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A series of thiophene-tethered pyrazoline derivatives (5a-h) were synthesized via a green cyclocondensation
reaction between chalcones and substituted phenylhydrazines, utilizing citrus fruit extract as an environmentally
benign reaction medium. The compounds were obtained in yields ranging from 72 to 89 %. Structural charac-
terization was performed using 'H and 3C NMR spectroscopy and mass spectrometry, while compound 5 g was
further characterized by single-crystal X-ray diffraction, revealing an envelope conformation with distinct
dihedral angles of 6.78°, 10.77°, and 88.6° between the pyrazoline and attached aromatic rings. Hirshfeld
surface analysis revealed dominant H---H and C---H interactions in the crystal packing, while energy framework
analysis indicated that dispersion energy (-249.8 kJ/mol) was the most significant stabilizing factor. Density
Functional Theory (DFT) calculations (APFD/6-311++G(d,p)) showed that compound 5h exhibited the lowest
HOMO-LUMO gap (3.17 eV), highest electron affinity (1.82 eV), and lowest ionization potential (4.99 eV),
suggesting high reactivity, while compound 5f was the most electronically stable. Electrostatic potential maps of
5 g and 5 h indicated regions of strong nucleophilic and electrophilic potential. Anti-angiogenic activity was
evaluated using the chorioallantoic membrane (CAM) assay, where compounds 5a, 5¢, 5 g, and 5 h significantly
reduced microvessel density compared to control groups. Molecular docking studies against the c-Met tyrosine
kinase receptor revealed strong binding affinities, with docking scores ranging from -6.7 to -9.1 kcal/mol.
Compound 5¢, with the highest theoretical pKd value of 6.68, demonstrated the strongest binding affinity, while
compound 5a formed a key hydrogen bond with ASP1046, with the centroid of its pyrazoline ring positioned
2.78 A from the receptor, indicating a stable interaction. These findings highlight the potential of thiophene-
linked pyrazolines as promising candidates for anti-angiogenic drug development.

1. Introduction

The World Health Organization’s most recent global cancer statistics
indicate a substantial rise in cancer cases, reaching 19.3 million new
diagnoses annually, with cancer now responsible for around 15 % of all
deaths globally. This alarming trend underscores the urgent need for
more effective and selective cancer therapies. While targeted chemo-
therapy remains a central approach in oncology, its success is often
limited by poor selectivity and the emergence of drug resistance. As a
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result, there is a growing demand for novel anticancer agents that are
both potent and exhibit reduced systemic toxicity [1]. Among emerging
strategies in cancer therapy, angiogenesis inhibition has gained promi-
nence due to its ability to starve tumors of the blood supply essential for
growth and metastasis [2]. Angiogenesis refers to the formation of new
blood vessels from pre-existing ones and is a tightly regulated process
controlled by a complex interplay of both pro- and anti-angiogenic
factors. This balance ensures proper microvessel growth under physio-
logical conditions. However, in cancer, this regulation is disrupted.
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Understanding how tumors, at specific stages, drive the establishment
and proliferation of new microvessels remains one of the most chal-
lenging aspects of cancer research. Since prolonged tumor growth de-
pends on sustained angiogenesis, this dependency has prompted the
development of alternative cancer therapies that specifically target the
growth of tumor-associated microvessels [3]. Targeting angiogenic
pathways such as VEGF/VEGFR and c-Met/HGF effectively disrupts
angiogenesis and impedes tumor growth [4]. The c-Met receptor, also
known as mesenchymal-epithelial transition factor, is a tyrosine kinase
activated by hepatocyte growth factor (HGF). Upon HGF binding, c-Met
undergoes dimerization and activates downstream signaling pathways
involved in cell growth, migration, angiogenesis, and invasion. Dysre-
gulation of the c-Met/HGF signaling axis, often due to mutations or
abnormal expression, is frequently observed in various cancers and is
closely linked to tumor development and progression. This makes c-Met
a high value target for anti-angiogenic drug development [5].
Small-molecule inhibitors that disrupt angiogenic pathways offer a
promising alternative to traditional chemotherapy, with the potential to
overcome resistance mechanisms while minimizing off-target toxicity
[3]. In this context, azaheterocyclic scaffolds such as pyrazoles, iso-
xazoles, and their hybrid derivatives have emerged as promising
angiostatic agents due to their favorable biological profiles; however,
there remains a critical need to identify novel structures that offer both
high potency and selectivity [6,7]. Recent studies have particularly
highlighted the anticancer potential of hybrid heterocyclic compounds,
such as pyrazolines, due to their significant cytotoxic effects against
various cancer cell lines [8]. Among these, thiophene-tethered pyrazo-
line derivatives have garnered significant attention in medicinal chem-
istry due to their diverse pharmacological activities and structural
versatility. The thiophene ring imparts aromatic stability and
electron-rich characteristics, facilitating interactions with biological
targets [9], while pyrazole rings are recognized bioactive scaffolds with
anti-inflammatory, antimicrobial, and anticancer properties [10]. The
fusion of these two motifs enhances the overall biological profile of the
compounds, offering a synergistic effect that can lead to improved ef-
ficacy and selectivity. Importantly, several thiophene-pyrazoline hy-
brids have demonstrated cytotoxic effects in human cancer cell lines,
positioning them as promising lead compounds in anticancer drug
development [11]. The skeleton is an abundant resource of biologically
significant molecules with a wide range of biological and pharmaco-
logical properties including anti-inflammatory [12], anti-diabetic [13],
anti-cancer properties [14,15]. The investigation of condensed hetero-
cyclic scaffolds plays a pivotal role in expanding the chemical space of
bioactive compounds while also offering theoretical insights into
structure-reactivity relationships and fostering the development of
novel synthetic methodologies [16]. The pharmacological relevance of
this scaffold is underscored by its presence in several clinically approved
drugs, such as the tyrosine kinase inhibitor (TKI) crizotinib [17], the
beta-lactam antibiotic and antibacterial cefoselis [18], the antidepres-
sant drug dorzolamide [19], the analgesic difenamizole [20], the
anti-inflammatory drug ramifenazone [21], the diuretic muzolimine
[22], the antipsychotic agent 3-cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl)
benzamide (CDPPB) [23] and the Hy-receptor agonist betazole [24]. In
recent findings, compound (A) emerged as a potent and selective c-Met
inhibitor (ICso = 5.17 + 0.48 nM), showing efficacy comparable to the
standard drug cabozantinib [25]. Compound (B) exhibited potent se-
lective inhibition of EGFR and VEGFR-2, showing significant
anti-proliferative effects on NSCLC cells, particularly A549 and H441,
and were more effective against EGFR-mutated cell lines than gefitinib,
while also inducing G2/M cell cycle arrest, promoting apoptosis, and
inhibiting cell migration [26]. Compound (C) demonstrated strong dual
inhibition of VEGFR2 and CDK-2, with IC50 values of 0.2 pM (93.2 %
inhibition) for VEGFR2 and 0.458 pM (88.7 % inhibition) for CDK-2
[27]. Furthermore, compound (D) showed selective cytotoxicity
against MCF-7 breast cancer cells (ICso = 7.31 pM), linked to mito-
chondrial damage and caspase-mediated apoptosis, reinforcing the
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therapeutic promise of pyrazoline-based hybrids [28] (Fig. 1). In mod-
ern drug discovery, computational approaches such as molecular
docking and quantum chemical calculations via Density Functional
Theory (DFT) are indispensable tools. Docking studies enable prediction
of ligand-protein interactions and binding affinities, which help prior-
itize candidates for synthesis and biological evaluation. For example,
several studies have reported effective docking of pyrazole-based and
hydrazone derivatives against biological targets involved in cancer and
viral replication, validating their therapeutic potential [29-31]. Quan-
tum chemical calculations using Density Functional Theory (DFT) have
become indispensable in modern drug discovery for modeling molecular
properties and predicting biological reactivity. DFT enables the identi-
fication of active sites in drug molecules and facilitates the correlation of
electronic structure with observed pharmacological effects. By
analyzing frontier molecular orbitals (FMOs) including HOMO-LUMO
energies, energy gap, electrophilicity, and softness indices-DFT pro-
vides valuable insights into charge transfer behavior, local reactivity,
and bioactivity potential of small molecules, thus aiding in the rational
design of more effective therapeutic agents [32-34].

