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Exploring the chemical reactivity of 2,6-
dimethylchromone toward heterocyclic hydrazines
and enamines: experimental and theoretical
investigations

Mohamed Abdel-Megid,® Najla A. Alshaye,® Al-Shimaa Badran {2 *¢
and Magdy A. lbrahim®

The current study aimed to investigate the chemical behavior of 2,6-dimethylchromone (1) towards some

heterocyclic hydrazines and cyclic enamines. Reaction of compound 1 with 7-chloro-4-
hydrazinylquinoline and 3-hydrazinyl-5,6-diphenyl-1,2,4-triazine gave pyrazole derivatives 4 and 5.
Treatment of compound 1 with 5-amino-3-methyl-1H-pyrazole, 6-aminouracil, 6-aminothiouracil and
1,3-dimethyl-6-aminouracil produced pyrazolo[3,4-blpyridine 6 and pyrido[2,3-dlpyrimidines 7-9,
respectively. The biological efficiency of the synthesized compounds against hepatocellular carcinoma
(HepG-2) cell lines was investigated through a combination of experimental and theoretical approaches,
including molecular docking with the CDK1 protein (PDB ID: 4Y72). Among the tested molecules,
compound 5 exhibited the most potent anticancer activity, with an ICsq value of 6.57 uM L surpassing
the reference drug cis-platin. For theoretical studies, all compounds were geometrically optimized using
DFT/B3LYP functional with the 6-311G++(d,p) basis set. Structural parameters and global reactivity
descriptors were calculated to predict the compounds’ chemical reactivity and kinetic stability. Molecular
Electrostatic Potential (MEP) surfaces were employed to visualize charge distribution and identify
potential reactive sites within the molecules. Likewise, simulated infrared (IR) and NMR spectra from DFT
calculations were consistent with their experimental counterparts. Additionally, experimental infrared (IR)
and nuclear magnetic resonance (NMR) spectra were compared with their corresponding simulated
spectra derived from DFT calculations, demonstrating strong consistency. In addition, the non-linear
optical (NLO) properties of the compounds were assessed and found to exceed those of urea,
a standard reference compound. SwissADME analysis was also performed to evaluate the
pharmacokinetic profiles and drug-likeness of the synthesized molecules. Finally, molecular docking
studies targeting cyclin-dependent kinases CDK1 (PDB ID: 4Y72) were conducted to explore the binding
interactions of the synthesized compounds. The docking results showed a strong correlation with their
observed anticancer activities, supporting that these compounds are promising candidates for HepG-2

cell lines.

including anti-Alzheimer's,” antimicrobial,® anticancer’ anti-
inflammatory,® antimalarial,” antioxidant,' as well as a-gluco-

Naturally occurring chromones are mostly isolated from
numerous families of plants including Cucurbitaceae, Rutaceae
and Gramineae” Chromones are widely used in the medical
industry.>* They have a variety of biological applications
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sidase inhibitors.”* Chromones represent a versatile class of
oxygen-containing heterocycles and serve as key precursors in
the construction of diverse bioactive heterocyclic frameworks.
Their synthetic utility arises primarily from the electrophilic
character of the y-pyrone ring system, which facilitates nucle-
ophilic  addition and subsequent heterocyclization
reactions.”'® The electron-deficient C=C-C=0 motif within
the chromone core provides an activated platform for ring
activation and transformation under both basic and nucleo-
philic conditions. Previous studies by Ibrahim et al.'” compre-
hensively outlined the physicochemical properties and
reactivity patterns of 2-methylchromones, highlighting the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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presence of two principal electrophilic centers; C-2 and C-4.
Among these, the C-2 position is significantly more suscep-
tible to nucleophilic attack owing to m-electron withdrawal by
the adjacent carbonyl group. Such nucleophilic addition at C-2
is typically followed by opening of the y-pyrone ring, generating
reactive intermediates capable of undergoing intramolecular
cyclization or further condensation steps to afford structurally
diverse heterocycles.”® These distinctive reactivity characteris-
tics make chromones highly versatile synthetic intermediates
for constructing nitrogen containing heterocyclic scaffolds with
significant pharmacological and biological relevance.

On the other hand, molecular modeling using Density
Functional Theory (DFT) approaches attracted a lot of attention
in recent years."* Where, it aims to explore how a molecule's
chemical and physical properties are connected to its chemical
composition and three-dimensional (3D) structure.?>>*

This study investigates the reactivity of 2,6-di-
methylchromone (1) toward selected heterocyclic hydrazines
and cyclic enamines to construct novel pyrazoles and fused
pyrimidines, followed by evaluation of their cytotoxic effects
against HepG-2 liver cancer cells which represent one of the
most common cancers worldwide and a leading cause of cancer-
related mortality.>** DFT calculations (B3LYP/6-311++G(d,p))
were performed to analyze electronic structures, global reac-
tivity descriptors, MEP surfaces, and NLO properties. Theoret-
ical "H and "*C NMR (GIAO) and FT-IR data were correlated with
experimental spectra, and molecular docking studies were
conducted to further support the biological evaluation.

2. Experimental

Melting points were recorded on a Stuart SMP3 apparatus.
Elemental analyses (C, H, N) were performed using a Perki-
nElmer CHN-2400 analyzer. FT-IR spectra (KBr) were obtained
using a Nicolet iS10 spectrophotometer. Mass spectra were
acquired on a Shimadzu GC-2010 GC-MS (EI, 70 eV). 'H (300
MHz) and C (75 MHz) NMR spectra were recorded on
a Mercury-300BB instrument in DMSO-dg with TMS as the
internal standard. Compound purity was monitored by TLC. All
chemicals including 2-hydroxyacetophenone, hydrazine
hydrate, 4,7-dichloroquinoline, benzil, thiosemicarbazide, 5-
amino-3-methyl-1H-pyrazole, 6-aminopyrimidine-2,4(1H,3H)-
dione, 6-amino-2-thioxo-2,3-dihydropyrimidin-4(1H)-one, and
6-amino-1,3-dimethylpyrimidine-2,4(1H,3H)-dione were
purchased from Merck and used without further purification.

2.1. Synthesis and characterization of compounds

2.1.1. 1-(7-Chloroquinolin-4-yl)-5-(2-hydroxy-5-methyl-
phenyl)-3-methyl-1H-pyrazole (4). A mixture of 2,6-di-
methylchromone (1) (0.35 g, 2 mmol) and 7-chloro-4-
hydrazinylquinoline (2) (0.38 g, 2 mmol) in sodium ethoxide
(prepared by adding 0.2 g sodium in 15 mL absolute ethanol)
was heated under reflux for 2 h. The orange-yellow crystals ob-
tained during heating were filtered and crystallized from DMF/
EtOH, mp > 300 °C, yield (0.51 g, 73%). IR (KBr, cm '): 3328
(OH), 3058 (CHarom), 2945 (CHaiph), 1613 (C=N), 1575 (C=C).
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'"H-NMR (DMSO-ds, 6, 300 MHz): 2.15 (s, 3H, CH3), 2.31 (s, 3H,
CH,), 6.92-7.09 (m, 2H, Ar-H), 7.24 (d, 1H, Ar-H, J = 7.5 Hz),
7.44 (d, 1H, Ar-H, J = 7.5 Hz), 7.69 (s, 1H, Ar-H), 7.78 (s, 1H, Ar-
H), 8.02 (d, 1H, H-3guinoline,J = 8.1 Hz), 8.17 (s, 1H, H-4pyrraz0lc),
8.52 (d, 1H, H-2quinolines J = 8.1 Hz), 10.76 (bs, 1H, OH
exchangeable with D,0). >*C-NMR (DMSO-d,, 4, 75 MHz): 18.5
(CH3), 22.1 (CHs), 103.2 (C-4pyrazote)y 117.5 (C-3quinoline)y 120.9
(Ar-C), 123.6 (Ar-C), 124.7 (Ar-C), 125.2 (Ar-C), 125.8 (Ar-C),
127.6 (Ar-C), 128.4 (Ar-C), 129.1 (Ar-C), 130.5 (Ar-C), 133.4 (Ar-
C), 134.7 (Ar-C), 142.0 (C-3pyrazole)s 143.5 (C-2quinoline), 144.3 (C-
82 quinoline)s 145.9 (C-5pyrazole), 151.7 (C-OH). Mass spectrum (m/
z, 1 %): 349/351 (M'/M + 2; 100/33), 319/321 (21/7), 387/389 (48/
16), 162/164 (45/15), 107 (44), 94 (57), 77 (31), 65 (16). Anal.
Caled for C,H;6CIN;O (349.81): C, 68.67; H, 4.61; N, 12.01%.
Found: C, C, 68.48; H, 4.52; N, 11.87%.

