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Edaravone, a pyrazole-based compound, exhibits inherent antitumor activity. Furthermore, its combination
with compounds like 1,3,4-oxadiazoles may have significant potential in pharmaceutical chemistry, due to
their diverse biological activities—including antiviral, antibacterial, anti-inflammatory, and anticancer
effects. In this study, we synthesized edaravone-1,3,4-oxadiazole derivatives through a multistep route
starting from phenyl-hydrazine and ethyl acetoacetate, involving pyrazole formation, ether synthesis,
hydrazinolysis, cyclization, and final amine coupling. All the synthesized derivatives were thoroughly
characterized using NMR, LC-MS and IR to confirm their chemical structures and assess their purity and
molecular integrity. Through an in silico approach we identified two of the derivatives exhibited inhibition
activity comparable with that of Erlotinib, an approved drug for inhibiting Epidermal Growth Factor
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Receptor (EGFR) kinase. Further in vitro analysis with the two derivatives showed significant results, they
exhibited cytotoxicity toward MDA-MB-231 cells at low concentrations with the ICsq values of the two
derivatives being 1 pM and 1.9 uM, and these results were compared with the approved Erlotinib drug.
This in vitro analysis corroborated the in silico approach. These results suggest that edaravone-1,3,4-
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1. Introduction

Compounds with heterocyclic rings are prevalent in metabolic
systems and nature, playing crucial roles in sustaining life.
Heterocyclic compounds also significantly contribute to the
synthesis of new molecules in pharmaceutical chemistry. Sub-
stituted 1,3,4-oxadiazoles, a class of heterocyclic compounds,
have been utilized across various fields, including pharmaceu-
tical chemistry and material sciences, and as organic catalysts.
These compounds exhibit diverse biological activities, such as
antiviral, antibacterial, and anti-inflammatory effects. The low
lipophilicity and thermal stability of 1,3,4-oxadiazole deriva-
tives make them well-suited for drug design and discovery,
whether mono- or di-substituted. Substituted 1,3,4-oxadiazoles
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oxadiazole derivatives are promising candidates for EGFR-targeted anticancer therapies.

have demonstrated different modes of action, which have been
harnessed in the development of anticancer drugs."” Other
drugs, including antivirals, antimicrobials, antitussives, and
antihypertensives, have also been developed.>™® Recently, our
group published a review on the chemistry of such oxazole
analogues, discussing various drugs and inhibitors based on the
oxazoles."* Another interesting entity is pyrazole, a well-known
five-membered electron-rich heterocycle with two nitrogen
atoms in adjacent positions. Pyrazoles have fascinating pharma-
cological activities such as anticancer,"™'® antimicrobial,'” anti-
inflammatory,'® and antioxidant'® activities.

Edaravone is an extension of pyrazole and a well-known
drug recognized for its anti-inflammatory and antioxidant
properties, and has sparked interest in its potential applica-
tions in cancer treatment. Research has focused on its cytopro-
tective and anti-proliferative effects, which may help mitigate
the side effects of conventional cancer therapies. Additionally,
edaravone also shows promise as a stand-alone antitumor
agent or when used in combination with other drugs.*® Suzuki
et al. suggested that edaravone inhibits tumor growth in vitro
via modulating EGFR signalling and inducing cell cycle arrest,
at least partially.>’ Naveen et al. designed and synthesized a
new series of edaravone derivatives that underwent characteriza-
tion using various spectroscopic techniques. Edaravone
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derivatives were also screened for their in vitro anti-cancer and
antioxidant activities. Out of all the screening tests, 51 showed
strong anti-PC3 cancer cell activity. Strong activity has been
proven by compounds 5i, 51, and 7c against A549 cancer cells.*
Markovic et al. previously conducted in vitro analyses using 4-
aminomethylidene derivatives of edaravone and reported
impressive anticancer activity against human breast cancer
MDA-MB 361 and human cancer MDA-MB 453 cell lines.”

In this article, we have synthesized derivatives of edaravone
combined with 1,3,4-oxadiazoles to check the enhancement in
their anticancer activity.

The edaravone-1,3,4-oxadiazole derivatives were synthesized
via a multistep synthetic route beginning with phenyl-
hydrazine and ethyl acetoacetate. The strategy involved the
formation of a pyrazolone core as the key intermediate, fol-
lowed by a series of functional transformations including
etherification, hydrazinolysis, cyclization to construct the
1,3,4-oxadiazole ring, and subsequent derivatization with
selected amines at room temperature. This synthetic approach
was designed to generate a targeted library of hybrid molecules
that integrate both pyrazole and oxadiazole pharmacophores,
known for their diverse and promising biological activities. Ten
different derivatives were synthesized based on the amines given
in Scheme 1. All these derivatives were characterised by FTIR,
LCMS and NMR. The derivatives based on the amine groups
were chosen to have acyclic as well as cyclic rings with different
substitutions to enhance the interaction affinity towards the
target site. We have taken two acyclic hydrocarbons with differ-
ent chain lengths; four four-membered rings with different
substitutions, and four six-membered heterocyclic rings.

Furthermore, in silico molecular docking studies were per-
formed to assess the potential efficacy of the synthesized
derivatives against epidermal growth factor receptor (EGFR)
kinase—a membrane-bound protein of the receptor tyrosine
kinase family that plays a pivotal role in regulating cell pro-
liferation, survival, and differentiation. Overexpression or muta-
tion of EGFR is commonly associated with the development and
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progression of various cancers. Due to its central role in oncogenic
signalling and its involvement in mammary gland development,
EGFR has become a critical target in the development of anti-
cancer therapies. The docking simulations were employed to
predict the binding interactions of the derivatives within the
active site of EGFR, offering valuable insights into their potential
as kinase inhibitors.>**” The pharmacokinetic properties of each
synthesized heterocyclic derivative were evaluated to identify the
most promising candidates with strong EGFR inhibitory potential,
and to compare their performance with the clinically approved
EGFR inhibitor, Erlotinib. Molecular docking studies were
employed to estimate binding affinities, followed by molecular
dynamics (MD) simulations for the top-performing compounds to
assess the stability and dynamics of their interactions with EGFR
over time. The most potent derivatives, F-9 and F-10, were subse-
quently subjected to in vitro evaluation using the MTT assay.
These compounds demonstrated anticancer activity comparable
to that of Erlotinib, with similar ICs, values, thereby corroborating
the computational predictions and supporting their potential as
effective EGFR-targeted anticancer agents.

2. Results and discussions

2.1. Synthesis

Scheme 2 illustrates the synthesis of the F-series compounds.
Initially, phenyl-hydrazine (A) was refluxed with ethyl acetoace-
tate in the presence of acetic acid for 3 h to afford 5-methyl-2-
phenyl-2,4-dihydro-3H-pyrazol-3-one (B) via condensation and
cyclization. The R-NH, shown in (Scheme 2) are described in
(Scheme 1). The reaction proceeds through nucleophilic attack
of the hydrazine nitrogen on the carbonyl carbon, followed by
cyclization to form the pyrazolone ring. The synthetic process
was the same as one found in the literature.*®

To a solution of compound B in 50 mL of DMF, potassium
carbonate (11.0 g) was added at 0 °C, followed by the dropwise
addition of bromoethyl acetate (7 mL) under the same
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Scheme 1 The different amine groups based on which the derivatives of the edaravone have been prepared in this work.
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Scheme 2 Schematic representations of the reaction steps for the preparation of the ederavone derivatives (F-1 to F-10).

conditions. The reaction mixture was stirred at room tempera-
ture for 6 h, leading to the formation of ethyl 2-((3-methyl-1-
phenyl-1H-pyrazol-5-yl)oxy)acetate (C) through an SN,-type alky-
lation of the pyrazolone enolate intermediate. The product was
isolated as a pale-yellow sticky oil. Subsequently, compound C
was dissolved in methanol (40 mL), and hydrazine hydrate
(1.3 mL) was added. The reaction mixture was stirred for 2 h at
room temperature, during which hydrazinolysis of the ester occurred,
yielding 2-((3-methyl-1-phenyl-1H-pyrazol-5-ylJoxy)acetohydrazide (D).
A clear phase separation was observed, with the organic DCM layer
containing the desired product as a white solid.

