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in the halogenated spirooxindoles
as novel anticancer scaffolds: chemistry and
bioactivity approach
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Halogenated spirooxindoles have garnered increasing attention as promising targeted anticancer therapy

agents, owing to their improved binding affinity and ability to engage diverse molecular targets. These

compounds demonstrate notable anticancer activity across various human malignancies, attributed to

their selectivity targeting and reduced toxicity profiles. Functioning as multitarget agents, halogenated

spirooxindoles exert biological effects through mechanisms including kinase inhibition, disruption of the

MDM2–p53 interaction, DNA-binding modulation, and activation of apoptosis pathways. Their

multifaceted activity profile supports their potential as next-generation anticancer agents, suggesting

that further studies will be required in this direction. Areas covered: the recent developments of

synthetic routes of derivatization and anticancer activities of halogenated spirooxindoles scaffolds during

2020–2025 are thoroughly covered. Expert opinion: halogenated spirooxindoles represent a strategic

advance in the development of targeted cancer therapy, combining structural ingenuity with mechanistic

precision. These findings encourage medicinal chemists to optimize further halogen placement, scaffold

rigidity, and hybrid designs that could lead to new target-oriented chemotherapeutics.
Introduction

Cancer remains a leading cause of death in both developed and
developing nations, with a global increase in burden expected
due to population growth and aging demographics.1 In 2020, an
estimated 19.3 million new cancer cases and 10 million cancer-
related deaths were reported worldwide, according to GLOBO-
CAN data.2 Cancer is characterized by the abnormal growth of
cells that typically proliferate uncontrollably. Meanwhile, the
structural and functional heterogeneity of cancer cells makes it
difficult to achieve high therapeutic selectivity.3 Increasing
knowledge in understanding the molecular changes that
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control the cell cycle and the uncontrolled growth of cancer cells
provides valuable guidance for designing cancer-specic drugs.4

Spiro compounds have long held signicance in organic
synthesis due to their notable biological activities.5 Specically,
spirooxindole derivatives have emerged as attractive synthetic
targets, mainly due to their occurrence in numerous natural
products and pharmacologically active molecules.6 A dening
structural feature of these compounds is the spiro-fused ring
system at the C3 position of the oxindole core, which incorpo-
rates diverse heterocyclic motifs. Halogenated spirooxindoles,
in particular, exhibit potent anticancer activity across multiple
cancer types, owing to their ability to modulate a range of
molecular targets.7,8
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Halogenated spirooxindole alkaloids oen exhibit marked
biological activities strongly inuenced by halogen substituents
within their structures.9 Spiro compounds remain a subject of
interest in research into synthetic chemistry and, indeed, the
focus of attention in the synthesis of naturally occurring
compounds, where reaction conditions are oen tailored to
expand the scope of applicable transformations or to favor the
formation of specic diastereomers.10 In recent years, multi-
component reactions, recognized as efficient strategies for
constructing complex heterocyclic systems, have been increas-
ingly employed in the synthesis of spiro compounds.11

Halogenated spirooxindoles have garnered increasing
attention for their ability to effectively suppress the growth and
proliferation of various cancer cell types.12 Recent studies have
indicated that the anticancer activities involve several pathways
or processes via oxidative stress, autophagy, apoptosis induc-
tion,13 caspase activation, cyclooxygenase-2 (COX-2) down-
regulation, death receptor agonism and trafficking, mTOR
pathway modulation and inhibition of survivin expression,
designing and cellular anti-angiogenesis, p53 expression and
activation,14 reactive oxygen species (ROS) generation, sphin-
gomyelinases modulation,9 telomerase inhibition, topoisomer-
ase I/IIa inhibition or tubulin interaction, mitochondrial
membrane depolarization, mitochondrial respiratory chain
complex.15 Moreover, halogenated spirooxindoles have been
reported to interfere with caspase inhibition, intracellular
substance accumulation, and STAT activation in combination
with them.16 Their efficacy can be further enhanced through
synergistic combinations, such as biphenyl carbamate arsen-
oxide and various organosilicon compounds, or by sensitizing
cancer cells to tumor necrosis factor (TNF) cytokines, resulting
in amplied antitumor effects.17 In these signaling pathways
and antitumor effects, kinase inhibition, including both mono-
target and multi-target pathways, plays a key role in exploring
therapeutic mechanisms.8 Additionally, they have also shown
some other effects of exerting their antitumor activity, such as
HsPPIg-mediated suppression of pancreatic tumor growth by
blocking paracrine signals within the tumor microenviron-
ment.18 ROS and human serum albumin (HAS), combined with
a few, can react with DNA to induce depurination of the guanine
base, leading to a further cytotoxic effect.7

Kinases represent a signicant family of proteins attracting
attention both as therapeutic targets and experimental tools.19

Serine/threonine and tyrosine kinases can regulate a wide range
of cellular functions, including growth, survival, and metabo-
lism.20 The oncogenic potential of kinases has been demon-
strated in various clinical cases, like BCR-ABL in chronic
myeloid leukemia and ABL in gastrointestinal stromal tumors.21

Several studies have reported a direct correlation between
enzymatic overexpression or mutational activation and cancer
insurgence.22 For instance, approximately 50% of casein kinase
isoforms are overexpressed in lung medium adenocarcinoma,
an event associated with early tumor progression.23 Over-
expression of cyclin-dependent kinase 2 (CDK2) was detected in
49% of invasive cancer cells in Asians, and it was demonstrated
that the hepatocellular carcinoma with S/T somatic mutations
chi-square equals 7.90.24 Furthermore, a less regulated C-
© 2025 The Author(s). Published by the Royal Society of Chemistry
terminus has been linked to the presence of Ala, whereas resi-
dues such as Glu, Asp, and Phe are related to protein delocal-
ization.25,26 Kinases involved in critical signaling pathways
include glycogen synthase kinase 3, Janus kinase, Ca2+-depen-
dent protein kinase, Polo-like kinase, lipid kinase, casein
kinase, cyclin-dependent kinases, mitogen-activated protein
kinase/extracellular signal-regulated kinase (MAPK/ERK),
protein kinase B (AKt), ERK, and PKC isoforms such as PKC-a,
and PKC-d.27–31

Over the past few decades, various kinase inhibitors have
signicantly impacted the clinical landscape, revolutionizing
cancer treatments.28 Several decades of drug approval have
drastically improved the methodological development and
advancements in kinase-targeted therapies.32 Rational drug
design and medicinal chemistry efforts, particularly in the later
stages of the drug design process, have led to the discovery of
several promising kinase-targeted drugs.33,34 Drug discovery was
reanalyzed to identify new strategies for enhancing the thera-
peutic efficacy of kinase inhibitors.32 Most kinase inhibitors act
as active site-directed, ATP-competitive inhibitors, and unfor-
tunately, they are limited due to a lack of selectivity over other
typical cellular kinases.35 The focus of current drug develop-
ment is to overcome the therapeutic limitations of rst-
generation kinase inhibitors.36 The discovery of spirooxindole
as a molecular core integrated into multikinase inhibitors has
been extensively studied at the fundamental level, demon-
strating both hit and lead compounds characterized by strong
anticancer properties.9,37 Specically, halogenated spiroox-
indole has shown promising anticancer activity by targeting
kinases involved in breast cancer.18 Recent studies have
demonstrated that halogenated spirooxindole derivatives target
Polo-like kinase, cyclin-dependent kinase 2, phosphoinositide
3-kinase, and receptor tyrosine kinase families in breast
cancer.38 This makes halogenated spirooxindole very promising
as a potential anticancer agent, either as a multitarget or
selective kinase inhibitor.7 In conclusion, this research provides
the rst scientic evidence supporting the development and
synthesis of spirooxindole-derived molecules for the selective
targeting of anticancer kinases in breast cancer cells.8

In addition to their direct cytostatic activity, which remains
to be fully elucidated, halogenated spirooxindoles appear to
inuence several other cellular pathways and processes,
including apoptosis, cellular senescence, and autophagy.14 They
have been shown to promote increased oxidative stress within
cancer cells, potentially releasing reactive oxygen accumula-
tions to trigger cell cycle arrest.13 Furthermore, it is feasible that
halogenated spirooxindoles interact with the tumor microen-
vironment, possibly inuencing immune modulation.9 These
multifaceted effects suggest that halogenated spirooxindoles
possess a promising therapeutic potential extending beyond the
traditional scope of kinase inhibitor research.18
Bioactivity of halogenated spirooxindoles as anticancer agents

In vitro studies have been conducted to determine the anti-
cancer efficacy of halogenated spirooxindoles, comparing their
cytotoxic and apoptotic effects to those of reference compounds
RSC Adv., 2025, 15, 22336–22375 | 22337
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or adjuvant treatments on several cancer cell lines and normal
cells.39 These pharmacological studies specically evaluate cell
viability and/or cytotoxicity, apoptosis induction, cell cycle
arrest, modulation of protein expression, the visualization and
quantication of reactive oxygen species (ROS), and the impact
on certain metabolic pathways.18 Both halogenated and non-
halogenated spirooxindoles have shown cytotoxic and
apoptotic effects on different cell lines, including melanoma,
hepatocarcinoma, pancreatic cancer, cervical cancer, prostate,
acute promyelocytic leukemia, and adenocarcinoma.12,37 They
also demonstrated low cytotoxicity on normal broblasts and
lymphocytes, while human broblasts showed particular
sensitivity to their treatment.17

