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Isatin (1H-indole-2,3-dione) is a privileged nitrogen-containing heterocyclic framework that has received
considerable attention in anticancer drug discovery owing to its general biological behavior and
structural diversity. This review focuses on isatin—heterocyclic hybrids as a valuable model in the
development of new anti-cancer drugs that may reduce side effects and help overcome drug resistance,
discussing their synthetic approaches and mechanism of action as apoptosis induction through kinase
inhibition. With various chemical modifications, isatin had an excellent ability to build powerful isatin
hybrids and conjugates targeting multiple oncogenic pathways. It is worth mentioning that isatin-hybrids
exhibited anticancer activity against various cancer cell lines, such as breast, liver, colon, lung, and
multidrug-resistant carcinomas. Their mechanisms include mitochondrial-mediated apoptosis, caspase
activation, tubulin polymerization inhibition, and kinase modulation, particularly VEGFR-2, EGFR, CDK2,
and STAT-3. Numerous synthesized isatin-based compounds have shown superior cytotoxicity
compared to established chemotherapeutics, with favorable 1Csq values and minimal toxicity toward
normal cells. In addition, this review summarizes more recent synthetic innovations, e.g., microwave-
assisted and multi-component techniques, which offer improved pharmacological profiles of these
isatin—heterocyclic hybrids with improved cytotoxicity and target signaling pathways. Overall, these
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results underscore the value of isatin as a flexible scaffold for the rational design of new anticancer

agents. To increase bioavailability and targeted delivery, especially in solid tumors, and to lead to the

DOI: 10.1039/d5ra05002b creation of novel,
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1. Introduction

Cancer remains one of the most formidable challenges in
modern medicine, not only for its complexity and adaptability
but also for the collateral damage inflicted by its treatment.
Chemotherapy, a cornerstone of cancer therapy, is designed to
eradicate rapidly dividing cancer cells. However, its lack of
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potent anticancer
revolutionary drug signaling pathways will be further advocated in the future.

therapies, nano-formulation drug delivery systems with

absolute specificity often results in significant toxicity to
normal, healthy cells, particularly those in the bone marrow,
digestive tract, and hair follicles, which limits the therapeutic
window and diminishes patients' quality of life."* This dual-
edged nature of chemotherapy wunderscores a central
dilemma: maximizing the destruction of malignant cells while
preserving the integrity and function of normal tissues. There-
fore, it is essential to create novel anti-cancer medications that
are highly selective and effective against drug-sensitive and
drug-resistant tumors.**

In medicinal chemistry, heterocyclic compounds are bene-
ficial molecules.” They display various pharmacological and
biological activities.*” As a fundamental building block of a vast
heterocyclic library, nitrogen-containing heterocyclic congeners
are widely employed in many scientific fields.** Moreover,
nitrogen-containing heterocycles have remarkable structural
properties and are commonly found in a variety of herbal
components, including alkaloids and vitamins.' Isatin is
a nitrogen-containing single scaffold. Many bioactive natural
compounds have the isatin skeleton, e.g., chitosenine,
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Fig. 1 Bioactive natural products containing isatin.

horsfiline, javaniside, spirotryprostatin A, spirotryprostatin B,
and strychnofoline (Fig. 1)."*

Isatin's structure allows the insertion of various substituents
into almost any position of the moiety. Numerous derivatives
with enhanced biological activity have been produced as a result
of structural modifications to the isatin ring.'>»"* Additionally,
numerous cancer forms, even those that are resistant to treat-
ment, may be treated by specific anti-cancer treatments that
contain isatin, indicating the possibility of creating new anti-
cancer drugs." Fig. 2 represents currently marketed isatin-
based anti-cancer drugs.*

Isatin is an indole derivative that is produced by oxidizing
indigo dye. Its chemical name is 1H-indole-2,3-dione. First
synthesized by Erdman and Laurent in 1841, isatin has since
become a pivotal entity in organic synthesis, attributable to its
structural intricacy and chemical reactivity. Isatin is a naturally
occurring substance that can be found in plants like Calanthe
discolor and Couroupita guianensis. It has also been found
within the secretion of the parotid gland of Bufo frogs and

Spirotryprostatin B
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Strychnofoline

human metabolic pathways stemming from adrenaline. Addi-
tionally, various plant species include substituted isatins, such
as the melastatin alkaloids obtained from the Caribbean
tumorigenic plant Melochia tomentosa.****

2. Chemical properties

Isatin is an endogenous compound with the molecular formula
C¢H5NO,. According to Fig. 3, it contains two carbonyl groups at
positions two and three and a nitrogen atom at position one. It
consists of two cyclic rings, one with five members and the other
with six. The two rings are flat. Whereas the 5-membered ring
has an anti-aromatic property, the 6-membered ring has an
aromatic one."”

Isatin can undergo chemical reactions in three different
places: N-alkylation, aromatic ring substitution, and carbonyl
reaction at its C2 and/or C3 carbonyl functionalities (Fig. 4)."*

Derivatives of isatin exhibit improved anticancer properties
through strategic hybridization. Imidazole-isatin hybrids

1 O

N—”
HO 5
© HN HN
OHN/ OHN/ OHN/ OHN/
HN™ Y HN™ Y HN™ Y HN™ Y
Semaxanib Orantinib Sunitinib Toceranib

Fig. 2 Isatin-based marketed anti-cancer drugs.
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Fig. 3 Structure of isatin.

inhibit COX-2 and PI3K enzymes, key targets in inflammation
and breast cancer. Isatin-hydrazones suppress Bcl-2, activate
caspases, and induce ROS-mediated apoptosis in breast cancer
cells. Triazole-tethered isatin-coumarin hybrids inhibit tubulin
polymerization (ICs, = 1-5 pM) and overcome multidrug
resistance in prostate and breast cancers. Brominated isatin
derivatives from marine organisms target CDK2, a kinase crit-
ical for cell cycle progression.”**

Due to these remarkable and fantastic properties and
conversions (Fig. 5), the generation of macrocyclic complexes
with isatin or its derivatives is being explored more.*

3. Molecular targeting of isatin-based
derivatives as anti-cancer agents

The apoptotic (programmed cell death) effects of isatin-based
derivatives on several types of cancer cells make them

View Article Online
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promising candidates for use as anticancer agents. The
apoptotic (programmed cell death) effects of isatin-based
derivatives on several types of cancer cells make them prom-
ising contenders for anticancer drug development. Drugs that
inhibit CDK2, receptor tyrosine kinases, and histone deacety-
lases can be designed using the isatin scaffold. These drugs
affect cell cycle progression, mitosis, and epigenetic control in
tumor cells, as summarized in Fig. 6.

3.1. Molecular mechanisms of isatin-induced apoptosis

3.1.1. Kinase-mediated apoptosis. Reducing tumor angio-
genesis and metastasis, isatin-based derivatives inhibit vascular
endothelial growth factor receptor 2 (VEGFR2) and epidermal
growth factor receptor (EGFR). By inhibiting receptors for the
MAPK and PI3K/AKT signaling pathways, which are frequently
dysregulated in cancers, the compounds reduce the availability
of survival signals for cancer cells.* This promotes cell survival
and proliferation. Anticancer treatments can be more effective if
specific pathways are targeted. Many malignancies have dysre-
gulated signaling pathways that allow cells to survive and
proliferate, such as RAS/RAF/MEK/ERK (MAPK) and PI3K/AKT/
mTOR.**

Also, isatin-based derivatives have a significant impact on
cell cycle regulation. By blocking the G1-S phase transition and
consequently inhibiting cell growth, these compounds have
shown promise as cyclin-dependent kinase 2 (CDK2) inhibitors.
Moreover, these chemicals cause cell cycle arrest by inhibiting

Imine, hydrazone, spiro, oxindole derivative:
and metal complex ligands
—

%

Mono-, di- and tri-substitution of
the aromatic ring
H

O 0 Spiro, indigo and indirubin derivatives
N

N-alkyl, aryl, acyl

Fig. 4 Possible substitution on the isatin scaffold.t®
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Fig. 5 Tautomerism in isatin. (A) Lactam form, (B) lactim form and (C) imide form.
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histone deacetylase (HDAC), which in turn induces chromatin
remodeling and suppresses oncogenic transcription.>

There have been other investigations into isatin-based
compounds that target HER-2. On the other hand, they are
known to suppress the RAS/RAF/MEK/ERK (MAPK) and PI3K/
AKT/mTOR signaling pathways, which are involved in cancer
cell survival and metastasis. Thus, blocking these pathways may
slow cancer progression and improve therapy options.>*

3.1.2. Mitochondrial pathway activation. Isatin derivatives
effectively decrease the expression of anti-apoptotic Bcl-2
protein while maintaining Bax (pro-apoptotic) expression
levels, significantly reducing the Bcl-2/Bax ratio. This altered
ratio is a critical regulatory step that sets the threshold for
apoptosis susceptibility in the mitochondrial pathway. The
disruption of mitochondrial integrity represents one of the
earliest events in isatin-induced apoptosis. Treatment with
isatin markedly decreases the mitochondrial transmembrane
potential in cancer cells, indicating mitochondrial dysfunction.
This destabilization leads to elevated cytochrome c release into
the cytosol, a universal feature of the apoptotic process.””"**
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3.1.3. Caspase cascade activation. Upon cytochrome c
release, isatin initiates the apoptotic program by triggering
a caspase cascade. Isatin stimulates caspase-9 and caspase-3,
according to studies. The dicarbonyl functionality is crucial to
isatin’s activity because it activates caspases. By interacting with
the nucleophilic cysteine thiolate functionality and the elec-
trophilic C-3 carbonyl carbon of isatin, this group forms a thi-
ohemiketal that binds to the cysteine residue at the active site of
activated caspases. In the next step, caspase-3 cleaves the ICAD
inhibitor, which activates caspase-activated DNase (CAD) and
causes DNA fragmentation within nuclear internucleosomes.
The hallmarks of cell death, such as DNA fragmentation and
chromatin condensation, have been seen in cancer cells treated
with isatin.*>*

4. lIsatin—hybrids as anti-cancer
agents

Drug hybridization is a beneficial strategy in pharmaceutical

development, as such compounds can enhance efficacy,
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Fig. 6 The signaling therapeutic pathways of isatin-based derivatives as anti-cancer agents. This figure is partially generated by Biorender and

reproduced from our previously published work.**
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Fig. 7 Hybridization of isatin core with other anti-cancer pharmacophores.

O,N Z H
OH
7 (59%)
NH, NH,

2

o o
NH ——— ON NH —— N NH
N/) i N/) iv P
3

0
4
v O
iii N
| N
6
O
N

5

Scheme 1 Synthesis of isatin—quinazoline 7. Reagents and conditions: (i) HCONHy, reflux, 6 h; (i) HNOs, H,SOy4, 90 °C, 30 min; (iii) HCOOH,
H,SOy, reflux, 1 h; (iv) Fe, NH4C1, iPrOH, reflux, 1.5 h; (v) EtOH, gl. AcOH (cat.), reflux, 4-6 h.
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improve target specificity, and combat resistance.* The isatin
scaffold serves as a valuable model in the development of new
anti-cancer drugs. By merging the isatin core with other anti-
cancer pharmacophores (Fig. 7), it is possible to design hybrid
molecules that may reduce side effects and help overcome drug
resistance. These isatin-based hybrids represent promising
candidates for novel cancer therapies.*® This section displays
recent advances in isatin-based hybrid compounds as potential
anti-cancer agents. It includes isatin scaffold with quinazoline,
indole,1,2,3-triazole, 1,2,4-triazole, pyrazole, sulphonamide,
hydrazone, benzofuran, thiazolidine, thiazole, and thiadiazole
hybrids, respectively.

4.1. Isatin-quinazoline hybrids

Kandeel et al. reported synthesizing indolinone-based deriva-
tives as cytotoxic kinase inhibitors.’” The synthetic routes
employed to synthesize the target derivatives (7 and 12) are
represented in Schemes 1 and 2, respectively. In Scheme 1,
anthranilic acid 1 was heated with formamide to afford 4-
quinazolinone 2, which was nitrated with a nitrating mixture to
give 6-nitroquinazolinone 3. Also, 6-nitroquinazolinone 3 can
be obtained through the -cyclization of 2-amino-5-nitro-
benzonitrile 4 with formic acid. Furthermore, 6-
nitroquinazolinone 3 was then reduced using iron and ammo-
nium chloride in isopropanol, producing 6-aminoquinazolin-
one 5. Finally, 6-aminoquinazolinone 5 was allowed to react
with 4-chloroisatin 6 in EtOH and in the presence of catalytic
acetic acid under reflux to furnish the target 6-(indolylidona-
mino)quinazolinone 7 (yield: 59%).

On the other hand, Scheme 2, synthesis was started via
heating a mixture of anthranilamide 8 with p-nitrobenz-
aldehyde 9 and copper(u) chloride in EtOH, which yielded the 2-
(nitro-phenyl)quinazolinone 10. The latter compound 10 was
reduced with iron and hydrochloric acid afforded 2-(4-amino-
phenyl)quinazolinone 11. Finally, compound 11 was condensed
with 4-chloroisatin 6 in EtOH and in the presence of catalytic
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acetic acid under reflux for 6 h to furnish the target 12 (yield:
61%).

Compounds 7 and 12 were examined against two human
tumor cancer cell lines (HepG-2 and MCF-7), using indirubin as
the positive control. They displayed the highest cytotoxicity
against the HepG2 (ICs, = 2.53 and 3.08 uM) and MCF-7 (ICs, =
7.54 and 5.28 uM) cell lines, respectively, compared to indirubin
(ICso = 6.92 and 6.12 pM). Compound 7 demonstrated potent
inhibition against VEGFR2 and CDK-2 (ICs5, = 56.74 and 9.39
nM), respectively. Compound 7 was around five times more
potent than indirubin when inhibiting CDK-2. On the other
hand, compound 12 demonstrated potent inhibition of both
EGFR and VEGFR-2 with ICs, values of 14.31 nM and 32.65 nM,
respectively. Molecular docking studies supported the potential
binding modes and interactions 7 with CDK-2 and 12 with
VEGFR-2.*”

4.2. Isatin-indole hybrids

Al-Wabli et al. synthesized a new isatin-indole conjugate.*® The
synthesis started with the esterification of indole-2-carboxylic
acid 13 to give the methyl ester 14. Next, compound 14 was
allowed to react with N,H,-H,O, forming the acid hydrazide 15.
The target conjugate 17 was prepared by reacting the acid
hydrazide 15 with isatin derivative 16 in EtOH-containing drops
of acetic acid (yield: 54%), Scheme 3.

Using human breast (ZR-75), colon (HT-29), and lung (A-549)
carcinoma cells, the antiproliferative efficacy of compound 17
was assessed. With ICs, values of 0.74, 2.02, and 0.76 uM,
respectively, it exhibited the most potent anticancer activity
when contrasted with the standard drug sunitinib, which had
ICs, values of 8.31, 10.14, and 5.87 uM, respectively.’®

A novel isatin-indole conjugate was synthesized by Eldehna
et al.* The synthetic strategy used for the preparation of the
target compound 23 was illustrated in Scheme 4. First, 1H-
indole 18 was formylated via the Vilsmeier-Haack reaction to
produce 1H-indole-3-carbaldehyde 19, in which the CHO

NO
O//_Q 2 o

9 NH
NH, P
i N
NH,
NO,
8 10
(0]
\
e} (0]
O
NH 6 N/ (0] NH
~
ii N iii Pz
N
NH,
11 12 (61%)

Scheme 2 Synthesis of isatin—quinazoline hybrid 12. Reagents and conditions: (i) CuC1,-2H,0, EtOH, reflux, 16 h; (ii) Fe, HCZ; (iii) EtOH, gl. AcOH

(cat.) reflux, 6 h.
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EtOH, gl. AcOH (cat.), reflux, 4 h.

functionality was then oxidized by KMnO, in acetone to furnish
1H-indole-3-carboxylic acid 20. Furthermore, the acid 20 was
esterified through refluxing in dry methanol (MeOH) containing
a catalytic dehydrating agent, H,SO, to get carboxylate 21,
where the ester group reacted with N,H,-H,O in MeOH to
produce the intermediate 1H-indole-3-carbohydrazide 22.
Finally, the intermediate 22 was condensed with 5-chloroisatin
6 in glacial acetic acid to give the targeted compound 23 (yield:
75%).

