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A B S T R A C T

Ethyl 4-methyl-2-(phenylamino)thiophene-3-carboxylate (8) was synthesized via a one-pot three-component 
reaction of ethyl 3-oxobutanoate, PhNCS, and 1-chloropropan-2-one in NaOEt. This process offers several ad
vantages over previously reported synthetic method, including high yield, less reaction time and availability of 
the starting materials. Spectral data and X-ray analysis were used to elucidate the structure. Its structure is 
stabilized by a strong intramolecular N–H…O hydrogen bond. Hirshfeld analysis indicated the most dominant 
non-covalent interactions are C…H (26.3 %) and H…H (53.9 %), where the C11…H2 (2.760 Å) and C7…C7 
(3.314 Å) contacts are the shortest contacts. In addition, DFT-based computational studies were performed to 
assess the electronic structure and local reactivity of thiophene 8. HOMO–LUMO energy gaps, MEP surface 
mapping, Mulliken charge distribution, and Fukui function analyses were used to identify the key electrophilic 
and nucleophilic centers within the molecules. Antitumor activity of thiophene 8 was assessed against HepG2 
(liver cancer), MCF-7 (breast cancer), and HCT116 (colorectal cancer) by means of the sulforhodamine B (SRB) 
assay. The compound exhibited promising anticancer activity, showing its highest potency against HepG2 (IC50 
=40.1 ± 1.3 μg/mL) compared to MCF-7 (76.3 ± 2.5) and HCT-116 (92.9 ± 2.02 μg/mL) cell lines.

1. Introduction

Cancer poses a great threat to the life and wellbeing of many across 
the world. It is the second most common cause of mortality globally [1,
2]. Additionally, it causes several morbidities that affect patients’ 
quality of life and forms a burden on countries’ healthcare resources [3]. 
Among the most challenging aspects in cancer treatment are the cyto
toxic effects of its drugs to normal cells, in addition to drug’ resistance, 
which decreases their efficacy [4,5]. These problems can be addressed 
by preparing new, more selective antiproliferative agents.

Thiophene-containing compounds were reported to have numerous 
pharmacological properties, including anticancer [1–5], antimicrobial 
[6], antioxidant [7], antithrombotic [8], analgesic, and 
anti-inflammatory [9]. Also, many marketed medications contain a 

thiophene core, such as antimigraine pizotifen, antihistamine ketotifen, 
antiplatelet ticlopidine, antifungal tioconazole, psychostimulant beno
cyclidine, and local anesthetic articaine (Fig. 1). Also, thiophene de
rivatives have been reported to bind with a wide range of cancer-specific 
protein targets. Moreover, thiophene derivatives (modified chalcones) 
showed selective sensing of metal ions in the solution [10]. The kind and 
location of substitutions in the thiophene moiety have been shown to 
affect their binding ability [15].

The reaction of active methylene reagents with PhNCS and α-halo 
compounds in a basic medium led to the synthesis of thiophene [11,12], 
or 1,3-thiazole derivatives [13–18]. Changing either the substituents 
attached to the active methylene group or the basic catalysts can lead to 
the synthesis of either thiophene or thiazole derivatives.

Inspired by the above mentioned results and in continuation of our 
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research studies on development of new and cost-effective synthetic 
methods to prepare a variety of heterocycles with promising pharma
cological activities [4,19–21], herein, we present an efficient synthetic 
procedure to obtain title compound using easily accessible substrates, in 
addition to studying its 3D structure using X-ray analysis. The Supra
molecular structure of 8 is described using Hirshfeld topology calcula
tions. The antitumor activity of 8 against HepG2, MCF-7, and HCT116 
cell lines is also presented.

2. Materials and methods

2.1. General remarks

All reagents and solvents were bought from usual commercial sour
ces, including (Aldrich, purity >99 %, St. Louis, MO, USA), and used 
without further purification. In open glass capillaries, all the melting 
points were determined using a Gallen Kamp apparatus (Thermofisher 
Scientific, Paisley, UK) and were uncorrected. Infrared (IR) spectra were 
measured using the potassium bromide disk technique on Perkin Elmer 
FT-IR 1000 (PerkinElmer, Waltham, MA, USA). A Bruker advanced NMR 
spectrometer running at 400 MHz in deuterated DMSO was used to 
measure the NMR spectra. Elemental composition was analyzed using a 
Vario Elemental Analyzer III (Vario, Germany). Using the sulforhod
amine B assay, anticancer properties of synthesized compound were 
assessed against three types of human cancer cell lines namely MCF-7, 
HepG2, and HCT-116.