Based on the in vitro ndings, some of these spirooxindoles
were tested on xenogras in research organizations using
animals certied for preclinical studies.40 These studies aim to
evaluate the animals' responses to new treatments in terms of
observable outcomes and severity limits in order to calculate the
dosage to be tested in humans.41 Following promising results in
the initial patient cohort, preclinical studies explored the
combination of halogenated spirothiazolidinediones with
established therapeutic drugs.42 To end, mice belonging to the
tumor histotype were treated with daily or weekly administra-
tions of a specic dose of the drug. The treatment must be well
tolerated by the animals.43 Establishing the safe doses of new
drugs or combinations of existing ones in animal models
informs decisions that can avoid overdosing with consequent
toxic effects or a dose that seems to be too low, as with certain
substances.44 However, these preclinical studies in animal
cancer models are an important factor that demonstrates their
effectiveness in living organisms and, therefore, can be tested in
humans according to the protocol established during the
research process.45

Several series of spirooxindoles have been utilized for the
development of kinase inhibitors, especially for anticancer drug
discovery.7 These potent hinge-binding inhibitors exploit
chemotherapy combined with pharmacological bypassing of
alternative signaling pathways that are frequently enhanced in
cancer.18 The molecules identied in this review demonstrate
excellent kinase activity, either in vitro or in cell potency, or at
least in silico.46 Some of them have displayed in vivo efficacy and
selectivity.40 Finally, some are currently under clinical trial
studies.41 Based on all these aspects, time-to-event studies
should be performed, and the clinical trial results must be
available, which will prove the efficacy of spirooxindole kinase
inhibitors in cancer therapeutics.47 Anticancer drugs are
primarily discovered by focusing on the inhibitory activity of
these molecules against specic cancer-associated kinases and
other anticancer targets through docking studies of high-
throughput screening hit molecules.48,49 However, these
methods have limitations due to the inaccurate protein kinase
model, the non-valuable consideration of protein exibility, and
the neglect of conserved water molecules.50 All these factors
limit the success of the drug, which leads to current cancer
treatment. A reliable and straightforward way to discover
a potential drug is through tedious biological screenings.51 At
the same time, these challenges may also require chemical
22338 | RSC Adv., 2025, 15, 22336–22375
strategies, such as the synthesis of new small molecules.
Consequently, several spirooxindole pharmacophores have
been employed as selective, potent, and druggable kinase
inhibitors.38
Mechanistic aspects of the halogenated spiro-oxindoles as
anticancer agents

Due to their role in inuencing key molecular pathways that
advance cancer, halogenated spiro-oxindoles are considered
viable anticancer therapeutics. These unique chemical
substances showcase their capacity to suppress cell prolifera-
tion by utilizing different mechanisms, which involve inducing
apoptosis, stopping the cell cycle, and activating ferroptosis, as
claried in (Fig. 1).51

One of the major anticancer mechanisms of halogenated
spiro-oxindoles involves disrupting the p53–MDM2 interaction;
the tumor suppressor protein p53 plays a pivotal role in regu-
lating cell cycle arrest and apoptosis.41 During normal physio-
logical conditions, p53 performs negative modulation by
MDM2, an E3 ubiquitin ligase that fosters the ubiquitination of
p53, thereby resulting in its clearance through the proteasomal
mechanism. Disruption of the p53–MDM2 interaction leads to
stabilization and activation of p53, promoting apoptosis in
cancer cells.52 Additionally, these specic agents have been
shown to assist in apoptosis by inhibiting BCL-2 expression and
promoting caspase activation, thereby causing the release of
mitochondrial cytochrome c and the initiation of programmed
cell death.53

Cell cycle regulation is another crucial target of halogenated
spiro-oxindoles. These specic compounds have demonstrated
their potential to inhibit cyclin-dependent kinase 2 (CDK2),
thereby preventing the transition from the G1 phase to the S
phase and effectively halting cellular proliferation.54 Further-
more, the inhibition of these compounds on histone deacety-
lase (HDAC) induces chromatin remodeling, suppressing
oncogenic transcription and leading to cell cycle arrest.16

In addition to apoptosis, halogenated spiro-oxindoles have
been implicated in inducing ferroptosis, an iron-dependent
form of programmed cell death characterized by lipid perox-
idation. Glutathione peroxidase 4 (GPX4) is a key enzyme that
protects cells from lipid peroxidation, at which inhibiting GPX4
can induce ferroptosis, providing a novel approach to elimi-
nating cancer cells. Although direct evidence of halogenated
spiro-oxindoles targeting GPX4 is scarce, their potential to
modulate oxidative stress pathways warrants further
investigation.55

The ability of halogenated spiro-oxindoles to inhibit vascular
endothelial growth factor receptor 2 (VEGFR2) and epidermal
growth factor receptor (EGFR) is particularly signicant in
limiting tumor angiogenesis and metastasis. By blocking these
receptors, the compounds reduce the availability of survival
signals for cancer cells, thereby inhibiting the MAPK and PI3K/
AKT signaling pathways that are frequently dysregulated in
cancers, which promotes cell survival and proliferation. Tar-
geting these pathways can enhance the efficacy of anticancer
therapies.56 The RAS/RAF/MEK/ERK (MAPK) and PI3K/AKT/
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The mechanistic pathways for the therapeutic potential of halogenated spirooxindoles as anti-cancer agents.51
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mTOR signaling pathways are frequently dysregulated in
cancers, promoting cell survival and proliferation.57

Specic studies on halogenated spiro-oxindoles targeting
Cluster of Differentiation Receptor (CD44) and Human
Epidermal Growth Factor Receptor 2 (HER-2) are less available.
However, they are also known to contribute to cancer cell
survival and metastasis by inhibiting the RAS/RAF/MEK/ERK
(MAPK) and PI3K/AKT/mTOR signaling pathways, so inhibit-
ing these pathways could potentially disrupt cancer progression
and enhance treatment outcomes.58,59

Halogenated spiro-oxindoles function as dual inhibitors of
Topoisomerase I and II by interfering with the enzymes' ability
to cleave DNA strands, thus converting them into physiological
poisons that induce DNA damage and trigger cell death.60
Molecular perspective of spirooxindole scaffold as
a promising kinase inhibitor

Targeting several members of the kinase family has raised the
adequacy of the spirooxindole scaffold to fulll the structural
requirements and molecular landscape of the kinase catalytic
© 2025 The Author(s). Published by the Royal Society of Chemistry
domain.49 Comprising almost 300 amino acids, the overall
folding and tertiary protein architecture of the kinase catalytic
domain have been recognized as conserved across the kinase
superfamily.61 This canonical domain of the kinase enzymes
comprises two lobes (N- and C-terminal lobes) linked through
a exible hinge region. The large C-lobe is of predominant a-
helix architecture (six helices), while the smaller catalytic
domain (N-lobe) comprises singular a-helix (aC-helix) and ve
b-sheets (Fig. 2A). Kinase ATP-substrate binding site is typically
a hydrophobic shallow surface groove being made by the resi-
dues of both structural lobes.62,63 This catalytic ATP-binding
hydrophobic cle is druggable for several small hydrophobic
molecules and harbors the key structural motifs responsible for
target activation.64

Topological and structural analysis of the kinase catalytic
site highlighted the following subregions for kinase inhibitor
binding: a solvent-exposed hydrophobic region, adenine-
specic pocket, bridge portion linker site, and deep buried
hydrophobic region (Fig. 2B).65,66 The adenine-specic pocket is
settled at the center of the catalytic site where inhibitors
RSC Adv., 2025, 15, 22336–22375 | 22339
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Fig. 2 Architecture of kinase's catalytic domain and molecular aspects of spirooxindole scaffold binding at the ATP canonical binding site. (A)
Cartoon/surface 3D-representation of the conserved folded tertiary architecture of an example kinase biotarget; CDK2 (PDB_ID: 1qmz) in
complex with ATP molecule (orange sticks), Mg+2 ion (green sphere) and protein substrate (cartoon). Key kinase structural motifs and secondary
structures are color-coded. The amino and carboxy-termini are denotedwith letters N and C, respectively; (B) Detailed ATP-binding site showing
the four main sub-pockets (①–④) for the recognition and binding to main scaffolds of the small molecule kinase inhibitors: (C) key pharma-
cophoric features of reported small molecule kinase inhibitors and the quite superimposition of the spirooxindole scaffolds over these features.
Pharmacophoric features are shown in the 3D-spatial arrangement of color-coded meshed spheres (purple = hydrogen bond acceptor HAcc;
blue = hydrogen bond donor HDo, and orange = aromatic rings Aro). Arrows denote the projection/directionality of the hydrogen bonds.
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harboring purine isosteres are capable of mediating conserved
hydrogen bonding towards the hinge region backbone residues.
The solvent-exposed hydrophobic region is settled at the kinase
pocket entrance, complementary to the non-polar aliphatic/
aromatic structures of the kinase inhibitors that are decorated
with hydrogen bonding accepting groups. The adenine-specic
pocket is covered by a exible loop endorsed between N-lobe
sheets b1/b2 and harboring the glycine-rich structural motif
(GXGX4G). The hydrophobic 4 amino acid at this conserved
22340 | RSC Adv., 2025, 15, 22336–22375
Gly-rich loop provides non-covalent contacts with the ATP
phosphates that coin its name as phosphate-binding loop (P-
loop). Different kinase structural motifs, including the b3-
sheet, conserved VIAK, and activation loop DFG motifs, support
the placement of the bridge portion linker region near the
kinase gatekeeper. The lysine residue at VIAK has been recog-
nized as important for mediating kinase activation through the
salt bridge with ATP phosphate and Ca-helix glutamate.
Aspartate of the DFG motif mediates coordination between
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Mg+2 and ATP phosphates,67 while the phenylalanine residue
either apped in or out to limit or expand the deep buried
hydrophobic region.68