Compound 23 was examined against two human cell lines,
colorectal cancer HT-29 and SW-620. In comparison to standard
5-FU, which had IC;, values of 4600 and 1500 pM, respectively,
it exhibited effective and selective cytotoxicity at 206 and
188 nM, respectively.*
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Scheme 3 Synthesis of isatin—indole hybrid 17. Reagents and conditions: (i) MeOH, H,SO, (cat.), reflux, 4 h; (ii) NoH4-H,O, MeOH, reflux, 2 h; (iii)

Based on the structural analysis of the reported CDK2
inhibitor, a new compound with 3-hydrazonoindolin-2-one
scaffold 29 was developed by Al-Sanea et al.*® The target
compound 29 was prepared through a four-step reaction. First
is the coupling dehydration of glycolic acid 24 with indole 18 to
give indol-3yl-acetic acid 25, which is esterified with EtOH in an
acidic medium to afford indole acetic acid ester 26. The ester 26
reacted with N,H,-H,O to give hydrazide 27. 5-Methoxyindole
2,3-dione 28 was condensed with 27 in EtOH and in the pres-
ence of catalytic glacial acetic acid under reflux for 4 h to
produce the target 29 (yield: 62%), Scheme 5.

Metastatic cancer (MCF-7, MDA-MB-231) and ovarian cancer
(NCI-ADR) cell lines were used to test compound 29's anti-
proliferative activity. Compared to Dox, which inhibits the

oy d
N N

18 19 20 21
0
o XL
NH N
{ i QL N=
— N NH
iv N \ o
N
H
22 23 (75%)

Scheme 4 Synthesis of isatin—indole hybrid 23. Reagents and conditions: (i) DMF, POC1s, reflux 8 h, (i) KMnQOy,, acetone, stirring, r.t., 12 h, (iii)
MeOH, H,SOy4 (cat.), reflux, 7 h, (iv) NaHs-H>O, MeOH, reflux, 4 h, (v) gl. AcOH, reflux, 5-7 h.
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Scheme 5 Synthesis of isatin—indole hybrid 29. Reagents and conditions: (i) KOH, HC1, H,O; (i) EtOH, H™, reflux, 10 h; (iii) NoH4-H,O, EtOH,

reflux, 2 h; (iv) EtOH, gl. AcOH (cat.), reflux, 4 h.

proliferation of the breast cancer cell line MCF-7 with an ICs,
value of 6.81 £ 0.22 uM, compound 29's antiproliferative action
is four times more potent, with a value of 1.15 + 0.04 uM, while
it was found to be equipotent with Dox in inhibiting the
proliferation of the breast cancer cell line MDA-MB-231.
Furthermore, it has demonstrated antiproliferative activity
against ovarian cancer cells. NCI-ADR. 29 exhibited pronounced
CDK2 inhibitory activity with ICs, value of 6.32 pM. Addition-
ally, docking studies have shown that it can interact with
CDK2.*

Al-Warhi et al. reported synthesizing and biologically evalu-
ating certain oxindole-indole conjugates as anticancer CDK

(@]
4 — I
f N
H o ' H
13 30

o
B i

inhibitors.** The targeted conjugate 32 was prepared, as shown
in Scheme 6. The first step involved the esterification of indole
2-carboxylic acid 13 through refluxing in EtOH in the presence
of thionyl chloride to get ethyl-1H-indole-2-carboxylate 30.
Subsequently, the ester 30 was treated with N,H,-H,O in
boiling EtOH to get intermediate 15. Final target 32 was
prepared by condensing hydrazide 15 with 5-methylisatin 31 in
refluxing glacial acetic acid (yield: 69%).

The antiproliferative activity of compound 32 was evaluated
in vitro against breast cancer MCF-7 and MDA-MB-231 cell lines.
It showed more cytotoxic activity with (IC5, = 0.39 uM) against
MCF-7 than MDA-MB-231 cell line compared to the reference

o)
m(
N HN-NH
H 2

15

—_—

32 (69%)

Scheme 6 Synthesis of isatin—indole hybrid 32. Reagents and conditions: (i) EtOH, SOC1,, reflux, 6 h; (ii) NoH4-H>O, EtOH, reflux, 2 h; (iii) gl.

AcOH, reflux, 4 h.
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Scheme 7 Synthesis of isatin—indole hybrid 36. Reagents and conditions: (i) DMF, POC1s, reflux, 8 h; (i) DMF, NaH, stirring, r.t., 24 h; (iii)

NoH4-H20O, EtOH, reflux, 2 h; (iv) EtOH, gl. AcOH (cat.), reflux, 3 h.

drug staurosporine with (IC5, = 6.81 uM). It displayed good
CDK4 inhibitory activity with an ICs, equal to 1.26 pM. The
ability of 32 to interact with CDK4 was also confirmed by
a docking study.**

A novel set of N-alkylindole-isatin conjugates is developed by
Al-Warhi et al. to prepare more efficient isatin-based anticancer

O O
37
Br,
e) —
42
O
N 1
H

41

candidates.*> Synthetic routes proposed to get the targeted
conjugate 36 have been illustrated in Scheme 7. In the first step,
Vilsmeier formylates indole 18 using DMF and phosphorus
oxychloride to form 1H-indole-3-carbaldehyde 19. Then, alde-
hyde 19 underwent N-alkylation with propyl bromide 33 in DMF
and sodium hydride base to get intermediate 34. The latter

(0]

=3

40

44 (88%)

Scheme 8 Synthesis of isatin-1,2,3-triazole hybrid 44. Reagents and conditions: (i) acetone, r.t., 2-3 h; (ii) NaNs, DMF, r.t., 24 h; (iii) K,COz, DMF,
r.t., 24 h; (iv) CuSO4-5H,0, sodium ascorbate, n-BuOH/H,O (1:1 v/v), DMF, 24 h.
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compound 34 was condensed with N,H,-H,0 under reflux in
EtOH to furnish hydrazide 35. Finally, the key intermediate 35
was reacted with 5-methylisatin 31 in EtOH in the presence of
catalytic glacial acetic acid to afford the target product 36 (yield:
74%).

A-549, MDA-MB-231, and HCT-116 cell lines were all signif-
icantly inhibited by compound 36, with ICs, values of 7.3, 4.7,
and 2.6 uM, respectively, indicating its potent antiproliferative
effect. With an IC5, value of 2.6 + 0.17 uM, it was found to be the
most powerful analog, surpassing the reference drug DOX (ICs,
= 3.7 + 0.24 pM). It exhibited good inhibitory action against
CDK2 with ICs, values equal to 0.85 £ 0.03 uM. Results from
docking experiments showed that 36 bound firmly to the active
sites of CDK-2 and formed a stable complex.*

4.3. Isatin-1,2,3-triazole hybrids

Mohite et al. reported the synthesis of isatin-1,2,3-triazole
hybrids as anticancer agents.** The synthetic strategy for
preparing the target compound 44 is outlined in Scheme 8. The
2-azido-N-(p-tolyl)acetamide 40 was produced by the reaction of
4-methyl aniline 37 with chloroacetyl chloride 38 in acetone,
followed by the reaction of compound 39 with sodium azide in
DMF. The N-alkylation of isatin 41 with propargyl bromide 42
was performed using K,CO; to give the N-terminal alkyne 43.
Lastly, the synthesis of a triazole-isatin hybrid 44 by combining

O
Br-
(0]
N
H
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azide 40 with the terminal alkyne 43 in a solution of CuSO,-
-5H,0 and 1-sodium ascorbate in n-butanol/H,O (1:1 v/v) at
room temperature afforded the target 44 (yield: 88%).

Compound 44 demonstrated potent activity, displaying
a submicromolar ICs, value against MCF-7 (ICso = 0.67 £ 0.12
uM) and HCC1937 (ICsq = 0.53 £ 0.11 uM) cell lines. It was
evaluated for its potential PARP-1 inhibitory activity, utilizing
olaparib as a reference PARP-1 inhibitor. 44 as the most effective
PARP-1 inhibitors showed IC;, value of 13.65 &+ 1.42 nM. A
molecular docking study revealed excellent binding strength in
the active site vicinity of PARP-1.*

Preeti et al. have reported the synthesis and apoptotic
assessment of triazole-isatin hybrids.** The synthetic method-
ology for the synthesis of the target hybrid 51 is outlined in
Scheme 9. Base-promoted alkylation of 5,7-dibromoisatin 45
with dibromopropane 46 yielded 47, which was followed by
subsequent treatment with sodium azide, resulting in the
desired azide 48. The preparation of spirocyclopropyl oxindole
49 from isatin 41 was done by treating it with tri-
methylsulfoxonium jodide (TMSI) in the presence of base NaH
in dry DMF through Domino Corey-Chaykovsky reaction.
Subsequent treatment of 49 with propargyl bromide 42 resulted
in the formation of alkyne 50. By applying Cu-promoted azide-
alkyne cycloaddition, the precursors 48 and 50 were used to
synthesize the desired isatin hybrid 51 in DMSO in a microwave
reactor at 80 °C for 10 min (yield: 77%).
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Scheme 9 Synthesis of isatin-1,2,3-triazole hybrid 51. Reagents and conditions: (i) K,COz, DMF, 100 °C, 10 min, MW: (ii) NaNs, DMF, 120 °C,
20 min, MW; (iii) TMSI, NaH, DMSO, r.t.; (iv) K2COs, DMF, 60 °C, 2 h; (v) DMSO, Cul, DIPEA, 80 °C, 10 min, MW.
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Compound 51 was screened for its anticancer activity against
the MDAMB-231 cell line. It displayed the best IC5, value of 0.73
uM compared to tamoxifen citrate, with the best ICs, value of
12.88 pM. Docking studies revealed a stable complex and strong
binding affinity of 51 to the active sites of EGFR.**

Utilizing the molecular hybridization approach, Seliem et al.
reported the synthesis of sets of triazole-isatin hybrids.** The
synthetic protocol developed for the preparation of the targeted
hybrid 56 is adopted in Scheme 10. 5-Methylisatin 31 was
treated with propargyl bromide 42 in the presence of K,CO; in
DMF at room temperature to obtain alkyne 52. The synthesized
alkyne 52 was coupled with 1-azido-2-methoxybenzene 53 using
a click chemistry approach in the presence of CuSO,-5H,0 and
sodium p-isoascorbate in ¢butanol/water mixture under
microwave irradiation for 2 h at 100 °C to furnish the desired
triazole 54. Finally, the reaction of triazole 54 with compound 55
in EtOH at room temperature for 2 h gave the desired isatin 56
(vield: 84%).

Compound 56 was screened for antiproliferation properties
against breast cancer MCF7, HCT116 (colon), and PaCa2
(pancreatic) cell lines. It showed a higher potency of cytotoxicity
against MCF7 (ICs, = 5.361 uM) than the standard reference
sunitinib (ICs, = 11.304 uM). It also displayed higher anti-
proliferation properties against HCT116 (IC5, = 12.50 uM) than
5-FU (ICso = 20.43 pM). It revealed high VEGFR2 inhibition
properties (% inhibition = 77.6) comparable to that of sunitinib
(% inhibition = 67.1).*°

As a potential dual VEGFR2/STAT-3 inhibitor, Elsebaie et al.
reported the synthesis of isatin-incorporated phenyl-1,2,3-
triazole derivatives.*® Scheme 11 shows the synthesis route of
the target isatin 63. First, 1-azido-4 methoxybenzene 57 was

0O
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mo * =
N
H
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O
=
O _-O
N
\\(\N/@
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allowed to react with ethyl acetoacetate 58 at 90 °C in di-
ethylamine and dimethyl sulfoxide to afford triazole interme-
diate 59. Then, the synthesis of carbohydrazide 60 was achieved
by the reaction of compound 59 with N,H,;-H,O (99%) in
absolute EtOH under reflux. Isatin 41 underwent an N-alkyl-
ation via reacting with benzyl bromide 61 in the presence of KI
and K,CO; using acetonitrile to afford compound 62. Target
compound 63 has been synthesized by reacting hydrazide 60
with N-alkylated isatin 62 in absolute EtOH and catalytic glacial
acetic acid under reflux (yield: 81%).

Prostate cancer (PC3) and pancreatic cancer (PANC1) cells
were used to study compound 63's anti-proliferative activity. It
showed more effective cytotoxicity against PANC1 (IC5, = 0.13
uM) and PC3 (ICso = 0.10 uM) compared to DOX (IC5o = 0.45 pM
and 0.24 pM, respectively) and sunitinib (ICso = 1.49 pM and
0.60 pM, respectively). Its ICs, value of 26.3 nM showed an
effective suppression of VEGFR2, in contrast to sunitinib's ICs,
value of 30.7 nM. The STAT-3 inhibitory potential of compound
63 was also investigated. Its ICs, value of 5.63 nM demonstrated
its efficacy in inhibiting STAT-3. Molecular docking analyses
showed that the powerful 63 binds to the VEGFR2 and STAT-3
active sites in a significant way.*®

A series of novel indole-2-one derivatives based on 1,2,3-tri-
azole scaffolds were synthesized by Wang et al.*” The synthetic
route adopted to synthesize the target indole-2-one-1,2,3-
triazole derivative 70 is depicted in Scheme 12. First, the prep-
aration of 1-azido-4-methylbenzene 67 involved diazo-reaction
and displacement reaction with sodium azide. Then, click
chemistry via Cu(i)-catalyzed azide-alkyne-type cycloaddition
between aryl-azide 67 and 4-ethynylbenzaldehyde 68 in the
presence of sodium ascorbate and CuSO,-5H,0 as a catalyst in

(@]
_»mo
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L
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Scheme 10 Synthesis of isatin-1,2,3-triazole hybrid 56. Reagents and conditions: (i) K,COsz, DMF, r.t.,, 4 h; (ii) sodium p-isoascorbate, CuSO4-

-5H,0, t-butanol/H,O, MW, 100 °C, 2 h; (i) EtOH, r.t., 2 h.

32198 | RSC Adv, 2025, 15, 32188-32231

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05002b

Open Access Article. Published on 08 September 2025. Downloaded on 4/3/2026 11:32:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

PPN

57

Br.
C 6]

NeNC P
|
N/
Jeatats
~o
59

View Article Online

RSC Advances

—_—

NN P
/
C(N\g—SN—NHZ
o
60

61
0
N ii
H

41

0

62
NN P
N~/ AN
O 0
~
0 0Ny
63 (81%)

Scheme 11 Synthesis of isatin-1,2,3-triazole hybrid 63. Reagents and conditions: (i) Et,NH, DMSO, reflux, 6 h; (i) NoH4-H2O, EtOH, reflux, 4 h; (iii)

K>COs, KI, MeCN, reflux, 6 h; (iv) EtOH, gl. AcOH (cat.), reflux, 12 h.