2.2. Synthesis of ethyl 4-methyl-2-(phenylamino)thiophene-3- 
carboxylate (8)

A solution of ethyl 3-oxobutanoate (1) (1.30 g, 10 mmol) in NaOEt 
[Na (0.23 g) in absolute EtOH (20 ml)] was stirred for 30 min. Then, 
PhNCS (1.35 g, 10 mmol) was added, and stirring continued for 1 hour. 

1-Chloropropan-2-one (0.92 g, 0.01 mol) was added to the reaction 
mixture, and stirring was continued for three more hours. The reaction 
mixture was poured into an ice/water mixture, and neutralized using 
dil. HCl. The solid product was filtered off, washed with H2O, and dried. 
Recrystallization from ethanol afforded thiophene derivative 8, in 75% 
yield; m.p. 55-6 ◦C [Lit. mp. 55-58 ◦C [22]; IR (KBr) νmax: 3175 (NH), 
3098 (CH aromatic), 2959 (CH aliphatic), 1655 (C=O) cm-1; MS 
(ESI-QTOF): calcd. for [M+H]+ m/z = 262.09; found 262.0807; 1H NMR 
(400 MHz, DMSO-d6) δ 1.31 (t, 3H, CH3, J = 7.08 Hz), 2.28 (s, 3H, CH3), 
4.27 (q, 2H, CH3, J = 7.08 Hz), 6.28 (s,1H, CH), 7.07 (t, 1H, J = 7.2 Hz, 
ArH), 7.31-7.40 (m, 4H, ArH`s), 9.97 (s,1H, NH); 13C NMR (100 MHz, 
DMSO-d6) δ 14.60, 18.52, 60.20, 105.21, 107.88, 118.90, 123.35, 
130.00, 135.95, 141.25, 159.37, 166.01. Anal Calcd. For C14H15NO2S 
(261.34): C, 64.34; H, 5.79; N, 5.36. Found. C, 64.42; H, 5.88; N, 5.28.

2.3. X-ray crystallography

Thiophene 8 was obtained as single crystals by slow evaporation 
from an ethanol solution of the pure compound at room temperature. 
Data were collected on a Bruker APEX-II D8 Venture area diffractometer, 
equipped with graphite monochromatic Mo Kα radiation, λ = 0.71073 Å 
at 293 (2) K. Cell refinement and data reduction were carried out by 
Bruker SAINT. SHELXT [23,24] was used to solve the structure. The final 
refinement was carried out by full-matrix least-squares techniques with 
anisotropic thermal data for nonhydrogen atoms on F. CCDC 2449718 
contains the supplementary crystallographic data for this compound, 
which can be obtained free of charge from the Cambridge Crystallo
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

2.4. Computational studies

Hirshfeld surface analysis is performed using the Crystal Explorer 
17.5 software [25]. In addition, the molecular structure of the obtained 

Fig. 1. Medications contain a thiophene core.
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thiophene 8, was depicted using ChemDraw 16.0 [26]. To study its 
molecular behavior, this molecule was subjected to optimization and 
energy minimization under default conditions utilizing the density 
functional theory (DFT), B3LYP method and the 6–311++G(d,p) basis 
set. Gaussian 09 W software was used for DFT calculations [27], and the 
obtained results were interpreted using GaussView 6.0. A 13th Gen 
Intel® Core™ i7–1360Pm 2.20 GHz CPU and 16.0 GB RAM laptop was 
used in all calculations.

Frontier molecular orbitals (FMO) analysis was conducted to assess 
the chemical reactivity and stability of the title compound. The highest 
occupied and lowest unoccupied molecular orbitals (HOMO and LUMO, 
respectively), and the band gap (ΔE) energies were computed using the 
forementioned DFT method and Gaussian 09 W software. ΔE value is a 
good indicator of the molecule’s chemical stability and reactivity. A 
larger energy gap typically correlates with enhanced stability and 
reduced chemical reactivity.