Compound D was then dissolved in DCM (20 mL) contain-
ing DIPEA (81.25 mL) and cooled to 0 °C. To this mixture, ethyl
oxalyl chloride was added dropwise. After stirring for 1 h, tosyl
chloride was added, and the reaction was stirred for an addi-
tional 18 h at room temperature. These conditions facilitated
cyclodehydration to form the 1,3,4-oxadiazole ring, affording
ethyl 5-(((3-methyl-1-phenyl-1H-pyrazol-5-yl)oxy)methyl)-1,3,4-
oxadiazole-2-carboxylate (E).

In the final step, compound E was reacted with a series of
selective amines (Scheme 1) in THF at room temperature to
furnish the corresponding F-series derivatives via nucleophilic
substitution at the ester moiety. Reaction parameters, includ-
ing temperature, time, base, and isolated yields for each
derivative, are summarized in Table 1. These F-series com-
pounds represent ten novel edaravone-based analogues. Struc-
tural confirmation was achieved by 'H NMR, "*C NMR, mass
spectrometry and IR, as described in the Experimental methods
section. Scheme 3 shows the geometries of the novel synthe-
sized derivatives F-1 to F-10 and are provided in the ESL¥

2.2. Mechanistic insight

The synthetic route outlined in Scheme 2 follows a series of
well-known organic transformations that together allow for the

1872 | New J. Chem., 2025, 49, 11870-11884

Table1l Formation of the ederavone derivatives of the F series from E and
suitable choice of amines, temperature, base, and time; the yield in % is
also given here

Temp. Time Yield

Entry Amine Base [C] [h] %
F-1 Propane-l1-amine (R1) — RT 4 89
F-2 Butan-l-amine (R2) — RT 6 83
F-3  1-Methylpiperazine (R3) . RT 16 77
F-4 Azetidine (R4) — RT 6 91

F-5 3-Fluoro-3-methylazetidine hydro- DIPEA RT 16 79

chloride (R5)

F-6  3,3-Difluoroazetidine hydrochloride =~ DIPEA RT 10 88
(Re)

F-7  3-Fluoroazetidine hydrochloride (R7) DIPEA RT 16 77

F-8 Morpholine (R8) — 50 16 82

F-9 Piperidine (R9) — 50 16 73

F-10 Piperazine (R10) — 50 16 82

efficient and selective synthesis of the F-series compounds.
Initially the formation of intermediate B involves nucleophilic
attack of phenyl-hydrazine on the B-ketoester carbonyl group of
ethyl acetoacetate, followed by cyclization through enolization
to yield the pyrazolone core similar to the work performed by
Fuse et al.”® The subsequent SN, reaction between the depro-
tonated pyrazolone and bromoethyl acetate generates com-
pound C, facilitated by potassium carbonate. Furthermore, C
undergoes hydrazinolysis by hydrazine hydrate leading to the
corresponding hydrazide D via nucleophilic acyl substitution.
The next step involves the formation of the 1,3,4-oxadiazole
ring in compound E, which occurs through intramolecular
cyclization after reacting with ethyl oxalyl chloride, followed
by tosyl chloride to promote ring closure under mild condi-
tions. In the final step, the ester group in compound E is
converted into various amide derivatives through aminolysis
with selected amines as given in Scheme 1, producing the F-

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Scheme 3 Schematic structural representations of the different derivatives

series compounds (Scheme 3). This stepwise strategy enables

late-stage  diversification for exploring structure-activity
relationships.
2.3. Computational analysis

The primary objective of the article is to evaluate the effective-
ness of the designed compounds as potential anticancer drugs.
To achieve this, in silico studies were initially conducted to
identify the best inhibitors for the EGFR protein, a well-known
cell-surface receptor from the tyrosine kinase family that
regulates cell growth. Mutations leading to the overexpression
of EGFR are associated with various types of cancer. Given its
critical role in mammary gland development and its involve-
ment in tumor growth and progression when overexpressed,
EGFR has become a key target for anti-cancer therapies. Initi-
ally, all the 10 compounds F-1 to F-10 are optimized at the
MoO62x/aug-cc-pVDZ level of theory*®?° using the Gaussian
software package.’’ These Minnesota functionals based on
the meta-GGA approximation are highly parameterized approx-
imate exchange-correlation functionals and give a high level of

F-1 to F-10.

accuracy on the geometrical parameters. The optimized geo-
metries were subjected to pharmacological studies to under-
stand its drug likeliness, followed by docking analysis through
Autodock, which narrows down to the high binding affinity of
the EGFR with two synthetic compounds, F-9 and F-10, while
comparing with the reference drug Erlotinib. The molecular
docking was followed by molecular dynamics simulations
compared with the same drug to understand the interaction
patterns, H-bond analysis, and binding energy during the real-
time motion and later was followed by an experimental assay to
verify the theoretical results.

2.4. Pharmacological studies

Evaluating the drug-likeness of a compound is a key step in
determining its potential suitability for human administration.
Table 2 summarizes the predicted pharmacokinetic parameters
of the synthesized edaravone derivatives (F-1 to F-10). The
molecular weights of all the compounds fall within the range
of 340-385 g mol ™', which is slightly lower than that of the
reference EGFR inhibitor, Erlotinib (393.44 g mol"). This

Table 2 Pharmacological parameters of the reference drug Erlotinib and phenyl-3-methyl-5-pyrazolone (edaravone) derivatives

Compounds Molecular weight (g mol ™) HBD HBA TPSA Logp Bio availability Lipinski rule GI

Erlotinib 393.44 1 6 74.73 1.89 0.55 Yes, 0 violation High
F-1 341.36 1 6 95.07 1.63 0.55 Yes, 0 violation High
F-2 355.39 1 6 95.07 1.87 0.55 Yes, 0 violation High
F-3 382.42 0 7 89.52 1.32 0.55 Yes, 0 violation High
F-4 341.36 0 6 84.06 1.47 0.55 Yes, 0 violation High
F-5 373.38 0 7 84.06 1.83 0.55 Yes, 0 violation High
F-6 377.35 0 8 84.06 1.71 0.55 Yes, 0 violation High
F-7 359.35 0 7 84.06 1.59 0.55 Yes, 0 violation High
F-8 369.37 0 7 95.51 1.09 0.55 Yes, 0 violation High
F-9 367.40 0 6 86.28 2.10 0.55 Yes, 0 violation High
F-10 368.39 1 7 98.31 1.09 0.55 Yes, 0 violation High
This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025 New J. Chem., 2025, 49, 11870-11884 | 11873
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suggests that the derivatives may possess favourable character-
istics for cellular transport, distribution, and absorption. Nota-
bly, none of the compounds violated Lipinski’s rule of five,
implying a strong potential for good oral bioavailability. In
addition, all derivatives exhibited topological polar surface area
(TPSA) values below 100 A% and were predicted to have high
gastrointestinal (GI) absorption. These properties further sup-
port their potential as orally active agents that can be efficiently
absorbed at therapeutic doses. Based on these favourable
parameters, molecular docking studies were subsequently car-
ried out to investigate the binding affinity of each compound
(F-1 to F-10) toward the EGFR receptor.