2.1.2. 1+(5,6-Diphenyl-1,2,4-triazin-3-yl)-5-(2-hydroxy-5-m-
ethylphenyl)-3-methyl-1H-pyrazole (5). A mixture of 2,6-di-
methylchromone (1) (0.35 g, 2 mmol) and 3-hydrazinyl-5,6-
diphenyl-1,2,4-triazine (3) (0.51 g, 2 mmol) in sodium eth-
oxide (prepared by adding 0.2 g sodium in 15 mL absolute
ethanol) was heated under reflux for 2 h. The pale-yellow crys-
tals obtained after were filtered and crystallized from EtOH, mp
281-282 °C, yield (0.58 g, 69%). IR (KBr, cm *): 3346 (OH), 2937
(CHaiipn), 1608 (C=N), 1585 (C=C). "H-NMR (DMSO-d, 4, 300
MHz): 2.18 (s, 3H, CH3), 2.30 (s, 3H, CH3;), 7.04 (d, 1H, Ar-H, ] =
7.5 Hz), 7.16-7.20 (m, 5H, Ar-H), 7.36-7.41 (m, 5H, Ar-H), 7.56
(d, 1H, Ar-H, J = 7.5 Hz), 7.84 (s, 1H, Ar-H), 8.29 (s, 1H,
H-4pyrrazole)y 10.96 (bs, 1H, OH exchangeable with D,0). "*C-
NMR (DMSO-ds, 6, 75 MHz): 17.8 (CH3), 22.3 (CH;), 104.1 (C-
4pyrazole)y 121.4 (Ar-C), 124.1 (Ar-C), 124.6 (Ar-C), 125.2 (Ar-C),
125.7 (Ar-C), 126.2 (Ar-C), 126.7 (Ar-C), 127.1 (Ar-C), 127.5 (Ar-
C), 127.9 (Ar-C), 128.3 (Ar-C), 128.6 (Ar-C), 129.2 (Ar-C), 129.5
(Ar-C), 130.1 (Ar-C), 130.5 (Ar-C), 131.9 (Ar-C), 141.4
(C-3pyrazote)y  142.2  (C-6uiazine)y 142.7 (C-5  triazine)y 143.8
(C-3uriazine)y 144.1 (C-5pyrazote); 150.8 (C-OH).Mass spectrum (m/
z, I %): 419 (67), 241 (45), 213 (25), 178 (100), 132 (26), 108 (13),
91 (56), 77 (39), 65 (15). Anal. Calcd for C,6H,;N50 (419.48): C,
74.44; H, 5.05; N, 16.70%. Found: C, 74.25; H, 4.96; N, 16.54%.

2.1.3 3,4-Dimethyl-6-(2-hydroxy-5-methylphenyl)-1 H-pyr-
azolo[3,4-b]pyridine (6). A mixture of 2,6-dimethylchromone (1)
(0.35 g, 2 mmol) and 5-amino-3-methyl-1H-pyrazole (0.2 g, 2
mmol) in sodium ethoxide (prepared by adding 0.2 g sodium in
15 mL absolute ethanol) was heated under reflux for 2 h. The
pale-yellow crystals obtained after were filtered and crystallized
from EtOH, mp 255-256 °C, yield (0.39 g, 77%). IR (KBr, cm™):
3424 (OH), 2918 (CHgjipn), 3218 (2NH), 1616 (C=N), 1566 (C=
C). 'H-NMR (DMSO-dg, 6, 300 MHz): 2.11 (s, 3H, CH3), 2.27 (s,
3H, CHj), 2.40 (s, 3H, CH3), 7.19 (d, 1H, Ar-H, J = 7.2 Hz), 7.44
(d, 1H, Ar-H, J = 7.2 Hz), 7.72 (s, 1H, Ar-H), 8.27 (s, 1H,
H-3pyridine); 10.82 (bs, 1H, OH exchangeable with D,0), 11.13
(bs, 1H, NH exchangeable with D,0). "*C-NMR (DMSO-dg, 6, 75
MHz): 16.7 (CH3), 17.5 (CH3), 22.6 (CH3), 107.1 (C-3a), 122.4 (Ar-
C), 124.3 (Ar-C), 126.1 (Ar-C), 128.3 (Ar-C), 130.4 (Ar-C), 132.3
(C-5), 140.0 (C-4), 142.3 (C-3), 144.7 (C-6), 148.3 (C-7a), 151.4 (C-
OH). Mass spectrum (m/z, I %): 253 (57), 212 (32), 168 (42), 132
(21), 108 (100), 94 (62), 91 (43), 77 (51), 65 (31). Anal. Caled for
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C15H;5N;0 (253.29): C, 71.13; H, 5.97; N, 16.59%. Found: C,
71.00; H, 5.85; N, 16.38%.

2.1.4 7-(2-Hydroxy-5-methylphenyl)-5-methylpyrido[2,3-d]
pyrimidine-2,4(1H,3H)-dione (7). A mixture of 2,6-di-
methylchromone (1) (0.35 g, 2 mmol) and 6-aminopyrimidine-
2,4(1H,3H)-dione (0.26 g, 2 mmol) in sodium ethoxide (prepared
by adding 0.2 g sodium in 15 mL absolute ethanol) was heated
under reflux for 2 h. The pale-yellow crystals obtained after were
filtered and crystallized from EtOH, mp > 300 °C, yield (0.41 g,
72%). IR (KBr, cm™"): 3409 (OH), 3149 (2NH), 3051 (CHarom),
2977 (CHatipn), 1685 (2C=Opyrimidine), 1620 (C=N), 1590 (C=C).
'H-NMR (DMSO-d,, 6, 300 MHz): 2.24 (s, 3H, CH;), 2.38 (s, 3H,
CH;), 7.08 (d, 1H, Ar-H, J = 7.2 Hz), 7.44 (d, 1H, Ar-H, ] = 7.2
Hz), 7.74 (s, 1H, Ar-H), 8.13 (s, 1H, H-3pyridine), 10.78 (bs, 1H,
OH exchangeable with D,0), 11.40 (bs, 2H, 2NH exchangeable
with D,0). ">C-NMR (DMSO-d¢, 6, 75 MHz): 17.6 (CH,), 21.3
(CH;), 109.5 (C-4a), 121.3 (Ar-C), 124.9 (Ar-C), 126.8 (Ar-C),
129.7 (Ar-C), 130.3 (Ar-C), 132.3 (C-6), 141.2 (C-5), 146.0 (C-7),
147.3 (C-8a), 151.2 (C-OH), 166.0, 169.1 (2C=Opyrimidine)-
Mass spectrum (m/z, I %): 283 (100), 255 (46), 226 (29), 198 (21),
158 (33), 131 (19), 107 (68), 91 (50), 77 (28), 65 (17). Anal. Calcd
for C;5H;;N;0; (283.28): C, 63.60; H, 4.63; N, 14.83%. Found: C,
63.46; H, 4.50; N, 14.69%.

2.1.5 7-(2-Hydroxy-5-methylphenyl)-5-methyl-2-thioxo-2,3-
dihydropyrido[2,3-d]pyrimidin-4(1H)-one (8). A mixture of 2,6-
dimethylchromone (1) (0.35 g, 2 mmol) and 6-amino-2-thioxo-
2,3-dihydropyrimidin-4(1H)-one (0.29 g, 2 mmol) in sodium
ethoxide (prepared by adding 0.2 g sodium in 15 mL absolute
ethanol) was heated under reflux for 2 h. After cooling, the
reaction mixture was poured onto crushed ice (50 g) and
neutralized with conc. HCIL. The solid obtained filtered and
crystallized from DMF, mp > 300 °C, yield (0.44 g, 74%). IR
(KBr, cm ™ ): 3420 (OH), 3234, 3198 (2NH), 3065 (CHarom), 2975,
2949 (CHaiiph); 1667 (C=Opyrimidine), 1615 (C=N), 1593 (C=C),
1252 (C=S). '"H-NMR (DMSO-d,, 8, 300 MHz): 2.28 (s, 3H, CH;),
2.40 (s, 3H, CH,), 7.43 (d, 1H, Ar-H, J = 7.8 Hz), 7.62 (d, 1H, Ar-
H, ] = 7.8 Hz), 7.86 (s, 1H, Ar-H), 8.28 (s, 1H, H-3yridine), 11.09
(bs, 1H, OH exchangeable with D,0), 11.33 (bs, 2H, 2NH
exchangeable with D,0). *C-NMR (DMSO-dg, 4, 75 MHz): 16.5
(CH3), 21.3 (CH,), 109.5 (C-4a), 122.1 (Ar-C), 125.0 (Ar-C), 126.2
(Ar-C), 128.6 (Ar-C), 130.5 (Ar-C), 131.8 (C-6), 141.1 (C-5), 146.5
(C-7), 147.7 (C-8a), 150.4 (C-OH), 168.3 (C=Opyrimidinc), 186.2
(C=S). Mass spectrum (m/z, I %): 299 (M"; 100), 285 (41), 271
(26), 227 (42), 214 (19), 193 (36), 164 (25), 148 (19), 132 (17), 117
(21), 108 (79), 93 (62), 77 (34), 65 (17). Anal. Caled for
C15H,3N;0,S (299.35): C, 60.18; H, 4.38; N, 14.04; S, 10.71%.
Found: C, 60.03; H, 4.35; N, 13.86; S, 10.55%.

