
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

1/
18

/2
02

5 
4:

23
:0

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
b-Enaminonitrile
aChemistry Department, Faculty of Science

Libya
bChemistry Department, Faculty of Science, A

E-mail: sayed.karam2008@sci.asu.edu.eg
cChemistry Department, Faculty of Science

Mohail Assir, Saudi Arabia

† Electronic supplementary information (E
tables, gures, and spectr
https://doi.org/10.1039/d4ra03363a

Cite this: RSC Adv., 2024, 14, 18417

Received 7th May 2024
Accepted 2nd June 2024

DOI: 10.1039/d4ra03363a

rsc.li/rsc-advances

© 2024 The Author(s). Published by
in the synthesis of
tetrahydrobenzo[b]thiophene candidates with DFT
simulation, in vitro antiproliferative assessment,
molecular docking, and modeling
pharmacokinetics†

Amna S. Elgubbi, a Eman A. E. El-Helw, b Motaleb S. Abousiksaka,a
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Among sulfur-including heterocycles, the benzothiophene skeleton is one of the worthy structure

fragments that exhibit structural similarities with active substrates to develop various potent lead

molecules in drug design. Thus, some tetrahydrobenzo[b]thiophene candidates were prepared from the

b-enaminonitrile scaffold via reactions with diverse carbon-centered electrophilic reagents and

supported with DFT studies. The in vitro antiproliferative effect was screened against MCF7 and HePG2

cancer cell lines, and the results displayed the highest potency of imide 5, Schiff base 11, and

phthalimido 12 candidates. A molecular docking study was operated to explore the probable binding

modes of interaction, and the results revealed the good binding affinity of compounds 5, 11, and 12

toward the tubulin protein (PDB ID 5NM5) with respect to paclitaxel (a tubulin inhibitor) and co-

crystallized ligand (GTP). Besides, modeling pharmacokinetics analyses displayed their desirable drug-

likeness and bioavailability properties.
Introduction

In nature, heterocyclic cores are widely distributed, and many
heterocyclic compounds synthesized in laboratories have been
utilized as clinical agents.1–6 The most characteristic and
important constituents of living cells, DNA and RNA, contain
heterocyclic scaffolds. Sulfur-including heterocycles exhibit
various biological properties due to the similarities with many
natural and synthetic molecules of known potentials.7–10 Thus,
the sulfur heterocyclic family involves highly stable aromatic
compounds which show physicochemical properties with rele-
vance in the design of new materials.11

In literature, various thiophene derivatives have been re-
ported as antitumor agents as depicted in Fig. 1.12–14 In turn,
a tetrahydrobenzo[b]thiophene core is one of the privileged
structures in drug discovery as this core exhibits diverse bio-
logical effects allowing them to act as antitumor, anti-
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inammatory, antibacterial, and analgesic agents.15–18 Further,
several benzothiophenes, as clinical drugs, have been exten-
sively utilized for treating various types of diseases with high
therapeutic potency. Therefore, their structure–activity rela-
tionships (SAR) have generated more interest among medicinal
chemists, and this has concluded in the discovery of various
lead molecules against many diseases.

In particular, 4,5,6,7-tetrahydrobenzo[b]thiophene candi-
dates have been recognized as promising anticancer agents.19

Numerous candidates showed their antiproliferative effects
through targeting metalloproteinases 2 and 9 (MMP 2 and 9),
HIF-1a and the vascular endothelial growth factor receptor,20

the epidermal growth factor receptor (EGFR), human EGFR-
related receptor 2 (HER2),21 and the colon cancer-related
genes, namely, collagen type X a1 (COL10A1) and collagen
type XI a1 (COL11A1) (cf. Fig. 2).22

On the other side, microtubules, with diverse roles within
the cell, are cellular polymers including chromosomal segre-
gation, cytokine, and chemokine secretion, protein trafficking,
maintenance of cell structure, cell migration, and division.
Therefore, targeting tubulin dynamics is a promising attempt
for new chemotherapeutic agents. Substances capable of dis-
turbing microtubules by either stabilizing or destabilizing them
would exhibit antiproliferative effects via enhancing mitotic
arrest and cell apoptosis. At least three main binding sites in
tubulin protein, including colchicine, taxane, and vinca
RSC Adv., 2024, 14, 18417–18430 | 18417
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Fig. 1 A diverse thiophene scaffolds as antitumor agents.
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alkaloid, have been recognized as targets for the anticancer
drugs.18,23,24

Therefore, tetrahydrobenzo[b]thiophene scaffold was
selected as a central heterocyclic motif for the present work and
a phenyl ring attached at position-6 to keep its common struc-
tural integrity. However, another fused heterocyclic ring or
benzene ring connected via amide, imide, and imine linker
offer various insight with new molecular scaffold resulting in
a stronger interaction with key role amino acid residues. These
hybrids were an attempt to reach some antitumor agents with
potent effect. Continuing our attempts for diverse heterocyclic
candidates with pharmaceutical interest,25–32 this work targeted
to design and prepare a new series of tetrahydrobenzo[b]thio-
phenes to evaluate their in vitro antiproliferative potency and
supported by DFT, molecular docking, and modeling pharma-
cokinetics studies.