2.5. Virtual screening through molecular docking

Table 3 shows the molecular docking analyses of the Erlotinib
drug and the compounds F-1 to F-10 with EGFR
kinase. Compound F-9 exhibited the highest binding affinity,
—8.37 keal mol !, with an inhibition constant of 0.73 M among
all the docked compounds, followed by compound F-10,
which exhibited the second highest binding affinity of
—8.19 kcal mol™! with an inhibition constant of 0.99 uM.
Similarly, the compounds F-1, F-3, F-4 & F-8 exhibited binding
affinities in the range of —7.93 kcal mol ' to —8.08 kcal mol .
The remaining derivatives, F-2, F-5, F-6 & F-7 compounds,
showed lower binding affinities in the range of —7.23 kcal mol ™"
to —7.65 kcal mol ', though all the derivatives showed higher
binding affinity than the reference drug Erlotinib, which exhibits
a binding affinity of —6.37 kcal mol " with a higher inhibition
constant of 21.54 uM. The residues involved in the hydrogen
bonding with the protein are also given in Table 3. F-10 showed
better hydrogen bonding with the EGFR, showing its better
capability for interaction. All other derivatives, except the refer-
ence drug, F-1, and F-4, showed single hydrogen bonds. The best
two interacting inhibitors (F-9 and F-10) were further used for
the MD simulations. The interactions of the Erlotinib drug and
the edaravone derivatives (F-9 and F-10) are given in Fig. 1, and
all others are given in Fig. S53 in the ESL}

2.6. Molecular dynamics simulation studies

Molecular dynamics (MD) simulations were conducted to gain
insights into the structural stability, conformational adaptability,
and binding energetics of the ligand-EGFR receptor complexes.
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Simulations were performed for 100 ns for the EGFR complexes
with compounds F-9, F-10, and the reference drug Erlotinib. All
systems were subjected to energy minimization and equilibration
prior to the production runs, as described in the Computational
methods section. Key parameters analysed included root mean
square deviation (RMSD) to evaluate the overall stability of the
complexes, root mean square fluctuation (RMSF) to examine
residue-level flexibility, and radius of gyration (R,) to assess the
compactness of the receptor-ligand assemblies. Additionally,
hydrogen bonding interactions and solvent-accessible surface
area (SASA) were monitored to understand solvent exposure and
intermolecular stability.

As shown in Fig. 2A, the RMSD values of the EGFR-Erlotinib
complex remained relatively stable, ranging from ~0.15 to
0.21 nm during the initial 2-18 ns, followed by a gradual
increase to ~0.28 nm around 43 ns, before stabilizing between
~0.21 and 0.25 nm for the rest of the simulation. In contrast,
the EGFR-F-9 and EGFR-F-10 complexes showed higher initial
RMSD values, with moderate fluctuations during the first 20 ns,
indicating a period of structural adjustment before reaching
equilibrium. From 20 ns onward, the RMSD values for both the
EGFR-F-9 and EGFR-F-10 complexes remained relatively
stable, fluctuating within the range of ~0.25-0.35 nm through-
out the rest of the 100 ns simulation. The average RMSD values
for F-9 and F-10 were calculated to be approximately 0.27 nm
and 0.25 nm, respectively, which are slightly higher than
that of the reference ligand Erlotinib (~0.19 nm). Despite
these differences, all three complexes displayed low RMSD
values overall, suggesting that the binding of F-series ligands
did not induce major conformational deviations in the receptor
structure.

To further evaluate the dynamic behaviour of the protein in
response to ligand binding, root mean square fluctuation
(RMSF) analyses were performed to assess residue-level flex-
ibility over the simulation trajectory. The RMSF profiles for
Erlotinib, F-9, and F-10 are presented in Fig. 2B. Regions
showing higher peak values correspond to flexible loop
domains, where ligand-induced mobility is most pronounced.
Notably, F-10 exhibited a fluctuation pattern similar to Erloti-
nib, with average RMSF values in the range of ~0.1-0.2 nm. In
contrast, the F-9 complex showed increased residue mobility,
with fluctuations reaching up to ~0.7 nm compared to

Table 3 Molecular docking studies results of binding energy, K; values, and several hydrogen bond interactions with the residues of the compounds (F-1

to F-10) against the epidermal growth factor receptor (PDB ID-4HJO)

Compound  Binding energy (kcal mol™*) Inhibition constant (uM) No. of hydrogen bonds Residues involved in hydrogen bonding (in A)
Erlotinib —6.37 21.54 0 —

F-1 —8.07 1.22 0 —

F-2 —7.64 2.52 1 LYS721(2.18)

F-3 —8.08 1.20 1 LYS721(2.68)

F-4 —7.93 1.54 0 —

F-5 —-7.23 5.03 1 ARG817(2.01)

F-6 -7.11 6.14 1 LYS721(2.17)

F-7 ~7.65 2.48 1 LYS721(2.32)

F-8 —8.08 1.20 1 ASP831(2.52)

F-9 —8.37 0.73 1 ASP831(2.52)

F-10 —8.19 0.99 2 LYS721(2.10), ASP831(1.76)
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Fig. 1 The binding interaction of the Erlotinib, F-9, and F-10 with the EGFR protein is given here.

8
[=4
%

o
=N
T

Rmsf (nm)
o o
N e
T T

& 1 1 1 Il Il
20 40 60 80 100 0‘800 700 800 900 1000
Time (ns) Residue

SASA (nm)
&
o

0

O
T
N
=

M R L1 130——~r— L . 1 . 1
1 '800 20 40 60 80 100 0 20 40 60 80
Time (ns) Time (ns)

—F-10

0;

0 20 40 60 80
Time (ns)

20 40 60 80

Time (ns) Time (ns)

Fig. 2 The structural stability of the inhibitor-receptor interactions was evaluated using the following indicators: (A) RMSD, (B) RMSF, (C) Ry, (D) SASA,
and (E) number of HB (Erlotinib-ERL).

~0.4 nm for Erlotinib, indicating greater flexibility in certain suggesting similar overall compactness of the complex. In

protein regions. contrast, the EGFR-F-9 complex exhibited slightly elevated R,
To assess the structural compactness of the EGFR-ligand values (~1.95-2.00 nm), indicating a marginally less compact

complexes, the radius of gyration (R,) of the Co atoms was structure.

calculated for the reference compounds Erlotinib, F-9 and F-10 Solvent-accessible surface area (SASA) analysis was per-

(Fig. 2C). The R, values for F-10 were comparable to those formed to examine the exposure of hydrophobic residues upon

of Erlotinib, fluctuating in the range of ~1.90-1.95 nm, ligand binding, which reflects conformational shifts in the
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receptor. As shown in Fig. 2D, the average SASA values for the
EGFR complexes with F-9, F-10, and Erlotinib were 151.73 nm?,
147.90 nm?, and 149.03 nm?, respectively. The similarity in
these values suggests that all three ligands maintain compar-
able solvent exposure and occupy the active site in a similar
fashion.

Hydrogen bonding interactions were also monitored over
the course of the simulation to evaluate ligand-receptor stabi-
lity (Fig. 2E). The EGFR-Erlotinib complex formed up to five
hydrogen bonds, while F-9 and F-10 formed up to four and
three hydrogen bonds, respectively. Although slightly fewer,
these interactions indicate that both F-9 and F-10 bind with
good affinity and contribute to stabilizing the receptor-ligand
complex, closely resembling the behaviour of Erlotinib. Overall,
the results from RMSD, RMSF, Ry, SASA, and hydrogen bonding
analyses suggest that the F-9 and F-10 derivatives have similar
structural stability, flexibility, compactness, and solvent expo-
sure with the reference drug Erlotinib and forms stable com-
plexes with EGFR, suggesting that they could be promising
alternatives with potential therapeutic value.

2.7. G_MMPBSA calculations for the binding energy

The binding free energies of the ligand-receptor complexes
were calculated over the final 30 ns of the MD simulation
trajectories, and the results are summarized in Table 4. The
EGFR-F-9 complex exhibited a binding energy of —29.32 +
0.08 keal mol ™", indicating a stronger binding affinity compared to
the reference drug Erlotinib (—25.64 + 0.06 kcal mol *). Com-
pound F-10 also showed a comparable affinity, with a binding
energy of —24.58 + 0.06 kcal mol . These findings suggest that
both F-9 and F-10 interact favourably with the EGFR receptor, with
F-9 in particular demonstrating a potentially higher inhibitory
capability than Erlotinib.