2.1.5.1 7-(2-Hydroxy-5-methylphenyl)-1,3,5-trimethylpyrido
[2,3-d]pyrimidine-2,4(1H,3H)-dione (9). A mixture of 2,6-di-
methylchromone (1) (0.35 g, 2 mmol) and 6-amino-1,3-di-
methylpyrimidine-2,4(1H,3H)-dione (0.31 g, 2 mmol) in sodium
ethoxide (prepared by adding 0.2 g sodium in 15 mL absolute
ethanol) was heated under reflux for 2 h. After cooling, the
reaction mixture was poured onto crushed ice (50 g) and
neutralized with conc. HCL. The solid obtained filtered and
crystallized from DMF/H,0, mp > 300 °C, yield (0.44 g, 71%). IR
(KBr, cm ™ "): 3415 (OH), 3036 (CHarom), 2963, 2934 (CHaiipn),
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1682, 1663 (2C=Opyrimidine); 1617 (C=N), 1586 (C=C). 'H-NMR
(DMSO-ds, 6, 300 MHz): 2.20 (s, 3H, CHs), 2.35 (s, 3H, CH3), 3.26
(s, 3H, NCHa), 3.52 (s, 3H, NCH;), 7.53 (d, 1H, Ar-H, J = 8.1 Hz),
7.73 (d, 1H, Ar-H, J = 8.1 Hz), 7.91 (s, 1H, Ar-H), 8.43 (s, 1H, H-
3pyridine), 11.54 (bs, 1H, OH exchangeable with D,0). "*C-NMR
(DMSO-ds, 6, 75 MHz): 16.2 (CHj3), 20.8 (CHj3), 28.4 (NCH3),
30.1 (NCH3), 109.3 (C-4a), 122.4 (Ar-C), 124.2 (Ar-C), 126.5 (Ar-
C), 129.8 (Ar-C), 130.9 (Ar-C), 132.5 (C-6), 140.8 (C-5), 146.3 (C-
7), 147.4 (C-8a), 150.9 (C-OH), 167.6, 170.3 (2C=Opyrimidine)-
Mass spectrum (m/z, I %): 311 (M'; 100), 283 (60), 269 (41), 241
(28), 226 (33), 205 (29), 177 (53), 150 (21), 121 (34), 108 (17), 94
(51), 77 (52), 64 (21). Anal. Caled for C;;H,,N;05 (311.34): C,
65.58; H, 5.50; N, 13.50%. Found: C, 65.52; H, 5.43; N, 13.39%.

2.2. Computational details

Density functional theory (DFT) calculations were performed to
obtain reliable insights into the structural and electronic
properties of the synthesized compounds. All calculations were
carried out using the B3LYP functional in combination with the
6-311++G(d,p) basis set as implemented in GAUSSIAN 09W,
a  well-established package for quantum chemical
simulations.””* Geometry optimizations were conducted
without imposing symmetry constraints, and the resulting
structures were confirmed as true minima by the absence of
imaginary frequencies. Molecular visualization and analysis
were performed using GaussView 5.0.%>*

A series of quantum-chemical descriptors were investigated,
including optimized geometries, molecular electrostatic
potential (MEP) maps, and frontier molecular orbital (HOMO-
LUMO) energies. In addition, vibrational frequency calculations
were carried out to support experimental IR spectra. *H and **C
NMR chemical shifts were predicted using the GIAO approach
with the same basis set, and the computed values were
compared with the corresponding experimental data to verify
structural assignments.*” Furthermore, key nonlinear-optical
(NLO) parameters, such as dipole moment, polarizability, and
first hyperpolarizability, were evaluated to provide deeper
insight into the electronic characteristics of the molecules.

2.3. Biological evaluation

2.3.1. Antitumor assay. The in vitro antitumor activity of
the synthesized compounds was evaluated against the HepG2
human liver carcinoma cell line following previously reported
methods for assessing cell viability and morphological
alterations.**™** Cells were incubated with the test compounds at
the designated concentrations, and their effects on cell growth
and viability were quantified.

2.3.2. ADME analysis. Computational ADME profiling was
performed using the SwissADME web tool to predict physico-
chemical properties, pharmacokinetic behavior, and drug-
likeness parameters of the synthesized molecules.***” The
analysis included Lipinski's rule assessment and relevant
gastrointestinal absorption and bioavailability predictions.

2.3.3. Molecular docking. Molecular docking studies were
carried out using AutoDock Vina* to elucidate the binding
interactions of the compounds with cyclin-dependent kinase 1

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(CDK1; PDB ID: 4Y72).***' The three-dimensional protein
structure was retrieved from the Protein Data Bank. Prior to
docking, the protein was prepared by removing water molecules
and co-crystallized ligands, followed by the addition of polar
hydrogens and Kollman charges.**** Ligand structures were
drawn using ChemDraw, energy-minimized, and converted into
PDBQT format. Docking simulations were performed within
a grid box centered at coordinates: X = 29.448, Y = —71.386, Z =
183.030, with dimensions: 9.082 x 10.712 x 15.855 A. Binding
affinity values were recorded as docking scores (kcal mol™%),
and protein-ligand interactions were analyzed to identify key
residues involved in binding.*>*¢

3. Results and discussion

3.1. Characterization of the synthesized compounds

The present study aimed to investigate the reactivity of 2,6-di-
methylchromone (1) with selected heterocyclic hydrazines and
cyclic enamines, and to identify the resulting products using
comprehensive spectroscopic and computational analyses.
Hence, reaction of substrate 1 with 7-chloro-4-
hydrazinylquinoline (2)*” in sodium ethoxide solution, affor-
ded quinolinylpyrazole derivative 4; in 73% yield (Scheme 1).
The reaction proceeds through a nucleophilic attack at the C-2
position of the chromone ring, followed by vy-pyrone ring
opening to generate intermediate A, which subsequently
undergoes cyclization to afford the pyrazole moiety. Similarly,
triazinylpyrazole 5 was synthesized from reaction of compound
1 with 3-hydrazinyl-5,6-diphenyl-1,2,4-triazine (3)* (Scheme 1).
The mass spectra of quinolinylpyrazole 4 and triazinylpyrrazole
5 presented the molecular formula weights at m/z 349 and 419,
supporting the proposed molecular formulae C,,H;,CIN;0 and
C,6H,1N50, respectively. The IR spectra of pyrazoles 4 and 5
showed typical absorption bands assigned to C=N at v 1613
and 1608 cm™ ", respectively. The pyrazole ring proton was seen
as specific singlet in the "H-NMR spectra for compounds 4 and 5

N cl —
z cl
X
o)
H,C _NH
| /\/HzN )
—_—
0”7) ~CcH, EtOH/EtONa H,C
1 73%
NH
HNT 2 Ph L
)\ Ph
N N - N
l!l l N\\ /
N N .
N——
\
X/ —CH,
EtOH/EtONa
69%

Scheme 1 Formation of pyrazole derivatives 4 and 5.
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at 6 8.17 and 8.29, respectively. The spectrum of compound 4
presented two definite doublets due to H-3quinoline and
H-2quinoline at 0 8.02 and 8.52, respectively.

On the other hand, reaction of compound 1 with 5-amino-3-
methyl-1H-pyrazole in sodium ethoxide under reflux afforded
pyrazolo[3,4-b]pyridine 6 (Scheme 2).** This reaction occurs
through y-pyrone ring opening by the activated C-4pyrrazole
(intermediate B) with concomitant cyclization via intermediate
C to produce the final product 6 (Scheme 2). In the same
manner, boiling compound 1 with 6-aminopyrimidine-
2,4(1H,3H)-dione in sodium ethoxide yielded pyrido[2,3-d]
pyrimidine 7 (Scheme 2).*” The mass spectra of compound 6
and 7 displayed the parent ion peaks at m/z 253 and 283; sup-
porting the proposed molecular formulas C;5H;5N;O0 and
C,5H43N303, respectively. The 'H NMR spectrum of compound
6 recorded three upfield singlet signals assigned to three methyl
groups at 6 2.11, 2.27 and 2.40, as well as singlet signal due to H-
3pyridine at 0 8.27. The spectrum also displayed D,O exchange-
able signal at 6 10.82 (OH) and 11.13 (NH). The "H NMR spec-
trum of compound 7 recorded two upfield singlet signals
assigned to two methyl groups at 6 2.24 and 2.38, in addition to
characteristic singlet due to H-3pydgine at 6 8.13. D,O
exchangeable signals were observed at ¢ 10.78 (OH) and 11.40
(2NH). The C-NMR spectrum of compound 7 displayed
specific signals at ¢ 17.6 (CHj3), 21.3 (CH3), 151.2 (C-OH), 166.0
and 169.1 (2C=Opyrimidine)-

Further, treatment of substrate 1 with 6-aminothiouracil and
1,3-dimethyl-6-aminouracil, in boiling ethanol containing
sodium ethoxide, furnished the novel pyrido[2,3-d]pyrimidines
8 and 9, respectively. Structures 8 and 9 were supported by the
mass spectra which presented the parent ion peaks, as the base
peaks, at m/z 299 and 311. Singlet signals attributed to
H-3pyridine Were seen in the "H NMR spectra of compounds 8 and
9 at 6 8.28 and 8.43, respectively. The 2NCH; protons in
compound 9 were observed at § 3.26 and 3.52 (Scheme 3).

