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A B S T R A C T   

This study explores the pharmacological potential of chalcones through a multidisciplinary 
approach, including synthesis, quantum theory, molecular electrostatics, and density functional 
theory (DFT) calculations. The synthesized compound, analyzed via single crystal X-ray diffrac
tion, crystallized in the triclinic system (space group P-1) with C–H⋯O interactions stabilizing its 
structure. Hirshfeld surface analysis confirms these interactions, with H–H contacts dominating 
(45.1 %). Molecular electrostatics analysis reveals charge distribution, and a 3.10 eV HOMO- 
LUMO energy gap indicates bioactivity. Molecular docking identifies the compound (3a) 
showed a maximum Gscore of HTNF-α (− 9.81 kcal/mol); Tubulin (− 7.96 kcal/mol); COX2 (− 7.88 
kcal/mol), EGFR (− 6.72 kcal/mol), and VEGFR1(-2.50 kcal/mol). Where compound (3c) showed 
maximum binding at the putative binding site with dock scores for VEGFR2 (− 9.24 kcal/mol). 
This research not only advances molecular science but also holds promise for diverse applications, 
including drug design. The significance of this study lies in its comprehensive exploration of the 
pharmacological potential of chalcones using a multidisciplinary approach. Through the inte
gration of synthesis, quantum theory, molecular electrostatics, and density functional theory 
(DFT) calculations, we have extensively explored the structural and biochemical characteristics of 
these compounds. This investigation has revealed valuable insights that have the potential to lead 
to significant advancements in the fields of molecular science and drug design. Moreover, the 
molecular docking studies shed light on the compound’s interaction with various biological 
targets. The significant binding affinities observed for these targets underscore the potential 
therapeutic relevance of the synthesized compound in diverse disease conditions.  
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1. Introduction 

As of the latest update, cancer remains a substantial worldwide health issue, characterized by the uncontrolled growth and spread 
of abnormal cells in the human system [1]. Researchers, specialists, and politicians are consistently striving to enhance cancer pre
vention and diagnosis measures through ongoing research and breakthroughs in therapy [2]. Continual cancer research is enhancing 
our comprehension of the fundamental biology of various types of cancer, hence aiding the progress of precise treatments such as 
targeted medications and immunotherapies [3]. Furthermore, advancements in early detection techniques and precision treatment are 
enhancing the results for several individuals [4]. Cancer is a multifaceted disease, and tumours can exhibit substantial differences 
among patients and even within the same patient. In addition, the primary challenge in cancer treatment isn’t found in the drug’s 
potential itself but rather in the heterogeneity of cancer [5]. Drug resistance is also a phenomenon in which cancer cells gradually 
become resistant to conventional treatments, resulting in therapy failure and the progression of the disease. Additionally, this can 
encompass the spread of cancer to other parts of the body, the harmful consequences on the body, adverse reactions, and the timely 
identification of the disease [6]. 

Chalcone and its analogues belong to a group of organic substances that possess a basic aromatic ketone that is joined by a three- 
carbon α,β-unsaturated carbonyl system between two aromatic rings [7–9]. Researchers have extensively studied chalcone derivatives 
for their potential therapeutic applications in various diseases [10]. There are various ways to produce chalcone derivatives, including 
the Claisen-Schmidt condensation process, which involves an aromatic ketone and an aromatic aldehyde in the presence of a base [11, 
12]. These compounds have attracted significant attention due to their various biological actions, such as anti-oxidant [13], 
anti-cancer [14], anti-inflammatory [15], anti-viral, and anti-microbial properties [16,17], Fig. 1. The structural diversity of these 
compounds allows for systematic structure-activity relationship (SAR) studies to optimize their biological activities and selectivity 
[18]. Therefore, the specific biological activities and properties of chalcone derivatives can vary widely depending on their chemical 
structure and substitution patterns [19]. 

Several studies have demonstrated the potential anti-cancer effects of chalcones, highlighting their significance in cancer pre
vention and treatment [20]. These chemicals have exhibited diverse modes of action that may delay the proliferation of cancer cells, 
induce apoptosis (programmed cell death), and affect tumor formation [21,22], by interfering with essential cellular processes, such as 
cell cycle regulation and DNA replication [23]. In addition, chalcones possess anti-inflammatory properties which are often associated 
with cancer development and can help suppress inflammation-induced tumor growth [24,25]. Additionally, they can obstruct the 
development of new blood vessels (angiogenesis), a critical process for tumor growth and spread [26,27]. 

Continuing our ongoing research into the development and analysis of new derivatives, we have effectively synthesized and 
characterized the title compound in question through spectroscopic methods, considering its extensive biological properties [28–30]. 
Additional validation of the molecular framework was obtained by single-crystal X-ray diffraction investigations. Furthermore, in 
order to examine the ligand’s 3-D geometric interactions with the targeted human tyrosine-protein kinase VEGFR-1, 2, EGFR, Tubulin, 

Fig. 1. Many chalcones obtained via coupling reactions and their biological applications.  
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HTNF-α, and COX2 comprehensive molecular docking studies have been carried out. This kinase is pivotal in regulating crucial 
biological processes such as angiogenesis, vascular development, vascular permeability, and embryonic hematopoiesis. 

2. Experimental procedure 

2.1. Materials and methods 

All molecular-grade experimental supplies were acquired from Sigma-Aldrich. The confirmation of reaction completion and the 
synthesis of the target compound (3) was accomplished through thin-layer chromatography (TLC) on silica gel 60 F254, utilizing a 
mixture of hexane and ethyl acetate in a 3:1 ratio. Spectroscopic data, encompassing 1H and 13C NMR, were collected using Bruker 
Advancer 400 MHz and 300 MHz NMR spectrometers in DMSO. Mass spectra was produced with a VG70-70H spectrophotometer, 

Scheme 1. Synthesis of Multi-Methoxy Chalcones (3a-c).  

Fig. 2. Plot of thermal ellipsoids of the compound with 50 % probability.  
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presenting significant fragments and their respective intensities in brackets. The results of the elemental analysis showed a variation 
from the values that were calculated of only 0.4 %. A double-beam UV–visible spectrophotometer from Shimadzu UV-1800 was used to 
record the UV–visible spectrum. 

