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A B S T R A C T

A one-pot, three-component synthesis of ethyl 5-(3-ethoxy-3-oxopropanoyl)-4-phenyl-2-(phenylamino)thio
phene-3-carboxylate (7) was reported. Its reaction with DMF-DMA and phenylhydrazine produced a thiophene 
pyrazole hybrid 8. The chemical structures of the synthesized compounds were confirmed using spectral (IR, 
NMR, MS) and elemental analysis. Additionally, the 3D structure of compound 8 was confirmed by single-crystal 
X-ray diffraction.

The crystallographic study revealed that compound 8 is mainly stabilized by weak C–H•••O and C–H•••N 
contacts together with dispersive interactions. Hirshfeld surface analysis revealed that crystal packing is domi
nated by H•••H (57.9%), C•••H (18.6%), and O•••H (10.6%) interactions. DFT calculations for compounds 7 
and 8 support experimental interpretation. MEP surface showed that carbonyl oxygen atoms are the richest 
regions, while FMO analysis indicated moderate HOMO/LUMO gaps (4.032 for 7 and 4.125 eV for 8), consistent 
with a stable and polarizable conjugated system. NBO and Mulliken charge analyses are consistent with MEP 
results. In silico ADME prediction was performed to evaluate the physicochemical and pharmacokinetic prop
erties of the synthesized compounds. Molecular docking studies were conducted against the EGFR protein (PDB 
ID: 5UGB) to investigate their potential as anticancer leads. The results revealed that compound 7 exhibited the 
most favorable predicted binding activity, while both compounds demonstrated binding patterns and affinities 
comparable to the reference drug.

1. Introduction

Thiophene-containing compounds exhibit a wide range of pharma
cological activities, including antidepressant [1], antimicrobial [2], 
anti-inflammatory [3], analgesic [4], and anticonvulsant [5] properties. 
In addition, the anticancer profile of thiophene derivatives has been 
extensively explored [6] [Fig. 1].

Pyrazole derivatives exhibit various pharmacological activities, 
including anticancer [7], antimicrobial [8], antimalarial [9], 
anti-inflammatory [10], anticonvulsant [11], and antiviral [12] prop
erties. Crizotinib, Pralsetinib, Avapritinib, and Asciminib are some ex
amples of marketed anticancer drugs containing a pyrazole nucleus [13] 
(Fig. 2).

Encouraged by the extensive applications of thiophene and pyrazole 
derivatives and as an extension of our study on possible approaches to 
novel heterocyclic compounds of expected biological activity [14–20], 
herein we report an efficient one-pot-three-component synthetic method 
for the synthesis of a new thiophene and thiophene pyrazole hybrid. Its 
structure was characterized using several spectroscopic techniques and 
single crystal x-ray diffractions. Hirshfeld surface and computational 
analyses were used to study the structure properties. In silico ADME 
prediction and molecular docking studies have been used for evaluating 
physicochemical and pharmacokinetic properties and predicting po
tential biological activity of the newly synthesized scaffolds.
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2. Materials and methods

2.1. Chemistry

2.1.1. General remarks
All reagents and solvents were bought from usual commercial sour

ces, including Sigma-Aldrich (St. Louis, MO, USA), and used without 
further purification. The Supplementary file contains details of all 
analytical and spectroscopic instruments employed to characterize 
thiophene-based heterocycles 7 and 8.

2.1.2. Synthesis of ethyl 5-(3-ethoxy-3-oxopropanoyl)-4-phenyl-2- 
(phenylamino)thiophene-3-carboxylate (7)

A mixture of ethyl benzoylacetate (1) (1.92 g, 10 mmol) and anhy
drous K2CO3 (1.4 g) in DMF (10 mL) was stirred at room temperature for 
10 min. Then, phenyl isothiocyanate (1.35 mL, 10 mmol) was added, 
and stirring continued for 1 hour. To the reaction mixture, ethyl 
4‑chloro-3-oxobutanoate (1.64 mL, 10 mmol) was added, and the 
mixture was stirred for 12 h. Finally, the reaction mixture was poured 
into an ice-water mixture and neutralized with a diluted solution of HCl. 
The solid product was filtered, washed with water, and dried. Recrys
tallization from ethanol produced yellow crystals of compound 7 in 78% 

yield; mp. 95 ◦C; IR (KBr, cm− 1) νmax = 2972 (aliphatic CH), 1559 (C =
O) cm− 1; 1H NMR (400 MHz, DMSO‑d6): δ 0.68 (t, 3H, J = 5.7 Hz, 
CH3CH2O), 1.09 (t, 3H, J = 5.7 Hz, CH3CH2O), 2.96 (s, 2H, CH2–C = O), 
3.86 (q, 2H, J = 5.7 Hz, OCH2CH3), 3.94 (q, 2H, J = 5.7 Hz, OCH2CH3), 
7.28–7.50 (m, 10H, ArH), 10.51 (s, 1H, NH); 13C NMR (100 MHz, 
DMSO‑d6): δ 13.5 (CH3CH2O), 14.3 (CH3CH2O), 46.3 (CH2–C = O), 60.1 
(CH3CH2O), 61.0 (CH3CH2O), 122.0, 126.0, 128.4, 128.6, 129.0, 130.3 
(6 aromatic CH carbons), 110.3, 122.9, 136.6, 140.0, 148.3, 164.5 (6 
quaternary aromatic carbons), 165.3 (C = O), 167.5 (C = O), 185.4 (C =
O). MS (ESI-QTOF): calcd. for [M + H]+ m/z = 438.14; found 438.1028. 
Anal Calcd. for C24H23NO5S (437.51): C, 65.89; H, 5.30; N, 3.20. Found: 
C, 65.72; H, 5.12; N, 3.33. SMILES: O = C(CC(OCC)=O)C1=C 
(C2=CC––CC––C2)C(C(OCC)=O)=C(NC3=CC––CC––C3)S1.

2.1.3. Synthesis of ethyl 5-(4-(ethoxycarbonyl)-3-phenyl-5-(phenylamino) 
thiophen-2-yl)-1-phenyl-1H-pyrazole-4-carboxylate (8)

A mixture of thiophene derivative 7 (0.87 g, 2 mmol) and DMF-DMA 
(0.95 g, 8 mmol) was heated at 120 ◦C for 30 min. Then, the crude 
residue was used directly in the next reaction without further purifica
tion. A mixture of crude residue and PhNHNH2 (0.22 g, 2 mmol) in 
ethanol (10 ml) was heated under reflux for 4 h. The solid that precip
itated was filtered, dried, and recrystallized using ethanol to afford 

Fig. 1. Anticancer medications contain a thiophene moiety.
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yellow crystals of compound 8 in 85% yield, mp. 170 ◦C IR (KBr, cm− 1) 
νmax = 1719, 1663 (2C––O) cm− 1; 1H NMR (400 MHz, DMSO‑d6): δ 0.73 
(t, 3H, CH3CH2O), 1.24 (t, 3H, CH3CH2O), 3.91 (q, 2H, OCH2CH3), 4.24 
(q, 2H, OCH2CH3), 6.52–8.07 (m, 16H, ArH), 10.05 (s, 1H, NH); 13C 
NMR (100 MHz, DMSO‑d6): δ 13.7 (CH3CH2O), 14.6 (CH3CH2O), 60.0 
(CH3CH2O), 60.4 (CH3CH2O), 119.9, 124.4, 124.6, 127.3, 127.5, 128.5, 
128.9, 129.4, 130.2, 142.1 (10 aromatic CH carbons), 107.3, 108.0, 
117.3, 135.8, 137.3, 138.9, 141.0, 160.4 (8 quaternary aromatic car
bons), 162.1 (C = O), 165.1 (C = O); MS (ESI-QTOF): calcd. for [M +
H]+ m/z = 538.18; found 538.1370. Anal Calcd. For C31H27N3O4S 
(537.63): C, 69.26; H, 5.06; N, 7.82. Found. C, 69.18; H, 5.21; N, 7.69. 
SMILES: O = C(C1=C(C2=C(C3=CC––CC––C3)C(C(OCC)=O)=C 
(NC4=CC––CC––C4)S2)N(C5=CC––CC––C5)N = C1)OCC.