In light of these considerations, this study explores the synthesis of a
series of thiophene-linked pyrazoline derivatives and investigates their
structural, computational, and biological characteristics with a focus on
anti-angiogenic activity. Through a combination of green chemistry
approaches, spectroscopic and crystallographic characterization, and in-
vivo CAM assay analysis, the study aims to contribute novel insights into
the development of targeted small-molecule inhibitors with potential
applications in cancer therapy.

2. Experimental
2.1. Materials and methods

All chemicals were obtained from Sigma Aldrich and were used as
received without additional purification. Thin layer chromatography
(TLC) utilizing hexane: ethyl acetate (4:1) as the solvent system was
used to monitor the reaction on precoated silica gel plates. 'H NMR (400
MHz) and °C NMR (101 MHz) spectra were obtained on an Agilent
NMR spectrometer. TMS served as the internal standard, while CDCl3
was used as the solvent, and chemical shifts were reported in ppm. Mass
spectra were obtained on the Lynx SCN781 spectrometer (TOF mode)
using electrospray ionization (ESIT). Melting temperatures were deter-
mined using the open capillary technique.

2.2. General procedure for the synthesis of chalcone (3)

The intermediate chalcone compound is synthesized via a Claisen-
Schmidt condensation reaction using the appropriate aldehydes and
ketones. Specifically, 2-formylthiophene (3.27 mL, 0.035 mol) and
acetone (1.2 mL, 0.017 mol) were dissolved in methanol (10 mL) and
mixed for about 10 min to achieve a uniform solution. A solution of
NaOH (2.12 g, 0.053 mol) in a small amount of water was gradually
added to this mixture over 30 min. After six hours of stirring at 10 °C, the
reaction mixture, which had started out light brown, turned yellow.
Thin layer chromatography was used to track the reaction’s progress.
After the reaction was complete, the mixture was poured into crushed
ice and left to stand overnight to allow the precipitate to form. The
precipitate was then filtered, dried and further purified by silica gel
column chromatography using hexane/ethyl acetate (4:1) as the mobile
phase to obtain the pure product.

2.2.1. Synthesis of thienyl-pyrazolines, 5(a-h)

The desired pyrazoline compounds were synthesized through a
cyclocondensation reaction involving the appropriate chalcone (3) and
phenylhydrazine hydrochloride (4a-h) in the presence of citrus fruit
juice and tetrabutylammonium bromide (TBAB) in methanol [35]. The
citrus juice is obtained by squeezing the pulp of the lemon species, Kagzi
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Fig. 1. Various marketed drugs and kinase inhibitors (A,B, C and D) containing pyrazoline-motifs.

lime (Citrus aurantiifolia), diluting it with water, stirring, heating at
45-50 °C for 30 min, and filtering to yield a smooth juice. The juice
typically contains citric acid (4—-6 %), ascorbic acid (44.6 mg/100 mL),
flavonoids (70.6 mg/100 mL), and other bioactive compounds,
providing a mildly acidic medium (pH ~2.5-3.0) for the reaction [36]. A
chalcone compound (0.98 g, 0.004 mol) and phenylhydrazine hydro-
chloride (0.008 mol) were dissolved in methanol (10 mL), and freshly
prepared lemon juice (10 mL) was added, followed by the addition of
tetrabutylammonium bromide (TBAB) (0.12 g, 0.0004 mol). The
mixture was then stirred under reflux conditions for 4 h. After the re-
action, the mixture was quenched with ice water and allowed to stand
overnight to form a precipitate. The resulting product was filtered and
dried. The pyrazoline compounds were purified by silica gel column
chromatography using hexane/ethyl acetate (4:1) as the mobile phase to
get pure compounds 5(a-h) in excellent yield.

Analytical data of compounds, 5(a-h)

(E)-1-Phenyl-5-(thiophen-2-yl)-3-(2-(thiophen-2-yl)vinyl)-4,5-
dihydro-1H-pyrazole (5a)

Canary yellow solid; Yield:84 %; mp:138-140 °C; 'H NMR (400
MHz, CDCl3) 6 7.27 (d, J = 5.1 Hz, 1H), 7.23 (dd, J = 5.0, 1.3 Hz, 1H),
7.17 (d, J = 2.2 Hz, 1H), 7.16 (d, J = 2.2 Hz, 1H), 7.07 (d, J = 3.5 Hz,
1H), 7.01(d, J = 6.2 Hz, 1H), 7.04 (t, J = 2.7 Hz, 2H), 7.02 (dd, J = 3.3,
1.6 Hz, 2H), 6.98 (dd, J = 3.5, 0.7 Hz, 1H), 6.95 (dd, J = 5.0, 3.5 Hz,
1H), 6.76 (d, J = 16.0 Hz, 1H), 5.51 (dd, J = 11.8, 6.3 Hz, 1H), 3.67 (dd,
J=16.7,11.9 Hz, 1H), 3.15 (dd, J = 16.7, 6.3 Hz, 1H). '3C NMR (101
MHz, CDCl3) § 148.86, 145.06, 142.74, 142.02, 128.86, 127.86, 127.07,
126.95,126.32, 125.73, 125.14, 124.64, 124.41, 120.78, 114.94, 60.15,
42.56. MS (ESI™) m/z: Caled: (M + 1) 337.47, found: (M + 1) 337.44