Table 1 
Crystal data and structure refinement details of (3a).  

CCDC number 1943076 

Empirical formula C20 H22 O6 

Formula weight 358.38 
Temperature 293(2) K 
Wavelength 0.71075 Å 
θ range for above 3.00◦–27.50◦

Crystal system, Space group Triclinic, P-1 
Cell parameters a = 11.8054(19)Å, b = 12.332(2)Å, c = 14.291(3)Å, α = 72.139◦, β = 69.142◦, γ = 76.583◦

Volume 1832.8(6) Å− 3 

Z 4 
Density(calculated) 1.299 Mg m− 3 

Absorption coefficient 0.096 mm− 1 

F000 760 
Crystal size 0.23 mm × 0.22 mm × 0.21 mm 
θ range for data collection 3.04◦ to 27.48◦

Index ranges − 15 ≤ h ≤ 12 
− 11 ≤ k ≤ 16 
− 18 ≤ l ≤ 18 

Reflections collected 10636 
Independent reflections 8156 [Rint = 0.0256] 
Refinement method Full matrix least-squares on F2 

Data/restraints/parameters 8156/0/479 
Goodness-of-fit on F2 1.044 
Final [I > 2σ(I)] R1 = 0.0693, wR2 = 0.1454 
R indices (all data) R1 = 0.1266, wR2 = 0.1694  

Table 2 
Selected bond lengths of the compound (3a).   

Length(Å)  Length(Å) 

Atoms XRD DFT Atoms XRD DFT 
C1A-O2A 1.359(5) 1.418 C14A-C15A 1.470(4) 1.477 
C3A-O2A 1.370(4) 1.364 C15A-O16A 1.225(3) 1.236 
C3A-C4A 1.382(4) 1.403 C15A-C17A 1.488(3) 1.498 
C3A-C8A 1.385(3) 1.412 C17A-C18A 1.380(3) 1.396 
C4A-C5A 1.375(4) 1.394 C17A-C22A 1.407(3) 1.410 
C1B–O2B 1.417(3) 1.414 C14B–C15B 1.463(3) 1.482 
C3B–C4B 1.386(4) 1.402 C15B–O16B 1.230(3) 1.233 
C3B–C8B 1.398(3) 1.410 C15B–C17B 1.486(3) 1.495 
C4B–C5B 1.379(4) 1.395 C17B–C18B 1.376(3) 1.395 
C5B–O9B 1.348(3) 1.359 C17B–C22B 1.397(3) 1.410  

Table 3 
Selected bond angles of the compound (3a).   

Angle(◦)  Angle(◦) 

Atoms XRD DFT Atoms XRD DFT 
C1A-O2A-C3A 120.2(3) 119.3 O2B–C3B–C4B 123.5(2) 122.8 
O2A-C3A-C4A 122.1(3) 122.7 O2B–C3B–C8B 115.6(2) 116.5 
O2A-C3A-C8A 117.1(3) 116.6 C3B–C8B–C13B 120.9(2) 120.1 
C3A-C8A-C13A 120.3(2) 119.6 C3B–C8B–C7B 117.5(2) 117.7 
C3A-C8A-C7A 117.9(2) 117.6 C3B–O2B–C1B 118.8(2) 119.1 
C7A-C6A-O11A 125.0(3) 125.6 C7B–C6B–O11B 125.0(2) 125.6 
C7A-C8A-C13A 121.8(2) 122.7 C7B–C8B–C13B 121.6(2) 122.1 
O9A-C5A-C4A 124.9(3) 124.6 O9B–C5B–C4B 125.4(2) 124.3 
O9A-C5A-C6A 115.5(3) 115.4 O9B–C5B–C6B 115.1(2) 115.6 
O11A-C6A-C5A 115.8(2) 115.4 O11B–C6B–C5B 115.6(2) 115.5  
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Table 4 
Selected torsion angles of the compound (3a).   

Angle(◦)  Angle(◦) 

Atoms XRD DFT Atoms XRD DFT 
O2A-C3A-C4A-C5A − 178.9(3) 178.4 O2B–C3B–C4B–C5B 178.6(2) 179.6 
O2A-C3A-C8A-C13A − 2.5(4) 2.0 O2B–C3B–C8B–C13B 2.0(4) 1.4 
O2A-C3A-C8A-C7A 178.9(2) − 179.3 O2B–C3B–C8B–C7B − 179.6(2) − 179.7 
C3A-C4A-C5A-C6A 0.2(4) 0.0 C3B–C4B–C5B–C6B 1.1(4) 0.1 
C3A-C4A-C5A-O9A − 178.6(3) 179.7 C3B–C4B–C5B–O9B − 178.5(2) 179.8 
C13A-C14A-C15A-C17A 178.5(2) 179.3 C13B–C14B–C15B–C17B − 167.6(3) − 172.3 
C15A-C17A-C22A-C21A 179.3(2) 177.0 C15B–C17B–C22B–C21B − 179.4(2) − 179.8 
C18A-C17A-C22A-C21A − 0.3(4) − 0.2 C18B–C17B–C22B–C21B − 1.0(4) − 1.1 
O23A-C20A-C21A-C22A − 177.3(2) − 178.5 C24B–O23B–C20B–C19B 2.5(4) 2.1 
O25A-C21A-C22A-C17A 178.7(2) − 179.3 O23B–C20B–C21B–C22B 178.4(2) − 178.5  

Fig. 3. Molecular packing of the compound when viewed down a axis.  

Table 5 
Hydrogen bond geometry.  

Atoms D-H (Å) H … A (Å) D-A (Å) D-H … A(◦) 

C1A-H1A3 … O23Ba 0.96 2.35 3.507(4) 164 
C12A-H12A … O16Ab 0.96 2.54 3.502(4) 178 
C12B–H12D … O25Ab 0.96 2.60 3.466(4) 151 
C13A-H13A … O2Ac 0.96 2.38 2.743(3) 103 
C13A-H13A … O16Ac 0.96 2.44 2.786(3) 102 
C18A-H18A … O16Bd 0.93 2.59 3.467(4) 158  

a : 1-x, -y, 1-z. 
b : 1-x, 1-y, 1-z. 
c : Intramolecular interaction. 
d : 1-x, 1-y, -z. 