Rationale and design

The rationale of our molecular design was dependent on the
generation of two scaffolds of tetrahydrobenzo[b]thiophenes.
The rst one consisted of tetrahydrobenzo[b]thiophene moiety
with chemical substitutions at position-2 as compounds 2, 3, 5,
6, 8, 11, and 12. The substitution pattern on the tetrahy-
drobenzo[b]thiophene moiety was chosen to ensure various
18418 | RSC Adv., 2024, 14, 18417–18430
electronic and lipophilic environments manipulating the
potency of the target substrates. The second scaffold consisted
of a planar system including tetrahydrobenzo[b]thiophene core
(chromophore) with pyrimidine skeletons like compounds 4, 7,
9, and 10 (Fig. 2). Also, owing to the reported signicant anti-
cancer effects of electron-withdrawing groups, the nitro-
benzylidene moiety was selected.33,34 The two designed scaffolds
aimed to include the main pharmacophoric features; the planar
polyaromatic system (chromophore) was represented by tetra-
hydrobenzo[b]thiophene core and its side chains or fused rings.
Furthermore, most designed substances include basic nitrogen
atoms that may be protonated at physiological pH to form
cationic centers enhancing the affinity and selectivity of these
substances.
Results and discussion
Synthesis

The frequent reactivity modes of bifunctional b-enaminonitriles
come from the presence of highly nucleophilic center (NH2) and
electrophilic center (CN). Also, to design and develop new
potential antitumor agents, 2-amino-6-phenyltetrahydrobenzo
[b]thiophene-3-carbonitrile 2 (ref. 35) was prepared through
one-pot three components approach via interaction of 4-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Examples of certain reported tetrahydrobenzo[b]thiophene derivatives as anticancer agents and rationale of molecular design of the
chemical structures of the target substrates.
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phenylcyclohexanone with malononitrile and elemental sulfur
under basic conditions (Scheme 1). Thus, the b-enaminonitrile
2 was allowed to react with diverse carbon-centered
electrophiles.

Indeed, treating the enaminonitrile 2 with ethanoic anhy-
dride for 1 or 4 h produced the N-acetyl derivative 3 and the
heteroannulated product, tetrahydrobenzo[b]thienopyrimidine
derivative 4, respectively. In IR of 3, cyano group was retained
and a carbonyl absorption band was detected. While in IR of 4,
the cyano absorption disappeared and a carbonyl absorption
band appeared. Their 1H NMR displayed a singlet signal for
methyl protons. Moreover, the mass spectrum of 3 furnished
peaks at m/z = 296.09 (12%) corresponding to its molecular
weight (with molecular formula: C17H16N2OS),m/z= 268.11 (14)
© 2024 The Author(s). Published by the Royal Society of Chemistry
corresponding to [M–CO]+c, m/z = 229.09 (20%) due to loss of
(N^C–CH]C]O), and the base peak at m/z = 228.07 (100%)
corresponding to the elimination of ketene molecule (CH2]

C]O) followed by loss of cCN fragment. The 13C NMR of 4
offered signals for carbonyl carbon at d 163.35 ppm and C]N
carbon at d 158.53 ppm.

Otherwise, conducting 3 with ethanoic anhydride or etha-
noic acid glacial/sulfuric acid acquired a mixture of the annu-
lated product 4 and N,N-diacetyl derivative 5, which have been
separated via fractional recrystallization. In the IR chart of
imide 5, NH absorption was absent, and two absorption bands
appeared according to vibrational coupling. Its 1H NMR offered
singlet signal integrated to six protons at d 2.34 ppm corre-
sponding to two symmetrical methyl protons.
RSC Adv., 2024, 14, 18417–18430 | 18419
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Scheme 1 Synthesis and reactions of 2 with ethanoic anhydride and methanoic acid under diverse conditions.
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In turn reuxing 2 with methanoic acid for 30 min and 3 h
afforded N-formyl derivative 6 and the annulated product 7 as
white crystals, respectively (cf. Scheme 1). IR of 6 conserved
cyano group (n 2212 cm−1) and displayed NH and C]O
absorption bands at n 3185 and 1684 cm−1, respectively. Whilst
IR of 7 was devoid of cyano absorption band but offered
absorptions for NH band n 3190 cm−1and C]O at n 1659 cm−1.
Also, 1H NMR of 6 displayed a singlet signal for CHO proton at
d 8.50 ppm and an exchangeable singlet for NH proton at
d 8.67 ppm. In turn, 1H NMR of 7 disclosed singlet signals at
d 8.02 and 12.34 ppm for CH]N and NH protons, respectively.

Stirring a solution of the b-enaminonitrile 2 with tereph-
thaloyl dichloride in a ratio of 2 : 1, respectively, in 1,4-dioxane
including triethylamine acquired bis-terephthalamide candi-
date 8. In its IR, the amide carbonyl absorption was detected.
Also, its 1H NMR disclosed an exchangeable singlet signal for
NH proton at d 11.97 ppm. In turn, reuxing 2 with formamide
produced tetrahydrobenzothienopyrimidine derivative 9. Its IR
lacked both carbonyl and nitrile absorptions, but it displayed an
absorption for primary amino group at n 3285, 3200 cm−1, in
addition to C]N absorption at n 1636 cm−1. Further, its 1H
NMR offered exchangeable singlet signal for NH2 protons at
d 6.84 ppm, besides a singlet signal for methine (CH]N) proton
at d 8.20 ppm.
18420 | RSC Adv., 2024, 14, 18417–18430
Heating 2 with carbon disulde in pyridine or alcoholic
potassium hydroxide at 60–70 °C led to the construction of
tetrahydrobenzothienopyrimidinedithione derivative 10 (cf.
Scheme 2). In its IR, both primary amino and nitrile groups
were disappeared while NH and C]S were detected at n 3119
and 1190 cm−1, respectively. Also, its 13C NMR displayed signals
of C]S groups at d 181.65 and 169.22 ppm. Further, its 1H NMR
detected two NH protons at d 13.22 and 13.89 ppm.

Perhaps, the utility of pyridine or alcoholic potassium
hydroxide were responsible for the existence of thiocarbamate
intermediate [I] which subsequently attacks the nitrile core via
1,6-exo–dig cyclization to furnish pyrimidine or potassium salt
followed by rearrangement to isothiocyanate derivative which
underwent 1,6-exo–dig cyclization and eliminate pyridinium
hydrochloride or potassium chloride (cf. Scheme 3).