(E)-1-(2-Chlorophenyl)-5-(thiophen-2-yl)-3-(2-(thiophen-2-yl)
vinyl)-4,5-dihydro-1H-pyrazole (5b)

Greenish yellow solid; Yield:72 %; mp:144-146 °C; 'H NMR (400
MHz, CDCls): § 7.31 (dd, J = 8.1, 1.6 Hz, 1H), 7.27 (d, J = 1.4 Hz, 1H),
7.25 (d, J = 1.5 Hz, 1H), 7.12 — 7.00 (m,5H), 6.94 - 6.85 (m,2H), 6.80
(dd, J = 3.5, 1.1 Hz,1H), 6.72 (dd, J = 5.1, 3.5 Hz,1H), 6.14 (dd, J =

10.7, 6.2 Hz,1H), 3.58 (dd, J = 16.4, 10.7 Hz, 1H), 3.34 (dd, J = 16.4,
6.0 Hz, 1H).'*C NMR (101 MHz, CDCl3): & 151.32, 142.33, 142.20,
129.97, 127.96, 127.18, 127.12, 126.59, 126.35, 125.03, 125.84,
125.00, 124.94, 124.46, 121.24, 77.47, 77.36, 77.16, 76.84, 61.84,
40.84. MS (ESI™) m/z: Caled: (M + 1) 371.91, found: (M + 1) 371.42

(E)-1-(3-Chlorophenyl)-5-(thiophen-2-yl)-3-(2-(thiophen-2-yl)
vinyl)-4,5-dihydro-1H-pyrazole (5c)

Greenish yellow solid; Yield :82 %; mp:140-142 °C; 'H NMR (400
MHz, CDCl3) 6 7.29 — 7.26 (m, 1H), 7.25 - 7.21 (m, 2H), 7.14 — 7.07 (m,
2H), 7.05 - 6.99 (m, 3H), 6.96 (dd, J = 5.0, 3.5 Hz, 1H), 6.89 (dd, J =
2.2, 0.8 Hz, 1H), 6.84 — 6.77 (m, 2H), 5.50 (dd, J = 11.8, 6.0 Hz, 1H),
3.65 (dd, J = 16.7, 11.8 Hz, 1H), 3.14 (dd, J = 16.7, 6.0 Hz, 1H).'3C
NMR (101 MHz, CDCl3) & 149.17, 145.13, 144.99, 141.97, 134.84,
129.94, 127.90, 127.13, 127.10, 126.62, 125.84, 125.18, 124.44,
120.71,119.57,113.92,111.62, 59.90, 42.54. MS (ESI™) m/z: Caled: (M
+ 1) 371.91, found: (M + 1) 371.44.

(E)-1-(4-Chlorophenyl)-5-(thiophen-2-yl)-3-(2-(thiophen-2-yl)
vinyl)-4,5-dihydro-1H-pyrazole (5d)

Lemon yellow solid; Yield :76 %; mp:130-132 °C; 'H NMR (400
MHz, CDCl3) 6 7.27 (d, J = 5.1 Hz, 1H), 7.23 (dd, J = 5.0, 1.3 Hz, 1H),
7.17 (d, J = 2.2 Hz, 1H), 7.16 (d, J = 2.2 Hz, 1H), 7.07 (d, J = 3.5 Hz,
1H), 7.04 (t, J = 2.7 Hz, 2H), 7.02 (dd, J = 3.3, 1.6 Hz, 2H), 6.98 (dd, J =
3.5, 0.7 Hz, 1H), 6.95 (dd, J = 5.0, 3.5 Hz, 1H), 6.76 (d, J = 16.0 Hz,
1H), 5.51 (dd, J = 11.8, 6.3 Hz, 1H), 3.67 (dd, J = 16.7, 11.9 Hz, 1H),
3.15 (dd, J = 16.7, 6.3 Hz, 1H). >C NMR (101 MHz, CDCl3) 5 148.86,
145.06, 142.74, 142.02, 128.86, 127.86, 127.07, 126.95, 126.32,
125.73, 125.14, 124.64, 124.41, 120.78, 114.94, 60.15, 42.56. MS
(ESIM) m/z: Caled: (M + 1) 370.91, found: (M + 1) 371.42.

(E)-1-(4-Fluorophenyl)-5-(thiophen-2-yl)-3-(2-(thiophen-2-yl)
vinyl)-4,5-dihydro-1H-pyrazole (5¢)

Brownish yellow solid; Yield :86 %; mp:128-130 °C; 'H NMR (400
MHz,) § 7.36 (d, J = 6.3 Hz, 1H), 7.24 — 7.18 (m, 2H), 7.15 - 7.11 (m,
2H), 7.04 (d, J = 3.3 Hz, 1H), 7.01 — 6.98 (m, 3H), 6.95 (dd, J =3.3,1.4
Hz, 1H), 6.91 (dd, J = 5.0, 3.5 Hz, 1H), 6.71 (d, J = 3.1 Hz, 1H), 5.47
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(dd,J=11.8,6.3Hz, 1H), 3.63 (dd, J=16.7,11.8 Hz, 1H), 3.11 (dd, J =
16.7, 6.3 Hz, 1H). '3C NMR (101 MHz, CDCl3) 5 148.94, 145.13, 142.82,
142.08, 128.93, 127.92, 127.13, 127.02, 126.40, 125.79, 125.20,
124.73,124.48,120.84, 115.03, 60.23, 42.63. MS (ESI") m/z: Caled: (M
+ 1) 355.06, found: (M + 1) 355.13.