To gain deeper insight into the binding interactions, the
energy components contributing to the ligand-receptor com-
plexes were analyzed, focusing on electrostatic and non-bonded
interactions. The electrostatic interaction energy (AE..) and
non-polar solvation energy (AGy.po1) for F-9, F-10, and Erlotinib
ranged from —2.65 to —6.46 kcal mol ', indicating their
significant role in stabilizing the complexes. Both edaravone
derivatives exhibited stronger electrostatic interactions with
EGFR compared to Erlotinib, suggesting enhanced charge-
based complementarity with the binding site. Furthermore, F-
9 and F-10 displayed lower polar solvation energies, which
contributed positively to their overall binding affinities, while
their non-polar solvation energy values were comparable to
those observed for Erlotinib. Although van der Waals contribu-
tions were modest, the reduction in polar solvation energy
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notably improved the binding efficiency of F-9 and F-10, further
supporting their potential as effective EGFR inhibitors.

To further elucidate the molecular basis of ligand binding,
per-residue free energy decomposition analysis was performed
to identify the key amino acid residues within the EGFR
receptor involved in interactions with the edaravone deriva-
tives. The residue-wise binding energy contributions for F-9, F-
10, and the reference compound Erlotinib are shown in Fig. 3.
Three major binding regions were identified as critical con-
tributors to ligand interaction: region I (residues 694-721),
region II (residues 764-779), and region III (residues 817-856).

In region I, F-9 and F-10 showed enhanced interactions with
residues such as Leu694, Gly695, Ser696, Gly697, and Lys721,
which were minimally involved in binding with Erlotinib,
except for Val702, Ala719, and Ile720. Specifically, F-10 dis-
played stronger contributions from Leu694, Gly695, and
Lys721, while F-9 showed higher binding interactions with
Gly697 and Ala698. Region II appeared to favor Erlotinib, which
engaged significantly with residues including Leu764, 1le765,
Thr766, Met769, Gly772, and Arg779. In contrast, F-10 showed
notable contributions from Leu768 and Cys773, suggesting a
slightly altered binding orientation. Stronger interactions were
observed for F-9 and F-10 in region III, with Arg817, Asn818,
Lys822, and Lys828, in contrast to Erlotinib, which displayed
limited binding within this region, interacting predominantly
with Thr830 and Leu834. Notably, Trp856 contributed signifi-
cantly only in the F-9 complex, indicating a unique interaction
profile. These findings reveal that F-9 and F-10 engage a
broader range of key EGFR residues compared to Erlotinib,
supporting their potential as effective inhibitors with distinct
yet complementary binding patterns.

2.8. Global reactivity parameters

The global reactivity parameters have been calculated for the
F-9 and F-10 compared to the Erlotinib drug to understand the
relationship between the structure, stability, and global
chemical reactivity using the conceptual DFT method. The
HOMO and LUMO energies have been calculated for the three
systems at the same level of theory to analyse the different
additional properties like differences in energy (AE), ionization
potential (IP), electron affinity (EA), chemical potentials (u),
hardness of chemicals (), electrophilicity index (w) and soft-
ness of chemicals (¢) depicted in Table 5. The calculation of the
parameters is performed following Koopman’s theorem, where
IE = —Enomo and EA = —Epymo. i, 1, ®, and ¢ are given as the
following equations:

EHOMO ELUMO
= . 1
P ; (1)

Table 4 The binding free energies (AGging) Of ligand—receptor in kcal mol™. Van der Waals energy, electrostatic energy, polar solvation energy, and
nonpolar-solvation energy are represented by AE,qw, AEeie, AGpol and AGn_po in keal mol ™t

Sl. no. Compound AE,qw AEee AGpo AGppol AGpina

1 F-9 —35.24 + 0.07 —6.46 + 0.05 16.79 £ 0.06 —4.41 4+ 0.00 —29.32 4+ 0.08
2 F-10 —32.78 + 0.05 —4.99 + 0.05 17.18 £ 0.05 —3.98 + 0.00 —24.58 + 0.06
3 ERL —42.89 + 0.05 —2.65 + 0.02 25.20 £ 0.05 —5.11 + 0.00 —25.64 + 0.06
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Fig. 3 The energetic contribution (kcal mol™) of residue binding in complexes containing F-9, F-10, and Erlotinib (ERL) with the EGFR receptor.

Table 5 Global reactivity indicators of edaravone derivatives (F-9 & F-10) and the reference drug. Energies of the frontier molecular orbitals (Eyomo &
ELumo). energy difference of the frontier molecular orbitals (AE), electron affinity (EA), ionization potential (IP), chemical potentials (u), chemical hardness

(), and electrophilicity index (w) in kcal mol™t are given here. The chemical softness () in (kcal mol™%)~

s also given here

Sl. no. Compounds Enowmo in keal mol ™! Erumo in keal mol™? AE 1P EA n o u w
1 Erlotinib —168.66 —21.91 146.74 168.66 21.91 73.38 0.013 —95.29 61.87
2 F-9 —172.25 —13.96 158.29 172.25 13.96 79.14 0.012 -93.11 54.77
3 F-10 —172.46 —15.33 157.12 172.46 15.33 78.56 0.012 —93.90 56.12
reactivity, showing lower values for the derivatives than the
__ Erumo — Enomo. Lo . .
T (2) reference drug, indicating higher reactivity for both of them,
with F-10 slightly higher (Table 5). The derivatives showed a
2 lower electrophilicity index, which indicates that they are more
H . o
w oy (3) susceptible to electrophilic attack than the reference drug.
Thus, such results indicate good reactivity and also more
and stability for the edaravone derivatives than the reference drug.
1 (4) . .
= 3. In vitro analysis

The wider HOMO-LUMO gap (Table 5) for the derivatives
compared to the reference indicates that the edaravone deriva-
tives have greater kinetic stability and lower chemical reactivity,
leading to the adoption of the lowest energy conformation.
Furthermore, the derivatives showed higher ionization
potential and lower electron affinity than the reference drug,
which indicates that there is a lower probability of electron loss
and also a lower probability of electron gain for the derivatives
(Table 5). The edaravone derivatives also showed higher
chemical hardness, which is also directly related to stability.
The chemical softness for all the drugs was comparable,
indicating good reactivity for all of them. The chemical
potential, which is proportional to Gibbs free energy, correlates
with spontaneity and decreases with increasing chemical

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

Erlotinib is a tyrosine kinase inhibitor targeting the epidermal
growth factor receptor (EGFR), primarily used to inhibit the
proliferation of cancer cells. Its main mechanism involves
blocking EGFR signalling pathways, thereby reducing cancer
cell survival.**** Cytotoxicity was induced in MDA-MB-231 cells
by Erlotinib and edaravone derivatives (F-9 and F-10) compared
to the untreated controls after 72 hours. However, no signifi-
cant difference was observed between Erlotinib and edaravone
derivatives, suggesting that the edaravone derivatives largely
mimic the cytotoxic effects of Erlotinib. The ICs, values of
Erlotinib (2 pM), F-9 (1 pM), and F-10 (1.9 pM), as given in
Fig. 4 and Table 6, suggest that all three inhibitors were
cytotoxic at low concentrations. The results suggest that all
three compounds may be effective in inducing cytotoxicity in
MDA-MB-231 cells. Future studies aimed at uncovering the
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Fig. 4 Effect of Erlotinib and edaravone derivatives on MDA-MB-231

cells. The graph was plotted between the different concentrations of
Erlotinib and edaravone derivatives and the cell viability percentage.

Table 6 The calculated ICso values for the Erlotinib drug and the
edaravone derivatives

Inhibitors ERL F-9 F-10

ICso (UM) 2.0 1.0 1.9

effects of these compounds against normal cells will help
understand if the cytotoxicity is specific to tumor cells or may
also target other normal cells. This will lead to identifying the
most potent compound with effective cytotoxicity against can-
cer cells and limited side effects.

4. Conclusion

In this study, we explored the potential of edaravone, a pyrazole
derivative, combined with 1,3,4-oxadiazoles, a class of heterocyclic
compounds known for their broad spectrum of biological
activities. We have synthesized 10 derivatives with acyclic hydro-
carbons, four-membered, and six-membered rings with different
substitutions that interacted with edaravone and 1,3,4-
oxadiazoles. Our in silico analysis identified two compounds with
inhibition activity comparable to Erlotinib, a well-established
EGFR kinase inhibitor. Further in vitro testing confirmed that
these derivatives exhibited anticancer activity similar to Erlotinib,
validating our computational predictions proven through the
cytotoxicity towards the MDA-MB-231 cells. These promising
findings suggest that edaravone-1,3,4-oxadiazole derivatives could
serve as potential candidates for developing EGFR-targeted anti-
cancer therapies, offering a novel approach to cancer treatment.

