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A B S T R A C T

Given the structural resemblance of the benzopyran-4-one scaffold to 17β-estradiol, this study focused on the 
synthesis and evaluation of novel 3-formylchromone hydrazone derivatives as potential estrogen receptor- 
targeting anticancer agents. The compounds were synthesized via a two-step process using 3-formylchromone 
as a key intermediate and characterized by ¹H-NMR, ¹³C-NMR, FT-IR, and HRMS spectroscopy. Cytotoxicity 
was assessed against ER-positive MCF-7 and triple-negative MDA-MB-231 breast cancer cell lines, with HEK293 
serving as a non-cancerous control. Within the series, compounds 3j, 3c, and 3e exhibited the highest potency 
against MCF-7 cells, with IC₅₀ values of 30 µM, 35 µM, and 37 µM, respectively. In contrast, these compounds 
showed markedly lower activity against MDA-MB-231 cells and displayed minimal cytotoxicity toward HEK293 
cells. In silico pharmacokinetic profiling (SwissADME) confirmed favourable drug-like properties, including high 
gastrointestinal absorption, Lipinski’s rule compliance, and absence of PAINS alerts. Molecular docking indicated 
that compounds 3j and 3e aligned closely within the canonical 17β-estradiol binding pocket of estrogen receptor 
alpha (ERα), exhibiting significant overlap with the native ligand. These findings were further substantiated by 
molecular dynamics simulations, which confirmed the stability of the ligand–receptor interactions. DFT calcu
lations revealed a low HOMO–LUMO energy gap for compound 3j (3.69 eV), indicating high reactivity and 
optimal electrostatic potential. Structure–activity relationship (SAR) analysis highlighted the role of electron- 
donating substituents in enhancing anticancer activity. Collectively, compounds 3j and 3e emerged as the 
most promising leads for further development as a targeted therapy for hormone-dependent breast cancer, with 
3j being more potent.

1. Introduction

Cancer remains a major global health challenge, responsible for 
nearly 10 million deaths annually, with breast cancer being one of the 
most prevalent and life-threatening malignancies among women [1]. 
Despite advances in chemotherapy, radiotherapy, and immunotherapy, 
the demand for safer and more selective treatments persists. This has 
directed attention towards alternative approaches that complement 
conventional therapies. One such approach is chemoprevention, which 
involves the proactive use of natural, synthetic, or biological agents to 
reverse, suppress, or delay the process of carcinogenesis. Among various 
bioactive scaffolds explored for anticancer activity, chromone and 
hydrazone derivatives stand out for their structural diversity and 

pharmacological promise. Hydrazones, characterised by the presence of 
an azomethine functional group, have been extensively investigated for 
their various pharmacological activities, including antimicrobial, anti
mycobacterial, antidepressant, anti-inflammatory, analgesic, antioxi
dant, and anticancer properties [2–6]. Notable hydrazone-based 
compounds have exhibited significant antiproliferative activity, often 
mediated through mechanisms such as metal ion chelation, inhibition of 
kinases, generation of reactive oxygen species, and disruption of mito
chondrial membrane potential [3,7–10]. Their selective toxicity against 
tumour cells is linked to altered redox metabolism in cancers such as 
breast, leukaemia and neuroblastoma [7,11–13]. Similarly, chromones, 
naturally abundant in plants and dietary sources, exhibit diverse anti
cancer effects, including cytotoxicity, immunomodulation, 
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anti-angiogenic activity, and metastasis inhibition, making them 
attractive scaffolds for the development of novel therapeutic agents [8,
10,14–18].

Compound (I) has shown significant growth-inhibitory effects, with 
reported GI₅₀ values of 1.2 µM for leukaemia, 0.6 µM for colon, 1.3 µM 
for prostate, and 1.5 µM for melanoma cell lines [19]. In particular, 
compound (II) demonstrated apoptosis-inducing activity, showing 
potent effects against the MCF-7 breast cancer (IC₅₀ = 0.72 µM) and 
A549 lung cancer (IC₅₀ = 0.50 µM) cell lines [20]. These derivatives also 
exhibited selective inhibition of tumour-associated carbonic anhydrase 
isoforms, suggesting a role in suppressing tumour progression. 
Furthermore, imidazole (III) and compound (IV) derivatives have 
demonstrated promising antiproliferative activity against prostate, 
breast and cervical cancer cell lines, respectively [21]. Lavendustin 
analogues also displayed notable efficacy, with compounds (V) and (VI) 

achieving IC₅₀ values of 6.01 and 9.92 µM against A549 cells, and 6.89 
and 7.86 µM against HCT-15 colon cancer cells [21,22]. Compounds 
(VII) and (VIII) have demonstrated potent in vitro cytotoxic activity 
against the MCF-7 breast cancer cell line, with IC₅₀ values of 0.0056 ±
0.0027 µM and 0.9 µM, respectively, while exhibiting minimal toxicity 
toward normal cells [21] (Fig.1). The clinical relevance of 
chromone-based molecules is further supported by their presence in 
marketed therapeutic agents such as nedocromil, diosmin, cromolyn, 
and flavoxate, underscoring their established pharmacological poten
tial. Among various chromone derivatives, 3-formylchromones have 
attracted particular interest as versatile precursors for the synthesis of 
Schiff bases [10,23,24]. This is primarily due to their electrophilic C-2 
position and the presence of a conjugated keto group at the C-3 position, 
which makes them ideal candidates for applications in medicinal 
chemistry [23].

Fig. 1. Representative chromone derivatives with demonstrated anticancer potential.

A. Sant et al.                                                                                                                                                                                                                                     Journal of Molecular Structure 1353 (2026) 144636 

2 



Hydrazone derivatives of 3-formylchromone, obtained through 
condensation with nitrogen nucleophiles, combine the pharmacophoric 
features of both hydrazones and chromones. These conjugates exhibit 
favourable lipophilicity, enabling efficient cellular permeability, and 
have been explored for diverse biological activities, including kinase 
inhibition, anticancer, antimicrobial, and anti-inflammatory effects [17,
23].By leveraging the synergistic therapeutic potential of both scaffolds, 
and considering the structural similarity of the benzopyran-4-one nu
cleus to 17β-estradiol, such derivatives hold promise as selective estro
gen receptor modulators (SERMs). Accordingly, the present study aims 
to design, synthesize, and evaluate novel 3-formylchromone-derived 
hydrazones as potential anticancer agents, with an emphasis on their 
role as SERMs to achieve improved potency and efficacy in breast cancer 
therapy.