2.2. X-ray crystallography

A pale-yellow block-shaped crystal of compound 8 was prepared by 
slow evaporation of its ethanolic solution at room temperature. X-ray 
diffraction data were collected at 293 K on an Rigaku Oxford Diffraction 
SuperNova diffractometer equipped with a HyPix3000 detector and Mo 
Kα radiation (λ = 0.71073). The cell unit parameters and intensity data 
were determined using CrysAlis PRO software package. The structure 
was solved by direct methods using SHELXT and refined by full-matrix 
least-squares on F2 using SHELXL [21,22]. All non-hydrogen atoms 
were refined anisotropically. Hydrogen atoms were placed in calculated 

positions and refined using a riding model. Molecular graphics were 
generated using Mercury 4.2.0 [23]. The Crystallographic data for 
compound 8 has been deposited with the Cambridge Crystallographic 
Data Centre (CCDC) under deposition number 2519,126. The data can 
be obtained free of charge from www.ccdc.cam.ac.uk/data_request/cif.

Several attempts under various crystallization conditions were made 
to obtain single crystal of compound 7 suitable for X-ray diffraction were 
unsuccessful. Compound 7 consistently formed a microcrystalline 
powder, therefore XRD are reported only for compound 8.

2.3. Computational analysis

2.3.1. Hirshfeld surface analysis
Hirshfeld surface analysis [24] was performed for the compound 8 

crystal to visualize the intermolecular interactions in this compound 
based on its crystallographic information file (CIF) and using the Crys
talExplorer 17.5 program [25]. In addition, two-dimensional fingerprint 
plots [26] were generated using the same program.

2.3.2. Frontier molecular orbital (FMO) analysis and global reactivity 
descriptors

Frontier Molecular Orbital calculations were carried out on the 
optimized structure of compounds 7 and 8 (Fig. 3), which optimized 
using density functional theory (DFT) with the B3LYP method and basis 
sets of 6–311++G(d,p) under neutral conditions [27]. The atom 

Fig. 2. Chemical structures of pyrazole-based commercial drugs.
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numbering used in DFT and NBO follows the Gaussian ordering and is 
different from the crystallographic labels as indicated in Fig. 3 and 
Table S9. The Highest Occupied Molecular Orbital (HOMO) and Lowest 
Unoccupied Molecular Orbital (LUMO) were visualized using Gauss
View 5.0. FMOs provide an important insight into the chemical reac
tivity, active sites, and kinetic stability of the target molecule. The 
energy difference (ΔE) between HOMO and LUMO was calculated. It 
indicates the reactivity of a molecule where the large gap indicates a 
chemically stable molecule [28].

In addition, the electronic stability, charge transfer characteristics, 
and potential interaction profiles for compounds 7 and 8 were further 
studied by computing the global reactivity descriptors using the frontier 
molecular orbital energies. The calculated parameters include ionization 
potential (I), electron affinity (A), electronegativity (χ), chemical po
tential (μ), hardness (η), and softness (S).

2.3.3. Molecular electrostatic potential (MEP) mapping
The optimized structures of compounds 7 and 8 were employed to 

study the charge distribution within these compounds and their mo
lecular reactivity regarding electrophilic and nucleophilic attacks, via 
the molecular electrostatic potential (MEP) surface analysis. The color 
code of MEP surface indicates susceptible sites within the molecule to 
electrophilic (red) and nucleophilic (blue) attacks [29]. In addition, 
these colored-coded regions may help in predicting available 
non-covalent interactions.

2.3.4. NBO charge and Mulliken population analysis
The calculation of atomic charges within the optimized structures 

were performed using NBO atomic charges and Mulliken charge analysis 
according to the above-mentioned DFT level. Both analyses are efficient 
and simple methods commonly used to provide information about the 
distribution of electronic charges across a molecule’s atoms.

2.4. In silico physicochemical, pharmacokinetic, and toxicological 
assessments

Physicochemical properties and pharmacokinetic parameters of the 
synthesized compounds were predicted using the SwissADME web 
server (https://www.swissadme.ch/).

2.5. Docking

The optimized ligand structures of compounds 7 and 8 were obtained 
from prior DFT calculations and X-ray, respectively. The crystal struc
ture of the epidermal growth factor receptor EGFR (PDB ID: 5UGB) was 
retrieved from the Protein Data Bank and prepared by the standard 
Autodock tools protocol. Molecular docking was performed using 
AutoDock Vina, targeting the native ligand binding pocket [30]. Pro
tein–ligand interactions were visualized using Discovery Studio Client 
(free version) for 2D images and UCSF Chimera for 3D images.

Fig. 3. X-ray structure of compound 8 (a) and the optimized structure of compounds 7 (b) and 8 (c).
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2.6. In silico evaluation of toxicity and drug likeness

A preliminary in silico evaluation of the toxicity risk flags and the 
basic drug likeness descriptors for compounds 7 and 8 were conducted 
using the OSIRIS Property Explorer [31]. In this assessment, OSIRIS 
measures the closeness of the compound’s properties to those of known 
therapeutic agents based on the compound’s lipophilicity (log P), solu
bility (log S), molecular weight, and toxicity risks, including mutage
nicity, tumorigenicity, irritating effects, and reproductive effects.

3. Results and discussion

3.1. Synthesis and characterization

The reaction of ethyl benzoylacetate (1) with PhNCS (2) in a K2CO3/ 
DMF mixture produced potassium salt 3, which, upon addition of ethyl 
4‑chloro-3-oxobutanoate, yielded a thiophene derivative 7 (Scheme 1). 
Its chemical structure was determined based on spectral data. For 
example, the 1H NMR spectrum showed two triplet signals at δ 0.68 and 
1.09, corresponding to two CH3 protons, and two quartet signals at δ 
3.86 and 3.94, due to two CH2 protons. It also exhibited two singlet 
signals at δ 2.96 and 10.51, which are attributed to CH2 and NH protons, 
respectively, along with an aromatic multiplet in the region of 7.28–7.50 
ppm.

13C NMR spectrum data confirmed the assigned structure and gave 
20 signals as expected (Figs. S2, SI File). The 13C-DEPT-135 NMR 
spectrum (Fig. S3) showed the presence of eight positive signals at δ 
13.5, 14.3, 122.0, 126.0, 128.4, 128.6, 129.0, 130.3 due to two CH3 and 
six CH carbons. Additionally, it displayed three negative signals at δ 
46.34, 60.12, and 60.96 ppm, which were attributed to three CH2 
carbons.