5. Experimental and computational
methods

5.1. Reagents and materials

All the reagents and materials used in the work were procured
with high purity. Phenyl hydrazine (97%), DMF (99%),
chloroform-d (99.8%), propane-1-amine (99%) and morpholine
(99%) were procured from Sigma Aldrich. Ethyl acetoacetate
(98%), potassium carbonate (98%), bromo ethyl acetate (95%),
sodium sulphate, p-toluenesulfonyl chloride (95%), piperidine
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(99%) and piperazine (98%) were procured from Avra synthesis
Pvt Ltd. Ethyl acetate (99%), methanol (99%), hydrazine hydrate
(99-100%) were procured from Finar (actylic lab solution).
1-Methylpiperazine (98%), azetidine (98%) and 3,3-difluo-
roazetidine hydrochloride (97%) were procured from BLD-
pharma. Butan-l-amine (98%), 3-fluoro-3-methylazetidine
hydrochloride (97%) and 3-fluoroazetidine hydrochloride
(97%) were procured from Combi-blocks. DCM (99%) and
DIPEA (98%) were procured from RCP Chemicals and Vinsa
Pharmaceuticals respectively.

5.2. Material characterization

The melting points were determined by the open capillary
method and were uncorrected. The IR spectra (in KBr pellets)
were recorded on a JASCO FT/IR-4100 spectrophotometer.
'"H NMR and '*C NMR spectra were recorded (chloroform-d)
on a Bruker (400 MHz) spectrometer using TMS as the internal
standard. Chemical shift values are given in d (ppm) scales.
Liquid chromatography-mass spectrometry was carried out on
a Waters-Acquity UPLC I class and detector SQ Water. The
completion of the reaction was checked by thin layer chroma-
tography (TLC) on silica gel-coated aluminium sheets (silica gel
60 F254) obtained from Merck. Compounds were purified using
Biotage-Isolera One.

5.3. Materials and methods

5.3.1. 5-Methyl-2-phenyl-2,4-dihydro-3H-pyrazol-3-one (B).
To a solution of phenyl hydrazine (A) (20 g, 0.18 mole) in
glacial acetic acid (80 mL) was added ethyl acetoacetate (24 g,
0.18 mol) at rt. The reaction mixture was refluxed for 3 h. The
reaction mixture was concentrated under reduced pressure to
obtain the residue, which was partitioned between water and
EtOAc. The organic layer was washed with brine, dried over
sodium sulphate and concentrated in a vacuum to obtain the
crude product. The crude compound was purified by flash
column chromatography eluted with 50% EtOAC/hexane to
afford 29 g (90.6% of yield) of 5-methyl-2-phenyl-2,4-dihydro-
3H-pyrazol-3-one as a white solid.”®

5.3.2. Ethyl 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)oxy)-
acetate (C). To a solution of 5-methyl-2-phenyl-2,4-dihydro-3H-
pyrazol-3-one (B) (10 g, 57.44 mmol) in DMF (50 mL) was added
potassium carbonate (11.9 g, 86.16 mmol) at 0 °C. Then, bromo
ethyl acetate (7.0 mL, 63.18 mmol) was added dropwise at 0 °C
and the reaction mixture was stirred for 6 h at room tempera-
ture. The reaction mixture was poured into roughly shedded ice
and the product was extracted with EtOAc. The organic layer
was washed with brine, dried over sodium sulphate and con-
centrated in a vacuum to obtain the crude product. The crude
compound was purified by flash column chromatography
eluted with 5% EtOAC/hexane to afford 11.2 g (75% of yield)
of ethyl 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl) oxy) acetate as a
pale yellow sticky oil. "H NMR (400 MHz, CHLOROFORM-d) § =
7.75-7.72 (m, 2H), 7.44-7.38 (m, 2H), 7.27-7.22 (m, 1H), 5.46 (s,
1H), 4.64 (s, 1H), 4.27 (q,] = 7.2 Hz, 2H), 1.28 (t, ] = 7.2 Hz, 3H).
3C NMR (100 MHz, CHLOROFORM-d) § = 167.44, 153.63,
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148.68, 138.14, 128.75, 126.24, 122.24, 86.60, 68.11, 61.61,
14.32, 14.01. LC-MS, [M + H]" = 261.16.

5.3.3. 2~((3-Methyl-1-phenyl-1H-pyrazol-5-yl)oxy)acetohydrazide
(D). To a solution of ethyl 2-((3-methyl-1-phenyl-1H-pyrazol-5-
yl)oxy)acetate (C) (7 g, 26.9 mmol) in methanol (40 mL) was added
hydrazine hydrate (1.3 mL, 40.36 mmol) at rt. The reaction mixture
was stirred for 2 h at room temperature. After stirring for 2 h, the
reaction mixture was partition between water and DCM. The
organic layer was dried over sodium sulphate and concentrated in
a vacuum to afford 6.2 g (93.6% of yield) of 2-((3-methyl-1-phenyl-
1H-pyrazol-5-yl)oxy)acetohydrazide as an off-white solid. '"H NMR
(400 MHz, CHLOROFORM-d) 6 = 7.83 (br s, 1H), 7.59-7.55 (m, 2H),
7.44-7.39 (m, 2H), 7.3-7.25 (m, 1H), 5.49 (s, 1H), 4.56 (s, 2H), 3.85
(br s, 2H), 2.25 (s, 3H). "*C NMR (100 MHz, CHLOROFORM-d) § =
167.02, 152.71, 148.82, 138.00, 128.94, 126.55, 122.19, 86.92, 69.92,
14.35. IR (KBr) 3278, 3165, 2922, 1656, 1595, 1560, 1512, 1257, 1163,
972, 752 ecm'. LC-MS, [M + H]' = 247.05, melting point 121-130 °C.

5.3.4. Ethyl 5-(((3-methyl-1-phenyl-1H-pyrazol-5-yl)oxy)-
methyl)-1,3,4-oxadiazole-2-carboxylate (E). To a solution of
2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)oxy)acetohydrazide (D)
(4 g, 16.25 mmol) in DCM (20 mL) and DIPEA (14.15 mL,
81.25 mmol) ethyl oxalyl chloride (2.36 mL, 21.12 mmol) was
added dropwise at 0 °C. After 1 h of stirring, tosyl chloride
(4.34 g, 22.75 mmol) was added and the reaction mixture was
stirred for an additional 18 h at room temperature. The reac-
tion mixture was diluted with DCM and washed with water. The
organic layer was dried over sodium sulphate and concentrated
in a vacuum to obtain the crude product. The crude compound
was purified by flash column chromatography eluted with 50%
EtOAC/hexane to afford 3.9 g (73% of yield) of ethyl 5-(((3-
methyl-1-phenyl-1H-pyrazol-5-yl) oxy) methyl)-1,3,4-oxadiazole-
2-carboxylate as an off-white solid. 'H NMR (400 MHz,
CHLOROFORM-d) § = 7.64-7.62 (m, 2H), 7.43-7.39 (m, 2H),
7.29-7.26 (m, 1H), 5.69 (s, 1H), 5.37 (s, 2H), 4.52 (q, ] = 7.2 Hz,
2H), 2.26 (s, 3H), 1.45 (t, J = 7.2 Hz, 3H). "*C NMR (100 MHz,
CHLOROFORM-d) § = 163.04, 157.60, 153.74, 152.63, 148.75,
138.01, 128.85, 126.43, 122.23, 87.55, 63.80, 62.54, 14.44, 13.94.
IR (KBr) 3140, 2980, 1745, 1597, 1564, 1506, 1442, 1186, 1145,
912, 846, 763 cm'. LC-MS, [M + H]" = 329.29, melting point
76.8-85.3 °C.