N
N
= N=
HN_ /
0 NH
; D) HO_ N—N
¥Z \
CH, H,C D CH,
OH a oH
A
4
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Scheme 2 Reaction of compound 1 with 5-amino-3-methyl-1H-pyrazole and 6-aminouracil.
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Scheme 3 Formation of pyrido[2,3-d]pyrimidines 8 and 9.
3.2. Theoretical studies A = —FELumo (2)
3.2.1. Frontier molecular orbital energies and chemical pi Enomo + ELumo 3)
reactivity. Based on the Frontier Molecular Orbital (FMO) 2
theory, molecular interactions are primarily governed by the
highest occupied molecular orbital (HOMO) and the lowest n= Erumo — Eriomo (4)
unoccupied molecular orbital (LUMO).**** The optimized 2
molecular structures and corresponding HOMO and LUMO 1
energy levels are shown in Fig. 1, S1 and S2. S= p (5)
Additionally, various molecular properties, including chem-
ical potential (Pi), electronegativity (x), chemical hardness (7), _ Evumo + Enomo ©)
softness (S), electrophilicity (w), nucleophilicity (¢), and X = 2
maximum additional electronic charge (AN), were calculated
using DFT at the B3LYP/6-311++G(d,p) level, as outlined in the vz 2 )
following equations:*% 2

I = —Enomo (1)
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£33,

Optimized Structures

Erumo = -1.444

Enomo=-6.226

Enomo= -5.851

Enomo= -5.894

Fig. 1 Molecular modeling and the electron density of HOMO and LUMO of compounds 4-6.

Table 1 Calculated chemical reactivity descriptors of compounds 1 and 4-9

Compound no. Er (au)

HOMO (au) LUMO (au) E (HOMO) E (LUMO) I (eV) A (eV) AE (eV) x (eV) Pi (eV)< n (eV) S (eV ') w (eV) ¢ (eV ') AN

1 —575.81 —0.245 —0.065 —6.655 —1.761
4 —1471.71 —0.229 —0.077 —6.226 —2.094
5 —1352.68 —0.215 —0.085 —5.851 —2.317
6 —820.32 —0.217 —0.053 —5.894 —1.444
7 —969.69 —0.224 —0.087 —6.096 —2.365
8 —1292.65 —0.228 —0.093 —6.192 —2.535
9 —1048.33 —0.221 —0.082 —5.998 —2.229
1

e= — 8

- ®

AN =-E (9)

n

Table 1 summarizes the calculated frontier molecular orbital
(FMO) parameters for the synthesized compounds The HOMO
energy (Enomo) indicates a molecule's ability to donate elec-
trons and is correlated with its ionization potential, while the
LUMO energy (Epumo) reflects its electron-accepting capacity
and is directly related to electron affinity.** The HOMO-LUMO

© 2026 The Author(s). Published by the Royal Society of Chemistry

6.655 1.761 4.894 4.208 —4.208 2.447 0.409 3.618 0.276 1.720
6.226 2.094 4.132 4.160 —4.160 2.066 0.484 4.188 0.239 2.013
5.851 2.317 3.534 4.084 —4.084 1.767 0.566 4.721 0.212  2.312
5.894 1.444 4.450 3.669 —3.669 2.225 0.449 3.025 0.331 1.649
6.096 2.365 3.731 4.230 —4.230 1.865 0.536 4.796 0.208 2.268
6.192 2.535 3.657 4.363 —4.363 1.828 0.547 5.207 0.192 2.386
5.998 2.229 3.768 4.113 —4.113 1.884 0.531 4.490 0.223 2.183

energy gap is a key factor influencing a molecule's kinetic
stability and chemical reactivity.””*®* Where, a smaller frontier
orbital gap typically indicates higher chemical reactivity and
lower kinetic stability, as less energy is needed to promote an
electron from the HOMO to the LUMO.”® The energy gap (AE)
for all compounds was found to range between 3.534 and
4.894 eV.

Furthermore, a reduced HOMO-LUMO separation is typi-
cally associated with enhanced molecular softness and higher
polarizability,® whereas larger energy gaps correspond to
increased hardness and greater thermodynamic stability. In
agreement with this principle, compound 5 shows the highest

RSC Adv, 2026, 16, 177114-17136 | 17119
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Fig. 2 A graphical representation of the global reactivity indices.

softness (S = 0.566 eV ), while compound 1 demonstrates the
maximum hardness (7 = 2.447 €eV), reflecting its greater resis-
tance toward electronic deformation.

Additionally, the chemical potential (Pi) reflects the tendency
of an electron to escape from a chemical system,* whereas
electronegativity (x) quantifies a molecule's affinity for
acquiring electrons.®* The calculated chemical potential values
for the investigated compounds range from -—3.669 to
—4.363 eV (Table 1), indicating limited propensity for electron
loss and a favorable tendency toward electron acceptance.
Notably, compound 8 exhibits the highest electronegativity (x =
4.363 eV), identifying it as the most efficient electron-accepting
species in the series.

Further, the electrophilicity index (w), introduced by Parr
et al.,”* quantifies the energy stabilization upon accepting
additional charge (AN). It servs as a measure of a molecule's
electrophilic character.®® High values of w and AN suggest
strong electrophilic behavior; thus, compound 8 (w = 5.207 eV,
AN = 2.386) stands out as the most electrophilic and electro-
negative. Conversely, strong nucleophiles are characterized by
low electrophilicity (w) and high nucleophilicity (¢), making
compound 6 (¢ = 0.331 eV~ ') the most nucleophilic among the
current compounds. Fig. 2 represents a summary of the global
reactivity indices for the present compounds 1 and 4-9.

3.2.2. Molecular electrostatic potential (MEP). To assess
the relative polarity and charge distribution of the compounds,
the molecular electrostatic potential (MEP) was employed to
visualize the neutral, positive, and negative electrostatic
domains. The resulting color-mapped MEP plots highlight sites
susceptible to electrophilic and nucleophilic attack, thereby
providing insight into potential reactive centers. In the three-
dimensional MEP surface representation, blue regions corre-
spond to areas of positive electrostatic potential, indicating
electrophilic sites, whereas red regions denote negative elec-
trostatic potential, reflecting nucleophilic domains.** Green

17120 | RSC Adv, 2026, 16, 17114-17136
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areas indicate regions of near-zero potential, typically consid-
ered electrostatically neutral. The electrostatic potential values
across the surface generally follow the increasing order: red <
orange < yellow < green < blue.®**®

As illustrated in Fig. 3, S3 and S4, the blue regions are
predominantly localized around hydrogen atoms, particularly
those attached to oxygen and nitrogen atoms, as well as certain
carbon atoms influenced by the electron withdrawing inductive
or mesomeric effects of adjacent oxygen or nitrogen atoms—
highlighting electrophilic sites. In contrast, the red regions are
primarily distributed around electronegative oxygen and
nitrogen atoms, along with carbon atoms affected by the
electron-donating hydroxyl group on the benzene ring in the
product after ring opening—indicating nucleophilic centers.

3.2.3. FT-IR vibrational analysis. In order to gain deeper
insight into the vibrational characteristics of the synthesized
compounds 4-9, infrared (IR) spectroscopic analysis was carried
out. Density Functional Theory (DFT) is a well-established
computational method for forecasting IR spectra with high
accuracy. Consequently, the IR spectra of compounds 4-9 were
theoretically calculated using the B3LYP functional combined
with the 6-311++G(d,p) basis set.”” The experimental and
computed IR spectra are presented in Fig. S12, S16, S20, S24,
S28, and S32, while Table 2 and 3 summarize the experimentally
and theoretically computed IR wavenumbers.

General features were observed in the IR spectra of the
synthesized compounds 4-9. The phenolic O-H stretching
vibrations (vO-H) appeared experimentally in the range 3328-
3420 ecm !, while the corresponding calculated values were
found at 3379-3456 cm™'. Additionally, the N-H stretching
vibrations (vN-H) were recorded experimentally in the range
3149-3234 cm™ ', with the calculated wavenumbers appearing at
3181-3272 cm™ ', The aromatic C-H stretching vibrations (vC-
H) were observed experimentally at 3036-3065 cm ™', whereas
the computed values ranged from 3067-3108 cm™". Similarly,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Experimental and theoretical frequencies and corresponding vibrational assignments of the studied compounds 4-6 at the B3LYP/6-

311++G (d.p)

Compound 4 Compound 5 Compound 6

Vexp (cm™) Uthe (em™?) Assignment Vexp (em™) Uthe (cm™1) Assignment Vexp (cm™) Uthe (cm ™) Assignment
3328 3379 OH 3346 3397 OH 3424 3444 OH

3058 3096 CHarom 2937 2992 CHaiiph 3218 3272, 3256 2NH

2945 3024 CHaliph 1608 1624 C=N 2918 3016 CHaliph
1613 1616 C=N 1585 1590 C=C 1616 1624 C=N

1575 1595 C=C 1566 1600 C=C

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Experimental and theoretical frequencies and corresponding vibrational assignments of the studied compounds 7-9 at the B3LYP/6-
311++G (d,p)

Compound 7 Compound 8 Compound 9
Vexp (€m™) U (cm™")  Assignment Vexp (em™)  vgme (cm™")  Assignment Vexp (6m™)  veme (cm™")  Assignment
3409 3430 OH 3420 3456 OH 3415 3428 OH
3149 3205, 3181 2NH 3234, 3198 3260, 3192 2NH 3036 3108 CHarom
3051 3067 CHarom 3065 3096 CH.rom 2963,2934  3044,2980  CHgipn
2977 3010 CHaliph 2975,2949  3016,2992  CHaipn 1682,1663 1700, 1676  2C = Opyrimidine
1685 1705, 1690  2C = Opyrimidine 1667 1696, 1680  2C = Opyrimidine 1617 1620 C=N
1620 1624 C=N 1615 1620 C=N 1586 1598 C=C
1590 1609 C=C 1593 1600 C=C
1252 1264 C=S

