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Abstract

As part of our ongoing efforts to produce promising cytotoxic agents, the novel compounds, 5-(4-(diethylamino)-2-((1-
substitutedphenyl-1H-1,2,3-triazol-4-yl)methoxy)phenyl)-1,3,4-thiadiazol-2-yl)pyrrolidine-2,5-dione derivatives (9a-1) were
developed, synthesized, and characterized using several analytical techniques, including 'H NMR, *C NMR, and LC-MS.
New series of 1,2,3-triazole and thiadiazole molecular hybrids synthesized were evaluated for their anti-cancer activity
against human esophageal carcinoma cell line KYSE-450 and human pancreatic carcinoma cell line MIA PaCa-2 cells.
According to cytotoxic evaluation data, compounds 9b, 9i, 9j, and 91 exhibited potential cytotoxic activity against KYSE-
450 and MIAPaCa-2 cells. Compound 9j had more significant anti-cancer potential than the standard employed across all
compounds evaluated. The remaining compounds exhibited moderate to weak anti-proliferative potential. In-vitro kinase
inhibition of compound 9j was significantly more effective against ARK-A and ERK?2 enzymes, indicating its dual inhibition
potential. Docking analysis showed that 9Kk, 9j, and 9i have substantial docking scores with the ARK-A receptor, indicating
the presence of strong binding affinities. Significant binding interactions between molecules 9j and 9h and the ERK2
receptor suggest an inhibitory effect. Hence the compounds are promising dual inhibitors of ARK-A/ERK2.
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Introduction

Cancer is widely recognized as a highly perilous and potentially
fatal ailment on a global scale. It ranks as the second leading
cause of mortality worldwide [1]. Based on data provided by the
World Health Organization (WHO), it is projected that by the
year 2030, there will be a total of 25 million newly diagnosed
cases of cancer, resulting in approximately 10 million fatalities.
Among the various types of cancer, breast, lung, colon, rectal,
and prostate cancers are anticipated to exhibit the highest inci-
dence rates [2, 3]. In this context, cancer presents a significant
threat to human well-being and a significant challenge to the
advancement of medical research in the development of inno-
vative and efficacious anti-cancer drugs. Triazoles are nitrogen-
containing heterocyclic compounds consisting of a five-
membered ring of three nitrogen and two carbon atoms. Tria-
zoles have been identified as efficacious bioisosteres of amides
in bioactive compounds exhibiting a wide range of significant
biological properties [4-7]. The 1,2,3-triazole heterocyclic sys-
tem possess the capability to engage in hydrogen bond forma-
tion, dipole-dipole interactions, and 7 stacking interactions.
Furthermore, it exhibit stability towards both reduction and
oxidation [8]. 1,2,3-Triazole is commonly found in various
therapeutic agents, such as tazobactam, carboxyamidotriazole,
and Rufinamide, etc. The literature indicates that triazoles pos-
sess various pharmacological properties, including anticancer
[9, 10], antitubercular [11], antifungal [12, 13], antibacterial
[14, 15], antiviral [16, 17], antiobesity [18, 19], and anti-diabetic
[20] activities. Thiadiazole is a prevalent and important five-
membered heterocyclic system containing two nitrogen atoms
and a sulfur atom. The presence of an amine group at the second
position of the five-membered ring results in the formation of 2-
aminothiadiazoles, which are commonly found in various drugs
such as acetazolamide, megazol, cefazolin, etc. The thiadiazole
amines exhibit a wide range of biological activities, including
inhibition of Carbonic anhydrase (CA) [21], antibacterial [22],
antifungal [23], anticancer [24, 25], antileishmanial [26], and
anticonvulsant [27]. The motivation to develop a hybrid with
strong anti-cancer activity stems from the observed anti-cancer
properties of the 1,2,3-triazole and tetrazole scaffolds, as
depicted in Fig. 1.

Considering the captivating characteristics of triazole, tetra-
zole, and thiadiazole as discussed in the existing literature, we
have synthesized a novel set of twelve 1,2,3-triazole-thiadiazole
hybrid compounds, which adhere to the scaffold depicted in Fig.
1. The cytotoxicity and apoptotic characteristics of the synthe-
sized compounds were assessed in order to ascertain their
potential as anti-cancer agents against human esophageal
squamous cell carcinoma cells KYSE-450, which exhibit
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overexpression of Arora kinase A (ARK-A), and the pancreatic
carcinoma cell line MIA PaCa-2, which exhibits overexpression
of ERK2 (MIA PaCa-2). Subsequently, the derivatives exhi-
biting the highest potential within the series were subjected to
in-vitro testing to evaluate their ability to inhibit kinase activity,
specifically targeting both ARK-A and ERK2.

Results and discussion
Chemistry

The synthesis of target compounds 1-(5-(4-(diethylamino)-2-
((1-phenyl-1H-1,2,3-triazol-4-yl)methoxy)phenyl)-1,3,4-thia-
diazol-2-yl)pyrrolidine-2,5-dione  (9a-I) is presented in
Scheme 1. The intermediate compound of 2-(5-amino-1,3,4-
thiadiazol-2-yl)-5-(diethylamino)phenol (3) was synthesized
by reacting 4-(diethylamino)-2-hydroxybenzaldehyde (1) with
thiosemicarbazide(2) in the presence of tert-butyl hydroper-
oxide (TBHP) in ethanol at room temperature for 4 h. This
reaction resulted in the formation of 2-(5-amino-1,3,4-thia-
diazol-2-yl)-5-(diethylamino)phenol (3) [28]. The amine
compound (3) was protected using succinic anhydride (4)
through a reflux process in water for 2.5 h, followed by being
kept at room temperature overnight. This procedure resulted in
the formation of an N-protected compound, specifically 1-(5-
(4-(diethylamino)-2-hydroxyphenyl)-1,3,4-thiadiazol-2-yl)pyr-
rolidine-2,5-dione (5) [29]. The compound with a hydroxyl
group (5) was subjected to propargylation using propargyl
bromide (6) in the presence of dry K,COj; in dry DMF. This
reaction resulted in the formation of 1-(5-(4-(diethylamino)-2-
(prop-2-ynyloxy)phenyl)-1,3,4-thiadiazol-2-yl)pyrrolidine-2,5-
dione (7). Compound 7 undergoes subsequent reactions with
substituted aryl azides(8a-1) to form triazoles through the uti-
lization of click chemistry, resulting in the production of 1-(5-
(4-(diethylamino)-2-((1-substitutedphenyl-1H-1,2,3-triazol-4-
ylmethoxy)phenyl)-1,3,4-thiadiazol-2-yl)pyrrolidine-2,5-
dione derivatives(9a-1). The products were obtained with
yields ranging from 60% to 70% [30].