DMF and water mixture afforded a 1,2,3-triazole 69. Isatin 41
was prepared from aniline 64 via Sandmeyer's method. More-
over, compound 66 was prepared from isatin 41 by reacting with
N,H,-H,0. Finally, the preparation of the title compound 70

was accomplished by employing Claisen-Schmidt condensa-
tion between indolin-2-one 66 and 1,2,3-triazole aromatic
aldehyde 69 with a catalytic amount of piperidine as a base
(vield: 51.64%).
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H H
NH, N N
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=
+ —
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Scheme 12 Synthesis of isatin-1,2,3-triazole hybrid 70. Reagents and conditions: (i) chloral hydrate, Na,SO4, NH,OH-HCL, HC1, H,0, 85°C, 3 h;
(ii) conc. HySOy4, 60 °C, 0.5 h, 90 °C, 1.5 h; (iii) NoH4-H,O, EtOH, H,O, 100 °C, 10 h; (iv) NaNO,, HC1, NaNs, DCM, H,0, 0-5 °C, 3-5 h; (v)
CuS0Q4-5H,0, ascorbic acid, KI, DMF, H,O, 50 °C, 6-10 h; (vi) EtOH, piperidine, 80 °C, 4-8 h.
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Human colon cancer (HT-29), gastric cancer (MKN-45), and
umbilical vein endothelial cells (HUVECs) cell lines were used
to test compound 70's antiproliferative activities. In comparison
to the positive control, sunitinib, which had ICs, values of 10.34
and 9.25 uM, respectively, it effectively inhibited cell viability for
HT-29 and MKN-45 cells, with ICs, values of 1.61 and 1.92 uM,
respectively. Furthermore, it had lower toxicity to HUVECs than
of sunitinib. It exhibited excellent inhibitory activity against
VEGFR2 with an ICs, value of 26.3 nM compared to sunitinib
with an ICs, value of 83.2 nM. The results of docking experi-
ments and molecular dynamics simulations showed that 70
bound firmly to the active sites of VEGFR2, forming a stable
complex.”’

Nazari et al. reported the synthesis of a distinctive family of
isatin derivatives. The synthesis of the most active compound
74 is depicted in Scheme 13. First, the nucleophilic reaction of
isatin 41 and propargyl bromide 42 in DMF in the presence of
anhydrous K,CO; gave N-propargyl isatin 71. Second, Cu-
catalyzed click reaction of 71 and azide 43 under ultrasonic
irradiation in +BuOH-H,O for 1 h was used to give the target
triazole 72. Finally, the 1,2,3-triazol-linked oxindole-
thiosemicarbazone conjugate 74 was prepared by the reaction
of 72 and thiosemicarbazide 73 in isopropyl alcohol under
ultrasonic irradiation (yield: 80%).*®

Compound 74 showed encouraging cytotoxicity against
a variety of cell types, including A375, MDA-MB-231, PC3, and
LNCaP. In terms of cytotoxic activity, it was most effective
against the A375, MDA-MB-231, PC3, and LNCaP cell lines, with
ICs, values of 25.91 pM, 18.42 uM, 15.32 uM, and 29.23 pM,

\\\ Br

7 43
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respectively, compared to etoposide (ICs, = 24.46, 31.02, 30,
and 31.21 pM).*®

4.4. Isatin-1,2,4-triazole hybrids

Elsawi et al. developed 1,2,4-triazole-tethered indolinones as
new cancer-fighting small molecules targeting VEGFR2.* The
preparation of the targeted hybrid 86 is illustrated in Scheme
14. 4-Aminohippuric acid 78 was synthesized by acylating the
amino group of glycine amino acid 76 using p-nitrobenzoyl
chloride 75 in an aqueous NaOH solution. Subsequently, the
nitro group was reduced to the required amino group using Pd/
C. To obtain compound 80, 4-aminohippuric acid 78 was heated
with acetic anhydride 79, resulting in the acylation of two
distinct functional groups. The active methylene of compound
80 was then coupled through the Kuskov-like reaction with
freshly prepared diazonium salt 82 derived from 4-fluoroaniline
81 using sodium acetate salt to give hydrazone linker-tethered
compound 83. Next, the azalactone ring of compound 83 was
opened and underwent Sawdey rearrangement via refluxing in
EtOH with N,H,-H,0, ultimately forming hydrazide 84. Finally,
hydrazide 84 underwent condensation with 5-bromoisatin 85
under reflux in absolute EtOH in the presence of glacial acetic
acid as a catalyst to furnish hybrid 86 (yield: 44.3%).

Two cell lines, PANC1 and HepG2, were used to evaluate
compound 86. In comparison to the reference medication DOX,
which had ICs, values of 0.19 and 0.43 puM, respectively, it
demonstrated cytotoxic activity with an ICs, value of 1.16 and
0.73 uM. With ICs, values of 8.35 + 0.62 uM, it exhibited

—

0
N
Br

74 (80%)

0
Qs
- N

ii 0

(,8
Brw N,N

72

Scheme 13 Synthesis of isatin-1,2,3-triazole hybrid 74. Reagents and conditions: (i) K,COs, DMF, r.t., 3 h; (ii) CuSO4-5H,0, sodium ascorbate, t-

BuOH, H,0, r.t,, sonication, 1 h; (iii) iPrOH, 65 °C, sonication, 1 h.
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Scheme 14 Synthesis of isatin-1,2,4-triazole hybrid 86. Reagents and conditions: (i) NaOH (aq.), r.t., 1 h; (i) MeOH, Pd/C, r.t., 3 h; (iii) heating,
75 °C, 40 min; (iv) HC1, NaNO,, 0-5 °C, 20 min; (v) AcONa, 0-10 °C, 3 h; (vi) EtOH, NoH4-H50, reflux, 1 h; (vii) EtOH, AcOH, reflux, 2 h.

minimal toxicity to normal vero cells as well. In contrast to
Sorafenib, which exhibited weak VEGFR2 inhibitory action, it
exhibited robust activity, with an ICs, value of 16.3 nM. The
most potent inhibitor of VEGFR2 thus far, 86, was simulated
using molecular docking, and the results showed a robust
binding to the essential amino acid residues of the VEGFR2 ATP
binding site.*

Utilizing a hybrid pharmacophore approach, Rasgania et al.
reported the synthesis of triazole-functionalized isatin hybrids
with potent antiproliferative activity.> The synthetic procedures
adopted for the synthesis of target 94 is outlined in Scheme 15.
First, reactive chloroacetyl isatin 93 was obtained by refluxing

© 2025 The Author(s). Published by the Royal Society of Chemistry

isatin 41 with chloroacetyl chloride 38. Secondly, the triazole
derivative 92 was synthesized by a four-step reaction starting
with the esterification of o-chlorobenzoic acid 87 with H,SO, in
MeOH. Subsequently, 88 reacted with N,H,-H,O to generate 89.
Compound 91 was obtained by heating 89 with ammonium
thiocyanate 90 in the presence of conc. HCl as a catalyst. Finally,
triazole 92 was efficiently synthesized by refluxing compound 91
with sodium hydroxide in H,O.> The target product 94 has been
synthesized by condensation of chloroacetyl isatin 93 and 5-(2-
chlorophenyl)-4H-1,2 4-triazole-3-thiol 92 in EtOH under reflux
and in the presence of sodium carbonate. The nucleophilic

RSC Adv, 2025, 15, 32188-32231 | 32201


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05002b

Open Access Article. Published on 08 September 2025. Downloaded on 4/3/2026 11:32:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

OH

87

NH,“C=N
90

ZT

41

(0] (@]
O/ - > N,NH2
ii H
88 89
-N
O H r\f \>\
-N
N y
NH, iv
91 92
0]

94 (85%)

View Article Online

Review

Scheme 15 Synthesis of isatin-1,2,4-triazole hybrid 94. Reagents and conditions: (i) MeOH, H,SOy, reflux, 8 h; (ii) NoH4-H,O0, MeOH, r.t., 4 h; (iii)

EtOH, conc. HCL1, reflux, 6 h; (iv) NaOH, H,O, reflux, 4 h; (v) reflux, 140 °C, 5 h, r.t,, overnight; (vi) EtOH, K,COs3, reflux, 4 h.
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Scheme 16 Synthesis of isatin—pyrazole hybrid 99. Reagents and conditions: (i) MeOH, 60 °C, 9 h; (ii) PdC1,(PPhs),, Cul, sodium laurylsulfate,

K-CO3, water, 65 °C, 7 h; (iii) NHa-H,0, 65 °C, 12 h.
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attack of the thiol of the triazole moiety on the carbonyl carbon
of chloroacetyl isatin leads to the desired novel 94 (yield: 85%).

Compound 94 was screened for its anticancer activity against
the MDAMB-231 and MCF-7 cell lines. It has shown the inhi-
bition of MDAMB-231 and MCF-7 with GI5, values of 0.003 and
2.00 x 10~* respectively, compared to adriamycin with Glsq
values of 2.00 x 107 and 2.00 x 10~ % Molecular docking
studies supported the potential binding modes and interactions
of compound 94 with the VEGFR-2 active site.*®

4.5. Isatin-pyrazole hybrids

Shreedhar Reddy et al. developed a one-pot synthesis of isatin—
pyrazole hybrids as VEGFR2 inhibitors.* The synthesis of tar-
geted isatin—pyrazole hybrid 99 was achieved in two main steps,
Scheme 16. The first step involved the condensation reaction
between 1-methylisatin 95 and propargyl amine 96 in MeOH at
60 °C for 9 h. Later, the acyl-Sonogashira coupling of 1-methyl-3-
(prop-2-yn-1-ylimino)isatin 97 with 4-nitrobenzoyl chloride 75
in the presence of sodium lauryl sulphate and K,CO; in water at
65 °C for 7 h gave the corresponding in situ ao,f-unsaturated
ynone 98, that subsequently treated with N,H,-H,0 at 65 °C for
12 h to provide the desired product 99 (yield: 78%).

The synthesized compound 99 was evaluated for its potential
to inhibit the proliferation of TNBC cell lines MDA-MB-231 and
MDA-MB-468. It showed the most potent cytotoxicity with ICs,
values of 10.24 + 1.27 and 8.23 £ 1.87 pM against MDA-MB-468
and MDA-MB-231 cancer cells, respectively, compared to both
TAM and 5-fluorouracil with ICs, values of 15.29 uM and 12.4 +
1.3 pM against MDA-MB-468, respectively, and 23.05 uM and
10.5 £+ 1.2 uM against MDA-MB-231 cancer cells, respectively.
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Docking studies revealed a stable complex and strong binding
affinity of 99 to the active sites of EGFR.>*

Emami et al. reported the preparation of novel isatin—pyr-
azole hybrids as a new class of antiproliferative agents.>® The
synthetic route of target compound 102 is described in Scheme
17. The preparation was achieved by the reaction of 5-chloro-
isatin 6 with K,CO; as a base in acetonitrile, followed by N-
benzylation with 3-chlorobenzyl chloride 100 at 80 °C, which
afforded the intermediate 101. Then, condensation of 101 with
4-aminoantipyrine (ampyrone) 55 in absolute EtOH in the
presence of a catalytic amount of glacial acetic acid under reflux
for 24 h gave the desired product 102 (yield: 92%).

In comparison to cisplatin, which served as a positive
control, compound 102 exhibited superior activity against MCF-
7, A549, and SCOV3, with IC5, values of 5.12, 25.5, and 12.9 uM,
respectively. Evidence from docking and MD simulations
suggests that 102 binds most strongly to the VEGFR and JNK3
MAP kinase receptors.>

4.6. Isatin-sulphonamide hybrids

As potential anti-cancer agents, Demirel et al. reported the
synthesis of novel sulfonamide derivatives of isatin Schiff
bases.** The synthesis of target compound 111 is shown in
Scheme 18. The starting material, 5-nitroisatin 103 was treated
with 2,2-dimethylpropane-1,3 diol 104 with catalytic PTSA.
Then, the nitro group in compound 105 was reduced by using 1
atm H,/Pd-C (%10) in MeOH to yield the amine 106. The
resulting amine 106 was allowed to react with p-toluene sul-
phonyl chloride 107 in DCM in the presence of pyridine to
afford sulfonamide 108. Finally, after deprotection of the third
position with a mixture of glacial acetic acid and HCI, Schiff
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Scheme 17 Synthesis of isatin—pyrazole hybrid 102. Reagents and conditions: (i) K,COs, TBAB, MeCN, reflux, 24 h; (ii) EtOH, AcOH (cat.), 50-60 °

C 24h.
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Scheme 18 Synthesis of isatin—sulphonamide hybrid 111. Reagents and conditions: (i) PTSA, cyclohexane, reflux, 24 h; (ii) Pd/C, H2, MeOH, r.t.,
24 h; (iii) pyridine, DCM, r.t., 24 h; (iv) gl. AcOH, HC1, 30 °C, overnight; (v) PTSA, MeOH, 80 °C, 8 h.

base of sulfonamide 111 was obtained by reaction of sulfon-
amide 109 with 4-chloroaniline 110 in MeOH with catalytic
PTSA (yield: 51%).

The novel synthesized compound 111 was investigated in
vitro to determine its cytotoxicity against four cancer cell lines
(PC-3, HepG2, SH-SY5Y, and A549) by using an MTT assay.
HepG2 cell were more sensitive to cytotoxic activity among the
other studied cell lines. 111 induced the potential inhibition of
cellular proliferation activity against HepG2 cells with IC5, value
of 37.81 uM, which was more potent than a standard drug, DOX
with IC5, value of 51.15 uM. A selectivity index of 111 was found
to be 8.57, so it might be safe for treatment.**

Saied et al. reported the synthesis and biological assessment
of a series of novel indolinone-based benzenesulfonamides.*
The synthesis of the target isatin-based benzenesulfonamide
118 is described in Scheme 19. The synthesis started with
acetylating 4-aminobenzenesulfonamide 112 with 2-bromo-
propionyl bromide 113 in dioxane and TEA, which afforded
compound 114. Then, the produced amide 114 was alkylated
with ethyl nipecotate 115 in refluxing acetone with dry K,CO;
and catalytic KI, which afforded compound 116. Moreover,

32204 | RSC Adv, 2025, 15, 32188-3223]

hydrazinolysis of 116 under reflux with N,H,-H,O in EtOH
afforded hydrazide; compound 117. Finally, hydrazide 117 was
condensed with isatin 41 in EtOH and glacial acetic acid to
afford the target compound 118 (yield: 75%).

The in vitro antiproliferative effect of compound 118 against
the MDA-MB-231 and MCF-7 breast cancer cell lines was
investigated. When tested against MDA-MB-231 cell lines, it
showed a more substantial growth inhibitory effect with an ICs,
value of 4.083 uM, compared to the standard drug (5-FU; IC5, =
8.704 uM). When tested against MCF-7 cell lines, it showed an
ICs, value of 9.997 pM, which was similar to the standard drug
(5-FU; ICso = 5.167 uM). It seems to be the most effective
VEGFR?2 inhibitor, with an ICs, of 204 nM, which was on par
with the gold standard (sorafenib; ICs, = 41 nM). Analysis of
molecular docking data showed that the potent molecule 118
bound to the VEGFR2 active site in a significant way.>®

The development of sulfonamide-tethered isatin derivatives
as novel anticancer agents and VEGFR2 inhibitors was discov-
ered by Shaldam et al®® Preparation procedures used in
synthesizing the designed compound 123 are shown in Scheme
20. The first step in synthesis was performing chlorosulfonation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 19 Synthesis of isatin—sulphonamide hybrid 118. Reagents and conditions: (i) dioxane, EtsN, stirring, r.t., 20 h; (i) acetone, K,COs3, K,
stirring, r.t., 2 h; (i) NoH4-HO, EtOH, reflux, 4 h; (iv) EtOH, gl. AcOH (cat.), reflux, 6 h.

of compound 119 using thionyl chloride and chlorosulfonic
acid, which afforded benzenesulfonyl chloride 120. Then, the
reaction of compound 120 with ammonia using EtOH as solvent
afforded benzenesulfonamide 121. Moreover, the synthesis of
hydrazone 122 was accomplished by refluxing compound 121
with N,H,-H,O for 4 h in EtOH and in the presence of catalytic
glacial acetic acid. N-benzylated isatin 16 was synthesized by
reacting 5-chloroisatin 6 with benzyl bromide 61 in acetonitrile
and K,COj; under reflux. Finally, compound 16 was allowed to
react with hydrazone 122 in the presence of a catalytic amount
of glacial acetic acid and under reflux (yield: 82%).