Condensation of enaminonitrile 2 with 4-nitrobenzaldehyde
in reuxing ethanoic acid produced the Schiff base candidate
11. The NH2 group was absent in its IR and 1H NMR spectra. As
for its IR spectrum, C^N group was conserved (at n 2218 cm−1),
whilst the C]Nmoiety was detected at n 1600 cm−1, in addition
to the NO2 functionality was appeared at n 1556 and 1336 cm−1.
As for its 1H NMR, the methine proton (CH]N) appeared at
d 8.84 ppm. Further, its mass spectrum displayed the molecular
ion peak at m/z = 387.35 (38%) in addition to other abundant
peaks.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Reactions of 2 with terephthaloyl dichloride, formamide, and carbon disulfide.

Scheme 3 A suggested pathway for compound 10.
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Treating 2with phthalic anhydride in reuxing ethanoic acid
achieved the phthalimide derivative 12 (cf. Scheme 4). In its IR
spectrum, the NH2 moiety disappeared, the nitrile absorption
was retained, and the carbonyls of imide linkage were detected
at n 1788 and 1730 cm−1 (due to vibrational coupling between
symmetrical and asymmetrical stretching absorptions).
© 2024 The Author(s). Published by the Royal Society of Chemistry
Further, its mass spectrum offered M+c peak at m/z = 384.31
(22%) and the base at m/z = 77 (100) corresponding to phenyl
cation (cf. ESI Experimental section†). All methods of synthesis
gave the mentioned compounds with different % yields as dis-
played in schemes and experimental part, without isolation of
by-products.
RSC Adv., 2024, 14, 18417–18430 | 18421
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Scheme 4 Reactions of 2 with 4-nitrobenzaldehyde and phthalic
anhydride.
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DFT (density functional theory) study

The DFT simulation assists in demonstrating the chemical
reactions of substrate with various reagents and shows high
accuracy for producing of experimental results,36,37 as well as
expecting the appropriate biological applications. DFT simula-
tion was conducted to optimize the molecular structures of the
produced substances and identify both nucleophilic and elec-
trophilic centers. The optimization of molecular structures of
produced benzo[b]thiophene candidates were carried out to
create a stable geometry.

The electrophilic-attacking centers are illustrated by HOMO
regions of largest electron density (considered as a donor),
while the nucleophilic-attacking sites are represented by LUMO
areas (considered as an acceptor). The optimized, HOMO, and
LUMO structures of substances 2–12 were drawn employing
ChemBio3D Ultra 14.0 and portrayed in Fig. S1 (cf. ESI†). The
HOMOs are dispersed around thiophene unit and LUMOs are
focused on benzene moiety. The high EHOMO values are likely to
signify a molecule's strong tendency for donating electrons.

To demonstrate how the b-enaminonitrile 2 reacted with
some reagents to produce substances 3–12, DFT simulation was
Fig. 3 Energy gap (DE, eV) and softness (2, eV−1) values of the synthesiz

18422 | RSC Adv., 2024, 14, 18417–18430
employed to calculate quantum chemical properties including
global hardness (h), global soness (2), chemical potential (mo),
global electrophilicity index (u), nucleophilicity index (n), ioni-
zation potential (IP), electron affinity (EA), and electronegativity
(x) (cf. Table S1 in ESI†). Spectral and analytical data conrmed
the assigned structures. The results of parameters calculations
were in good agreement with the anticancer efficiency. The
lower values of energy gap (DE = ELUMO − EHOMO) means low
energy needed to remove an electron from the last occupied
orbital.38,39

Substrates of small DE values are mostly referred to as so
compounds, which are more reactive towards radical surface
interactions; being efficient of donating electrons easily to hole
surface, and therefore might display strong inhibition effi-
ciency. The results showed that energy gap values (DE) follow
the order: 11 < 12 < doxorubicin < 5 < 9 < 2 < 4 < 7 < 10 < 8 < 6 < 3
(cf. Fig. 3). Thus, Schiff base 11 exhibited the lowest DE value
(1.540 eV) compared to others.

Chemical soness values (s, eV−1) decrease in the order of
11, 5, 12, 9, 2, 4= 7, 10, 3, 8, and 6, respectively (cf. Fig. 3), while
the hardness values rise in the same order. That is, lower values
of soness and higher chemical hardness establish a good
stability of the N-formyl derivative 6 which might exhibit high
molecular hardness. According to the ionization potential (IP)
values of these compounds, the acetamide derivative 3 exhibi-
ted the highest IP value (8.164 eV) which means that it is more
difficult to remove an electron from its HOMO orbitals. Besides,
the N,N-diacetyl derivative 5 showed the lowest electron affinity
(1.975 eV) indicating the highest molecular reactivity to nucle-
ophiles. The dipole moments showed that Schiff base 11
exhibited the highest value (3.458 debye) which indicates
stronger intermolecular interaction than other compounds and
interacting more with the surrounding environment.

The scavenging ability toward positive hole, radical, tumor,
and oxygen removable not only depend upon EHOMO values but
ed compounds and doxorubicin.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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also, the surface area, number of heteroatoms, electron distri-
butions, and lipophilicity should be considered.40 The results
for most potent compounds encompassing hydrophobic moie-
ties were agreed to an outstanding correlation with oxidation
inhibition efficiencies. Compatibly, substrates of higher
binding energy showed higher potency due to strong interaction
with the receptors' active sites.
Cytotoxic activity assessment

The cytotoxic activity of the substrates was examined against
mammary gland breast carcinoma (MCF7) and hepatocellular
cancer (HePG2) cell lines utilizing MTT assay and expressed in
IC50 (growth inhibitory concentration) compared with the
untreated controls.41 The ndings indicated variable degrees of
inhibitory effect ranged from 71.21 to 9.54 mM by these
substrates (Table 1). As for MCF7, the relative highest potency
was provided by substances 5 (IC50= 11.42± 1.4 mM), 11 (IC50=