Cytotoxic evaluation

The newly synthesized hybrid molecules (9a-l) were screened
against human esophageal squamous cell carcinoma cells
KYSE-450 having ARK-A overexpression, human pancreatic
carcinoma cells MIA PaCa-2 having ERK2 overexpression by
using doxorubicin as a standard drug. The calculated IC5, values
of all compounds are presented in Table 3. The compounds 9b,
9i, and 9j showed superior activity against KYSE-450 cells with
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ICsp of 25.51+1.38, 2539+1.35, and 23.74+1.39uM,
respectively, than the standard drug doxorubicin. Although the
three molecules mentioned above exhibit moderate to good
cytotoxicity, compound 9j demonstrated the lowest ICs, sug-
gesting slightly increased cytotoxic effects against KYSE-450
cells. On the other hand, compounds 9j and 91 showed

promising cytotoxic activity against MIA PaCa-2 cells with ICs,
of 20.62 +2.18 and 19.17 + 1.16 uM, respectively. Both com-
pounds showed superior cytotoxic behavior against MIA PaCa-
2 cells. The remaining compounds failed to significantly affect
the growth and proliferation of both KYSE-450 and MIA PaCa-
2 cells. So these results demonstrated that compounds 9b, 9i,
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Table 1 Anti-cancer activity of the synthesized compounds (9a-l)

Compound IC5p in M
Code

KYSE-450 MIA PaCa-2
9a 4123+1.4 36.59 +3.86
9b 25.51+1.38 29.08 £2.04
9c 35.69+1.76 33.13+2.86
9d 50.17£2.16 42.39+3.04
9e 68.17£3.25 41.75+2.49
9of 30.60 +2.08 28.28£2.29
9g 59.63 £4.63 40.16 £2.74
9h 74.31£5.82 59.13+£3.91
9i 25.39£1.35 22.93+1.67
9j 23.74 +1.39 20.62+2.18
9k 65.03 £6.08 62.17 025
91 46.28 +121. 19.17 +1.16
Doxorubicin 27.06 +2.84 21.31+0.83

Bold values indicate the therapeutic significance of corresponding
molecules

IC50 in uM
w B

F P of o of F oob & I H o > &0
Q

BKYSE-450 ®MIA PaCa-2

Fig. 2 ICs, of newly synthesized series (9a-1) against KYSE-450 and
MIA PaCa cells

and 9j demonstrated moderate to good cytotoxic behavior
against both KYSE-450 and MIA PaCa-2 cells (Table 1 and
Fig. 2). The observed activity of compounds 9b, 9i, 9j, and 91
can be attributed to the presence of either a weak electron-
withdrawing group, such as bromine at the para position, or
moderate to weak electron-donating functional groups, such as
methoxy, methyl, and acetyl groups, at the meta or para
positions.

Morphological observation

The cytotoxic effects of potent compounds (9b, 9i, 9j, and 91)
were determined by observing morphological changes in
KYSE-450 and MIA PaCa-2 cells. Compounds demonstrating
cytotoxic effects commonly display characteristic features
such as cellular shrinkage, membrane rounding, nuclear
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Fig. 3 Morphological examination of selected compounds (9b, 9i, 9j,
and 9l)against KYSE-450 and MIA PaCa-2 cells

condensation, and the formation of vesicular structures within
cells. The identification of morphological changes in cytotoxic
cells through characteristic and typical morphological altera-
tions was critically used to track changes during the course of
therapy. Therefore, an inverted phase contrast microscope was
used to observe the morphological changes. Following a 24 h
exposure to test compounds, KYSE-450 and MIA PaCa-2
cells displayed discernible alterations in their morphology
when compared to control cells, as depicted in Fig. 3. The
examination of the control cells demonstrated that they
maintained their initial morphology and architectural structure.
In contrast, when subjected to specific compounds for a
duration of 24 h, KYSE-450 and MIA PaCa-2 cells displayed
typical cellular morphological changes, such as cellular
rounding, shrinkage, and detachment from adjacent cells.
Compound 9j exhibited a significant impact on the cellular
morphology of KYSE-450 and MIA PaCa-2 cells. Com-
pounds 9b and 9i exhibited a significant impact on the cellular
morphology of KYSE-450 cells, whereas compound 91 eli-
cited a similar effect on MIA PaCa cells Table 2.

Dual kinase inhibition assay

The primary goal of synthesizing novel derivatives is to
enhance the dual inhibition of ARK-A and ERK2, while
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Table 2 Kinase inhibition of compounds 9a-1

Entry Kinase inhibition in ICs5y (uM)
ARK-A ERK2

9a >1 >1

9b 0.034 + 0.166 0.256 +0.134
9c 0.749 +0.133 0.698 +0.135
9d 0.481 +0.095 0.593+0.104
9e 0.251 £0.007 0.459 +0.115
9f 0.547 +0.096 0.689 +0.108
9g 0.531 +0.003 0.028 +0.002
9h 0.813 +0.159 0.782+0.186
9i 0.124 +0.166 0.024 + 0.192
9j 0.018 +0.135 0.017 = 0.124
9k 0.486+0.116 0.509 +0.137
91 0.047 +0.007 0.031 +£0.003
Barasertib 0.021 +0.007 -
Temuterkib - 0.019 +0.003

Bold values indicate the therapeutic significance of corresponding
molecules

simultaneously mitigating their toxic effects. Therefore, the
inhibition of ARK-A/ERK?2 kinase was employed to assess
in vitro enzymatic inhibitory studies that ultimately reflect
the anti-tumor properties of the developed agents. The
inhibition of the ARK-A/ERK?2 kinase was carried out in
accordance with the instructions provided by the developers
of the commercial assay kits. As illustrated in Table 4, it
was observed that out of the twelve synthesized com-
pounds, only one (9j) displayed significant inhibitory
activity against ARK-A and ERK2. This finding suggests
that the strategic design of the compound’s structure played
arole in its observed activity. Compound 9j from the series
exhibited more pronounced inhibition of both ARK-A/
ERK?2 inhibitory activities, as evidenced by ICs, values of
0.018+0.13 and 0.017+£0.124 uM, respectively. Com-
pound 9b exhibited potent inhibitory activity against ARK-
A, with an ICs, value of 0.034 +0.166 uM. Similarly,
compound 91 demonstrated notable activity against ERK-2,
with an ICs, value of 0.024 £ 0.192 uM. The findings of this
study further support the cytotoxic activity of these com-
pounds, as evidenced by their anti-proliferative properties.