2. Experimental section

2.1. Material and methods

2.1.1. Chemistry
All reagents used for the synthesis and purification of the desired 

compounds were procured from commercial suppliers and used without 
further modification. Commercially available solvents, including 
ethanol, ethyl acetate, sodium bicarbonate and hexane (Rankem, India) 
and Dimethyl formamide, 2′-hydroxyacetophenone, oxalyl chloride and 
substituted phenyl hydrazine hydrochlorides (Qualigens >99 %), were 
utilised in the process. The purity of the synthesised compounds was 
assessed by thin-layer chromatography (TLC) using silica gel F254 
aluminium sheets and further purified by silica gel (60–120 mesh) col
umn chromatography. Spectroscopic characterisation was conducted 
using various techniques.¹H NMR (500/400 MHz) and ¹³C NMR spectra 
were recorded on a Bruker Avance III 500 MHz spectrometer. Mass 
spectra were obtained using a Waters Alliance e2695 HPLC-TQD mass 
spectrometer (ESI-HRMS/APCI-MS). FT-IR spectra were recorded using 
the KBr pellet method on a Shimadzu IR Affinity-1S spectrometer, 

Scheme 1. Synthetic route to the synthesis of 2 followed by 3a-j.
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covering the range of 4000–400 cm⁻¹.

2.1.2. Synthesis

2.1.2.1. General procedure for synthesis of 3-formyl chromone (2). The 
synthesis began with the preparation of the 3-formylchromone inter
mediate, following a literature-reported procedure (Scheme 1) [25]. In a 
round-bottom flask, 2′-hydroxyacetophenone (0.88 mmol) was mixed 
with dimethylformamide (DMF, 1.7 mmol). Under continuous stirring at 
0 ◦C, oxalyl chloride (0.88 mmol) was added dropwise. The reaction 
progress was monitored using thin-layer chromatography (TLC) with a 
mobile phase of 0.5 % methanol in chloroform. Upon completion, the 
reaction mixture was quenched and neutralised using ice and sodium 
bicarbonate. The resulting solid precipitate was washed sequentially 
with water, followed by 15 % ethyl acetate in hexane. The final product 
was vacuum-dried, characterised by mass spectrometry and NMR and 
collected for subsequent steps.

2.1.2.2. General synthesis procedure for chroman hydrazone derivatives 
(3a-j). Substituted phenyl hydrazine hydrochlorides (0.4 mmol) were 
dissolved in 5–6 mL of water and basified with sodium acetate (1.1 
mmol), as outlined in Scheme 1. The mixture was gently heated in a 
water bath for 5 minutes. Subsequently, an ethanolic solution of 3-for
mylchromone (2) (0.2 mmol) was added, and the reaction was further 
heated for 5–10 minutes for all derivatives, except for compounds 3e 
and 3j, which required an extended reaction time of 30–60 minutes. The 
progress of the reaction was monitored using thin-layer chromatography 
(TLC) with a mobile phase consisting of 0.5 % methanol in chloroform. 
Upon completion, the reaction mixture was allowed to cool, and the 
resulting precipitate was collected by vacuum filtration. The crude 
product was further purified by column chromatography using a 
chloroform–methanol (9.5:0.5) solvent system.

2.1.1.3. Characterisation data. 4-oxo-4H-chromene-3-carbaldehyde 
(2): White solid Powder, M.P- 150-156◦C, Rf = 0.3, 1H-NMR (400 MHz, 
CDCl3) δ = 10.38 (s, 1H), 8.61 (s, 1H), 8.30 (dd, 1H), 7.74 (s, 1H), 7.52- 
7.47 (d, 2H). 13C-NMR (CDCl3)- 188.7, 176.07, 160.72, 156.29, 134.92, 
126.73, 126.26, 125.41, 120.42, 118.71. ESI-MS-M/Z- Calculated- 
174.0, found [M+H+] = 175.0.

4-(2-((4-oxo-4H-chromen-3-yl) methylene) hydrazonoyl) ben
zonitrile (3a): Yellow solid powder, M.P- 202-210◦C, Rf = 0.4, 1H-NMR 
(400 MHz, CDCl3) δ = 8.58 (s, 1H), 8.27 (s, 1H), 8.04 (s, 1H), 8.01 (s, 
1H), 7.71 (s, 1H), 7.54 (d, 1H), 7.52 (d, 2H), 7.45 (d, 2H), 7.10 (dd, 1H), 
7.08 (dd, 1H). 13C-NMR (CDCl3)- 176.45, 158.2, 152.83, 138.95, 135.8, 
132.46, 129.03, 127, 126.2, 123.8 120.38, 117.11, 116.63. ESI-HRMS- 
M/Z- Calculated- 290.0924, found [M+H+] = 290.0922. FT-IR KBr 
(cm-1): 3252 (=CH), 2933 (NH), 2221 (CN), 1613 (CO), 1551 (C=N), 
1286 (C-O), 1144 (N-N).

3-((2-(4-chlorophenyl) hydrazinylidene) methyl)-4H-chromen- 
4-one (3b): Yellow powder, M.P- 203-204◦C, Rf = 0.6, 1H-NMR (400 
MHz, CDCl3) δ = 8.55 (s, 1H), 8.26 (s, 1H), 7.96 (s, 1H), 7.78 (s, 1H), 
7.68 (s, 1H), 7.54 (d, 1H), 7.4 (d, 2H), 7.23 (d, 2H), 7.1 (d, 2H), 7.08 (dd, 
1H) 13C-NMR (CDCl3)- 176.06, 156.26, 151.84, 143.67, 133.83, 
129.02, 128.99, 125.80, 125.44, 123.88, 120.04, 118.43, 113.65. ESI- 
HRMS-M/Z- Calculated- 299.0509, found [M+H+] = 299.0578. FT-IR 
KBr (cm-1): 3282 (=CH), 2965 (NH), 1629 (CO), 1473 (C=N), 1286 (C- 
O), 1091 (N-N).

3-((2-(3-bromophenyl) hydrazinylidene) methyl)-4H-chromen- 
4-one (3c): Yellowish green, M.P- 202-205◦C, Rf = 0.8, 1H-NMR (400 
MHz, CDCl3) δ = 8.53 (s, 1H), 8.27 (s, 2H), 8.21 (s, 1H), 8.06 (s, 1H), 
7.65 (s, 1H), 7.46 (s, 1H), 7.38 (d, 1H), 7.23 (d, 1H), 7.16 (d, 1H), 6.75 
(dd, 1H). 13C-NMR (CDCl3)- 175.96, 156.-34, 152.38, 140.41, 133.96, 
131.42, 129.28, 127.92, 126.05, 125.62, 120.32, 118.45, 117.13, 
114.03. ESI-HRMS-M/Z- Calculated- 343.0004, found [M+H+] =
343.0077. FT-IR KBr (cm-1): 3284 (=CH), 2920 (NH), 1637 (CO), 1589 

(C=N), 1247 (C-O), 1145 (N-N).
3-((2-(3-fluorophenyl) hydrazinylidene) methyl)-4H-chromen- 

4-one (3d): Yellow powder, M.P- 199-200◦C, Rf = 0.7, 1H-NMR (400 
MHz, CDCl3) δ = 8.66 (s, 1H), 8.53 (s, 1H), 8.22 (s, 1H), 8.20 (s, 1H), 
7.98 (d, 1H), 7.65 (d, 1H), 7.48 (d, 1H), 7.14 (d, 1H), 6.86 (dd, 1H), 6.72 
(dd, 1H), 6.48 (dd, 1H) . 13C-NMR (CDCl3)- 176.45, 158.2, 152.83, 
138.95, 135.8, 132.46, 129.03, 127, 126.2, 123.8 120.38, 117.11, 
116.63. ESI-HRMS-M/Z- Calculated- 283.0805, found [M+H+] =
283.0878. FT-IR KBr (cm-1): 3410 (=CH), 2929 (NH), 1591 (CO), 1463 
(C=N), 1242 (C-O), 1128 (N-N).