Accommodation of these sub-regions, while depicting
a conserved interaction towards the hinge region, both have
been considered fundamental for developing potent kinase
inhibitors.69 Binding interaction with the aC-helix glutamate
sidechain and/or DFG structural motif vicinal to the linker site
has been conserved across several FDA-approved kinase inhib-
itors.70 Additionally, a deep anchoring of compounds at the
back side allosteric hydrophobic sub-pocket in case of DGF out-
conformation would permit great compound's potent inhibi-
tion and target selectivity for several kinase inhibitors.71 Based
on these molecular binding insights, a common pharmaco-
phoric feature for kinase inhibitors can be proposed, where four
main features are required to fulll the binding requirement at
the kinase catalytic pocket (Fig. 2C).72,73 Following a 3D spatial
arrangement, a hydrogen bond acceptor feature is redeemed to
satisfy the polar contacts at the solvent-exposed pocket and/or
hinge region. This polar feature will be followed by an
aromatic pharmacophoric ring resembling the ATP-purine iso-
steres for settling the kinase inhibitors at the adenine-specic
site. A hydrogen bond donor/acceptor feature is to follow to
maintain the key polar contacts towards the polar residues
(VIAK, aC-helix glutamate, and DFG motifs) at the bridge
portion linker. This polar feature is generally associated with
urea, hydrazide, or carboxamide structural functionalities re-
ported in several kinase inhibitors. The nal pharmacophoric
feature of kinase inhibitors is that another aromatic ring is
complementary to the deep-buried hydrophobic region.
Increasing the size of this terminal aromatic feature has been
correlated with deeper anchoring at the allosteric hydrophobic
pocket being accessible at DFG-out conformation.74–76

Literature reported that spirooxindole-based compounds
showed comparable chemical architecture throughout several
anti-cancer studies.77 The design of these reported spiroox-
indoles is generally based on four main structural aspects. First,
an indole or even a thioindole ring is generally considered
a relevant bioisostere of the ATP-purine core scaffold. This
central indole core ring is suggested as benecial for mediating
hydrogen bonding towards hinge region residues, which could
be further augmented by substituting hydrogen bond acceptors
Scheme 1 Synthesis of spiropyrazoline derivatives (3a–e).

© 2025 The Author(s). Published by the Royal Society of Chemistry
(i.e., uorine). Such a core ring will be able to fulll two of the
main pharmacophoric features of the small kinase inhibitors at
the hinge region and solvent-exposed pocket. The second
structural aspect of spiro oxindole-based compounds is spiro
cyclization using the saturated fused heterocyclic rings, which
would satisfy the hydrogen bonding capability and non-polar
contacts at the solvent-exposed hydrophobic site. The satu-
rated property of the spirocyclized ring would introduce a rele-
vant degree of structure exibility and drug-likeness
characteristics, which are valuable during target binding
maneuvers and membrane permeation.78,79

Furthermore, several reports have highlighted that scraping
the atland by increasing the compounds' three-dimensional
conformation would increase the success rates, binding
frequencies, and selectivity indices.80 The spirocyclic ring
represents a versatile point for structural diversity, as several
reported compounds harbor both substituted aryl and aroyl
groups. The aroyl groups fulll the kinase aromatic and
hydrogen bond donor/acceptor pharmacophores through deep
anchoring at the buried hydrophobic pocket while maintaining
key polar contacts with the linker site polar residues. The aroyl
group could be substituted with benzene, fused aromatic rings,
or bis-phenyl scaffolds, permitting enhanced anchoring at the
kinase back pockets. Regarding the substituted aryl group, it is
suggested to depict favored orientation towards the DFG motif
permitting hydrophobic and/or p-driven contacts with close
residues sidechains. Alignment of the reported spirooxindole
scaffolds with the key pharmacophoric features of small mole-
cule kinase inhibitors is shown in Fig. 2C, highlighting a quite
relevant overlap.
Chemical synthesis of halogenated spiro-oxindoles

Raposo et al. assessed the antiproliferative activity of selected
spiropyrazoline derivatives against A2780 ovarian cancer cells.13

The synthesis of these compounds, as previously reported in the
literature,81 involved the reaction of indolinone derivatives (1)
with imine intermediates (2), which were generated in situ
through the dehydrohalogenation of hydrazonyl chloride in the
presence of triethylamine (TEA). This process proceeded via
a 1,3-dipolar cycloaddition, affording the target spirooxindole
derivatives (3a–e) with chemical yields ranging from 76% to
98%, as illustrated in Scheme 1.
RSC Adv., 2025, 15, 22336–22375 | 22341
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Scheme 2 Synthesis of spirothiooxindoles 6.
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Compound 3a presented the highest inhibitory effect on the
proliferation in the A2780 cell line with an IC50 of 8.5 ± 0.7 mM.
In normal human primary broblasts, cell viability is almost
unaffected, except for the highest concentrations, indicating
that 3a is more selective for tumor A2780 cancer cells, as
previously observed with this compound in breast and colon
cells. Indeed, when exposing broblasts to 8.5 ± 0.7 mM of 3a
(its IC50 concentration in A2780 cells), no change in viability is
observed. Despite the higher IC50 of 3a in ovarian carcinoma
compared to the standard chemotherapeutics drugs
mentioned, the IC50 value is in the low micromolar range (<10
mM).13,81

Pan et al. synthesized novel spirocyclopropylthiooxindole
hybrids featuring a stereochemically rich framework.82 Their
approach involved an enantio- and diastereoselective strategy
for the cyclopropanation of diazothiooxindoles 5, utilizing
various Rh-catalyzed a-functionalized alkene systems 4. The
incorporation of diverse substituents on the olen scaffold
facilitated the formation of the target optically active spiroox-
indoles 6, bearing a variety of pharmacophores within their
skeleton, and achieved excellent chemical yields, as illustrated
in Scheme 2.

Compound 6j with CH2F as a substituent on the cyclopro-
pane ring was the most effective inhibitor of SJSA-1 osteosar-
coma cells (IC50 = 0.82 ± 0.08 mM), close to six times lower than
cisplatin (IC50 = 4.85 ± 0.27 mM). Fluorine substitution of the
scaffold at R3 also enhanced the activity in comparative cyto-
toxicity tests on MCF-7 breast cancer cells. Compound 3e,
wherein the R1 and R2 groups remained the same, obtained an
IC50 value of 1.09 mM, 38 times more potent. More importantly,
these compounds exhibited comparatively less cytotoxic effects
on normal cells at the same concentrations, offering a prom-
ising therapeutic index. These spirooxindole hybrids showed
Scheme 3 Synthesis of spiro derivative 9d.

22342 | RSC Adv., 2025, 15, 22336–22375
comparable low micromolar cytotoxicity against all cancer
types, suggesting that their cytotoxicity values differed, sup-
porting their potential as selective anticancer agents.82

Liu et al. synthesized a novel series of 30-(nitroisoxazole)spiro
[pyrrolidin-3,20-oxindoles] bearing a CF3 moiety, which were
evaluated for their potential as dual inhibitors of GPX4 and
MDM2.83 The synthetic methodology of the most active
compound, 6-chloro-30-(3-methyl-4-nitroisoxazol-5-yl)-40-
phenyl-50-(triuoromethyl)spiro[indoline-3,20-pyrrolidin]-2-one
(9d), involved a reaction between 3-methyl-4-nitro-5-
styrylisoxazole (7) and 6-chloro-isatin imine (8) in a basic
medium of 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU). The
reaction yield and time were highly solvent-dependent, with the
optimal conditions achieved using dichloromethane (DCM) at
room temperature, as shown in Scheme 3.83

Compound 9 with strong GPX4 and MDM2 dual inhibition
are important targets for breast adenocarcinoma. It inhibited
the MDM2-mediated degradation of p53 and decreased GPX4
expression, leading to both ferroptosis and apoptosis in MCF-7
cells (IC50 = 0.12 mM). The process was related to ROS genera-
tion, lipid peroxidation, and caspase-9 processing. In vivo, 3D
suppressed xenogra tumor growth in a mouse model without
body weight loss. Immunohistochemistry conrmed enhanced
p53 and TUNEL signals and reduced Ki-67 and GPX4 on dual
suppression. These ndings demonstrate that 3D is a selective,
multitarget anticancer scaffold with submicromolar potency.83

Kanchrana et al. designed and synthesized a new analog of
spirooxindolo-1,2,4-oxadiazole derivatives via a [3 + 2] cycload-
dition reaction, employing a green methodology based on
ultrasonication techniques.84 Various solvents and basic media
were tested to optimize yield and minimize reaction time. The
optimal conditions were achieved when N-hydroxycarbimidoyl
chloride 11 and isatin Schiff bases 12 were reacted for 20
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Synthesis of spirooxindolo-1,2,4-oxadiazoles 12a and 12b.
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minutes at room temperature under ultrasonication, using
CHCl3 as the solvent and TEA as the basic medium, as shown in
Scheme 4. The resulting spiro derivatives were evaluated for
their potential anticancer activity against six cancer cell lines:
SK-OV-3, HeLa, HCT-116, DU-145, A549, and HEK-293.