Table 6 
C–H … π interactions involved in the molecular structure.  

C⋯H cgJ H … cg (Å) H ⊥ (Å) γ (◦) C–H … cg (◦) C … cg(Å) C–H … π (◦) 

C26A-H26B cg4a 2.91 2.82 14.50 132 3.631(3) 42  

a : 2 − x, 1 − y, − z. 
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2.2. Synthesis of Multi-Methoxy Chalcones (3a-c) 

The synthesis of the target compounds (3a-c) was accomplished through a base-catalyzed Claisen-Schmidt condensation reaction. 
Trimethoxybenzaldehyde (1 in Scheme 1, 0.010 mol) and 3,4-dimethoxyacetophenone (2, 0.010 mol) were mixed in 10 ml of ethyl 
alcohol and stirred at 25 ◦C for 20 min. Subsequently, the reaction mixture was stirred and 7 ml of potassium hydroxide solution was 
added dropwise. Using hexane:ethyl acetate (7:3) as the eluent, the reaction was tracked using TLC for 4 h until it completely clouded 
over. After it was finished, the mixture was added to 2 ml of hydrochloric acid in ice-cold water. To achieve a crude product, the final 
solid was filtered, treated with ice-cold water, and then dried. Slow-release mode system recrystallization with ethanol yielded the title 
compound of multi-methoxy chalcone derivatives (3a-c) in the form of colorless rectangular block-shaped crystals (Scheme 1) [8,9]. 

2.3. Spectral analysis 

2.3.1. (E)-1-(3,4-dimethoxyphenyl)-3-(2,4,5-trimethoxyphenyl)prop-2-en-1-one (3a) 
Yield: 77 %. M.P. 102–104 ◦C; IR (KBr, cm¡1):1025 cm− 1 (C–O) group of –OCH3, 1400-1600cm− 1 (aromatic C––C), 1593 cm− 1 

(C––C olefin), 1655 cm− 1 (C––O) group, 2930 cm− 1 (C–H of –OCH3) and 3084 cm− 1 (sp2 olefinic bond). 1HNMR (DMSO‑‑d6), δ (ppm): 
3.81 (s, 6H, –OCH3), 3.84 (s, 6H, –OCH3), 3.95 (s, 3H, –OCH3), 6.54 (s, 1H, Ar–H), 6.82 (s, 1H, J = 16 Hz, Ar–H), 7.18 (d, 1H, Ar–H), 
7.32 (s, 1H, Ar–H), 7.48 (d, 1H, J = 16 Hz, Ar–H), 7.91 (d, 1H, J = 16 Hz, =CH), 8.39 (d, 1H, J = 16Hz, =CH). 13C NMR (DMSO‑‑d6) δ: 
56.32, 115.16, 117.61, 118.67, 121.20, 122.25, 123.83, 130.14, 131.93, 136.50, 134.83, 149.20, 153.61, 158.17, 187.42. LC-MS m/z 
359 (M+1). Anal. Cal. data for C20H22O6 (358): C, 67.03; H, 6.19; Found: C, 67.00; H, 6.15. 

2.3.2. 1-(3,4-dimethoxyphenyl)-3-(4-bromophenyl) prop-2-en-1-one (3b) 
Yield: 80 %. M.P. 92–94 ◦C; IR (KBr, cm¡1):1025 cm− 1 (C–O) group of –OCH3, 1450-1650cm− 1 (aromatic C––C), 1590 cm− 1 (C––C 

olefin), 1650 cm− 1 (C––O) group, 2930 cm− 1 (C–H of –OCH3) and 3085 cm− 1 (sp2 olefinic bond). 1HNMR (DMSO‑‑d6), δ (ppm): 
3.77–3.84 (s, 6H, -2OCH3), 7.06 (s, 1H, Ar–H), 7.57–7.67 (d, 4H, J = 16 Hz, Ar–H), 7.81–7.83 (d, 2H, J = 16 Hz, Ar–H), 7.90 (d, 1H, J 
= 16 Hz, =CH), 7.98 (d,1H, J = 16Hz, =CH). 13C NMR (DMSO‑‑d6) δ: 56.22, 111.12, 123.13, 123.96, 124.18, 130.78, 131.18, 132.26, 
134.57, 142.13, 149.24, 153.75, 187.63. LC-MS m/z 349 (M+2). Anal. Cal. data for C17H15BrO3 (347): C, 58.84; H, 4.38 Found: C, 
58.88; H, 4.39 %. 

2.3.3. 1-(3,4-dimethoxyphenyl)-3-(3-hydroxyphenyl) prop–2-en-1-one (3c) 
Yield: 94 %. M.P. 114–116 ◦C; IR (KBr, cm¡1): 1035 cm− 1 (C–O) group of –OCH3, 1600 cm− 1 (C––C olefin), 1660 cm− 1 (C––O 

group), 3530-3598 cm− 1 (OH group); 1HNMR (DMSO‑‑d6), δ (ppm): 3.83 (s, 6H, -2OCH3), 6.81 (s, 1H, OH), 7.04–7.87 (m, 7H, Ar–H), 

Table 7 
π - π stacking interactions involved in the molecular structure.  

CgI cgI cgI–cgJ (Å) α (◦) β (◦) γ (◦) cgI ⊥ (Å) cgJ ⊥ (Å) 

cg1 cg2a 3.7468(17) 10.98(12) 6.5 14.0 3.6357(10) 3.7230(10) 
cg2 cg1a 3.7469(17) 10.98(12) 14.0 6.5 3.7230(10) 3.6358(10) 
cg3 cg4b 4.8456(18) 73.76(12) 6.6 69.1 1.7307(11) − 4.8139(10) 
cg4 cg2c 4.5541(18) 73.76(12) 16.9 70.8 − 1.6784(10) − 4.8910(11)  

a : 1-x, 1-y, 1-z. 
b : x, y, z. 
c : 1-x, 1-y, -z. 

