenyl ring.
Their findings revealed that a para-bromo substituent significantly en-
hances the anticancer activity of 1-hydroxymethylene-1,1-bisphos-
phonic acids (HMBPs), with the potency trend (bromine > chlorine >
fluorine) closely corresponding to the atomic volume of the substituent.
Our current findings align with those of TuYuN, Geunin, and their
research teams, showing that compound 19, which contains a par-
a-bromo substituent on the phenyl ring, exhibits superior anti-
proliferative activity compared to other analogues. However, Al-Salami
et al. [55] demonstrated that introducing a hydrazinyl-4,
5-dihydrothiazole moiety into a compound is closely associated with
significant anticancer activity, mainly through the induction of
apoptosis, inhibition of kinases, disruption of the cell cycle, and poten-
tially enhanced drug delivery via tumor-specific release mechanisms.
Based on these observations, compound 19, bearing the hydrazinyl-4,
5-dihydrothiazole group, is proposed to play a crucial role in inhibit-
ing angiogenesis, a pivotal process in cancer progression. These struc-
tural features collectively act in synergy to effectively suppress tumor
growth (Fig. 3). However, when considering the activity order of various
substituents at para position of the phenyl group against MCF-7 cancer
cell line, the ranking was as follows: 4-Br (most active) (19) > 4-Cl (17)
> 4-NHj (21) > 4-OMe (22) > 4-NO (20) > 4-OH (18) = H (23) (least
active). Additionally, the selectivity index (SI) is essential in anticancer
drug development and indicates how effectively a compound kills can-
cer cells while sparing healthy ones, based on the ratio of toxic to
effective concentrations. It is defined as the ratio of a compound’s
cytotoxicity toward normal cells (ICsyo HdFn) to its cytotoxicity toward
cancer cells. SI values above 1.0 indicate meaningful anticancer speci-
ficity, and substantially higher SI values reflect strong selectivity.
However, compounds 19, 20 and 21 showed the highest selectivity
indices in the series (SI = 2.2, 2.3 and 2.2 respectively), indicating lower
toxicity toward HdFn normal cells compared with the other compounds
(Fig. 3). Fig. 4 illustrated the anticancer activity of compounds 17-23
alongside tamoxifen as the reference drug, presented as ICsy values
against MCF-7 cells and primary neonatal human dermal fibroblast
(HDFn) cell lines.

3.2.2. Total antioxidant capacity (TAC)

TAC assays have been widely applied to biological samples to eval-
uate extracellular non-enzymatic antioxidants. Furthermore, total anti-
oxidant activity (TAA) is important because it reflects the body’s overall
capacity to counteract oxidative stress, a major contributor to the
development of many chronic diseases. Assessing TAA aids in diagnosis,
prognosis, and in monitoring how well treatments are working across
diverse health conditions. An example of such a case is oxidative DNA
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inhibiting angiogenesis
and induce apoptosis

induces apoptosis and inhibiting
c kinases and disrupting the cell cycle

Fig. 3. Impact of p-bromophenyl, and hydrazinyl-4,5-dihydrothiazole moieties of compound 19 on its anticancer activity.

damage and its correlation with total antioxidant capacity (TAC) levels
in patients with glioblastoma multiforme [56].

The total antioxidant capacity (TAC) of compounds 17-23 was
measured by phosphomolybdate method [33] using ascorbic acid as a
standard. The method relies on a reduction reaction where antioxidants
transform molybdenum (VI) into molybdenum (V), resulting in a green
complex that is quantified using spectrophotometry. The pattern of
electron or hydrogen donation by antioxidants is influenced by their
structural features and the series of redox reactions associated with their
activity. As shown in Table 2, compound 21 showed the strongest
antioxidant activity (particularly at the highest concentration tested
(250 ug/mL), with a TAC value (27.270 + 1.005 ug/mL) surpassing
even ascorbic acid (A.A.) at the same concentration (TAC value =
18.521+0.336 ug/mL). In contrast, compounds 17-19 exhibited rela-
tively lower antioxidant activity at the same concentrations compared
with ascorbic acid. In addition, the very low activity observed for
compounds 20, 22, and 23 suggested that variations in their antioxidant
mechanisms or structural characteristics may influence their perfor-
mance. Overall antioxidant strength increased in the order 20 < 22 < 23
<19 <18 <17 < 21 (weak — strong) (Table 2 and Fig. 5). The superior
performance of compound 21 is attributed to its para-amino substituent,
whose electron-donating effect enhances hydrogen-donation ability and
free-radical.