Connecting thiophene with a pyrazole moiety enhances the biolog
ical activities of the resulting hybrid structure. The synthesis of thio
phene pyrazole hybrid 8 could be performed using a thiophene 
derivative 7 as a starting material.

In thiophene 7, the activating effect of the two carbonyl groups on 
the active methylene function makes it susceptible to the condensation 
reaction with dimethylformamide dimethyl acetal (DMF-DMA), forming 

the intermediate 9, which, upon reaction with phenyl hydrazine, yields 
the target compound 8 (Scheme 2).

Spectroscopic methods (IR, NMR, MS) confirmed the structure of 
thiophene 8.

Its 1H NMR spectrum showed four characteristic signals at δ 0.73, 
1.24, 3.91, and 4.24 due to the protons of two ester groups, along with a 
singlet at δ 10.05, which was attributed to the NH proton.

The 13C-DEPT-135 NMR spectrum of 8 [Fig. S8, SI file] showed 
twelve positive signals at δ 13.7, 14.6, 119.9, 124.4, 124.6, 127.3, 127.5, 
128.54 128.9, 129.4, 130.2, 142.1, attributed to two CH3 and ten CH 
carbons. It also displayed two methylene carbons as negative signals at δ 
60.0 and 60.4.

Additionally, the exact mass measured by HRMS was m/z 538.1370, 
consistent with the calculated value of m/z 538.18 [M + H]+. The 3D 
structure of compound 8 was also confirmed by single-crystal X-ray 
diffraction.

To explain the synthesis of 8, we assumed that the reaction began 
with the condensation of thiophene 7 with DMF-DMA to form inter
mediate 9, which then reacted with phenyl hydrazine to produce 11 
(Scheme 2). Cyclization of 11 proceeds via loss of one water molecule 
(route a) to afford the thiophene-pyrazole hybrid 8. The other possible 
products, 12 and 13, outlined in Scheme 2, were excluded based on the 
spectral information (Figs. S4 to S8, SI file).

3.2. X-Ray structure description

The molecular structure of compound 8 was approved by single 
crystal X-ray diffraction analysis (Fig. 3a). The detailed crystallographic 
data of compound 8 are shown in Table 1. The structure was crystallized 
with one molecule in the asymmetric unit in the triclinic crystal system 
space group P − 1 with Z = 2 and a unit-cell volume = 1426.63(17) Å3.

The geometry of the thiophene ring (S1/C1-C4) is consistent with 
reported geometry, with S1-C2 and S1-C3 distances of 1.7251(19) and 
1.7301(18) Å, respectively, and C3-S1-C2 angle of 91.14(9)◦ as shown in 
Table 2. In addition, the two carbonyl groups are of typical lengths, 
where O2=C5 = 1.213(2) Å and O4=C17 = 1.197(2) Å. Moreover, the 
N–N linkage length (N2-N3 = 1.3645(19) Å indicates a partial double- 
bond character, consistent with the conjugation through the N2-N3-C16 

Scheme 1. Synthesis of thiophene 7 and thiophene pyrazole hybrid 8.
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fragment.
The results obtained by DFT optimization of compound 8 are in 

accordance with X-ray values as shown in Table 2, suggesting that the 
level of theory chosen in this study provides a reliable computational 
model for the interpretation of the reactivity and noncovalent in
teractions of the target molecule.

The molecule central conjugated segment is close to planar. The 
conjugation is extended from the thiophene ring toward the hydrazone- 
like linkage, which is supported by the torsion angle C14-N2-N3-C16 ≈

179◦ (anti-arrangement), and C3-C14-N2-N3 ≈ 0◦ The ester substituents 
are also nearly coplanar with their attached carbonyls as C1-C5-O1-C6 
and C15-C17-O3-C18 torsions are close to 0◦ This is consistent with 
the conjugative stabilization of the O–C = O fragment.

The structure of compound 8 in the crystal lattice is stabilized by 
intramolecular N–H•••O interaction between N1-H23 and the carbonyl 
oxygen O2 as shown in Fig. 4. This intramolecular hydrogen bond is 
stable and moderately bent and is consistent with the geometry (N1-H23 
= 0.860 Å, H23•••O2 = 2.018 Å, N1•••O2 = 2.695 Å, and angle 
N–H•••O = 135.0◦ (Table 3). In addition, this interaction helps 
maintain planarity around the N1-C2 region due to the conformational 
lock supporting the electronic delocalization across the adjacent 
fragments.

No strong classical intermolecular hydrogen bonds were identified in 
the crystal lattice of compound 8. Instead, the packing is stabilized 
primarily by van der Waals interactions with contributions from weak 
C6-H32b•••N3 and C28-H21•••O4 contacts, as shown in Table 4.

In addition, no significant π-π stacking is evident in compound 8. The 
closest centroid-centroid separations are above the typical π-π stacking 

Scheme 2. Proposed mechanism for the synthesis of thiophene pyrazole hybrid 8.

Table 1 
X-ray data of compound 8.

CCDC 2,519126
Empirical formula C31H27N3O4S
Formula weight, g/mol 537.64
Temperature/K 293
Crystal system Triclinic
Space group P − 1
a/Å 9.5962(7)
b/Å 11.6995(5)
c/Å 13.3105(10)
α/◦ 72.912(5)
β/◦ 87.789(6)
γ/◦ 87.619(5)
Volume/Å3 1426.63(17)
Z 2
ρcalc g/cm3 1.252
μ/mm-1 0.153
F(000) 564.5
Crystal size/mm3 0.19 × 0.16 × 0.09
Crystal color, habit Block, pale yellow
Radiation Mo Kα (λ = 0.71073 Å)
2Θ range for data collection/◦ 3.19 to 26.91
Index ranges − 12 ≤ h ≤ 11, -13 ≤ k ≤ 15, -16 ≤ l ≤ 17
Reflections collected 18,939
Independent reflections 6066
Goodness-of-fit on F2 (S) 1.018
R1, wR2 (I > 2σ (I)) R1 = 0.0519, wR2 = 0.1503
R1, wR2 [all data] R1 = 0.0831, wR2 = 0.1503

Table 2 
Selected X-ray vs DFT-optimized bond lengths (Å) and angles (◦) for compound 
8.

Distances (Å) X-ray DFT Distances (Å) X-ray DFT

S1–C2 1.7251(19) 1.7465 N2–C20 1.430(2) 1.429
S1–C3 1.7301(18) 1.7648 N3–C16 1.316(3) 1.322
N1-C2 1.362(2) 1.359 O2-C5 1.213(2) 1.231
N1-C8 1.401(3) 1.404 O1-C5 1.326(2) 1.343
N2-N3 1.3645(19) 1.3618 O4-C17 1.197(2) 1.214
N2-C14 1.365(2) 1.373 O3-C17 1.343(2) 1.355

Angles (◦) X-ray DFT Angles (◦) X-ray DFT

C3-S1-C2 91.14(9) 91.53 O2-C5-O1 122.64(18) 121.48
C8-N1-C2 131.33(17) 131.63 O4-C17-O3 123.4(2) 123.20
C14-N2-N3 111.86(15) 112.40 C18-O3-C17 117.30(17) 115.76
C16-N3-N2 104.31(15) 105.21 C6-O1-C5 117.63(16) 116.46
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interactions. This suggests that offset packing and dispersion-dominated 
contacts are more effective than π-π aromatic stacking.