Fig. 4. Hirshfeld surface mapped over dnorm.  
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Fig. 5. Fingerprint plots for the resolved into H⋯H contacts, O⋯H contacts, and C⋯H contacts.  
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7.61 (d, 1H, J = 16 Hz, =CH), 9.61 (d, 1H, J = 16Hz, =CH). 13C NMR (DMSO‑‑d6) δ: 56.17, 111.11, 115.64, 118.04, 120.26, 122.19, 
123.78, 130.27, 130.93, 136.55, 134.77, 149.21, 153.62, 158.16, 187.80. LC-MS m/z 286 (M+1). Anal. Cal. for C17H16O4 (285): C, 
71.85; H, 5.66. Found: C, 71.65; H, 5.49 %. 

2.4. In silico studies 

In the past few decades, computational chemistry has seen significant advancements in developing novel therapeutics [31–34]. The 
molecular docking procedure was carried out by Prabhudeva et al. [35]. The PDB IDs for VEGFR1 (3HNG), VEGFR2 (4ASE), EGFR (5 ×
2A), Tubulin (5LYJ), HTNF-α (7KP9), and COX2 (3LN1), these coordinates were obtained from the protein data bank. Each protein was 
created using a set of automated default settings, including automated, required bonds, bond orders, hybridization, explicit hydrogen, 

Table 8 
Percentage contributions to the total Hirshfeld surface area 
from various intermolecular contacts.  

Inter Contacts Contribution (%) 

H–H 45.1 
O–H 27.6 
C–H 21.1 
C–C 5.1  

Fig. 6. Frontier molecular orbitals HOMO and LUMO of the compound.  

Table 9 
Global descriptive parameters.  

Parameter Values (eV) 

EHOMO − 4.83  
ELUMO − 1.73  
Energy Gap (ΔE) 3.10  
Ionization Potential (I) 4.83  
Electron Affinity (E) 1.73  
Chemical Potential (μ) − 3.28  
Electronegativity (χ) 3.28  
Chemical Hardness (η) 1.55  
Electrophilicity (ω) 3.47   
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and charge assignments. Water molecules from proteins were also removed from heteroatoms more than 5 Å away from them. The 
protein preparation wizard was used to prepare the protein, the catalytic water molecules at the active site were retained, and an 
OPLS3 force field was applied [36] to the protein for restrain minimization. Root-mean-square deviation (RMSD) was set at 0.30 Å to 
converge heavy atoms during the pre-processing of the protein before beginning docking in the maestro’s prime module. After the 
protein was ready, a grid generation with a 20 Å separation from the active site was computed. A 2D sketcher was used to create the 
ligand structure, and OPLS3 was used to compute the energy minimization. It was docked into a receptor grid with a radius of 20 Å 
using extra-precision docking, and docking calculation was assessed using the docking score [35,37,38]. 

2.5. MM/GBSA calculation 

The stability of the binding and the impact of point mutations on the ligand binding are reflected in the binding energy (ΔGBind) 
between a protein and a ligand. The newly created ligand 3(a–c) was successfully bound to VEGFR1, VEGFR2, EGFR, Tubulin, HTNF-α 
and COX2 with different affinities. The Prime MM/GBSA module in Mäestro was used in this investigation to predict ΔGBind [39]. The 
posture viewer data for the docked complex were posted to the MM/GBSA panel. The force field OPLS3, and the solvation model was 
VSGB 2.0 applied [40]. ΔG(bind) was calculated using the equation given below 

Fig. 7. Intramolecular interactions observed in the compound.  

Fig. 8. ELF and LOL of molecule presented in color shade map. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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Fig. 9. The 2D scattered plot and RDG isosurfaces of the molecule.  

Fig. 10. The MEP plot of the compound.  

Table 10 
Molecular Docking and MMGBSA ΔG binding (kcal/mol) of synthesized compounds (3a-c).  

Protein (PDB ID) Ligand Molecular Docking (kcal/mol) MMGBSA ΔG binding (kcal/mol) 

Docking 
Score 

Glide 
Energy 

Glide 
Emodel 

XP 
HBond 

Bind Coulomb Hbond Lipo vdW 

VEGFR1 (3HNG) 3a − 2.50 − 30.53 − 33.45 − 1.70 − 22.26 − 18.54 − 2.26 − 8.47 − 21.49 
3b − 0.96 − 24.95 − 31.56 0.00 − 28.24 − 4.82 0.00 − 8.44 − 31.44 
3c − 1.13 − 28.31 − 33.75 − 0.19 − 16.68 − 6.55 − 0.91 − 8.49 − 20.93 

Tubulin (5LYJ) 3a ¡7.96 ¡50.68 ¡64.80 ¡0.70 ¡59.57 ¡18.94 ¡0.65 ¡20.01 ¡50.32 
3b − 7.32 − 42.89 − 43.71 0.00 − 37.70 − 2.25 − 0.05 − 19.69 − 54.20 
3c − 7.09 − 51.77 − 61.50 0.00 − 41.44 − 7.08 − 0.33 − 22.81 − 58.14 

HTNF-α (7KP9) 3a ¡9.81 ¡33.92 ¡47.20 ¡1.20 ¡29.02 ¡12.24 ¡0.98 ¡25.27 ¡38.01 
3b − 9.01 − 38.73 − 52.73 − 0.79 − 32.94 − 5.11 − 1.27 − 23.16 − 34.77 
3c − 9.18 − 45.36 − 62.14 − 0.70 − 40.56 − 3.52 − 0.58 − 26.37 − 52.07 

COX2 (3LN1) 3a ¡7.88 ¡25.32 ¡11.67 ¡0.97 ¡41.49 ¡19.32 ¡1.85 ¡29.94 ¡6.79 
3b − 8.51 − 18.21 − 14.60 − 0.98 − 23.82 − 13.54 − 1.72 − 25.57 − 14.59 
3c − 7.84 − 42.81 − 58.29 − 0.12 − 31.02 − 16.07 − 1.19 − 28.12 − 34.94 

EGFR (5 × 2A) 3a ¡6.72 ¡48.84 ¡67.31 ¡0.70 ¡5.66 ¡20.29 ¡0.79 ¡19.47 ¡39.72 
3b − 4.45 − 46.47 − 55.95 − 0.18 − 4.59 − 24.17 − 0.59 − 15.84 − 41.05 
3c − 6.41 − 46.50 − 59.71 − 1.00 − 3.96 − 33.44 − 1.69 − 16.54 − 38.56 