12.93 ± 1.5 mM), and 12 (IC50 = 20.51 ± 2.3 mM), respectively in
comparison to doxorubicin and paclitaxel42 as reference agents.
As for HePG2, the highest potency was furnished by substrates
11 (IC50= 9.54± 0.7 mM), 5 (IC50= 13.73± 1.4 mM), and 12 (IC50
Table 1 Cytotoxic activity (IC50, mM) of the tested substrates against
MCF7 and HePG2 cell lines with respect to doxorubicin and paclitaxel

Compds

In vitro cytotoxicity: IC50
a,b (mM)

MCF7 HePG2

Doxorubicin 4.50 � 0.3 4.17 � 0.2
Paclitaxelc 2.50 � 0.2 4.00 � 0.3
3 65.20 � 4.0 71.21 � 3.5
4 43.21 � 4.2 50.22 � 3.9
5 11.42 � 1.4 13.73 � 1.4
10 30.45 � 2.1 25.53 � 2.6
11 12.93 � 1.5 9.54 � 0.7
12 20.51 � 2.3 18.16 � 1.1

a IC50 (mM): 1–10 (very strong), 11–20 (strong), 21–50 (moderate), 51–100
(weak), above 100 (non-cytotoxic). b Results are means ± S.D. (standard
deviation, n = 3). c According to ref. 42.

Table 2 Docking results and binding amino acids with compounds 5, 11

Compd
S-Score
(kcal mol−1) RMSD (Å) Binding amino

5 −6.5483 1.0374 ASN 101
ASN 101
GLY 146

11 −6.2768 1.6047 ASN 228
ASP 69
ASN 101
ASN 101

12 −5.7105 1.6102 GLN 11
SER 178
ASN 101

Paclitaxel −8.9669 1.8961 SER 178
GLN 11

Co-crystallized ligand (GTP) −11.9309 1.4869

© 2024 The Author(s). Published by the Royal Society of Chemistry
= 18.16 ± 1.1 mM), respectively. Meanwhile, other substrates
offered moderate and weak potencies.

These ndings indicate that signicant potency was ach-
ieved via conjugation of the parent thiophene core with imide
and nitrobenzylidine linkages.33,43 Also, the enhanced potency
of substrates 11 (bearing nitro group) and 12 (bearing phthali-
mido core) may be attributable for the signicant effect of the
electron-withdrawing group which improves the ability to
inhibit cancer cell proliferation and forming hydrogen bonding
with the nucleobases of DNA and causes damage.34
Molecular docking study

A molecular docking study of a chemical inhibitor in the active
pocket of proper target is widely applied as an approach to
disclose the possible antitumor mechanism of action. Micro-
tubules, with diverse roles within the cell, are cellular polymers
including chromosomal segregation, cytokine, and chemokine
secretion, protein trafficking, maintenance of cell structure, cell
migration, and division. A tubulin inhibitor is a drug that
inhibits mitosis or cell division and is used in treating cancer.
Thus, cancer cells are more sensitive to inhibition of mitosis
than normal cells. Therefore, targeting tubulin dynamics is
a promising attempt for new chemotherapeutic agents.
Substances capable of disturbing microtubules by either stabi-
lizing or destabilizing them would exhibit antiproliferative
effects via enhancing mitotic arrest and cell apoptosis. At least
three main binding sites in tubulin protein, including colchi-
cine, taxane, and vinca alkaloid, have been recognized as targets
for the anticancer drugs.18,23,24 Examples of mitotic inhibitors
frequently used in the treatment of cancer include paclitaxel,
docetaxel, vinblastine, vincristine, and vinorelbine.

Noteworthy, the promising cytotoxic candidates 5, 11, and 12
are tetrahydrobenzo[b]thiophenes with diacetyl, Schiff base,
and phthalimido functionalities, where these structural units
were found to inhibit tubulin polymerization leading to irre-
versible damage to the tumor vasculature and causes mitotic
arrest and tumor necrosis.44,45 Therefore, the inhibitory poten-
tials of these candidates against tubulin (TUB) domain were
investigated via molecular docking analysis utilizing molecular
, and 12 to tubulin protein active sites

acids
Interacting
groups Receptor Type of interaction Bond length (Å)

O 25 N H–acceptor 2.95
O 25 ND2 H–acceptor 2.87
N 42 N H–acceptor 3.39
C 26 OD1 H–donor 3.25
6-Ring OD2 Pi–H 3.32
6-Ring ND2 Pi–H 3.55
6-Ring N Pi–H 4.31
O 30 NE2 H–acceptor 2.73
O 31 OG H–acceptor 2.98
6-Ring ND2 Pi–H 3.33
O 32 O H–donor 2.79
O 51 OE1 H–donor 2.91

RSC Adv., 2024, 14, 18417–18430 | 18423
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Table 3 2D and 3D-interactions of substances 5, 11, and 12 with tubulin protein binding pockets

Compd 2D 3D

5

11

12

Paclitaxel
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operating environment (MOE 2014.0901) to disclose its prob-
able antitumor mechanism of action, examine the binding free
energies of the prepared substances and paclitaxel (as a tubulin
stabilizing agent) toward tubulin protein (PDB ID 5NM5) and
display the interactions between the prepared ligands and
receptors.

The binding affinities were measured by the binding ener-
gies (S-score, kcal mol−1) and hydrogen bonds. All complexes
obtained were docked in the same groove of binding site of the
native co-crystallized ligand (GTP) (Tables 2 and 3). Further,
Table 2 mentions the specic amino acids involved in binding
interactions between each compound and its respective target
protein through inclusive information concerning the binding
amino acids and types of bonds formed like H–acceptor, pi–
cation, and among others.