Fukui function was used to study the local reactivity of all atoms in 
thiophene 8 to identify the nucleophilic and electrophilic attack sites 
using Gaussian 09 W and visualized on GaussView 6.0. Thiophene 8 was 
optimized under neutral conditions using DFT, B3LYP method, and the 
6–311++G(d,p) basis set [28]. In addition, natural bond orbital (NBO) 
analysis was performed using the NBO program implemented in 
Gaussian 09 W by applying the POP=NBO keyword [29]. Fukui function 
and other parameters were studied using the UCA-FUKUI computational 
tool [30].

The molecular electrostatic potential (MEP) surface was employed to 
study the 3D charge distribution across the molecule. It indicates the 
molecules’ reactivity towards electrophiles or nucleophiles using the 
DFT method, B3LYP, and the 6–311++G(d,p) basis sets. The MEP map 
displays the reactive sites of a molecule in different colors, where the 
most electron-rich (negative) sites carry the red color, and electron- 
deficient (positive) sites are blue colored. It helps understand the 
intermolecular interactions, such as oxygen and nitrogen atoms as 
hydrogen bond acceptors [31].

For further investigation of the charge distribution across compound 
8, Mulliken atomic charge analysis was conducted using the DFT 
method and the aforementioned level of theory. Molecular characteris
tics are affected by the molecule’s atomic charge distribution, such as 
intermolecular and intramolecular bonding, system’s dipole moment, 
polarization, and electronic structure.

The reactivity and stability of thiophene 8 were further studied using 
electronegativity (χ), chemical potential (μ), global hardness (η), global 
softness (S), and the electrophilicity index (ω), based on conceptual DFT 
and HOMO and LUMO energies.

2.5. The in vitro antitumor assessment

Liver carcinoma cells (HepG2), Human breast adenocarcinoma 
(MCF-7), and colon adenocarcinoma (HCT 116) cell lines were provided 
by the American Type Culture Collection (ATCC, Boston, MA, USA). 
RPMI 1640 medium, supplemented with 10 % foetal bovine serum and 
100 IU/mL PS (penicillin/streptomycin), was used to culture HepG2, 
MCF-7, and HCT 116 cell lines

The sulforhodamine B (SRB) assay was used to assess the anticancer 
efficacy of compound 8. HepG2, MCF-7, and HCT 116 cell lines were 
plated in 96-well plates at a density of 2 × 10³ cells per well. The cells 
were left to adhere for a full day before being treated with nanoemulsion 
applications. Various concentrations of the formulations (0, 0.01, 0.1, 1, 
10, 100, and 1000 μg/mL) were applied to the wells, and the cells were 
incubated for 72 h at 37 ◦C. After this incubation period, the culture 
media was replaced with 150 μL of 10 % trichloroacetic acid and 
incubated for 1 h. at 4 ◦C, followed by five washes with distilled H2O. 
The cells were then stained with 50 μL of a 0.04 % w/v SRB solution and 
incubated for 10 min. at 25 ◦C in the dark. Afterward, the excess stain 
was removed with 1 % CH3COOH, and 100 μL of 10 mM Tris base so
lution (pH=10.5) was added to each well to dissolve the protein-bound 

dye. The optical density was measured using a microplate reader set to 
540 nm [32].

2.6. Drug likeness and molecular property prediction

The in silico evaluation of thiophene 8 was performed using the 
OSIRIS Property Explorer tool [33]. The molecular structure was 
analyzed to obtain key physicochemical parameters, including calcu
lated log P (cLogP), aqueous solubility (log S), molecular weight, and 
topological polar surface area (TPSA). OSIRIS was also used to predict 
the potential toxicity risks such as mutagenicity, tumorigenicity, irritant 
effects, and reproductive toxicity. The drug-likeness and drug-score 
values were generated to assess the compound’s suitability as a drug 
candidate.

3. Results and discussion

3.1. Synthesis and characterization

Schäfer et al. reported the synthesis of thiophene 8 [22] via the re
action of ethyl 2-amino-4-methylthiophene-3-carboxylate (11) [34] 
with aniline. Herein, a modified one-pot method was developed for the 
synthesis of 8 using easily accessible reagents as outlined in Scheme 1. 
Initially, ethyl 3-oxobutanoate (1) in sodium ethoxide was stirred at 
room temperature for 30 min, then PhNCS was added to give sodium salt 
3. Then, treatment of 3 with 1-chloropropan-2-one (4) gave 5.