(E)-1-(4-Bromophenyl)-5-(thiophen-2-yl)-3-(2-(thiophen-2-yl)
vinyl)-4,5-dihydro-1H-pyrazole (5f)

Greenish yellow solid; Yield :80 %; mp:142-144 °C; 'H NMR (400
MHz, CDCly) & 7.29 (d, J = 2.1 Hz,1H), 7.27 (s,1H), 7.25 (d, J = 5.1
Hz,1H), 7.21 (dd, J = 5.0, 1.3 Hz,1H), 7.06 (d, J = 3.5 Hz,1H), 7.03 —
6.91 (m,6H), 6.74 (d, J = 16.1 Hz,1H), 5.49 (dd, J = 11.8, 6.2 Hz,1H),
3.65 (dd, J = 16.8, 11.9 Hz,1H), 3.13 (dd, J = 16.7, 6.2 Hz, 1H). 3C
NMR (101 MHz, CDCl3) & 149.03, 145.11, 143.24, 142.13, 131.86,
127.97, 127.19, 127.07, 126.49, 125.86, 125.26, 124.53, 120.89,
115.49, 112.10, 77.47, 77.16, 76.84, 60.15, 42.68. MS (ESI") m/z:
Caled: (M + 1) 415.37, found: (M + 1) 415.41.

(E)-4-(5-(Thiophen-2-yl)-3-(2-(thiophen-2-yl)vinyl)-4,5-dihydro-
1H-pyrazol-1-yl)benzonitrile (5 g)

Light yellow solid; Yield :83 %; mp:136-138 °C; 'H NMR (400 MHz,
CDCl3) & 7.56 — 7.52 (m,3H), 7.36 (dd, J = 5.0, 1.2 Hz,1H), 7.26 (d, J =
3.5 Hz,1H), 7.11 - 7.04 (m,5H), 6.91 (dd, J = 5.0, 3.5 Hz,2H), 5.95 (dd,
J=11.5,Hz,1H), 3.70 (dd, J = 16.8,11.5 Hz,1H), 3.13 (dd, J = 16.9, 6.2
Hz,1H). '3C NMR (101 MHz, CDCls) & 157.86, 155.06, 142.94, 142.32,
128.76, 127.56, 127.04, 126.95, 126.42, 125.93, 125.44, 124.84,
124.31, 120.98, 114.94, 60.55, 42.36.

(E)-1-(4-Methoxyphenyl)-5-(thiophen-2-yl)-3-(20-(thiophen-2-yl)
vinyl)-4,5-dihydro-1H-pyrazole (5h)

Golden yellow solid; Yield :77 %; mp:122-124 °C; 'H NMR (400
MHz, CDCls) 8 7.24 — 7.18 (m, 2H), 7.06 — 7.02 (m, 3H), 7.01 - 6.96 (m,
3H), 6.95 - 6.91 (m, 1H), 6.81 - 6.76 (m, 2H), 6.70 (d, J = 16.1 Hz, 1H),
5.41 (dd, J=11.7,7.4 Hz, 1H), 3.74 (s, 3H), 3.61 (dd, J = 16.5,11.7 Hz,
1H), 3.09 (dd, J = 16.5, 7.4 Hz, 1H). 3¢ NMR (101 MHz, CDCl3) &
153.88, 148.06, 145.76, 142.30, 138.86, 127.81, 126.97, 126.57,
125.37, 125.00, 124.43, 121.19, 115.63, 114.40, 61.42, 55.57, 42.54.
MS (ESI™) m/z: Caled: (M + 1) 367.50, found: (M + 1) 367.48.

2.2.2. Specrtal characterization of 5a-5h

The 'H NMR spectra of the synthesized pyrazoline derivatives
(5a-5h) display distinct and characteristic splitting patterns that
confirm the successful formation of the pyrazoline ring. Three pyrazo-
line hydrogens resonate in the region & 3.09-3.34 ppm (H,), 6 3.58-3.70
ppm (Hp), and 6 5.41-6.14 ppm (H,). These protons appeared as dou-
blets of doublets due to coupling between three magnetically non-
equivalent hydrogens, as shown in a typical ABX representation
(Fig. 2). The two diastereotopic methylene protons (H, and Hy) consis-
tently appear in the lower field regions, exhibiting geminal coupling
constants in the range of 16.4-16.9 Hz, which are characteristic of non-
equivalent methylene protons adjacent to a nitrogen atom. Additionally,
these methylene protons show vicinal coupling with the neighboring
methine proton (Hy) in the range of 3.9-11.9 Hz, depending on the

Fig. 2. ABX-Type Representation of Protons (H,, Hp, Hy) in Pyrazo-
line Compounds.
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substitution pattern. The methine proton appears in the mid-field region
confirming its position within the five-membered pyrazoline ring. The
vinylic proton, located adjacent to the pyrazoline ring, is observed as a
doublet at 8 6.70-6.76 ppm with a large coupling constant (~16 Hz),
characteristic of a trans-olefinic configuration. These coupling patterns
and chemical shifts are in excellent agreement with the expected ring
geometry and substitution, confirming successful cyclization. In the
aromatic region (8 6.92-7.56 ppm), multiplets correspond to protons on
the phenyl and thiophene moieties. The splitting patterns and integra-
tion values reflect the substitution patterns on the aromatic rings.
Electron-donating groups (e.g., methoxy) cause slight upfield shifts due
to increased electron density, whereas electron-withdrawing groups (e.
g., fluoro, cyano, bromo) lead to downfield shifts due to deshielding
effects. In the 1°C NMR spectra, the methylene and methine carbons
within the pyrazoline ring are clearly observed at approximately & 42
ppm and 8 60 ppm, respectively. Signals in the § 112.8-157.8 ppm range
are attributed to aromatic and alkenyl carbons, with chemical shift
variations influenced by the electronic nature of ring substituents.
Notably, compound 5 g exhibits a diagnostic carbon signal at  157.86
ppm attributable to the nitrile carbon, while 5h shows a resonance at §
55.57 ppm for the methoxy group. Additionally, the mass spectra of all
compounds (5a-5h) show molecular ion peaks ([M]*) consistent with
their calculated molecular weights, further confirming the proposed
structures.

2.3. Angioinhibitory effect by chorioallantoic membrane (CAM) assay

The chorioallantoic membrane (CAM) assay is a widely accepted in
vivo model for evaluating the anti-angiogenic potential of bioactive
compounds due to its high vascularity, ease of manipulation, and cost-
effectiveness. In this study, the CAM assay was employed to assess the
angiogenesis-inhibitory activity of the synthesized pyrazoline de-
rivatives (5a-h), following the procedure described by Rekha et al. [37].
Fertilized hen eggs were surface-sterilized with 70 % ethanol and
incubated in a humidified, fan-assisted incubator at 37 °C to facilitate
embryonic development. On day 8 of incubation, a small window was
created on the eggshell to expose the CAM, and Whatman paper discs (2
mm in diameter) impregnated with 100 pg of each test compound were
gently placed over regions with prominent blood vessel branching. The
windows were resealed with sterile cellophane tape, and the eggs were
incubated for an additional 24 h. Following incubation, the CAMs were
visually examined for any reduction or regression in vascularization
around the treated area. A significant reduction in microvessel density,
as compared to untreated controls, was interpreted as positive anti-
angiogenic activity.