Molecular Docking with Aurora-related Kinase A

The ligands exhibit greater binding affinities towards Aurora
kinase A (PDB ID: 1MQ4) in comparison to the standard
reference compound, doxorubicin. The docking scores of
compounds 9a-l exhibit a range spanning from —9.8 to
—10.5 Kcal/mol, surpassing the value of —9.8 Kcal/mol
observed for Doxorubicin (Table 3). The active site pocket of
Aurora kinase A was identified by the CASTp server to

Table 3 The binding energies and interactions of synthesized molecules with Aurora related kinase A (PDB ID: 1IMQ4)

Interacting amino acids

Binding Energy (Kcal/mol)

Compounds

hydrophobic

H-bond

Leul39, Vall47, Alal60, Lys162, Ala213, Tyr219, Glu260, Leu263, Asp274
Leul39, Lys143, Vall47, Alal60, Lys162, Tyr212, Ala213, Leu263, Asp274
Leul39, Lys143, Vall47, Alal60, Lys162, Tyr212, Ala213, Leu263, Asp274
Leul39, Lys143, Vall47, Alal60, Lys162, Tyr212, Ala213, Leu263, Asp274

Lys143, Asp256, Asn261

—10.0

9a

Asp256, Asn261, Trp277

—10.0
-10.3
-10.3
-10.3

9b
9¢

Asp256, Asn261, Trp277

Asp256, Asn261, Trp277
Lys143, Lys162, Asn261

9d
9e

Leul39, Lys141, Lys143, Vall47, Alal60, Lys162, Ala213, Tyr219, Leu263, Asp274

Leul39, Lys143, Vall47, Alal60, Lys258, Leu263, Asp274

Asp256, Glu260, Asn261, Trp277

-9.8
-9.9
—10.2
—10.4

of

Leul39, Phel44, Vall47, Alal60, Ala213, Asn261, Leu263, Asp277

Leul39, Lys143, Vall47, Ala160, Glu260, Leu263, Asp274

Lys162, GInl77, Asp256, Asn261, Asp274

Asp256, Glu260, Asn261, Asp274

Asp256, Asn261

9g

9h
9i

Leul39, Lys143, Vall47, Alal60, Lys162, Tyr212, Ala213, Leu263, Asp274, Trp277
Leul39, Lys143, Vall47, Alal60, Lys162, Ala213, Tyr219, Glu260, Leu263, Asp274
Leul39, Lys143, Phel44, Vall47, Lys162, Glul81, Leu263, Asp274

Leul39, Lys143, Vall47, Alal60, Lys162, Leu263, Asp274
Leul39, Lys141, Gly142, Vall47, Alal60, Ala213, Leu263

Lys162, Asp256, Asn261

—-10.4
—10.5
-10.3

-9.8

9j

Lys141, Lys162, Ala213

9k

Ala213, Asp256, Asn261, Trp277
Lys143, Glu260, Asn261, Asp274

Doxorubicin

—
=)

@ Springer
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Fig. 4 A 3D and (B) 2D Docking pose of compound 9k in the cavity of 1MQ4; C 3D and (D)2D Docking pose of compound 9i in the cavity of
IMQ4; E 3D and F)2D Docking pose of compound 9j in the cavity of 1IMQ4

contain the following amino acids: Leul39, Gly140, Lys141,
Gly142, Lys143, Vall47, Alal60, Lys162, His176, Argl80,
Leul94, Glu211, Ala213, Thr217, Arg255, Glu260, Asn261,
Leu263, Asn277, Trp277, Ser284, Arg285, and Thr292. The
novel ligand molecules have exhibited notable interactions,
encompassing electrostatic or salt bridge interactions, with
crucial residues such as Lys141, Lys143, Lys162, Asp256,
and Asp277. Moreover, the ligands in question establish
hydrogen bonding interactions with GInl77, Ala213, and

@ Springer

Asp256, and also demonstrate n-rt stacking interactions with
Trp277 within the active sites of Arora kinase-A. Compound
9k demonstrated the most pronounced binding affinity with
-10.5 Kcal/mol. The compound demonstrated significant
interactions with amino acid residues Lys141, Lys162, and
Ala213, as well as hydrophobic interactions with Leul39,
Lys143, Phel44, Vall47, Lys162, Glul81, Leu263, and
Asp274 of the protein structure 1IMQ4 (Fig. 4A, B). Com-
pounds 9i and 9j exhibited the second-highest level of binding
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Table 4 The binding energies and interactions of synthesized molecules with extracellular signal-related kinase 2 (PDB ID: 4ZXT)

Interacting amino acids

Binding Energy (Kcal/mol)