Heterocyclization of 5 can lead to the formation of thiophene 7 or 
thiazole 10. Spectral data of the isolated product confirmed the thio
phene structure 8, obtained via the deacetylation reaction of 7 under 
experimental conditions. This result is in complete agreement with 
previous studies [35,36]. For example, in the NMR spectra of the iso
lated product [Figs. S2 and S3], the absence of protons and carbon 
signals due to acetyl function allowed us to exclude structures 7 and 10. 
The thiophene structure 8 was also evidenced using proton NMR spec
tral data, which revealed the presence of methyl, ethoxy, thiophene, NH, 
and phenyl protons, as expected for this chemical skeleton (SI file).

3.2. X-ray structure description

The X-ray structure analysis of this compound confirmed the formula 
C14H15NO2S, which is in accord with other characterizations. Its crystal 
system is monoclinic, and the space group is P21/n. The unit cell pa
rameters a, b, c, and β are 9.8042(4), 5.7212(2), 23.6360(9), and 90.954 
(4) ◦, respectively, while z = 4 and unit cell volume of 1325.60(9) Å3 

(Table S1). The molecular structure is stabilized by a strong intra
molecular N1-H7…O2 hydrogen bond where the H7…O and N1…O2 
distances are 1.99 and 2.684(3) Å, respectively (Fig. 2). A view of 
packing is shown in the same figure along the crystallographic b- 
direction.

Table 1 shows that the results obtained by DFT optimization of 
compound 8 are in accordance with X-ray values, with bond lengths 
typically within 0.03 Å and angles within about 1◦ of the X-ray values. 
This suggests that the chosen level of theory provides a reliable 
computational model for interpreting reactivity and noncovalent in
teractions discussed in this manuscript [37].

3.3. Hirshfeld surface analysis

Intermolecular interactions play an important role in the packing of 
molecules in the solid-state crystalline materials. Each crystal has its 
unique packing features, which cooperate to stabilize the crystalline 
structure, holding the molecules in a specific arrangement. This tool is 
significant for studying the molecular topology, intermolecular in
teractions within the crystal structure of targeted molecule, and the ef
fect of the closed molecular contacts on these interactions. Hence, the 
analysis of intermolecular contacts using Hirshfeld analysis gave strong 
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insights into the molecular packing. There are many short and long 
distance contacts contributing to different extents in the molecular 
packing of 8. These contacts are H…H, C…H, C…C, N…H, O…H, C…O, 
S…H, S…C, S…N and S…O. Among these contacts, the most abundant 
contacts are the C…H (26.3 %) and H…H (53.9 %). The C11…H2 (2.760 
Å) and C7…C7 (3.314 Å) contacts appeared as red spots in the dnorm map 
and are considered the most significant for molecular packing (Fig. 3). 
No evidences for the dnorm, shape index, and curvedness maps about the 
presence of any significant π-π stacking interactions.

3.4. Fukui functions

The optimized structure of thiophene 8 is shown in Fig. 4. The Fukui 
function is a significant computational tool used to investigate the 
change in the electron density of a molecule after adding and removing 
electrons, so it can indicate the molecule’s chemical reactivity and site 
selectivity using density functional theory (DFT) [38]. This approach 
determines the most susceptible sites in the molecule to electrophilic, 
nucleophilic, and radical attack. The following approximations are used 
to express the Fukui function [39],

Electrophilic reactions: f −k = qk (N0) − qk (N0 − 1)
Nucleophilic reactions: f+k = qk (N0 + 1) − qk (N0)

Radical reactions: f0
k = 1

2
(
f+k + f −k

)
where qk, (N0), (N0 + 1), and (N0 

- 1) represent the electronic population of atom k, the molecule in its 
neutral state, the molecule in its anionic state, and the molecule in its 

cationic state, respectively.
Dual Descriptor index (Δf(r)) is also used to predict the reactivity of 

atomic sites and selectivity towards nucleophilic or electrophilic attack. 
Dual Descriptor is the difference between f+k and f −k , calculated as fol
lows Δf(r) = [f+(r) − f − (r)]. If Δf(r) > 0, the site prefers a nucleophilic 
attack, while if Δf(r) < 0, it prefers an electrophilic attack.

f −k , f+k , f0
k , and Δf(r) values are represented in Table S2. The obtained 

results show that H28, C1, S5, and C13 possess high values of f+k and 
positive values of Δf(r) make these atoms the most susceptible sites for 
the nucleophilic attack. On the other hand, atoms N6, C4, C2, and C10 
show high f −k values and negative Δf(r) values make these atoms the 
most favorable sites for electrophilic attack. The obtained findings 
reveal diverse reactive behavior across the molecule. For example, 
heteroatoms like N6 exhibit significant susceptibility to electrophilic 
attack, primarily due to their electron-dense character. Moreover, the 
aromatic thiophene ring contributes nucleophilic properties to the 
compound, which can be influenced by the presence or position of 
substituents.