5.3.5. 5-(((3-Methyl-1-phenyl-1H-pyrazol-5-yl) oxy) methyl)-
N-propyl-1,3,4-oxadiazole-2-carboxamide (F-1). To a solution of
ethyl 5-(((3-methyl-1-phenyl-1H-pyrazol-5-yl) oxy) methyl)-1,3,4-
oxadiazole-2-carboxylate (E) (50 mg, 0.15 mmol) in THF (1 mL)
was added propan-1-amine (R1) (11 mg, 0.182 mmol) at room
temperature. The reaction mixture was stirred for 4 h at room
temperature. The reaction mixture was diluted with ethyl
acetate and washed with water. The organic layer was dried
over sodium sulphate and concentrated in a vacuum to obtain
the crude product. The crude compound was purified by flash
column chromatography eluted with 50% EtOAC/hexane to
afford 46 mg (89% of yield) of 5-(((3-methyl-1-phenyl-1H-
pyrazol-5-yl) oxy) methyl)-N-propyl-1,3,4-oxadiazole-2-
carboxamide® (F-1) as an off-white solid: '"H NMR (400 MHz,
CHLOROFORM-d) 6 = 7.64-7.61 (m, 2H), 7.42-7.38 (m, 2H),
7.29-7.25 (m, 1H), 7.15 (br s, 1H), 5.69 (s, 1H), 5.34 (s, 2H),
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3.47-3.42 (m, 2H), 2.27 (s, 3H), 1.66 (sxt, J = 7.3 Hz, 2H), 0.99 (t,
J = 7.4 Hz, 3H). *C NMR (100 MHz, CHLOROFORM-d) § =
163.04, 159.68, 152.72, 152.64, 148.73, 138.04, 128.90, 126.47,
122.31, 87.49, 62.49, 41.63, 22.51, 14.50, 11.25. IR (KBr) 3066,
2966, 2927, 2872, 1691, 1595, 1560, 1512, 1448, 1149, 1062, 912,
758 cm'. LC-MS, [M + H]" = 342.3, melting point 99-104 °C.

5.3.6. N-Butyl-5-(((3-methyl-1-phenyl-1H-pyrazol-5-yljoxy)methyl)-
1,3,4-oxadiazole-2-carboxamide (F-2). To a solution of ethyl 5-(((3-
methyl-1-phenyl-1H-pyrazol-5-yl)oxy)methyl)-1,3,4-oxadiazole-
2-carboxylate (E) (50 mg, 0.15 mmol) in THF (1 mL) was added
butan-1-amine (R2) (13.3 mg, 0.182 mmol) at room temperature.
The reaction mixture was stirred for 16 h at room temperature.
The reaction mixture was worked up as above and resulted in 45
mg (83% of yield) of the purified product as an off-white solid.
'H NMR (400 MHz, CHLOROFORM-d) é = 7.64-7.60 (m, 2H),
7.43-7.38 (m, 2H), 7.29-7.25 (m, 1H), 7.12 (br s, 1H), 5.69 (s, 1H),
5.34 (s, 2H), 3.51-3.45 (m, 2H), 2.27 (s, 3H), 1.67-1.57 (m, 2H),
1.48-1.38 (m, 2H), 0.96 (t, J = 7.3 Hz, 3H). **C NMR (100 MHz,
CHLOROFORM-d) ¢ = 163.04, 159.69, 152.73, 152.60, 148.74,
138.04, 128.90, 126.49, 122.33, 87.50, 62.49, 39.71, 31.19, 19.93,
14.50, 13.60. IR (KBr) 2995, 2924, 2854, 1685, 1595, 1560, 1510,
1396, 1367, 1192, 1076, 759 cm'. LC-MS, [M + H]" = 356.33,
melting point 129-132 °C.

5.3.7.  (5-(((3-Methyl-1-phenyl-1H-pyrazol-5-yl)oxy)methyl)-
1,3,4-oxadiazol-2-yl)(4-methylpiperazin-1-yl)methanone (F-3).
To a solution of ethyl 5-(((3-methyl-1-phenyl-1H-pyrazol-5-
yl)oxy)methyl)-1,3,4-oxadiazole-2-carboxylate (E) (50 mg,
0.15 mmol) in THF (1 mL) was added 1-methylpiperazine (R3)
(18.24 mg, 0.182 mmol) at room temperature. The reaction
mixture was heated to 50 °C and stirred for 16 h. The reaction
mixture was worked up as above and resulted in 45 mg (77% of
yield) of the purified product as a pale yellow sticky oil.
'H NMR (400 MHz, CHLOROFORM-d) § = 7.65-7.62 (m, 2H),
7.41 (t, ] = 7.9 Hz, 2H), 7.29-7.25 (m, 1H), 5.71 (s, 1H), 5.36 (s,
2H), 4.15 (br s, 2H), 3.84 (br t, J = 4.4 Hz, 2H), 2.53 (m, 4H),
2.43-2.30 (m, 4H), 2.27 (s, 3H). *C NMR (100 MHz,
CHLOROFORM-d) § = 162.05, 159.17, 152.80, 152.60, 148.77,
138.10, 128.91, 126.46, 122.28, 87.49, 62.47, 55.09, 54.37, 46.80,
45.80, 42.93, 14.52. IR (KBr) 2926, 2854, 2798, 1658, 1595, 1560,
1510, 1448, 1394, 1141, 1029, 763, 692 cm'. LC-MS, [M + H]" =
383.34.

5.3.8. Azetidin-1-yl(5-(((3-methyl-1-phenyl-1H-pyrazol-5-yl)oxy)-
methyl)-1,3,4-oxadiazol-2-yl)methanone (F-4). To a solution of ethyl
5-(((3-methyl-1-phenyl-1H-pyrazol-5-yl)oxy)methyl)-1,3,4-oxadiazole-
2-carboxylate (E) (50 mg, 0.15 mmol) in THF (1 mL) was added
azetidine (R4) (10.5 mg, 0.182 mmol) at room temperature. The
reaction mixture was stirred for 6 h at room temperature. The
reaction mixture was worked up as above and resulted in 47 mg
(91% of yield) of the purified product as an off-white solid. "H NMR
(400 MHz, CHLOROFORM-d) § = 7.68-7.65 (m, 2H), 7.45-7.39 (m,
2H), 7.30-7.25 (m, 1H), 5.53 (s, 1H), 4.60 (s, 2H), 4.11 (td, J = 7.7,
19.0 Hz, 4H), 2.33-2.21 (m, 5H). *C NMR (100 MHz,
CHLOROFORM-d) & = 166.21, 153.66, 148.87, 138.34, 128.83,
126.29, 122.22, 86.78, 70.09, 51.15, 48.72, 16.38, 14.51. IR (KBr) 3134,
3062, 2960, 2920, 2881, 1668, 1595, 1560, 1512, 1436, 1346, 1161, 1080,
761 cm'. LCG-MS, [M + H]" = 340.23, melting point 90-98 °C.
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5.3.9. (3-Fluoro-3-methylazetidin-1-yl)(5-(((3-methyl-1-phenyl-
1H-pyrazol-5-yl)oxy)methyl)-1,3,4-oxadiazol-2-yl)methanone (F-5).
To a solution of ethyl 5-(((3-methyl-1-phenyl-1H-pyrazol-5-yl)oxy)-
methyl)-1,3,4-oxadiazole-2-carboxylate (E) (50 mg, 0.15 mmol) in
THF (1 mL) was added DIPEA (0.08 mL, 0.456 mmol) followed by
3-fluoro-3-methylazetidine hydrochloride (R5) (23 mg, 0.182 mmol)
at room temperature. The reaction mixture was stirred for 16 h at
room temperature. The reaction mixture was worked up as above
and resulted in 44 mg (79% of yield) of the purified product as a
pale yellow sticky oil. "H NMR (400 MHz, CHLOROFORM-d) § =
7.65-7.61 (m, 2H), 7.45-7.40 (m, 2H), 7.32-7.30-7.26 (m, 1H), 5.53
(s, 1H), 4.64 (s, 2H), 4.27-4.17 (m, 2H), 4.06-3.97 (m, 2H), 2.27 (s,
3H), 1.59-1.50 (d, J = 20 Hz, 3H). C NMR (100 MHz,
CHLOROFORM-d) ¢ = 166.70, 153.37, 148.96, 138.21, 128.91,
126.59, 122.49, 91.36, 89.33, 86.78, 70.44, 63.01, 62.87, 60.79,
60.26, 22.73, 14.52. IR (KBr) 3136, 3061, 2931, 2873, 1674, 1597,
1560, 1512, 1446, 1392, 1253, 887, 761, 696 cm’. LC-MS, [M + H]' =
372.33.