5-Chloro-30-(2-chloroquinolin-3-yl)-40-phenyl-40H-spiro[indo-
line-3,50-[1,2,4]oxadiazol]-2-one (12a), 5-chloro-40-(3-chlor-
ophenyl)-30-(2-chloroquinolin-3-yl)-40H-spiro[indoline-3,50-
[1,2,4]oxadiazol]-2-one (12b): The compounds 12a and 12b
exhibited signicant activity against cervical cancer HeLa cell
line with IC50 value 10.75 ± 0.39 mM and 12.43 ± 0.77 mM,
respectively.84

Barakat et al. rationally designed and synthesized a novel
series of spiro-indeno[1,2-b]quinoxaline derivatives incorpo-
rating a benzimidazole moiety.54 The synthetic approach
involved a one-pot, multicomponent [3 + 2] cycloaddition
(32CA) reaction of benzimidazolyl chalcones 13 with 11H-
indeno[1,2-b]quinoxalin-11-one 14 and various amino acids,
such as octahydroindole-2-carboxylic acid 15. The reaction was
conducted in reuxed methanol for 8 hours, yielding the target
spirooxindole derivatives in yields of 59–95% (16, 84%), as
shown in Scheme 5.54

The IC50 value of compound 16 on A549 human lung cancer
cells was 0.054 ± 0.008 nM, which was much more potent than
the reference drug uorouracil (IC50 = 3.781 ± 0.52 mM).
Normal lung broblasts (Wi-38) were 20–40 times less sensitive
at this concentration, indicating signicant selectivity towards
cancer cells. This selectivity aligns with previous reports of
spirooxindole compounds featuring benzimidazole and inden-
oquinoxaline moieties. Notably, normal broblasts did not
exhibit signicantly decreased viability at doses effective for
A549 cells, indicating high selectivity of compound 16 against
CDK2 and suggesting it is a potential anti-lung cancer drug
Scheme 5 Synthesis of spirooxindole 16.

© 2025 The Author(s). Published by the Royal Society of Chemistry
candidate. The IC50 was shown to be in the nanomolar range,
indicating a promising lead compound with high potency and
low cytotoxicity toward normal cells.54

Korotaev et al. successfully carried out a regio- and stereo-
selective synthesis of a series of N-unsubstituted 3-aryl-4-(tri-
uoromethyl)-4H spiro[chromeno[3,4-c]-pyrrolidine-1,30-
oxindoles] (21a–l) through two synthetic approaches.85 The rst
approach involved a one-pot, three-component reaction
employing isatin derivatives (17), 3-nitro-2-(triuoromethyl)-2H-
chromenes (18), and benzylamines (19). The reaction was
optimized under reux conditions in CH2Cl2 for 24 hours in the
presence of a basic medium of 1,4-diazabicyclo[2.2.2]octane
(DABCO), yielding the desired spiro derivatives (21a–l) with
yields ranging from 24% to 79%, as shown in Scheme 6. The
second synthetic approach involved a one-pot reaction of the
chromene derivatives (18) with the azomethine ylides produced
in situ by the reaction of the isatin derivatives (17) with L-phenyl
glycine (20). The reaction was carried out in EtOH at 60 °C for 5
hours to produce the target spiro derivatives (21a–l) with yields
between 32% and 71%, as shown in Scheme 6.

The regio- and stereoselective one-pot three-component
reaction synthesized compounds 21a, 21e, and 21l, which dis-
played signicant cytotoxicity towards HeLa cervical cancer cell
lines. Compound 21l was the most potent compound, with an
IC50 value of 0.71± 0.05 mM, and thus is greater than that of the
reference camptothecin (IC50 = 1.66 ± 0.97 mM). Also, 21a and
21e were highly active, with IC50 = 1.74 ± 0.45 and 1.62 ± 0.52
mM, respectively. Notably, the three candidates demonstrated
strong selectivity for cancer cells, and cytotoxicity tests revealed
low toxicity towards normal human dermal broblasts (HDF) at
the IC50 of each drug. This selectivity, combined with their low
micromolar cytotoxic activities, qualies these spirooxindole
analogs as potential anticancer agents, especially for the
RSC Adv., 2025, 15, 22336–22375 | 22343
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Scheme 6 Synthetic routes of spirooxindole derivatives (21a–l).
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selective attack of cervical cancer cells with low side effects on
normal tissue.85

Al-Majid et al. developed a one-pot synthetic method to
create a new series of di-spirooxindole derivatives featuring
a cyclohexanone moiety via 32CA reaction.86 In this process,
isatins (22a–f) and (2S)-octahydro-1H-indole-2-carboxylic acid
23 were reacted to generate azomethine ylides in situ, which
were then reacted with cyclohexanone-based chalcones (24a–f)
to yield the target di-spirooxindole derivatives (25a–n), as
illustrated in Scheme 7.

Although all the tested compounds exhibited signicant
antiproliferative properties against the PC3 human prostate
cancer cell line, the synthesized di-spirooxindole derivative 25b
displayed the highest activity with an IC50 of 3.7 ± 1.0 mM in the
low micromolar range. Compounds 25e and 25d exhibited
profound cytotoxicity in cervical (HeLa) and triple-negative
breast carcinoma (MDA-MB231) cancer cell lines, with IC50

values of 7.2 ± 0.5 and 7.63 ± 0.08 mM, respectively. These
Scheme 7 Synthesis of di-spirooxindole derivatives (25a–n).

22344 | RSC Adv., 2025, 15, 22336–22375
compounds were also highly selective between (at equivalent
concentrations) normal and cancer cellular cytotoxicity. The
structural rigidity of the di-spirooxindole skeleton may be
responsible for the high affinity and selectivity for tumor-related
targets. The potential dual antitumor effects in several cancers
indicate the practical importance of this scaffold for probing
into more anticancer drugs.86

Barakat et al. reported synthesizing a novel series of spi-
rooxindole derivatives featuring thiochromene and pyrrolidine
frameworks.87 The synthetic approach involved the formation of
azomethine ylides through the condensation of L-proline with
various isatin derivatives. These intermediates were subse-
quently reacted with various chalcones incorporating thio-
chromene scaffolds via a 1,3-dipolar cycloaddition reaction,
forming the desired spirooxindole derivatives, as depicted in
Scheme 8.

10-(4-Chloro-2H-thiochromen-3-yl)-5-uoro-20-(4-uo-
robenzoyl)-10,20,50,60,70,7a0-hexahyd rospiro[indoline-3,30-
pyrrolizin]-2-one (28d), 10-(4-chloro-2 H -thiochromen-3-yl)-5-
uoro-20-(4-nitrobenzoyl)-10,20,50,60,70,7a0-hexahydr ospiro[indo-
line-3,30-pyrrolizin]-2-one (28f), 5-chloro-10-(4-chloro-2H-thio-
chromen-3-yl)-20-(4-(triuoromethyl)benzoyl)-10,20,50,60,70,7a0-
hexahydrospiro[indoline-3,30-pyrrolizin]-2-one (28k): The anti-
cancer assay showed promising results as good candidates for
further studies. Compounds (28f, IC50= 8.7± 0.7 mM) exhibited
more potent activity against PC3, whereas hybrid (28k) was most
active against cervical cancer HeLa (IC50 8.4 ± 0.5 mM) and for
breast cancer MCF-7 cell lines (28d, IC50 = 7.36 ± 0.37 mM),
whereas (28d, IC50 = 9.44 ± 0.32 mM) also appeared more active
against MDA-MB231 breast cancer cell line.87

Aziz et al. employed an efficient synthetic strategy to design
two novel spirooxindole derivatives targeting the p53–MDM2
interaction, which downregulates Bcl-2 signaling.53 The regio-
and stereoselective approach involved the reaction of N-methyl-
2-acetylpyrrole with substituted benzaldehydes via an aldol
condensation reaction, yielding the corresponding N-methyl
pyrrole chalcones (29a–b). These chalcones were subsequently
subjected to a one-pot 32CA reaction with 5-chloroisatine and
sarcosine/thioproline, resulting in the formation of the desired
spirooxindole derivatives (30a and 30b), as depicted in Scheme
9.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 8 Synthesis of spirooxindole derivatives (28a–m).
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(3S,60R,70S)-5-Chloro-60-(1-methyl-1H-pyrrole-2-carbonyl)-70-
(3-nitrophenyl)-10,60,70,7a0-tetrahydro-30H-spiro [indoline-3,50-
pyrrolo [1,2-c]thiazol]-2-one (30b): compound 30b showed
signicant anticancer activities via p53–MDM2 interaction and
Bcl2 signaling, respectively. In MDA-MB-231 breast cancer cells,
it induced p53 activation (47%), downregulation of the Bcl2
gene (1.25-fold), upregulation of p21 (2-fold), and 43.08%
apoptosis, which was greater than 5-FU. For all cell lines,
including MDA-MB-231, HepG2, and Caco-2, their IC50 values
were in the low micromolar range, compared with 5-FU (IC50 =

7.4 mM). Molecular docking conrmed selective binding to the
MDM2 pocket, stabilizing p53. This dual-target effect, simul-
taneously inhibiting antiapoptotic Bcl2 and reactivating tumor
suppressor p53, positions compound 30b as a multitarget lead
scaffold with potential for broad-spectrum anticancer therapy
and minimal toxicity to normal cells.53

Mayakrishnan et al. reported the synthesis of new spiroox-
indole hybrids via a highly efficient and environmentally
friendly in situ 1,3-dipolar cycloaddition reaction.88 This
synthetic strategy entailed a one-pot reaction of quinoline-
pyridine and quinoline-indole-based chalcones (31 and 33)
Scheme 9 Synthesis of spirroxindole derivatives 30a–b.

© 2025 The Author(s). Published by the Royal Society of Chemistry
with 5-bromoisatine derivatives in the presence of amino acids
thioproline and sarcosine. The method demonstrated excep-
tional efficacy, producing the desired spirooxindole derivatives
(32 and 34), respectively, with remarkable yields (88–90%), as
illustrated in Scheme 10.