3.5. Molecular electrostatic potential (MEP)

The molecular electrostatic potential (MEP) map of optimized thio
phene 8 was generated using the B3LYP/6–311++G(d,p) method 
providing a detailed visualization of the molecule’s electrostatic po
tential distribution as shown in Fig. 5. In addition, it is beneficial for 

Scheme 1. Preparation of thiophene derivative 8.
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identifying chemically reactive regions within the molecule, including 
sites involved in electrophilic and nucleophilic interactions, as well as 
areas of intra- and intermolecular forces in particular the molecule’s 
potential for hydrogen bonding interactions using the electronic density 
and charge distribution within the molecule [40]. The color gradient 
from red to blue in the MEP map indicates the difference in the elec
trostatic potential. In thiophene 8, the most electronegative region is 
observed near the ester carbonyl group oxygen atom (O17), represented 
in deep red on the MEP surface. O17 carries the maximum negative 
potential value of 3.866e − 2. Therefore, it is the most preferred target 
for nucleophilic attack. Areas with yellow color, such as the sulfur atom 
(S5) within the thiophene ring and portions of the aromatic system, 
represent regions of relatively lower negative potential. On the other 
hand, areas with electropositive groups appear in light blue and are 
mainly located around the hydrogen atoms attached to the aliphatic side 
chains. These regions, with a peak potential of +3.866e− 2, suggest 
possible sites for electrophilic attack.

3.6. Frontier molecular orbital (FMO)

The electronic behavior, chemical reactivity, and overall stability of 
a molecule can be assessed using the frontier molecular orbitals, spe
cifically the highest occupied (HOMO) and the lowest unoccupied 
(LUMO) molecular orbitals. The HOMO indicates the molecule’s ability 
to donate electrons, whereas the LUMO reflects its affinity to accept 
electrons. Thus, the energy difference (energy gap) between these or
bitals (ΔE = ELUMO − EHOMO) provides insights into the molecule’s ki
netic stability and chemical hardness.

For thiophene 8, the calculated HOMO and LUMO energy levels are 
− 5.351 eV and − 1.785 eV, respectively, resulting in an energy gap (ΔE) 
of 3.566 eV. This relatively large HOMO–LUMO gap suggests a high 
degree of molecular stability and low chemical reactivity, supporting the 
classification of this compound as a "hard" molecule. The ionization 
potential (IP) and electron affinity (Ea) are approximated by the nega
tive values of the HOMO and LUMO energies, respectively. Additional 
global reactivity descriptors such as hardness, softness, electronega
tivity, and chemical potential are calculated using the following equa
tions [41].

Hardness: η =
(IP− Ea)

2

Chemical potential: μ = −
(IP− Ea)

2
Softness: S = 1

η

Electronegativity: χ =
(IP+Ea)

2
Fig. 6 shows the spatial distribution of the HOMO and LUMO, which 

are primarily localized over the thiophene and aromatic rings, and the 
amino and ester groups, with the extending of HOMO slightly to include 
the H31 and H32 atoms of the terminal methyl group. The ionization 
potential (IP) and electron affinity (Ea), calculated using the above- 
mentioned equations, are found to be 5.351 eV and 1.785 eV, 

Fig. 2. X-ray structure of 8. Selected bond distances and angles are depicted in Table 1.

Table 1 
Selected X-ray vs DFT-optimized geometrical parameters of 8.