Compounds

hydrophobic

H-bond

Ile31, Ala35, Tyr36, Val39, Ala52, Lys54, Ileul56, Aspl67

GInl05, Aspl11, Lys114, Serl153

—8.8
—8.3
—8.2
—8.5
—8.8
—8.4
—8.2
-9.0
—8.5
-93
—8.2
—8.7
—8.3

9a

Ile31, Ala35, Tyr36, Val39, Ala52, Lys54, Aspl11, Lys114, Leul56, Aspl167

Gly34, Ala35s, Tyr36, Arg67, lle84, Lys114, Leul56, Aspl167

GInl05, Aspl11, Lys114, Serl153

Lys54, Asnl54

9b
9c¢

Ile31, Ala35, Tyr36, Val39, Ala52, Lys54, Aspll1, Lys114, Aspl167

GInl05, Aspl11, Lys114, Serl153

9d
9e

Ala35s, Tyr36, Val39, Ala52, Lys54, Aspl11, Lys114, Leul56, Aspl67

GIn105, Asplll, Lys114, Ser153

Aspl1l, Lys114, Ser153

Ile31, Ala35, Tyr36, Val39, Ala52, Lys54, Aspl11, Lys114, Leul56, Aspl167

Ile31, Ala35s, Tyr36, Val39, Lys54, Aspll1, Leul56, Aspl67

of

GIn105, Aspll1l1, Lys114, Ser153

Asplll, Lys114, Serl153

9g

Nle31, Ala35, Tyr36, Val39, Lys54, Aspll1, Lys114, Leul56, Aspl67

%h
9i

Ile31, Ala3s, Tyr36, Val39, Ala52, Lys54, Aspl11, Lys114, Leul56, Aspl167

Ala35, Val39, Lys54, Arg67, Lys151, Leul56, Aspl67

Ile31, Val36, Val39, Ala52, Leul56

GInl105, Aspll1l1, Lys114, Ser153

Tyr39, Arg67, Lys151, SerlS3, Asn154

Glu33, Met108, Asplll

9j

9k
91

Ile31, Ala3s, Tyr36, Val39, Ala52, Lys54, Aspl11, Lys114, Leul56, Aspl167

Ile31, Gly34, Ala35, Tyr36, Aspll11, Serl53, Aspl167

GIn105, Aspll1l, Lys114, Ser153

Lys54, GIn105, Aspl11, Lys114

Doxorubicin

affinity, with a value of —10.4 Kcal/mol. Compound 9i
exhibited notable interactions with Asp256 and Asn26l,
whereas compound 9j displayed substantial interactions with
Lys162, Asp256, and Asn261. Figure 4C-F illustrates the
hydrogen bonding and hydrophobic interactions observed for
compounds 9i and 9j.

Molecular docking with extracellular signal-related
kinase 2 (ERK2)

The synthesized ligand molecules demonstrated binding
energies that were similar to those of the widely accepted
reference compound doxorubicin when they interacted with
ERK2 (PDB ID: 4ZXT). The compounds 8a - 8l exhibited
docking scores ranging from —8.2 to —9.3 Kcal/mol, while
doxorubicin demonstrates a docking score of —8.3 Kcal/mol.
According to Table 4, The active site pocket of ERK2 is
composed of specific amino acids, namely Ile31, Gly32,
Glu33, Gly34, Ala35, Tyr36, Gly37, Met38, Val39, Ala52,
Lys54, Lys55, 1le56, Arg67, Thr68, Glu71, Ile72, Leu75,
Ile84, Ile103, GIn105, Aspl106, Leul07, Met108, Glul09,
Thr110, Aspl11, Lys114, Asp149, Lys151, Ser153, Asnl154,
Leul56, Ile165, Asp167, Gly169, and Leul70. These amino
acids were determined using the CASTp server. The novel
ligand molecules have demonstrated significant interactions
with the active sites Glu33, Tyr39, Lys54, Arg67, GInl05,
Metl08, Aspll1, Lys114, Ser153, and Asnl154 of ERK2.
Compound 9j exhibited the most notable binding affinity
with a value of —9.3 Kcal/mol. The compound demonstrated
hydrogen bonding interactions with Tyr39, Arg67, Lys151,
Serl153, Asnl54, as well as hydrophobic interactions with
Ala35, Val39, Lys54, Arg67, Lys151, Leul56, and Asp167
of ERK2, as depicted in Fig. 5A, B. The interactions of 9h
with 4ZXT (Fig. 5C, D) were characterized by its key
interactions with Asplll, Lys114, Serl53, as well as
hydrophobic interactions involving Ile31, Ala35, Tyr36,
Val39, Lys54, Aspl11, Lys114, Leul56, and Aspl67.

Conclusion

Fused heterocyclic ring systems have attracted significant
attention as promising candidates for cancer therapy. In
recent studies, it has been demonstrated that derivatives of
imidazothiadiazol-yl)-1H-Indole exhibit promising potential
as therapeutic agents for the treatment of pancreatic cancer
[28]. In the present work, a new series of molecular hybrids
containing 1,2,3-triazole and thiazolidinediones were syn-
thesized and evaluated for their anti-cancer activity against
human esophageal carcinoma cell lines KYSE-450 and
human pancreatic carcinoma cell line MIA PaCa-2 cells.
Docking studies revealed that 9k, 9j, and 9i showed sig-
nificant docking scores with the ARK-A receptor, indicating
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Fig. 5 A 3D and (B) 2D Docking pose of compound 9j in the cavity of 4ZXT; (C) 3D and (D) 2D Docking pose of compound 9h in the cavity of

4ZXT

strong binding interactions. Molecules 9j and 9 h exhibited
significant binding interactions with the ERK-2 receptor
indicating inhibitory activity. Cytotoxic data examined that
compounds 9b, 9i, 9j, and 91 showed promising activity
against KYSE-450 and MIA PaCa-2 cells. Among all
compounds tested, compound 9j showed superior anti-
cancer potential compared to the standards. The other
compounds showed moderate to weak activities against the
cell lines. Further, Kinase inhibition of compound 9j
showed a substantially higher effect against ARK-A and
ERK-2 enzymes in-vitro. The synthesized compounds are
better lead compounds for developing new anti-cancer
agents.