Table 4 Calculated and experimental *H NMR chemical shifts of compounds 4—5 on B3LYP/6-311++G(d,p) basis set

Compound 4 Compound 5

Atoms (theoretical) Atoms (experimental) Calculated Experimental Atoms (theoretical) Atoms (experimental) Calculated Experimental

33-H CH, 1.312539  2.15 19-H CH, 1.614114  2.18
34-H CH, 2.016742  2.15 21-H CH, 2.291107  2.18
35-H CH, 2.083407  2.15 20-H CH, 2.292911  2.18
39-H CH, 2.294007  2.31 25-H CH, 2.355586  2.30
38-H CH, 2437161  2.31 23-H CH, 2.458817  2.30
37-H CH, 2.485912  2.31 24-H CH, 2.463472  2.30
31-H Ar-H 7121756 6.92 17-H Ar-H 7174151  7.04
30-H Ar-H 7.306446  7.09 15-H Ar-H 6.847266  7.16
25-H Ar-H 7.605370  7.24 49-H Ar-H 7.267616  7.17
21-H Ar-H 7.646732  7.44 41-H Ar-H 7.331977  7.18
29-H Ar-H 7.733079  7.69 52-H Ar-H 7.351159  7.19
26-H Ar-H 8.011164  7.78 38-H Ar-H 7.386973  7.20
19-H H-3quinoline 8.080045  8.02 16-H Ar-H 7.414939  7.36
41-H H-4pyrrazole 8.200833  8.17 53-H Ar-H 7.650476  7.37
23-H H-2quinoline 8.780292  8.52 42-H Ar-H 7.720835  7.38
40-H OH 10.67650  10.76 51-H Ar-H 7.774681  7.39
40-H Ar-H 7.839250  7.41
47-H Ar-H 8.065967  7.56
36-H Ar-H 8.121905  7.84
27-H H-4pyrrazole 8.607195  8.29
26-H OH 11.36753  10.96

17122 | RSC Adv, 2026, 16, 17114-17136 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Calculated and experimental *H NMR chemical shifts of compounds 6—7 on B3LYP/6-311++G(d,p) basis set

Compound 6

Compound 7

Atoms (theoretical) Atoms (experimental) Calculated Experimental Atoms (theoretical) Atoms (experimental) Calculated Experimental
29-H CH3 2.138881 2.11 28-H CH; 1.990108 2.24
27-H CH3 2.142194 2.11 27-H CH; 2.435136 2.24
28-H CH3 2.458724 2.11 29-H CH; 2.435368 2.24
19-H CH3 2.566401 2.27 33-H CH;3 2.255059 2.38
20-H CH3 2.568626 2.27 32-H CH; 2.937239 2.38
21-H CH3 2.585603 2.27 31-H CH,3 2.937305 2.38
34-H CH3 2.153130 2.40 23-H Ar-H 7.009666 7.08
32-H CH3 2.785887 2.40 24-H Ar-H 7.456872 7.44
33-H CH3 2.837816 2.40 25-H Ar-H 7.935175 7.74
25-H Ar-H 6.946737  7.19 34-H H-3pyridine 8.267729  8.13
24-H Ar-H 7.068655 7.44 22-H OH 10.90081 10.78
23-H Ar-H 7.821711 7.72 21-H NH 11.86255 11.4
30-H H-3pyridine 8.037436 8.27 14-H NH 11.91355 11.4
22-H OH 11.11657 10.82

14-H NH 11.83394 11.13

the aliphatic C-H stretching vibrations were detected experi-
mentally in the range 2918-2977 cm™ ', while the corresponding
calculated values were located at 2980-3044 cm ™.

Moreover, the azomethine C=N stretching vibrations (vC=
N) were observed experimentally in the range 1608-1620 cm ™,
showing good agreement with the calculated values of 1616~
1624 cm ™~ '. The absorption bands attributed to C=C stretching
vibrations (¥C=C) were recorded experimentally at 1566-
1693 cm ™', while the computed values were found in the range
1590-1609 cm ™. For compounds 7-9, the carbonyl stretching
vibrations of the pyrimidine moiety (vC=O0) were experimen-
tally observed at 1663-1685 cm ', with the corresponding
calculated values ranging from 1676-1705 cm™ ', Furthermore,
the C=S stretching vibration (vC=S) of the pyrimidine moiety

in compound 8 was detected experimentally at 1252 cm™ ", in

good agreement with the calculated value of 1264 cm ™.

To evaluate the agreement between experimentally observed
and theoretically calculated wavenumbers of the functional
groups, correlation graphs are presented in Fig. S5-S7. These
graphs exhibit a high correlation coefficient (R* = 0.99), indi-
cating excellent agreement between experimental and theoret-
ical values, and confirming the reliability of the computational
prediction technique.

3.2.4. 'H NMR and **C NMR spectroscopy. Recently, the
computed prediction of 'H and *C NMR chemical shifts has

© 2026 The Author(s). Published by the Royal Society of Chemistry

gained significant attention as a reliable approach for con-
firming the structural and functional features of newly synthe-
sized compounds.®® Among various computational methods,
the gauge-including atomic orbital (GIAO) approach remains
the most widely used DFT-based technique for accurate NMR
shift calculations.* In this study, the "H and "*C NMR chemical
shifts were calculated using the GIAO method at the B3LYP/6-
311++G(d,p) level of theory, as implemented in Gaussian 09.
The computed chemical shifts were then compared with
experimental values recorded in deuterated DMSO, using
tetramethylsilane (TMS) as the reference standard. The
comparative data for "H NMR chemical shifts are summarized
in Tables 4-6, while both experimental and theoretical "H NMR
spectra for compounds 4-9 are illustrated in Fig. S13, S17, S21,
S25, $29, and S33.

For the synthesized compounds 4-9, the methyl protons
attached to the benzene rings appeared in the experimental *H
NMR spectra at chemical shifts (6) ranging from 2.11 to
2.28 ppm, which showed good agreement with the computed
values of ¢ 1.31-2.46 ppm. Similarly, the CH; pyrazole in
compounds 4-6 were observed experimentally at 6 2.27-
2.31 ppm, with corresponding calculated values between ¢ 2.29
and 2.56 ppm. The CH; group on the pyridine ring in
compounds 6-9 exhibited experimental signals at § 2.35-
2.40 ppm, which closely matching the calculated range of

RSC Adv, 2026, 16, 1711417136 | 17123
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Table 6 Calculated and experimental *H NMR chemical shifts of compounds 8—9 on B3LYP/6-311++G(d,p) basis set

Compound 8

Compound 9

o
1 3

Atoms (theoretical) Atoms (experimental) Calculated Experimental Atoms (theoretical) Atoms (experimental) Calculated Experimental
27-H CH; 1.97523 2.28 26-H CH; 2.003243 2.20
28-H CHj; 2.423421 2.28 31-H CHj; 2.291672 2.35
26-H CH; 2.423452 2.28 27-H CH; 2.449094 2.20
32-H CH; 2.291102 2.40 25-H CHj; 2.449112 2.20
30-H CH; 2.914005 2.40 35-H NCH; 2.920509 3.26
31-H CHj; 2.914115 2.40 34-H NCH; 2.927599 3.26
22-H Ar-H 7.019014 7.43 30-H CH; 3.009217 2.35
23-H Ar-H 7.462446 7.62 29-H CHj; 3.009511 2.35
24-H Ar-H 7.931906 7.86 38-H NCH; 3.055131 3.52
33-H H-3 pyridine 8.588581  8.28 39-H NCH, 3.05569 3.52
21-H OH 10.62159 11.09 36-H NCHj; 4.280042 3.26
20-H NH 11.08248 11.33 40-H NCH; 4.636198 3.52
14-H NH 11.23007 11.33 21-H Ar-H 7.042978 7.53
22-H Ar-H 7.461108 7.73
23-H Ar-H 7.964887 7.91
32-H H-3pyridine 8.717135  8.43
20-H OH 10.93315 11.54

0 2.26-3.01 ppm. Furthermore, the two methyl groups on the
pyrimidine moiety in compound 9 were observed at ¢ 3.26 and
3.52 ppm, which presented good agreement with the computed
values ranged between ¢ 2.92-4.28 and 3.06-4.64 ppm,
respectively.

Notably, in the experimental "H NMR spectra, each methyl
group appeared as a singlet, indicating that the three protons
occupy equivalent magnetic environments. Meanwhile, the
theoretical spectra predicted three separate signals for each
methyl group. This discrepancy likely arises from the distinct
spatial orientations of the methyl protons, which result in
varied local chemical environments and differences in electron
density distribution. These findings are further supported by
the molecular electrostatic potential (MEP) maps (Fig. 3 and S3—
S4), which reveal variable electron densities surrounding the
methyl protons. As a result, each proton is subject to a slightly
different magnetic field, accounting for the observed splitting in
the computed spectra.