(3S,60R,70R)-5-Bromo-1-ethyl-60-(1H-indole-3-carbonyl)-2-oxo-
70-(pyridin-3-yl)-10,60,70,7a0-tetrahydro-30H-spiro[indoline-3,50-
pyrrolo[1,2-c]thiazole]-60-carbonitrile (32), and (3S,30R,40R)-5-
bromo-30-(1H-indole-3-carbonyl)-10-methyl-2-oxo-40-(quinolin-3-
yl)spiro[indoline-3,20-pyrrolidine]-30-carbonitrile (34): molec-
ular docking results: 32 and 34 display excellent efficiency in
inhibiting the Bcl-2 receptor. Among all the screened
compounds, 32 and 34 displayed substantial cytotoxic activity
against HepG-2 cells at less than 10 mg mL−1, with IC50 values of
9.0 and 8.0 mg mL−1, respectively. Molecular docking studies
with the Bcl-2 receptor revealed that a higher binding energy
was observed for 32 and 34, with a value of 6.56 and 8.41 kcal-
mol−1, respectively.88

Rajaraman et al. synthesized a new series of spirooxindole
derivatives and evaluated their antioxidant activity against
hydroxyl and superoxide radicals.89 The synthetic strategy
RSC Adv., 2025, 15, 22336–22375 | 22345
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Scheme 10 Synthesis of spirroxindole derivatives 32 and 34.
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involved the in situ generation of an azomethine ylide (AY) via
the decarboxylative condensation of isatin 1 and 2-(piperazin-1-
yl)ethanamine 2. These reactive intermediates were then
undergoing 1,3-dipolar cycloaddition reaction with various
chalcones, leading to the formation of the target spirooxindole
derivatives (37a–g), as depicted in Scheme 11.89

Both compounds 37d and 37f were identied as promising
candidates for their anticancer efficacy against KB oral cancer
cells. As indicated, for compound 37f, an excellent cytotoxic
potency was obtained (IC50 = 9.5 mM), whereas compound 37d
exerted only moderate inhibitory activity (IC50 = 32.5 mM).
Despite the slightly elevated IC50 value for 37d, both
compounds represent the overall potential of the spirooxindole
scaffold to target epithelial-originated cancers. Notably, the
structural diversity afforded by the 1,3-dipolar cycloaddition
approach resulted in the selectivity of the tested compounds,
which preserved low toxic effects on non-cancer cells even at
these concentrations. The data indicate that 37f, which
possesses sub-micromolar potency for the mechanism of
action, has great potential for further structural and preclinical
development as a highly selective anticancer drug.89

De Azevedo et al. successfully synthesized a novel series of 25
spirooxindole hybrids integrating phenylamino-pyrimidine-
Scheme 11 Synthesis of spirooxindole derivatives (37a–g).

22346 | RSC Adv., 2025, 15, 22336–22375
pyridine (PAPP) and isatin scaffolds, designed as potential
anti-myeloproliferative agents against K562 cells.90 The
synthetic pathway involved the condensation of PAPP with
various isatin derivatives (38a–e) to form the corresponding
Schiff base intermediates (38a–e), which were subsequently
subjected to a 1,3-dipolar cycloaddition reaction with chloro-
oxime (39). This approach yielded the target spirooxindole
derivatives (40a–e) in good yields (64–86%), as illustrated in
Scheme 12.

5-Fluoro-40-(4-methyl-3-((4-(pyridin-3-yl)pyrimidin-2-yl)
methyl)phenyl)-30-(p-tolyl)-40H-spiro[indoline-3,50-[1,2,4]
oxadiazol]-2-one (40a), 5-uoro-30-(4-uorophenyl)-40-(4-methyl-
3-((4-(pyridin-3-yl)pyrimidin-2-yl)methyl)phenyl)-40H-spiro
[indoline-3,50-[1,2,4]oxadiazol]-2-one (40b), and 5-bromo-40-(4-
uorophenyl)-30-(4-methyl-3-{[4-(pyridin-3-yl) pyrimidin-2-yl]
amino}phenyl)-1,2-dihydro-30H-spiro[indole-3,20- [1,3,5]
oxadiazol]-2-one (40e): spirooxindole derivatives with a phenyl-
amino-pyrimidine-pyridine (PAPP) skeleton were tested for in
vitro anti-leukemic activity in the chronic myelogenous
leukemia line K562. Thirty-six compounds (40a–e) elicited
signicant antiproliferative activities against the EJ, LCFF, and
SiHa cell lines, with the most potent CC50 value of 0.8 mM for
compound 40c, closely followed by compound 40a (CC50 = 9.6
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 12 Synthesis of spirooxindole derivatives (40a–c).
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mM) and compound 40b (CC50 = 9.8 mM). These compounds
also exhibited reasonable selectivity indices, indicating that
they preferentially killed cancer cells compared to normal cells.
Incorporating pyrimidine-pyridine moieties appears to have
enhanced kinase-related inhibition, which aligns with the re-
ported mechanisms of leukemia therapeutics. The sub-
micromolar to low micromolar IC50 activity of 40c primarily
supports the suitability of this scaffold for development toward
targeted anti-myeloproliferative agents.90

Alshahrani et al. synthesized a novel series of spirooxindole
derivatives incorporating a benzimidazole moiety.91 These
compounds were regio- and stereoselectively obtained via
amulticomponent one-pot [3 + 2] cycloaddition (32CA) reaction.
The process involved the formation of an azomethine ylide
intermediate through the reaction of 5-chloroisatin with (2S)-
octahydro-1H-indole-2-carboxylic acid 42, followed by subse-
quent coupling with various chalcones 41a–o featuring the
benzimidazole framework. This strategy yielded the targeted
Scheme 13 Synthesis of spirooxindole derivatives (43a–o).

© 2025 The Author(s). Published by the Royal Society of Chemistry
spirooxindoles 43a–o as cycloadducts with four asymmetric
centers, as depicted in Scheme 13.

The anticancer reactivity for the tested compounds showed
IC50 (mM) in the range between 3.80–6.88 mM, and compound
(43d) with IC50 = 3.80 ± 0.21 mM was the most active candidate
between the series.91

Islam et al. developed a novel series of spirooxindole deriv-
atives featuring a spiro[3H-indole-3,20-pyrrolidin]-2(1H)-one
framework conjugated to a pyrazole moiety, aiming to explore
their potential as MDM2 inhibitors.14 The synthesis strategy
involved the in situ formation of an azomethine ylide through
the reaction of isatin with L-thioproline, followed by a one-pot
multicomponent [3 + 2] cycloaddition reaction with various
chalcones (44a–o). This approach efficiently yielded the desired
spirooxindole derivatives (45a–o), as illustrated in Scheme 14.14

A new series of spirooxindoles (45a–o) was prepared to
investigate their anti-MDM2 properties and in vitro anti-
tumorigenic activity on various cell lines. Some of the
compounds tested, such as 45h, were also found to have potent
RSC Adv., 2025, 15, 22336–22375 | 22347
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Scheme 14 Synthesis of spirooxindole derivatives (45a–o).
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cytotoxic activity against A2780 ovarian cancer cells (IC50 =

10.30 ± 1.10 mM), and 45m was very active against A549 lung
cancer cells (IC50 = 17.70 ± 2.70 mM). Compound 45k was also
active against MDA-MB-453 breast cancer cells with an IC50

value of 21.40 ± 1.30 mM. These compounds showed improved
p53-induced apoptotic activity due to their structural comple-
mentarity of the p53–MDM2 interaction pocket. The IC50 values
were only moderate, in the micromolar range, and the selec-
tivity against cancer cells, along with the ability to restore p53
tumor suppression, indicate this group's potential, especially in
multi-target cancer treatment approaches.14

Korotaev et al. successfully employed a regio- and stereo-
selective approach to synthesize novel spiro[chromeno[3,4-c]
pyrrolidine-1,30-oxindoles.85 The optimized reaction conditions
involved a three-component, one-pot reaction of a chromene
derivative (9a–g), isatin derivatives (11a–f), and a benzylamine
derivative (12) in the presence of MgSO4, using CH2Cl2 as the
solvent at 40 °C for 24 hours. This method yielded the desired
spirooxindole derivatives (14a–l) with a maximum chemical
yield of 79%, as depicted in Scheme 15.

The N-unsubstituted 3-aryl-4-(triuoromethyl)-4H-spiro
[chromeno[3,4-c]pyrrolidine-1, 30-oxindoles] prepared showed
extremely potent anticancer activities, especially against HeLa
Scheme 15 Synthesis of spirooxindole derivatives 48a–l.

22348 | RSC Adv., 2025, 15, 22336–22375
cervical cancer cells. Compounds 48d, 48j, and 48l were highly
potent, and the IC50s were lower than that of the reference drug
camptothecin, with 48l emerging as the most potent (IC50 =

0.71 ± 0.05 mM). The derivatives exerted their effect predomi-
nantly by inhibiting cancer cell proliferation and exhibited
a high degree of selectivity, with little or no toxicity to normal
human dermal broblasts (HDF). The primary molecular
targets are atherosclerosis and inammation, while the cell
cycle and apoptotic pathways are affected through the use of the
triuoromethyl group. The spiro-oxindole core ensures the
required regio- and stereoselectivity, which is important for
bioactivity, demonstrating strong potential for the treatment of
cervical and perhaps other cancers.85

Kumar et al. designed and synthesized a novel spirooxindole
derivative incorporating a pyrrolidine motif using a one-pot [3 +
2] cycloaddition reaction.92 The synthesis protocol began with
N-Alkylation of N-unsubstituted bisarylmethylidene-
tetrahydropyridinone hybrids (49a–h) with 2-(chloromethyl)
pyridine hydrochloride, affording the desired chalcones (50a–h)
in high yields (85–90%). In the next steps, (5a–h) underwent
a one-pot cycloaddition reaction with an azomethine ylide,
generated in situ via the decarboxylative condensation of isatin
with phenylglycine. This approach efficiently yielded the target
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 16 Synthesis of spirooxindole derivatives (8a–h).
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novel spirooxindole derivatives (51a–h), as illustrated in
Scheme 16.