3-((2-(o-tolyl) hydrazinylidene) methyl)-4H-chromen-4-one 
(3e): Brown solid, M.P- 205-210◦C, Rf = 0.3, 1H-NMR (400 MHz, 
CDCl3) δ = 8.41 (s, 1H), 8.3 (s, 1H), 8.03 (s, 1H), 7.96(s, 1H), 7.78 (s, 
1H), 7.5 (d, 1H), 7.4 (d, 2H), 7.3 (d, 2H), 7.24(d, 2H), 7.08 (dd, 1H), 2.9 
(s, 3H). 13C-NMR (CDCl3)- 173, 158.2, 152.83, 138.95, 135.8, 132.46, 
129.03, 127, 126.2, 123.8 120.38, 117.11, 116.63. ESI-HRMS-M/Z- 
Calculated- 279.1055, found [M+H+] = 279.1119, FT-IR KBr (cm-1): 
3429 (=CH), 2935 (NH), 1606 (CO), 1502 (C=N), 1280 (C-O), 1139 (N- 
N).

3-((2-(2,4-dichlorophenyl) hydrazinylidene) methyl)-4H-chro
men-4-one (3f): Yellow solid, M.P- 205-210◦C, Rf = 0.6, 1H-NMR (400 
MHz, DMSO) δ = 10.2 (s, 1H), 8.88 (s, 1H), 8.43 (s, 1H), 8.13(s, 1H), 
7.83 (s, 1H), 7.7 (d, 1H), 7.6 (d, 1H), 7.55 (d, 1H), 7.45(d, 1H), 7.23 (dd, 
1H) . 13C-NMR (DMSO)- 175.45, 156.22, 153.83, 140.95, 134.87, 
133.46, 129.03, 128.38, 126.30, 125.68, 123.80, 122.87, 119.76, 
119.12, 117.14, 115.8. ESI-HRMS-M/Z- Calculated- 333.0119, found 
[M+H+] = 333.0180. FT-IR KBr (cm-1): 3271 (=CH), 2744 (NH), 1633 
(CO), 1514 (C=N), 1298 (C-O), 1120 (N-N).

3-((2-(2-bromophenyl) hydrazinylidene) methyl)-4H-chromen- 
4-one (3g): Yellowish green, M.P- 201-203◦C, Rf = 0.8, 1H-NMR (400 
MHz, CDCl3) δ = 8.55 (s, 1H), 8.25 (s, 1H), 8.23 (s, 1H), 8.20 (s, 1H), 
8.08 (s, 1H), 7.67 (d, 1H), 7.65 (d, 2H), 7.49 (d, 1H), 7.42 (d, 1H), 7.40 
(dd, 1H), 6.72(s, 1H) 13C-NMR (CDCl3)- 176.45, 158.2, 152.83, 138.95, 
135.8, 132.46, 129.03, 127, 126.2, 123.8 120.38, 117.11, 116.63. ESI- 
HRMS-M/Z- Calculated- 343.0004, found [M+H+] = 343.0077 FT-IR 
KBr (cm-1): 3257 (=CH), 2929 (NH), 1629 (CO), 1508 (C=N), 1203(C- 
O), 1039 (N-N).

3-((2-(3-chlorophenyl) hydrazinylidene) methyl)-4H-chromen- 
4-one (3h): Yellow powder, M.P- 205-206◦C, Rf = 0.5, 1H-NMR (400 
MHz, CDCl3) δ = 8.55 (s, 1H), 8.21 (s, 1H), 7.97 (s, 1H), 7.66(s, 1H), 
7.49 (s, 1H), 7.43 (d, 1H), 7.28 (d, 2H), 7.05 (d, 2H), 6.91 (dd, 1H), 13C- 
NMR (CDCl3)- 176.45, 158.2, 152.83, 138.95, 135.8, 132.46, 129.03, 
127, 126.2, 123.8 120.38, 117.11, 116.63. ESI-HRMS-M/Z- Calculated- 
299.0509, found [M+H+] = 299.0578. FT-IR KBr (cm-1): 3276(=CH), 
2914 (NH), 1622 (CO), 1471 (C=N), 1227 (C-O), 1101 (N-N).

3-((2-(2-chlorophenyl) hydrazinylidene) methyl)-4H-chromen- 
4-one (3i): Yellow powder, M.P- 201-206◦C, Rf = 0.4, 1H-NMR (400 
MHz, CDCl3) δ = 8.93 (s, 1H), 8.52 (s, 1H), 8.17 (s, 1H), 7.96(s, 1H), 
7.63 (s, 1H), 7.46 (d, 1H), 7.37 (d, 2H), 7.09 (d, 2H), 6.84 (d, 2H), 6.70 
(dd, 1H), 13C-NMR (CDCl3)- 176.45, 158.2, 152.83, 138.95, 135.8, 
132.46, 129.03, 127, 126.2, 123.8 120.38, 117.11, 116.63. ESI-HRMS- 
M/Z- Calculated- 299.0509, found [M+H+] = 299.0578. FT-IR KBr 
(cm-1): 3280 (=CH), 3068 (NH), 1618 (CO), 1504 (C=N), 1228 (C-O), 
1045 (N-N).

3-((2-(4-methoxyphenyl) hydrazinylidene) methyl)-4H-chro
men-4-one (3j): Brown solid, M.P- 205-210◦C, Rf = 0.3, 1H-NMR (400 
MHz, CDCl3) δ = 11.07 (s, 1H), 8.92 (s, 1H), 8.10 (s, 1H), 7.83 (dd, 1H), 
7.80 (dd, 1H), 7.45 (s, 1H), 7.05-7.02 (s, 2H), 6.95 (d, 1H), 3.76 (s, 3H). 
13C-NMR (CDCl3)- 190.76, 159.18, 159.02, 142.69, 134.85, 132.86, 
132.96, 131.88, 131.25, 124.04, 123.88, 121.48, 119.86, 117.86, 
115.17, 56.04. ESI-HRMS-M/Z- Calculated- 295.1073, found [M+H+] 
= 295.1089, FT-IR KBr (cm-1): 3419 (=CH), 2946 (NH), 1612 (CO), 
1508 (C=N), 1259 (C-O), 1091 (N-N).
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Fig. 2. Cell viability assay of MCF-7 breast cancer cells treated with Tamoxifen and compounds 2 and 3a–j at varying concentrations. Data are expressed as mean ±
standard deviation (SD) from three independent experiments (n = 3).