3.2.3. Antifungal and antibacterial activity

The antibacterial activity of compounds 17-23 was evaluated
against the Gram-negative bacterial strain E.coli(ATCC 25,922). The
antibacterial activity of compounds 17-23 was assessed against the
Gram-negative bacterial strain E.coli(ATCC 25,922). Antibacterial po-
tency was determined based on the inhibition zone diameter (mm),
using chloramphenicol (CHL) and clotrimazole (CLT) as reference drugs.
Compound 21 exhibited exceptional activity against E. coli, showing an
inhibition zone of 31.0 mm, which exceeded that of all other tested
compounds and the reference drug chloramphenicol (CHL; inhibition
zone = 26 mm). Furthermore, compounds 17-23 were also evaluated
for their in vitro antifungal activity against Candida albicans (C. albicans
SC5314), using well diffusion method to determine the inhibition zone
in mm. Among the screened derivatives, compound 21 was the most
active, exhibiting an inhibition zone of 26 mm against C. albicans,
compared with 24 mm for the reference drug clotrimazole (CLT)
Table 3.

4. In silico studies
4.1. Docking study

Redocking of the native ligands into their respective receptor binding
sites produced RMSD values of 0.881 A for ERo (1ERR) and 1.093 A for
EGFR (3W2S), both well below the accepted threshold of 2.0 A (Fig. 6),
supporting the reliability of the docking parameters and scoring func-
tions used in this study.

Tamoxifen exhibited strong binding toward both targets with

docking scores of —10.61 kcal.mol! for ERa and —7.92 keal.mol™! for
EGFR (Table 4). Among the tested derivatives, compound 19 demon-
strated the most favorable binding energies (—10.04 kcal.mol! for both
receptors), approaching that of tamoxifen. Compounds 17 and 22 also
displayed significant affinities (—9.92 to —9.84 kcal.mol ™).

These results are consistent with the in vitro cytotoxicity data ob-
tained against the MCF-7 breast cancer cell line, where derivative 19
demonstrated the highest antiproliferative effect and a selectivity index
(SD) of 2.2. The improved binding of ligand 19 is likely due to its p-
bromophenyl and hydrazinyl-4,5-dihydrothiazole substituents, which
enhance its molecular complementarity within both receptor active
sites. While these findings suggest that compound 19 may interact with
both ERa and EGFR, experimental validation is required to confirm dual-
target activity. The current evidence is based exclusively on in silico
predictions; therefore, techniques such as Western blotting, RT-PCR, or
immunofluorescence would be necessary to verify whether these in-
teractions truly modulate ERa/EGFR signaling in biological systems.

As shown in Fig. 7, tamoxifen forms a hydrogen bond with Thr A:41
and engages in n—sulfur interactions with Met A:114 within the ERx
binding pocket, complemented by hydrophobic contacts with Leu A:40,
Leu A:43, Ala A:44, Leu A:77, Leu A:80, Leu A:84, Phe A:97, and Leu
A:208. Likewise, Compound 19 establishes hydrogen bonds with Ala
A:44 and Gly A:204, n—sulfur interactions with Arg A:87 and Phe A:97,
and hydrophobic interactions involving Leu A:80, Met A:81, Leu A:84,
Met A:114, Ile A:117, and Leu A:208.

Within the EGFR kinase domain (PDB ID: 3W2S), tamoxifen forms
hydrogen bonds with Lys A:45, Thr A:154, Asp A:155, and Phe A:156, as
well as hydrophobic interactions with Leu A:18, Phe A:23, Val A:26, Ala
A:43, Leu A:47, Met A:66, Leu A:77, Leu A:88, and Leu A:158 (Fig. 7).
Conversely, compound 19 interacts through a hydrogen bond with Cys
A:75, m—anion interactions with Lys A:45 and Asp A:155, and hydro-
phobic contacts involving Val A:26, Ala A:43, Ahr A:90, and Leu A:144,
indicating its stable accommodation within the ATP-binding cleft.

4.2. ADMET analysis

The ADMET evaluation provides crucial insights into the pharma-
cokinetic, drug-likeness, and toxicity profiles of the synthesized com-
pounds 17-23 compared with the reference drug tamoxifen (TMX)
(Table 5). All compounds displayed moderate to good aqueous solubil-
ity, with ranging from —4.51 to —5.49 mol/L, indicating acceptable
formulation potential. In terms of absorption, the tested derivatives
exhibited high Caco-2 permeability (0.79-1.04 log Papp) and GI ab-
sorption rates above 78 %, indicating efficient intestinal uptake com-
parable to TMX (96.9 %). All molecules were predicted to be P-
glycoprotein substrates, suggesting possible efflux transport involve-
ment but not severe restriction in bioavailability [57].