A new family of spirooxindole derivatives featuring a pyrro-
lidine nucleus has been prepared and tested for their time-
dependent antiproliferative potential. Of these, compound 51f
showed the most potent activity at 24 h, with an IC50 of
approximately 43.46 mg mL−1. However, aer 48 h on the trend
line, 51c turned out to be the most effective of the active
compounds, 51g, with an IC50 of around 12.79 mg mL−1, and
time exposure showed a time-dependent increase in cytotoxic
Scheme 17 Synthesis of bi-spirooxindole derivatives 54a–o.

© 2025 The Author(s). Published by the Royal Society of Chemistry
activity. While these IC50 values are higher than other low-
micromolar hits, their potency increases over time, reecting
a possible cumulative or delayed mode of action. These results
suggest that continued pharmacokinetic and structural opti-
mization will be necessary to achieve sufficient potency and
selectivity for effective anticancer use.92

Nae et al. designed and synthesized a novel series of
pyrrolidinyl-bis-spirooxindole-based rhodanine hybrids as
potential anti-breast cancer agents.8 Following the reported
method, the synthesis strategy involved utilizing previously
RSC Adv., 2025, 15, 22336–22375 | 22349
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prepared chalcones 52a–f, which incorporated a rhodanine
moiety.93 These chalcones were then subjected to a one-pot [3 +
2] cycloaddition reaction with isatin derivatives 53a–e and thi-
oproline, leading to the formation of the target bis-
spirooxindole derivatives 54a–o, as illustrated in Scheme 17.

2-((3S,60S,70S,7a0S)-5-Bromo-70-(4-chlorophenyl)-2,200,400-tri-
oxo-70,7a0- dihydro-10H,30H-dispiro [indoline-3,50- pyrrolo [1,2-c]
thiazole-60,500-thiazolidin]-300-yl)acetic acid 54g, methyl (2-
((3S,60S,70S,7a0S)-70-(4-bromophenyl)-6-chloro-2,200,400-tri-
oxo70,7a0-dihydro-10H,30H-dispiro [indoline3,50-pyrrolo [1,2-c]
thiazole-60,500- thiazolidin]-300-yl)acetyl)valinate 54l, methyl (2-
((3S,60S,70S,7a0S)-6-chloro-70-(4- chlorophenyl)-2,200,400-trioxo-
70,7a0- dihydro-10H,30H-dispiro [indoline-3,50-pyrrolo [1,2-c]thia-
zole-60,500-thiazolidin]- 300-yl)acetyl)alaninate 54n [8,93]. A new
class of bis-spirooxindole derivatives (54a–o) with a pyrrolidinyl-
thiazolidine skeleton was developed to provide a structure with
improved anticancer activity. Compound 54g displayed the
most potent cytotoxicity against MCF-7 andMDA-MB-231 breast
cancer cells, with IC50 values of 2.80 mM and 23.50 mM,
respectively. Compounds 54l and 54o also demonstrated
markedly potent activities with IC50 values in the range of 3.40–
4.50 mM toward MCF-7 and 4.30–8.40 mM toward MDA-MB-231.
Compounds 54g, 54l, and 54n were especially selective with IC50

of >39 mM in WISH normal cells. Moreover, compounds 54l and
Scheme 18 Synthesis of spirooxindole derivatives (60a–i).

22350 | RSC Adv., 2025, 15, 22336–22375
54n (with the validate and alaninate moieties, respectively) also
showed good activity toward both MDA220-231 and HeLa
cancer cell lines. These compounds also demonstrated potent
dual EGFR and CDK-2 inhibition, and 54g signicantly induced
apoptosis in MCF-7 cells, conrming their promise as targeted
anticancer agents.8

Shawish et al. synthesized triazole-spirooxindole derivatives
and evaluated their anticancer potential against HepG2 and
MDA-MB-231 cell lines.94 The initial synthetic approach aimed
to construct chalcones featuring a triazole-s-triazine framework
(57a–d)’; however, the triazine moiety was unexpectedly cleaved
during the reaction, resulting in chalcones conjugated solely to
the triazole motif as shown in Scheme 18. These chalcones 58a–
d subsequently underwent a [3 + 2] reaction with an azomethine
ylide (AY), generated in situ via the decarboxylative condensa-
tion of isatin derivatives 59a–c with Thioproline. This multi-
component reaction efficiently produced nine spirooxindole
derivatives (60a–i), as illustrated in Scheme 18.

In this series of the prepared compound 60h, which contains
a 2,4-dichlorophenyl substituent, is the most potent cytotoxic
agent against MDA-MB-231 and HepG2 cell lines with IC50

values of 16.80 ± 0.37 and 17.00 ± 0.13 nM, respectively.
Moreover, compound 60i showed signicant activity with IC50

18.5 ± 0.74 mM against MDA-MB-231 and 13.50 ± 0.92 mM
© 2025 The Author(s). Published by the Royal Society of Chemistry
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against HepG2. Molecular docking studies of 60h conrmed
good binding interactions in the EGFR active site, indicating
a potential for dual inhibition. Even though these analogs are
weaker than sorafenib (IC50 = 2.60 mM for HepG2), they show
signicant selectivity and structural exibility, from which their
development as EGFR inhibitors in anticancer therapy can be
pursued.94

A novel series of spirooxindole derivatives incorporating
pyrrolothiazolidine and an additional structural framework16

was developed by Zhao et al. as dual MDM2/HDAC inhibitors for
cancer therapy. The synthesis began with generating azome-
thine ylides via the condensation of secondary amino acids,
such as thioproline, sarcosine, proline, and phenyl glycine, with
substituted isatin derivatives. These intermediates were then
subjected to a [3 + 2] cycloaddition reaction with various
ethylene derivatives, yielding the target spirooxindole deriva-
tives, as illustrated in Scheme 19. The nitro group on the
benzene ring was subsequently reduced to an amine, which was
then coupled with acid-linker derivatives representing the
HDAC pharmacophore using peptide coupling reagents like
HATU/DIEPA. The nal step involved hydrolysis to produce the
desired compounds, among which compound 65 emerged as
the most active. Compound 65 exhibited signicant inhibitory
activity against MDM2 and HDAC, with 68% and 79% inhibi-
tion rates, respectively. Additionally, it demonstrated potent
antiproliferative effects against MCF-7 cells, outperforming the
reference drugs SAHA and Nutlin-3 in terms of efficacy.16

The spirooxindole-based dual inhibitors were among the
most potent compounds of the synthesized series; compound
Scheme 19 Synthesis of spirooxindoles 65.

© 2025 The Author(s). Published by the Royal Society of Chemistry
65 was more potent (IC50 = 1.37 ± 0.45 mM) than hydroxamate
(3.13 ± 0.78 mM) and Nutlin-3 (9.75 ± 2.97 mM) against MCF-7
breast cancer cells. It also exhibited strong enzyme inhibition
activities, with 68% MDM2 and 79% HDAC inhibition.
Compound 65 displayed selective inhibition against HDAC1
and HDAC2 (IC50 = 0.058 and 0.064 mM, respectively), and
molecular docking studies conrmed strong binding to MDM2
and HDAC1. In addition, the expression of p53 and the acety-
lation of histone H4 were strongly induced by compound 65,
leading to apoptosis in MCF-7 cells. These results suggest that
compound 65may be regarded as a promising anti-cancer agent
for the simultaneous inhibition of HDAC and MDM2.16

El-Kalyoubi et al. developed a novel series of spirooxindole
derivatives incorporating pyrimidines and in situ selenium
nanoparticles (SeNPs) for certain derivatives Scheme 20,60

designed as dual Topo I/II inhibitors for cancer therapy. The
synthesis commenced with the cyclo condensation of cyclic
enaminones 66a,b with 6-chloroisatin, yielding polyheterocyclic
spirocompounds 67a,b, as outlined in Scheme 20. The research
team aimed to synthesize new SeNPs 68a NPs and 68b NPs,
which exhibited suitable low reducing but high stabilizing
properties during SeNPs formation. These organic heterocycle
derivatives facilitated the reduction of Se+ cations to Se0 using
ascorbic acid as a catalyst, which acted as an aldehyde equiva-
lent to generate and stabilize the nanostructure of SeNPs. The
designed compounds were also engineered to function as DNA
intercalators.60

Thirteen spirooxindole-based compounds, particularly the
nanoformulated hybrids 68a NPs and 68b NPs, were evaluated
RSC Adv., 2025, 15, 22336–22375 | 22351
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Scheme 20 Synthesis of spirooxindoles 68.
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in vitro against a panel of ve human cancer cell lines (HepG2,
HCT-116, Caco-2, A-549, and MCF-7). Both nanoparticles
exhibited potent cytotoxic effects, with IC50 values ranging from
1.9 ± 0.1 mg mL−1 to 18.9 ± 2.4 mg mL−1. Mechanistically,
compound 68a NPs and 68b NPs exhibited potent inhibition
against topoisomerase I (IC50 = 0.119 mM and 0.042 mM) and
topoisomerase II (IC50 = 4.469 mM and 1.172 mM) in both cases.
Compound 68b NPs also signicantly triggered S-phase cell
cycle arrest and apoptosis in A549 lung cancer cells, suggesting
them as dual-function anticancer agents that can intercalate
with DNA and inhibit enzyme activity. These data highlight the
potential therapeutic signicance of SeNP and spirooxindole
conjugates, as well as their cytotoxicity prole against different
cancer cell lines due to the multi-mechanistic modes of action
that target DNA topology and cell cycle progression.60

Ashraf et al. designed and synthesized a novel series of spi-
rooxindole derivatives featuring a pyrazole motif (Scheme 21),95

targeting Ecto-50-Nucleotidase (ecto-50-NT) inhibitors for cancer
therapy.95 The synthesis involved a one-pot, three-component
reaction using equimolar amounts of isatin 69a–f, malononi-
trile, and substituted 3-aminopyrazoles 70a,b as shown in
Scheme 21. The reaction was conducted at 100 °C on a sand
bath in a reaction ask, yielding twelve spiroindoline-pyrazolo
[3,4-b]pyridine derivatives 71a–l. These compounds were eval-
uated for their inhibitory activity against puried recombinant
human and rat ecto-50-NT isozymes. Among the synthesized
derivatives, compound 71f (R]F3CO) emerged as a potent
inhibitor of human ecto-50-NT, exhibiting an IC50 value of 0.15
± 0.02 mM. This compound demonstrated a remarkable 280-
fold greater inhibitory potency compared to the reference
standard, sulfamic acid, highlighting its potential as a prom-
ising candidate for further development in cancer therapy.95
Scheme 21 Synthesis of spirooxindoles 71.