Since suitable single crystals of compound 7 could not be obtained, 
the reliability of its optimized DFT geometry was evaluated by 
comparing the shared thiophene and carbonyl fragments with the 
experimental X-ray geometry of compound 8, and with reported X-ray 
and DFT geometries of structurally related thiophene derivatives. The 
shared thiophene and carbonyl fragments for compounds 7 and 8 
showed significant agreement as shown in Table 5. For example, the 

optimized S1-C2 and S1-C3 bond lengths and C3-S1-C2 angle in thio
phene core of compound 7 show significant agreement with the exper
imental values of compound 8 and remain within the typical ranges 
reported for thiophenes. In addition, the calculated N1-C2, N1-C8, and 
the carbonyl C2=O5 and C1-O5 distances follow the same experimental 
trends, with small deviations expected because X-ray represents the 
solid-state structure, while DFT describes the gas phase. Similar small 
systematic differences between the X-ray geometries and B3LYP opti
mized structures have been reported for related thiophene derivatives, 
where the main ring and carbonyl metrics remain within the typical 
ranges and the small deviations are commonly due to the crystal packing 
forces and thermal motion [19,32,33]. For example, an X-ray and DFT 
study on diethyl 3-amino-5-((2-ethoxy-2-oxoethyl)thio)thiophene-2, 
4-dicarboxylate optimized at B3LYP/6–311++G(d,p) showed consis
tency with calculated bond lengths and angles of compound 7, with a 
small deviation attributed to solid state versus gas phase conditions such 
as S1-C1 (1.725 Å) and S1-C4 (1.730 Å) and C1-S1-C4 (92.51◦) [19]. 
Another study on N-(thiophen2-ylmethyl)thiophene-2-carboxamide 
showed comparable agreement between its experimental XRD and DFT 
geometry of compound 7 with S1-C1 (1.694 Å), S1-C4 (1.707 Å), and 
C1-S1-C4 (92.2◦) [32], supporting the suitability of this level of theory 
for describing thiophene bond metrics. Accordingly, the optimized ge
ometry of compound 7 is considered reliable for the subsequent elec
tronic property analyses such as MEP and FMO.

3.2.1. Energy decomposition analysis of intermolecular interactions
To quantify the driving forces for crystal packing of compound 8 

beyond contact percentages, pairwise intermolecular interaction en
ergies were evaluated using CE-B3LYP/6–31G(d,p) energy model 
implemented in the CrystalExplorer [25]. The total intermolecular en
ergy (Etot) is obtained from scaled components comprising electrostatic 
(Eele), polarization (Epol), dispersion (Edis), and exchange-repulsion 
(Erep) factors as shown in Table 6. The calculated energies (Table 7) 
show that the dispersion is the dominant attractive contribution for the 

Fig. 4. Packing of compound 8 in the unit cell, viewed along the a-axis. Intramolecular interactions (turquoise) and intermolecular interactions (red) for compound 8 
in the crystal.

Table 3 
Intramolecular hydrogen bonds for compound 8 (Å and ◦).

D-H•••A d(D-H) d(H•••A) d(D•••A) <(DHA) Symm. Code

N1-H23•••O2 0.860 2.018 2.695 135.0 x,y,z

Table 4 
Selected weak intermolecular contacts for compound 8 (Å and ◦).

D-H•••A d(D-H) d(H•••A) d(D•••A) <(DHA) Symm. Code

C6-H32B•••N3 0.970 2.662 3.254 119.7 x,y + 1,z
C28-H21•••O4 0.930 2.891 3.664 141.4 x + 1,y,z

Table 5 
Selected bond lengths (Å) and angles (◦) for the shared thiophene and carbonyl 
fragments: experimental single crystal X-ray values for compound 8 and DFT 
optimized values for compound 8 and 7.

Distances (Å) X-ray (8) DFT-optimized (8) DFT-optimized (7)

S1–C2 1.7251(19) 1.7465 1.743
S1–C3 1.7301(18) 1.7648 1.770
N1-C2 1.362(2) 1.359 1.361
N1-C8 1.401(3) 1.404 1.411
O2-C5 1.213(2) 1.231 1.208
O1-C5 1.326(2) 1.343 1.377

Angles (◦) X-ray (8) DFT-optimized (8) DFT-optimized (7)

C3-S1-C2 91.14(9) 91.53 91.88
C8-N1-C2 131.33(17) 131.63 130.50
O2-C5-O1 122.64(18) 121.48 121.1
C2-N1-C8 131.3(2) 131.6 130.5

Table 6 
Scale factors for benchmarked energy models.

Energy Model k_ele k_pol k_disp k_rep

CE-B3LYP … B3LYP/6–31G(d,p) electron 
densities

1.057 0.740 0.871 0.618
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most stabilizing molecular pairs. The summation of the attractive 
components over the listed molecular pairs indicates that dispersion 
accounts for approximately 83.2% of the stabilizing contribution, while 
the electrostatic and polarization contributions represent about 13.0% 
and 3.8%, respectively. This quantitative partitioning supports the 
Hirschfeld surface results, where H•••H and C•••H/ H•••C contacts are 
the most abundant. In addition, it indicates that the directional contacts 
involving heteroatoms contribute mainly through a smaller electrostatic 

component.

3.3. Hirshfeld surface analysis

The intermolecular interactions in the crystal packing of compound 8 
were studied and visualized using Hirshfeld surface analysis and map
ped over dnorm. The color scale indicates short and long contacts. Con
tacts shorter than the sum of van der Waals radii are represented by a red 

Table 7 
Interaction energy values of compound 8.

Fig. 5. Hirshfeld surface maps for compound 8 computed on the crystallographic geometry in CrystalExplorer. The surface is the standard Hirshfeld isosurface. The 
dnorm map scale ranges between − 0.0144 and 2.0594. Shape index map scale ranges between − 1.0000 and 1.0000.
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color, contacts near van der Waals separation appear in white color, 
while longer contacts are shown in blue color. In compound 8, the red 
color is focused near the oxygen atoms of the carbonyl group and the 
corresponding hydrogen atom on neighboring molecule (C28- 
H21•••O4), where oxygen atoms serve as the main acceptor sites for the 
short O•••H/H•••O in the crystal lattice as shown in Fig. 5. Another red 
spot is apparent around nitrogen atom as an acceptor and hydrogen 
atom on the adjacent molecule (C6-H32B•••N3). Although both in
teractions are weak, they help consolidate the crystal packing, especially 

in the absence of the classical intermolecular hydrogen bonding.
In addition, these observations are supported by fingerprint plots 

which provide a quantitative image of the intermolecular contacts, as 
shown in Fig. 6. The largest contribution in the crystal packing comes 
from H•••H contacts (57.9%), followed by C•••H/H•••C (18.6%) 
contacts. The O•••H/H•••O contacts contribute 10.6% consistent with 
the red spots concentrated around the carbonyl oxygen atoms. Smaller 
contributions arise from N•••H/H•••N (5.3%) and S•••H/H•••S 
(2.3%), indicating that nitrogen and sulfur participate as a secondary 

Fig. 6. Decomposed fingerprint plots (a-d) for the short contacts derived from the Hirshfeld surface of compound 8, and non-covalent interactions (e) in com
pound 8.
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weak contact in the crystal packing. Other interactions including C•••O 
(1.8%), C•••C (1.6%), C•••S (1.0%), and C••N (0.9%) are minor, 
consistent with weak π–π stacking or heteroatom-heteroatom 
interactions.