In terms of distribution, the predicted steady-state volume of distri-
bution (VDss) values (—0.27 to 0.12 log L/kg) indicate moderate tissue
distribution, whereas tamoxifen (TMX) shows a higher VDss (0.83 log L/
kg), consistent with more extensive tissue penetration [58,59]. The
predicted blood-brain barrier (BBB) permeability values (log BB =
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Fig. 4. Cell viability % of MCF-7 cell line against compounds 17-23, tamoxifen and taxol on MCF-7 and HdFn normal cells, after 72 h incubation at T = 37 °C. The
assays were performed in triplicate.
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Table 2
Total antioxidant capacity ( %) of 2-(piperazin-1-yl) derivatives 17-23.

Compd. Conc. (ug/mL)
mean+SD ( %)
250 200 150 100 50
17 22.877 16.892+0.401 14.961 13.521 7.007
+0.214 +0.259 +0.259 +0.507
18 21.816 18.597+0.259 15.339 12.044 5.037
+0.446 +0.398 +0.361 +0.191
19 20.036 16.514+0.277 14.733 6.136 2.916
+0.312 +0.259 +0.401 +0.469
20 16.635 13.938+0.327 6.401 1.894 0.341
+0.923 +0.398 +0.262 +0.287
21 27.270 23.789+0.391 18.521 15.036 12.423
+1.005 +0.379 +0.469 +0.942
22 17.536 14.052+0.544 11.287 4.469 1.098
+0.501 +0.612 +0.502 +0.259
23 18.521 14.468+0.727 8.333 1.856 0.606
+0.336 +0.410 +0.191 +0.214
AA. 25.215 22.141+0.231 18.216 15.150 12.131
+0.145 +0.291 +0.184 +0.115

A.A.: Ascorbic acid.

—0.51 to —1.03) show that the new derivatives are unlikely to cross the
central nervous system (CNS), which is advantageous in limiting po-
tential neurological side effects. Consistently, the CNS permeability
values (log PS ~ —2.2 to —2.5) further support their restricted brain
exposure.

Regarding metabolism, all derivatives were predicted to be CYP3A4
substrates, indicating that hepatic Phase I biotransformation is primarily
mediated through this isoenzyme. Importantly, none of the compounds
inhibited the major CYP isoforms (CYP1A2, 2C9, 2C19, 2D6, 3A4),
except compound 20, which showed mild CYP3A4 inhibition. This
contrasts with TMX, which inhibits CYP1A2 and CYP2D6 and therefore
carries a higher potential for drug-drug interactions [60]. For
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compound 19 in particular, its CYP3A4-substrate status combined with
the absence of CYP inhibition suggests predictable metabolism with a
reduced likelihood of metabolic interference.

During the excretion phase, the predicted total clearance values
(0.12-0.35 log mL/min/kg) reflect moderate elimination rates, com-
parable to tamoxifen (0.556). Additionally, none of the compounds were
predicted to be renal OCT2 substrates, indicating that renal tubular
secretion likely does not play a major role in their elimination [61].

The toxicity assessment revealed that all derivatives fall into toxicity
class 4, indicating low acute toxicity with LDso values ranging from 2.39
to 2.98 mol/kg. All compounds were predicted to be non-mutagenic
(negative AMES test), except for compound 20 and tamoxifen (TMX),
which exhibited mutagenic potential. None of the new derivatives were
predicted to inhibit hERG I channels, suggesting a low risk of car-
diotoxicity, whereas TMX tested positive for hERG I inhibition.
Furthermore, all derivatives were predicted to be non-hepatotoxic, in
contrast to TMX, which showed a 69 % probability of hepatotoxicity.

Regarding carcinogenicity, compounds 18 and 20-23 displayed a

Table 3
Diameter of zones of inhibition (mm) of compounds 17-23 against E. coliand C.
albicans.

Compd. E. coli C. albicans
(Inhib. zone, mm) (Inhib. zone, mm)

17 26 18

18 22 7

19 20 20

20 15 23

21 31 26

22 22 22

23 23 23

CHL 26 -

CLT - 24

Conc. (pg/mL)

Conc. (pg/mL)

CHL: Chloramphenicol; CLT: Clotrimazole.
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Fig. 5. Histogram representing the antioxidant activity of compounds 17-23.
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Fig. 6. Superimposition of native ligands (green) and their redocked poses (blue) within the active sites of (A) ERa (1ERR) and (B) EGFR (3W2S).

Table 4
RMSD (;\) and binding energy (kcal/mol) values of compounds 17-23 and
tamoxifen.