2.4. Single crystal structural analysis

A high-quality, well-grown single crystal was selected using an
Olympus polarizing microscope for single-crystal X-ray diffraction
analysis. The XtaLAB Pro II AFC12 (RINC) Kappa single-crystal diffrac-
tometer with graphite-monochromated Mo-Ka radiation at a wave-
length of 0.711 A was used for data collection. Complete data were
collected through omega (w) scans at a step size of 0.7° per frame, with
an acquisition time of 11.0 s per scan. The diffraction patterns were
indexed, and an optimized data collection plan was generated using the
CrysAlisPro software (Rigaku, version 1.171.41.123a, 2022). Data
reduction, scaling, and absorption corrections were also performed with
CrysAlisPro [38]. The crystal structure was solved using SHELXT, fol-
lowed by refinement with the least squares method in SHELXL version
2018/3 within the Olex-2 software [39-41]. Anisotropic displacement
parameters were assigned to all non-hydrogen atoms, while hydrogen
atoms were refined isotropically with a riding model based on estab-
lished bonding geometries. Geometric parameters, including bond
lengths, angles, and torsional angles, were analyzed using the Platon
software and are provided in Table 1 [42]. The Mercury software
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20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=2c ()]
Final R indexes [all data]
Largest diff. peak/hole / e A~3

Table 1
The crystallographic table along with CCDC number of compound 5 g.
CCDC No 2410,391
Empirical formula C2oH15N3S2
Formula weight 361.47
Temperature/K 293(2)
Crystal system Monoclinic
Space group P2;/n
a/A 8.2877(2)
b/A 11.1323(4)
c/A 19.7785(6)
o/° 90
B/° 97.350(3)
¥/° 90
Volume/A® 1809.79(10)
Z 4
Pealeg/cm® 1.327
p/mm™ 0.301
F(000) 752.0
Radiation MoKa (A = 0.71073)

4.152 to 56.278
-10<h<10,-14 <k <8,-25<1<25
20,119

4245 [Ri=0.0260, Rsigma = 0.0252]
4245/160/309

1.042

R;=0.0380, wR,= 0.0950

R;=0.0576, wRy= 0.1050

0.18/-0.21

package was used for visualizing the crystal structure and creating
crystal packing diagrams to illustrate intermolecular interactions [43].

3. Computational details
3.1. Hirsfeld surface analysis

Hirshfeld surface analysis has emerged as a key qualitative method
for studying intermolecular interactions in crystal structures. The Crystal
Explorer software is used for visualizing molecular crystal structures,
particularly through its 3D Hirshfeld surfaces and associated 2D
fingerprint plots. These surfaces are derived from the total electron
density of a molecule and its neighbouring environment, offering in-
sights into crystal packing and intermolecular interactions. The
normalized contact distance (dnorm), is a critical parameter for analyzing
interactions. A colour scheme highlights interaction strength: red for
strong, white for weak, and blue for no interaction. Additional 3D sur-
face features like shape index and curvedness aid in identifying in-
teractions such as C—H...n and =...n stacking. Two-dimensional
fingerprint plots provide a quantitative representation of molecular in-
teractions, with spikes indicating significant contributions to crystal
packing [44,45].

3.2. DFT studies

Density Functional Theory (DFT) studies were carried out using the
Gaussian 16 software, providing valuable insights into the structural and
molecular properties of the compound studied [46]. These calculations
play a crucial role in rational drug design by predicting physicochemical
properties linked to biological activity and optimizing compounds for
desired biomolecular interactions. Geometry optimization at the
APFD/6-311G++(d,p) level confirmed a stable structure, indicated by
the absence of negative frequencies. The methodology for evaluating
stability and reactivity followed the approach described in the literature
[47], with additional calculations performed to determine frontier mo-
lecular orbitals (HOMO and LUMO) and molecular electrostatic poten-
tial (MEP) using Gauss View software [48]. MEP visualization helps
identify reactive sites, with red regions indicating electrophilic reac-
tivity and blue regions highlighting nucleophilic reactivity.
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3.3. Docking studies

The chorioallantoic membrane (CAM) assay plays a critical role in
evaluating the angioinhibitory effects of compounds. Molecular docking
has become an essential computational technique for studying the in-
teractions between candidate drugs and target proteins, predicting
binding modes, and estimating binding affinities. Computer-aided mo-
lecular docking (CAMD) provides a robust in-silico method to assess the
inhibitory potential of compounds targeting the deregulation of c-Met
receptor tyrosine kinase activity. This approach allows for preliminary
analysis of ligand-receptor interactions and binding affinity predictions.
The kinase domain of the c-Met receptor was selected for docking
studies, as it plays a critical role in angiogenesis and is a well-established
therapeutic target for cancer treatment. Protein crystal structures of
novel Class II c-Met inhibitors were obtained from the Protein Data Bank
(PDB), specifically using the structure with PDB ID: 3U6J. The corre-
sponding atomic coordinates file (.pdb format) was processed in Auto-
Dock 4.2.6 software, part of the MGLTools suite [49]. Protein
preparation involved removing water molecules and irrelevant ligands
or ions, adding polar hydrogen atoms, assigning Kollman charges, and
defining a grid box around the active site. The prepared protein file was
then saved in .pdbqt format. Docking analysis were performed using
AutoDock Vina, which calculates docking scores to estimate the binding
affinity between ligands and receptors. Visualization and analysis of the
docking results were carried out using Discovery Studio software,
enabling a detailed interpretation of ligand-receptor interactions.
Theoretical pKd values were calculated from docking-derived binding
energies (AG) using the standard thermodynamic equation, assuming
ideal conditions at 298 K [50].