Compound 123 was evaluated in vitro against T47D breast
cancer cell line. It demonstrated cytotoxic activity (ICso = 3.59 +
0.16 pM) compared to DOX (ICs, of 2.26 pM). It demonstrated
good VEGFR2 inhibition with an ICs, of 23.10 nM, compared to
sorafenib (IC5, = 29.70 nM). Docking studies and molecular
dynamic simulations revealed a stable complex and strong
binding affinity of 123 to the active sites of VEGFR2.%¢

The cytotoxic effect of novel synthesized isatin sulfonamide-
molecular hybrid derivatives targeting EGFRs have been inves-
tigated by Eldeeb et al.>” The synthesis of the target compound
126 was done by the reaction of the parent molecule 5-
(piperidin-1-ylsulfonyl) indoline-2,3-dione 124 with 1-(p-tolyl)
ethenone 125 in the presence of ethylamine in MeOH, Scheme
21.

© 2025 The Author(s). Published by the Royal Society of Chemistry

The antiproliferative effects of compound 126 were tested
against two human hepatocellular carcinoma cell lines, HepG2
and Huh?7. The ICs, value of 16.80 + 1.44 uM, which was lower
than the DOX ICs, value of 21.60 + 0.81 uM, demonstrated
a higher selectivity to HepG2 than Huh7. Additionally, it
demonstrated a lack of cytotoxicity when tested on the RPE1 cell
line, which is not malignant, indicating a promising safety
profile as a selective anticancer drug. With EGFR levels reduced
to 42 £+ 2.3 pmol per mg protein, it demonstrated a notable
decrease. Results from docking experiments showed a stable
compound 126 with an affinity for the 126 active sites on
EGFR.”

4.7. Isatin-hydrazone hybrids

A novel poly(ADP-ribose) polymerase inhibitor, El Hassab et al.
have reported the synthesis of a novel series of isatin-hydrazone
hybrids.® The general strategy for preparing the targeted
molecule 133 is presented in Scheme 22. First, ethyl 4-amino-
benzoate 127 was heated under reflux with N,H,-H,O in EtOH
to afford 4-aminobenzohydrazide 128. Furthermore, 5-chloro-
isatin 6 was allowed to react with 1-iodo-2-methylpropane 129 in
DMF at 100 °C to furnish 5-chloro-1-isobutylisatin 130. Through
condensation of 4-aminobenzohydrazide 128 with 5-chloro-1-
isobutylisatin 130 in refluxing absolute EtOH in the presence

RSC Adv, 2025, 15, 32188-32231 | 32205
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Scheme 20 Synthesis of isatin—sulphonamide hybrid 123. Reagents and conditions: (i) HOSO,C1, SOC1,, 0 °C, 30 min, r.t., 26 h; (ii) EtOH,
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of catalytic glacial acetic acid, hydrazide 131 was formed.
Thereafter, the latter compound 131 reacted with phthalic
anhydride 132 via heating in glacial acetic acid using anhydrous
sodium acetate to afford the target molecule 133 (yield: 89%).
Compound 133 was evaluated for its in vitro cytotoxicity
against three human cancer cell lines, A549, PC3, and MCF-7. It
displayed the highest cytotoxic activity with ICs, values of 5.32,
35.1, and 4.86 uM against A549, PC3, and MCF-7 cells, respec-
tively, compared to 5-FU with IC5, values of 12.3, 68.4, and 13.15

(0] (0]
%N\/ / 125
o o ———
N I
H

124

uM. It displayed double inhibitory activity with an ICs, value of
16.28 + 1.21 nM compared to sorafenib, which has shown
inhibitory activity with an ICs, value of 35.62 + 1.52 nM.
Molecular docking studies of compound 133 towards human
VEGFR?2 kinase have shown good binding interactions with the
target protein.>®

Al-Rasheed et al. demonstrated an efficient strategy for
merging s-triazine and isatin via a hydrazone linkage as new
potential anticancer derivatives.”® The new target s-triazine-

ﬁN\ e
/
0

N
H

126

Scheme 21 Synthesis of isatin—sulphonamide hybrid 126. Reagents and conditions: (i) EtNH,, MeOH.
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Scheme 22 Synthesis of isatin—hydrazone hybrid 133. Reagents and conditions: (i) NxH4-H,O, EtOH, reflux, 6 h; (i) K.COs, DMF, 100 °C, 9 h; (iii)

EtOH, gl. AcOH (cat.), reflux, 7 h; (iv) gl. AcOH, AcONa, reflux, 6 h.

isatin hydrazone 140 was synthesized following the procedures
in Scheme 23. The initial step involved the nucleophilic
substitution of the chlorine atom of cyanuric chloride 134 by
piperidine 135 at 0-5 °C to afford the 2,4-dichloro-6-(piperidin-
1-yl)-1,3,5-triazine 136. The second step involved the replace-
ment of the second chlorine atom by 4-chloroaniline 110 at
room temperature, yielding compound 137. The compound 137

was reacted with N,H,-H,O (80%) under reflux in EtOH for 8-
12 h to afford 138. Finally, compound 138 was condensed with
5-fluoroisatin 139 in EtOH and in the presence of catalytic acetic
acid to afford the target product 140 (yield: 93%).

Compound 140 was evaluated for its antiproliferative activity
against the lung cancer cell line (A549). It showed cytotoxicity
with an ICs, value of 0.114 uM compared to sorafenib ICs, value

=as
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ii
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N N. H
H H \7// \\7/N
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Scheme 23 Synthesis of isatin—hydrazone hybrid 140. Reagents and conditions: (i) NaHCOs, 0 °C, 1-2 h; (i) acetone, H,O, NaHCO, 0 °Ctorr.t.,

overnight; (i) NoH4-H»O, EtOH, reflux, 6-12 h; (iv) EtOH, AcOH (cat.),

© 2025 The Author(s). Published by the Royal Society of Chemistry

reflux, 6-8 h.
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Scheme 24 Synthesis of isatin—hydrazone hybrid 144. Reagents and conditions: (i) EtOH, reflux, 7 h; (i) NoH4-H,O, EtOH, reflux, 5 h; (i) EtOH,
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of 0.195 pM. Compound 140 exhibited promising anti-trypsin
effects at its anticancer ICs, value (75.123 + 4.32 pM) when
compared to the inhibitory effect of rivaroxaban (53.223 + 0.98
uM). It exhibited potentially greater potency as EGF inhibitors
(65.34 £ 5.42 uM) compared to the ICs, of sorafenib (68.25 +
5.93 uM). Docking studies supported the obtained results and
demonstrated the ability of these derivatives to interact with
EGFR active sites, as well as broad-spectrum anti-trypsin
activity.>

M. M. Alanazi and A. S. Alanazi have reported the synthesis
of novel isatin-hydrazone hybrid compounds as protein kinase
inhibitors.® Initially, the ethyl 4-aminobenzoate 127 was added
to a 4-chloro-7H-pyrrolo|[2,3-d]pyrimidine 141 solution in abso-
lute EtOH under reflux for 7 h. Then, ethyl-4-((7H-pyrrolo[2,3-d]
pyrimidin-4-ylJamino)benzoate 142 was refluxed in excess of
N,H,-H,O0 for 5 h afforded hydrazide 143. In the final step, the
hydrazide 143 and 5-methoxyisatin 28 were mixed in absolute
EtOH and glacial acetic acid under reflux to furnish the final
target 144 (yield: 92.26%), Scheme 24.

The antiproliferative activity of compound 144 was evaluated
in vitro against four human cancer cell lines: hepatocellular
carcinoma (HepG2), mammary gland cancer (MCF-7), breast
cancer (MDA-MB-231), and epithelioid cervix carcinoma (HeLa),
using DOX and sunitinib as reference drugs. It had a potent
antiproliferative activity with ICs, values of 6.11, 5.93, 2.48, and
1.98 uM against HepG2, MCF-7, MDA-MB-231, and HeLa cell
lines, respectively. It exhibited multi-kinase inhibition and
exhibited inhibitory activities against EGFR, HER2, VEGFR2,
and CDK2 with ICs, values of 0.103, 0.081, 0.178, and 0.131 uM,
respectively, comparable to reference drugs, ribociclib, erloti-
nib, lapatinib, and sorafenib. A molecular docking study
revealed a stable binding interaction in the active site of the
selected protein kinase enzymes.*

Based on a molecular hybridization strategy, Alanazi et al.
reported the synthesis of novel isatin-hydrazone hybrids.®* The
synthesis started with refluxing 6-chloro-9H-purine 145 in
excess of N,H,-H,O for 1 h to furnish 6-hydrazinyl-9H-purine
146. Synthesis of the final compound 147 started with mixing 6-
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K)I> i
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H N7 NH
28
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Scheme 25 Synthesis of isatin—hydrazone hybrid 147. Reagents and conditions: (i) NoH,4-H>O, reflux, 1 h; (i) EtOH, gl. AcOH (cat.), reflux, 3-7 h.
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Scheme 26 Synthesis of isatin—hydrazone hybrid 153. Reagents and conditions: (i) EtOH, TEA, reflux, 6 h; (ii) reflux, 5 h; (ii) NoH4-H2O, iPrOH,

reflux, 6 h; (iv) gl. AcOH, reflux, 3-5 h.

hydrazinyl-9H-purine 146, 5-methoxyisatin 28, and glacial acetic
acid in absolute EtOH under reflux (yield: 95.19%), Scheme 25.

The antiproliferative activity of compound 147 was evaluated
in vitro against four human cancer cell lines: hepatocellular
carcinoma (HepG2), mammary gland cancer (MCF-7), breast
cancer (MDA-MB-231), and epithelioid cervix carcinoma (HeLa),
using sunitinib as a reference drug. It demonstrated cytotoxic
activity comparable to the reference drug sunitinib against the
HepG2, MCF-7, MDA-MB-231, and HeLa cell lines, with ICs,
values of 9.61, 10.78, 14.89, and 8.93 pM, respectively. It
exhibited inhibitory activities against EGFR, HER2, VEGFR2,
and CDK2 with IC5, values of 0.143, 0.15, 0.192, and 0.534 uM,
respectively. A molecular docking study revealed a stable
binding interaction in the active site of the investigated protein
kinase enzymes.®*

The discovery of new isatin hybrids as novel CDK2 inhibitors
with potent in vitro antiproliferative activity was reported by
Eldehna et al.®® The synthetic strategy deliberated for the

HaN,
0] N
/
© i @fgzo
N
k N
41 154

synthesis of the target hybrid 153 is illustrated in Scheme 26.
1H-benzimidazole-2-thiol 148 was reacted with ethyl 2-chloro-3-
oxobutanoate 149 in absolute EtOH to furnish intermediate
150, which then heterocyclized to compound 151 via heating in
acetic anhydride 79. The ester analog 151 was subjected to
hydrazinolysis to produce hydrazide 152, condensed with 5-m-
ethoxyisatin 28 in glacial acetic acid to give the targeted hybrid
153 (yield: 84%).

The antiproliferative activity of compound 153 was screened
in vitro towards MDA-MB-231 and MCF-7 breast cancer cell
lines; staurosporine, an anticancer agent, was used as a positive
control drug. It was the most active derivative, with an ICs, value
of 3.30 + 0.21 pM against MDA-MB-231 compared to staur-
osporine, which displayed an ICs, value equal to 4.29 £ 0.72
uM. It showed inhibitory activity against the cell cycle regulator
CDK2 protein kinase with an ICs, value of 26.24 nM, superior to
staurosporine, which exhibited an ICs, value of 38.5 nM.
Molecular docking revealed that the compound achieved the
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Scheme 27 Synthesis of isatin—hydrazone hybrid 156. Reagents and conditions: (i) NoH4-H,O, MeOH, reflux, 1 h; (ii) EtOH, gl. AcOH, reflux, 4 h.

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2025, 15, 32188-32231 | 32209


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05002b

Open Access Article. Published on 08 September 2025. Downloaded on 4/3/2026 11:32:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Review
o}
N\\ O O/\
Cs PN H
O o
N
o o | Y
o
157 158 159
Br
ii
o
o Pr NH o
N 85 N~ NH2
H N = NN
N_ N i
T o oy
0 o
~o
161 (85%) 160

Scheme 28 Synthesis of isatin—hydrazone hybrid 161. Reagents and conditions: (i) toluene, stirring, 90 °C, 2 h; (ii) NoH4-H>O, EtOH, reflux, 4 h;

(iii) gl. AcOH, reflux, 4 h.

best binding score (—11.2 kecal per mole) and formed the most
stable complex with the CDK2 enzyme.**

Al-Salem et al. synthesized a series of novel isatin-hydrazones
in excellent yields.®*** The synthesis of target compound 156
was straightforward, as illustrated in Scheme 27. First, isatin 41
was refluxed with N,H,-H,O in EtOH to afford isatin mono-
hydrazone 154. Next, the isatin monohydrazone 154 was
refluxed with 2,6-dichlorobenzaldehyde 155 in EtOH and in the
presence of a catalytic glacial acetic acid to afford the target
compound 156 (yield: 98%).

Compound 156 was tested for its cytotoxicity against human

breast adenocarcinoma (MCF7) and human ovarian

162 (95%)

Scheme 29 Synthesis of isatin—hydrazone hybrid 162. Reagents and
conditions: (i) NxH4-H,O, EtOH, reflux, 1 h; (i) EtOH, gl. AcOH (cat.),
reflux, 3 h.

32210 | RSC Adv, 2025, 15, 32188-32231

adenocarcinoma (A2780) cell lines. It (IC5, = 1.51 £ 0.09 uM)
showed excellent activity against MCF-7 compared to A2780
(ICso = 26 + 2.24 uM) and to DOX (ICs, = 3.10 + 0.29 uM and
0.20 + 0.03 pM, respectively). Compound 156 (ICs, = 0.245 pM)
exhibited good inhibitory activity against the cell cycle regulator
CDK2 protein kinase compared to imatinib (ICs, = 0.131 pM).
Its ability to interact with CDK2 was also confirmed by a docking
study.*®

As potential VEGFR2 inhibitors, Eldehna et al. reported the
preparation of novel N'-(2-oxoindolin-3-ylidene) piperidine-4-
carbohydrazide derivatives.”” The targeted molecule 161 was
synthesized via straightforward methodologies outlined in
Scheme 28. Firstly, piperidine carboxylate ester 158 was allowed
to react with 4-methoxyphenyl isocyanate 157 in toluene at 90 °©
C for 2 h to give compound 159. In the next step, the ester 159
reacted with an excess of N,H,-H,O to give the desired hydra-
zide 160. After that, the hydrazide 160 was condensed with 5-
bromoisatin 85 in glacial acetic acid under reflux for 4 h to
afford the target compound 161 (yield: 85%).