Fig. 3. Cell viability assay of MDA-MB-231 treated with Tamoxifen and compounds 2 and 3a–j at varying concentrations. Data are expressed as mean ± standard 
deviation (SD) from three independent experiments (n = 3).
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2.1.2. Biology

2.1.2.1. Materials and Methods 
2.1.2.1.1. Cell Culture. Human breast cancer MCF-7, MDA-MB-231 

(Triple negative breast cancer) cells and human epithelial cell line 
HEK293 (non-tumorous) were used in the current study. The cell line 
was procured from the National Centre for Cell Sciences in Pune, India. 
The cells were maintained in DMEM (Dulbecco’s Modified Eagle Me
dium) medium supplemented with 10 % FBS (Fetal Bovine Serum) and 1 
% antibiotic-antimycotic solution and placed in CO2 incubator at 37◦C 
with 5 % CO2.

2.1.2.1.2. MTT assay. The MTT assay is based on the ability of the 
cells to convert the yellow 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte
trazolium bromide salt (MTT) into purple formazan crystals by the 
mitochondrial dehydrogenase enzyme. Integrity and activity of mito
chondria are interpreted as an indicator of cell viability [26]. All the cell 
lines were seeded (1×104 in each well) in a 96 well plate and incubated 
for 24 h. Thereafter, the cells were treated with different concentrations 
(10-70μM) of Tamoxifen, 2 and 3a-j for 24 h. After 24 h of exposure, 10 
μL of MTT solution (5 mg/mL) in PBS (phosphate buffered saline) was 
added to each well and incubated in a CO2 incubator for 3 h. The culture 
medium was discarded after incubation, and 100 μL of DMSO (Dimethyl 
sulfoxide) was added to dissolve crystals. After 15 min incubation, OD 
(optical density) was measured at 540 nm using a microplate reader 
(BioTek, Epoch 2, USA.

2.1.3. In silico studies

2.1.3.1. Swiss ADME evaluation. The physical and pharmacological 
characteristics of the synthesized compounds were predicted using the 
SwissADME software [27]. Key physicochemical properties analysed 
included the number of hydrogen bond donors and acceptors, topolog
ical polar surface area (TPSA), and molar refractivity. Additionally, 
pharmacokinetic parameters such as skin permeability (log Kp), cyto
chrome P enzyme inhibition, P-glycoprotein (P-gp) substrate status, 
blood-brain barrier (BBB) permeability, gastrointestinal (GI) absorption, 
and lipophilicity (log P o/w) were evaluated. These factors are crucial in 
predicting drug absorption and distribution within the body. 
Drug-likeness was assessed based on Lipinski’s rule of five. The 
following established formula was used to determine the compound’s 
percentage absorption (% Abs) [28].

% Abs = 109-0.345 × TPSA

2.1.3.2. Molecular docking. The structures of the synthesized com
pounds (3a-j) were drawn using ChemDraw software (RRID: 
SCR_016768). Then these compounds were subjected to molecular 
docking studies with the estrogen receptor alpha (ERα) to investigate the 
mode of action underlying the experimentally observed IC₅₀ values. The 
crystal structure of ERα was retrieved from the RCSB Protein Data Bank 
(PDB ID: 3ERT) [29,30]. The retrieved ERα protein imported into 
AutoDock 4.2.6 [31,32] and prepared for docking by adding polar 
hydrogen atoms and assigning Kollman charges (2.185). Similarly, the 
compounds (3a-j) were prepared by introducing polar hydrogen atoms 

Table 1 
IC50 Value (µM) on hormone-dependent & triple negative breast cancer cell 
lines.

Compounds/Code IC50 Value (µM)

MCF-7 MDA-MB-231

60 81

42 56

35 47

55 74

37 50

57 77

50 67

45 60

47 63

Table 1 (continued )

Compounds/Code IC50 Value (µM)

MCF-7 MDA-MB-231

30 40

2 (Intermediate) 57 77
Tamoxifen (Control) 27 57
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Fig. 4. Cell viability assay of HEK293 treated with Tamoxifen and compounds 2 and 3a–j at varying concentrations. Data are expressed as mean ± standard deviation 
(SD) from three independent experiments (n = 3).

Fig. 5. Representative morphological images of MCF-7 cells treated with Tamoxifen and compounds 2 and 3a–j at a concentration of 50 μM.
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and assigning Gasteiger partial charges, with torsional flexibility 
enabled. Then, a grid box was constructed with dimensions of 126 × 126 
× 126 points (centered on x = 22.397, y = 5.643, and z = 21.988) with a 
grid point spacing of 0.375 Å. Following this, the Lamarckian genetic 
algorithm was utilized to search for binding positions, with the energy 
generation limited to 27000 and a population size of 150 individuals, 

with a maximum of 2500000 energy evaluations permitted. Upon 
completion, ten conformations of the ligands in complex with the pro
tein were obtained. The analysis of docking results and image rendering 
was conducted using Chimera and Discovery Studio Biovia software.

2.1.3.3. Molecular dynamics. Molecular dynamics (MD) simulations 

Fig. 6. Representative morphological images of MDA-MB-231 cells treated with Tamoxifen and compounds 2 and 3a–j at a concentration of 50 μM.

Table 2 
ADME properties data of compound 3 a-j.