Experimental
General experimental methods

Unless specified, all the chemicals and solvents were pur-
chased from commercial vendors and used for further
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purification.'H NMR and '>C NMR spectra were recorded
in DMSO using 500 MHz spectrometers (Bruker Avance 111
500 MHz). Chemical shift values are displayed as ppm, and
spin multiplicities are indicated as singlet (s); doublet (d);
doublet of doublet (dd); triplet(t); multiplets (m); and cou-
pling constants are shown in hertz. Column chromato-
graphy was performed on silica gel (60-120 mesh) using
distilled hexane and ethyl acetate solvents. Mass and
Infrared spectra were recorded on QSTAR XL GCMS,
Perkin Elmer spectrum-2 mass spectrometer. Melting points
were determined in an open glass capillary tube on a Stuart
MP2. Melting Point apparatus and were uncorrected.
Synthesis of 2-(5-amino-1,3,4-thiadiazol-2-yl)-5-(die-
thylamino)phenol (3): The compound 4-(diethylamino)-2-
hydroxybenzaldehyde (1) was dissolved in ethanol and
combined with thiosemicarbazide(2) at room temperature.
The resulting mixture was stirred for 2 h. Subsequently, the
reaction mixture was cooled to a temperature of 0-5 °C, and
tert-butyl hydroperoxide (TBHP) was gradually introduced
to the reaction under inert conditions. The reaction was then
allowed to continue stirring for an additional 35 h. Upon the
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completion of the reaction, the solvent was evaporated, and
the resulting residue was combined with crushed ice. The
mixture was subjected to three extractions using 100 mL of
ethyl acetate each time. The resulting solution was then
dried using anhydrous sodium sulfate and subsequently
evaporated under reduced pressure. This process yielded 2-
(5-amino-1,3,4-thiadiazol-2-yl)-5-(diethylamino) phenol (3)
with a 60% yield [28].

Synthesis of 1-(5-(4-(diethylamino)-2-hydroxyphenyl)-
1,3,4-thiadiazol-2-yl)pyrrolidine-2,5-dione (5): The com-
pound  2-(5-amino-1,3,4-thiadiazol-2-yl)-5-(diethylamino)
phenol (3) was subjected to amine protection using succinic
anhydride (4) in a reflux setup with water for a duration of
2.5 h. The reaction mixture was then allowed to stand at room
temperature overnight to yield the desired product [29].

Synthesis of 1-(5-(4-(diethylamino)-2-(prop-2-ynyloxy)
phenyl)-1,3,4-thiadiazol-2-yl)pyrrolidine-2,5-dione (7): The
reaction involved the addition of a mixture of compound §
and dry K,CO; in dry DMF to propargyl bromide (6),
followed by stirring for 4 h. The progress of the reaction
was assessed through TLC. Upon completion, the reaction
mixture was transferred into crushed ice and vigorously
agitated. The resulting precipitate was subsequently filtered
to yield 1-(5-(4-(diethylamino)-2-(prop-2-ynyloxy)phenyl)-
1,3,4-thiadiazol-2-yl) pyrrolidine-2,5-dione (7), and was
purified using column chromatography with eluaenr of ethyl
acetate and hexane in a ratio of 4:6.

General procedure for the synthesis of 1-(5-(4-(diethy-
lamino)-2-((1-phenyl-1H-1,2,3-triazol-4-yl)methoxy)phe-
nyl)-1,3,4-thiadiazol-2-yl)pyrrolidine-2,5-dione hybrids
(9a-1): To a solution of compound (7) (0.1 mmol) and
appropriate aryl azides(8a-1) (0.15 mmol) in DMF: H,O was
added CuSO4.5H,O (3mol%) with sodium ascorbate
(5 mol%) and stirred at room temperature for 6-8 h. TLC
monitored the completion of the reaction. Upon completion
of the reaction, mass was purified by column chromato-
graphy using hexane/ ethyl acetate (1:3) to afford titled
compounds (9a-l)with good yields of 60-70% [30].

Anti-cancer activity
Cellular Cytotoxicity Assays

Esophageal squamous cell carcinoma with ARK-A over-
expression (KYSE-450), Pancreatic carcinoma cell line with
ERK2 overexpression (MIA PaCa-2)were provided by the
Center for Cellular and Molecular Biology (CCMB),
Hyderabad, India. Cells were cultured in RPMI 1640
medium supplemented with 10% FBS, and Penicillin
100 U/mL and Streptomycin 100 U/mL were added. Cell
cultures were maintained in a humidified atmosphere of 5%
CO, at 37°C. Cells were seeded at respective densities
(2.5 x 10*/mL) in 96-well plates in a volume of 180 uL per

well. After seeding for 24 h, the medium was removed. The
test compounds were dissolved in DMSO and diluted with a
culture medium to different concentrations (the final con-
centration of DMSO was 0.1%). Then, 20 uL of the test
compound solution (9a-l)was added in duplicates, and
incubation continued for 48 h in a humidified atmosphere of
5% CO, at 37 °C. After removing the medium, 20 pLof
methyl thiazolyl diphenyl-tetrazolium bromide (MTT) was
added to each well and incubated for 3—4 h. The growth
medium was replaced by 150 uL. DMSO to solubilize the
purple formazan crystals produced, and the absorbance was
measured on a microplate reader at 570 nm. The compound
IC5o values were calculated using Graph Pad Prism 5.0.
Data represented as mean+SD from three independent
experiments.

Morphological Observation using Phase contrast
microscopy

Observation of morphological changes of cytotoxic effect
was performed according to the method with slight mod-
ifications. Briefly, 5 x 10° cells were incubated for 48 h with
or without selected compounds (9b, 9i, 9j, and 91) at double
1C5, concentrations in 60 mm diameter tissue culture dishes.
The medium was discarded, and cells were washed once
with PBS. The morphological changes of the cytotoxic
effect over the treatment were observed using a phase
contrast inverted microscope (Leica DMI 3000B, Germany)
at 200x magnifications.

Kinase inhibitory assays

Selectivity screening of newly synthesized compounds (9a-
Dagainst aurora kinase A (ARK-A) and extracellular regu-
lated kinase 1 (ERK1) kinases was performed by using
PromegaADP-Glo™ bioluminescent detection of kinase
assay kit as per the manufacturer’s guidelines. Two kinases,
ARK-A and ERK1, were used in multipoint dose-response
experiments. The kinase and substrate strips were diluted in
45 pL of 5x kinase buffer solution and 7.5 uL of 200 uM
ATP, respectively. Kinase reactions were performed using
1 uL of the compound solution at varying concentrations
(0.05-50 uM), 3 uL of kinase working stock, and 3 pL of
ATP/substrate working stock. After 1 h incubation at room
temperature, kinase activity was quantified using the ADP-
Glo Kinase Assay (Promega Corporation, Madison, WI,
USA). Kinase inhibition was quantified using a lumines-
cence microplate spectrophotometer Infinitive M1000
(Tecan, Groding, Austria). The concentration of the test
compounds required to decrease the kinase activity by 50%
was determined using ImagelJ software and identified as the
ICso. This study measures the quantitative behavior of
ARK-A/ERK?2 inhibition.
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Molecular docking studies