4. Results and discussion
4.1. Chemistry

In the search for new potent anti-angiogenic small molecules, a series
of thiophene-tethered pyrazoline derivatives (5a-h) were synthesized
via a green, one-pot cyclocondensation approach. The key intermediate
chalcone (3) was obtained through a base-catalyzed Claisen-Schmidt
condensation between 2-formylthiophene (1) and acetone (2), produc-
ing an a,p-unsaturated ketone. This intermediate then underwent
cyclocondensation with various substituted phenylhydrazine hydro-
chlorides (4a-h) in methanol under reflux conditions. Citrus fruit juice,
specifically extracted from Citrus aurantiifolia, played a dual role as both
solvent and catalyst. Rich in organic acids-primarily citric acid-it pro-
vided a mildly acidic medium that facilitated the cyclization of chalcone
with phenylhydrazines. The proposed mechanism, illustrated in Sup-
plementary Figure S14, involves acid-catalyzed protonation of the
chalcone’s carbonyl group, increasing its electrophilicity and enabling
nucleophilic attack by the hydrazine, followed by intramolecular ring
closure and pyrazoline formation. Tetrabutylammonium bromide
(TBAB) was employed as a phase-transfer catalyst to improve reaction
efficiency. Reactions proceeded smoothly at 60-65 °C for approximately
4 h, affording the desired products in excellent yields (72-89 %). The use
of citrus juice aligns with green chemistry principles, offering an eco-
friendly, sustainable alternative to conventional acid catalysts. Struc-
tural confirmation of the synthesized compounds was achieved through
'H NMR, '3C NMR, and mass spectrometry. Notably, the disappearance
of vinylic proton signals and the appearance of methylene proton reso-
nances provided clear evidence for successful pyrazoline ring formation.
A schematic representation of the synthetic route is shown in Scheme 1.
The chemical structures of the synthesized compounds (5a-h) are pro-
vided in Supplementary Figure S1.

4.2. Single crystal structural analysis

The single-crystal X-ray structure of compound 5 g (Fig. 3) reveals
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Scheme 1. Syntheis of thiophene tethered pyrazolines, 5(a-h).

that the pyrazoline ring is bonded to two thiophene rings and a benzo-
nitrile ring. The dihedral angle between the pyrazoline and benzonitrile
rings is 6.78°, indicating near coplanarity. One thiophene ring,
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connected via two carbon atoms to the pyrazoline ring, shows a dihedral
angle of 10.77°, suggesting slight non-planarity. In contrast, the second
thiophene ring, directly attached to the pyrazoline ring, adopts an
almost perpendicular orientation with a dihedral angle of 88.6°
(Figure S2). This spatial arrangement induces puckering in the pyr-
azoline ring, with a puckering amplitude (P) of 302.4(3)° and an
asymmetry parameter t(M) of 20.8(1)°, consistent with an envelope
conformation centered at the C10 atom (Figure S3). Supramolecular
interactions play a key role in crystal stabilization. Notably, a C15-
H15---N25 hydrogen bond [3.398(6) 10\, 135.8(3)°, symmetry code:%: +
x, %5 -y, -%» + 2] forms an R§(23) ring synthon. These motifs are further
extended into a one-dimensional (1D) chain via C17-H17---N25 in-
teractions (Fig. 4a), which then assemble into a two-dimensional (2D)
supramolecular network through identical C17-H17---N25 linkages
[3.398(6) Z\, 144.0°, symmetry code:% + x, ' -y, -% + 2] (Fig. 4b). In
addition to hydrogen bonding, weak C—H---n (C—H...Cg) interactions
significantly contribute to the crystal packing, as summarized in
Table S1. Among these, the shortest distance was observed for the C3-
H3:--Cg2 interaction at 3.767(5) 10\, followed by C3-H3---Cg4 at 3.795
12) A. Other notable contacts include C22-H22---Cgl and C22-
H22..-Cg3, with distances of 3.578(3) A and 3.521(18) .7\, respectively.

(b)

Fig. 4. The 1D and 2D architecture are formed by various interactions.
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These non-covalent interactions collectively stabilize the 3D crystal
lattice.

4.3. Hirshfeld surface analysis

Hirshfeld surface analysis has emerged as a powerful tool in crys-
tallography that quantifies and visualizes intermolecular interactions
within crystals by analyzing the electron density distribution around
each molecule. This analysis not only provides a quantitative fingerprint
of these interactions through Fingerprint (FP) plots but also offers a
visually informative 3D representation of the molecular size and shape.
The dporm Hirshfeld surface reveals two prominent red spots around
N25, corresponding to interactions involving the C15-H15 and C17-H17
atoms (Fig. 5(a)). These regions of localized electron density highlight
strong intermolecular interactions near the nitrogen atoms. The "bow-
tie" pattern of red and blue triangles around the thiophene ring indicates
C—H:--1 stacking interactions, supported by the curvedness surface,
which shows fewer blue lines around the thiophene ring (Fig. 5(b,c)).
Additionally, the curvedness surface suggests a more coplanar molecular
geometry, evidenced by the increased presence of blue lines (Fig. 5(c)).

(c)

Fig. 5. (@) dhorm (b) Shape-index and (c) Curvedness of the Hirshfeld surface of
the molecule.
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The 2D fingerprint plot highlights the nature of intermolecular in-
teractions within the crystal structure. H---H interactions dominate, ac-
counting for 37.5 % of the contacts, represented by a broad peak
centered around di=de~1.2 A, indicating strong hydrogen-hydrogen
interactions (Fig. 6). C---H interactions, comprising 25.0 %, appear as
wing-shaped peaks at di+d. > 2.6 A, making them the second most
prevalent interaction. H---N contacts (16 %) are depicted as sharp peaks
at di+de > 2.4 f\, while S---H interactions (13.8 %) create a distinct
pattern resembling two inverted, opposing pigeons with characteristic
peaks at di+d. > 2.9 A. This analysis underscores that hydrogen-based
interactions are the primary contributors to stabilizing the molecular
packing.

The strength of crystal packing plays a crucial role in determining its
response to external mechanical forces. If the packing contains signifi-
cant voids, the molecules are loosely arranged, making the crystal more
susceptible to breakage under minimal external pressure. To assess the
mechanical stability, a void analysis was conducted by summing the
electron densities of the spherically symmetric atoms present in the
asymmetric unit. The void surface is defined as an isosurface of the
procrystal electron density and is calculated across the entire unit cell.
The void surface intersects the unit cell boundary, and capping faces are
generated to form a closed volume of 216.20 A (Figure S4). These re-
sults suggest that the crystal has a compact packing arrangement and
should exhibit significant mechanical stability.