Properties Compounds

3a 3b 3c 3d 3e 3f 3g 3h 3i 3j

PHARMACOKINETICS ​ ​ ​
BBB Permeant 

GI absorption
Yes 
High

Yes 
High

Yes 
High

Yes 
High

Yes 
High

Yes 
High

Yes 
High

Yes 
High

Yes 
High

Yes 
High

P-gp substrate No No No No No No No No No No
CYP1A2 inhibitor Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
CYP2C19 inhibitor Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
CYP2C9 inhibitor Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
CYP2D6 inhibitor No No No No Yes No No No No Yes
CYP3A4 inhibitor Yes No No No Yes No No No No Yes
​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
DRUG LIKENESS ​ ​ ​
Lipinski rule Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Ghose Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Veber Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Egan Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Muegge Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Bioavailability Score 0.55 0.55 0.55 0.55 0.55 0.55 0.5 0.55 0.55 0.55
MEDICINAL CHEMISTRY ​ ​ ​
PAINS 0 alert 0 alert 0 alert 0 alert 0 alert 0 alert 0 alert 0 alert 0 alert 0 alert
Brenk 1 alert 1 alert 1 alert 1 alert 1 alert 1 alert 1 alert 1 alert 1 alert 1 alert
Lead likeness Yes No No Yes No No No No No Yes
Synthetic accessibility 3.23 3.06 3.11 3.06 3.18 3.12 3.13 3.16 3.08 3.06
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were conducted to assess the structural stability and binding energy of 
the ERα protein with the inhibitor compounds 3c, 3e, and 3j. MD sim
ulations for all complexes were performed using GROMACS-24.3 

[33–35] package by employing the standard protocols described in the 
following references [36–39]. Initially, the proteins and compounds 
were separated from the docked protein PDB file using UCSF 
Chimera-1.19 [40]. For the separated protein structure, the CHARMM36 
force field was used to assign topology parameters [41–44], while the 
CGenFF server provided topology information for the compounds 3c, 
3e, and 3j [45,46]. Each protein-compound complex was then centered 
within a triclinic box, maintaining a 1.2 nm distance between the pro
tein and the box edges to prevent edge effects. The system was then 
solvated using the TIP3P water model [47,48], and Cl- and Na+ ions 
were introduced to neutralize the system’s net charge. Energy minimi
zation was performed to remove steric clashes. Subsequently, NVT 
equilibration was conducted at 300 K for 1 ns using the V-rescale ther
mostat [49] for temperature regulation, followed by NPT equilibration 
at 1 bar pressure for 1 ns using the Parrinello-Rahman barostat [50]. 
Long-range electrostatic interactions were managed using the Particle 
Mesh Ewald (PME) method [51,52], and H-bond constraints were 
applied with the Linear Constraints Solver (LINCS) [53]. Upon equili
bration of the systems, 100 ns molecular dynamics (MD) simulations 
were carried out in the NPT ensemble at 300 K and 1 bar [54], using the 
V-rescale thermostat and Parrinello-Rahman barostat to maintain both 
temperature and pressure stability throughout the simulations. The 
resulting MD simulation trajectories were analyzed for root mean square 
deviation (RMSD), root mean square fluctuations (RMSF), 
solvent-accessible surface area (SASA), radius of gyration (Rg), H-bond 
interaction, and non-bonded interaction energy (comprising electro
static and van der Waals interactions) between the protein and com
pounds. These analyses were conducted using GROMACS inbuilt 
packages. Visualization and image rendering were performed with 
VMD-1.9.4 (Visual Molecular Dynamics) [55] and UCSF Chimera-1.19 
[40,56], while graphs were generated using Gnuplot.

2.1.3.4. Density functional theory. The structures of compounds 3c, 3e, 
and 3j were geometry-optimized using the ORCA 6.0.1 program [57]
with the B3LYP functional [58] and the 6-31G basis set [59], without 
applying any symmetry constraints. For these optimized structures, 
Frontier Molecular Orbitals (HOMO and LUMO) were generated and 
visualized using Avogadro software [60], and their corresponding en
ergies were calculated. Following this, electrostatic potential regions of 
the optimized complexes were generated using the orca vpot module 
and visualized through illustrations created with UCSF Chimera soft
ware [40].

3. Results

3.1. Chemistry

A series of substituted chromone-based hydrazones were synthesized 
via a two-step reaction sequence. In the first step, 2′- 

Table 3 
Physicochemical properties and medicinal chemistry data of compound 3 a-j calculated using Swiss ADME properties.

Compound MW NHBAs NHBDs TPSA %Abs MR Log S Log P

3a 289.29 4 1 78.39 85.17 84.68 -3.92 2.44
3b 298.72 3 1 54.60 59.32 84.97 -4.58 2.76
3c 298.72 3 1 54.60 59.32 84.97 -4.58 2.77
3d 282.27 4 1 54.60 59.32 79.92 -4.14 2.58
3e 278.31 3 1 54.60 59.32 84.93 -4.29 2.84
3f 333.17 3 1 54.60 59.32 89.98 -5.16 3.17
3g 

3h 
3i 
3j

343.17 
343.17 
298.72 
294.30

3 
3 
3 
4

1 
1 
1 
1

54.60 
54.60 
54.60 
63.83

59.32 
59.32 
59.32 
69.35

87.66 
87.66 
84.97 
86.45

-4.89 
-4.89 
-4.58 
-4.04

3.02 
3.48 
2.89 
2.78

Abbreviations: MW = molecular weight (g/mol), NHBAs = number of hydrogen bond acceptors, NHADs = number of hydrogen bond donors, TPSA = Topological 
polar surface area, % Absorption = Gastro intestinal absorption, MR = Molar refractivity, Log S = logarithmic n-octanol-water partition coefficient, Log P = Logarithm 
of the partition coefficient.

Fig. 7. Comparison of hydroxytamoxifen binding poses: crystal structure (PDB 
ID: 3ERT, pink) versus docked pose (green). The RMSD between the two con
formations is 1.19 Å, validating the docking protocol.

Table 4 
Binding energies of the synthesized compounds (3a-j) in kcal/mol.

Compounds ER-α ER-β HER-2 PR

3a -7.63 -7.36 -8.77 -8.94
3b -7.89 -6.92 -7.87 -8.26
3c -8.2 -7.45 -8.44 -8.85
3d -7.62 -7.3 -7.5 -7.97
3e -7.47 -7.45 -7.92 -8.51
3f -7.81 -6.88 -8.47 -8.92
3g –7.8 -7.88 -8.79 -8.89
3h -7.82 -7.4 -8.18 -8.5
3i -8.05 -7.65 -8.01 -8.64
3j -7.29 -8.21 -7.9 -8.57
Tamoxifen -10.93 -8.32 -8.75 -10.89
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hydroxyacetophenone (1) was reacted with oxalyl chloride and DMF 
under zero to room temperature conditions to generate 3-formylchro
mone (2). The reaction of the aforementioned reactants proceeds via a 
Vilsmeier–Haack formylation, introducing a formyl group at the C-3 
position of the chromone ring to yield 3-formylchromone (2). The 
resulting intermediate (2) was obtained in good yield and used directly 
in subsequent steps without further purification. In the second step, 
condensation of the 3-formylchromone (2) with various substituted 
phenyl hydrazines yielded the corresponding hydrazone derivatives 
(3a–j). The aldehyde group of 3-formylchromone (2) undergoes a 
nucleophilic addition–elimination reaction with various phenyl hydra
zines, resulting in the formation of a (–CH=N–NH–Ar) hydrazone link
age. This condensation reaction is typically acid/base-catalysed and 
proceeds under mild reflux conditions. All the derivatives have been 
characterized through NMR, IR, and mass spectrometry.