Molecular docking is a reliable, cost-effective, and time-
saving technique in drug discovery [31]. AutodockVina of
PyRx tool is an open-source software tool [32] used for
performing docking studies. AutodockVina uses an
empirical scoring function to calculate the binding affinity
of the protein-ligand complex [33]. For a better under-
standing of the binding interactions between ligand mole-
cules and target cancer cells, the crystal structure of the
breast cancer drug target aurora-related kinase A (PDB ID:
1IMQ4) [34] and lung cancer target extracellular signal-
related kinase 2 (ERK2) (PDB ID: 4ZXT) [35] were
retrieved from Protein Data Bank (www.rcsb.org). The
proteins were prepared by using the Biovia Discovery
Studio software tool. Initially, water molecules were
removed, and polar hydrogens were added to a macro-
molecule. The ligands were sketched using the Chemsketch
tool (www.acdlabs.com) and saved in MDL file format.
Both target and ligand molecules were loaded into the PyRx
tool. The energies of ligands were minimized and converted
to PDBQT file format. The protein was chosen as a mac-
romolecule. The active site pockets of target molecules were
determined by CASTp online server [36, 37]. The 3D grid
box was set up in such a way as to cover the active site
pocket of the target molecule and docking simulations were
performed. After docking, conformations were ranked
according to their binding energy, and the confirmation with
the lowest binding energy was considered the best docking
score. The docking results were visualized using PyMOL
and Biovia Discovery Studio Visualizer.

Spectral data of Target compounds

2-(5-(4-(diethylamino)-2-((1-phenyl-1H-1,2,3-triazol-4-
yl)methoxy)phenyl)-1,3,4-thiadiazol-2-yl)cyclopentane-1,3-
dione (9a): Yield 60%, mp: 124-126 °C; Rf = 0.34 (EtOAc:
n-Hexane 2:3);'H NMR (500 MHz, DMSO-dg) & 8.55 (s,
1H), 7.73 (d, J=7.6Hz, 1H), 7.59-7.53 (m, 2H),
7.52-7.44 (m, 2H), 7.42-7.35 (m, 1H), 6.78 (d, J =2.3 Hz,
1H), 6.52 (s, 1H), 5.38 (s, 2H), 3.47 (q, J="7.0 Hz, 4H),
2.71 (s, 4H), 1.12 (t, J = 7.0 Hz, 6H); >*C NMR (125 MHz,
DMSO-dg) & 174.10, 157.78, 156.66, 153.41, 150.82,
146.25, 135.72, 129.36, 129.19, 126.91, 120.13, 119.15,
114.14, 106.52, 98.39, 58.57, 43.83, 28.14, 11.66. LC-MS
[M +H]"; 502.59: Elemental analysis, Calculated, %:
CrsHysNGO5S: C, 62.13; H, 5.21; N, 16.72; Found %: C,
62.08; H, 5.16; N, 16.68;