VEGFR2 (4ASE) 3a − 4.96 − 33.59 − 34.70 − 0.46 − 38.20 − 6.94 − 0.73 − 17.41 − 38.86 
3b − 7.80 − 41.56 − 49.13 − 0.70 − 62.19 − 7.84 − 0.54 − 25.31 − 40.47 
3c ¡9.24 ¡36.94 ¡51.51 ¡1.47 ¡61.05 ¡9.90 ¡1.58 ¡26.52 ¡39.07  
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ΔG(bind) =Ecomplex(minimized ) –
[
Eligand ( minimized )+Ereceptor ( minimized )

]

Where ΔGBind is binding free energy and Ecomplex(minimized), Eligand(minimized), and Ereceptor(minimized) are minimized energies of 
receptor-ligand complex, ligand, and receptor, respectively [41]. Where Ecomplex(minimized), Eligand(minimized), and Ereceptor(mini
mized) are the minimized energies of the receptor-ligand complex, ligand, and receptor, respectively, ΔGBind is the binding free energy. 

2.6. Molecular dynamic simulations (MDSs) 

This study conducted MDSs on a 64-bit Ubuntu 20.04 platform in the Maëstro 9.1 software. The molecular docking scores for 
VEGFR1, VEGFR2, EGFR, Tubulin, HTNF-α, and COX2 with top-scored ligands, which were verified by MM/GBSA, were imported and 
analyzed into MDSs. The docked protein-ligand complex was socked using the TIP3P water model using the system-builder option in 
the solvated orthorhombic periodic boundary of the box. To neutralize the complex, charges were added to each respective protein- 
ligand complex. The Desmond program’s default relaxation technique was used to perform MDSs and a periodic boundary condition in 
the number of atoms, pressure, and temperature (NPT) ensemble, 310K as the temperature and 1 atm as the pressure. The RMSD, 
RMSF, and total energy of the complexes were examined using event analysis and simulation-interaction diagrams. The simulation was 
done for up to 100 ns [42]. 

2.7. Crystallization 

2.7.1. XRD diffraction analysis 
A single crystal measuring approximately 0.23 × 0.22 × 0.21 mm was selected for examination through single crystal X-ray 

diffraction (XRD). Rigaku XtaLAB mini diffractometer, equipped with MoKα radiation (wavelength 0.71073 Å), was employed for 
intensity data collection. CrystalClear [43] program processed the data, and the crystal structure was determined using the direct 
method with SHELXS-97. SHELXL-97 refined the structure against F2 via full matrix least-squares technique, refining all non-hydrogen 
atoms anisotropically [44]. Hydrogen atoms were placed in geometrically acceptable positions, riding on their parent atoms. 

The refinement involved 479 parameters with 8156 unique reflections. After several cycles, it terminated upon the residual factor 
converging to R = 0.0693. The weight factor wR2 was 0.1454, and the goodness-of-fit S was 1.044. Geometrical calculations utilized 
PLATON [45], and MERCURY software [46] generated ORTEP and molecular packing diagrams. The asymmetric unit comprises two 
molecules, A and B. Fig. 2 displays the ORTEP of the compound with molecules A and B at a 50 % probability. Crystal data and 
structure refinement details are provided in Table 1, while Tables 2 and 3, and 4 list bond lengths, bond angles, and torsion angles, 
respectively (see Table 4). 

3. Results and discussions 

3.1. Chemistry 

The synthesis of the target compounds (3a-c) is illustrated in Scheme 1. The elucidation of the chemical structure for the recently 
synthesized compounds were accomplished through a comprehensive analysis of IR, 1H and LC-MS spectroscopic data. The creation of 
the compound was verified by noting the absence of compounds (1 and 2) –CHO and –CO– stretching bands and the emergence of a 
new stretching band for the CH––CH group within the IR absorption spectrum, specifically at 1593 cm− 1, indicative of the ester group. 
The 1H NMR spectrum of compound (3a) stands out as a distinctive representation, highlighting key features crucial for deducing the 
final molecular structure. Effortlessly discernible in the spectrum is the conspicuous absence of protons associated with aldehyde and 
ketone groups in compounds (1 and 2). Simultaneously, the emergence of two distinctive protons attributed to the CH––CH moiety is 
evident at chemical shifts δ 7.91 and 8.39 and ppm [9]. This spectral transformation serves as a compelling indication of the successful 
formation of compound (3). Further confirmation is derived from the mass spectrum, which exhibits a prominent and stable M+1 peak 
at m/z 359. This significant observation not only reinforces the proposed molecular structure but also adds credence to the authenticity 
of the synthesized compounds, thus solidifying its characterization as the intended title compounds (3a-c) (Supplementary S1– S8). 

Fig. 11. 2D geometrical interactive plot showing interactions of amino acids with compound 3a in 2D binding view at the potential VEGFR1 
binding site 3a (a) and L-RMSF depicting the atoms from the compound (3a) interacting with the VEGFR1 throughout the MDSs (b) and the type of 
interaction possessed by the protein-ligand complex is summarized in a normalized stacked bar chart (c). The number of contact strengths is color- 
coded, which represents how well the compound (3a) binds with VEGFR1 throughout the MDS up to 100ns (d), RMSD for compound 3a and 
represented graphically with VEGFR1 active site residues (e). (For interpretation of the references to color in this figure legend, the reader is referred 
to the Web version of this article.) 
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3.2. Crystal structure description 

The single crystal XRD study revealed that the compound crystallizes in the triclinic crystal system in the P-1 space group. The 
geometrical parameters are: a = 11.8054(19)Å, b = 12.332(2)Å, c = 14.291(3)Å, α = 72.139◦, β = 69.142◦, γ = 76.583◦, and volume is 
1832.8(6)Å− 3. 