In the ¹H NMR spectrum, the characteristic NH proton of the 
hydrazone moiety appears as a singlet around 10–11 ppm in DMSO-d₆ 
(Fig. S21) and as a broad peak near 8 ppm in CDCl₃ (Fig. S15), con
firming the presence of the hydrazone proton. Additionally, the azo
methine (–CH=N–) proton is observed as a distinct signal around 8.5 
ppm, further supporting the formation of the hydrazone linkage. Aro
matic protons resonate within the expected range of 7–9 ppm, while the 
methyl protons in compounds 3e and 3f appear at approximately 2.9 
ppm and 3.8 ppm, respectively. The ¹³C NMR spectrum shows a peak at 
approximately 175 ppm corresponding to the chromone carbonyl car
bon, and the azomethine carbon is observed in the range of 140–150 
ppm. Mass spectrometric analysis further confirmed the successful 
synthesis. For halogen-substituted compounds, distinct isotope patterns 
were observed: compounds 3b and 3h (containing chlorine) displayed 
characteristic M and M+2 peaks in a 3:1 ratio (Fig. S6 and S18), while 
compound 3c and 3g (containing bromine) exhibited M and M+2 peaks 
in a 1:1 ratio (Fig. S8 and S16), consistent with the isotopic patterns of 
chlorine and bromine, respectively. All spectroscopic data are in 
agreement with the proposed structures and confirm the successful 
synthesis of the target hydrazone derivatives.

3.2. In-vitro studies

Reduced cell viability- Tamoxifen, 2 and 3a-j significantly 

inhibited the cell viability of MCF-7 cells as compared to MDA-MB-231, 
determined by the MTT assay. The compounds Tamoxifen, 2 and 3a-j 
have not shown any adverse effect on HEK293 cells. The results 
demonstrated a significant, dose-dependent decrease in cell viability in 
both breast cancer cell lines as well as in the control cells. The half 
maximal inhibitory concentrations (IC50) of Tamoxifen, 2 and 3a-j on 
MCF-7 cells were calculated to be ~27 μM ~57 μM, ~60 μM, ~42 μM, 
~35 μM, ~55 μM, ~37 μM, ~57 μM, ~50 μM, ~45 μM, ~47 μM and 
~30 μM (Fig. 2), for MDA-MB-231 the IC50 values were found to be ~57 
μM, ~77 μM, ~81 μM, ~56 μM, ~47 μM, ~74 μM, ~50 μM, ~77 μM, 
~67 μM, ~60 μM, ~63 μM and ~40 μM (Fig. 3) (Table 1), whereas, 
HEK293 cells showed no significant reduction in cell viability (Fig. 4). 
The cell morphology images of MCF-7 and MDA-MB-231 cell lines after 
the treatment with 50 μM of the given compounds are shown (Figs. 5 and 
6.). This supports the hypothesis that these molecules selectively target 
estrogen receptor-positive (ER⁺) breast cancer cells.

3.3. In-silico evaluation

3.3.1. Swiss-ADME properties
The Absorption, Distribution, Metabolism, and Excretion (ADME) 

properties of compounds 3a–j revealed favourable pharmacokinetic and 
drug-like properties [61]. All derivatives complied with Lipinski’s Rule 
of Five (MW < 500 Da, Log P ≤ 5, HBD ≤ 5, HBA ≤ 10) and Veber’s 
criteria (RTB ≤ 10, TPSA ≤ 140 Å²) (Tables 2 and 3), indicating strong 
potential for oral bioavailability [27,62,63]. Their water solubility (Log 
S ≥ –4) also indicates good absorption, and repeated bioavailability 
scores of 0.55 (55 %) and predictive models indicating F >10 % in rat 
experiments indicate favourable systemic exposure. All of the com
pounds had high GI absorption and BBB permeability, expanding their 
therapeutic potential. None of the derivatives contained any PAINS 
alerts [64], reducing the likelihood of false positives in biological tests. 
Synthetic accessibility scores (~3) validated that the compounds are 
easy to synthesize, sidestepping the intricacy that usually hinders lead 
development. Overall, these properties place the chromone-hydrazone 
derivatives as drug-like, pharmacokinetically favourable, and syntheti
cally accessible scaffolds for further development in anti-cancer drug 
discovery.

Fig. 8. (A) Compounds 3j and 3e bind at the 17β-estradiol site of ERα, overlapping with the native hormone’s binding pocket. (B) Binding of 3g, 3h, and 3a-f, 3i at an 
alternate site distinct from the estradiol-binding region.
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Fig. 9. Docked 3D and 2D representations of ERα in complex with compounds A) 3c, B) 3e, and C) 3j. In the 3D representation, ERα is shown in green cartoon 
representation, with interacting residues displayed in ball and stick format. The ligands 3c, 3e, and 3j are represented in grey ball and stick representation.
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3.3.2. Molecular docking
A molecular docking study was conducted using Auto Dock version 

4.2.6, to investigate the binding interactions between the synthesized 
compounds 3a–j and hormonal receptor - estrogen receptor alpha (ERα) 
(PDB ID: 3ERT), ERβ (PDB ID: 2FSZ), HER2 (PDB ID: 3PP0), and PR 
(PDB ID: 1A28). After docking, ER-alpha has been selected as a primary 
receptor because in hormone-positive breast cancer, ER-alpha plays a 
significant role. To avoid limiting the docking search to predefined 
active sites, blind docking was conducted by enclosing the entire protein 
within the grid box, without specifying a particular binding site [35]. 
Further, to validate the docking protocol, the co-crystallized ligand 
(hydroxytamoxifen) from the 3ERT structure was re-docked into its 
native binding site. The root-mean-square deviation (RMSD) between 
the docked and experimental poses was found to be 1.19 Å [36], con
firming the reliability of the docking setup (Fig. 7).

The binding energy (BE) values of the 3a-3j compounds with 

hormonal receptor complexes obtained from the docking studies are 
presented in Table 4. Compound 3j emerged as the most potent inhibitor 
against MCF-7 breast cancer cell lines. Interestingly, despite its superior 
in vitro activity, it exhibited a slightly lower docking score (–7.29 kcal/ 
mol). In contrast, compound 3c, which achieved the best docking score 
(–8.20 kcal/mol) among the synthesized derivatives, demonstrated only 
the second-highest in vitro activity. The third most active compound, 3e, 
showed a docking score of –7.47 kcal/mol. Several other compounds 
with relatively weaker inhibitory activity also displayed docking scores 
within a comparable range. These observations highlight a discrepancy 
between docking predictions and experimental results, suggesting that 
specific molecular interactions, beyond those captured in docking sim
ulations, may contribute to the enhanced potency of compounds such as 
3j and 3e.