Distances/Å X-ray DFT Distances/Å X-ray DFT

S1-C2 1.716(3) 1.745 O2-C6 1.220(3) 1.230
S1-C3 1.723(4) 1.749 N1-C2 1.360(3) 1.360
O1-C6 1.351(3) 1.350 N1-C9 1.405(3) 1.401
O1-C7 1.451(4) 1.449 ​ ​ ​
Angles/◦ X-ray DFT Angles/◦ X-ray DFT
C2-S1-C3 90.97(15) 91.2 N1-C2-C1 123.6(3) 124.4
C6-O1-C7 115.4(2) 116.4 O2-C6-O1 120.8(3) 121.1
C2-N1-C9 131.6(3) 132.3 O2-C6-C1 125.7(3) 124.5
N1-C2-S1 125.0(2) 124.6 ​ ​ ​
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respectively. In addition, the computed chemical potential (μ), chemical 
hardness (η), and softness (S) were found − 1.783 eV, 1.783 eV, and 
0.561 eV-1, respectively. These descriptors indicate that thiophene 8 
possesses moderate hardness and electron-accepting ability, consistent 
with the calculated electronegativity (χ=3.568 eV), indicating a mild 
tendency to attract electrons.

3.7. Mulliken charge analysis

Mulliken atomic charge distribution plays a key role in quantum 
chemical analyses, offering insight into the electronic structure, intra
molecular interactions, and potential reactive sites within a molecule. 
Atomic charges influence several physicochemical properties, including 
dipole moment, polarizability, and charge transfer behavior, making 
Mulliken analysis an essential tool for understanding donor–acceptor 
dynamics in molecular systems.

For thiophene 8, Mulliken atomic charges were computed using 

DFT/B3LYP methods with 6–311G(d,p) basis sets. The results, shown in 
Table S3 and visualized in Fig. 7, reveal that most oxygen and sulfur 
atoms exhibit negative charges, consistent with their high electronega
tivity and tendency to attract electron density. Specifically, O17 and 
O14 carry significant negative charges (− 0.274 and − 0.109, respec
tively), while S5 is notably negative at − 0.478. Similarly, several carbon 
atoms, such as C4, C10, C11, C12, and C16, also carry negative partial 
charges, suggesting their involvement in π-electron delocalization or 
electronegative interactions [42].

On the other hand, all hydrogen atoms exhibit positive charges, with 
the highest observed on H18 (+0.428) and H19 (+0.249), indicating 
their potential role in hydrogen bonding interactions. Some carbon 
atoms, notably C1, C8, and C15, show substantial positive charges (e.g., 

Fig. 3. Hirshfeld analysis of 8; C…H (A) and C…C (B).

Fig. 4. The optimized structure of thiophene 8.

Fig. 5. The MEP map for thiophene 8.
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C8 = +0.501), which may correspond to electron-deficient centers 
within the molecular framework. In addition, N6 appears slightly posi
tive (+0.166), which could reflect its bonding context or resonance ef
fects within the thiophene ring system. These results not only provide a 
detailed map of charge polarization within thiophene 8 but also help 
compare its reactivity and electronic behavior with structurally related 

derivatives. Variations in atomic charges due to substitutions or func
tional group changes can directly influence molecular interactions and 
stability.

3.8. Antitumor evaluation

Many thiophene derivatives show significant anticancer activity 
against various cancer cell lines (Fig. 8) [43–45]. In view of these results, 
the antitumor efficacy of 8 was assessed using the Sulforhodamine B 
(SRB) assay [32] against HepG2, MCF-7, and HCT116 cell lines. As 
presented in Table 2, compound 8 showed promising cytotoxicity ac
tivity against HepG2 and MCF-7 cell lines. The results of Table 4 and 
Fig. 8 indicate that the thiophene moiety is a key structural feature 
responsible for the anticancer activity of various compounds.

Fig. 6. The HOMO and LUMO levels for thiophene 8.

Fig. 7. Plot of Mulliken charge for the thiophene 8 molecule.

Fig. 8. Anticancer compounds containing thiophene moiety.

Table 2 
The cytotoxic effects of 8 on MCF-7, HepG2, and HCT-116 cancer cells.

Compound IC50 (μg/mL)

MCF-7 HepG2 HCT-116

8 76.3 ± 2.5 40.1 ± 1.3 92.9 ± 2.02
Doxorubicin 0.92 ± 0.091 0.62 ± 0.04 1.2 ± 0.12
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3.9. Drug likeness and molecular property prediction

Physicochemical and toxicity parameters of thiophene 8 were pre
dicted using the OSIRIS Property Explorer platform. The OSIRIS inter
face generates values that are color-coded according to their conformity 
with drug-like behavior as green indicates favorable (drug-adherent) 
properties, whereas red highlights parameters that may pose a risk or 
reduce drug-likeness [33].