To gain a deeper understanding of the driving forces involved in
crystal packing, the analysis of the surrounding environment of specific
molecular fragments was conducted using energy framework analysis.
This approach provides details of strongly bonded molecular fragments
in the crystalline phase, focusing on molecule-molecule interactions.
The total interaction energy for molecules within a 3.8 A sphere was
calculated (Table S2). The table presents interaction energy compo-
nents for various symmetry-related molecular interactions, including
electrostatic, polarization, dispersion, and repulsion energies. The most
stabilizing interaction occurs at a distance of 10.65 A, with the lowest
total energy of —41.7 kJ/mol, indicating strong molecular attraction.
The highest contribution from dispersion energy is —41.2 kJ/mol,
observed at 11.14 A, signifying that London dispersion forces play a
crucial role in stabilization. Electrostatic interactions are most promi-
nent at 11.52 A, where the energy reaches —18.9 kJ/mol, reflecting
strong charge-based interactions. However, steric repulsion is highest at
10.92 A, with a repulsion energy of 18.4 kJ/mol, indicating significant
hindrance in this interaction. Overall, dispersion energy (—249.8 kJ/
mol) is the dominant stabilizing factor, followed by electrostatic energy
(—81.7 kJ/mol). Despite minor repulsion, the total interaction energy of
—240.9 kJ/mol underscores the thermodynamic favorability of the
packing arrangement (Fig. 7).

4.4. Density functional theory studies

The optimized ground state energy of the studied compounds ranges
from —1638.82 Hartree (compound 5a) to —4212.177 Hartree (com-
pound 5f), indicating that 5f is the most electronically stable molecule in
the series, while 5a is the least stable. The frontier molecular orbital
(FMO) analysis reveals that the HOMO energy of -5.5604 eV reflects a
moderate electron donating ability, which lies within the observed
range of -5.6586 eV (5 g) to —-4.9911 eV (5h). Similarly, the LUMO
energy of -2.3709 eV is within the range of -2.2803 eV (5 g) to -1.8196
eV (5h), suggesting a moderate tendency to accept electrons. These
values indicate a balanced electronic distribution, contributing to the
moderate reactivity of the compounds. The HOMO-LUMO energy gap of
3.3789 eV for compound 5 g (Fig. 8) lies within the range of 3.1715 eV
(5h) to 3.4578 eV (5b), confirming moderate electronic stability.
Compound 5h, with the lowest energy gap, is expected to be the most
chemically reactive, while 5b, with the highest gap, is the most stable
and least reactive. Ionization energy (I) and electron affinity (A) values
also support this trend. The ionization energy of 5.5604 eV and electron
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Total energy
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Fig. 7. The energy framework table along with interaction energy.

affinity of 2.3709 eV fall within the ranges observed across the series (I:
4.9911-5.6586 eV; A: 1.8196-2.2803 eV), reflecting the compounds’
moderate electron donating and accepting capabilities.

Global reactivity descriptors further validate these findings. The
electronegativity (y) of 3.9657 eV and chemical potential (p) of -3.9657
eV fall within the ranges of 3.4054-3.9695 eV and -3.4054 to -3.9695
eV, respectively. The global hardness () of 1.5947 eV is within the
expected range of 1.5857-1.7289 eV, indicating moderate resistance to
charge transfer. The electrophilicity index (o) of 4.9308 eV is consistent
with values from 3.6565 eV (5h) to 4.6641 eV (5 g), highlighting the
compounds’ potential to act as electron acceptors. Overall, compound
5h is the most reactive due to its low energy gap, low ionization energy,
and high electron affinity, whereas 5b appears the least reactive based
on its wider gap and higher global hardness.

Molecular electrostatic potential (MEP) maps provide insight into
the charge distribution and reactive regions of the molecules. Compound

5a exhibits a relatively narrow potential range (-0.0311 to +0.0311 a.
u.), while 5h demonstrates the broadest variation (-0.0622 to +0.062 a.
u.), indicating a clear separation of nucleophilic and electrophilic re-
gions. Compound 5e shows the highest polarity, with values of
approximately +0.0316 a.u., which may favor nucleophilic interactions.
A symmetrical charge distribution is observed in compound 5f, with
potentials around +0.0322 a.u. The high negative potential regions
typically correspond to the nitrogen atoms of the pyrazoline ring, indi-
cating nucleophilic character, while positive potentials near C-H groups
suggest electrophilic behavior. Additionally, halogen atoms and OCH3
substituents in compound 5h, along with the -C=N group in 5 g (Fig. 9),
contribute to enhanced nucleophilicity in specific regions of the mo-
lecular surface. A good structural correlation between the optimized and
experimental crystal geometries is confirmed by an RMSD value of 0.416
A (Figure S5). Further, Tables $1-S3 show strong agreement in bond
lengths, angles, and torsional parameters, reinforcing the reliability of



C. Mallikarjuna et al.

LUMO

E,=3.3789 eV

9

Fig. 8. The HOMO-LUMO energy gap of the Compound 5 g.

Fig. 9. MEP of the compound 5 g.

the DFT models. Optimized geometries of all synthesized compounds
(5a-5h) are provided in Supplementary Figures S6-S12.

4.5. Angioinhibitory effect by chorioallantoic membrane (CAM) assay

The chorioallantoic membrane (CAM) assay was employed to
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evaluate the anti-angiogenic activity of the synthesized thiophene-
tethered pyrazoline derivatives (5a-h), with representative results
illustrated in Figures S13-S14. This assay serves as a physiologically
relevant in vivo model to assess the ability of compounds to inhibit new
blood vessel formation-a critical process in tumor progression and
metastasis. Among the tested series, compounds 5a, 5¢, 5 g, and 5h
exhibited the most potent anti-angiogenic activity, as evidenced by a
marked reduction in capillary proliferation around the compound-
loaded discs. The experiment was conducted using a minimum of six
fertilized eggs per treatment group to ensure statistical reliability.
Compared to the saline-treated control group, which displayed extensive
vasculature due to unimpeded angiogenesis, the treated groups
demonstrated a significant decrease in microvessel density, indicating
the compounds’ ability to suppress neovascularization. This observed
anti-angiogenic effect is of substantial therapeutic interest, as angio-
genesis is essential for tumor survival, growth, and metastatic spread. By
inhibiting the development of new capillaries, these compounds
potentially starve tumor cells of the oxygen and nutrients required for
sustained proliferation. The results not only confirm the biological
relevance of the synthesized molecules but also underscore their po-
tential as anti-cancer agents targeting tumor vasculature. Importantly,
the experimental findings align with the molecular docking data, which
predict favorable interactions between the compounds and c-Met, a re-
ceptor tyrosine kinase implicated in angiogenesis. The regression in
microvessel density in the CAM model strongly suggests the inhibition of
angiogenesis, while the docking results provide a molecular basis for this
effect by demonstrating potential binding interactions with key angio-
genic targets. Collectively, these in vivo and in silico insights reinforce
the therapeutic promise of the thiophene-tethered pyrazoline de-
rivatives as viable lead candidates in the development of anti-angiogenic
agents.