Further analysis of the docking poses revealed that, despite the blind 
docking approach which allowed ligands to explore the entire protein 

Fig. 10. A) RMSD plots of the ERα protein in complex with ligands 3c (red), 3e (blue), 3j (green), and Tamoxifen (orange). B) RMSD graphs of the individual ligands 
3c, 3e, 3j, and Tamoxifen during the simulation. (C) RMSF plots showing residue-level fluctuations of ERα in each complex. (D) Solvent-accessible surface area 
(SASA) of ERα in the presence of each ligand. (E) Radius of gyration (Rg) of the ERα protein, indicating overall compactness of the complexes. (F) Hydrogen bond 
interactions between ligands 3c, 3e, 3j, and Tamoxifen with ERα over the simulation time.
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surface, compounds 3j and 3e consistently bound within the 17β- 
estradiol binding site (as defined in PDB ID: 1ERE) (Fig. 8A). In contrast, 
other ligands bound to alternative pockets (Fig. 8B). The specific binding 
of 3j and 3e to the estradiol-binding pocket suggests a competitive mode 
of action, potentially interfering with estradiol-induced signaling path
ways that promote cancer cell proliferation [37,38]. Detailed key res
idue interactions were analyzed using BIOVIA Discovery Studio 
Visualizer, applying the default criteria specified in the software for each 
interaction type. Hydrogen bonds were defined by a donor–acceptor 
distance ≤ 3.4 Å and a donor-hydrogen-acceptor angle between 
90◦-180◦. Alkyl interactions were identified using a maximum alkyl 
centroid distance of 5.5 Å, while π-alkyl and π-cation interactions were 
defined by an atom-π distance ≤ 5.0 Å with an angle cutoff of ≤ 40◦. 
Based on these criteria, compound 3j formed hydrogen bonds with 
Leu346 and engaged in alkyl and π-alkyl interactions with Leu387, 
Ala350, Leu391, Leu349, Met343, Met421, and Leu525 (Fig. 9B) If 
figure changes. Compound 3e formed hydrogen bonds with Asp351 and 
Thr347, and alkyl/π-alkyl interactions with Leu346, Leu536, Leu354, 
Leu387, Ala350, and Leu525 (Fig. 9C). For comparison, Tamoxifen, a 
clinically used ERα inhibitor, exhibited a strong docking score of –10.93 
kcal/mol (Table 4) within the estrogen-binding site, consistent with its 
experimentally determined high IC₅₀ value.

3.3.3. Molecular dynamic simulation
To further investigate the stability of compounds 3c, 3e, and 3j with 

estrogen receptor alpha (ERα), 100 ns molecular dynamics (MD) simu
lations were performed. For comparison, the reference drug Tamoxifen 
in complex with ERα was also subjected to a 100 ns MD simulation. The 
resulting mD simulation trajectories were analyzed to calculate root- 
mean- square deviation (RMSD), root-mean-square fluctuation 

(RMSF), radius of gyration (Rg), solvent-accessible surface area (SASA), 
hydrogen bonding, and non-bonded interaction energies. The structural 
stability of the ERα core domain was evaluated using RMSD analysis. All 
four complexes (ERα-3j, ERα–3c, Erα-3e, and Erα-Tamoxifen) were 
shown to be stable with the RMSD within 0.4 nm during the simulation 
time (Fig. 10A). Further, ligand RMSD analysis confirmed that com
pounds 3j, 3c, 3e, and Tamoxifen remained stable within the binding 
pocket, with RMSD values below 0.22 nm (Fig. 10B), indicating minimal 
deviation and consistent binding. Furthermore, to access the residue 
wise fluctuations, RMSF analysis were carried out (Fig. 10C), the result 
shows that the binding of compound 3c induced increased fluctuations 
in the region containing the residues 330–340, suggesting localized 
conformational flexibility. The radius of gyration (Rg), used to evaluate 
the compactness of the protein-ligand complexes (Fig. 10D), indicated 
that the ERα-3j complex maintained the lowest Rg values, indicating 
greater overall compactness compared to 3c, 3e, and Tamoxifen com
plex. SASA analysis revealed that all three complexes exhibited similar 
solvent exposure (Fig. 10E). Hydrogen bond analysis showed that all 
four ligands formed stable hydrogen bond interactions with ERα, per
sisting throughout the simulation and contributing to binding stability 
(Fig. 10F). Furthermore, non-bonded interaction energy calculations 
(van der Waals and Coulombic contributions) revealed that compound 
3j and the reference drug Tamoxifen exhibited the most favorable 
interaction energy with ERα, followed by 3e and 3c (Fig. 11). These 
findings suggest that compound 3j exhibits strong binding affinity and 
structural stability within the ERα binding site, comparable to the 
reference drug Tamoxifen. Consistent with the MD results, 3j also 
demonstrated notable activity against MCF-7 cells with an IC₅₀ value of 
30 μM, closely matching that of Tamoxifen (27 μM, control) (Table 1). 
Together, these results validate the simulation outcomes and highlight 
3j as a promising ERα inhibitor with therapeutic potential in estrogen 
receptor-positive cancers.

3.3.4. Density functional theory

3.3.4.1. Molecular orbital properties. DFT studies were conducted to 
explore the electronic and molecular properties of the most potent 
compounds- 3c, 3e, and 3j—against the MCF-7 breast cancer cell line.

Quantum chemical properties of compounds 3c, 3e, and 3j calcu
lated with the B3LYP functional and the 6-31G basis set have been given 
in Table 5. The HOMO and LUMO energy levels, along with molecular 
orbital plots and band gaps, are presented in Fig. 12. Among them, 
compound 3j exhibited the smallest HOMO–LUMO gap (3.69 eV), fol
lowed by 3e (3.76 eV) and 3c (3.88 eV) (Fig. 12 A, 12C, 12D), sug
gesting that 3j has the highest chemical reactivity and electron transfer 
capability, potentially contributing to its superior biological activity.

3.3.4.2. Molecular electrostatic potential (MEP). To further identify po
tential sites for nucleophilic and electrophilic attacks, Molecular Elec
trostatic Potential (MESP) maps were generated for each compound. In 
the MESP plots, red regions indicate areas of high electron density 
(nucleophilic sites), while blue regions represent electron-deficient 
areas (electrophilic sites) [65]. Analysis of the MESP surfaces revealed 
that the chromone moiety contains highly nucleophilic oxygen atoms, 
followed by the imine nitrogen (Fig. 12B, 12D, 12F). These nucleophilic 
centers correspond well with the docking results, particularly in com
pound 3e, which forms strong interactions with positively charged 
residues Lys449 and Asp394 (Fig. 12A). Furthermore, the presence of a 
methoxy group on the benzene ring in compound 3j enhances its 
nucleophilic character (Fig. 12F), enabling more favorable interactions 
with the protein binding pocket. This characteristic may contribute to its 
higher binding stability in molecular dynamics simulations and its 
greater biological potency compared to 3e and 3c. Furthermore, the 
amino groups attached to the toluene moiety in 3e (Fig. 12D) and the 
anisole moiety in 3j exhibited higher electrophilic reactivity (Fig. 12F), 

Fig. 11. The total non-bonded interaction energy (Coulombic and Van der 
Waals interaction) between the compounds (3c, 3e, 3j, and Tamoxifen) and 
ER-α.