Compound 161 was tested for its cytotoxicity using the MDA-
MB-231 and MCF-7 breast cancer cell lines. Cytotoxic activity
was shown with ICs, values of 1.03 and 8.00 uM, respectively. It
was investigated for its inhibitory effects on VEGFR2 using
sorafenib as the reference medication. It displayed the most
promising inhibitory efficacy with an ICs, value of 45.9 nM,
compared to sorafenib, with an ICs, value of 48.6 nM. Within
the VEGFR2 active region, molecular docking and dynamic
simulations uncovered 161 important binding interactions.®

The design and synthesis of CDK2 inhibitors using an isatin-
based scaffold have been developed by Espinosa-Rodriguez
et al.®® The synthesis began with the reaction of isatin 41 with
N,H, -H,0 in MeOH under reflux, which afforded hydrazone
154. The latter hydrazone 154 was allowed to react with isatin 41
in MeOH under reflux, which yielded the desired product 162
(vield: 95%), Scheme 29.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 30 Synthesis of isatin—hydrazone hybrid 164. Reagents and
conditions: (i) NxH4-H,O, EtOH, reflux, 1 h; (i) EtOH, gl. AcOH (cat.),
reflux, 3 h.

The cytotoxicity of compound 162 was examined by sub-
jecting it to tests on MCF-7 and PC-3 cell lines. In comparison to
the positive control lapatinib, which exhibited cytotoxic activity
with IC5, values of 50.61 uM and 32.4 uM in MCF-7 and PC-3
cells, respectively, it exhibited cytotoxic activity with ICs,
values of 19.07 uM and 41.17 uM. Additionally, docking tests
demonstrated that it might bind to CDK2 active sites and so
suppress their activity.*®

The in vitro antiproliferative activities of novel synthesized
fluorinated isatin-hydrazones were investigated by Basaran
et al.®” As shown in Scheme 30, a mixture of 5-fluoroisatin 139
and N,H,-H,0 in EtOH was refluxed for 1 h to give compound
163. Then, compound 163 was allowed to react with 4-
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nitobenzaldehyde 9 in absolute EtOH using catalytic drops of
glacial acetic acid under reflux for 3 h, affording the desired
hydrazone 164 (yield: 65%).

In vitro tests were conducted on Compound 164 using
the lung cancer cell line and the liver cancer cell line. The
ICs, value was 42.43 pM, indicating a significant suppression of
lung cell development, while the ICs, value was 48.43 uM,
indicating cytotoxicity, when tested on the HepG2 cell line.
Further evidence of its capacity to bind to and inhibit the
function of EGFR and VEGFR2 was provided by docking
studies.””

Munir et al. reported the synthesis of novel N-benzylisatin-
based hydrazones.®® N-Benzylation of isatin was done via
a reaction of isatin 41 with benzyl bromide 61 in acetonitrile
and in the presence of K,CO; and KI to yield 62. Then, the
desired hydrazone 166 was synthesized by refluxing the equi-
molar ratio of N-benzylisatin 62 and 4-nitrobenzohydrazide 165
in EtOH and a catalytic amount of acetic acid (yield: 85%),
Scheme 31.

Both the MDA-MB-231 breast cancer cell line and the MCF-
10A breast epithelial cell line were tested in vitro to determine
the potential of compound 166. When examined in vitro using
the triple-negative MDA-MB-231 breast cancer cell line. The
antiproliferative activities against the MDA-MB-231 were
encouraging, with an ICs, value of 15.8 & 0.6 pM. Furthermore,
docking studies confirmed that it suppressed EGFR activity by
interacting with its active regions.®®

Abu-Hashem and Al-Hussain reported the design and
synthesis of compound 172.* The synthesis started with a one-
pot synthesis using the Mannich reaction by stirring a mixture
of isatin 41 with freshly distilled isonicotinaldehyde 167 and
morpholine 168 in sodium ethoxide solution to compound 169.
Moreover, the latter compound 169 was refluxed with thio-
semicarbazide 73 in glacial acetic acid to produce the target 170.
Finally, the nucleophilic aromatic substitution reaction of

o} NO,

166 (85%)

Scheme 31 Synthesis of isatin—hydrazone hybrid 166. Reagents and conditions: (i) KI, K,COs, MeCN, reflux, 4 h; (ii) EtOH, AcOH (cat.), reflux, 4—

6 h.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 32 Synthesis of isatin—hydrazone hybrid 172. Reagents and conditions: (i) EtONa, stirring, r.t, 8—10 h; (i) gl. AcOH, reflux, 5-7 h; (iii)

EtOH, TEA, reflux, 22-25 h.

compound 170 with 2,3-dichloro-quinoxaline 171 under reflux
in absolute EtOH and in the presence of catalytic triethylamine
(TEA) gave 1-(morpholino(pyridin-4-yl)methyl)-3-((2-thioxo-2,3-
dihydro-1H-imidazo[4,5-b]quinoxalin-1-yl)imino)indolin-2-one
172 in 74% yield, Scheme 32.

Using 5-FU as a reference medication, compound 172's
antiproliferative activity was tested in vitro against four human

0]

Br\)J\O/\

Br:
\©\AO 174
OH i

173

cancer cell lines: gastric carcinoma cells (MGC-803), breast
adenocarcinoma cells (MCF-7), nasopharyngeal carcinoma cells
(CNE2), and oral carcinoma cells (KB). Compared to 5-FU, the
cytotoxic action was demonstrated with ICs, values of 9.7, 9.6,
9.5, and 9.4 uM, respectively, compared to 10.7, 10.5, 10.3, and
10.1 uM for 5-FU.*°
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O O—\ ii o 0
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Scheme 33 Synthesis of isatin—benzofuran hybrid 177. Reagents and conditions: (i) MeCN, K,COs, reflux, 4 h; (i) NoH4-H,O, MeOH, reflux, 3 h;

(iii) EtOH, gl. AcOH (cat), reflux, 4-7 h.
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4.8. Isatin-benzofuran hybrid

Eldehna et al. reported the preparation of novel isatin-benzo-
furan hybrids.” The strategy designed for the preparation of the
target compound 177 is illustrated in Scheme 33. First, the
reaction of ethyl bromoacetate 174 with 5-bromosalicylaldehyde
173 in acetonitrile to furnish ethyl 5-bromobenzofuran-2-
carboxylate 175. Thereafter, hydrazinolysis of the ester 175 via
refluxing with N,H,-H,O gave the intermediate hydrazide 176.
Finally, key intermediate 176 was condensed with 5-bromo-
isatin 85 in absolute EtOH with catalytic drops of glacial acetic
acid to get the final compound 177 (yield: 87%).

180

%ﬁ;jﬁ“ﬁ)
Ansey

181 (89%)

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Scheme 34 Synthesis of isatin—thiazolidine hybrid 181. Reagents and
conditions: (i) gl. AcOH, AcONa, reflux, 5 h; (ii) DMF, K,COs, KI, reflux,
6 h.
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T-47D and MCF-7 breast cancer cell lines were used to study
compound 177's antiproliferative effects. Relative to the stan-
dard staurosporine, which exhibited ICs, values of 4.34 and 4.81
uM, respectively, it had a potent cytotoxic effect at concentra-
tions of 3.82 and 3.41 uM. It showed the most potent inhibitory
activity on CDK-2 and GSK-3f with ICs, of 37.77 and 32.09 nM,
comparable to staurosporine ICs, of 38.5 and 43.38 nM.
Molecular docking studies revealed important binding inter-
actions of potent compound 177 with the CDK-2 and GSK-3f3
active sites.”

4.9. Isatin-thiazolidine hybrid

As potential VEGFR2 inhibitors, Taghour et al. developed new
thiazoldine-isatin hybrids.”* For preparing the target hybrid
181, the synthetic route is clarified in Scheme 34. Primarily,
compound 179 was prepared by the reaction of isatin 41 with
thiazolidine-2,4-dione 178 under reflux in glacial acetic acid
with catalytic sodium acetate for 5 h. Heating a mixture of
compound 179 with 2-chloro-N-(2,6-dichlorophenyl) acetamide
180 in dry DMF/KI yielded the corresponding target compound
181 (yield: 89%).

Compound 181 was tested for its cytotoxic activity against
the MCF-7 cell line. It exhibited cytotoxicity with an IC5, value of
12.47 uM compared to 5-FU as a reference drug. A molecular
docking study was conducted against the Hsp90 protein and
obtained crucial molecular interactions.”™

Yousef et al. reported the synthesis of novel isatin-based
derivatives as potential anticancer agents.”” The target mole-
cule 187 was synthesized utilizing a three-step reaction, Scheme
35. The first step involved the reaction of 5-nitroisatin 103 with
propylamine 182 to furnish N-propyl intermediate 183. In the
following step, refluxing 5-nitro-N-propylisatin 183 with 4-
methyl-3-thiosemicarbazide 184 in EtOH in the presence of
a catalytic amount of glacial acetic acid afforded isatin-3-(Z)-
thiosemicarbazone 185. The final step was the cyclization of 185

o A
H
184

N/
H

ii
183

0]

/\(
N -

\\\

o)
187 (69%)

~

Z

Scheme 35 Synthesis of isatin—thiazolidine hybrid 187. Reagents and conditions: (i) K,COs, DMF, 80 °C, 45 min; (ii) EtOH, gl. AcOH (cat.), reflux,

2 h; (iii) EtOH, AcONa (cat.), reflux, 24 h.
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Scheme 36 Synthesis of isatin—thiazolidine hybrid 189. Reagents and conditions: (i) K,COz, DMF, Kl, 80 °C, 45 min; (ii) EtOH, gl. AcOH (cat.),

reflux, 3 h; (i) EtOH, AcONa (cat.), reflux, 24 h.

with chloroacetic acid 186 in refluxing EtOH in the presence of
catalytic anhydrous sodium acetate, which gave the target
compound 187 (yield: 69%).

The in vitro cytotoxicity of compound 187 was evaluated
against three cell lines: human liver cancer cells (HepG2), breast
cancer cells (MCF-7), and human colon cancer cells (HT-29),
using DOX as a reference. It exhibited cytotoxic activity with

ICs, values of 4.97, 5.33, and 3.29 uM, respectively, compared to
DOX (ICso = 4.50, 4.17, and 4.01 pM, respectively). The inhibi-
tory effect of 187 against CDK1 was also significant, with IC5, =
0.38 puM, compared to reference DOX (ICs, = 0.42 uM). A
docking study also confirmed the ability of 187 to interact with
CDK1.

/
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Scheme 37 Synthesis of isatin—thiazolidine hybrid 194. Reagents and conditions: (i) EtOH, piperidine, reflux, 24 h; (ii) Cs,CO3z, MeCN, 80 °C, 10 h;
(iii) PAC1,(PPhz),, Cul, K2CO3, sodium lauryl sulfate, H,O, 65 °C, 8 h; (iv) NoH4-H,O, 65 °C, 12 h.
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Novel azine-linked hybrids of isatin and thiazolodinone
scaffolds as CDK2 inhibitors were reported by Qayed et al.”® The
designed compound 189 was synthesized as illustrated in
Scheme 36. The route started with the synthesis of N-benzyl-5-
chloroisatin 16 via the reaction of 5-chloroisatin 6 with benzyl
bromide 61 in DMF in the presence of K,CO; and KI at 80 °C.
Next, refluxing N-benzyl-5-chloroisatin 16 with 4-methyl-3-
thiosemicarbazide 184 in EtOH in the presence of catalytic
glacial acetic acid afforded (Z)-thiosemicarbazone 188. Finally,
the target hybrid 189 was produced from the cyclization of
compound 188 by reacting with chloroacetic acid 186 in EtOH
in the presence of a catalytic amount of anhydrous sodium
acetate (yield: 37%).

Using Dox as a reference medicine, compound 189 showed
antiproliferative efficacy against HepG2, MCF7, and HCT-29 cell
lines, which are human liver, breast, and colon, respectively. It
showed cytotoxic activity with ICs, values of 3.0, 5.19, and 3.10
uM, respectively, compared to Dox with IC5, values of 4.15, 4.61,
and 4.65 pM. The inhibitory effect of 189 against CDK2 was also
significant, with IC5, = 27.42 nM, compared to the reference

HoN™ "NH,

195

—

HN

196

0o
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drug sunitinib (IC5, = 23.8 nM). The molecular dynamics
simulations and docking studies showed that there is a stable
complex with a strong binding affinity of 189 to the active
regions of CDK2.”*

As possible VEGFR2 inhibitors, Mallikarjuna Rao et al. re-
ported the synthesis of some isatin-thiazolidine-2,4-dione-pyr-
azoles.” The synthetic path followed to get the designed
compound 194 is shown in Scheme 37. Initially, Knoevenagel
condensation between 1-methylindoline-2,3-dione 95 and
thiazolidine-2,4-dione 178 under piperidine catalyst in EtOH
under reflux for 24 h afforded compound 190. Later, treatment
of compound 190 with propargyl bromide 42 in acetonitrile at
80 °C for 10 h gave the terminal alkyne 194 (yield: 67%).

Human cancer cell lines HepG2, Caco-2, and MDA-MB231
were used to study compound 194's antiproliferative proper-
ties. It displayed remarkable activity (HepG2; ICso = 2.4 uM,
Caco-2; IC5o = 6.2 uM and MDA-MB231; IC5, = 7.5 uM) against
all cancer cell lines and this was higher than the standard drug
DOX (HepG2; IC5, = 2.9 uM, Caco-2; IC5, = 8.3 uM and MDA-
MB231; IC5o = 9.2 uM). The results showed that 194 inhibited

0
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Scheme 38 Synthesis of isatin—thiazolidine hybrids 197 and 199. Reagents and conditions: (i) (a) H,O, 0-5 °C, stirring, 15 min; (b) conc. HC1,
reflux, 10 h; (i) AcOH, AcONa, reflux, 6 h; (iii) KOH, EtOH, reflux; (iv) DMF, K,COs, K, reflux, 6 h.
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VEGFR2 more effectively than sorafenib (IC5, = 51.3 nM vs. 53.8
nM). Through molecular docking studies, it was found to bind
extensively to the VEGFR2 active site.”

Taghour et al. reported the synthesis of thiazolidine-2,4-
diones hybrids as potential VEGFR-2 inhibitors.” The
sequence of chemical synthesis is clarified in Scheme 38. The
synthesis started with the preparation of thiazolidine-2,4-dione
178 through the reaction of thiourea 195 with chloroacetic
acid 186 under reflux in conc. HCI. Moreover, condensation
of isatin 41 with thiazolidine-2,4-dione 178 was done
with sodium acetate in acetic acid to give the isatin derivative
179. The treatment of compound 179 with the alcoholic solu-
tion of KOH provided its potassium salt 196. Then, heating
a mixture of compound 196 with 2-chloro-N-(p-tolyl)acetamide
39 in dry DMF and KI afforded the target compound 197 (yield:
79%).

A panel of three cancer cell lines, namely colon (Caco-2),
hepatocellular (HepG2), and breast (MDA-MB-231) cancer cell
lines, was used to evaluate the potential anti-proliferative effects
of compound 197. It displayed ICs, values of 2.0, 10, and 40 pM
in comparison to DOX, which had ICs, values of 3.46, 1.15, and

200
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0.98 uM, respectively. It showed ICs;, values of 2.0, 10, and 40
uM, in contrast to DOX's ICs, values of 3.46, 1.15, and 0.98 uM,
respectively. The molecular dynamics and docking studies have
revealed the presence of a stable complex that binds to the
active areas of VEGFR2 with a high affinity of 197.7%

Elkaeed et al. also reported the synthesis of thiazolidine-2,4-
diones hybrid as an apoptotic VEGFR2 inhibitor. The synthetic
procedure was the same as adopted for the synthesis of 197 in
Scheme 38, except in the final step. 2-Chloro-N-phenyl-
acetamide 198 was heated with compound 196 in dry DMF, and
KI gave the target compound 199 (yield: 87%).7

Four cancer cell lines were tested for compound 199's anti-
proliferative effects: A549, Caco-2 (colon cancer), HepG2
(hepatocellular cancer), and MDA-MB-231 (breast cancer). The
compound demonstrated superior cytotoxic effects compared to
DOX, with ICs, values of 49.5, 9.3, and 28 uM against A549,
Caco-2, and MDA-MB-231, respectively. The IC5, value was
69.11 nM, indicating a substantial inhibitory action against
VEGFR2. This compound's molecular docking investigations on
the target VEGFR2 protein demonstrated its binding
capabilities.”

