a

v
A4

This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

http://pubs.acs.org/journal/acsodf

Synthesis and Evaluation of Thiazolyl-indole-2-carboxamide
Derivatives as Potent Multitarget Anticancer Agents

Njood M. Saadan, Wahid U. Ahmed, Adnan A. Kadi, Maha S. Al-Mutairi, Reem I. Al-Wabli,*

and A. F. M. Motiur Rahman*

Cite This: ACS Omega 2024, 9, 41944-41967

I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | @ Supporting Information

ABSTRACT: Cancer is a complex disease driven by the
dysregulation of multiple signaling pathways and cellular processes.
The development of compounds capable of exerting multitarget
actions against these key pathways involved in cancer progression is
a promising therapeutic approach. Here, a series of novel (E/Z)-N-
(4-(2-(2-(substituted ) hydrazineyl)-2-oxoethyl) thiazol-2-yl)-1H-in-
dole-2-carboxamide derivatives (6a—6z) were designed, synthe-
sized, and evaluated for their biological activity. Compounds 6e, 6i,
6q, 6v, 7a, and 7b exhibited exceptional cytotoxicity against various
cancer cell lines, particularly 6i (ICs, = 6.10 + 0.4 uM against
MCEF-7 cell lines) and 6v (IC, = 6.49 + 0.3 uM against MCF-7
cell lines). These potent compounds inhibited key protein kinases
like EGFR, HER2, VEGFR-2, and CDK2, induced cell cycle arrest
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a  6i (IC5, = 6.10 pM, MCF cell lines) (R = H)
a  6v (ICs, = 6.49 uM, MCF cell lines) (R = OCH,)
* Induced cell cycle arrest at G2/M phase
* Potential VEGFR2/CDK2 kinase inhibitors
* Acting as ATP competitive inhibitors

Binding pocket formation
1’10’01

at the G2/M phase, and promoted apoptosis. Docking studies revealed improved binding affinity of 6i and 6v with target proteins
compared to reference drugs. These findings highlight the promising potential of 6i and 6v as multitarget cancer therapeutics

deserving further development.

Bl INTRODUCTION

Cancer is a global health concern, with significant incidence
and mortality rates worldwide." In Saudi Arabia, it is the
second leading cause of death, prompting initiatives to improve
research and interventions.”” Cancer is a complex disease
influenced by genetic, environmental, and lifestyle factors,
resulting in abnormal cell growth.*”” Comprehensive under-
standing of these factors is crucial for implementing preventive
measures and developing targeted interventions. Cancers are
categorized based on the resemblance of tumor cells to specific
cell types, indicating their presumed origin. The main
categories include carcinomas, sarcomas, lymphomas and
leukemias, germ cell tumors, and blastomas.® "' Early
detection and personalized treatment plans are vital for
improving outcomes in cancer patients. Polypharmacology,'”
a subfield focusing on multitarget compounds,” offers
promising solutions to overcome drug resistance and improve
treatment efficacy. Cancer development involves complex
cellular and molecular mechanisms,"* including genetic
mutations,15 activation of oncogenes,16 inactivation of tumor
suppressor genes,'” genomic instability,'® and dysregulation of
signaling pathways.'®™' Understanding these mechanisms
guides the development of targeted therapies and immune-
based approaches to combat cancer. Cancer diagnosis involves
a range of imaging techniques,22 such as X-ray, ultrasound,™
CT scans,”* and MRL>* fluorescence imaging technique,zs’26
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boron neutron therapy (BNCT),””™*° positron emission

tomography (PET),>"*” to visualize tumors and assess their
characteristics. Laboratory tests, including blood tests™ and
biopsies,”* are also used to detect cancer and examine tissue
samples for cancer cells. Staging systems,” such as the TNM
system,*® help determine the extent of tumor growth, lymph
node involvement, and distant metastasis, providing a
standardized approach to guide treatment decisions and
predict prognosis. Accurate diagnosis and staging are crucial
for effective cancer management and monitoring treatment
outcomes.”” Cancer management involves a variety of
treatment modalities tailored to individual patient needs.
Surgical intervention aims to remove tumors,>® while radlatlon
therapy uses h1§h energy radiation to destroy cancer cells.”’