The data presented in Table 2 revealed that the binding
energies of the synthesized ligands were near to that of co-
crystallized ligand (GTP) with RMSD values lower than 2 Å.
Noteworthy, the co-crystallized ligand (GTP) and paclitaxel
exhibited binding energies of−11.9309 and−8.9669 kcal mol−1

with RMSD values of 1.8961 and 1.4869 Å, respectively. The
inhibition efficiency of paclitaxel was attributed to the hydrogen
bonding interaction with some amino acids (SER 178 and GLN
11) of tubulin protein. The best docking score was displayed by
compound 5 as it showed binding energy of−6.5483 kcal mol−1

with the lowest RMSD of 1.0374 Å indicating to its tightly
hydrogen bonding to some key nucleobases and amino acids
(ASN 101, GLY 146) of tubulin protein, which disclose its
potential utilization as tubulin stabilizing agents like paclitaxel.
Also, compounds 11 and 12 exhibited binding energies of
−6.2768 and −5.7105 kcal mol−1 with RMSD of 1.6047 and
1.6102 Å, respectively, which display notably strong binding
affinities toward tubulin protein through hydrogen bonding
and pi–hydrogen interactions. The orientation and hydrogen
bond pattern of these compounds in the active sites correspond
to that of paclitaxel, as a tubulin stabilizing agent.

The outcomes of docking analysis of compounds 5, 11, and
12 with the tubulin protein (PDB ID 5NM5) were displayed in
© 2024 The Author(s). Published by the Royal Society of Chemistry
graphical representations designated as 2D and 3D visualiza-
tions (cf. Table 3). The 3D visualization displays the binding
interactions between these substances and tubulin protein,
indicating hydrogen bonding interactions highlighted in red.
Also, 2D depiction illustrates detailed insights into the molec-
ular interactions between compounds and proteins.

Modeling pharmacokinetics

The ADME (absorption, distribution, metabolism, and excre-
tion) properties of the compelling substances, which involve
their physicochemical properties, lipophilicity, and drug-
likeness, have been prophesied by SwissADME free web tool
to lessen the time of choosing substrates from an enormous
collection of substances in the early phases of drug discovery,
biological effects, and development for an effective drug.18,46

Compounds 5, 11, and 12 were found to obey with Lipinski's
rule of ve with a total polar surface area (TPSA) of 89.41,
110.21, and 89.41 Å, respectively (cf. Table S2 and Fig. S2–S12 in
ESI†).12,47

Also, these substances displayed suitable physicochemical
properties, which was examined through the following six
parameters: lipophilicity (LIPO), size, polarity (POLAR), insolu-
bility (INSOL), unsaturation (UNSAT), and exibility (FLEX).
Concerning the absorption property, they displayed gastroin-
testinal tract (GIT) absorption due to their existence in the
BOILED-EGG chart white area (Fig. S13 in ESI†). They showed
good lipophilicity as presented by the consensus log Po/w which
were in 3.45, 4.39, and 4.37, respectively. The good oral
bioavailability (0.55) of these substances was clear through the
bioavailability radar chart. Thus, compounds 5, 11, and 12 were
fully included in the pink area and this supported their well-
predicted oral bioavailability. They showed a high GI absorp-
tion. Their skin permeation (log KP) parameters were −5.94,
−4.83, and −5.23 cm s−1, which rendered the bioactive
compounds easier to access through skin. Also, their cyto-
chrome P450 isoenzymes (CYP1A2, CYP2C9, CYP2C19, CYP2D6,
and CYP3A4), which perform a signicant role in biotransfor-
mation of medicines through O-type oxidation processes, have
RSC Adv., 2024, 14, 18417–18430 | 18425
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also been estimated. In turn, it is expected to penetrate the
blood–brain barrier (existed inside the chart yellow area).
Further, they are not potential substrates for permeability
glycoprotein (PGP), which is indicated by red. Finally, all
compounds showed no violations to Lipinski's rule of ve
except for compound 8 as displayed in Table S2 (ESI†). Jointly,
compounds 5, 11, and 12 exhibit desirable drug-likeness and
oral bioavailability properties.

Conclusion

Certain tetrahydrobenzo[b]thiophene candidates were prepared
starting from the corresponding b-enaminonitrile scaffold. The
in vitro antiproliferative activity of the examined substances
against MCF7 and HePG2 cell lines displayed the relative
highest potency of imide 5, Schiff base 11, and phthalimido 12
compared with doxorubicin and paclitaxel. The DFT results
were coherent with the cytotoxicity of tested compounds by
displaying the lowest DE values of 1.540, 1.976, and 6.090 eV
and highest soness of 1.299, 1.012, and 1.013 eV−1 for
compounds 11, 12, and 5, respectively, compared with other
compounds. A molecular docking study was performed
employing MOE to investigate the binding free energies of
paclitaxel (as a tubulin inhibitor) and potent substrates toward
tubulin protein (PDB ID 5NM5) and determined the interac-
tions between ligands obtained and receptors. The binding
energies of ligands obtained were near to that of co-crystallized
ligand (GTP). The best docking score was given by imide
derivative 5 (−6.5483 kcal mol−1) indicating its tightly bounding
through hydrogen bonding with some key nucleobases and
amino acids (ASN 101 and GLY 146) of tubulin protein and
revealing its potential utility as tubulin inhibitor. Also,
compounds 11 and 12 showed notably strong binding affinity
towards tubulin protein. A modeling pharmacokinetics study of
all prepared compounds showed that substances 5, 11, and 12
were fully included in the pink area supporting their well-
predicted oral bioavailability. The most potent candidates
may serve as useful lead substrates in looking for selective and
powerful antiproliferative agents.

