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A one-pot, acid-, base-, and metal-free, multicomponent strategy has been developed to synthesize spiro
thiochromene—-oxindole derivatives as potential anti-inflammatory agents. The synthesized compounds
were screened in vitro for their anti-inflammatory activity by inhibiting heat-induced Bovine Serum
Albumin (BSA) denaturation assay, revealing moderate to good efficacy. Compounds 4e, 4k, and 4h
exhibited the highest activity, inhibiting BSA denaturation by 90.97-95.45% at 800 pg mL~t
concentration with half maximal inhibitory concentration (ICso) values of 127.477 + 2.285, 190.738 +
3561, and 285.806 + 8.894 ug mL7Y respectively. For mechanistic insights in silico studies were
conducted, revealing binding affinities of the active compounds with cyclooxygenase-2 (COX-2) protein,
with binding energies of —8.9 kcal mol™ (4e), —8.7 kcal mol™ (4k), and —8.6 kcal mol™* (4h). Bioactivity
and pharmacokinetic parameters were further analyzed, encompassing ADMET (Absorption, Distribution,
Metabolism, Excretion, and Toxicity) characteristics. This study highlights the potential of spiro
thiochromene—-oxindoles as anti-inflammatory agents, warranting further exploration as potential leads.
The synthetic strategy for these target compounds utilizes taurine as an eco-friendly bio-organic
catalyst, facilitating an acid-, base-, and metal-free intramolecular C-S and C-C bond formation in
aqueous media. The reaction involves a one-pot, three-component Knoevenagel-Thia-Michael cascade
between substituted isatins, 1,3-dicarbonyls, and 2-naphthalene thiol. Key features of this green protocol
include high yields, cost-efficiency, non-toxicity, atom economy, and acid-, base-, and metal-free

synthesis in water. Additionally, the catalyst exhibits excellent reusability, maintaining its activity across

Received 10th November 2024 ) ’ ) L . . . . N
Accepted 17th December 2024 three cycles with easy recovery, while product isolation is achieved through simple filtration, eliminating
the need for chromatographic purification and organic solvents. These attributes underscore this

DOI: 10.1035/d4ra07990f approach’s synthetic and environmental advantages, highlighting its potential for broader application in

rsc.li/rsc-advances the development of anti-inflammatory agents.

Introduction

Inflammation is a multifaceted physiological and pathological
response that mobilizes immune and non-immune cells to
safeguard host tissues by eliminating pathogens, promoting
tissue repair, and restoring organ function. This essential
defense mechanism plays a pivotal role in countering infec-
tions, repairing damage, and clearing invasive agents.'™* In well-
regulated inflammation, the initiation phase activates the
immune system for host defense, while the resolution phase
terminates the response and restores tissue homeostasis.
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However, dysregulated or chronic inflammation can lead to
inflammatory diseases like arthritis, depression, colitis, Alz-
heimer's disease, and asthma, with significant tissue damage
and increased risks of cancer, cardiovascular diseases, and
osteoporosis.®® Thus, there is an urgent need for potent anti-
inflammatory agents, given the prevalence of conditions char-
acterized by inflammation and associated complications.

Over the years, extensive research has firmly established that
COX-2 is a key mediator in the inflaimmatory response.'*™**
Although COX-2 is typically expressed at low levels in healthy
tissues, its expression can increase dramatically during
inflammatory episodes, leading to the overproduction of pros-
taglandins at sites of inflammation. This upregulation
contributes to the exacerbation of tissue damage and the
development of various inflammatory disorders. Given its
important involvement in these pathological processes, COX-2
has emerged as a key therapeutic target.
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Recognizing the essential role of COX-2 in inflammation,
there is an ongoing effort among researchers to develop drugs
that specifically inhibit this enzyme. The need for effective COX-
2 inhibitors is underscored by the limitations of conventional
nonsteroidal anti-inflammatory drugs (NSAIDs), which broadly
inhibit both COX-1 and COX-2 enzymes, often leading to
gastrointestinal side effects due to the suppression of protective
COX-1 activity.'” Over the past decade, COX-2 selective
inhibitors have been developed and are widely used in clinical
settings to manage conditions such as rheumatoid arthritis,
osteoarthritis, postoperative pain, toothache, and certain
1523 These selective inhibitors specifically target COX-2,
thereby reducing inflammation and minimizing the adverse
effects of non-selective NSAIDs. However, despite these
advancements, significant challenges persist, as some COX-2
inhibitors are still linked to side effects, including cardiovas-
cular risks and other toxicities, which restrict their broader
clinical application. This ongoing issue reveals an important
research gap and underscores the need for the development of
newer and more potent COX-2 inhibitors that can provide
effective anti-inflammatory benefits with minimal, if any, side
effects. Therefore, continued research efforts are essential to
design and synthesize COX-2 inhibitors with improved safety
profiles and therapeutic efficacy.

Hence, in our quest to develop more effective COX-2 inhib-
itors, we have strategically focused on designing novel
compounds by fusing two privileged scaffolds known for their
established anti-inflammatory properties. This approach is
grounded in extensive research highlighting the therapeutic
potential of these scaffolds as COX-2 inhibitors. During our
search for suitable privileged structures, we identified the work
of Kim et al,> which demonstrated the potent anti-
inflammatory activity of 3-substituted oxindoles. These oxin-
doles exhibit structural resemblance to aurones, a naturally
occurring class of flavones in plants known for their anti-
inflammatory effects. This structural similarity has inspired
further exploration of 3-substituted oxindoles, ultimately

cancers.
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Fig. 1 Rationale of spiro thiochromene—-oxindole derivatives.
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confirming their anti-inflammatory potential and COX-2
inhibitory activity, as reported by Pan et al.*

For the second privileged scaffold, we turned our attention to
thiopyrans, based on the findings of Rogier Jr et al,** who
established that thiopyrans also possess significant anti-
inflammatory activity as COX-2 inhibitors. Recognizing the
potential of these scaffolds, we hypothesized that their fusion
could lead to compounds with enhanced efficacy and safety
profiles. By integrating 3-substituted oxindoles and thiopyrans,
our design aims to leverage the complementary mechanisms of
action inherent in these two scaffolds. This approach seeks to
enhance the selective inhibition of COX-2, thereby improving
anti-inflammatory efficacy while minimizing off-target effects
commonly associated with other COX inhibitors.