NH, NH,
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Scheme 39 Synthesis of isatin—thiazole hybrid 206. Reagents and conditions: (i) DCM, —25 °C tor.t.; (ii) TFA, DCM, 0 °C; (iii) toluene, reflux, 2 h;

(iv) AcOH, reflux, 4 h.
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Scheme 40 Synthesis of isatin—thiadiazole hybrid 208. Reagents and conditions: (i) H,SO4, MeOH, reflux, 16 h; (ii) NoH4-H,O, reflux, 4 h; (iii)
KSCN, HC1, H50, reflux, 5 h; (iv) HSOy, stirring, r.t., 6 h; (v) (a) reflux, 5 h; (b) stirring, r.t., 24 h; (vi) EtOH, K,COs, reflux, 4 h.

4.10. Isatin-thiazole hybrid

An optimization strategy was adopted for synthesizing a new
series of 2-oxindole conjugates by Ismail et al.”” The synthetic
route adopted for the preparation of the target 3-(methylene)-
indol-2-one 206 is depicted in Scheme 39. The synthesis star-
ted with the preparation of urea intermediate 202 by the reac-
tion of mono-BOC protected phenylenediamine 200 with 2-
isocyanatothiazole 201. Then, BOC removal with trifluoroacetic
acid (TFA) gave the required compound 203.”7 Furthermore,
condensation of the active methylene group of 2-oxindole 66
with N,N-dimethylformamide dimethyl acetal (DMF-DMA) 204
to afford the N-methylene intermediate 205. Finally, the latter
compound 205 reacted with the prepared amine 203 in glacial
acetic acid to give the target compound 206 (yield: 84%).
Compound 206 was screened in vitro for its cytotoxicity
towards human MCT-7 (Breast), DU-145 (Prostate), and HCT-
116 (Colon) cancer cell lines. It showed distinct potent and
broad antiproliferative activity with ICs, values of 4.39, 1.06, and
0.34 nM, respectively, against MCT-7, DU 145, and HCT-116 cell
lines. It showed the most active inhibition activity against
FGFR, VEGFR2, and RET kinases, showing ICs, values of 1.28,
0.117, and 1.18 pM, respectively. Molecular docking studies,
which demonstrated its ability to achieve essential interactions,
are crucial for inhibiting FGFR, VEGFR-2, and RET kinases.””

4.11. Isatin-thiadiazole hybrid
A series of 1-(2-((aryl-1,3,4-thiadiazol-2-yl)amino)acetyl)

indoline-2,3-diones as anti-breast cancer leads was produced

© 2025 The Author(s). Published by the Royal Society of Chemistry

by Rasgania et al.”® The synthesis of the target compound 208 is
outlined in Scheme 40. First, the synthesis of compound 207 via
a four-step method. o-Chlorobenzoic acid 87 was refluxed in
H,SO, containing MeOH for 16 h to get the benzoate 88. By
refluxing the benzoate with N,H,-H,O for 4 h, the hydrazide 89
was obtained, which was further converted into its respective
thiosemicarbazide 91 by refluxing with KSCN in acidic media
(HCI/H,0) for 5 h. 2-Amino-5-(2-chlorophenyl)-1,3,4-thiadiazole
207 was obtained by stirring thiosemicarbazides in H,SO, for
6 h, followed by neutralization with an ammonia solution.
Second, isatin 41 was vigorously refluxed with chloroacetyl
chloride for 5 h, followed by an overnight stir at room temper-
ature, affording 1-(2-chloroacetyl)indoline-2,3-dione 93 as
yellow crystals. The target molecule 208 was efficiently synthe-
sized by the thermal integration of the synthesized thiadiazole
207 with chloroacetyl isatin 93 under reflux in EtOH for 4 h
(vield: 91%).

The antiproliferative activity of compound 208 was evaluated
in vitro against a triple-negative breast cancer (MDA-MB-231)
cell line. It showed the highest level of potency when tested in
vitro, with an ICs, value of 57.79 ug ml~', when compared to
tamoxifen citrate as the positive control. Additionally, docking
tests verified that it could bind to EGFR active sites and so
decrease its activity, suggesting that it acted as an EGFR
inhibitor.”®

Table 1 summarizes the biological findings of some recently
synthesized isatin hybrids as anti-cancer agents, highlighting
the effective molecular targets, melting points, and cytotoxicity
values.
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5. Conclusion and expert opinion

In medicinal chemistry, isatin has recently come to light as an
incredibly adaptable scaffold that provides a one-of-a-kind
platform for the design of novel bioactive agents. It is highly
favored in the field of drug development due to its structural
simplicity, ease of functionalization, and wide range of biolog-
ical activities. Hybrid compounds, such as isatin-heterocycles,
are routinely generated using this scaffold. These molecules
frequently exhibit improved selectivity and efficacy through
specific target signaling pathways. Furthermore, it is critical to
reveal innovative methods for producing this scaffold, to
analyze the different strengths of that heterocycle, and to
investigate potent applications for isatin.

Isatin can promote cell death in different types of cells and
alter the expression of genes associated with cell death since it
is a potent inhibitor of many enzymes and receptors. Because of
the advantages of hybrid compounds in terms of efficiency,
selectivity, and resistance to drug resistance, hybridization is an
attractive strategy for drug discovery. The chemical and phar-
macological characteristics of isatin-heterocycle hybrids are
attracting attention towards novel chemotherapeutics. Various
isatin analogs have been synthesized, and their bioactivities
have been evaluated as lead drugs. As a future perspective,
nano-formulations, drug delivery systems with innovative drug
signaling pathways, will be further recommended to improve
bioavailability and targeted delivery, particularly in solid
tumors, to lead to the development of novel, potent anticancer
medicines.

Conflicts of interest

The authors declare that they have no financial or personal
interests.

Data availability

No primary research results, and no new data were generated or
analysed as part of this review.

Acknowledgements

Dr Mohamed S. Nafie appreciates the Seed Research Project No.
(24021440154) funded by the Research and Graduate Studies at
the University of Sharjah, United Arab Emirates. Additionally,
he acknowledges the electronic library sources at the University
of Sharjah, which provide full access to published papers and
enable searching on Chemistry databases.

References

1 M. V. Blagosklonny, Selective protection of normal cells from
chemotherapy, while killing drug-resistant cancer cells,
Oncotarget, 2023, 14, 193-206, DOI: 10.18632/
oncotarget.28382.

2 P. H. Stern and R. M. Hoffman, Enhanced In Vitro Selective
Toxicity of Chemotherapeutic Agents for Human Cancer

© 2025 The Author(s). Published by the Royal Society of Chemistry

[N

)}

10

11

12

13

View Article Online

RSC Advances

Cells Based on a Metabolic Defect2, J. Natl. Cancer Inst.,
1986, 76, 629-639, DOI: 10.1093/jnci/76.4.629.

X. Wang, H. Zhang and X. Chen, Drug resistance and
combating drug resistance in cancer, Cdr, 2019, 2, 141-
160, DOI: 10.20517/cdr.2019.10.

S. Dallavalle, V. Dobri¢i¢, L. Lazzarato, E. Gazzano,
M. Machuqueiro, I. Pajeva, I. Tsakovska, N. Zidar and
R. Fruttero, Improvement of conventional anti-cancer
drugs as new tools against multidrug resistant tumors,
Drug Resist. Updates, 2020, 50, 100682, DOI: 10.1016/
j.drup.2020.100682.

M. A. Zeidan, H. F. Ashour, A. S. A. Yassen, A. A. Elmaaty,
A. B. Farag, M. Sharaky, A. Y. A. Alzahrani,
M. H. A. Mughram and A. A. Al-Karmalawy, Dual EGFR and
telomerase inhibitory potential of new triazole tethered
Schiff bases endowed with apoptosis: design, synthesis,
and biological assessments, RSC Med. Chem., 2025, 16,
1208-1222, DOI: 10.1039/D4MD00750F.

J. Jampilek, Heterocycles in Medicinal Chemistry, Molecules,
2019, 24, 3839, DOI: 10.3390/molecules24213839.

N. Kerru, L. Gummidi, S. Maddila, K. K. Gangu and
S. B. Jonnalagadda, A Review on Recent Advances in
Nitrogen-Containing Molecules and Their Biological
Applications, Molecules, 2020, 25, 1909, DOIL 10.3390/
molecules25081909.

A. A. Al-Karmalawy, M. A. Zeidan, A. A. Elmaaty, M. Sharaky,
A. S. A. Yassen, E. F. Khaleel, W. M. Eldehna and
H. F. Ashour, Design and synthesis of new 1,2,3-triazole
derivatives as  VEGFR-2/telomerase  downregulatory
candidates endowed with apoptotic potential for cancer
treatment, Bioorg. Chem., 2025, 156, 108159, DOI: 10.1016/
j-bioorg.2025.108159.

N. A. Nawareg, A. S. A. Yassen, E. M. Husseiny, M. A. A. El-
Sayed and H. A. Elshihawy, Exploring 1,2,3-triazole-Schiff's
base hybrids as innovative EGFR inhibitors for the
treatment of breast cancer: In vitro and in silico study,
Bioorg. Chem., 2025, 155, 108106, DOI: 10.1016/
j-bioorg.2024.108106.

D. Karati, K. R. Mahadik, P. Trivedi and D. Kumar, A
Molecular Insight into Pyrazole Congeners as
Antimicrobial, Anticancer,and Antimalarial Agents, Med.
Chem., 2022, 18, 1044-1059, DOIL  10.2174/
1573406418666220303150640.

B. Banerjee, A. Sharma, A. Singh, M. Kaur and A. Priya,
Synthesis of Isatin-derived Heterocycles with Promising
Anticancer Activities, Curr. Top. Med. Chem., 2025, 25, 96—
123, DOI: 10.2174/0115680266311332240722065652.

S. Maddela, G. E. Mathew, D. G. T. Parambi, F. Aljoufi and
B. Mathew, Dual Acting Isatin-heterocyclic Hybrids: Recent
Highlights as Promising Pharmacological Agents, Lett.
Drug Des. Discovery, 2018, 16, 220-236, DOIL: 10.2174/
1570180815666180516102100.

S. Zhao, Y. Xu, ]J. Guan, S. Zhao, G. Zhang and Z. Xu,
Tetraethylene Glycol Tethered Heteronuclear Bis-isatin
Derivatives: Design, Synthesis, and In Vitro Anti-
mycobacterial Activities, J. Heterocycl. Chem., 2018, 55,
2172-2177, DOL: 10.1002/jhet.3255.

RSC Adv, 2025, 15, 32188-32231 | 32227


https://doi.org/10.18632/oncotarget.28382
https://doi.org/10.18632/oncotarget.28382
https://doi.org/10.1093/jnci/76.4.629
https://doi.org/10.20517/cdr.2019.10
https://doi.org/10.1016/j.drup.2020.100682
https://doi.org/10.1016/j.drup.2020.100682
https://doi.org/10.1039/D4MD00750F
https://doi.org/10.3390/molecules24213839
https://doi.org/10.3390/molecules25081909
https://doi.org/10.3390/molecules25081909
https://doi.org/10.1016/j.bioorg.2025.108159
https://doi.org/10.1016/j.bioorg.2025.108159
https://doi.org/10.1016/j.bioorg.2024.108106
https://doi.org/10.1016/j.bioorg.2024.108106
https://doi.org/10.2174/1573406418666220303150640
https://doi.org/10.2174/1573406418666220303150640
https://doi.org/10.2174/0115680266311332240722065652
https://doi.org/10.2174/1570180815666180516102100
https://doi.org/10.2174/1570180815666180516102100
https://doi.org/10.1002/jhet.3255
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05002b

Open Access Article. Published on 08 September 2025. Downloaded on 4/3/2026 11:32:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

14 H. Zaykov, M. Zamtikova, K. Mihalev, I. Iliev and
S. Georgieva, Isatin And Its Derivatives: Review Of
Pharmacological Activities And Therapeutic Potential,
Conference: International Conference "Education, Science,
Economics And Technologies” 20-21 of June, 2024, Burgas,
2024, DOI: 10.13140/RG.2.2.21332.41604.

15 T. T. Irvin, Letter: Infusion thrombophlebitis and various
cannulas, Lancet, 1975, 2, 326, DOI: 10.1016/s0140-6736(75)
92764-6.

16 O. L. Erdmann, Untersuchungen tiber den Indigo, J. Prakt.
Chem., 19(1840), 321-362, DOI: 10.1002/prac.18400190161.

17 V. Varun, S. Sonam and R. Kakkar, Isatin and its derivatives:
a survey of recent syntheses, reactions, and applications,
Med. Chem. Commun., 2019, 10, 351-368, DOI: 10.1039/
C8MDO00585K.

18 A. R. Preeti, A. Anand, N. Henry, A. K. Sharma, P. Roussel and
V. Kumar, Stereo/regio-selective access to substituted 3-
hydroxy-oxindoles with anti-proliferative assessment and in
silico validation, RSC Adv., 2023, 13, 28434-28443, DOI:
10.1039/D3RA05869G.

19 B. A. Espinosa-Rodriguez, A. M. Nieto-Moreno,
E. U. Arredondo-Espinoza, F. G. Avalos-Alanis and
I. Balderas-Renteria, Comparative Anticancer Activity and
Molecular Docking of Different Isatin-Based Scaffolds,
Anticancer Res., 2021, 41(10), 4969-4977.

20 S. Chowdhary, Shalini, A. Arora and V. Kumar, A Mini Review
on Isatin, an Anticancer Scaffold with Potential Activities
against Neglected Tropical Diseases (NTDs),
Pharmaceuticals, 2022, 15(5), 536, DOI: 10.3390/ph15050536.

21 B. A. Espinosa-Rodriguez, A. M. Nieto-Moreno,
E. U. Arredondo-Espinoza, F. G. Avalos-Alanis and
I. Balderas-Renteria, Comparative Anticancer Activity and
Molecular Docking of Different Isatin-Based Scaffolds,
Anticancer Res., 2021, 41, 4969-4977, DOI: 10.21873/
anticanres.15310.

22 S. Bugalia, Y. Dhayal, H. Sachdeva, S. Kumari, K. Atal,
U. Phageria, P. Saini and O. P. Gurjar, Review on Isatin- A
Remarkable Scaffold for Designing Potential Therapeutic
Complexes and Its Macrocyclic Complexes with Transition
Metals, J. Inorg. Organomet. Polym., 2023, 33, 1782-1801,
DOI: 10.1007/s10904-023-02666-0.

23 C. S. Marques, P. Branddo and A. J. Burke, Targeting
Vascular Endothelial Growth Factor Receptor 2 (VEGFR-2):
Latest Insights on Synthetic Strategies, Molecules, 2024, 29,
5341, DOI: 10.3390/molecules29225341.

24 K. S. Saini, S. Loi, E. de Azambuja, O. Metzger-Filho,
M. L. Saini, M. Ignatiadis, J. E. Dancey and M. J. Piccart-
Gebhart, Targeting the PI3K/AKT/mTOR and Raf/MEK/ERK
pathways in the treatment of breast cancer, Cancer Treat.
Rev., 2013, 39, 935-946, DOIL: 10.1016/j.ctrv.2013.03.009.

25 K. L. Vine, L. Matesic, J. M. Locke, M. Ranson and
D. Skropeta, Cytotoxic and Anticancer Activities of Isatin
and Its Derivatives: A Comprehensive Review from 2000-
2008, Anti-Cancer Agents Med. Chem., 2009, 9, 397-414.