4.6. Docking studies

Molecular docking serves as a pivotal tool in medicinal chemistry,
enabling the prediction and understanding of ligand-protein in-
teractions, thereby facilitating the development of targeted therapeutic
agents. To investigate the potential of the synthesized thiophene-
tethered pyrazoline derivatives (5a-h) as inhibitors of the c-Met re-
ceptor tyrosine kinase, docking studies were conducted using the c-Met
protein structure (PDB ID: 3U6J). Figs. 10-11 illustrate the 3D and 2D
docking poses of these pyrazoline derivatives within the c-Met binding
site. The most favorable docking scores ranged from —6.7 to —9.1 kcal/
mol, attributed to key interactions with amino acid residues via n-n
stacking, n-based contacts, hydrogen bonding, and van der Waals forces,
as summarized in Table S4. To support the relevance of the docking site
and provide a biologically validated reference, we used the pyrazolone-
based compound co-crystallized in the kinase domain of the c-Met re-
ceptor as a structural benchmark. Although we did not redock the
reference inhibitor, its binding conformation helped define the active
site, and the observed docking scores of our pyrazoline derivatives were
within a comparable range, suggesting similar binding potential. Among
the compounds, 5c¢ demonstrated the highest docking score of —9.1
kcal/mol, suggesting the strongest predicted binding affinity and posi-
tioning it as a potentially more effective inhibitor of the c-Met receptor.
Compound 5a, with a docking score of —8.9 kcal/mol, also exhibited
strong binding, similar to 5¢ but slightly weaker. Compounds 5b (—8.6
kcal/mol) and 5 g (—9.0 kcal/mol) showed favorable binding, further
supporting their inhibitory potential. The docking scores for 5d and 5e
(both —8.2 kcal/mol) suggest moderate affinity, while compound 5f,
with the lowest score of —6.7 kcal/mol, indicates a weaker interaction
but still within an acceptable range for a potential inhibitor. To quantify
the binding affinities of these pyrazoline derivatives, theoretical pKd
values were calculated from the docking scores using the standard
thermodynamic relationship between binding free energy and dissoci-
ation constant, These values which reflect the predicted strength of
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binding to the c-Met receptor, ranged from 4.93 to 6.68. Notably,
Compound 5c¢, with the highest pKd value of 6.68, showed the strongest
predicted binding affinity, further supporting its potential as a
competitive c-Met receptor inhibitor. Specifically, compound 5a
demonstrated a strong hydrogen bond interaction between the centroid
of the pyrazoline ring and the amino acid Asp1046 at a distance of 2.78
A. Additionally, the benzonitrile ring attached to the pyrazoline moiety
in compound 5 g formed two van der Waals interactions with the amino
acids Ser884 and Ala881 at distances of 2.80 A and 2.95 10\, respectively,
along with a significant hydrogen bond interaction with amino acid
Cys817 at a distance of 2.85 A. Furthermore, halogen atoms present in
compounds 5c¢ and 5d were observed to interact with amino acids
His1026 and Val899 within the c-Met binding site, enhancing the
binding affinity of these compounds. The amino acid Val898 promi-
nently displayed n—r interactions with substituted pyrazolines (5a, 5b,
and 5d), playing a significant role in enhancing their binding affinity.
Collectively, the docking studies and the calculated pKd values, pro-
vided in Table S1, offer valuable insights into the binding modes and
interactions of the pyrazoline derivatives with the c-Met receptor, sup-
porting their potential as therapeutic agents targeting c-Met-mediated
signaling pathways involved in tumor progression. The consistency be-
tween docking scores and biological activity further reinforces the
relevance of these findings. Compounds 5a, 5¢, 5 g, and 5h, which
exhibited strong docking scores, also demonstrated notable anti-
angiogenic effects in the CAM assay. Compounds 5b, 5d, and 5e
showed moderate effects, while compound 5f, which had the weakest
docking score, showed minimal biological activity. This observed cor-
relation highlights a structure-activity relationship (SAR), where
electron-withdrawing groups (e.g., 3-chloro in 5c and 4-cyano in 5 g)
enhanced both receptor binding and biological efficacy, whereas
electron-donating groups like 4-methoxy in 5h yielded relatively lower
docking scores and moderate activity. These observations underscore
the importance of substituent effects in modulating bioactivity and
support the predictive utility of docking for guiding future structural
optimization.

5. Conclusion

In conclusion, the docking studies and CAM assay demonstrate that
the pyrazoline derivatives, particularly compounds 5a, 5¢, 5 g, and 5 h,
exhibit promising anti-angiogenic effects, with potential as competitive
Class II c-Met inhibitors. The crystal structure of compound 5 g reveals a
complex molecular arrangement, including thiophene and benzonitrile
rings, with a sTable 2D supramolecular architecture formed through
C—H---N interactions. The crystal exhibits strong mechanical stability
due to its compact packing and minimal voids, while energy framework
analysis reveals that dispersion and electrostatic interactions play key
roles in stabilizing the structure. Despite steric repulsion, the overall
interaction energy suggests a stable molecular arrangement. Hirshfeld
surface analysis underscores the importance of hydrogen-based in-
teractions in stabilizing the crystal structure, with H---H, C---H, H---N,
and S---H interactions being predominant. Additionally, the molecule’s
moderate reactivity, as indicated by its energy gap, ionization energy,
and electron affinity, supports its balanced electrophilic and nucleo-
philic nature. Compound 5 g exhibits moderate reactivity, stability, and
electron transfer properties, with values consistently aligning with
observed ranges across various compounds. The analysis of ionization
energy, electron affinity, and energy gap highlights the varying reac-
tivity among compounds, with 5h showing the highest reactivity and 5b
the lowest. The electrostatic potential maps further confirm these trends,
indicating distinct electrophilic and nucleophilic regions across the
different compounds. The MEP map provides further insight into its
potential for intermolecular interactions, suggesting a promising
pathway for developing effective therapeutic agents targeting angio-
genesis. Notably, these compounds were synthesized via an innovative
and eco-friendly green protocol using citrus extract for the

12

Journal of Molecular Structure 1344 (2025) 142959

cyclocondensation of thienyl chalcone with phenylhydrazine hydro-
chlorides, offering a sustainable alternative to conventional acid-
catalyzed methods. Collectively, these findings underscore the promise
of these pyrazoline derivatives as lead candidates for the development of
anti-angiogenic agents targeting angiogenesis in cancer therapy.
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