The fusion of these two scaffolds is intended to yield novel
drug leads with superior anti-inflammatory properties,
addressing the critical need for COX-2 inhibitors that offer
improved safety profiles and reduced side effects. By selecting
and fusing these privileged scaffolds, we aim to synthesize
newer COX-2 inhibitors that exhibit potent anti-inflammatory
activity and demonstrate a favorable therapeutic index
(Fig. 1). This approach represents a significant advancement in
the design of COX-2 inhibitors, offering the potential to develop
safer and more effective anti-inflammatory agents.

After identifying the potential anti-inflammatory COX-2
inhibiting scaffolds, our subsequent objective was to develop
a sustainable synthetic route for their synthesis. The impor-
tance of sustainable synthetic methodologies in the pharma-
ceutical industry cannot be overstated, as they offer several
critical advantages, including reduced environmental impact by
reducing waste, lowering energy consumption, cost-
effectiveness, and enhanced safety. To achieve this, we
focused on optimizing reaction conditions that minimize the
use of hazardous volatile organic solvents, prioritized milder
reaction conditions with simple operations that do not require
chromatographic steps, and using non-toxic, reusable, and
easily recoverable green bio-organic catalysts. By integrating
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Scheme 1 Retrosynthetic approach for the target compound.

green chemistry principles, our approach aims to produce the
desired COX-2 inhibitors effectively while reducing the envi-
ronmental impact and enhancing the overall sustainability of
the synthesis.

Hence, to identify the most efficient route for synthesizing
the target compound, we employed a retrosynthetic analysis
that suggested the feasibility of a Knoevenagel-Michael cascade
reaction followed by intramolecular ring closure through C-S
bond formation (Scheme 1).

This approach leverages the potential of a stepwise reaction
sequence, which is advantageous for synthesizing complex
molecules with greater efficiency. Recent studies have reported
the use of various green catalysts for Knoevenagel-Michael
cascade reactions in aqueous media,””*" aligning with our
sustainability objectives. However, the subsequent step of
intramolecular ring closure via C-S bond formation using green
catalysts and aqueous solvents remains underexplored. The
literature indicates that Thia-Michael intramolecular C-S bond
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Fig. 2 Comparison of previous literature and present work.
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formation typically relies on acid-, base-, and metal-based
catalysts or reactions conducted in volatile organic solvents
under harsh conditions, which are often associated with
significant environmental drawbacks, such as the use of toxic
and expensive catalysts, high reaction temperatures, and
complex operational procedures®~*° (Fig. 2). To address these
challenges, in one of our prior studies, we explored a greener
approach and successfully achieved C-S bond formation and
ring closure under catalyst-free conditions using an azeotropic
mixture of water and ethanol in a 3:1 ratio as solvent under
reflux conditions.*” Although this method demonstrated the
feasibility of a greener approach, it was limited by a narrow
substrate scope, which restricted its broader applicability.
Therefore, there is a clear need for an aqueous-mediated green
catalytic system capable of facilitating Knoevenagel-Thia-
Michael cascade reaction for C-S bond formation in a one-pot
process under mild reaction conditions with an expanded
substrate scope.

To address this need, we identified taurine, a B-amino acid
abundant in human and animal tissues, as a promising
candidate due to its established efficacy as a green bio-organic
bifunctional hydrogen bond donor-acceptor catalyst, known
for effectively catalyzing Knoevenagel-Michael cascade
reactions.** > Taurine is economically viable, water-soluble, and
non-toxic, meeting key criteria for sustainable pharmaceutical
synthesis. Its catalytic activity is attributed to its ability to adopt
a zwitterionic form in aqueous solutions, enhancing its
hydrogen-bonding capabilities, as supported by computational
modeling and NMR studies.>®®” This characteristic not only
facilitates catalytic processes in water, aligning with our envi-
ronmental goals but could also provide a versatile catalytic
environment for both the Knoevenagel-Thia-Michael cascade
for subsequent C-S bond formation under mild conditions. By
integrating taurine as the catalyst, we envisioned developing

Taurine catalyzed
Thia-Michael C-S bond formation
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a one-pot, aqueous-mediated synthesis that overcomes the
limitations of traditional methods for intramolecular C-S bond
formation, ultimately broadening the substrate scope and
enhancing the sustainability of the synthesis of target
compounds.

Finally, the synthesized analogs were evaluated for their anti-
inflammatory potential using a heat-induced BSA denaturation
assay. Among the tested compounds, 4e, 4k, and 4h exhibited
the most significant activity, achieving BSA denaturation inhi-
bition rates between 90.97% and 95.45% at a concentration of
800 ng mL ™" with ICs, values of 127.477 £ 2.285, 190.738 +
3.561, and 285.806 + 8.894 pg mL ', respectively. To further
elucidate the in vitro anti-inflammatory effects, in silico studies
were performed to assess the binding affinities, molecular
interactions, and structural mechanisms of the compounds.
Notably, compounds 4e, 4k, and 4h showed binding energies of
—8.9 kcal mol™', —8.7 kecal mol™!, and —8.6 kcal mol !,
respectively, with the COX-2 protein. Additionally, bioactivity
assessments and pharmacokinetic profiling, including ADMET
(Absorption, Distribution, Metabolism, Excretion, and Toxicity)
parameters, were conducted to further characterize the thera-
peutic potential of these compounds.