Chemotherapy targets rapidly dividing cells, immunother-
apy®’ enhances the immune response against cancer, and
targeted therapies*' address specific molecular abnormalities.
Hormone therapy”” disrupts hormone-driven growth, and
combination therapies aim for improved outcomes. Personal-
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Chart 1. Some Examples of Indole/Thiazole-Containing Marketed Anticancer Drugs
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Chart 2. Example of Some Hydrazine-Containing Known Drugs and Recently Reported Molecules
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ized treatment plans consider cancer characteristics, stage,
patient health, and preferences to optimize effectiveness and
minimize side effects. Innovations like precision medicine and
personalized therapy™” base treatments on genetic profiles and
tumor characteristics.”* Immunotherapies, including immune
checkpoint inhibitors*> and CAR-T cell therapy,*® have
transformed cancer treatment by boosting the immune
response. Key areas of research focus on overcoming drug
resistance and targeting tumor heterogeneity and the tumor
microenvironment. Tyrosine kinases, which play a critical role
in cell signaling and are often overexpressed in cancers, are
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rational targets for therapy.”’~*’ Inhibiting tyrosine kinases,
such as EGFR, HER2, and VEGFR-2, disrupts tumor growth
signaling, and tyrosine kinase inhibitors (TKIs) have emerged
as effective targeted therapies.”’”>> Ongoing research seeks to
identify new therapeutic targets and optimize strategies for
various cancers, underscoring the continuous pursuit of
improved treatments.

Heterocyclic compounds, such as indoles and thiazoles, have
revolutionized cancer therapy (Chart 1).°°™*° The success of
the tyrosine kinase inhibitor (TKI) imatinib in treating chronic
myeloid leukemia inspired the exploration of heterocyclic-
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Figure 1. Designed potential TKI from indole, triazole, and aldehydes.

based TKIs for various cancers.”” These compounds selectively
target proteins involved in cancer signaling pathways, like
EGFR, HER2, and VEGFR, leading to improved efficacy and
reduced side effects.”’ Indole-based compounds have demon-
strated versatility in targeting multiple molecular pathways
critical for cancer progression, including inhibition of protein
kinases, tubulin assembly, and DNA repair enzymes.®* Indoles
can also induce apoptosis and modulate gene expression,
contributing to their potential as anticancer agents.’”®*
Thiazole derivatives, such as tiazofurin and epothilone D,
exhibit diverse mechanisms of action in cancer treatment,
including inhibition of nucleotide metabolism, microtubule
stabilization, and targeting of tyrosine kinases.’*”°® Dasatinib
and masitinib, two notable thiazole-based TKIs, have shown
therapeutic potential in treating chronic myeloid leukemia,
acute lymphoblastic leukemia, and other cancers.”’ "' The
versatility and broad range of biological activities associated
with heterocyclic compounds, particularly indoles and
thiazoles, continue to drive research and innovation in the
field of anticancer drug discovery. Ongoing exploration of
these scaffolds holds great promise for the development of
novel, more effective, and targeted cancer therapies.56_59

Hydrazide/hydrazone-containing compounds have demon-
strated remarkable versatility and significant contributions in
various medical fields (Chart 2). Examples include Zorubi-
cin,*”’* an anthracycline anticancer drug; Nifuroxazide, an
antibiotic; Olaparib, a PARP inhibitor for cancer treat-
ment;”>’® Indapamide, a diuretic for hypertension manage-
ment; Furazolidone and Nitrofurazone, antibiotics for
infections; and Bisantrene, an anticancer agent.77—80 These
compounds exhibit diverse mechanisms of action, ranging from
inhibiting DNA replication to modulating ion transport and
protein synthesis. The successful utilization of hydrazide/
hydrazone compounds highlights their potential for further
exploration and development in drug discovery. Fragment
hybridization, combining multiple bioactive fragments into a
single molecule, offers a promising strategy in medicinal
chemistry for creating novel compounds with improved
therapeutic efficacy.”’

Masitinib, a potent compound with significant applications
in cancer treatment, is synthesized through a complex
multistep process involving the protection, deprotection, and
coupling of various intermediate compounds, ultimately
resulting in the formation of the desired product.”"**~*
Sunitinib, a potent anticancer drug used for the treatment of
certain malignancies, is synthesized through a multistep
pathway involving reactions such as nitration, hydroxyimine
formation, esterification, condensation, hydrolysis, and cou-
pling, which result in the construction and modification of key
functional groups leading to the final product.87_94 Dasatinib, a
potent anticancer drug, can be synthesized through various
methods involving condensation reactions and subsequent
modifications of key intermediates.’”~"%*>71% However, some
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of the synthesis routes involve multiple steps and require the
use of hazardous reagents, which can be time-consuming,
costly, and pose challenges in terms of process scalability.
Therefore, the synthesis of dasatinib may have disadvantages
such as complexity, potential safety concerns, and limitations in
large-scale production.

As we have learned from the above discussion, the indole
and thiazole heterocycles are privileged structures in medicinal
chemistry, known for diverse biological activities. Indole-based
compounds are potent and selective kinase inhibitors, targeting
cancer signaling, while thiazole-containing compounds exhibit
a range of pharmacological effects. Connecting indole and
thiazole through an amide bond and hydrazide creates a
unique scaffold with enhanced properties - the amide facilitates
hydrogen bonding to improve affinity and selectivity, and the
hydrazide can undergo redox/chelation for alternative
mechanisms. This combination of privileged heterocycles
may yield synergistic effects, enabling targeting of multiple
pathways in cancer, providing a versatile platform for potent
and selective anticancer agents. Therefore, in this report, we
aim to develop novel and more effective anticancer
therapeutics by combining an indole nucleus with a thiazole
ring, creating a class of N-thiazolyl-indole-2-carboxamide
compounds similar to dasatinib (Figure 1). These hybrid
molecules are modified through hydrazone formation, resulting
in a series of novel derivative. Using a concise three-step
synthetic strategy, we aim to overcome limitations of current
cancer therapies and provide accessible and promising
treatment options with enhanced potency and selectivity.