26 A. F. Pinto, J. S. Nunes, J. E. S. Martins, A. C. Leal,
C. C. V. C. Silva, A. ]J. F. S. da Silva, D. S. da C. Olimpio,
E. T. N. da Silva, T. A. Campos and A. C. L. Leite, Thiazole,

32228 | RSC Adv, 2025, 15, 32188-3223]

View Article Online

Review

Isatin and Phthalimide Derivatives Tested in vivo against
Cancer Models: A Literature Review of the Last Six Years,
Curr. Med. Chem., 2024, 31, 2991-3032, DOIL 10.2174/
0929867330666230426154055.

27 K. Kopka, A. Faust, P. Keul, S. Wagner, H.-J. Breyholz,
C. Holtke, O. Schober, M. Schifers and B. Levkau, 5-
Pyrrolidinylsulfonyl Isatins as a Potential Tool for the
Molecular Imaging of Caspases in Apoptosis, J. Med.
Chem., 2006, 49, 6704-6715, DOI: 10.1021/jm051217c.

28 A. S. Alanazi, T. O. Mirgany, A. A. Alsfouk, N. A. Alsaif and
M. M. Alanazi, Antiproliferative Activity, Multikinase
Inhibition, Apoptosis- Inducing Effects and Molecular
Docking of Novel Isatin-Purine Hybrids, Medicina, 2023,
59, 610, DOI: 10.3390/medicina59030610.

29 A. Medvedev, O. Buneeva and V. Glover, Biological targets for
isatin and its analogues: Implications for therapy, Biologics,
2007, 1, 151-162.

30 H. T. Nguyen, K. T. Van, H. Pham-The, Q.-B. Le, G. Le-Nhat-
Thuy, T. A. D. Thi, P. H. Thi, Q. G. N. Thi, A. N. Tuan,
D. V. Ngoc and T. V. Nguyen, Synthesis, cytotoxicity,
apoptosis-inducing activity and molecular docking studies
of novel isatin-podophyllotoxin hybrids, RSC Adv., 2025,
15, 2825-2839, DOI: 10.1039/D4RA08691K.

31 M.-A. Vaali-Mohammed, M.-H. Abdulla, S. Matou-Nasri,
W. M. Eldehna, M. Meeramaideen, E. B. Elkaeed, M. El-
Watidy, N. S. Alhassan, K. Alkhaya and O. Al Obeed, The
Anticancer Effects of the Pro-Apoptotic Benzofuran-Isatin
Conjugate (5a) Are Associated With p53 Upregulation and
Enhancement of Conventional Chemotherapeutic Drug
Efficiency in Colorectal Cancer Cell Lines, Front.
Pharmacol, 2022, 13, 923398, DOI: 10.3389/
fphar.2022.923398.

32 H. Sakahira, M. Enari and S. Nagata, Cleavage of CAD
inhibitor in CAD activation and DNA degradation during
apoptosis, Nature, 1998, 391, 96-99, DOI: 10.1038/34214.

33 D. L. Chen, D. Zhou, W. Chu, P. Herrbrich, J. T. Engle,
E. Griffin, L. A. Jones, J. M. Rothfuss, M. Geraci,
R. S. Hotchkiss and R. H. Mach, Radiolabeled isatin
binding to caspase-3 activation induced by anti-Fas
antibody, Nucl. Med. Biol., 2012, 39, 137-144, DOI: 10.1016/
j-nucmedbio.2011.08.001.

34 M. S. Nafie, I. Shawish, S. A. Fahmy, M. K. Diab,
M. M. Abdelfattah, B. M. Hassen, K. M. Darwish, A. El-
Faham and A. Barakat, Recent advances in the
halogenated spirooxindoles as novel anticancer scaffolds:
chemistry and bioactivity approach, RSC Adv., 2025, 15,
22336-22375, DOI: 10.1039/D5RA03404C.

35 P. de Sena Murteira Pinheiro, L. S. Franco, T. L. Montagnoli
and C. A. M. Fraga, Molecular hybridization: a powerful tool
for multitarget drug discovery, Expert Opin. Drug Discovery,
2024, 19, 451-470, DOI: 10.1080/17460441.2024.2322990.

36 S. Varun and R. Kakkar, Isatin and its derivatives: a survey of
recent syntheses, reactions, and applications, Med. Chem.
Commun., 2019, 10, 351-368, DOI: 10.1039/C8MD00585K.

37 M. M. Kandeel, M. K. AbdElhameid, M. Adel, M. Y. Al-
Shorbagy and A. T. Negmeldin, Design, Synthesis, and
Cytotoxicity Evaluation of Novel Indolin-2-One Based

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.13140/RG.2.2.21332.41604
https://doi.org/10.1016/s0140-6736(75)92764-6
https://doi.org/10.1016/s0140-6736(75)92764-6
https://doi.org/10.1002/prac.18400190161
https://doi.org/10.1039/C8MD00585K
https://doi.org/10.1039/C8MD00585K
https://doi.org/10.1039/D3RA05869G
https://doi.org/10.3390/ph15050536
https://doi.org/10.21873/anticanres.15310
https://doi.org/10.21873/anticanres.15310
https://doi.org/10.1007/s10904-023-02666-0
https://doi.org/10.3390/molecules29225341
https://doi.org/10.1016/j.ctrv.2013.03.009
https://doi.org/10.2174/0929867330666230426154055
https://doi.org/10.2174/0929867330666230426154055
https://doi.org/10.1021/jm051217c
https://doi.org/10.3390/medicina59030610
https://doi.org/10.1039/D4RA08691K
https://doi.org/10.3389/fphar.2022.923398
https://doi.org/10.3389/fphar.2022.923398
https://doi.org/10.1038/34214
https://doi.org/10.1016/j.nucmedbio.2011.08.001
https://doi.org/10.1016/j.nucmedbio.2011.08.001
https://doi.org/10.1039/D5RA03404C
https://doi.org/10.1080/17460441.2024.2322990
https://doi.org/10.1039/C8MD00585K
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05002b

Open Access Article. Published on 08 September 2025. Downloaded on 4/3/2026 11:32:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

38

39

40

41

42

43

44

45

46

Molecules on Hepatocellular Carcinoma HepG2 Cells as
Protein Kinase Inhibitors, Molecules, 2025, 30, 1105, DOI:
10.3390/molecules30051105.

R. I. Al-Wabli, A. A. Almomen, M. S. Almutairi, A. B. Keeton,
G. A. Piazza and M. L. Attia, New Isatin-Indole Conjugates:
Synthesis, Characterization, and a Plausible Mechanism of
Their in vitro Antiproliferative Activity, Drug Des. Dev. Ther.,
2020, 14, 483-495, DOI: 10.2147/DDDT.S227862.

W. M. Eldehna, M. F. Abo-Ashour, T. Al-Warhi, S. T. Al-
Rashood, A. Alharbi, R. R. Ayyad, K. Al-Khayal, M. Abdulla,
H. A. Abdel-Aziz, R. Ahmad and R. El-Haggar, Development
of 2-oxindolin-3-ylidene-indole-3-carbohydrazide
derivatives as novel apoptotic and anti-proliferative agents
towards colorectal cancer cells, J. Enzyme Inhib. Med.
Chem., 2021, 36, 320-329, DOIL  10.1080/
14756366.2020.1862100.

M. M. Al-Sanea, A. ]J. Obaidullah, M. E. Shaker,
G. Chilingaryan, M. M. Alanazi, N. A. Alsaif,
H. M. Alkahtani, S. A. Alsubaie and M. A. Abdelgawad, A
New CDK2 Inhibitor with 3-Hydrazonoindolin-2-One
Scaffold Endowed with Anti-Breast Cancer Activity: Design,
Synthesis, Biological Evaluation, and In Silico Insights,
Molecules, 2021, 26, 412, DOI: 10.3390/molecules26020412.
T. Al-Warhi, A. M. El Kerdawy, N. Aljaeced, O. E. Ismael,
R. R. Ayyad, W. M. Eldehna, H. A. Abdel-Aziz and G. H. Al-
Ansary, Synthesis, Biological Evaluation and In Silico
Studies of Certain Oxindole-Indole Conjugates as
Anticancer CDK Inhibitors, Molecules, 2020, 25, 2031, DOI:
10.3390/molecules25092031.

T. Al-Warhi, M. F. Abo-Ashour, H. Almahli, O. J. Alotaibi,
M. M. Al-Sanea, G. H. Al-Ansary, H. Y. Ahmed,
M. M. Elaasser, W. M. Eldehna and H. A. Abdel-Aziz, Novel
[(N-alkyl-3-indolylmethylene)hydrazono]oxindoles arrest
cell cycle and induce cell apoptosis by inhibiting CDK2
and Bcl-2: synthesis, biological evaluation and in silico
studies, J. Enzyme Inhib. Med. Chem., 2020, 35, 1300-1309,
DOI: 10.1080/14756366.2020.1773814.

B. Mohite, B. K. Chabhadiya, K. M. Kapadiya, V. M. Khedkar
and S. Jauhari, Design and Synthesis of Isatin-1,2,3-triazole
Hybrids as Anticancer Agents, ChemistrySelect, 2024, 9,
€202404601, DOI: 10.1002/slct.202404601.

Preeti, A. Raza, R. K. Sharma, A. K. Sharma and V. Kumar,
Design, Synthesis, Anti-Proliferative, and Apoptotic
Assessment of Spirocyclopropyl Oxindole-Isatin Hybrids
on Triple-Negative Breast Cancer, Chem. Biodiversity, 2024,
€202402910, DOI: 10.1002/cbdv.202402910.

I. A. Seliem, S. S. Panda, A. S. Girgis, Q. L. Tran, M. F. Said,
M. S. Bekheit, A. Abdelnaser, S. Nasr, W. Fayad,
A. A. F. Soliman, R. Sakhuja, T. S. Ibrahim, Z. K. M. Abdel-
Samii and A. M. M. Al-Mahmoudy, Development of Isatin-
Based Schiff Bases Targeting VEGFR-2 Inhibition:
Synthesis, Characterization, Antiproliferative Properties,
and QSAR Studies, ChemMedChem, 2022, 17, €202200164,
DOLI: 10.1002/cmdc.202200164.

H. A. Elsebaie, M.-H. Abdulla, Z. M. Elsayed, M. A. Shaldam,
H. O. Tawfik, S. N. Morsy, M.-A. Vaali Mohammed, T. Bin
Traiki, E. B. Elkaeed, H. A. Abdel-Aziz and W. M. Eldehna,

© 2025 The Author(s). Published by the Royal Society of Chemistry

47

48

49

50

51

52

53

54

55

View Article Online

RSC Advances

Unveiling the potential of isatin-grafted phenyl-1,2,3-
triazole derivatives as dual VEGFR-2/STAT-3 inhibitors:
Design, synthesis and biological assessments, Bioorg.
Chem., 2024, 151, 107626, DOI:  10.1016/
j-bioorg.2024.107626.

D. Wang, K. Liu, X. Li, G. Lu, W. Xue, X. Qian, K. Mohamed O
and F. Meng, Design, synthesis, and in vitro and in vivo anti-
angiogenesis study of a novel vascular endothelial growth
factor receptor-2 (VEGFR-2) inhibitor based on 1,2,3-
triazole scaffold, Eur. J. Med. Chem., 2021, 211, 113083,
DOI: 10.1016/j.ejmech.2020.113083.

S. Nazari, F. Safari, M. B. Mamaghani and A. Bazgir,
Synthesis and evaluation of in vitro cytotoxic effects of
triazol/spiroindolinequinazolinedione, triazol/indolin-3-
thiosemicarbazone and triazol/thiazol-indolin-2-one
conjugates, Daru, J. Pharm. Sci., 2020, 28, 591-601, DOI:
10.1007/s40199-020-00364-7.

A. E. Elsawi, M. L. Shahin, H. A. Elbendary, T. Al-Warhi,
F. E. Hassan and W. M. Eldehna, 1,2,4-Triazole-Tethered
Indolinones as New Cancer-Fighting Small Molecules
Targeting VEGFR-2: Synthesis, Biological Evaluations and
Molecular Docking, Pharmaceuticals, 2024, 17, 81, DOI:
10.3390/ph17010081.

J. Rasgania, R. Gavadia, S. Nimesh, L. Loveleen and
K. Jakhar, Design and synthesis of triazole-functionalized
isatin hybrids with potent anti-proliferative action against
triple-negative breast cancer MDA-MB-231 cell line:
a hybrid pharmacophore approach, J. Iran. Chem. Soc.,
2024, 21, 429-443, DOI: 10.1007/s13738-023-02936-1.

W. Zhou, C. Xu, G. Dong, H. Qiao, J. Yang, H. Liu, L. Ding,
K. Sun and W. Zhao, Development of phenyltriazole thiol-
based derivatives as highly potent inhibitors of DCN1-
UBC12 interaction, Eur. J. Med. Chem., 2021, 217, 113326,
DOL: 10.1016/j.ejmech.2021.113326.

T. Shreedhar Reddy, S. Rai and S. Kumar Koppula, One-Pot
Synthesis of Isatin-Pyrazole Hybrids as VEGFR-2 Inhibitors
and Molecular Docking Studies, ChemistrySelect, 2023, 8,
€202204327, DOIL: 10.1002/slct.202204327.

L. Emami, S. Khabnadideh, Z. Faghih, A. Solhjoo, S. Malek,
A. Mohammadian, M. Divar and Z. Faghih, Novel N
-substituted isatin-ampyrone Schiff bases as a new class of
antiproliferative agents: Design, synthesis, molecular
modeling and in vitro cytotoxic activity, J. Heterocycl.
Chem., 2022, 59, 1144-1159, DOIL: 10.1002/jhet.4454.

U. U. Demirel, S. Olgen, E. F. Karaman, M. Tanol, S. Ozden
and H. Goker, Synthesis of Novel Urea and Sulfonamide
Derivatives of Isatin Schiff Basesas Potential Anti-cancer
Agents, Lett. Drug Des. Discovery, 2022, 19, 847-857, DOI:
10.2174/1570180819666220224115908.

S. Saied, M. Shaldam, M. M. Elbadawi, S. Giovannuzzi,
A. Nocentini, H. Almahli, R. Salem, T. M. Ibrahim,
C. T. Supuran and W. M. Eldehna, Discovery of
indolinone-bearing benzenesulfonamides as new dual
carbonic anhydrase and VEGFR-2 inhibitors possessing
anticancer and pro-apoptotic properties, Eur. J. Med.
Chem., 2023, 259, 115707, DOL  10.1016/
j-ejmech.2023.115707.

RSC Adv, 2025, 15, 32188-32231 | 32229


https://doi.org/10.3390/molecules30051105
https://doi.org/10.2147/DDDT.S227862
https://doi.org/10.1080/14756366.2020.1862100
https://doi.org/10.1080/14756366.2020.1862100
https://doi.org/10.3390/molecules26020412
https://doi.org/10.3390/molecules25092031
https://doi.org/10.1080/14756366.2020.1773814
https://doi.org/10.1002/slct.202404601
https://doi.org/10.1002/cbdv.202402910
https://doi.org/10.1002/cmdc.202200164
https://doi.org/10.1016/j.bioorg.2024.107626
https://doi.org/10.1016/j.bioorg.2024.107626
https://doi.org/10.1016/j.ejmech.2020.113083
https://doi.org/10.1007/s40199-020-00364-7
https://doi.org/10.3390/ph17010081
https://doi.org/10.1007/s13738-023-02936-1
https://doi.org/10.1016/j.ejmech.2021.113326
https://doi.org/10.1002/slct.202204327
https://doi.org/10.1002/jhet.4454
https://doi.org/10.2174/1570180819666220224115908
https://doi.org/10.1016/j.ejmech.2023.115707
https://doi.org/10.1016/j.ejmech.2023.115707
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05002b

Open Access Article. Published on 08 September 2025. Downloaded on 4/3/2026 11:32:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

56

57

58

59

60

61

62

63

64

65

M. A. Shaldam, H. Almahli, A. Angeli, R. M. Badi,
E. F. Khaleel, A. 1. Zain-Alabdeen, Z. M. Elsayed,
E. B. Elkaeed, R. Salem, C. T. Supuran, W. M. Eldehna and
H. O. Tawfik, Discovery of sulfonamide-tethered isatin
derivatives as novel anticancer agents and VEGFR-2
inhibitors, J. Enzyme Inhib. Med. Chem., 2023, 38, 2203389,
DOLI: 10.1080/14756366.2023.2203389.