In summary, the current study addresses the critical need for
novel and effective COX-2 inhibitors by designing and synthe-
sizing spiro thiochromene-oxindole derivatives, leveraging the
anti-inflammatory potential of privileged scaffolds like 3-
substituted oxindoles and thiopyrans. Given the limitations of
conventional COX-2 inhibitors, our approach aims to enhance
therapeutic efficacy while minimizing adverse effects through
selective inhibition of COX-2. To support this goal, we employed
a sustainable synthetic strategy grounded in green chemistry
principles, utilizing taurine as a bio-organic bifunctional cata-
lyst that catalyzes the Knoevenagel-Michael cascade reaction
and intramolecular C-S bond formation in aqueous media,
thus, addressing the challenges associated with traditional
metal-based or harsh catalytic conditions. The synthesized
compounds were evaluated through in vitro and in silico studies,
demonstrating promising anti-inflammatory activity and
potential as COX-2 inhibitors. This work underscores the
importance of combining sustainable synthesis with strategic
scaffold selection to advance the development of next-
generation anti-inflammatory agents. Further clinical trials
are necessary to fully validate the therapeutic efficacy and safety
profiles of these compounds for potential clinical application.

Results and discussion
Chemistry

Preliminary optimization studies were conducted using a model
three-component reaction involving 5-bromo isatin (1a), 2-
naphthalene thiol (2), and dimedone (3a) to develop an effi-
cient, green catalytic system. Reaction progress was monitored
via TLC (ethyl acetate/hexane, 2:8) under various reaction
conditions to determine the most favorable setup.

Initially, the reaction was attempted under solvent- and
catalyst-free conditions at temperatures ranging from room
temperature to 130 °C. However, no product formation was
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observed, even after 12 hours. This can be attributed to insuffi-
cient nucleophilic and electrophilic activation of the starting
materials, particularly the carbonyl functionalities, which require
external catalysis to promote nucleophilic attack. Recognizing
these limitations, the reaction was tested under solvent-free
conditions with taurine (28 mol%) as a potential catalyst at
various temperatures (RT — 130 °C). In all instances, only trace
amounts of the product were detected, confirming the necessity of
a catalytic and solvent system to enhance reactivity as higher
temperatures alone were insufficient to drive the reaction forward.

Realizing the limitations of solvent-free conditions, we
explored solvent-based approaches with a focus on green and
sustainable systems. A range of organocatalysts, including
taurine, thiourea dioxide, proline, and thiourea, were tested
using aqueous media under reflux conditions. Among these,
taurine demonstrated the highest catalytic efficiency, yielding
95% of the desired product, compared to thiourea dioxide
(15%) and trace amounts produced by proline and thiourea
(Fig. 3a). Taurine's superior catalytic performance can be
attributed to its zwitterionic nature in aqueous media, which
enhances both nucleophilic and electrophilic activation by
stabilizing transition states and promoting proton transfer.

To further validate water as the optimal solvent, taurine-
catalyzed reactions were conducted in a variety of solvents,
including ethanol, ethanol-water mixtures (1:1 and 1:3),
dichloromethane (DCM), dimethyl sulfoxide (DMSO), dime-
thylformamide (DMF), and tetrahydrofuran (THF) under reflux
(Fig. 3b). The yields were significantly lower in organic solvents,
such as ethanol (18%), DCM (10%), and DMSO (14%), with only
trace amounts observed in DMF and THF, likely due to taurine's
poor solubility. Ethanol-water mixtures improved yields to 72%
and 78%, while water alone provided the highest yield of 95%.
These results suggest that water enhances the catalytic activity
of taurine by enhancing its solubility and promoting its zwit-
terionic form, leading to improved hydrogen-bonding interac-
tions that stabilize intermediates and accelerate the reaction.

Next, the effect of catalyst loading was evaluated by varying
the mol% of taurine in water under reflux (Fig. 3c). The highest
yield (95%) was achieved with 28 mol% taurine, within 270
minutes. Finally, to affirm that reflux conditions were the best
conditions temperature optimization studies were conducted in
the taurine-catalyzed aqueous medium, revealing that no reac-
tion occurred at room temperature. Yield improvements were
observed as the temperature increased, with the highest yield
(95%) obtained under reflux conditions. This is likely due to
enhanced molecular motion and increased energy input, which
are necessary to overcome activation barriers and facilitate
catalytic turnover.

In conclusion, the optimal reaction conditions were deter-
mined to be 28 mol% taurine in water under reflux, yielding the
highest efficiency. These findings not only establish taurine as
an effective green organocatalyst but also highlight water as the
preferred solvent, reinforcing the environmental advantages of
this sustainable catalytic system.

After successfully optimizing the reaction conditions, the
scope of the reaction was evaluated by synthesizing a series of
derivatives of the target compounds (4a-1) using substituted

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Optimization studies (a) catalyst optimization using water as solvent under reflux conditions, (b) solvent optimization using taurine as the
catalyst under reflux conditions, (c) catalyst amount optimization, (d) temperature optimization using taurine (28 mol%) as the catalyst in water.
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oxindole derivatives.
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isatins (1a and 1b), 2-aminothiophenol (2), and various cyclic
1,3-dicarbonyl compounds (3a-f), as outlined in Scheme 2. All
reactions proceeded efficiently under the established optimal
conditions, yielding the desired products in excellent yields
within reasonable reaction times across the substrate range. No
significant electronic or steric influence of the substituents on
the 1,3-dicarbonyl compounds was observed, as indicated by
the results summarized in ESI Table 1.1 However, the reaction
failed with acyclic 1,3-dicarbonyl compounds, which can likely
be attributed to increased steric hindrance, preventing
Michael's addition, a key step for the synthesis of target
compounds.