2-(5-(2-((1-(4-bromophenyl)-1H-1,2,3-triazol-4-yl)meth-
oxy)-4-(diethylamino)phenyl)-1,3,4-thiadiazol-2-yl)cyclo-
pentane-1,3-dione  (9b): Yield 63%, mp: 121-123°C;
Rf=0.42 (EtOAc:n-Hexane 2:3); '"H NMR (500 MHz,
DMSO-dg) 6 8.55 (s, 1H), 7.73 (d, J=7.6 Hz, 1H), 7.70-7.58
(m, 4H), 6.78 (d, /=2.3 Hz, 1H), 6.52 (s, 1H), 5.38 (s, 2H),
3.47 (q,J=7.0Hz, 4H), 2.71 (s, 4H), 1.12 (t, / = 7.0 Hz, 6H);
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3C NMR (125 MHz, DMSO-dy) & 174.14, 157.82, 156.70,
153.45, 150.86, 146.29, 134.53, 133.05, 129.23, 120.91,
119.22, 119.06, 114.18, 106.56, 98.43, 58.61, 43.87, 28.18,
11.70: LC-MS [M + H]"; 581.48 Elemental analysis, Calcu-
lated, %: C26H25BTN603SIC,53.70; H, 433, N, 1445, Found
%: C,53.67; H, 4.31; N, 14.41
2-(5-(2-((1-(2-chlorophenyl)-1H-1,2,3-triazol-4-yl)meth-
oxy)-4-(diethylamino)phenyl)-1,3,4-thiadiazol-2-yl)cyclo-
pentane-1,3-dione (9¢): Yield 61%, mp: 127-129 °C;
Rf=0.40 (EtOAc: n-Hexane 2:3); 'H NMR (500 MHz,
DMSO-dg) 6 8.46 (s, 1H), 7.79-7.71 (m, 2H), 7.52-7.44
(m, 2H), 7.37 (dd, J="7.0, 1.3 Hz, 1H), 6.78 (d, / =2.3 Hz,
1H), 6.52 (s, 1H), 5.37 (s, 2H), 3.47 (q, /= 7.0 Hz, 4H),
2.71 (s, 4H), 1.12 (t, J = 7.0 Hz, 6H); *C NMR (125 MHz,
DMSO-dg) 6 174.13, 157.81, 156.69, 153.44, 150.85,
145.82, 135.02, 130.96, 129.22, 128.19, 127.53, 127.13,
120.42, 119.22, 114.17, 106.55, 98.42, 58.77, 43.86, 28.17,
11.69. LC-MS [M +H]"; 537.03: Elemental analysis,
Calculated, %: C,gH,5CINgO5S: C, 58.15; H, 4.69; N,
15.65; Found %: C, 58.11; H, 4.64; N, 15.61;
2-(5-(2-((1-(4-chlorophenyl)-1H-1,2,3-triazol-4-yl)meth-
0xy)-4-(diethylamino)phenyl)-1,3,4-thiadiazol-2-yl)cyclo-
pentane-1,3-dione (9d): Yield 65%, mp: 129-131 °C;
Rf=0.40 (EtOAc: n-Hexane 2:3); '"H NMR (500 MHz,
DMSO-dg) & 8.55 (s, 1H), 7.76-7.70 (m, 3H), 7.48-7.42
(m, 2H), 6.78 (d, /= 2.3 Hz, 1H), 6.52 (s, 1H), 5.38 (s, 2H),
347 (q, J=7.0Hz, 4H), 2.71 (s, 4H), 1.12 (t, J="7.0 Hz,
6H); '*C NMR (125 MHz, DMSO-d¢) & 174.10, 157.78,
156.66, 153.41, 150.82, 146.25, 134.17, 134.06, 129.65,
129.19, 121.52, 119.14, 114.14, 106.52, 98.39, 58.57,
43.83, 28.14, 11.66. LC-MS [M + H]'; 537.03 Elemental
analysis, Calculated, %: C,sH,5CINgO5S: C, 58.15; H, 4.69;
N, 15.65; Found %: C, 58.11; H, 4.64; N, 15.61;
2-(5-(4-(diethylamino)-2-((1-(4-hydroxyphenyl)-1H-
1,2,3-triazol-4-yl)methoxy)phenyl)-1,3,4-thiadiazol-2-yl)
cyclopentane-1,3-dione (9e): Yield 60%, mp: 127-129 °C;
Rf = 0.30 (EtOAc: n-Hexane 2:3); '"H NMR (500 MHz,
DMSO-dg) 6 9.12 (s, 1H), 8.54 (s, 1H), 7.76-7.66 (m, 3H),
6.97-6.90 (m, 2H), 6.78 (d, J=2.3 Hz, 1H), 6.52 (s, 1H),
5.38 (s, 2H), 3.47 (q, J="7.0 Hz, 4H), 2.71 (s, 4H), 1.12 (4,
J=17.0Hz, 6H); '3C NMR (125 MHz, DMSO-d,) & 174.14,
157.82, 156.70, 156.14, 153.45, 150.86, 146.28, 129.23,
129.00, 121.41, 119.55, 116.77, 114.18, 106.56, 98.43,
58.61, 43.87, 28.18, 11.70. LC-MS [M +H]"; 518.59:
Elemental analysis, Calculated, %: C,gHpcNgO4S: C, 60.22;
H, 5.05; N, 16.21; Found %: C, 60.18; H, 5.01; N, 16.17;
2-(5-(4-(diethylamino)-2-((1-(2-methoxyphenyl)-1H-
1,2,3-triazol-4-yl)methoxy)phenyl)-1,3,4-thiadiazol-2-yl)
cyclopentane-1,3-dione (9f): Yield 62%, mp: 121-123 °C;
Rf=0.44 (EtOAc: n-Hexane 2:3); '"H NMR (500 MHz,
DMSO-dg) & 8.44 (s, 1H), 7.76-7.69 (m, 2H), 7.40 (dd,
J=17.1,1.1Hgz, 1H), 7.18 (dd, J=7.1, 1.4 Hz, 1H), 7.05 (d,
J=1.3Hz, 1H), 6.78 (d, /= 2.3 Hz, 1H), 6.52 (s, 1H), 5.38
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(s, 2H), 3.84 (s, 3H), 3.47 (q, J = 7.0 Hz, 6H), 2.71 (s, 4H),
1.12 (t, J = 7.0 Hz, 6H); >C NMR (125 MHz, DMSO-d) &
174.12, 157.80, 156.68, 153.43, 153.19, 150.84, 145.26,
129.21, 127.97, 126.20, 124.21, 119.25, 119.06, 114.16,
113.38, 106.54, 98.41, 58.76, 55.06, 43.85, 28.16, 11.68.
LC-MS [M+H]"; 532.61: Elemental analysis, Calcu-
lated,%:: Co7HosNO4S: C, 60.89; H, 5.30; N, 15.78; Found
%: C, 60.84; H, 5.26; N, 15.73;
2-(5-(4-(diethylamino)-2-((1-(4-methoxyphenyl)-1H-
1,2,3-triazol-4-yl)methoxy)phenyl)-1,3,4-thiadiazol-2-yl)
cyclopentane-1,3-dione (9g): Yield 67%, mp: 126-128 °C;
Rf=0.44 (EtOAc: n-Hexane 2:3); '"H NMR (500 MHz,
DMSO-dg) & 8.53 (s, 1H), 7.73 (d, J=7.6Hz, 1H),
7.66-7.59 (m, 2H), 7.06-6.99 (m, 2H), 6.78 (d, J=2.3 Hz,
1H), 6.52 (s, 1H), 5.38 (s, 2H), 3.76 (s, 3H), 3.47 (q,
J=17.0Hz, 6H), 2.71 (s, 4H), 1.12 (t, J = 7.0 Hz, 6H); 1°C
NMR (125 MHz, DMSO-dg) & 174.06, 159.15, 157.74,
156.62, 153.37, 150.78, 146.20, 130.05, 129.15, 121.39,
119.47, 114.62, 114.10, 106.48, 98.35, 58.53, 54.62, 43.79,
28.10, 11.62: LC-MS [M + HJ*; 532. Elemental analysis,
Calculated,%: C,7H3NgO4S: C, 60.89; H, 5.30; N, 15.78;
Found %: C, 60.84; H, 5.26; N, 15.73;
2-(5-(4-(diethylamino)-2-((1-(o-tolyl)-1H-1,2,3-triazol-
4-yl)methoxy)phenyl)-1,3,4-thiadiazol-2-yl)cyclopentane-
1,3-dione (9h): Yield 61%, mp: 119-121°C; Rf=0.45
(EtOAc: n-Hexane 2:3); '"H NMR (500 MHz, DMSO-dg) &
8.57 (s, 1H), 7.73 (d, J=7.6 Hz, 1H), 7.69 (d, /= 1.4 Hz,
1H), 7.41 (dd, J=17.1, 1.4 Hz, 1H), 7.29-7.19 (m, 2H), 6.78
(d, J=2.3Hz, 1H), 6.52 (s, 1H), 5.38 (s, 2H), 3.47 (q,
J=7.0Hz, 6H), 2.71 (s, 4H), 2.32 (s, 3H), 1.12 (t,
J=7.0Hz, 6H); *C NMR (125 MHz, DMSO-d) 6 174.12,
157.80, 156.68, 153.43, 150.84, 145.86, 135.89, 132.10,
130.34, 129.21, 127.92, 126.79, 119.97, 119.08, 114.16,
106.54, 98.41, 58.76, 43.85, 28.16, 16.84, 11.68. LC-MS
[M+H]"; 516.61: Elemental analysis, Calculated,%:
Cy7HgNeO5S: C, 62.77; H, 5.46; N, 16.27; Found %: C,
62.73; H, 5.42; N, 16.24;
2-(5-(4-(diethylamino)-2-((1-(p-tolyl)-1H-1,2,3-triazol-
4-yl)methoxy)phenyl)-1,3,4-thiadiazol-2-yl)cyclopentane-
1,3-dione (9i): Yield 64%, mp: 124-126°C; Rf=0.47
(EtOAc: n-Hexane 2:3); '"H NMR (500 MHz, DMSO-d;) &
8.54 (s, 1H), 7.73 (d, J=17.6 Hz, 1H), 7.67-7.61 (m, 2H),
7.29-7.23 (m, 2H), 6.78 (d, J=2.3 Hz, 1H), 6.52 (s, 1H),
5.38 (s, 2H), 3.47 (q, J = 7.0 Hz, 6H), 2.71 (s, 4H), 2.36 (s,
3H), 1.12 (t, J = 7.0 Hz, 6H); '*C NMR (125 MHz, DMSO-
de) O 174.12, 157.80, 156.68, 153.43, 150.84, 146.27,
136.51, 133.96, 129.87, 129.21, 119.65, 119.24, 114.16,
106.54, 98.41, 58.59, 43.85, 28.16, 20.41, 11.68. LC-MS
[M+H]"; 516.61: Elemental analysis, Calculated,%:
Cy7HsNeO3S: C, 62.77; H, 5.46; N, 16.27; Found %: C,
62.73; H, 5.42; N, 16.24;
2-(5-(2-((1-(3-acetylphenyl)-1H-1,2,3-triazol-4-yl)
methoxy)-4-(diethylamino)phenyl)-1,3,4-thiadiazol-2-yl)