The trimethoxyphenyl ring (C3A-C8A) is nearly planar with a maximum deviation of 0.009(3)Å for atom C8A. Additionally, it is 
demonstrated by the torsion angle values of O2A-C3A-C8A-C7A = 178.9(2)◦, C4A-C3A-C8A-C7A = 1.3(4)◦, C4A-C3A-C8A-C13A =
179.9(2)◦, and C5A-C5A-C4A-C3A = 0.2(4)◦. The maximum deviation for C19A from the dimethoxy ring is 0.015(3)Å. The carbonyl 
group makes an angle of − 7.0(3)◦ for O16A-C15A-C17A-C22A atoms with the 3,4 dimethoxyphenyl ring indicating that they are in 
-syn-periplanar conformation. The bond length of 1.225(3)Å confirms the existence of C––O in the structure. 

The bond angles of the dimethoxy and trimethoxy rings lie in the range of 117.9(2)◦ to 122.0(3)◦ indicating the nearly trigonal 
conformation or sp2 hybridization of these rings. The maximum variation of dimethoxyphenyl ring (C17A-C22A) is 0.015(3)Å for 
C19A. The C––C bond length in prop-2-en-1-one (C13A-C14A) is 1.320(4)Å. The two rings in the molecule are sp2 hybridized. The 3,4- 
trimethoxy-phenyl ring (C3B–C8B) is nearly planar with a maximum deviation of 0.015(3)Å for atom C4B. It is also evident by the 
torsion angle values of C8B–C3B–C4B–C5B = 1.3(3)◦, O2B–C3B–C4B–C5B = 178.6(2)◦, C4B–C5B–C6B–C7B = − 2.6(4)◦, and 
O9B–C5B–C6B–C7B 177.1(2)◦. 

The bond length of 1.230(3)Å confirms the existence of C––O in the structure. The di-methoxy ring (C17B–C22B) is planar with a 
maximum r.m.s. deviation of 0.010(3)Å for C20B. The bond angles of the dimethoxy and trimethoxy rings lie in the range of 117.9(2)◦

to 122.0(3)◦ indicating the nearly trigonal conformation or sp2 hybridization of these rings. The ring (C15B–C20B) is slightly deviated 
from the pyridine ring making a dihedral angle of 178.6(2)◦, indicating the planar conformation of the rings. The molecular packing of 
the compound viewed down along the a axis is shown in Fig. 3. The intermolecular C–H⋯O hydrogen bonds form supramolecular 
assembly which links a pair of molecules. 

3.3. Molecular packing and supramolecular assembly 

Intramolecular C–H⋯O hydrogen bonds are observed in the molecular structure which enhance the structural stability of the 
compound. The various hydrogen bond interactions along with the geometry/symmetry details are listed in Table 5. 

The crystal structure is further reinforced by edge-to-face, C–H … π stacking interactions. The significant C–H … π interactions start 
around 2.88 Å-2.99 Å with small slip angles (γ < 15◦). The details of the same are listed in Table 6. The structure is further stabilized by 
both medium to weak and medium to strong π-π stacking interactions as they show small centroid-centroid distance (cg … cg < 4.0 Å) 
with small slip angles (β, γ < 30◦) and (cg … cg > 4.0 Å) with large slip angles (β, γ > 30◦), Table 7 [47]. 

3.4. Hirshfeld surface analysis 

The generation of Hirshfeld surface maps and corresponding 2D fingerprint plots was facilitated using CrystalExplorer17 [48] 
software. Close intermolecular contacts were highlighted on the Hirshfeld surface by computing the normalized contact distance, 
dnorm [49]. Fig. 4 displays the Hirshfeld surface mapped over the dnorm surface. The red regions labeled as a, b, and c indicate 
C12A-H12A … O16A, C1A-H1A3 … O23B, and C18A-H18A … O16B intermolecular hydrogen bond contacts, signifying strong 
hydrogen bonds. 

Quantitative information regarding the nature and type of intermolecular interactions in the crystal structure is provided by the 2D 
fingerprint plots. Fig. 5 illustrate the fingerprint plots for di (distance from the nearest atom interior to the surface) and de (distance 
from the nearest atom external to the surface). H–H contacts, contributing significantly to the total Hirshfeld surface at 45.31 %, are 
represented prominently. The fingerprint plots in Fig. 5 exhibit sharp spikes corresponding to major intermolecular O–H contacts. 
Table 8 lists the percentage contributions of various contacts to the total Hirshfeld surface. 

Fig. 12. 2D geometrical interactive plot showing interactions of amino acids with chemical 3a in 2D binding view at the potential tubulin binding 
site 3a (a) and L-RMSF depicting the atoms from the compound (3a) interacting with the tubulin throughout the MDSs (b) and the type of 
interaction possessed by the protein-ligand complex is summarized in a normalized stacked bar chart (c). The number of contact strengths is color- 
coded, which represents that the compound (3a) binds with tubulin throughout the MDS up to 100ns (d), RMSD for compound 3a represented 
graphically with tubulin active site residues (e). (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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3.5. Density functional theory (DFT) 

DFT calculations were conducted to optimize the geometric coordinates, utilizing gamess-US software [50] with the hybrid 
functional B3LYP and a 6-31+G(d,p) basis set. The outcomes, including bond lengths, bond angles, and torsion angles, were compared 
with data obtained from single crystal X-ray diffraction (Tables 2 and 3, and 4). Additionally, an analysis of the highest occupied 
(HOMO) and lowest unoccupied (LUMO) frontier molecular orbitals was performed. The energy gap between HOMO and LUMO was 
determined to be 3.10 eV, and Fig. 6 illustrates the HOMO and LUMO molecular orbitals. The value of energy gap is found to be 
consistent with the similar compounds reported earlier. It infers that the molecule is reactive and soft. 

Examining the molecular orbitals revealed that the electron density at HOMO is entirely localized over the trimethoxy ring, while at 
LUMO, it is concentrated over the chalcone moiety. The orbital energy gap (ΔE) between HOMO and LUMO, along with other 
descriptive parameters such as electronegativity (χ), chemical potential (μ), global hardness (η), and electrophilicity index (ω), were 
determined and are presented in Table 9. 

3.6. Topology analysis 

3.6.1. Quantum theory of atoms in molecule (QTAIM) 
The intramolecular interactions were explored using quantum theory of atoms in molecules (QTAIM) analysis. Atom in molecules 

calculations confirms the presence of intramolecular interactions which stabilize the molecular packing. AIM calculations were per
formed using Multiwfn software [51]. The C13A-H13A … O16A intramolecular interactions were observed from X-ray diffraction 
analysis and it is validated by AIM calculations, Fig. 7. 