A plausible mechanism for the synthesis of spiro thio-
chromene-oxindole derivatives (4a-1) is illustrated in Scheme 4.
To determine the reactivity order between the two reactants,
substituted 1,3-dicarbonyls (3a-f) or 2-naphthalene thiol (2)
with substituted isatin (1a and 1b), we carried out a control
experiment, as depicted in Scheme 3. Two separate two-
component reactions were performed, one between 1a and 3a,
and another between 1a and 2, under the optimal conditions.
The results indicated that no reaction occurred between 1a and
3a, even after 24 hours. However, for the reaction between 1a
and 2, the intermediate 2’ formed within 2 hours under the
same optimal conditions.

From this, we concluded that the reaction initiates with
taurine-facilitated Knoevenagel condensation between 1 and 2,
yielding the intermediate 2’.

RSC Adv, 2025, 15, 261-275 | 265
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Subsequently, taurine promotes a Michael addition between
2" and 3, followed by a taurine-catalyzed ring closure via intra-
molecular C-S bond formation, accompanied by the elimina-
tion of water, ultimately yielding the desired spiro
thiochromene-oxindole derivatives (4a-1), as depicted in

Scheme 4.
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Catalyst reusability is a key consideration in sustainable
synthesis. To evaluate the reusability of taurine as a catalyst, we
selected 5-bromo isatin (1a), 2-naphthalene thiol (2), and
dimedone (3a) as model substrates. The reactions were per-
formed consecutively three times using the same aqueous
solution from the previous run, without adding fresh catalyst
for subsequent reactions. The results demonstrated excellent
reusability of taurine, as it retained its catalytic activity over
three cycles, with no significant decrease in product yields or
any notable increase in reaction times (Fig. 4a).

In the final cycle, the catalyst was recovered by evaporating
the water and recrystallizing the residue from ethanol, yielding
an 89% recovery of taurine after the third run. Comparative IR
spectra of the fresh and recycled taurine (post-third run)
confirmed the purity of the recycled catalyst, further supporting
its efficient reusability (Fig. 4b).

In vitro anti-inflammatory activity screening of synthesized
compounds (4a-1)

Inhibition of heat-induced BSA denaturation assay. Protein
denaturation is a well-recognized contributor to the inflam-
matory response. In this study, BSA was utilized in a denatur-
ation assay to evaluate the anti-inflammatory potential of the
synthesized compounds (4a-1). BSA, a major constituent of
animal serum, is commonly used in assays due to its structural
stability and relevance in mimicking human serum conditions.

Upon exposure to heat, BSA undergoes denaturation, leading
to the expression of antigens associated with Type III hyper-
sensitivity reactions, which are implicated in various inflam-
matory disorders, including systemic lupus erythematosus,
glomerulonephritis, and rheumatoid arthritis. Inhibiting BSA
denaturation serves as an in vitro model to assess the anti-
inflammatory properties of compounds by preventing protein
unfolding and subsequent antigen presentation.

This assay, therefore, provides a reliable method for
preliminary screening of anti-inflammatory activity. The
synthesized compounds (4a-1) were tested for their ability to
inhibit BSA denaturation, quantitatively measuring their anti-
inflammatory potential. The results indicated moderate to
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(a) Reusability of the catalyst for synthesizing 4a (b) comparative IR spectra of fresh and recycled catalyst to validate its purity after three
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high efficacy across the series. Fig. 5a illustrates the percentage
inhibition of BSA denaturation by all compounds at 800 ug L™*
concentration. Among these, compounds 4e, 4k, and 4h
exhibited the highest activity, with inhibition rates ranging
from 90.97% to 95.45% at 800 pg mL™". Their respective ICso
values were 127.477 + 2.285, 190.738 + 3.561, and 285.806 +
8.894 g mL ™. These ICs, values were comparable or superior
to the reference drug, diclofenac sodium, which had an ICs,
value of 243.641 + 2.686 pug mL ™" (Fig. 5b).

In silico studies for the anti-inflammatory activity of
synthesized compounds (4a-I)

Molecular docking. In our current docking study, we aimed
to investigate the selective binding affinities of the synthesized
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(a) Percent inhibition activity graph of compounds (4a-l); (b) IC50 values of 4e, 4k, 4h, and diclofenac (control).

compounds towards COX-1 and COX-2 enzymes, to gain
mechanistic insights into their molecular interactions and
assess their potential as selective anti-inflammatory agents.
This in silico evaluation provides a comprehensive analysis of
the compounds' selectivity across COX isoforms, an important
factor in designing effective anti-inflammatory therapies. The
binding affinities and interaction profiles of the synthesized
compounds were compared to celecoxib, a co-crystallized
antagonist and selective COX-2 inhibitor widely used in anti-
inflammatory treatments.