Ligand 1ERR 3was
RMSD 0.881 1.093
Native ligand 13.80 -13.76
TMX —-10.61 -7.92
19 —10.04 —10.04
17 -9.92 -9.79
22 -9.69 —9.84
23 -9.5 —9.25
21 -9.37 -9.38
18 -9.31 -9.21
20 —8.89 —9.06

moderate risk (56-77 %), while derivatives 17 and 19 showed no
carcinogenic potential. Inmunotoxicity predictions were positive for all
derivatives a common observation among bioactive molecules with
immunomodulatory activity. None of the compounds were predicted to
cause skin sensitization or cytotoxicity. Overall, compound 19 demon-
strated the most favorable ADMET profile, characterized by high ab-
sorption, good solubility, moderate clearance, low predicted toxicity,
and lack of CYP inhibition. Combined with its strong binding affinity
and potent in vitro anticancer activity, these attributes identify com-
pound 19 as the most promising lead among the tested derivatives.

4.3. Molecular dynamics simulation

Molecular Dynamics simulations (MDS) were conducted for the most
active compound 19 and the reference drug tamoxifen (TMX) in com-
plex with both ERa (PDB ID: 1ERR) and EGFR (PDB ID: 3W2S) to assess
the structural stability, flexibility, and compactness of ligand-protein
systems over 100 ns. The simulation parameters, including RMSD,
RMSF, Rg, and SASA, are summarized in Table 6 and illustrated in Fig. 8.

The RMSD analysis (Fig. 8) revealed that all complexes reached
equilibrium rapidly and remained stable throughout the simulation. The
ERa-19 and ERa-TMX complexes displayed RMSD values of 0.183 nm
and 0.164 nm, respectively, confirming that compound 19 maintained a
stable conformation comparable to TMX within the ERa binding site.
Likewise, the EGFR-19 and EGFR-TMX complexes exhibited similar
RMSD values (0.188 nm and 0.181 nm), indicating that both ligands
stabilized the kinase domain without major structural deviation.

RMSF analysis showed low fluctuations (< 0.6 nm) across most
residues for all systems, suggesting limited flexibility and stable in-
teractions between ligand and key binding site residues. A slight in-
crease in local fluctuations was observed for ERa upon 19 binding
(0.151 nm vs 0.129 nm), likely reflecting adaptive side-chain rear-
rangements to accommodate the ligand. In contrast, EGFR exhibited a
minor decrease in RMSF (0.139 nm for 19 vs 0.144 nm for TMX),
implying reduced mobility and a stabilizing effect of compound 19.

The SASA values (116-158 nm?) exhibited only minor differences
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between TMX- and 19-bound systems, indicating that ligand binding did
not significantly affect solvent exposure or protein folding. A slight in-
crease in SASA for both ERa~19 and EGFR-19 suggests minimal surface
expansion due to local conformational adjustments during ligand ac-
commodation. Similarly, Rg analysis confirmed that all protein-ligand
complexes remained compact and structurally stable throughout the 100
ns simulation. The Rg values (1.787-2.048 nm) closely matched those of
the native proteins, demonstrating that binding of derivative 19 does not
disrupt protein compactness or tertiary structure integrity. Overall, the
MDS results indicate that compound 19 forms dynamically stable
complexes with both ERa and EGFR, maintaining comparable or slightly
improved conformational stability relative to TMX. These findings un-
derscore the strong binding affinity of compound 19 and reinforce its
potential as a dual inhibitor of both receptors.