Materials and methods

All solvents and reagents were puried and dried employing
standard approaches. The melting points of all substances were
taken on a GRIFFIN and GEORGE melting-point apparatus.
Infrared (IR) spectra (n, cm−1) were determined at a NICOLET
iS10 infrared spectrophotometer employing KBr disks. 1H and
13C NMR spectra (d, ppm) were acquired at 400 and 100 MHz,
respectively on a Bruker Avance III NMR spectrometer employ-
ing deuterated dimethyl sulfoxide (DMSO-d6) solvent with tet-
ramethyl silane (TMS) internal standard. Mass spectra were run
on a Shimadzu GC-MSQP-1000 EX mass spectrometer (Thermo
Scientic GCMS MODEL (ISQ LT)) running at 70 eV using the
Thermo X-CALIBUR soware at Regional Center for Mycology
and Biotechnology (RCMB), Al-Azhar University, Cairo, Egypt.
Elemental analyses were recorded at a CHN analyzer, and values
obtained were within ±0.4 of the theoretical values. The
18426 | RSC Adv., 2024, 14, 18417–18430
homogeneity of the substances obtained was controlled by TLC
(thin-layer chromatography) on plates with employing
aluminum sheet silica gel 60 F254 (Merck, Darmstadt, Ger-
many) with different solvent systems as mobile phases.

2-Amino-6-phenyl-4,5,6,7-tetrahydrobenzo[b]thiophene-3-
carbonitrile (2)

To a solution of 4-phenylcyclohexanone (5.22 g, 30 mmol),
malononitrile (1.98 g, 30 mmol) and elemental sulfur (0.96 g, 30
mmol) in methyl alcohol (10 mL), diethylamine (2 mL) was
added dropwise with stirring at 50–60 °C for 10 min. Then
heating for 1 h at the same temperature. The solution was
allowed to stand at room temperature and the solid formed was
ltered off, washed with ethanol several times, dried, and
crystallized from ethanol to give beige crystals, mp 181–182 °C
[lit. 35 mp 180–182 °C], yield (5.64 g, 74%).

N-(3-Cyano-6-phenyl-4,5,6,7-tetrahydrobenzo[b]thiophen-2-yl)
acetamide (3)

A solution of b-enaminonitrile 2 (1.27 g, 5 mmol) in ethanoic
anhydride (10 mL) or glacial ethanoic acid (10 mL) involving
fused sodium acetate (2 g) was reuxed for 1 h. The formed solid
aer cooling was collected and crystallized from ethyl alcohol to
obtain white crystals, mp 234–235 °C, yield (1.27 g, 86%). Rf =

0.41 (Et2O/EtOAc, 2 : 1). IR (n, cm−1): 3265 (NH), 2216 (C^N),
1695 (C]O). 1H NMR (d, ppm): 1.87–1.93 (m, 2H, CH2), 2.19 (s,
3H, CH3), 2.62–2.71 (m, 2H, CH2), 2.83–2.88 (m, 2H, CH2), 2.93–
2.99 (m, 1H, CH), 7.22 (t, 1H, Ar–H, J = 7.5 Hz), 7.29–7.34 (m,
4H, Ar–H), 11.57 (br.s, 1H, NH, exchangeable). EIMS, m/z (%):
296.09 (M+c, 12), 268.11 (14), 229.09 (20), 228.07 (100), 227.04
(61), 211.09 (5), 194.09 (6), 155.07 (15), 140.06 (21), 119.05 (15),
93.08 (27), 77.07 (55), 65.07 (22). Anal. calcd for C17H16N2OS
(296.39): C, 68.89; H, 5.44; N, 9.45; found: C, 68.79; H, 5.38; N,
9.43%.

2-Methyl-7-phenyl-5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]
pyrimidin-4(3H)-one (4)

A solution of 2 (1.27 g, 5 mmol) in ethanoic anhydride (10 mL)
was reuxed for 6 h. The formed solid aer cooling was
collected and crystallized from 1,4-dioxane to obtain white
crystals, mp > 300 °C, yield (1.20 g, 81%). Rf = 0.45 (Et2O/EtOAc,
3 : 1). IR (n, cm−1): 3200 (NH), 1669 (C]O). 13C NMR (d, ppm):
163.35, 158.53, 154.43, 145.59, 130.45 (2), 130.19, 128.42 (2),
126.87, 126.31, 119.95, 38.82, 32.05, 29.15, 25.61, 20.82. 1H NMR
(d, ppm): 1.91–2.01 (m, 2H, CH2), 2.33 (s, 3H, CH3), 2.80–2.87
(m, 2H, CH2), 2.96–3.03 (m, 2H, CH2), 3.11–3.15 (m, 1H, CH),
7.23 (t, 1H, Ar–H, J = 7.4 Hz), 7.32–7.33 (m, 4H, Ar–H), 12.25
(br.s, 1H, NH, exchangeable). Anal. calcd for C17H16N2OS
(296.39): C, 68.89; H, 5.44; N, 9.45; found: C, 68.80; H, 5.39; N,
9.47%.

Action of ethanoic anhydride or ethanoic/sulfuric acids on
acetamide derivative 3

A solution of acetamide derivative 3 (1.48 g, 5 mmol) in ethanoic
anhydride (10 mL) or ethanoic acid (10 mL) containing
© 2024 The Author(s). Published by the Royal Society of Chemistry
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concentrated sulfuric acid (0.1 mL) was reuxed for 2–3 h. Aer
cooling, the reaction mixture was poured onto cold-water to get
a mixture of heteroannulated product 4 and imide derivative 5
which was ltered off, dried, and fractionally recrystallized from
ethyl alcohol to obtain the imide derivative 5. The insoluble
residue was recrystallized from dioxane to achieve hetero-
annulated product 4 (identity: mp, mixed mp, TLC), yield
(0.59 g, 40%).