Docking simulations revealed that the synthesized
compounds consistently exhibited stronger binding affinities
towards COX-2 compared to COX-1. Celecoxib used as a refer-
ence, displayed binding energies of —11.6 kcal mol " with COX-
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Fig. 6 Binding energy plot of compounds with COX-1 and COX-2.
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2 and —10.5 kecal mol ' with COX-1. Among the evaluated
compounds, compound 4e demonstrated the highest binding
affinity with COX-2 (—8.9 kcal mol'). The top three
compounds, based on their COX-2 binding affinities, were 4e
(-8.9 kcal mol™"), 4k (-8.7 kcal mol™'), and 4h
(—8.6 kecal mol™"). Compounds 4a (—8.4 kcal mol™') and 4b
(7.9 kecal mol™") also showed promising binding energies,
reinforcing their potential as COX-2 selective inhibitors. In
contrast, these compounds demonstrated lower affinities
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towards COX-1: 4e (—6.1 kcal mol™ "), 4k (—6.8 kecal mol %), 4h
(-6.5 kecal mol™"), 4a (-6.4 kcal mol™'), and 4b
(—6.8 kecal mol "), highlighting their selectivity for COX-2.
However, compound 4j displayed relatively less selectivity,
with a binding affinity of —7.9 kcal mol™* for COX-2 and
—7.2 keal mol ™" for COX-1. These findings suggest that the
compounds with better selectivity towards COX-2 warrant
further exploration as potential anti-inflammatory agents.

846
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Fig. 7 2D molecular representation of interactions of compounds (a) 4e; (b) 4k; (c) 4h; (d) 4a; (e) 4b; (f) 4j, and (g) Celecoxib with the active site
residues of the human COX-2 protein. Interactions were displayed as color-coded dashed lines; green lines indicated the H-—H-bonds.
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Binding energy outcomes for all compounds are presented in
Fig. 6.

Fig. 6 provides a comparative plot of the binding energies of
the synthesized compounds with COX-1 and COX-2. The inter-
action analysis of selected high-affinity compounds is further
depicted through 2D interaction diagrams in Fig. 7, illustrating
their molecular interactions with the active site residues of the
target proteins. A detailed molecular interaction summary of all
synthesized compounds with COX-1 and COX-2 has been dis-
played in ESI Tables 2 and 3.}

For compound 4e, a 5-bromo spiro thioxanthene derivative,
two hydrogen bond interactions are observed between the -NH
and carbonyl groups of the indoline ring with the ALA527 and
VAL523 residues. The sulfur atom of the thioxanthene ring
participates in a mw-sulfur interaction with PHE518, which also
forms m-alkyl interactions. Additional r-alkyl interactions
occur between the aromatic rings of the scaffold and residues
such as LEU352, LEU359, TYR355, VAL349, and LEU531
(Fig. 7a).

Compound 4k displays similar interaction patterns, with
hydrogen bonds forming between the -NH and carbonyl groups
of the indoline ring and ALA527 and VAL523. The sulfur of
thioxanthene engages in w-sulfur interactions, while SER530
forms an amide-m-stacked interaction and SER353 contributes
through carbon-hydrogen bond interactions. IT-alkyl interac-
tions are observed with VAL349, LEU531, and LEU352 (Fig. 7b).

For compound 4h, hydrogen bonding is observed between
the carbonyl group of the indoline ring and ALA527, and
between the -NH group of the thioxanthene and SER353.
Additionally, PHE518 participates in m—sulfur interactions with
the sulfur of the thioxanthene ring. The compound also engages
in w-alkyl interactions with residues such as VAL523, VAL349,
LEU352, and LEU531 (Fig. 7c).
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Compound 4a forms a hydrogen bond with ARG120 via the
carbonyl moiety on the indoline ring, while TYR355 engages in
m-1 T-shaped interactions. II-alkyl interactions are observed
with residues such as ALA527, LEU531, VAL349, and LEU359.
GLY526 forms an amide-m-stacked interaction, and additional
interactions occur between PHE518 and the methyl groups of
the thioxanthene scaffold (Fig. 7d).

Compound 4b exhibits two hydrogen bonds: one with
TYR355 through the sulfur of the thioxanthene ring and
another with SER353 through the carbonyl group of the indo-
line ring. PHE518 is involved in m-m T-shaped interactions,
while MET522 forms a halogen interaction with the bromine
group. Several residues, including LEU352, ALA527, and
VAL523, contribute to w-alkyl and alkyl interactions (Fig. 7e).

Finally, compound 4j displays hydrogen bond interactions
like compound 4h, with ALA527 and PHE518 participating in 7t—
sulfur interactions with the thioxanthene sulfur. Additional -
and amide-m-stacked interactions are observed with SER353
and SER530 (Fig. 7f).

Celecoxib, the standard COX-2 inhibitor, forms five
hydrogen bond interactions through its sulfonamide group
with residues such as ARG513, PHE518, and ILE517. The —-CF;
group engages in alkyl interactions with VAL116, LEU531, and
TYR355, while m-alkyl interactions are seen with ALA527 and
VAL349 (Fig. 7g).

Fig. 8 and 9 further illustrate the binding modes and phar-
macophore features of the top compounds and celecoxib,
respectively. Fig. 8 depict the binding modes of the top
compounds and celecoxib within the active pocket, highlighting
their respective interactions and Fig. 9 provides insights into
the molecular alignment of binding poses, comparing them
with celecoxib, and examines the pharmacophore features
within the binding site. Moreover, the molecular alignment of

Arg120 D)
N
Leu38get522
Cly326™ vais2s
Ala527 . g
/ \ Arg513
Val1Beys31 Hisoo Phe518
\\:\\ : .’ 3 U}
J &Ta516
X, &
rerg3 e
{eud52
|
GIn192

—  Tyr355
Leu359

Fig. 8 COX-2 surface image of protein displaying the (a) binding modes and (b) interactions of 4a, 4b, 4e, 4h, 4j, 4k, and Celecoxib with the

active site residues of the human COX-2 protein.
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Fig. 9

(a) Molecular alignment of binding poses of 4a, 4b, 4e, 4h, 4j, 4k and Celecoxib in the active site of COX2 proteins; (b) pharmacophore

features of top compounds along with the Celecoxib (pharmacophore features color coding include: purple rings-aromatic, green rings-
hydrophobic, orange rings-hydrogen bond donor, white rings-hydrogen bond acceptor).

the binding poses reveals notable overlaps in pharmacophoric
features among compounds 4a, 4b, 4e, 4h, 4j, 4k, and celecoxib,
as depicted in Fig. 9b.