The shape index and curvedness surfaces (Fig. 6) are consistent with 
this contact distribution. The small C•••C contribution indicates that 
any aromatic stacking is limited and localized rather than extended face 
to face packing.

3.4. Molecular electrostatic potential (MEP)

The molecular electrostatic potential (MEP) surface is a convenient 
way to visualize the charge distribution over the molecule therefore 
identifying the most probable regions for electrophilic and nucleophilic 
attack. The red regions correspond to negative potential sites while the 
blue regions represent the positive potential sites, and the green repre
sents nearly neutral regions. The MEP map of compounds 7 and 8 
(Fig. 7) shows the potential distribution over their surfaces within the 
range of − 6.951e-2 to +6.951e-2 and − 5.638e-2 to +5.638e-2, 
respectively. Compound 8 shows a slightly narrower range indicating 
that compound 7 exhibits a somewhat stronger overall electrostatic 
contrast across its surface compared with compound 8.

In both compounds, the most negative potential is mainly concen
trated around oxygen atoms of the carbonyl groups (O15, O16 and O17 
in 7, and O6 and O21 in 8), and the nitrogen atom (N1) of the pyrazole 
ring in the optimized structure of 8. This indicates strong electron 
richness regions marking them the preferred sites for electrophilic 
attack.

On the other hand, the light blue regions are concentrated around 
hydrogen atoms of the phenyl and ethyl groups in both compounds, 
reflecting relatively electron deficient hydrogen atoms. These atoms can 
act as weak donors in C–H based contacts. These results agree well with 
the intermolecular interactions inferred from the crystal lattice analysis 
in compound 8.

3.5. Frontier molecular orbital (FMO) insights

Frontier Molecular Orbital (FMO) is a significant tool that helps 
rationalize the electronic properties and reactivity of the title com
pounds. The electron-donating tendency of the molecule is associated 
with the highest occupied molecular orbital (HOMO) while the electron 
accepting tendency is associated with the lowest unoccupied molecular 
orbital (LUMO). The ionization energy (IP) and the electron affinity (EA) 

of the title compound can be estimated from HOMO and LUMO energies 
where IP ≈ -EHOMO and EA ≈ -ELUMO. These values with the energy gap 
(ΔE = ELUMO - EHOMO) are commonly used as an indicator of the com
pound’s chemical hardness, stability, and reactivity.

Fig. 8 shows HOMO and LUMO plots for compounds 7 and 8. Com
pound 7 exhibits HOMO = − 5.611 eV and LUMO = − 1.579 eV, with an 
energy gap of 4.032 eV, while compound 8 shows HOMO of − 5.179 eV 
and LUMO of − 1.054 eV, with a slightly larger energy gap of 4.125 eV. 
The small increase in compound 8 may be attributed to the introduction 
of the pyrazole ring and the additional aryl group which results in a 
modest stiffening of the electronic structure. This suggests that com
pound 8 is marginally less polarizable and slightly more resistant to 
charge transfer than compound 7. However, the calculated Energy gap 
of both compounds falls in a moderate range indicating electronically 
stable molecules but still reactive under external perturbation, so they 
can participate in intermolecular recognition and donor-acceptor 
interactions.

As shown in Fig. 8, HOMO and LUMO densities in both compounds 
are mainly distributed over the conjugated π framework with a clear 
participation from the thiophene and adjacent aromatic ring. This in
dicates that these regions are the principal electron rich sites responsible 
for donor behavior. However, the LUMO densities are shifted toward the 
more electro-withdrawing portion of these molecules with increased 
contribution around the carbonyl containing fragments. This indicates 
that these regions are the principal centers for the acceptor capabilities 
of the title compounds. HOMO and LUMO densities distribution is 
consistent with intramolecular donor to acceptor character and agree 
with the MEP map, where oxygen atoms represent the most negative 
potential sites.

The global reactivity descriptors of compounds 7 and 8 were derived 
from the HOMO and LUMO energies (Table 8) based on the following 
formulas [34]: 

Hardness : η =
IP − Ea

2 

Chemical potential : μ = −
(IP + Ea)

2 

Softness : S =
1
η 

Electronegativity : χ =
IP + Ea

2 

Fig. 7. The MEP map for optimized compounds 7 and 8 using density functional theory (DFT) with the B3LYP method and basis sets of 6–311++G(d,p) under 
neutral conditions.
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Ionization potential of compounds 7 and 8 was found to be 5.611 and 
5.179 eV, while electron affinity was found 1.579 and 1.054, respec
tively. Compound 7 shows a slightly higher ionization potential and 
electron affinity than 8, which is consistent with the difference in orbital 
stabilization upon structural modification. In addition, compound 8 
showed a slightly higher hardness (2.062 eV) than 7 (2.016 eV) in 
agreement with its larger HOMO-LUMO gap value, indicating a 
reasonable resistance to charge transfer. The softness follows the same 
trend (0.496 eV-1 for 7 and 0.485 eV-1 for 8) indicating that both mol
ecules retain appreciable electronic flexibility, which can facilitate weak 
donor-acceptor interactions and polarization in condensed phases, and 
slightly higher for compound 7. In addition, the negative chemical po
tential for compounds 7 and 8 (− 3.595 and − 3.117 eV, respectively) 
and the electronegativity value (3.595 and 3.117 eV, respectively) 
reflect a stronger tendency for compound 7 to attract electron density, 
which may be attributed to the distribution of the electron acceptor 
centers such as the carbonyl groups and heteroatoms and the overall 
polarization in this compound.

3.6. NBO charge and Mulliken population analysis

The electron density distribution across the optimized compound is 
further studied using Natural Bond Orbital (NBO) and Mulliken popu
lation analysis. NBO and Mulliken descriptors provide complementary 
views of the molecular polarization; however, NBO is less sensitive to 
the choice of basis set artifacts.