Table 5 
Quantum chemical properties of compounds 3c, 3e, and 3j calculated with the 
B3LYP functional and the 6-31G basis set.

Compound 3C 3e 3j

Ehomo (eV) -5.7100 -5.2200 -5.1100
Elumo (eV) -1.8300 -1.4600 -1.4200
Energy gap (eV) 3.8800 3.7600 3.6900
Ionization energy(I) 5.7100 5.2200 5.1100
Electron Affinity(A) 1.8300 1.4600 1.4200
Electronegativity(χ) 3.7700 3.3400 3.2650
Chemical Potential(µ) -3.7700 -3.3400 -3.2650
Global hardness(η) 1.9400 1.8800 1.8450
Global softness(s) 0.5155 0.5319 0.5420
Electrophilicity index(ω) 3.6631 2.9669 2.8889
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as indicated by the deep blue regions in the MESP maps. These elec
trophilic centers were found to interact with residues Leu346 (Fig. 12C) 
and negatively charged Asp351 (Fig. 12B), suggesting a role in stabi
lizing the ligand–receptor complex. Notably, the electrophilic character 
of the toluene and anisole groups in 3e and 3j, respectively, was higher 
than that of the bromobenzene ring in 3c (Fig. 12B, 12D, 12F). This 
differential electrophilic behavior may be responsible for the distinct 
binding site preferences observed in the docking studies: while 3e and 3j 
were found to bind within the estrogen binding site (similar to 
17β-estradiol), 3c appeared to occupy an alternative pocket (Fig. 8B).

The dual nucleophilic and electrophilic characteristics of compound 
3j may enhance its interactions with ERα, as evidenced by molecular 
dynamics simulations, thereby supporting its potential role as an in
hibitor of the cancer cell line.

4. Structure activity relationship

The biological activity of chromone–hydrazone derivatives (3a–j) 
against ERα-positive breast cancer cells was rationalized through 
structural modifications, molecular docking, MD simulations, and 
quantum chemical descriptors. Substituent effects were critical. 
Electron-withdrawing groups (–CN, halogens) at ortho/para positions 
reduced activity by depleting electron density at the azomethine linkage 
and aromatic ring, thereby destabilizing hydrogen bonding and π–π in
teractions in the ERα pocket. Conversely, electron-donating groups 
(–OCH₃, –CH₃) enhanced resonance and conjugation, improving recep
tor affinity. Among halogenated analogues, the meta-bromo derivative 
outperformed meta-chloro and meta-fluoro due to bromine’s lower 
electronegativity and larger radius, which favoured hydrophobic 

Fig. 12. The HOMO and LUMO of compound A) 3c C) 3e E) 3j. Molecular electrostatic potential (MEP) plots of compound B) 3c D) 3e F) 3j. Calculations were 
performed using the ORCA 6.0.1 program with the B3LYP functional and the 6-31G basis set.
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contacts [66]. Methoxy substitution (3j) provided the optimal ster
ic–electronic balance and showed the highest in-vitro potency. Docking 
predicted binding energies from –7.2 to –8.2 kcal/mol; compound 3c 
had the best docking score (–8.20 kcal/mol) yet moderate in vitro ac
tivity, whereas 3j, the most potent inhibitor, showed –7.29 kcal/mol. 
This mismatch highlights the limitations of docking scores and the 
importance of binding-site occupancy. Pose analysis revealed that active 
compounds 3j and 3e aligned within the canonical 17β-estradiol pocket, 
overlapping the native ligand, whereas other analogues (3a, 3f, 3g, 3h, 
3c) localized in non-canonical cavities, reducing antagonism.

MD simulations (100 ns, NPT ensemble) supported these findings. 
The ERα–3j complex exhibited the lowest radius of gyration (Rg) and 
most favourable non-bonded interaction energies, reflecting compact
ness and stability compared with ERα–3e, ERα–3c, and Tamoxifen. 
Ligand RMSD traces showed 3j remained stably confined in the pocket, 
closely mirroring Tamoxifen, suggesting its potential as a competitive 
ERα inhibitor. Quantum chemical descriptors further validated SAR 
trends. 3j displayed the smallest HOMO–LUMO gap (3.69 eV), followed 
by 3e (3.76 eV) and 3c (3.88 eV), consistent with greater delocalization 
and reactivity. MEP mapping revealed electron-rich regions on the 
chromone carbonyl oxygen and methoxy groups of 3j, facilitating in
teractions with Asp351 and Thr347, while its anisole moiety provided 
electrophilic character for additional stabilization. In 3e, the amino- 
substituted toluene group engaged Leu346 and Asp351, whereas 3c’s 
bromobenzene contributed weakly, causing alternate binding and less 
stability. The dual nucleophilic/electrophilic centers of 3j likely 
enhanced complementarity, explaining its superior docking, MD sta
bility, and in-vitro activity.

5. Conclusion

This research effectively designed, synthesized, and tested a new 
series of chromone–hydrazone derivatives (3a–j) as promising. ERα in
hibitors with anti-breast cancer activity. Detailed characterization, 
docking, molecular dynamics simulations, and quantum chemical cal
culations revealed good structure–activity correlation, demonstrating 
the role of electronic substituents in affecting bioactivity. Among the 
tested compounds, 3j emerged as the most promising lead, exhibiting 
the highest in vitro activity against ER-positive MCF-7 cells (IC₅₀ = 30 
μM), strong stability within the ERα binding pocket, and favorable 
pharmacokinetic properties (TPSA = 63.83 Å²; log P = 2.78). Its 
methoxy group offered the best combination of electronic and steric 
effects that increased hydrogen bonding and hydrophobic interactions 
with key ERα residues. Computational descriptors also justified its 
greater reactivity, with the lowest HOMO–LUMO gap and optimal MEP 
distribution accounting for its increased biological activity and oral 
drug-likeness. Compound 3e also showed excellent promise, coupling 
competitive binding to the traditional estradiol pocket with stable 
hydrogen-bonding interactions (Thr347, Asp351) and complementary 
hydrophobic contacts. Although less potent than 3j, its electronic 
signature and reproducible stability in docking and MD simulations 
make it a promising secondary lead to optimize further. In summary, 3j 
and 3e are lead candidates as they exhibit selective ERα inhibition, 
acceptable pharmacokinetic properties, and strong experimental and 
computational support. These results present a solid foundation for 
furthering 3j and 3e, into more comprehensive preclinical studies as safe 
and potent anti-breast cancer drugs.
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