cyclopentane-1,3-dione (9j): Yield 63%, mp: 127-129 °C;
Rf=0.35 (EtOAc: n-Hexane 2:3); 'H NMR (500 MHz,
DMSO-dg) & 8.64 (s, 1H), 8.15 (s, 1H), 7.83 (d,
J=13Hz, 1H), 7.73 (d, J=7.6Hz, 1H), 7.68 (d,
J=1.4Hz, 1H), 7.59 (dd, J=7.3, 7.3Hz, 1H), 6.78 (d,
J=23Hz, 1H), 6.52 (s, 1H), 5.38 (s, 2H), 3.47 (q,
J=7.0Hz, 4H), 2.71 (s, 4H), 2.62 (s, 3H), 1.12 (t,
J=7.0Hz, 6H); 3C NMR (125MHz, DMSO-d¢) &
196.85, 174.14, 157.82, 156.70, 153.45, 150.86, 146.37,
137.58, 137.05, 129.23, 129.20, 125.54, 121.49, 119.02,
118.80, 114.18, 106.56, 98.43, 58.61, 43.87, 28.18, 26.06,
11.70. LC-MS [M +H]*"; 544.62: Elemental analysis,
Calculated,%: C,gH,3NO,4S: C, 61.75; H, 5.18; N, 15.43;
Found %: C, 61.71; H, 5.14; N, 15.41;

2-(5-(2-((1-(4-acetylphenyl)-1H-1,2,3-triazol-4-yl)
methoxy)-4-(diethylamino)phenyl)-1,3,4-thiadiazol-2-yl)
cyclopentane-1,3-dione  (9k):  Yield 68%, mp:
131-133 °C; Rf = 0.34 (EtOAc: n-Hexane 2:3); '"H NMR
(500 MHz, DMSO-dg) & 8.59 (s, 1H), 7.95-7.89 (m, 2H),
7.77-7.71 (m, 3H), 6.78 (d, J = 2.3 Hz, 1H), 6.52 (s, 1H),
5.38 (s, 2H), 3.47 (q, J=7.0Hz, 4H), 2.71 (s, 4H), 2.56
(s, 3H), 1.12 (t, J=7.0Hz, 6H); '3C NMR (125 MHz,
DMSO-dg) 6 196.05, 174.08, 157.76, 156.64, 153.39,
150.80, 146.23, 137.51, 134.71, 129.90, 129.17, 119.36,
119.16, 114.12, 106.50, 98.37, 58.55, 43.81, 28.12,
25.70, 11.64. LC-MS [M + H]";544.62: Elemental
analysis, Calculated,%: C,3H,3NgO4S : C, 61.75; H, 5.18;
N, 15.43; Found %: C, 61.71; H, 5.14; N, 15.41;

2-(5-(4-(diethylamino)-2-((1-(4-nitrophenyl)-1H-1,2,3-
triazol-4-yl)methoxy)phenyl)-1,3,4-thiadiazol-2-yl)cyclo-
pentane-1,3-dione (91): Yield 70%, mp: 137-139 °C; Rf =
0.34 (EtOAc:n-Hexane 2:3); '"H NMR (500 MHz, DMSO-
de) 6 8.57 (s, 1H), 8.37-8.30 (m, 2H), 7.97-7.90 (m, 2H),
7.73 (d, J="7.6 Hz, 1H), 6.78 (d, J=2.3 Hz, 1H), 6.52 (s,
1H), 5.38 (s, 2H), 3.47 (q, J=7.0Hz, 4H), 2.71 (s, 4H),
1.12 (t, J = 7.0 Hz, 6H); '*C NMR (125 MHz, DMSO-d;) &
174.10, 157.78, 156.66, 153.41, 150.82, 148.94, 146.32,
138.89, 129.19, 125.32, 120.52, 119.66, 114.14, 106.52,
08.39, 58.57, 43.83, 28.14, 11.66 LC-MS [M +H]";
547.59: Elemental analysis, Calculated,%: C,sH,5N;0sS:
C, 57.03; H, 4.60; N, 17.91; Found %: C, 56.98; H, 4.56;
N, 17.87,

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00044-023-03132-9.
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