In compounds 7 and 8, the most electron-rich centers are associated 
with the heteroatoms and selected atoms within the conjugated frame
work, as shown in Fig. 9 and Tables 9 and 10. The large negative charges 
are observed at the oxygen atoms and the more electronegative nitrogen 
sites, consistent with their role as preferred regions of electron density. 
In compound 7 (Table 9 and Fig. 9), the negative charge in Mulliken and 
NBO is mainly focused on the carbonyl and ester oxygens such as O13, 
O15, O16, and O16, while the amine nitrogen N8 shows a pronounced 
negative charge. These results indicate that oxygen atoms are the 
dominant electron density reservoirs and the most preferred favorable 
acceptor sites for electrophilic attack, and for noncovalent recognition, 
in agreement with The MEP surface findings. In consistent with the 
conjugation, several carbon atoms within the aromatic or delocalized 
framework also carry partial negative charge. In addition, C30 and C31 
of the ethyl groups show high negative charges (Mulliken − 0.48492 and 
− 0.49641, NBO − 0.70219 and − 0.70635, respectively). In compound 8 
(Table 10 and Fig. 9), the results show a closely related pattern to 
compound 7 where the negative charge is observed at O1 and O22 
(Mulliken − 0.476 and − 0.353, NBO − 0.648 and − 0.532), the carbonyl/ 
ester oxygen atoms O6 and O7 (Mulliken − 0.422 and − 0.368, NBO 
− 0.589 and − 0.550), and N13 which carries the most negative (Mul
liken − 0.704, NBO − 0.577) confirming these sites as strong electron 
donor centers within the molecular scaffold. In addition, several carbon 
atoms in aromatic and conjugated fragments exhibit negative charge, 
such as C15, C16, C19, and C28-C32, where these atoms are part of a 
delocalized π system, and the electron density is not confined to het
eroatoms alone.

Fig. 8. The HOMO and LUMO levels for the optimized compounds 7 and 8, calculated using DFT at the B3LYP/6–311++G(d.p).

Table 8 
HOMO, LUMO, ionization potential (IP), electron affinity (Ea), chemical po
tential (μ), chemical hardness (η), softness (S), and electronegativity (χ) of 
compounds 7 and 8 in eV calculated using HOMO/LUMO energies.

Reactivity parameters 7 8

HOMO (eV) − 5.611 − 5.179
LUMO (eV) − 1.579 − 1.054
Ionization potential (IP) 5.611 5.179
Electron affinity (Ea) 1.579 1.054
Chemical potential (μ) − 3.595 − 3.117
Chemical hardness (η) 2.016 2.062
Softness (S) 0.496 0.485
Electronegativity (χ) 3.595 3.117
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In contrast, several atoms exhibit strong positive polarization, 
particularly carbon atoms that are directly attached to electronegative 
atoms. In compound 7, carbon atoms of the carbonyl groups show high 
positive polarization such as C6 (Mulliken 0.416368 and NBO 0.78896) 
and C12 (Mulliken 0.462606 and NBO 0.8203)consistent with carbonyl 
activation. Several additional atoms display moderate positive charges 
such as C9 and C10 indicating localized polarization near the substituted 
or heteroatom adjacent positions. Compound 8 shows similar trend. The 
carbonyl carbons (C5 and C20) showed the strongest positive character 
(Mulliken 0.388 and 0.430, NBO 0.789 and 0.795), indicating high 
electron-deficient centers. Several additional carbon atoms show mod
erate positive charges, such as C4, C14, and C55, indicating their sus
ceptibility to nucleophilic attack. In both compounds, sulfur atoms S5 in 

& and S12 in 8 showed interesting behavior with a positive charge in 
both analyses (S5: Mulliken 0.270019, NBO 0.4308 and S12: Mulliken 
0.280, NBO 0.455). This uncommon behavior may be attributed to the 
electronic environment where sulfur does not act as an electron-rich site; 
instead, overall polarization is driven strongly by the oxygen and ni
trogen atoms and the conjugated framework. These results are consis
tent with our reported work [35]. All hydrogen atoms in both 
compounds, as expected, exhibit a positive charge, and the magnitude 
varies with their local bonding environment. H32 is the most positive 
hydrogen in compound 7, while the most aromatic and aliphatic hy
drogens fall within smaller positive charges. In compound 8, H34 
(attached to N13) exhibits the highest positive charge among hydrogen 
atoms (Mulliken 0.381, NBO 0.460), while most aromatic and aliphatic 

Fig. 9. Plots of NBO and Mulliken charge for the optimized compounds 7 and 8, calculated using DFT with the B3LYP method and basis sets of 6–311++G(d,p) under 
neutral conditions.
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hydrogens fall in the typical positive charge range, indicating their po
tential role as donors in weak intermolecular contacts.

Overall, the results indicate an agreement in trends between NBO 

and Mulliken charge analyses, despite the differences in the absolute 
values. In addition, NBO and Mulliken charge analyses reveal a polari
zation within compounds 7 and 8 consistent with the reactivity and 
noncovalent interaction tendencies inferred from MEP and FMO results.

3.7. Physicochemical and pharmacokinetic parameters

To assess the oral drug-likeness profile of compounds 7 and 8, a 
comprehensive in silico physicochemical analysis was conducted. The 
calculated values are presented in Table 11.

As shown in Table 11 and Fig. 10, thiophene 7 exhibits moderate 
aqueous solubility and good gastrointestinal (GIT) absorption, as indi
cated by its position within the white region of the BOILED-Egg diagram. 
Additionally, it complied with several desirable drug-likeness criteria, 
including Lipinski’s and Egan’s rules.

In contrast, thiophene pyrazole hybrid 8 showed poor aqueous sol
ubility, alongside poor gastrointestinal absorption and blood–brain 
barrier permeability (BBB). Nevertheless, it exhibited a moderate syn
thetic accessibility score and, similar to 7, did not display any PAINS 
alerts, indicating a low likelihood of toxic traits commonly associated 
with problematic scaffolds [36]. Overall, both compounds demonstrated 
moderate synthetic accessibility and were free from PAINS alerts, sup
porting their potential suitability as drug-like molecules.

3.8. Docking performance

Thiophene and pyrazole moieties have been widely investigated in 
literature for their promising anticancer potential, particularly against 
solid tumors such as breast, colon, and liver cancers. Among the mo
lecular targets implicated in these malignancies, the epidermal growth 
factor receptor (EGFR) represents an attractive therapeutic target, as it 
plays a central role in regulating cellular proliferation, survival, and 
differentiation, and its overexpression is particularly dominant in solid 
tumours [37].

Molecular docking studies demonstrated that thiophene 7 exhibited 
a binding mode notably similar to that of the standard drug Erlotinib and 
the co-crystallized ligand 8 BM within the EGFR active site (Table 12 and 
Fig. 11). It formed a total of two hydrogen bonds, a key hydrogen bond 
with ATP-Pocket residue Cys797, similar to both reference ligands, in 
addition to an extra hydrogen bond with Thr854, suggesting a more 
stable and extensive binding pattern. In contrast, thiophene pyrazole 
hybrid 8, displayed a less favorable interaction profile, despite showing 
a comparable binding energy. It formed a single hydrogen bond with 
Ser720 and interacted with Cys797 via a π–sulfur interaction rather than 
a conventional hydrogen bond. Moreover, its interaction with Thr854 
was predominantly hydrophobic, accompanied by several additional 
hydrophobic contacts within the binding pocket. Both compounds 
demonstrated extensive hydrophobic interactions with several critical 
amino acid residues in the EGFR active site, including Leu718, Val726, 
Met793, and Leu844 [38].

These findings suggest that compound 7 may exhibit greater binding 
stability within the EGFR catalytic pocket than compound 8, potentially 
supporting its further investigation as a promising EGFR inhibitor 
candidate.

The docking results of the thiophene pyrazole hybrid 8 are in 
agreement with the reported anticancer activities of the analogous ex
amples I-VI (Fig. 12) [39–41]. These results indicat that the hybridiza
tion of the thiophene ring with the pyrazole moiety improves the 
binding interactions with the anticancer targets in the cancer cell.