22352 | RSC Adv., 2025, 15, 22336–22375
An in vitro biological study of these compounds was the
inhibition of the recombinant human and rat ecto-50-NT
isozymes, which have recently emerged as targets for cancer
immunotherapy. Compound 71f, which has a triuoromethoxy
(F3CO) group, seemed to be themost potent inhibitor within the
series with an IC50 value of 0.15± 0.02 mM towards human ecto-
50-NT. This in vitro potency represents a 280-fold improvement
versus reference sulfamic acid, demonstrating a signicant
structural advance on the scaffold. The more potent inhibitory
activity is ascribed to the F3CO group as an electron-
withdrawing substituent, causing better binding at the
enzyme's active site. This discovery positions the pyrazole-
linked spirooxindoles as promising drug candidates for future
anti-cancer research, particularly in approaches that target
purinergic signaling in the modulation of tumor
immunosuppression.95

Zhou et al. successfully designed and synthesized a novel
series of 50-CF3-substituted 3,20-pyrrolidinyl spirooxindoles with
high yields (up to 89%) and high diastereoselectivities (>99 : 1
dr) and exceptional diastereoselective 1,3-dipolar [3 + 2] cyclo-
addition of N-2,2,2-triuoroethylisatin-based ketimines with
chalcones facilitated by DBU.96 These compounds were evalu-
ated for their in vitro anticancer potential. The synthesis
pathway was conducted through a Michael/Mannich-type
cascade in which azomethine ylides were generated through
a DBU-promoted method. The synthesis utilized a one-pot, two-
component reaction involving N-2,2,2-triuoroethylisatin keti-
mines 72 and various activated alkenes 73 through a [3 + 2]
cycloaddition reaction. This cyclization process was carried out
smoothly in ethyl acetate (EtOAc) at 28 °C using DBU as a cata-
lyst, resulting in the production of twenty-four 50-CF3-
substituted 3,20-pyrrolidinyl spirooxindole derivatives 74 as
shown in Scheme 22.96

The antitumor activity of the prepared compounds was
tested in vitro against human gastric cancer SCG7901 cells
throughMTT assay. Among selected compounds, 74(b, d, g, h, l,
x) demonstrated cytotoxicity with IC50 values ranging from
29.97 to 34.07 mM, which suggested moderate activity. Although
not sub-micromolar, the biological data underpin the phar-
macological signicance of the 50-CF3 motif and spirooxindole
scaffold. These ndings conrm synthetic compounds as
promising hits that can be used for lead optimization and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 22 Synthesis of spirooxindoles 74.

Scheme 23 Synthesis of spirooxindoles 77.
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further exploration of structure–activity relationships. Donor–
acceptor optimizations are easily synthesized, and as such, their
good scaffold exibility, triuoromethyl substitution, and
synthetic versatility enhance their applications in drug
discovery.96

Filatov et al. successfully designed and synthesized a novel
series of bis-aryl spirooxindole-b-lactams through a Staudinger
ketene-imine cycloaddition reaction.97 The synthesis utilized N-
aryl-2-oxopyrrolidine-3-carboxylic acids 75 as a ketene source to
react with isatin derivatives 76, achieving high yields and
excellent diastereoselectivity Scheme 23. The resulting dis-
pirooxindoles 77 Scheme 23 were evaluated for their biological
activity, demonstrating moderate cytotoxicity in MTT assays
against A549, MCF7, HEK293, and VA13 cell lines.97

The cytotoxicity screening of compounds 77a–f revealed
a structure-dependent inhibition of cancer (MCF7, A549) as well
as normal cell (VA13, HEK293t) lines. Both compounds 77e and
77f showed the highest activity on all tested cancer cell lines
with IC50 values below 8 mM and were, at the same time, much
more active than former mono-spiro analogs. This also suggests
that they have higher activity due to the right choice of aryl
substitution and the increase in log P values, which affects
membrane permeability and target affinity. Moreover,
compound 77f exhibited selective antibacterial potency against
Scheme 24 Synthesis of spirooxindoles 78.

© 2025 The Author(s). Published by the Royal Society of Chemistry
the LPTD strain of E. coli (MIC = 1.3 mM), likely due to pertur-
bation of outer membrane permeability. These results indicate
that dispirooxindole-b-lactams do not lose and, in several situ-
ations, improve the therapeutic prole of the spirooxindole
core, and their development as anticancer and antimicrobial
leads is warranted.97

Ren et al. successfully designed and synthesized a new series
of spirooxindole–indenoquinoxaline derivatives 78 Scheme 24,
which act as inhibitors of tryptophanyl-tRNA synthetase
(TrpRS).98 The synthesis involved a 1,3-dipolar cycloaddition
reaction of azomethine ylides, generated in situ from isatin and
amino acids such as proline, phenyl glycine, and sarcosine.
These compounds were evaluated for their biochemical TrpRS
inhibitory activity through in vitro experiments, testing against
various Gram-positive and Gram-negative bacterial strains, as
well as diffuse large B-cell lymphoma (DLBCL) cell lines.98

Compound 78e was identied as the most active inhibitor of
hmTrpRS and EoffTrpRS (IC50 = 225 nM and 74 nM, respec-
tively). It also demonstrated excellent antibacterial activity
against Staphylococcus aureus (MIC90 = 4 mg mL−1). Compound
78e exhibited signicant anti-proliferative activities of 2.97–4.85
mM toward DLBCL cell lines in cancer models while remarkably
inducing bacterial autolysis in MRSA strains, suggesting it may
be a tool compound for the discovery of dual antibacterial and
RSC Adv., 2025, 15, 22336–22375 | 22353
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Scheme 25 Synthesis of spirooxindoles 79.
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anticancer agents, and structure–activity relationship (SAR)
should be improved for the development of potential thera-
peutic agents.98

Fawazy et al. successfully designed and synthesized a novel
series of 100-(alkylsulfonyl)-dispiro[indoline-3,20-pyrrolidine-
30,300-piperidine]-2,400-dione derivatives 79, which exhibit anti-
SARS-CoV-2 properties.99 The synthesis was achieved through
a 1,3-dipolar cycloaddition reaction involving azomethine ylides
derived from 1-(alkylsulfonyl)-3,5-bis(ylidene)-piperidin-4-ones,
generated in situ from isatin and amino acids such as proline,
phenyl glycine, and sarcosine Scheme 25. These compounds
were screened for their activity against several human cancer
cell lines, including MCF7, HCT116, A431, and PaCa2, while
demonstrating a favorable selectivity index toward normal RPE1
cells.99

The dispirooxindole derivatives 79a–m were evaluated for
anticancer, antiviral, and cholinesterase inhibitory activities.
Compound 79m displayed the most potent anti-proliferative
impact, equivalent to 5-uorouracil and sunitinib for the
MCF7, HCT116, A431, and PaCa2 cell lines. Moreover, apoptosis
and necrosis in the case of compound 79l with IC50 values of
3.60 mM (MCF-7), 3.24 mM (HCT116), and 2.43 mM (A431) and
79m with IC50 = 8.83 mM against PaCa-2 cells were mediated by
EGFR and VEGFR-2 inhibition. In anti-SARS-CoV-2 activity, 79k
was also the most potent, with 3.3-fold and 4.8-fold superiority
to chloroquine and hydroxychloroquine, respectively. In addi-
tion, a handful of the analogs exhibited signicant dual activity
against AChE and BChE. These results indicate that dis-
pirooxindoles 79 can be regarded as highly promising multi-
target therapeutics for cancer, viruses, and neurodegenerative
diseases.99

Budovská et al. report an alternative synthetic approach for
producing the anticancer molecule (S)-(−)-spirobrassinin and
its 20-amino analogs.100 The synthesis involves CrO3-mediated
oxidative cyclization of chiral derivatives of brassinin, followed
22354 | RSC Adv., 2025, 15, 22336–22375
by removal of the chiral auxiliary, achieving high enantiomeric
purity (93%, ee). Additionally, the study describes a one-step
synthesis of 20-phenylamino analogs of spirobrassinin and 1-
methoxyspirobrassinin from thioureas using CrO3 as depicted
in Scheme 26. These compounds 80 were evaluated for anti-
proliferative activity against six human cancer cell lines, with
the CF3-containing analogs showing signicant potency,
particularly against leukemia cells, while exhibiting low toxicity
to nonmalignant endothelial cells.