M. Eldeeb, E. F. Sanad, A. Ragab, Y. A. Ammar, K. Mahmoud,
M. M. Ali and N. M. Hamdy, Anticancer Effects with
Molecular Docking Confirmation of Newly Synthesized
Isatin Sulfonamide Molecular Hybrid Derivatives against
Hepatic Cancer Cell Lines, Biomedicines, 2022, 10, 722,
DOI: 10.3390/biomedicines10030722.

M. A. El Hassab, A. A. A. El-Hafeez, H. Almahli, Z. M. Elsayed,
W. M. Eldehna, G. S. Hassan and S. M. Abou-Seri,
Phthalimide-tethered isatins as novel poly(ADP-ribose)
polymerase inhibitors: Design, synthesis, biological
evaluations, and molecular modeling investigations, Arch.
Pharm., 2024, 357, 2300599, DOI: 10.1002/ardp.202300599.
H. H. Al-Rasheed, S. A. Al-Khamis, A. Barakat, A. A. Masoud,
A. A. Sobhy, D. A. Ghareeb, B. G. De La Torre, F. Albericio and
A. El-Faham, Design and synthesis of s-triazine-Isatin
hybrids with potent anticancer activity, targeting A549 lung
adenocarcinoma via EGF inhibition, Tetrahedron, 2025,
171, 134424, DOIL: 10.1016/j.tet.2024.134424.

M. M. Alanazi and A. S. Alanazi, Novel 7-Deazapurine
Incorporating Isatin Hybrid Compounds as Protein Kinase
Inhibitors: Design, Synthesis, In Silico Studies, and
Antiproliferative Evaluation, Molecules, 2023, 28, 5869,
DOI: 10.3390/molecules28155869.

A. S. Alanazi, T. O. Mirgany, A. A. Alsfouk, N. A. Alsaif and
M. M. Alanazi, Antiproliferative Activity, Multikinase
Inhibition, Apoptosis- Inducing Effects and Molecular
Docking of Novel Isatin-Purine Hybrids, Medicina, 2023,
59, 610, DOI: 10.3390/medicina59030610.

W. M. Eldehna, M. A. El Hassab, M. F. Abo-Ashour, T. Al-
Warhi, M. M. Elaasser, N. A. Safwat, H. Suliman,
M. F. Ahmed, S. T. Al-Rashood, H. A. Abdel-Aziz and R. El-
Haggar, Development of isatin-thiazolo[3,2-a]
benzimidazole hybrids as novel CDK2 inhibitors with
potent in vitro apoptotic anti-proliferative activity:
Synthesis,  biological =~ and  molecular  dynamics
investigations, Bioorg. Chem., 2021, 110, 104748, DOI:
10.1016/j.bioorg.2021.104748.

H. S. Al-Salem, M. Arifuzzaman, H. M. Alkahtani,
A. N. Abdalla, I. S. Issa, A. Algathama, F. S. Albalawi and
A. F. M. M. Rahman, A Series of Isatin-Hydrazones with
Cytotoxic Activity and CDK2 Kinase Inhibitory Activity: A
Potential Type II ATP Competitive Inhibitor, Molecules,
2020, 25, 4400, DOI: 10.3390/molecules25194400.

H. S. Al-Salem, M. Arifuzzaman, I. S. Issa and
A. F. M. M. Rahman, Isatin-Hydrazones with Multiple
Receptor Tyrosine Kinases (RTKs) Inhibitory Activity and
In-Silico Binding Mechanism, Appl Sci., 2021, 11, 3746,
DOI: 10.3390/app11093746.

W. M. Eldehna, Y. A. Habib, A. E. Mahmoud, M. F. Barghash,
Z. M. Elsayed, A. E. Elsawi, R. M. Maklad, M. Rashed,

32230 | RSC Adv, 2025, 15, 32188-32231

66

67

68

69

70

71

72

73

View Article Online

Review

A. Khalil, S. F. Hammad, M. M. Ali and A. M. El Kerdawy,
Design, synthesis, and in silico insights of novel N'-(2-
oxoindolin-3-ylidene)piperidine-4-carbohydrazide
derivatives as VEGFR-2 inhibitors, Bioorg. Chem., 2024, 153,
107829, DOI: 10.1016/j.bioorg.2024.107829.

B. A. Espinosa-Rodriguez, A. M. Nieto-Moreno,
E. U. Arredondo-Espinoza, F. G. Avalos-Alanis and
I. Balderas-Renteria, Comparative Anticancer Activity and
Molecular Docking of Different Isatin-Based Scaffolds,
Anticancer Res., 2021, 41, 4969-4977, DOI: 10.21873/
anticanres.15310.

E. Basaran, S. Koprii, S. Akko¢ and B. Tiirkmenoglu,
Investigation of Newly Synthesized Fluorinated Isatin-
Hydrazones by In Vitro Antiproliferative Activity, Molecular
Docking, ADME Analysis, and e-Pharmacophore Modeling,

ACS Omega, 2024, 9, 26503-26518, DOI: 10.1021/
acsomega.4c03014.
I. Munir, Z. Batool, F. Khan, J. Hussain, A. Khan, S. N. Mali,

V. V. Radhakrishnan, B. Mathew, T. M. Almutairi, A. Al-
Harrasi, M. S. Akram and Z. Shafiq, Design, synthesis, in
vitro , and in silico studies of novel isatin-hybrid
hydrazones as potential triple-negative breast cancer
agents, RSC Adv., 2025, 15, 948-965, DOI: 10.1039/
D4RA07650H.

A. A. Abu-Hashem and S. A. Al-Hussain, Design, Synthesis of
New 1,2,4-Triazole/1,3,4-Thiadiazole with Spiroindoline,
Imidazo[4,5-b]quinoxaline and Thieno[2,3-d]pyrimidine
from Isatin Derivatives as Anticancer Agents, Molecules,
2022, 27, 835, DOIL: 10.3390/molecules27030835.

W. M. Eldehna, S. T. Al-Rashood, T. Al-Warhi,
R. O. Eskandrani, A. Alharbi and A. M. El Kerdawy, Novel
oxindole/benzofuran hybrids as potential dual CDK2/GSK-
3B inhibitors targeting breast cancer: design, synthesis,
biological evaluation, and in silico studies, J. Enzyme Inhib.
Med. Chem., 2021, 36, 271-286, DOIL  10.1080/
14756366.2020.1862101.

M. S. Taghour, H. Elkady, W. M. Eldehna, N. El-Deeb,
A. M. Kenawy, A. E. Abd El-Wahab, E. B. Elkaeed,
B. A. Alsfouk, A. M. Metwaly and I. H. Eissa, Discovery of
new quinoline and isatine derivatives as potential VEGFR-2
inhibitors: design, synthesis, antiproliferative, docking and
MD simulation studies, J. Biomol. Struct. Dyn., 2023, 41,
11535-11550, DOI: 10.1080/07391102.2022.2164356.

M. A. Yousef, A. M. Ali, W. M. El-Sayed, W. S. Qayed,
H. H. A. Farag and T. Aboul-Fadl, Design and synthesis of
novel isatin-based derivatives targeting cell cycle
checkpoint pathways as potential anticancer agents,
Bioorg. Chem., 2020, 105, 104366, DOI: 10.1016/
j-bioorg.2020.104366.

W. S. Qayed, M. A. Hassan, W. M. El-Sayed, J. Rogério,
A. Silva and T. Aboul-Fadl, Novel Azine Linked Hybrids of
2-Indolinone and Thiazolodinone Scaffolds as CDK2
Inhibitors with Potential Anticancer Activity: In Silico
Design, Synthesis, Biological, Molecular Dynamics and
Binding Free Energy Studies, Bioorg. Chem., 2022, 126,
105884, DOI: 10.1016/j.bioorg.2022.105884.

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1080/14756366.2023.2203389
https://doi.org/10.3390/biomedicines10030722
https://doi.org/10.1002/ardp.202300599
https://doi.org/10.1016/j.tet.2024.134424
https://doi.org/10.3390/molecules28155869
https://doi.org/10.3390/medicina59030610
https://doi.org/10.1016/j.bioorg.2021.104748
https://doi.org/10.3390/molecules25194400
https://doi.org/10.3390/app11093746
https://doi.org/10.1016/j.bioorg.2024.107829
https://doi.org/10.21873/anticanres.15310
https://doi.org/10.21873/anticanres.15310
https://doi.org/10.1021/acsomega.4c03014
https://doi.org/10.1021/acsomega.4c03014
https://doi.org/10.1039/D4RA07650H
https://doi.org/10.1039/D4RA07650H
https://doi.org/10.3390/molecules27030835
https://doi.org/10.1080/14756366.2020.1862101
https://doi.org/10.1080/14756366.2020.1862101
https://doi.org/10.1080/07391102.2022.2164356
https://doi.org/10.1016/j.bioorg.2020.104366
https://doi.org/10.1016/j.bioorg.2020.104366
https://doi.org/10.1016/j.bioorg.2022.105884
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05002b

Open Access Article. Published on 08 September 2025. Downloaded on 4/3/2026 11:32:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

74 M. Mallikarjuna Rao, K. H. Gangadhar, R. B. Madhu, and

A. Ratnamala, Design and Synthesis of Some Isatin-
Thiazolidine-2,4-Dione-Pyrazoles as VEGFR-2 Targeting
Anti-Proliferative Agents, 2024, DOI: 10.2139/ss1rn.5007448.

75 M. S. Taghour, H. Elkady, W. M. Eldehna, N. M. El-Deeb,

A. M. Kenawy, E. B. Elkaeed, A. A. Alsfouk, M. S. Alesawy,
A. M. Metwaly and 1. H. Eissa, Design and synthesis of
thiazolidine-2,4-diones hybrids with 1,2-dihydroquinolones
and 2-oxindoles as potential VEGFR-2 inhibitors: in vitro
anticancer evaluation and in silico studies, J. Enzyme Inhib.
Med. Chem., 2022, 37, 1903-1917, DOIL: 10.1080/
14756366.2022.2085693.

76 E. B. Elkaeed, M. S. Taghour, H. A. Mahdy, W. M. Eldehna,

N. M. El-Deeb, A. M. Kenawy, B. A. Alsfouk, M. A. Dahab,
A. M. Metwaly, I. H. Eissa and M. A. El-Zahabi, New
quinoline and isatin derivatives as apoptotic VEGFR-2

© 2025 The Author(s). Published by the Royal Society of Chemistry

77

View Article Online

RSC Advances

inhibitors: design, synthesis, anti-proliferative activity,
docking, ADMET, toxicity, and MD simulation studies, J.
Enzyme Inhib. Med. Chem., 2022, 37, 2191-2205, DOI:
10.1080/14756366.2022.2110869.

R. S. M. Ismail, A. M. El Kerdawy, D. H. Soliman,
H. H. Georgey, N. M. Abdel Gawad, A. Angeli and
C. T. Supuran, Discovery of a new potent oxindole multi-
kinase inhibitor among a series of designed 3-alkenyl-
oxindoles with ancillary carbonic anhydrase inhibitory
activity as antiproliferative agents, BMC Chem., 2023, 17,
81, DOI: 10.1186/s13065-023-00994-3.

78 J. Rasgania, R. Gavadia, S. Nimesh, L. Loveleen, S. Mor,

D. Singh and K. Jakhar, Synthesis of isatin-tagged
thiadiazoles as anti-breast cancer leads: In vitro and in
silico investigations, J. Mol. Struct., 2023, 1294, 136464,
DOL: 10.1016/j.molstruc.2023.136464.

RSC Adv, 2025, 15, 32188-32231 | 32231


https://doi.org/10.2139/ssrn.5007448
https://doi.org/10.1080/14756366.2022.2085693
https://doi.org/10.1080/14756366.2022.2085693
https://doi.org/10.1080/14756366.2022.2110869
https://doi.org/10.1186/s13065-023-00994-3
https://doi.org/10.1016/j.molstruc.2023.136464
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05002b

	A comprehensive review and recent advances on isatin-based compounds as a versatile framework for anticancer therapeutics (2020tnqh_x20132025)
	A comprehensive review and recent advances on isatin-based compounds as a versatile framework for anticancer therapeutics (2020tnqh_x20132025)
	A comprehensive review and recent advances on isatin-based compounds as a versatile framework for anticancer therapeutics (2020tnqh_x20132025)
	A comprehensive review and recent advances on isatin-based compounds as a versatile framework for anticancer therapeutics (2020tnqh_x20132025)
	A comprehensive review and recent advances on isatin-based compounds as a versatile framework for anticancer therapeutics (2020tnqh_x20132025)
	A comprehensive review and recent advances on isatin-based compounds as a versatile framework for anticancer therapeutics (2020tnqh_x20132025)
	A comprehensive review and recent advances on isatin-based compounds as a versatile framework for anticancer therapeutics (2020tnqh_x20132025)
	A comprehensive review and recent advances on isatin-based compounds as a versatile framework for anticancer therapeutics (2020tnqh_x20132025)

	A comprehensive review and recent advances on isatin-based compounds as a versatile framework for anticancer therapeutics (2020tnqh_x20132025)
	A comprehensive review and recent advances on isatin-based compounds as a versatile framework for anticancer therapeutics (2020tnqh_x20132025)
	A comprehensive review and recent advances on isatin-based compounds as a versatile framework for anticancer therapeutics (2020tnqh_x20132025)
	A comprehensive review and recent advances on isatin-based compounds as a versatile framework for anticancer therapeutics (2020tnqh_x20132025)
	A comprehensive review and recent advances on isatin-based compounds as a versatile framework for anticancer therapeutics (2020tnqh_x20132025)
	A comprehensive review and recent advances on isatin-based compounds as a versatile framework for anticancer therapeutics (2020tnqh_x20132025)
	A comprehensive review and recent advances on isatin-based compounds as a versatile framework for anticancer therapeutics (2020tnqh_x20132025)
	A comprehensive review and recent advances on isatin-based compounds as a versatile framework for anticancer therapeutics (2020tnqh_x20132025)
	A comprehensive review and recent advances on isatin-based compounds as a versatile framework for anticancer therapeutics (2020tnqh_x20132025)
	A comprehensive review and recent advances on isatin-based compounds as a versatile framework for anticancer therapeutics (2020tnqh_x20132025)
	A comprehensive review and recent advances on isatin-based compounds as a versatile framework for anticancer therapeutics (2020tnqh_x20132025)
	A comprehensive review and recent advances on isatin-based compounds as a versatile framework for anticancer therapeutics (2020tnqh_x20132025)

	A comprehensive review and recent advances on isatin-based compounds as a versatile framework for anticancer therapeutics (2020tnqh_x20132025)
	A comprehensive review and recent advances on isatin-based compounds as a versatile framework for anticancer therapeutics (2020tnqh_x20132025)
	A comprehensive review and recent advances on isatin-based compounds as a versatile framework for anticancer therapeutics (2020tnqh_x20132025)
	A comprehensive review and recent advances on isatin-based compounds as a versatile framework for anticancer therapeutics (2020tnqh_x20132025)