3.9. In silico toxicity risk and drug likeness evaluation

A preliminary in silico evaluation of compounds 7 and 8 was con
ducted using the OSIRIS Property Explorer interface, which provides a 
fast color-coded screening of a compound’s pharmaceutical viability 
[31]. Toxicity risk analysis showed that both compounds have low risk 

Table 9 
NBO and Mulliken charge for compound 7.

Atom Charge Atom Charge

Mulliken NBO Mulliken NBO

C1 − 0.24606 − 0.31866 C28 − 0.129357 − 0.22645
C2 0.048585 0.04389 C29 − 0.165811 − 0.20142
C3 0.086191 − 0.25153 C30 − 0.48492 − 0.70219
C4 0.006925 0.07344 C31 − 0.49641 − 0.70635
S5 0.270019 0.4308 H32 0.374047 0.45407
C6 0.416368 0.78896 H33 0.196602 0.2679
O7 − 0.424435 − 0.5913 H34 0.206193 0.27619
N8 − 0.679504 − 0.57786 H35 0.167189 0.22282
C9 0.344644 0.14022 H36 0.180303 0.23106
C10 0.322451 0.53148 H37 0.179064 0.23133
C11 − 0.448242 − 0.63949 H38 0.180185 0.23214
C12 0.462606 0.8203 H39 0.137939 0.23668
O13 − 0.340065 − 0.54805 H40 0.142618 0.24177
C14 0.167047 − 0.0502 H41 0.139774 0.24099
O15 − 0.376277 − 0.52196 H42 0.144502 0.24241
O16 − 0.384859 − 0.57448 H43 0.164561 0.24766
O17 − 0.390918 − 0.5615 H44 0.126051 0.23555
C18 − 0.107756 − 0.12138 H45 0.128285 0.23437
C19 − 0.097144 − 0.11759 H46 0.127281 0.23357
C20 − 0.202807 − 0.25198 H47 0.128811 0.23458
C21 − 0.130723 − 0.21853 H48 0.125567 0.23467
C22 − 0.136743 − 0.24527 H49 0.15914 0.23879
C23 − 0.139229 − 0.21499 H50 0.17565 0.24108
C24 − 0.185468 − 0.26521 H51 0.164797 0.23494
C25 − 0.154593 − 0.19348 H52 0.171646 0.2472
C26 − 0.130332 − 0.22616 H53 0.167231 0.23485
C27 − 0.129652 − 0.23343 H54 0.169035 0.23574

Table 10 
NBO and Mulliken charge for compound 8.

Atom Charge Atom Charge

Mulliken NBO Mulliken NBO

N1 − 0.228808 − 0.27276 H34 0.381422 0.45996
C2 − 0.03641 − 0.00936 H35 0.144915 0.23977
C3 − 0.014874 − 0.24128 H36 0.138259 0.23964
C4 0.312276 0.18165 H37 0.133417 0.23797
C5 0.388073 0.78933 H38 0.138536 0.23935
O6 − 0.421759 − 0.58879 H39 0.157866 0.24135
O7 − 0.36755 − 0.55006 H40 0.171532 0.22668
C8 − 0.288403 − 0.25559 H41 0.16773 0.22383
C9 0.111119 − 0.0027 H42 0.155848 0.23696
C10 0.04717 − 0.25265 H43 0.173315 0.24053
C11 0.046134 0.07428 H44 0.17584 0.24168
S12 0.279568 0.45451 H45 0.172572 0.22679
N13 − 0.704247 − 0.57718 H46 0.16914 0.22461
C14 0.361671 0.14824 H47 0.160634 0.23965
C15 − 0.207098 − 0.25188 H48 0.168638 0.23712
C16 − 0.130434 − 0.2196 H49 0.170172 0.23803
C17 − 0.139509 − 0.25224 H50 0.157151 0.25034
C18 − 0.139392 − 0.21564 H51 0.132483 0.23638
C19 − 0.194388 − 0.27174 H52 0.129877 0.23478
C20 0.42978 0.79531 H53 0.130261 0.23561
O21 − 0.476263 − 0.64832 H54 0.136644 0.24202
O22 − 0.353179 − 0.53208 C55 0.29465 0.13599
C23 − 0.107511 − 0.1191 C56 − 0.14588 − 0.21756
C24 − 0.483285 − 0.70208 C57 − 0.167225 − 0.23322
C25 − 0.103456 − 0.1202 C58 − 0.140977 − 0.22731
C26 − 0.483629 − 0.70198 H59 0.165611 0.26043
C27 0.110034 − 0.05382 C60 − 0.147174 − 0.22844
C28 − 0.18959 − 0.21059 H61 0.163528 0.24873
C29 − 0.136574 − 0.23319 C62 − 0.130796 − 0.23448
C30 − 0.133487 − 0.23517 H63 0.140803 0.24086
C31 − 0.140527 − 0.23744 H64 0.141685 0.24142
C32 − 0.166369 − 0.20147 H65 0.13712 0.239
H33 0.166734 0.24652 N66 − 0.383414 − 0.15136
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(green), with no structural alerts regarding the four major risk classes: 
mutagenicity, tumorigenicity, irritancy, or reproductive toxicity 
(Table 13). This preliminary safety profile is encouraging, as the absence 
of structural alerts in these categories is often associated with low risk 
during preclinical safety testing.

In physicochemical profile and drug-likeness assessment, the calcu
lated molecular weight of compound 7 is 437.0 g mol-1 which remains 
below the 500 g mol-1 guideline often used for oral drug candidates 
(Lipinski’s rule of five) [36,42], while compound 8 (537.0 g mol-1) ex
ceeds the guideline threshold (Table 13). The predicted lipophilicity 
(cLogP 5.11 for 7 and 6.62 for 8) is higher than the Lipinski threshold of 
5 for both compounds, suggesting a hydrophobic character that may 
affect their aqueous solubility. The estimated aqueous solubility for both 
compounds is low (LogS = − 6.74 for 7 and − 7.75 for 8), which is 
consistent with the predicted lipophilicity, with compound 8 being less 
soluble than compound 7, in agreement with its higher cLogP and larger 
molecular size. Nevertheless, the topological polar surface area (TPSA) 
values (109.9 and 110.6 Å2 for 7 and 8, respectively) remain within the 
common range of appropriate permeability (<140 Å). In addition, there 
is a big difference between compound 7 (− 20.9) and 8 (0.96) in the 
fragment-based drug-likeness values, suggesting the presence of frag
ments in 8 frequently found in bioactive molecules. The overall 

drug-score is low for both compounds (0.18 for 7 and 0.19 for 8) due to 
the high lipophilicity and low predicted solubility. The multiple het
eroatoms in these molecules increase the polarity and maintain TPSA 
near 110 Å2, which is compatible with the membrane permeability. 
However, the aromatic system and the bulky hydrophobic framework 
increase the cLogP and reduce the predicted solubility.

These findings showed that compounds 7 and 8 indicate no predicted 
toxicity alerts in the four major risks. In addition, TPSA remains within 
the range commonly associated with membrane permeability, with a 
positive drug-likeness. However, the high lipophilicity and low pre
dicted solubility suggest a future optimization to improve the solubility 
and reduce the lipophilicity.