N-Acetyl-N-(3-cyano-6-phenyl-4,5,6,7-tetrahydrobenzo[b]
thiophen-2-yl)acetamide (5)

White crystals, mp > 300 °C, yield (0.91 g, 54%). Rf = 0.52 (Et2O/
EtOAc, 3 : 1). IR (n, cm−1): 2219 (C^N), 1737, 1712 (C]O
vibrational coupling). 1H NMR (d, ppm): 1.95–2.07 (m, 2H, CH2),
2.34 (s, 6H, 2 CH3), 2.64–2.78 (m, 2H, CH2), 2.82–2.89 (m, 2H,
CH2), 3.03–3.08 (m, 1H, CH), 7.24 (t, 1H, Ar–H, J= 7.5 Hz), 7.31–
7.35 (m, 4H, Ar–H). EIMS, m/z (%): 338.31 (M+c, 12), 306.32 (37),
283.40 (100), 228.20 (41), 200.30 (32), 172.21 (17), 132.36 (21),
98.52 (35). Anal. calcd for C19H18N2O2S (338.43): C, 67.43; H,
5.36; N, 8.28; found: C, 67.32; H, 5.29; N, 8.31%.

N-(3-Cyano-6-phenyl-4,5,6,7-tetrahydrobenzo[b]thiophen-2-yl)
formamide (6)

A solution of 2 (1.27 g, 5 mmol) in formic acid (10 mL) was
reuxed for 30 min. The formed solid was collected, washed
well with water, dried, and crystallized from ethanol to offer
white crystals, mp 251–253 °C, yield (1.27 g, 90%). Rf = 0.48
(Et2O/EtOAc, 3 : 1). IR (n, cm−1): 3185 (NH), 2212 (C^N), 1684
(C]O). 1H NMR (d, ppm): 1.58–1.80 (m, 2H, CH2), 1.99–2.22 (m,
2H, CH2), 2.74–2.84 (m, 2H, CH2), 2.95–3.06 (m, 1H, CH), 7.21–
7.28 (m, 4H, Ar–H), 7.36 (t, 1H, Ar–H, J = 7.4 Hz), 8.50 (s, 1H,
CHO), 8.67 (br.s, 1H, NH, exchangeable). Anal. calcd for
C16H14N2OS (282.36): C, 68.06; H, 5.00; N, 9.92; found: C, 67.99;
H, 4.96; N, 9.94%.

7-Phenyl-5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]pyrimidin-
4(3H)-one (7)

A solution of 2 (1.27 g, 5 mmol) in formic acid (10 mL) was
reuxed for 3 h. The excess solvent was evaporated under
vacuum. The residue was triturated with light petroleum,
ltered, and recrystallized from 1,4-dioxane/DMF mixture (2 : 1)
to get white crystals, mp >360 °C, yield (1.07 g, 76%). Rf = 0.46
(Et2O/EtOAc, 3 : 1). IR (n, cm−1): 3190 (NH), 1659 (C]O). 1H
NMR (d, ppm): 1.96–2.07 (m, 2H, CH2), 2.74–2.89 (m, 2H, CH2),
3.00–3.14 (m, 2H, CH2), 3.35–3.57 (m, 1H, CH), 7.23 (t, 1H, Ar–
H, J = 7.3 Hz), 7.32–7.40 (m, 4H, Ar–H), 8.02 (s, 1H, CH]N),
12.34 (br.s, 1H, NH, exchangeable). Anal. calcd for C16H14N2OS
(282.36): C, 68.06; H, 5.00; N, 9.92; found: C, 67.95; H, 4.94; N,
9.95%.

N1,N4-Bis(3-cyano-6-phenyl-4,5,6,7-tetrahydrobenzo[b]
thiophen-2-yl)terephthalamide (8)

To a stirred solution of 2 (1.27 g, 5 mmol) in 1,4-dioxane (15 mL)
containing triethylamine (0.1 mL), terephthaloyl dichloride
(0.51 g, 2.5 mmol) was added portion wise. The reactionmixture
© 2024 The Author(s). Published by the Royal Society of Chemistry
was further stirred for 5 h at ambient temperature. The solid
obtained was collected and recrystallized from 1,4-dioxane to
produce beige crystals, mp >300 °C, yield (2.87 g, 90%). Rf= 0.56
(Et2O/EtOAc, 1 : 1). IR (n, cm−1): 3235 (NH), 2223 (C^N), 1664
(C]O). 1H NMR (d, ppm): 1.17–1.23 (m, 4H, 2CH2), 1.95–2.05
(m, 4H, 2CH2), 2.70–2.81 (m, 4H, 2CH2), 2.94–3.17 (m, 2H,
2CH), 7.22–7.43 (m, 10H, Ar–H), 8.04–8.13 (m, 4H, Ar–H), 11.97
(br.s, 2H, 2NH, exchangeable). Anal. cald. for C38H30N4O2S2
(638.80): C, 71.45; H, 4.73; N, 8.77; found: C, 71.32; H, 4.65; N,
8.80%.

7-Phenyl-5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]pyrimidin-
4-amine (9)

A solution of 2 (1.27 g, 5 mmol) in formamide (10 mL) was
reuxed for 3 h. The solid obtained during reux was ltered
and recrystallized from 1,4-dioxane to get colorless crystals, mp
252–253 °C, yield (1.15 g, 82%). Rf = 0.38 (Et2O/EtOAc, 2 : 1). IR
(n, cm−1): 3285, 3200 (NH2), 1636 (C]N). 13C NMR (d, ppm):
158.19, 153.09 (2), 145.54, 130.61 (3), 128.50 (3), 126.97, 126.45,
40.38, 32.48, 29.38, 25.83. 1H NMR (d, ppm): 1.98–2.05 (m, 2H,
CH2), 2.87–2.99 (m, 2H, CH2), 3.01–3.10 (m, 2H, CH2), 3.37–3.55
(m, 1H, CH), 6.84 (br.s, 2H, NH2, exchangeable), 7.23 (t, 1H, Ar–
H, J = 7.4 Hz), 7.32–7.41 (m, 4H, Ar–H), 8.20 (s, 1H, CH]N).
Anal. calcd for C16H15N3S (281.38): C, 68.30; H, 5.37; N, 14.93;
found: C, 68.20; H, 5.32; N, 14.95%.