Overall, docking simulations suggest that the -C=0 and -
NH moieties adjacent to the indoline ring play key roles in
hydrogen bonding across the top compounds, -closely
mimicking the sulfonamide -S=0O and -NH, groups of cele-
coxib. While the specific active site residues involved in
hydrogen bonding vary among the synthesized compounds,
their interaction profiles highlight promising avenues for
further investigation as selective COX-2 inhibitors with poten-
tial anti-inflammatory activity.

Determination of ADMET profile, Lipinski rule, and phar-
macokinetics. The prediction of ADMET (Absorption,

Table 1 Physico-chemical properties and drug-likeness prediction of
SWISS ADME

Distribution, Metabolism, Excretion, and Toxicity) properties
offers crucial insights into the pharmacokinetics and pharma-
codynamics of the compounds under investigation. The physi-
cochemical properties and drug-likeness of the top compounds
were evaluated using the SWISS ADME tool, and the results are
summarized in Table 1. The analysis indicates that the
compounds generally exhibit a favorable pharmacokinetic
profile, though solubility remains a significant challenge.
Notably, all compounds show high gastrointestinal (GI)
absorption. However, only compound 4k is predicted to cross the
blood-brain barrier (BBB), while none of the other compounds do
so, despite being classified as non-substrates for P-glycoprotein
(P-gp). These predictions, particularly regarding BBB perme-
ability and P-gp interaction, are represented in the BOILED-Egg

top compounds with better binding energy and interaction profile using

Parameters 4a 4b 4e 4h 4j 4k
Molecular weight (g mol™")  490.41 478.32 462.36 399.42 433.48 383.46
log P o/w 5.35 3.60 4.80 2.96 4.81 4.17
No. of H-bond donors 1 3 1 3 1 1
No. of H-bond acceptors 2 3 2 3 3 2
Solubility Poor Moderate Poor Moderate Poor Moderate
TPSA (A%) 71.47 120.12 71.47 120.12 84.61 71.47
GI absorption High High High High High High
BBB permeation No No No No No Yes
P-gp substrate No No No No No No
Drug likeness (Lipinski) Yes with 1 violation Yes Yes with 1 violation Yes Yes with 1 violation Yes
MLOGP > 4.5 MLOGP > 4.5 MLOGP > 4.5
Bioavailability score 0.55 0.55 0.55 0.55 0.55 0.55
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Fig. 10 The brain or intestinal estimated permeation (BOILED-Egg)
method illustrates the absorption, blood—-brain barrier (BBB) perme-
ation, and substrate selectivity for P-glycoprotein (PGP) of compounds
4a, 4b, 4e, 4h, 4j and 4k. Blue indicates the substrate of P-glycoprotein
(PGP), while red represents the non-substrate of PGP.

model (Fig. 10). In this model, red rings indicate non-substrate
status for P-gp. The appearance of a red ring within the “Egg
Yolk” signifies compound 4k’s potential to cross the BBB.

Despite their potential as non-substrates for P-gp, implying
minimal interaction with this efflux transporter, it is critical to
consider the broader implications for bioavailability and
distribution. P-gp plays a vital role in actively transporting
xenobiotics and drug molecules out of cells, thereby influencing
intracellular concentrations and potentially reducing thera-
peutic efficacy. Thus, while reduced interaction with P-gp may
favor bioavailability, it necessitates further evaluation of intra-
cellular pharmacokinetics.

A key challenge observed is moderate solubility, which could
limit their therapeutic effectiveness. Enhanced solubility would
significantly improve the overall pharmaceutical properties of
these compounds, making it a priority for future optimization
efforts. Specifically, compounds 4a, 4e, and 4j exhibit minor
deviations from Lipinski's rule of five, particularly concerning
MLOGP values (>4.5), which could indicate potential challenges
in oral bioavailability. On the other hand, compounds 4b, 4h,
and 4k fully conform to Lipinski's criteria for drug-likeness.
These findings underscore the importance of optimizing the
pharmacokinetic  profiles  through careful molecular
modifications.

To further assess the ADMET characteristics, the pkCSM
webserver was employed. The analysis covered key parameters
such as water solubility, human intestinal absorption, Caco-2
permeability (absorption), BBB permeability, volume of distri-
bution (VDss) for distribution, interactions with CYP450 iso-
forms for metabolism, total clearance for excretion, and toxicity
assessments, including AMES toxicity, hepatotoxicity, and the
maximum tolerated dose. Such parameters are crucial for
determining how compounds are absorbed, distributed,
metabolized, and excreted, as well as understanding potential
toxicity risks, thereby guiding the optimization of their

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

View Article Online

RSC Advances

pharmaceutical profiles. Table 2 presents the ADMET data for
the top compounds.

In terms of absorption, the predictions indicate that
compound 4j exhibits lower human intestinal absorption
compared to the other candidates. Conversely, compounds
4a, 4b, 4e, 4h, and 4k demonstrate high absorption rates
ranging from 95% to 98%. Despite these high absorption
rates, their solubility under physiological conditions remains
a concern, which could ultimately limit their bioavailability
and therapeutic efficacy. The low solubility, despite favorable
intestinal absorption, suggests a significant hurdle that must
be addressed to enhance the clinical utility of these
compounds.

For distribution, parameters such as VDss and BBB perme-
ability were evaluated. A lower VDss indicates a higher likeli-
hood of non-uniform distribution between the blood and
tissues. The VDss (human) values for the compounds range
from 0.451 to —1.355, with compounds 4j and 4k exhibiting the
most favorable distribution profiles. Regarding BBB perme-
ability, all compounds demonstrated poor BBB permeability,
suggesting limited ability to penetrate the central nervous
system, which may be advantageous for avoiding central side
effects in non-CNS-targeted therapies.