Furthermore, the aromatic (benzo) protons appeared in their
characteristic region in the experimental spectra, between
0 6.92 and 7.91 ppm. These signals showed excellent agreement
with the theoretically predicted chemical shifts, which ranged
from 6 6.84 to 8.12 ppm.

17124 | RSC Adv, 2026, 16, 17114-17136

In the "H NMR spectra of compounds 4 and 5, the H-4 proton
of the pyrazole ring was experimentally observed at 6 8.17 and
8.29 ppm, which corresponding theoretical values at ¢ 8.20 and
8.61 ppm, respectively. For compounds 6-9, the H-3 proton of
the pyridine moiety appeared in the experimental range of
0 8.13-8.43 ppm, which closely matched the computed range of
6 8.04-8.72 ppm. Additionally, the hydroxyl (OH) protons were
recorded in the experimental spectra at ¢ 10.76-11.54 ppm,
showing good agreement with the calculated chemical shifts
ranging from ¢ 10.62 to 11.37 ppm.

The *C NMR spectra of compounds 6-9 are presented in
Fig. S14, S18, S22, S26, S30 and S34. The experimental and
theoretical chemical shift values (6, ppm) for these compounds
are summarized in Tables 7-9.

The methyl carbons attached to the benzene ring in
compounds 6-9 were observed experimentally in the range of
0 16.2-17.6 ppm, while the corresponding computed values
ranged from § 16.3 to 20.8 ppm. For the methyl groups on the
pyridine rings, experimental chemical shifts appeared between
0 20.8 and 22.6 ppm, closely matching the calculated range of
0 20.9-25.0 ppm. In compound 6, the methyl carbon on the
pyrazole ring was recorded experimentally at 6 17.5 ppm, which
agrees well with the computed value of ¢ 20.8 ppm. The

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Calculated and experimental **C NMR chemical shifts of compounds 4—5 on B3LYP/6-311++G(d,p) basis set

Compound 4

Compound 5

Atoms (theoretical) Atoms (experimental) Calculated Experimental Atoms (theoretical) Atoms (experimental) Calculated Experimental
36-C CH,3 16.04123 18.5 22-C CH;,3 16.37035 17.8
32-C CH,3 20.03835 22.1 18-C CH,3 20.36041 22.3
8-C C-4pyrazole 109.601 103.2 8-C C-4pyrazole 115.0985  104.1
15-C C-3quinoline 118.3876  117.5 5-C Ar-C 122.7267 1214
5-C Ar-C 120.4593 120.9 3-C Ar-C 126.7115 124.1
3-C Ar-C 122.7618 123.6 37-C Ar-C 127.4954 124.6
14-C Ar-C 127.1452 124.7 48-C Ar-C 128.7039 125.2
16-C Ar-C 128.5288 125.2 46-C Ar-C 128.8355 125.7
20-C Ar-C 129.8325 125.8 35-C Ar-C 129.1542 126.2
22-C Ar-C 130.6145 127.6 44-C Ar-C 129.869 126.7
2-C Ar-C 131.3425 128.4 2-C Ar-C 130.0925 1271
1-C Ar-C 132.7052 129.1 50-C Ar-C 130.9401 127.5
6-C Ar-C 132.7319 130.5 1-C Ar-C 131.4779 127.9
24-C Ar-C 135.6543 133.4 45-C Ar-C 132.597 128.3
13-C Ar-C 136.2726 134.7 34-C Ar-C 133.0551 128.6
11-C C-3pyrazole 143.3956 142 6-C Ar-C 134.3273  129.2
18-C C-2quinoline 144.9399  143.5 33-C Ar-C 134.9496  129.5
17-C C-82 quinoline 146.6616  144.3 39-C Ar-C 135.4928  130.1
7-C C-5 pyrazole 147.2444  145.9 32-C Ar-C 136.0035  130.5
4-C C-OH 155.364 151.7 43-C Ar-C 136.9156 131.9
11-C C-3 pyrazole 142.8217  141.4
14-C C-61ringine 145.2531  142.7
30-C C-5 triagine 145.3566  142.2
13-C C-3riazine 146.7012  143.8
7-C C-5pyrazole 146.8773  144.1
4-C C-OH 154.665 150.8

relatively higher ¢ values of the methyl group on the pyridine
ring compared to other methyl groups may be attributed to its
attachment at the C-4 position of the pyridine moiety. This
position is more deshielded due to the electron-withdrawing
effect of the nitrogen atom, resulting in a downfield shift
(higher 6 value) and hence experiencing a lower magnetic field
relative to other methyl groups. This was further supported by
the relatively high 6 value of C-4yiqine as compared with other
benzo carbons, where the experimental ¢ values ranged between
0 140.0-141.2 ppm which matched with the calculated values at
6 140.7-143.6 ppm.

© 2026 The Author(s). Published by the Royal Society of Chemistry

The experimental 6 values for the C-OH carbons were
observed in the range of 150.4-151.4 ppm, while the corre-
sponding computed values ranged from ¢ 151.8 to 158.9 ppm.
The relatively high chemical shifts of these carbons can be
attributed to the deshielding effect induced by the electron-
withdrawing inductive influence of the adjacent hydroxyl atom.

Furthermore, for compounds 7-9, the experimental ¢ values
for the C-8a carbon were recorded in the range of 147.3-
147.7 ppm, which are in good agreement with the computed
values of 149.0-149.6 ppm. The relatively high chemical shifts
can be attributed to deshielding effects arising from both
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Table 8 Calculated and experimental **C NMR chemical shifts of compounds 6 and 7 on B3LYP/6-311++Gl(d,p) basis set

Compound 6

Compound 7

Atoms (theoretical) Atoms (experimental) Calculated Experimental Atoms (theoretical) Atoms (experimental) Calculated Experimental
18-C CH;3 16.2857 16.7 26-C CH,3 20.79757 17.6
31-C CH; 20.7996 17.5 30-C CH; 24.20442 21.3
26-C CH,3 20.8586 22.6 13-C C-4a 108.7055 109.5
13-C C-3a 115.0560 107.1 3-C Ar-C 118.7887 121.3
5-C Ar-C 121.5214 122.0 1-C Ar-C 121.8902 124.9
3-C Ar-C 123.3304 124.3 4-C Ar-C 130.7422 126.8
6-C Ar-C 127.4543 126.1 5-C Ar-C 132.6759 129.7
1-C Ar-C 129.2197 128.3 6-C Ar-C 133.2412 130.3
2-C Ar-C 130.5930 130.4 8-C C-6 135.3256 132.3
8-C C-5 131.3823 132.3 10-C C-5 140.8247 141.2
10-C C-4 142.1141 140.0 7-C C-7 144.7709 146.0
17-C C-3 144.8144 142.3 11-C C-8a 149.0900 147.3
7-C C-6 145.7319 144.7 2-C C-OH 152.6519 151.2
11-C C-7a 150.8757  148.3 17-C C=Opyrimidine 165.5737  166.0
4-C C-OH 158.9102  151.4 18-C C=Opyrimidine 170.9304  169.1

mesomeric and inductive influences of the adjacent nitrogen
atoms.

The experimental ¢ values for the C=Opyimidine Of
compounds 7-9 were recorded in the range of 166.0-170.3 ppm,
which correspond well with the calculated values ranging from
164.0 to 169.7 ppm. Additionally, the chemical shift for the C=S
group was observed experimentally at ¢ 186.2 ppm, closely
matching the computed value of ¢ 180.0 ppm.

Finally, the chemical shift values for the remaining carbon
atoms in the experimental spectra show good agreement with
the corresponding values in the computed spectra, as presented
in Tables 7-9.

Based on the above results, the observed chemical shift
values showed excellent correlation with the calculated values,
with correlation coefficients (R*) ranging from 0.98 to 0.99, as
illustrated in Fig. 4, 5 and S8-S11.

3.2.5. Nonlinear optical effects (NLO). Nonlinear optical
(NLO) responses have attracted considerable interest due to
their importance in advanced photonic applications, including
optical switching, modulation, memory devices, and signal-
processing technologies. To evaluate NLO performance theo-
retically, density functional theory (DFT)
commonly employed, particularly those utilizing the 6-
311++G(d,p) basis set for organic chromophores.””* In the
present study, NLO parameters were computed at the B3LYP/6-

methods are

17126 | RSC Adv, 2026, 16, 177114-17136

311++G(d,p) level, including the dipole moment (u), average
polarizability ((«)), polarizability anisotropy (A«), and total first-
order hyperpolarizability (B.,). These values were obtained
using the corresponding x, y, and z tensor components and
calculated according to the established equations reported in
the literature.”