The synthesized spirobrassinin and its (±)-20-amino analogs
were screened against six human cancer cell lines: Jurkat and
CEM (T-cell acute lymphoblastic leukemia), MCF-7 and MDA-
MB-231 (breast adenocarcinoma), HeLa (cervical carcinoma),
and A-549 (non-small cell lung carcinoma). The parent molecule
spirobrassinin (±)-3 showed weak activity (IC50 > 100 mM) across
all lines except Jurkat (IC50 = 63.4 mM). Amino analogs (±)-41 to
(±)-46 exhibited selective activity primarily toward leukemic cell
lines, especially Jurkat and CEM (e.g., (±)-44 had IC50 = 27 mM
on Jurkat, 34 mM on CEM). Importantly, 47 (±) and 48 (±) with
CF3 and bis-CF3 groups displayed broad-spectrum potency
against all cancer cell lines tested, IC50 26.1–35.5 mM. For
instance, compound 80 derivatives [(±)-47] were active to IC50 =

26.1 mM (Jurkat), 33.6 mM (MCF-7 & HeLa), and 32.2 mM (A-549)
while not toxic towards the normal cells HUVEC (IC50 > 100 mM).
These data highlight the signicant role of triuoromethyl
substitution in improving anti-cancer potency and selectivity.100

Odeh et al. report the synthesis of new spiro-indoline-pyr-
azolo[3,4-b]pyridines (81a-f) via a one-pot, three-component
reaction of indoline-2,3-diones with 3-oxo-3-aryl propanoni-
triles and 1,3-diphenyl-1H-pyrazol-5-amine as shown in Scheme
27.101 The reactions were performed in aqueous acetic acid
using reux to yield the spiro compounds in good yields. The
compounds exhibited spiro-fused heterocyclic scaffolds suit-
able for application in anticancer drug discovery. The simplicity
and efficiency of this synthetic approach provide a general
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 26 Synthesis of spirooxindoles 80.

Scheme 27 Synthesis of spirooxindoles 81f.
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method for structurally diverse frameworks containing oxindole
and pyrazolopyridine residues as suitable ligands for protein–
protein interactions, such as p53–MDM2, and offer an excellent
basis for bioactivity screening.101

Compound 81f was determined to be the most potent
compound, showing 3.05 ± 0.12 mM of IC50 in the blockade of
p53–MDM2 interaction, superior to Nutlin-1 (IC50 = 8.21 ± 0.25
mM). western blot analysis showed that 81b, 81e, and 81f up-
regulated p53 and p21 protein expressions in leukemia
(MOLT-4) and non-small cell lung cancer (HOP92) cell lines. In
addition, they were able to cause a high degree of early and late
apoptosis of MCF-7 breast cancer cells. Molecular docking
analyses revealed that the active compounds could bind favor-
ably in the MDM2 cle, and their mechanism of action as p53–
MDM2 inhibitors could be therapeutically relevant. Screening
of the anti-cancer prole of the synthesized spiro-indoline-pyr-
azolo[3,4-b]pyridines 6a–f and 7a–f showed interesting proles
in the NCI-60 human tumor cell lines panel.101

Eichhorst et al. designed and synthesized a spirooxindole-
1,3-oxazines, a class of compounds structurally related to the
spirooxindole alkaloid family.102 The synthetic route started
with dioxyreserpine 82, a naturally occurring spirooxindole
alkaloid, as the starting material. Through a sequence of
chemical transformations, they generated a diverse set of novel
derivatives. These compounds were then evaluated for their
anticancer activity against six selected cancer cell lines. Among
them, the derivative 10-(4-triuoromethylphenyl)trioxyr-
eserpine 85 showed the most promising activity. The synthesis
pathway of this potent derivative involved an initial bromina-
tion of dioxyreserpine 82 at the C-10 position, yielding
compound 83. This was followed by an aryl substitution reac-
tion to produce compound 84. Subsequently, selective oxidation
of the C–H bond at the C-14 position of (16) under optimized
photooxygenation conditions was carried out to get the target
spirooxindole 85, as detailed in Scheme 28.102
© 2025 The Author(s). Published by the Royal Society of Chemistry
The spiro-oxindoline compound 85, a 10-(4-tri-
uoromethylphenyl)trioxyreserpine derivative, had strong anti-
tumor activity in 6 human cancer cell lines with selectivity. It
demonstrated IC50 in the range of 0.61 ± 0.38 mM (NALM-6),
0.32 ± 0.06 mM (RS4; 11), 1.14 ± 0.20 mM (SU-DHL-4), 1.62 ±

0.13 mM (SUP-T1), 1.90± 0.88 mM (MIA-PaCa-2), and 4.21± 0.95
mM (Capan-1), being more potent than its parent compound
dioxyreserpine. Compound 85 signicantly reduced metabolic
activity and induced apoptosis (up to 82.6% late apoptosis), as
conrmed by Annexin-V/PI staining. It also caused G1 phase
arrest and cell fragmentation. While its precise molecular
targets remain unspecied, its functional modications at C-10
and C-14 enhance hydrophobic interactions and oxidative stress
pathways, contributing to apoptosis and cell cycle disruption.
There is no hemolytic activity, illustrating the selectivity and
safety. Its effect comprises decreased cell proliferation,
increased cell fragmentation, and detritus formation, indi-
cating potent anti-tumor activity for both hematological and
solid tumors.102

A novel series of spirooxindole derivatives was synthesized by
Westphal et al. using a green multicomponent domino reac-
tion.103 These derivatives were subsequently investigated in vitro
against different cancer cell lines. The microwave-assisted
synthesis of the most active derivative in this series 86
involved the reaction of 6-bromo isatin, malononitrile, and
barbituric acid in ethanol as the solvent, with 1-methyl-
imidazolium chloride serving as the catalyst, as shown in
Scheme 29.103

In vitro antiproliferative activities of the spirocycles against
four types of human cancer cell lines, including HCT116
(human colon carcinoma), PC3 (prostate carcinoma), HL60
(promyelocytic leukemia), and SNB19 (astrocytoma), were
screened by MTT-based assay. It is noteworthy that spiro
compound 1c inhibited the four cell lines tested with the lowest
RSC Adv., 2025, 15, 22336–22375 | 22355
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Scheme 28 Synthesis of spirroxindole 85.
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IC50 values: 52.81 mM for HCT116, 74.40 mM for PC3, 101.00 mM
for SNB19, and 49.72 mM for HL60.103

More recently, Islam et al., designed a novel spirooxindoles
to target NSCLC and bacteria. By combining structural features
frommarine antitumor and antibacterial agents, a new series of
pyrazole-linked spirooxindoles was synthesized Scheme 30.104
Scheme 30 Synthesis of spirooxindoles 90a–v to target both NSCLC an

Scheme 29 Synthesis of spirroxindole 86.

22356 | RSC Adv., 2025, 15, 22336–22375
Themarine natural product-inspired compound 90p showed
potent anticancer (towards non-small cell lung carcinoma/
NSCLC) and antibacterial (against Staphylococcus aureus) dual
effects. The TIC was highly cytotoxic in A549 lung cancer cells
with IC50 0.042 mM and a selectivity index (SI) of 58.28, which
means that they are highly tumor-specic. It also exhibited
d bacteria.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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antibacterial activity towards S. aureus (MIC = 25.00 mg mL−1).
Calf thymus DNA and S. aureus DNA put a low amount of
biosensor to the probe by DNA damage test in terbium(III)
chloride, while the concentration of the biosensor and the
concentration of the results will show the damaging effect.
Docking studies indicated intercalative binding within DNA
strands. Compound 90p could also inhibit tumor cell prolifer-
ation by arresting A549 cells at the G1/S phase of the cell cycle
and promoting cell apoptosis by 33.65%, indicating that it
might be a dual-purpose drug.104

Table 1 summarizes the biological ndings of some recently
synthesized halogenated spirooxindoles derivatives as anti-
cancer agents, highlighting the effective molecular target.
Halogenated spirooxindoles demonstrate signicant anticancer
activity through diverse mechanisms, including apoptosis
induction, cell cycle arrest, and modulation of key oncogenic
signaling pathways. Their structural rigidity and halogen
substituents enhance binding affinity to molecular targets,
improving therapeutic potential.

Conclusion

Halogenated spirooxindoles exhibit potent anticancer activity
by precisely modulating molecular targets critical for cancer cell
survival and proliferation. They have demonstrated promising
in vitro and in vivo potency and selectivity across various cancer
cell lines, with highlighted mechanisms of action. One of the
promising molecular targets is protein kinases, which are
involved in mechanisms of self-sufficiency in growth signals,
evasion of growth suppressors, enabling replicative immor-
tality, angiogenesis, and inducing invasion and metastasis. The
synergistic effects of incorporating heterocyclic scaffolds and
halogen bonding with the spiro scaffold's rigidity enhance their
anticancer activity as effective and selective chemotherapeutics.
Moreover, innovative synthetic strategies should be further
explored to enhance anticancer efficacy while minimizing
toxicity in cancer cells. Hopefully, novel, unique compounds
prepared in this direction will be used in subsequent clinical
studies to develop collaboration between basic and clinical
cancer researchers.

Expert opinion

Halogenated spirooxindoles represent a signicant advance-
ment in targeted cancer therapy, particularly for p53-dependent
cancers and those resistant to treatment. These compounds
combine structural ingenuity with mechanistic precision,
offering new opportunities for therapeutic development. The
ndings highlight the potential for medicinal chemists to
optimize further halogen placement, scaffold rigidity, and
hybrid designs, which could lead to the creation of novel, target-
oriented chemotherapeutics. Halogen substitution may
increase the ADME pharmacokinetics, binding affinities
towards molecular targets, and enhance metabolic stability.
Based on these promising results, halogenated spirooxindoles
scaffolds are up-and-coming candidates for further develop-
ment as anticancer agents. Therefore, continued research is
RSC Adv., 2025, 15, 22336–22375 | 22369
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essential to investigate the effects of various substituents on the
drug-like properties of these scaffolds, aiming to overcome
existing challenges and optimize their potential as targeted
chemotherapeutics.
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