Metabolism-related predictions suggest that all compounds,
except for 4j, are likely substrates for CYP3A4, one of the major
enzymes responsible for drug metabolism. Additionally,
compounds 4a, 4b, 4e, 4h, and 4k may inhibit CYP450 2C9 and
2C19 isoforms, while compounds 4a and 4e have the potential
to inhibit CYP3A4, which could lead to drug-drug interactions.
These findings emphasize the need to monitor metabolic
stability and potential interactions with other drugs metabo-
lized by the CYP450 system.

Excretion profiles indicate poor overall clearance rates for
the compounds, with both renal and hepatic pathways pre-
dicted to contribute minimally to total drug clearance. Addi-
tionally, all compounds were identified as non-substrates for
the organic cation transporter 2 (OCT2), which is involved in
renal excretion, further corroborating the low clearance profiles.

In terms of toxicity, the compounds do not pose a risk of skin
sensitization. However, hepatotoxicity and mutagenic effects (as
assessed by the AMES test) remain potential concerns, espe-
cially for long-term administration. These toxicity risks under-
score the importance of conducting more detailed in vitro and in
vivo evaluations to mitigate potential safety issues before clin-
ical consideration.

To sum up, while the ADMET profile of these compounds
suggests favorable pharmacokinetic properties such as high
intestinal absorption and limited P-gp interactions, several
challenges remain, particularly regarding solubility, metabolic
stability, and toxicity risks. Addressing these challenges, espe-
cially by enhancing solubility, optimizing distribution, and
improving metabolic profiles, will be critical in advancing these
compounds as viable anti-inflammatory drug candidates.
Moreover, refining the toxicity profile to mitigate hepatotoxicity
and mutagenic effects will be paramount in ensuring the safety
of these potential therapeutic agents.
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Experimental
Chemistry

General information. All  1,3-diketones, isatin/5-
bromoisatin, and 2-naphthalenethiol were procured from
commercial suppliers and used without further purification.
The progress of the reaction was monitored by Thin Layer
Chromatography (TLC) on Merck-made silica gel 60-F-254
aluminum plates. '"H and '*C NMR spectra were recorded on
a Jeol resonance —400 instrument using DMSO-d6 as solvent
and a Bruker resonance-500 instrument using CDCl; as solvent.
The melting points were determined in open capillary tubes and
were uncorrected. FTIR spectra were recorded using a KBr disc
on a Bruker ALPHA analyzer. Mass spectra were recorded on
a Xevo G2-S Q Tof (waters, USA) Mass spectrometer (direct mass
ESI-APCI). The purity of all final compounds (=95%) was
established by High Performance Liquid Chromatography
(HPLC).

General procedure for the synthesis of compounds (4a-1). In
a 25 mL round-bottomed flask, a mixture of isatin/5-
bromoisatin (1.0 mmol), 2-naphthalenethiol (1.0 mmol), and
1,3-diketones (1.0 mmol) was refluxed using water as the solvent
(5 mL) for the indicated time. The progression of the reaction
was monitored by TLC (ethylacetate/hexane 2:8). After
completion of the reaction, an additional 10 mL of water was
added, and the solid product was isolated by filtration. Subse-
quently, the product was washed with water many times. The
pure product (racemic mixture) was thus, obtained after drying
and did not require further purification steps or the addition of
any organic solvent.

5'-Bromo-9,9-dimethyl-9,10-dihydrospiro[benzo[ a]thio-
xanthene-12,3"-indoline]-2,11(8H)-dione  (4a). The title
compound was prepared following the general procedure using
5-bromoisatin (1.0 mmol, 0.1470 g), 2-naphthalenethiol
(1.0 mmol, 0.1602 g), and dimedone (1.0 mmol, 0.1400 g)
providing cream color solid. Yield: 0.4508 g, 92%; Ry = 0.706
(ethylacetate/hexane 2:8) M. P.: 160-162 °C IR (v cm " KBr):
1716 (C=0 group), 1582 (-CONH group), 1242 (C-S-C cyclic
thioether) "H-NMR (400 MHz, CDCl;/TMS,  PPM): 6.73-7.99
(m, -NH, 9H aromatic hydrogens), 2.46-2.57 (s, 2H), 2.15-2.27
(s, 2H), 1.06-1.12 (s, 6H); *C {"H} NMR (400 MHz, CDCl;):
6 195.6, 178.5, 164.0, 141.6, 135.7, 134.4, 133.6, 132.6, 129.1,
127.9,127.6,126.8, 126.7, 125.8, 125.6, 114.5, 113.3, 110.9, 51.0,
45.9, 41.3, 32.1, 28.8, 27.6, 29.8; HRMS (ESI) m/z:[M + H]+ calcd
for CpH,oB,NO,S + H' 490.0476 found 490.0484; Found 97.5%
purity by HPLC. HPLC condition: 1260 Infinity II with VWD,
Eclipse C18 column, 4.6 x 250 mm, 5 microns, CH;CN/H,0 70 :
30, A = 254 nm.