7-Phenyl-5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]
pyrimidine-2,4(1H,3H)-dithione (10)

A mixture of 2 (1.27 g, 5 mmol) and carbon disulde (10 mL) in
pyridine or alcoholic potassium hydroxide (10%, 10 mL) was
heated at 65–75 °C for 8 h on water bath. The solution was
poured onto crushed ice/cold-water and acidied with diluted
hydrochloric acid (10%). The formed solid was ltered, washed
well with water, dried, and crystallized from ethanol/1,4-
dioxane mixture (2 : 1) to give pale-yellow crystals, mp >300 °
C, yield (1.40 g, 85%) and (1.25 g, 76%), respectively. Rf = 0.43
(Et2O/EtOAc, 1 : 1). IR (n, cm−1): 3119 (NH), 1190 (C]S). 13C
NMR (d, ppm): 181.65, 169.22, 149.99, 148.25, 145.50, 129.54,
128.50 (2), 126.99, 126.42 (2), 125.17, 40.39, 32.15, 29.13, 27.91.
1H NMR (d, ppm): 1.85–2.00 (m, 2H, CH2), 2.74–2.81 (m, 2H,
CH2), 2.81–2.98 (m, 2H, CH2), 3.02–3.42 (m, 1H, CH), 7.21 (t, 1H,
Ar–H, J = 7.3 Hz), 7.24–7.32 (m, 4H, Ar–H), 13.22 (br.s, 1H,
NHCS, exchangeable), 13.89 (br.s, 1H, NHCS, exchangeable).
Anal. calcd for C16H14N2S3 (330.48): C, 58.15; H, 4.27; N, 8.48;
found: C, 58.07; H, 4.21; N, 8.51%.

(E/Z)-2-((4-Nitrobenzylidene)amino)-6-phenyl-4,5,6,7-
tetrahydrobenzo[b]thiophene-3-carbonitrile (11)

Amixture of 2 (1.27 g, 5 mmol) and 4-nitrobenzaldehyde (0.75 g,
5 mmol) in glacial ethanoic acid (neat condition) was reuxed
for 15 min. The solid formed while reuxing was ltered and
recrystallized from 1,4-dioxane/DMF (2 : 1) to give orange crys-
tals, mp >300 °C, yield (1.88 g, 97%). Rf = 0.47 (Et2O/EtOAc, 1 :
1). IR (n, cm−1): 2218 (C^N), 1600 (C]N), 1556, 1336 (NO2).

1H
NMR (d, ppm): 1.97–2.10 (m, 2H, CH2), 2.78–2.89 (m, 2H, CH2),
2.92–3.09 (m, 2H, CH2), 3.17–3.25 (m, 1H, CH), 7.24 (t, 1H, Ar–
RSC Adv., 2024, 14, 18417–18430 | 18427
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H, J= 7.2 Hz), 7.26–7.37 (m, 4H, Ar–H), 8.22 (d, 2H, –C6H4NO2, J
= 8.7 Hz), 8.40 (d, 2H, –C6H4NO2, J = 8.7 Hz), 8.84 (s, 1H, CH]

N). EIMS, m/z (%): 387.35 (M+c, 38), 383.00 (76), 365.46 (26),
364.68 (31), 361.33 (52), 344.67 (93), 338.69 (37), 323.07 (23),
278.75 (35), 252.03 (51), 236.28 (65), 224.91 (47), 216.42 (39),
156.91 (55), 144.09 (57), 133.34 (37), 118.91 (54), 103.15 (31),
96.25 (100), 80.83 (38), 73.99 (51), 67.09 (35). Anal. calcd for
C22H17N3O2S (387.46): C, 68.20; H, 4.42; N, 10.85; found: C,
68.11; H, 4.36; N, 10.83%.
2-(1,3-Dioxoisoindolin-2-yl)-6-phenyl-4,5,6,7-tetrahydrobenzo
[b]thiophene-3-carbonitrile (12)

Amixture of 2 (1.27 g, 5 mmol) and phthalic anhydride (0.74 g, 5
mmol) in glacial ethanoic acid (2 mL) was reuxed for 1 h or
neat condition. The solid formed during reux was ltered and
recrystallized from ethyl alcohol to get bright-yellow crystals,
mp 277–278 °C, yield (1.07 g, 56%). Rf = 0.53 (Et2O/EtOAc, 1 : 1).
IR (n, cm−1): 2225 (C^N), 1788, 1730 (C]O vibrational
coupling). 1H NMR (d, ppm): 2.03–2.10 (m, 2H, CH2), 2.22–2.29
(m, 2H, CH2), 2.86–2.97 (m, 2H, CH2), 3.07–3.12 (m, 1H, CH),
7.27-7.32-7.40 (m, 7H, Ar–H), 7.89 (d, 1H, Ar–H, J = 7.2 Hz), 8.03
(d, 1H, Ar–H, J= 7.2 Hz). EIMS,m/z (%): 384.31 (M+c, 22), 309.06
(3), 284.17 (4), 230.09 (7), 229.09 (20), 228.09 (84), 227.08 (57),
155.09 (30), 140.07 (60), 115.06 (37), 114.08 (34), 89.08 (18),
77.07 (100), 59.01 (96), 51.07 (50). Anal. calcd for C23H16N2O2S
(384.45): C, 71.86; H, 4.20; N, 7.29; found: C, 71.80; H, 4.16; N,
7.30%.
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