4. Conclusion

Efficient one-pot synthetic methods for thiophene 7 and a thiophene- 
pyrazole hybrid 8 were reported. Their chemical structures were 
confirmed using IR, NMR, and MS spectroscopic techniques.

Single-crystal X-ray diffraction confirmed the molecular structure of 
compound 8 and provided crystal packing for this compound.

The crystallographic analysis shows that the crystal lattice of com
pound 8 is stabilized mainly by weak C–H•••O and C–H•••N 

Table 11 
ADME Pharmacokinetics and Drug likeness parameter of compounds 7 and 8.

Compound 7 Compound 8

Physicochemical Lipophilicity Physicochemical Lipophilicity

Formula C24H25NO5S Log Po/w 
(iLOGP)

3.80 Formula C31H27N3O4S Log Po/w 
(iLOGP)

4.79

Molecular weight 439.52 Log Po/w 
(XLOGP3)

5.12 Molecular weight 537.63 Log Po/w 
(XLOGP3)

7.76

Num of heavy 
atoms

31 Log Po/w 
(WLOGP)

4.09 Num. of heavy 
atoms

39 Log Po/w 
(WLOGP)

7.36

Num. of arom. 
Heavy atoms

12 Log Po/w 
(MLOGP)

2.55 Num. of arom. 
Heavy atoms

28 Log Po/w 
(MLOGP)

4.6

Fraction Csp3 0.29 Log Po/w 
(SILICOS-IT)

4.28 Fraction Csp3 0.13 Log Po/w 
(SILICOS-IT)

6.7

Num. rotatable 
bonds

11 Consensus Log 
Po/w

3.97 Num. rotatable 
bonds

11 Consensus Log 
Po/w

6.24

Num. H-bond 
acceptor

5 Water Solubility Num. H-bond 
acceptor

5 Water Solubility

Num. H-bond 
donor

1 Log S (ESOL) − 5.35 Num. H-bond 
donor

1 Log S (ESOL) − 7.87

Molar 
Refractivity

121.68 Solubility(mg 
\ml)

1.96e-03 mg/ml Molar 
Refractivity

154.03 Solubility(mg 
\ml)

0.0000073

TPSA 107 Class Moderately 
soluble

TPSA 110.69 Class Poorly soluble

Pharmacokinetics Log S (Ali) − 7.11 Pharmacokinetics Log S (Ali) − 9.93
GI absorption High Ali Solubility (mg 

\ml)
3.40e-05 mg/ml GI absorption Low Ali Solubility (mg 

\ml)
0.0000000634

BBB permeation No Class Poorly soluble BBB permeation No Class Poorly soluble
P-gp substrate No Log S (SILICOS- 

IT)
− 6.90 P-gp substrate No Log S (SILICOS- 

IT)
− 10.54

CYP1A2 inhibitor Yes Solubility (mg 
\ml)

5.58e-05 mg/ml CYP1A2 inhibitor No Solubility (mg 
\ml)

0.0000000155

CYP2C19 
inhibitor

Yes Class Poorly soluble CYP2C19 
inhibitor

Yes Class Insoluble

CYP2C9 inhibitor Yes Drug likeness CYP2C9 inhibitor Yes Drug likeness
CYP2D6 inhibitor Yes Lipinski Yes, 0 violations. CYP2D6 inhibitor No Lipinski No; 2 violations W > 500, 

MLOGP>4.15
CYP3A4 inhibitor Yes Ghose Yes CYP3A4 inhibitor Yes Ghose No; 3 violations MW>480, 

WLOGP>5.6, MR>130
Log kp (Skin 

permeation)
− 5.35 Veber No 1 violation: 

Rotors>10
Log kp (Skin 
permeation)

− 4.07 Veber No 1 violation: Rotors>10

Medicinal Chemistry Egan Yes Medicinal Chemistry Egan No, 1 violation: 
WLOGP>5.88

PAINS 0 alert Muegge No; 1 violation: 
XLOGP3>5

PAINS 0 alert Muegge No; 1 violation: 
XLOGP3>5

Brenk 2 alert: >2 esters, 
beta keto anhydride

Bioavailability 
Score

0.55 Brenk 1 alert: >2 
esters

Bioavailability 
Score

0.17

Synthetic 
accessibility

4.92 ​ ​ Synthetic 
accessibility

4.54 ​ ​

A.B. Muhsinah et al.                                                                                                                                                                                                                           Journal of Molecular Structure 1368 (2026) 146312 

14 



Fig. 10. In silico ADME prediction of compounds 7 and 8 using the BOILED-Egg model and bioavailability radar.

Table 12 
Binding affinity (Kcal mol-1) and type of interactions of the compounds 7, 8, Erlotinib, and 8 BM inside the EGFR kinase (5UGB).

Origin Molecule Activation Energy 
(Kcal mol-1)

Interacting Atom Type of interaction Bond Length (A◦) Amino Acid

EGFR kinase (PDB ID: 5UGB) Compound 7 − 6.9 =O H bond acceptor 2.23 
2.91

CYS 797 
THR 854

Compound 8 − 6.8 =O H bond acceptor 3.20 SER 720
Erlotinib − 6.6 - O - H bond acceptor 2.36 

2.45
CYS 797

8BM − 8.4 Cyclic nitrogen 
-N- 
=O

H bond acceptor 
H bond donor

3.21,3.30 
3.00

MET 793 
CYS 797

The docking protocol was validated by redocking the co-crystallized ligand, achieving an RMSD of <2 Å.
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Fig. 11. 2D, 3D Visualization of compounds 7, 8, Erlotinib, and 4-hydroxytamoxifen docked in the pocket of the 5UGB protein.
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interactions and supported by dominant H•••H and C•••H dispersive 
contacts, in agreement with the Hirshfeld surface analysis.

DFT calculations for both compounds indicate moderate HOMO/ 
LUMO gap (4.032 for 7 and 4.125 eV for 8), the hardness (2.016 for 7 
and 2.062 eV for 8), and softness (0.496 eV-1 for 7 and 0.485 eV-1 for 8) 
of these compounds indicate a reasonable resistance to charge transfer, 
which is consistent, and the molecules retain some electronic flexibility, 
which can facilitate weak donor-acceptor interactions and polarization 
in condensed phases, although compound 8 is marginally less polariz
able and slightly more resistant to charge transfer than compound 7. The 
MEP analysis, NBO, and Mulliken charge analyses identify oxygen and 
nitrogen atoms as the principal electron-rich sites. In addition, ORASIS 
evaluation indicated no major toxicity alerts for mutagenicity, tumori
genicity, irritancy, and reproductive risks for compounds 7 and 8, 

although the predicted high lipophilicity and low solubility affected the 
overall drug score. Complementary in silico ADME prediction and mo
lecular docking studies were conducted against the EGFR protein (PDB 
ID: 5UGB) to investigate their potential as anticancer leads. The results 
supported the in silico profile and revealed that compound 7 showed the 
most favorable predicted binding, and both compounds demonstrated 
binding patterns and affinities comparable to those of the reference 
drug.

In this work, suitable single crystals for compound 7 could not be 
obtained, and future studies will focus on structural optimization to 
improve solubility and on biological activity testing to confirm the ac
tivity of these compounds.
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