5.3.10. (3,3-Difluoroazetidin-1-yl)(5-(((3-methyl-1-phenyl-1H-
pyrazol-5-yl)oxy)methyl)-1,3,4-oxadiazol-2-yl)methanone (F-6). To
a solution of ethyl 5-(((3-methyl-1-phenyl-1H-pyrazol-5-yljoxy)-
methyl)-1,3,4-oxadiazole-2-carboxylate (E) (50 mg, 0.15 mmol)
in THF (1 mL) was added DIPEA (0.08 mL, 0.456 mmol) followed
by 3,3-difluoroazetidine hydrochloride (R6-HCI) (23.5 mg,
0.182 mmol) at room temperature. The reaction mixture was
stirred for 10 h at room temperature. The reaction mixture was
worked up as above and resulted in 50 mg (88% of yield) of the
purified product as an offwhite solid. "H NMR (400 MHz,
CHLOROFORM-d) & = 7.63-7.61 (m, 2H), 7.46-7.36 (m, 2H),
7.29-7.25 (m, 1H), 5.69 (s, 1H), 5.36 (s, 2H), 5.00 (t, J = 10.8 Hz,
2H), 4.51 (t, J = 11.8 Hz, 2H), 2.27 (s, 3H). *C NMR (100 MHz,
CHLOROFORM-d) & = 162.78, 158.55, 152.80, 148.91, 138.19,
129.06, 126.66, 122.46, 115.11 (t, / = 1085.4 Hz, 1C), 87.67,
65.39 (t, J = 29.8 Hz, 1C), 62.57, 61.15 (t, J = 29.8 Hz, 1C), 14.66.
IR (KBr) 3138, 3059, 2958, 2924, 1674, 1595, 1560, 1506, 1444,
1382, 1273, 1246, 1103, 908, 756 cm®. LC-MS, [M + H]' = 376.28,
melting point 107-115 °C.

5.3.11. (3-Fluoroazetidin-1-yl)(5-(((3-methyl-1-phenyl-1H-pyra-
zol-5-yl)oxy)methyl)-1,3,4-oxadiazol-2-yl)methanone (F-7). To a
solution of ethyl 5-(((3-methyl-1-phenyl-1H-pyrazol-5-yl)oxy)-
methyl)-1,3,4-oxadiazole-2-carboxylate (E) (50 mg, 0.15 mmol)
in THF (1 mL) was added N, DIPEA (0.08 mL, 0.456 mmol)
followed by 3-fluoroazetidine hydrochloride (R7-HCI) (20.8 mg,
0.182 mmol) at room temperature. The reaction mixture was
stirred for 16 h at room temperature. The reaction mixture was
worked up as above and resulted in 42 mg (77% of yield) of the
purified product as a pale yellow solid. "H NMR (400 MHz,
CHLOROFORM-d) é = 7.63-7.61 (m, 2H), 7.42-7.38 (m, 2H),
7.29-7.25 (m, 1H), 5.69 (s, 1H), 5.49-5.36 (m, 1H), 5.33 (s, 1H),
5.03-4.88 (m, 1H), 4.84-4.70 (m, 1H), 4.60-4.47 (m, 1H), 4.42-
4.28 (m, 1H), 2.26 (s, 3H). *C NMR (100 MHz, CHLOROFORM-
d) 6 = 162.31, 158.58, 152.68, 152.40, 148.72, 138.03, 128.89,
126.45, 122.27, 87.46, 83.03, 80.98, 62.39, 61.36 (d, J = 26.9 Hz,
1C), 56.78 (d, J = 26.9 Hz, 1C), 14.48. IR (KBr) 3138, 3059, 2854,
1672, 1595, 1558, 1508, 1452, 1390, 1267, 1066, 999, 761 cm™.
LC-MS, [M + H]" = 358.3, melting point 108-114 °C.
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5.3.12. (5-(((3-Methyl-1-phenyl-1H-pyrazol-5-yl)oxy)methyl)-
1,3,4-oxadiazol-2-yl)(morpholino)methanone (F-8). To a
solution of ethyl 5-(((3-methyl-1-phenyl-1H-pyrazol-5-yl)oxy)-
methyl)-1,3,4-oxadiazole-2-carboxylate (E) (50 mg, 0.15 mmol)
in THF (1 mL) was added morpholine (R8) (15.85 mg,
0.182 mmol) at room temperature. The reaction mixture was
heated to 50 °C and stirred for 16 h. The reaction mixture was
worked up as above and resulted in 46 mg (82% of yield) of the
purified product as a pale yellow sticky oil. '"H NMR (400 MHz,
CHLOROFORM-d) 0 = 7.65-7.62 (m, 2H), 7.43-7.39 (m, 2H),
7.28-7.24 (m, 1H), 5.71 (s, 1H), 5.36 (s, 2H), 4.21-4.18 (m, 2H),
3.83-3.77 (m, 6H), 2.27 (s, 3H). "*C NMR (100 MHz,
CHLOROFORM-d) § = 162.16, 159.03, 152.76, 152.60, 148.76,
138.08, 128.90, 126.46, 122.27, 87.47, 66.88, 66.54, 62.43, 47.44,
43.37, 14.52. IR (KBr) 3136, 2922, 2854, 1658, 1595, 1560, 1510,
1446, 1392, 1271, 1114, 1028, 763 cm’. LC-MS, [M + H]' = 370.3.

5.3.13. (5-(((3-Methyl-1-phenyl-1H-pyrazol-5-yl)oxy)methyl)-
1,3,4-oxadiazol-2-yl)(piperidin-1-yl)methanone (F-9). To a
solution of ethyl 5-(((3-methyl-1-phenyl-1H-pyrazol-5-yl)oxy)methyl)-1,
3,4-oxadiazole-2-carboxylate (E) (50 mg, 0.15 mmol) in THF (1 mL)
was added piperidine (R9) (15.5 mg, 0.182 mmol) at room
temperature. The reaction mixture was heated to 50 °C and
stirred for 16 h. The reaction mixture was worked up as above
and resulted in 41 mg (73% of yield) of the purified product as a
colourless sticky oil. "H NMR (400 MHz, CHLOROFORM-d) § =
7.65-7.63 (m, 2H), 7.43-7.39 (m, 2H), 7.29-7.24 (m, 1H), 5.71 (s,
1H), 5.35 (s, 2H), 3.96 (br d, J = 5.5 Hz, 2H), 3.75 (br d, J = 5.5 Hz,
2H), 2.27 (s, 3H), 1.72-1.69 (m, 6H). *C NMR (100 MHz,
CHLOROFORM-d) ¢ = 161.86, 159.36, 152.85, 152.70, 148.76,
138.13, 128.90, 126.42, 122.27, 87.48, 62.52, 48.10, 44.17, 26.56,
25.53, 24.27, 14.51. IR (KBr) 2936, 2858, 1656, 1597, 1560, 1448,
1382, 1265, 1217, 1114, 1010, 769 cm®. LC-MS, [M + H]' = 368.3.