5. Conclusion

In this study, a series of 2-(2-(1-(4-aryl)ethylidene)hydrazinyl)-4-((4-
(pyrimidin-2-yl)piperazin-1-yl)methylene)-4,5-dihydrothiazole de-
rivatives 17-23 were successfully synthesized and evaluated for their
biological potential. Among them, compound 19 emerged as the most
promising antiproliferative candidate against MCF-7 breast cancer cells
(ICs50= 86.27 ug/mlL, SI = 2.2), while compound 21 exhibited the
strongest antioxidant (TAC = 27.27 + 1.01 ug/mL at 250 ug/mL),
antibacterial (E. coliinhibition zone = 31 mm) and antifungal (C. albicans
inhibition zone = 26 mm) activities, suggesting multifunctional bioac-
tivity within this series. Molecular docking analyses showed that com-
pound 19 binds strongly to both ERa and EGFR, with binding energies
(—10.04 kcal/mol for both receptors) comparable to tamoxifen (—10.61
and —7.92 kcal/mol), and MD simulations confirmed stable ERa-19 and
EGFR-19 complexes with low RMSD, compact Rg values and compa-
rable SASA to the reference complexes over 100 ns. These computational
findings , together with the superior in vitro antiproliferative effect,
support compound 19 as a putative dual binder of ERa and EGFR,
although this dual-target interaction remains a hypothesis that requires
experimental validation. ADMET profiling indicated favorable phar-
macokinetic and safety features, including high absorption, good solu-
bility, and low predicted toxicity. Collectively, these findings highlight
the therapeutic potential of the synthesized derivatives, with compound
19 as a promising lead scaffold for anticancer drug development, and
compound 21 as a promising candidate for antioxidant and antimicro-
bial applications. Future work will focus on evaluating additional breast
cancer cell lines, such as MDA-MB-231 and T-47D, alongside in vivo
studies and mechanistic validation. This will include ERa/EGFR-related
assays, as well as structural optimization to improve potency and
selectivity.
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Table 5
ADMET parameters for compounds 17-23 and tamoxifen.
C17 C18 C19 C20 C21 C22 C23 TMX
Water solubility —5.404 —4.516 —5.493 —4.798 —4.511 —4.916 —4.788 —-5.929
(log mol/L)
Caco-2 permeability (log Papp in 107 em/s) 0.963 1.044 0.959 0.792 0.890 0.997 0.981 1.065
GI absorption ( %) 91.80 92.12 91.733 82.958 78.946 93.457 93.46 96.885
P-gp substrate Yes Yes Yes Yes Yes Yes Yes Yes
VDss (log L/kg) —0.119 0.045 —0.106 —0.160 0.126 —0.267 —0.089 0.830
BBB permeability —0.66 —1.038 —0.668 —0.938 —0.913 —0.703 —0.508 1.329
(log BB)
CNS permeability —2.238 —2.542 —2.215 —2.580 —2.527 —2.517 —2.352 —1.473
(log PS)
CYP3A4 substrate Yes Yes Yes Yes Yes Yes Yes Yes
CYP1A2 inhibitor No No No No No No No Yes
CYP2C19 inhibitor No No No No No No No No
CYP2C9 inhibitor No No No No No No No No
CYP2D6 inhibitor No No No No No No No Yes
CYP3A4 inhibitor No No No Yes No No No No
Total Clearance 0.221 0.120 0.199 0.257 0.120 0.269 0.352 0.556
(log mL/min/kg)
Renal OCT2 substrate No No No No No No No No
LDs( (mol/kg) 2.981 2.392 2.975 2.656 2.667 2.864 2.940 2.285
Toxicity class 4 4 4 4 4 4 4 4
AMES No No No Yes No No No Yes
hERG I inhibitor No No No No No No No Yes
Skin sensitisation No No No No No No No No
Hepatotoxicity No 57 % No 63 % No 58 % No 60 % No 63 % No 63 % No 65 % Yes 69 %
Carcinogenicity No 53 % Yes 59 % No 51 % Yes 77 % Yes 62 % Yes 56 % Yes 58 % No 62 %
Immunotoxicity Yes 87 % Yes 78 % Yes 91 % Yes 89 % Yes 71 % Yes 95 % Yes 61 % Yes 96 %
Mutagenicity No 56 % No 55 % No 55 % Yes 80 % No 51 % No 52 % No 54 % No 97 %
Cytotoxicity No 52 % No 53 % No 54 % No 59 % No 50 % No 55 % No 54 % No 93 %
Table 6 Conceptualization. Noor H. Youssef: Software, Methodology, Data
able curation. Risala H. Allami: Methodology, Investigation, Formal anal-
MDS results for compound 19 and TMX (NL) of ERa and EGFR. . . . . .. C oy
ysis, Data curation. Yahia Bekker: Visualization, Validation, Formal
1ERR-TMX 1ERR-19 3W25-TMX 3W2s-19 analysis, Data curation, Conceptualization. Lanez Elhafnaoui: Writing
RMSD (nm) 0.164 0.183 0.181 0.188 — original draft, Visualization, Validation, Investigation, Data curation,
RMSF (nm) 0.129 0.151 0.144 0.139 Conceptualization. Najim A. Al-Masoudi: Writing — review & editing,
SASA (nm’) 116.795 117.310 157.484 158.180 Writing — original draft, Supervision, Project administration, Method-
Rg (nm) 1.799 1.787 2.035 2.048 . . . . . .
ology, Investigation, Formal analysis, Data curation, Conceptualization.
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Fig. 8. MDS trajectories of ERa and EGFR complexes with compound 19 and TMX over 100 ns.
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