1/2 (10)

(11)

Aa = (2)_0.5[(05)0; - ayy)z + (ayy - az:)z + (azz - axx)z + 6(ay:)2

2 2 2
po= (s + "+ o)

o= (a.xx + Ay + a:z)/3

+ 6(y)” + ()] (12)
ﬁlol = [(5)(,\')( + ﬁ.\'yy + ﬂx::)z + (6yyy + ﬂyzz + ﬁyxx)z

 (Bozz + Bove + B2y) T (13)

Elevated dipole moment, polarizability, and hyper-

polarizability values are generally associated with enhanced
nonlinear optical (NLO) performance. The calculated parame-
ters for the investigated compounds, which reflect their
potential NLO activity, are summarized in Table 10. According
to the results, the dipole moments (1) ranged from 2.861 to
5.471 D, while the polarizability («) values fell within 1.710 x
107>% to 2.569 x 10>, Additionally, all the molecules exhibit
total hyperpolarizability (G.,) values that are 1.28 to 5 times

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 9 Calculated and experimental **C NMR chemical shifts of compounds 8—9 on B3LYP/6-311++G(d,p) basis set

Compound 8

Compound 9

Atoms (theoretical) Atoms (experimental) Calculated Experimental Atoms (theoretical) Atoms (experimental) Calculated Experimental
25-C CH,3 20.61305 16.5 24-C CH,3 20.78461 16.2
29-C CH; 24.11115 21.3 28-C CH; 25.01277 20.8
13-C C-4a 110.5799 109.5 33-C NCH;3 29.18944 28.4
3-C Ar-C 118.5432 122.1 37-C NCH; 30.12316 30.1
1-C Ar-C 122.0142 125.0 13-C C-4a 109.6181 109.3
4-C Ar-C 128.1293 126.2 3-C Ar-C 119.2506 122.4
5-C Ar-C 130.1193 128.6 1-C Ar-C 121.7722 124.2
6-C Ar-C 131.9459 130.5 4-C Ar-C 130.6600 126.5
8-C C-6 132.0892 131.8 5-C Ar-C 131.7313 129.8
10-C C-5 140.6713 141.1 6-C Ar-C 133.9255 130.9
7-C C-7 145.4148 146.5 8-C C-6 135.8494 132.5
11-C C-8a 149.6338 147.7 10-C C-5 143.6066 140.8
2-C C-OH 151.7754 150.4 7-C C-7 146.5615 146.3
18-C C=Opyrimidine 169.7040  168.3 11-C C-8a 149.4658  147.4
17-C C=S 180.8169 186.2 2-C C-OH 153.2882 150.9
16-C C=0pyrimidine 164.0081  167.6
17-C C=Opyrimidine 165.1212  170.3

12
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Fig. 4 The correlation relationships of the experimental versus calculated *H NMR chemical shifts of compounds 4 and 5.
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Fig. 5 The correlation relationships of the experimental versus calculated **C NMR chemical shifts of compounds 4 and 5.

greater than that of urea (0.3728 x 10>° esu).” These enhanced
NLO parameters suggest that the synthesized compounds hold
strong potential for NLO-based applications.

3.3. Biological evaluation

3.3.1. Antitumor assay. Using cis-platin as a reference
compound, the newly synthesized molecules were evaluated for
their anticancer effects against HepG-2 cell lines (hepatocellular
carcinoma cell lines) through a 24-hour MTT colorimetric
assay.*®>* The results showed that all the synthesized
compounds demonstrated growth-inhibitory activity on the
tested cell line (Fig. 6).

The ICs, values of the synthesized compounds, as summa-
rized in Fig. 7 and Table 11, were compared to that of the
reference drug cis-platin. The findings revealed that all
compounds exhibited moderate to strong anticancer activity.
Notably, compound 5 showed the highest potency with an ICs,
of 6.57 uM L™ ", surpassing cis-platin (ICso = 17.86 pM L") in
effectiveness. This enhanced activity is likely due to the incor-
poration of a triazine chromophore within the pyrazole ring.

Additionally, compounds 7-9, with ICs, values of 11.30, 8.86,
and 16.54 pM, respectively, also demonstrated greater anti-
proliferative activity against HepG-2 cell lines than cis-platin. This
improved performance is likely attributed to the presence of the

pyrido[2,3-d]pyrimidine core. Additionally, the substitution of
oxygen atom in the pyrimidine ring of compound 7 with a sulfur
atom (compound 8) markedly improved the biological activity.

7.74
1004 o —A—5
] 6
7
80 > 8
© 1 9
°3‘ 60 4 cis-platin
K] 1
[}
'S 404
8 4
20 4
04

T T T T T T T T T T
0 50 100 150 200 250 300
Concentration (uM)
Fig. 6 Relation between cell viability and concentration of all

synthesized compounds on the proliferation of HepG2 cell line (cis-
platin is the standard drug).

Table 10 The dipole moment (u), mean polarizability («), anisotropy of the polarizability (Aa) and first-order hyperpolarizability (8) for

compounds 1 and 4-9

(a) Aa
Compound no. iy Uy Lotal (a) (au) (esu) x 1072*  Aa(au) (esu) x 107> B (AU)  Brotar (€5U) X 1073°
1 0.240 —4.099 0.001 4.106 115.40 1.710 133.34 19.760 55.44 0.479
4 —3.021 0.788 —1.287 3.377 152.43 2.259 21.03 3.117 101.21 0.874
5 —3.279 0.901 1.691 3.798 173.32 2.569 18.33 2.716 105.21 0.909
6 —1.782 2.374 0.298 2.983 104.13 1.543 16.06 2.381 112.43 0.971
7 —3.049 2.483 0 3.932 124.58 1.846 3.40 0.504 120.94 1.045
8 4.521 3.083 0 5.471 134.25 1.990 3.42 0.507 216.94 1.874
9 —2.225 1.799 —0.001 2.861 134.73 1.997 8.09 1.110 67.97 0.587

17128 | RSC Adv,, 2026, 16, 17114-17136
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Fig. 7 Virtual ICsq values of the target compounds and cis-platin as
a standard drug against HepG-2 cell lines.

ICsp (RM/L)

Table 11 ICsq values of the prepared compounds 4—9 against hepa-
tocellular carcinoma cells lines (HepG-2) for 24 hours

Compounds no. (HepG-2 cells) IC5o (WM L)

22.78 £ 1.07
6.57 £ 0.59

27.76 £ 1.12
11.30 £+ 0.84
8.86 £ 0.71

16.54 £+ 0.97
17.86 £ 0.93

© 0N U

Cisplatin

Moreover, compounds 4 and 6, with ICs, values of 22.78 and
27.76 uM L', respectively, displayed moderate inhibitory
effects compared to the standard drug. These findings suggest

View Article Online

RSC Advances

that certain synthesized compounds could serve as promising
candidates for the treatment of human hepatocellular
carcinoma.

Linear regression analysis was conducted using the experi-
mental inhibitory activity (ICso) as the dependent variable and
the DFT-derived global reactivity descriptors in the gas phase as
independent variables (Table 1). The key findings from this
analysis are summarized as follows:

1 The positive slope of the linear correlation equation, IC5, =
—75.37 +23.46 AE/eV (r = 0.97, n = 6), indicates that a reduction
in the energy gap (AE) of the compounds is associated with
a decrease in ICs, values. This suggests that compounds with
lower energy gaps tend to exhibit stronger anticancer activity by
requiring lower concentrations to inhibit 50% of cell viability
(Fig. 8).

2 Further, the positive slope of the correlation between ICs,
and hardness, expressed as ICs5o = —75.32 +49.90 n/eV (r = 0.97,
n = 6), indicates that lower hardness values are associated with
reduced ICs,, reflecting enhanced inhibitory activity (Fig. 8).
Conversely, an inverse relationship was observed between ICs,
and softness, as shown by the negative slope in the equation
IC50 = 112.19-186.10 S eV~ * (r = 0.90, n = 8), further supporting
that increased molecular softness contributes to stronger anti-
cancer effects (Fig. 8).

3.3.2. In silico ADME anticipation. Chemical ADME
(Absorption, Distribution, Metabolism, and Excretion) proper-
ties are vital in developing new drugs.”* ADME depends on the
balance of structural and molecular features of a compound
and helps improve drug discovery and development by reducing
the chances of failure in clinical trials. It is a common method

IC,,=-75.37 + 23.46 E
‘gap

254 R=097,n=6 25 R=0.97,n=6

204 20

IC,,

15+

IC,;=-75.32 + 49.90 hardness

IC,=112.19-186.10S
R=098,n=6
254
[¢)

204

36 38 4.0 42 44 46

T
16 17 1.8 1.9
Hardness S

T T T T T T T T T T T T
20 21 22 23 24 0.44 0.46 0.48 0.50 0.52 0.54 0.56 0.58

Fig. 8 Linear correlation between ICsq versus energy gap, hardness and softness.