3.6.2. Electron localization function and localized orbital locator (ELF and LOL) 
ELF serves as a scalar function gauging excess kinetic energy density resulting from Pauli’s repulsion. In areas with weak Pauli’s 

repulsion, ELF attains a value of unity, while it registers zero in regions with strong Pauli’s repulsion. The examination of the density 
gradient field allows for the identification of attractive regions and their corresponding basins. The ELF and LOL analyses, which rely 
on kinetic energy density are carried out using Multiwfn software [51]. 

The resulting plots of ELF and LOL for the molecule are depicted through colored maps (see Fig. 8a and b). Fig. 8a illustrates the 
presence of high localized bonding and non-bonding electrons around hydrogen atoms, as indicated by elevated ELF regions. Delo
calized electron clouds concentrated around carbon atoms are depicted by blue regions. In Fig. 8b, the white color in the central part of 
the hydrogen atom signifies that the electron density surpasses the color scale limit (0.80). Covalent regions between carbon-carbon 
atoms are predominantly red. Additionally, the blue circles around carbon atoms denote electron depletion regions between inner shell 
and valence shell [52]. 

3.6.3. Reduced density gradient 
Reduced density gradient (RDG) is a dimensionless quantity, used to visualize the non-covalent interactions(NCIs). The reduced 

density gradient, R(r) is expressed as, 

R(r)=
1

2(3π2)
1/3

|∇ρ(r)|
ρ(r)4/3  

where ∇ρ(r) is gradient of electron density. RDG is used to analyze the nature and strength of the interactions in the molecule [53]. The 
sign of λ2 is the second largest value of hessian matrix of electron density helps to identify the nature of interactions in the molecule. 
The attractive interaction is observed if λ2 < 0 and the replusive interaction is seen if λ2 > 0. The RDG isosurface and 2D plot of ρ(r) 
against sign λ2 are obtained using Multiwfn [51] and VMD [54] softwares (Fig. 9). The RDG analysis was carried out at isosurface value 
of 0.5. The repulsive interactions are observed in the centers of dimethoxy and trimethoxy rings. The green color with slight brown 
color shows the weak van der Waals’s attractive interactions due to hydrogen-hydrogen interactions. 

3.6.4. Molecular electrostatic potential (MEP) 
MEP map is very helpful in the analysis of the correlation, molecular structures with its physiochemical property relationship, 

including biomolecules and drugs [55]. MEP map of the compound is shown in Fig. 10. The electrostatic potentials are represented by 

Fig. 13. 2D geometrical interactive plot showing interactions of amino acids with chemical 3a in 2D binding view at the potential HTNF-α binding 
site 3a (a) and L-RMSF depicting the atoms from the compound (3a) interacting with the HTNF-α throughout the MDSs (b) and the type of 
interaction possessed by the protein-ligand complex is summarized in a normalized stacked bar chart (c). The number of contact strengths is color- 
coded, which represents that the compound (3a) binds with HTNF-α throughout the MDSs up to 100ns (d), RMSD for compound 3a and protein is 
represented graphically with HTNF-α active site residues (e). (For interpretation of the references to color in this figure legend, the reader is referred 
to the Web version of this article.) 
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different coloring codes. On the MEP map, the red color represents the regions of the most negative electrostatic potential, while blue 
color represent the regions of the most positive electrostatic potential. The potential on the surface varies in the increasing order as red, 
orange, yellow, green, cyan, blue colors. Positive and negative regions of electrostatic potential are associated with nucleophilic (blue) 
and electrophilic (red) reactive sites. The MEP map shows that the negative potential sites are observed on oxygen and the positive 
potential sites are seen around the hydrogen atoms. The interactions supports the results from X-ray diffraction studies, which helps to 
the molecular packing. 

3.7. In silico studies 

Compounds (3a-c) are highly effective against VEGFR1, VEGFR2, EGFR, Tubulin, HTNF-α, and COX2 through a molecular docking 
study. Conversely, the compounds (3a and 3c) are very potent against VEGFR1, VEGFR2, EGFR, Tubulin, HTNF-α, and COX2, as listed 
in Table 10. Compound (3a) showed a maximum Gscore of HTNF-α (− 9.81 kcal/mol); Tubulin (− 7.96 kcal/mol); COX2 (− 7.88 kcal/ 
mol), EGFR (− 6.72 kcal/mol), and VEGFR1(− 2.50 kcal/mol). Where compound (3c) showed maximum binding at the putative 
binding site with dock scores for VEGFR2 (− 9.24 kcal/mol). Hence, the molecular mechanics was done for all the compounds to verify 
the molecular docking. The protein-ligand complexes with greater binding energies were pulled down further to evaluate the effi
ciencies of MM/GBSA. 

3.8. MM/GBSA 

The Gscore for each ligand was calculated against VEGFR1, VEGFR2, EGFR, Tubulin, HTNF-α, and COX2 to validate the molecular 
docking method and forecast how the ligand-protein complex would behave. The MM/GBSA score is continuously used to validate the 
outcomes of molecular docking. The biological activity data from a varied set is usually linked with MM/GBSA scoring for an inde
pendent ligand against the targeted macromolecule [56]. The results of the MMGBSA were quantified in terms of the ΔG(binding energy), 
ΔG(Coulomb), ΔGCovalent energy), ΔG(H-bond), ΔG(Lipo), and ΔG(vdW) involved (Table 10). Compound (3a) binds to VEGFR1 (ΔGBind − 22.26 
kcal/mol), Tubulin (ΔGBind − 59.57 kcal/mol), HTNF-α (ΔGBind − 29.02 kcal/mol), EGFR (ΔGBind − 5.66 kcal/mol), and COX2 (ΔGBind 
− 41.49 kcal/mol) Table 10). Whereas compound (3c) binds to VEGFR2 (ΔGBind − 61.05 kcal/mol). Among the series, compound (3c) 
interaction with EGFR is found to be very weak with total ΔG energies. The individual protein-ligand complexes with good binding 
energies were subjected to MDSs to study the protein and ligand molecular dynamics. 