Table 3 shows the pharmaceutical attributes of thiophene 8. The 
predicted lipophilicity (cLogP) was 3.83 (green), below the threshold 
value of 5.0 that is often associated with poor absorption, suggesting a 
high likelihood of adequate permeability across biological membranes. 
The aqueous solubility value (log S = − 4.03, green) lies within the range 
considered acceptable for oral drug candidates (− 4.0 to 0.5), indicating 
solubility sufficient for potential gastrointestinal absorption. The mo
lecular weight (261 Da) and topological polar surface area (TPSA =
66.57 Å2) were both in the optimal ranges for oral bioavailability (<500 
Da and <140 Å2, respectively), meeting the physicochemical criteria 
associated with good permeability and transport.

Toxicity-risk predictions showed no alerts for mutagenicity, tumor
igenicity, irritancy, or reproductive toxicity, with all parameters dis
played in green. This absence of predicted structural toxicophores 
indicates that, at least in silico, the scaffold is unlikely to present intrinsic 
toxicity liabilities.

Despite these favorable parameters, the drug-likeness score (–3.29, 
red) suggested that the molecular fragment composition of this com
pound from those most frequently found in marketed drugs. This score 
reflects the statistical likelihood that a compound will display drug-like 
activity based on fragment occurrence in approved pharmaceuticals. 
The drug-score value of 0.38 (yellow) integrates cLogP, log S, molecular 
weight, toxicity alerts, and drug-likeness into a single index. While this 
score indicates moderate overall suitability, it also points to potential for 
optimization.

Thiophene-containing scaffolds are recognized as privileged struc
tures in medicinal chemistry, with documented activity across antimi
crobial, antiviral, anticancer, and anti-inflammatory applications [46,
47]. In particular, N-aryl-substituted thiophenes, such as in thiophene 8, 
have been linked to enhanced biological activity in antibacterial and 
anticancer models [48]. Nevertheless, structural modification to 
improve drug-likeness such as altering substituents on the phenylamino 
moiety or modifying the ester group may be warranted to enhance 
pharmacological potential while retaining favorable absorption and 
toxicity profiles.

4. Conclusion

The synthesis of thiophene derivative 8 has been achieved in excel
lent yield using a one-pot three-component reaction of ethyl 3-oxobuta
noate, phenyl isothiocyanate, and 1-chloropropan-2-one in sodium 
ethoxide. This method has more advantages such as high yield, short 
reaction time, easy work-up, and the availability of the starting sub
strates. Spectroscopic characterizations and single-crystal X-ray 
diffraction established the structure and the 3D geometry. Hirshfeld 
analysis indicated the supramolecular packing, and the combined 
electronic-structure calculations explained the observed interaction 
patterns. In vitro assays confirmed biological relevance, and in silico 
screening indicated an acceptable baseline safety profile. 

• Single-crystal data and Hirshfeld revealed that the carbonyl group 
and the adjacent NH are included in a strong N–H…O hydrogen 
bond, stabilizing the molecular structure of 8. It is found that the 
C11…H2 (2.760 Å) and C7…C7 (3.314 Å) contacts appeared as red 
spots in the dnorm map and are considered the most significant for 
molecular packing. The %C…H and %H…H are 26.3 and 53.9, 
respectively.

• Computational results supported the experimental findings by 
identifying reactive centers through Fukui functions and MEP anal
ysis. The HOMO-LUMO gap (3.566 eV) indicated moderate stability, 
while Mulliken charges and global descriptors confirmed the com
pound’s potential for selective electrophilic and nucleophilic 
interactions.

• The antitumor activity of thiophene 8 is investigated against MCF-7, 
HepG2, and HCT-116 cell lines. The IC50 values are 76.3 ± 2.5, 40.1 
± 1.3, and 92.9 ± 2.02 μg/mL, respectively.

• In Silico test revealed no alerts for mutagenicity, tumorigenicity, 
irritancy, or reproductive toxicity. The physicochemical parameters 
were within ranges compatible with oral candidates, with cLogP 
3.83, logS − 4.03, MW 261 Da, TPSA 66.57 Å2, drug-likeness − 3.29, 
and drug-score 0.38.

These results indicated the promising anticancer potential of the 
thiophene derivative 8.
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[22] H. Schäfer, H. Jablokoff, M. Hentschel, K. Gewald, 2-Arylamino-thiophen-3- 
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