In vitro anti-inflammatory activity. The impact of the sample
on heat-induced BSA denaturation assay was assessed using
a method outlined by Chandra et al.*® with minor adjustments.
The reaction mixtures comprised varying concentrations (50—
250 pug mL ™) of the sample and the reference drug diclofenac
sodium, an NSAID, along with 1% w/v BSA and phosphate-
buffered saline (PBS, pH 6.4) separately, while PBS served as
the control. The reaction mixtures were incubated at 37 °C for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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20 min, followed by an increase in temperature to maintain the
samples at 70 °C for 5 min. After cooling, turbidity was
measured at 660 nm using a UV-visible spectrophotometer. The
experiment was conducted in triplicate for precision. The
control represents 100% protein denaturation. Diclofenac
sodium was used as a control (Standard). The percentage inhi-
bition of BSA denaturation was calculated as follows:

% Inhibition of BSA denaturation = 100 x {1 - (j—?)}
where A; = absorbance of the control, and 4, = absorbance of
the test sample.

The ICs, values were determined using the lowess curves and
cubic spline curves to fit the data and were generated with
GraphPad Prism software (version 10.3.1).

In silico studies for the anti-inflammatory activity

Molecular docking studies. Docking simulations were per-
formed by using AutoDock VINA integrated into the PyRx 0.8
(ref. 59) virtual screening tool to identify compounds with high
binding affinity. Insilco docking simulation studies to evaluate
the molecular interactions of 4a-1 compounds were done with
COX1 (PDB ID: 3KK6, co-crystallized ligand inhibitor: Cele-
coxib),*® COX-2 (PDB ID:5KIR, co-crystallized with Rofecoxib).**
Protein structure was processed to ensure an optimized struc-
ture for docking studies and it was executed with the UCSF
Chimera Dock Prep module that includes the following steps:
elimination of water molecules and other ligands, addition of
missing atoms and residues, energy minimization and assign-
ing charges and polar hydrogens and then converted to the
pdbqt format. The 2D structure of the ligands was drawn with
ChembDraw software and the structures were optimized through
energy minimization with MMFF94 force field parameters and
conjugate gradient algorithm using the Open Babel module of
PyRx and eventually converted the ligands to the AutoDock
compatible pdbqt format to carry out docking exploration. Post-
docking analysis and visualization of binding poses and
molecular interactions were done with BIOVIA Discovery Studio
2021 and Chimera X tools.®* Autodock Vina grid box was created
around the antagonist active site with the following details of
the vina search space with the following coordinates (A), X:
—33.259, Y: 43.443, Z: —5.595 for COX-1, X: 23.606, Y: 1.782, Z:
34.5785 for COX-2. The validation process of the docking
program involved the meticulous redocking of Celecoxib into its
co-crystallized site. The remarkably low Root Mean Square
Deviation (RMSD) value of 0.64 A, observed between the docked
and native poses, serves as a robust indicator of the program's
efficacy in accurately predicting the binding pose of Celecoxib.
This outcome underscores the program's proficiency in faith-
fully reproducing the spatial arrangement of Celecoxib within
its intended binding site, affirming the reliability and precision
of the docking algorithm.

ADMET studies. To evaluate the pharmacokinetic properties
of our compounds, we performed an in silico assessment using
online servers such as pkCSM (https://biosig.lab.uq.edu.au/
pkesm/prediction)® and SwissADME (http://
www.swissadme.ch/).**  These platforms analyze the
pharmacokinetic profiles of top compounds, focusing on

© 2025 The Author(s). Published by the Royal Society of Chemistry
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aspects such as water solubility, toxicity, metabolism,
distribution, and absorption. They predict pharmacokinetic
parameters based on the structural similarity of compounds
with known ADMET features. These machine learning-based
tools are highly regarded for their reliability and accuracy in
ADMET prediction. SWISS ADME webserver had been used for
the evaluation of physico-chemical and drug-likeliness
properties of compounds which are found to be promising in
the in vitro and in silico assessments.

Conclusions

This study advances the development of novel anti-inflammatory
agents as COX-2 inhibitors by designing and synthesizing spiro
thiochromene-oxindole derivatives, integrating two privileged
scaffolds known for their anti-inflammatory properties. Our
approach leverages the anti-inflammatory potential of 3-
substituted oxindoles and thiopyrans to enhance COX-2 inhibi-
tion while minimizing off-target effects. The synthesized
compounds demonstrated notable anti-inflammatory activity,
with compounds 4e, 4k, and 4h achieving BSA denaturation
inhibition rates of 90.97%, 95.45%, and 91.67%, respectively, at
800 ug mL ™', Corresponding ICs, values were 127.477 + 2.285,
190.738 + 3.561, and 285.806 + 8.894 pg mL . These ICs, values
were comparable or superior to the ICs, value of the reference
drug, diclofenac sodium (243.641 + 2.686 pg mL™ ). In silico
analysis revealed robust binding affinities with COX-2, with
binding energies of —8.9 kcal mol ™, —8.7 kcal mol*, and
—8.6 kecal mol ! for these compounds.

Furthermore, the ADMET profile of these compounds indi-
cates favorable pharmacokinetics, including high intestinal
absorption and limited P-gp interactions. However, challenges
such as solubility, metabolic stability, and potential toxicity
remain to be addressed. Particularly, enhancing solubility and
optimizing metabolic profiles will be pivotal in progressing
these candidates for possible therapeutic applications.

A core feature of this work is the sustainable synthesis of the
target compounds. We employed taurine as a green bio-organic
bifunctional catalyst, enabling a one-pot, aqueous-mediated
process that significantly reduced environmental impact. This
strategy facilitated efficient Knoevenagel-Thia-Michael cascade
reactions under mild, acid-, base-, and metal-free conditions. By
avoiding toxic solvents and cumbersome purification steps, we
aligned our approach with contemporary green chemistry
principles, contributing to environmentally responsible phar-
maceutical synthesis.

This novel combination of strategic scaffold design and
sustainable synthesis introduces a significant advancement in
the search for COX-2 inhibitors with improved efficacy and
reduced adverse effects. Further clinical validation will be
essential to confirm the therapeutic potential and safety profiles
of these promising new compounds.
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