3.9. Molecular dynamics simulations 

MDSs for each docked complex to study the molecular dynamics of each selected ligand against the targeted macromolecule [57, 
58]. When compound (3a) is bound to VEGFR1, it forms a hydrogen bond with Lys850 (Fig. 11a). The 21st oxygen atom of compound 
(3a) forms a bound with a strength of 53 % which is represented by the L-RMSD plot wherein the protein fit and ligand fit are closely 
communicated (Fig. 11b). The various interactions between compound (3a) and VEGFR1 are given by a normalized stacked bar chart 
compound (3a) majorly forms hydrogen bonds and water bridges with Lys850 and other minor interactions with Lys851, Leu889, and 
Leu895 with form hydrophobic interactions and hydrogen bonds (Fig. 11c). During MDSs how these amino acids interact with the 
compound (3a) is given by the timeline graph which shows that Lys850 forms good interaction with (3a) throughout the 100 ns 
simulation time (Fig. 11d). To figure out the stability of the compound (3a) and VEGFR1, a Protein-ligand RMSD plot shows stable 
fluctuations within the permissible limit and suggests that the compound 3a-VEGFR1 complex is stable (Fig. 11e). 

Compound (3a) binds to the tubulin B-chain just near the junction of A and B-chain (Fig. 12a). The L-RMSF for compound (3a) with 
tubulin provides a valuable pharmacophore mapping (Fig. 12b) with ligand interactions with the polypeptide which suggests that the 
atoms no 18 and 21 interact with the Val238 and Cys241 via catalytical water molecules. Fig. 12c and d represent the active amino 
acids such as Val238 and Cys241 form continuous interaction throughout the simulation and data is represented in a normalized 
stacked bar chart of the compound (3a) interacting with tubulin, primarily by water bridges and hydrophobic interactions. The protein 
and ligand RMSD are stable and remain stable throughout the MDSs (Fig. 12e). 

Compound (3a) binds to the HTNF-α via a hydrogen bond strength of 43 % with Tyr119 (Fig. 13a). The L-RMSF for compound (3a) 
with HTNF-α shows that atom no 21 of compound (3a) is aiding interaction with Tyr119 (Fig. 13b). The type of interaction and the 
stability of the protein-ligand complex are stable throughout the MDSs (Fig. 13c, and d). 

Whereas with COX2, the atom no 1 of compound (3a) was found to have a good hydrogen bond interaction via Val102 with a 
strength of 58 % (Fig. 14a and b), and the interaction is found to be a continuous interaction (Fig. 4c and 4d). The COX2 and compound 

Fig. 14. 2D geometrical interactive plot showing interactions of amino acids with chemical 3a in 2D binding view at the potential COX2 binding 
site 3a (a) and L-RMSF depicting the atoms from the compound (3a) interacting with the COX2 throughout the MDSs (b) and the type of interaction 
possessed by the protein-ligand complex is summarized in a normalized stacked bar chart (c). The number of contact strengths is color-coded, which 
represents that the compound (3a) binds with COX2 throughout the MDS up to 100ns (d), RMSD for compound 3a represented graphically with 
COX2 active site residues (e). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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(3a) complex is stable throughout the MDSs and fluctuations encountered in the protein-ligand RMSD plot are within the permissible 
limit (Fig. 14e) [58]. Whereas with EGFR, compound (3a) fairly binds (Fig. 15), with Arg841 with a strength of 5 % which is the least 
among the reported proteins (Fig. 15a) and the L-RMSD plot suggests that the atom no 18 and 21 of (3a) least binds with Arg841 via 
(Fig. 15b) forming a water bridge (Fig. 15c). EGFR-3a complex is fairly stable after 50 ns with major fluctuations in ligand RMSD as 
observed in the plot (Fig. 15d). 

The 2D interaction of compound (3c) with VEGFR2 shows π-π stacking with Phe1047 with a strength of 41 % and with Cys919 it 
creates a hydrogen bond that has a 96 % strength (Fig. 16a) with an oxygen atom present at the 1st position, as shown in the L-RMSF 
(Fig. 16b). During the MDSs with the 3c-VEGFR2, it was found that the amino acids such as Cys919 (hydrogen bond), Phe1047, and 
Ala866, (hydrophobic interaction), constantly formed bonds with compound (3c) as shown in Figures 116c and 6d. Protein RMSD and 
ligand RMSD for the complex 3c- VEGFR2 were stable and fluctuations were within permissible limits (Fig. 16e). 

4. Conclusion 

The synthesis of chalcone compounds (3a-c) yielded promising results, with the compound crystallizing in the triclinic crystal 
system with space group P-1. Its structure is stabilized by C– H⋯O and weak π-π interactions, as confirmed by Hirshfeld surface study, 
with H–H interactions dominating the surface. The energy band gap of 3.10 eV suggests enhanced chemical stability. The MEP map 
highlights the oxygen atom of the dimethoxy group as having the highest negative potential, while hydrogen atoms exhibit the highest 
positive potential. Covalent regions between carbon-carbon atoms were observed through ELF and LOL analyses, while RDG analysis 
indicates repulsive and van der Waals interactions within the molecule. Molecular docking identifies the compound (3a) showed a 
maximum Gscore of HTNF-α (− 9.81 kcal/mol); Tubulin (− 7.96 kcal/mol); COX2 (− 7.88 kcal/mol), EGFR (− 6.72 kcal/mol), and 
VEGFR1(− 2.50 kcal/mol). Where compound (3c) showed maximum binding at the putative binding site with dock scores for VEGFR2 
(− 9.24 kcal/mol) indicating promise as an anti-angiogenic agent. 
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Fig. 15. 2D geometrical interactive plot showing interactions of amino acids with chemical 3a in 2D binding view at the potential EGFR binding site 
3a (a) and L-RMSF depicting the atoms from the compound (3a) interacting with the EGFR throughout the MDSs (b) and the type of interaction 
possessed by the protein-ligand complex is summarized in a normalized stacked bar chart (c). The RMSD for compound 3a is represented graphically 
with EGFR active site residues (d). 
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