5.3.14. (5-(((3-Methyl-1-phenyl-1H-pyrazol-5-yl) oxy)
methyl)-1,3,4-oxadiazol-2-yl) (piperazin-1-yl)methanone (F-10).
To a solution of ethyl 5-(((3-methyl-1-phenyl-1H-pyrazol-5-yl)oxy)-
methyl)-1,3,4-oxadiazole-2-carboxylate (E) (50 mg, 0.15 mmol) in
THF (1 mL) was added piperazine (R10) (15.7 mg, 0.182 mmol) at
room temperature. The reaction mixture was heated to 50 °C and
stirred for 16 h. The reaction mixture was worked up as above
and resulted in 46 mg (82% of yield) of the purified product as a
pale yellow sticky oil. "H NMR (400 MHz, CHLOROFORM-d) § =
7.65-7.62 (m, 2H), 7.43-7.39 (m, 2H), 7.30-7.25 (m, 1H), 5.71 (s,
1H), 5.36 (s, 2H), 4.12 (t, ] = 5.2 Hz, 2H), 3.81 (t, ] = 5.2 Hz, 2H),
2.98 (br d, J = 3.7 Hz, 4H) 2.27 (s, 3H). *C NMR (100 MHz,
CHLOROFORM-d) § = 162.03, 159.16, 152.81, 152.68, 148.77,
138.10, 128.91, 126.46, 122.28, 87.50, 62.48, 48.06, 46.36, 45.64,
44.00, 14.51. IR (KBr) 3072, 2931, 2858, 1658, 1593, 1560, 1510,
1452, 1381, 1263, 1219, 1112, 1008, 821, 704 cm'. LC-MS, [M +
H]" = 368.3. LC-MS, [M + H]" = 369.2.

5.4. Computational methods

5.4.1.
pounds. 1-Phenyl-3-methyl-5-pyrazolone (edaravone) derivative

Preparation and optimization of the derivative com-

compounds were designed as per Scheme 1 as 3D geometrical
structures to make an input file for optimization utilizing the Gaussian
16 software package.** Each 1-phenyl-3-methyl-5-pyrazolone derivative
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compound abbreviated as F-1 to F-10 was optimized at the
MO062x/aug-cc-pVDZ>**® level of theory. No imaginary vibra-
tional frequency shows that each optimized geometrical struc-
ture of F-1 to F-10 compounds relates to a stable state of the
molecule.

5.4.2. Pharmacological properties. Compounds (F-1 to F-10)
derived from 1-phenyl-3-methyl-5-pyrazolone (edaravone) and
the reference inhibitor Erlotinib were submitted to the Swiss
ADME website (https://www.swissadme.ch/) to identify potential
candidates for drug development.®***> We have checked for each
derivative under Lipinski’s rule of five,>® which states that the
molecular weight of each derivative cannot exceed 500 g mol ',
the presence of hydrogen bond donors and acceptors cannot be
more than 5 and 10, respectively, and the lipophilicity value
(logp) cannot go beyond 5. Polar surface area, bioavailability
score, and gastrointestinal absorption potential were also
assessed for each derivative to identify which compound is
suitable for further analysis and to better understand the drug-
likeness qualities of each compound.

5.4.3. Molecular docking. Molecular docking studies were
conducted using Auto Dock4 tools,*” with the epidermal growth
factor receptor (EGFR) as the receptor target. The receptor was
downloaded in pdb format (4HJO) from the Resb (https://www.
resb.org/) protein data bank.*® Gaussview 6 software generated
the pdb format from the optimal geometrical structures of 1-
phenyl-3-methyl-5-pyrazolone derivative (F-1 to F-10) com-
pounds before docking. We added the missing amino acid
residues using SwissPDB-Viewer software®® to prepare the
receptor structure for docking and also removed the heteroa-
toms, water molecules, and inhibitors from the crystallographic
pdb structure. Auto Dock Tools is used to add the polar
hydrogen and Kollman charges to the receptor. Before docking,
a grid map with the docking number of grid points was set up
with 60 x 60 x 60 dimensions, with a grid spacing of 0.375 A,
and was prepared. Docking analysis was performed using the
Lamarckian genetic algorithm,*® and a higher binding affinity
with a lower rmsd value was considered for each compound.

5.4.4. Molecular dynamics simulations. As further studies
to verify both the interaction analysis and the binding capabil-
ity with the epidermal growth factor receptor, molecular
dynamics (MD) simulations were carried out using the GRO-
MACS 2022 package version*' for EGFR-F9 & EGFR-F10 com-
plexes as well as EGFR-Erlotinib as reference complexes. For
each MD simulation, GROMACS was utilized along with the
charmm36 force field*” and TIP3P water model for the solva-
tion. The ligand structure was extracted from the pdb file of the
molecular docking results, and their topologies were retrieved
from the CGenFF web server (https://cgenff.com/), and GRO-
MACS created the EGFR receptor topology file. The protein-
ligand complex was kept at the center of an 8.4 nm edge cubic
box containing approximately 17 832 molecules of solvent. Four
chlorides as counter ions were then injected to neutralize the
simulation system. The entire system experienced 50 000 steps
of energy minimization using the steepest descent approach,
and the subsequent NVT and NPT equilibration was adopted
for 50 ps each. The Berendsen thermostat*> and isotropic
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Berendsen barostat** algorithm maintained the temperature
at 300 K and the pressure at 1 bar, respectively. For Newtonian
motion, the leap-frog integrator was used with a timestep of
2 fs. Using the Lincs algorithm,*® the bond length of the
hydrogen atoms within the EGFR-ligated complex is con-
strained. While the particle mesh Ewald algorithm®® calculates
long-range electrostatic correction interactions with a cutoff
distance of 1.2 nm and a Fourier grid spacing of 0.16, respec-
tively, the short-range interactions of van der Waals are com-
puted with a minimum of 1.2 nm. The production MD run was
subjected to 100 ns with 2 fs timestep production dynamics
involving the Berendsen thermostat*® and Parrinello-Rahman
algorithm®’ to maintain the temperature at 300 K and pressure
at 1 bar, respectively.

5.4.5. MM-PBSA methods. Molecular mechanics Poisson-
Boltzmann surface area (MM-PBSA), an implicit solvent model,
was employed to estimate the free binding energies (AGping) of
ligands F-9, F-10, and with the reference drug Erlotinib opposi-
tion to the EGFR receptor. The estimation of free binding
energies can be assembled as represented in eqn (5) by con-
sisting of three energetic terms: receptor-ligand interaction
energy (AGmm), effect of desolvation energetic terms (AGs),
and energetic part of the entropic contribution (TAS).

AGpind = AGmm + AGgo) — TAS (5)

AG,. (electrostatic interaction energy) and AG,qw (van der
Waals energy) can be separated from AG,, energetic terms.
AGpinga has been determined without considering the entropy
component (TAS). Polar (AGp,1) and non-polar solvation energy
(AGppol) are separated out from AGg, energetic terms. The
GROMACS-based g_mmpbsa tool*® is employed to estimate
the energy contributions of receptor-ligand interaction energy
(AGmm), as well as the effect of the desolvation energetic
component (AGg,) upon calculating the total binding energy
of F-9, F-10, and Erlotinib complexed with the EGFR receptor.
The MmPbSaStat.py Python script computes the average bind-
ing energy of the receptor-ligand complexes by recording snap-
shots of the last 30 ns extracted from the MD trajectories.
Furthermore, the residual contribution of essential residues in
binding free energy is calculated using the MmPbSaDecomp.py
Python script.*®

5.5. Cell culture

MDA-MB-231 human breast carcinoma cells were cultured in
DMEM-high glucose medium supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin under
standard conditions (37 °C, 5% CO,).

5.5.1. MTT assay. MDA-MB-231 cells were seeded into 96-
well plates at a density of 2 x 10* cells per well and incubated
for 24 hours to allow attachment. After adherence, cells were
treated with Erlotinib and edaravone derivatives at different
concentrations (0.1 uM, 1 uM, 5 uM, 10 pM, and 20 uM) for
72 hours. The cytotoxic effects of Erlotinib and edaravone
derivatives (F-9 and F-10) were assessed using MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay.
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After the treatment period, 10 uL of MTT solution (5 mg mL ™"
in PBS) was added to each well. Plates were incubated for 4
hours at 37 °C in the dark to allow formazan crystal formation.
The medium was carefully removed, and 100 pL of DMSO was
added to each well to dissolve the formazan crystals. The
absorbance was measured at 570 nm using a microplate reader.
The experiment was repeated thrice with triplicates each time,
and the ICs, value was calculated. The percentage of viable cells
was calculated using the formula:

Cell viability (%) = (absorbance of treated cells/absorbance of
control cells) x 100
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