Table 12 Estimations of ADME and physicochemical properties of compounds 1 and 4-9

Compound Fraction Lipinski Veber Egan Ghose
no. MW  MLOGP HBA HBD TPSA nRotB WLOGP XLOGP3 LogS Csp3 MR  violations violations violations violations
1 160.17 1.14 2 0 30.21 0 2.10 2.27 —2.88 0.10 47.45 0 0 0 0

4 349.81 3.46 3 1 50.94 2 5.06 4.86 —5.56 0.10 101.27 0 0 0 0

5 419.48 3.99 5 1 76.72 4 5.38 4.89 —5.93 0.08 125.21 0 0 0 0

6 253.30 2.41 3 2 61.80 1 3.26 3.25 —3.98 0.20 76.25 0 0 0 0

7 283.28 1.80 4 3 98.84 1 1.60 1.74 —3.19 0.13 80.38 0 0 0 0

8 299.35 1.80 3 3 113.86 1 2.97 2.34 —3.67 0.13 84.94 0 0 0 0

9 311.34 1.89 4 1 7712 1 1.62 2.11 —3.55 0.24 90.18 0 0 0 0

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 The bioavailability radars of compounds 4-6.

used to find compounds that meet specific rules for drug use. By
studying the physicochemical properties of compounds,
researchers can predict how drug-like they are and how well
they can be absorbed when taken orally, which relates to their
biological activity.”*”*

The drug-likeness of the synthesized compounds was eval-
uated using the SwissADME online tool.** Compounds that
violate more than one of the Lipinski,”® Veber,”” Egan” or
Ghose™ rules are generally considered unsuitable for oral
administration. According to Lipinski's rule of five, a compound
should have a molecular weight (MW) below 500 g mol ",
a criterion met by all compounds. Additionally, drug-like
molecules should have no more than five hydrogen bond
donors and ten hydrogen bond acceptors. The MLogP value,

which reflects lipophilicity, should also be below 5. The calcu-
lated MLogP values for the synthesized compounds range from
1.14 to 3.99, indicating acceptable lipophilic behavior.
According to Veber's rule, the number of rotatable bonds
should not exceed ten—a condition met by all the synthesized
compounds. Another important parameter is the Total Polar
Surface Area (TPSA), which influences a compound's ability to
cross biological membranes. Veber's rule recommends a TPSA
value below 140 A%, and all compounds comply with this limit.
Moreover, Egan's rule further specifies two criteria: TPSA should
be <131 A* and WLOGP (a measure of lipophilicity) should be
=5.88. Further, Ghose's rule outlines additional requirements:
molecular weight between 160 and 480, WLOGP between —0.4
and 5.6, molar refractivity between 40 and 130, and a total atom

Table 13 Various interactions between the studied compounds 5, 7, 8, with the amino acids residues of the target protein (PDB ID: 4Y72)

Compound 5 (binding energy —9.10 kcal mol %)

Compound 7 (binding energy —8.70 kcal mol™*)

Receptor Distance Interaction type Receptor Distance Interaction type
ASN133 3.05 H-bond VAL18 2.40 H-bond
GLN132 2.94 Pi-lone pair ILE10 2.71 H-bond

LYS88 3.94 Alkyl ILE10 2.18 H-bond

LYS89 4.07 Alkyl ASP86 2.50 Pi-anion
TYR15 4.96 Pi-alkyl LYS88 3.83 Alkyl

LEU135 5.41 Pi-alkyl LYS89 4.54 Alkyl

LYS88 4.67 Pi-alkyl VAL18 4.54 Pi-alkyl

LYS89 4.59 Pi-alkyl LYS89 4.69 Pi-alkyl

VAL18 4.84 Pi-alkyl

Compound 8 (binding energy —9.10 kecal mol™*)

Co-crystallized ligand (binding energy —10.60 kcal mol™*)

ASP86 2.34 Pi-anion
GLY11 3.68 Pi-sigma
ILE10 2.73 Pi-lone pair
LYS88 3.24 Alkyl

LYS89 5.11 Alkyl
TYR15 4.94 Pi-alkyl
VAL18 5.10 Pi-alkyl
ILE10 5.10 Pi-alkyl
LYS89 4.79 Pi-alkyl

17130 | RSC Adv, 2026, 16, 17114-17136

LEUS83 2.1229 H-bond
GLUS81 1.66193 H-bond
ASP146 4.75511 Pi-anion
VAL18 3.99529 Pi-sigma
LEU135 3.50724 Pi-sigma
ILE10 4.07235 Pi-alkyl
ALA31 3.38275 Pi-alkyl
VAL64 5.26978 Pi-alkyl
LEUS83 5.45921 Pi-alkyl
ALA145 5.06422 Pi-alkyl

© 2026 The Author(s). Published by the Royal Society of Chemistry
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count between 20 and 70. The relevant ADME data for all tested
compounds are summarized in Table 12.

Furthermore, the bioavailability radar offers assessment of
a molecule's drug-likeness by evaluating six key physicochem-
ical properties. The optimal range for each property is indicated
by the pink area on the radar and includes: (1) LIPO - lip-
ophilicity (XLOGP3 between —0.7 and +5.0), (2) SIZE - molec-
ular weight between 150 and 500 g mol ™", (3) POLAR - polarity,
with a total polar surface area (TPSA) between 20 and 130 A?, (4)
INSOLU - solubility, where log S should not exceed 6, (5)
INSATU - saturation, with a fraction of Csp® between 0.25 and 1,
and (6) FLEX - flexibility, defined as having no more than 9
rotatable bonds. As illustrated in Fig. 9 and S36, all evaluated
parameters for the compounds fall within the ideal range,
except for INSATU.

As a result, the studied compounds obey the above rules and
oral bioavailability radar. Therefore, the studied compounds are
orally active because they adhere to these rules with zero.
Theoretically, they would not have problems with oral
bioavailability.

3.3.3. Molecular docking. Molecular docking simulation is
a widely used tool in drug discovery and molecular biology to
predict how small molecules interact with target proteins.
Docking has been successfully applied in various studies to
explore DNA binding,* anticancer,® antibacterial,® and insec-
ticidal properties,® highlighting its usefulness in generating
hypotheses about potential biological activities. Cyclin-
dependent kinase 1 (CDK1) is a key regulator of the cell cycle
and is frequently overexpressed in several cancers.***' Small
molecules that interact with CDK1 have been explored for their
potential to modulate cell cycle progression. In this study,
molecular docking was employed to investigate the binding
affinities and possible non-covalent interactions between the
studied compounds and the CDK1 active site (PDB ID: 4Y72).%*

The docking methodology was validated by re-docking the
co-crystallized ligand, [(2,6-difluorophenyl)carbonyl]amino)-N-
(4-fluorophenyl)-1H-pyrazole-3-carboxamide, and the binding
pose closely matched the native structure (Fig. S37), confirming
the reliability of the docking protocol.

Docking results for compounds 4-9 are summarized in Table
13, S1, Fig. 10 and S38. These results show the predicted
binding modes and interactions with amino acid residues. For
example, compound 4 shows Pi-Sigma and Pi-Alkyl interactions
with ALA31, LYS89, and ILE10, while compound 5 exhibits
hydrogen bonding with ASN133 and GLN132, along with addi-
tional alkyl interactions. Compound 8 displays the most favor-
able predicted binding energy (—9.10 kcal mol™') due to Pi-
Anion and Pi-Lone Pair interactions. Full interaction details
are provided in Table 13 and S1.

Although these docking results provide insights into poten-
tial binding interactions, they are predictive and qualitative in
nature. They suggest trends in binding affinity but do not
confirm target inhibition. As such, the correlation between
docking energies and in vitro ICs, values against HepG-2 cells
(Table 13 and S1) should be interpreted with caution.
Compounds 5 and 8, which show favorable predicted binding
energies, also exhibit lower ICs, values, while compounds 4 and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Compound

Fig. 10 3D representation of the hydrogen bonding between the
studied compounds (5, 7, 8) with the amino acids residues of the target
protein (PDB ID: 4Y72).

6 show weaker binding energies and higher ICs, values. These
observations indicate a possible association between predicted
interactions and cytotoxicity, but further biochemical validation
would be required to confirm any mechanistic link.

Overall, molecular docking provides supportive information
that complements the in vitro cytotoxicity data, helping to
rationalize observed trends without implying direct target
inhibition.

4. Conclusions

A series of novel heterocyclic compounds including pyrazole
derivatives (4 and 5), pyrazolo[3,4-b]pyridine 6, and pyrido[2,3-
d|pyrimidines 7-9, were synthesized via ring opening-ring
closure (RORC) reactions of 2,6-dimethylchromone (1) with
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various heterocyclic hydrazines and cyclic enamines. The
structures of the synthesized compounds were confirmed by
elemental analysis and various spectroscopic techniques. Bio-
logical evaluation against HepG-2 cell lines revealed that
compound 5 exhibited the most potent anticancer activity, with
IC5 of 6.57 uM, making it the most promising candidate among
the studied compounds. The molecular geometries of the
current compounds were optimized using DFT with the B3LYP
functional and the 6-311++G(d,p) basis set. Frontier molecular
orbital (FMO) analysis indicated that compound 1 had the
largest energy gap (AE = 4.894 eV) and was the hardest
compound (n = 2.447 eV), reflecting high chemical stability.
that of urea, indicating potential for nonlinear optical (NLO)
applications. In contrast, compound 5 exhibited the smallest
HOMO-LUMO energy gap (AE = 3.534 eV), indicating enhanced
reactivity. It also exhibited the highest softness value (S = 0.566
eV '), further confirming that it is the most reactive compound
among the studied molecules. Additionally, all synthesized
compounds exhibited hyperpolarizability (.,) values greater
than urea. To support the experimental NMR data, GIAO
calculations were employed to simulate 'H and *C NMR
chemical shifts, showing strong agreement with the experi-
mental results. SwissADME analysis confirmed that the
compounds possess drug-like properties and are potentially
suitable for oral bioavailability. Finally, molecular docking
simulations against cyclin-dependent kinase CDK1 (PDB ID:
4Y72) demonstrated favorable binding profiles, notably for
compounds 5, 7, and 8, whose strong binding affinities corre-
late well with their in vitro anticancer activities.
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