B RESULTS AND DISCUSSION

Synthesis of (E/Z)-N-(4-(2-(2-(Substituted)-
hydrazineyl)-2-oxoethyl)thiazol-2-yl)-1H-indole-2-car-
boxamide (6a—6z). 1H-indole-2-carboxylic acid (1a) were
reacted with ethyl-2-(2-aminothiazol-4-yl)acetate (2) to
prepare ethyl-2-(2-(1H-indole-2-carboxamido)thiazol-4-yl)-
acetate (3a) through peptide coupling reaction procedure.
Initially, the reaction was carried out using N,N’-dicyclohex-
ylcarbodiimide (DCC), thinking of the presence of bulky
moieties (indole, 1a and thiazole, 2) as well as considering the
inexpensive DCC along with 4-dimethylaminopyridine
(DMAP) as coupling agents in CH,Cl, at temperatures
ranging from 0 °C to room temperature but failed to get 100%
conversion. In addition to less conversion rate, a great difficulty
was faced to purify the product because of unreacted starting
materials and by product dicyclohexylurea (DCU). Later on,
uses of 1-Ethyl-3-(3-(dimethylamino)propyl)carbodiimide
(EDC) instead of DCC with same reaction condition, the
reaction proceeded good to moderate yields (76%) (Table
S1). The structure of 3a were elucidated using 1D and 2D
NMR analysis (Please see supporting file). In the second steps,
compound 3a was treated with hydrazine monohydrate to
obtain N-(4-(2-hydrazineyl-2-oxoethyl)thiazol-2-yl)-1H-in-
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Scheme 1. Synthesis of (E/Z)-N-(4-(2-(2-(Substituted)hydrazineyl)-2-oxoethyl)thiazol-2-yl)-1H-indole-2-carboxamide (6a—
6z)
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dole-2-carboxamide (4a). In this step, the great problem was
overcome. According to the literature procedure for hydrazide
formation, ester was refluxed using hydrazine hydrate in the
presence of EtOH (Method A) but interestingly a byproduct,
namely, 1H-indole-2-carbohydrazide (3c) was obtained in
large quantity without having 4a. While at room temperature
in EtOH (Method B) as well as without solvent at 100 °C
(Method C) gave a mixture of starting material (3a),
byproduct (3c) and a trace amount of desire product 4a.
Finally, at room temperature with neat condition (Method D)
obtained 4a with 100% conversion rate. The transformation
provided excellent yields, reaching approximately 98% (Table
S2).

To expand the molecular diversity, compounds (4a/4b)
were subjected to condensation reactions with one equivalent
of substituted aldehydes (5). The reactions were carried out in
absolute ethanol, in the presence of a catalytic amount of
glacial acetic acid. The desired products, namely (E/Z)-N-(4-
(2-(2-(substituted)hydrazineyl)-2-oxoethyl) thiazol-2-yl)-1H-
indole-2-carboxamide (6a—6z), were obtained in quantitative
yields, ranging from approximately 96% to 100% (Scheme 1).

Overall, this synthetic approach showcases the potential of
the developed methodology for the efficient synthesis of
diverse compounds. It was surprising that all the final product
was obtained as E/Z isomers, around 1 to 0.7—0.8 ratios.
Proton and carbon NMR of all the compounds was carefully
analyzed and elucidated the structures of compounds 6a—6z.
In brief, three -NH peaks were obtained with six different
chemical shifts at around 11.71 to 11.15 ppm. N-Benzylidine
protons were obtained with the difference of around 0.2 ppm
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in between 7.9 to 8.5 ppm. Protons at —CH, carbon was
shown with 2.3 ppm difference at around 35 to 38 ppm.
Thiazole ring singlet were shown with two singlets at around
6.9 to 7.1 ppm with 0.03—0.05 ppm difference. In addition,
carbon containing —CH, was obtained around 35—40 ppm
with the differences of 2.2—2.5 ppm. For an example,
compounds 6as’ N-benzylidine protons proton were shown
at 8.22 and 8.00 ppm, protons at —CH, carbon was shown at
4.09 and 3.65 ppm, proton at thiazole ring were shown at 7.03
and 7.01 ppm, three -NH peaks were shown at 11.69 (2 peaks
overlapped), 11.87, 11.86, 11.57, and 11.45 ppm, and carbon
containing —CH, was appeared at 38.91 and 35.52 ppm,
respectively (Figure 2).

Synthesis of 2-(2-(1H-Indole-2-carboxamido)thiazol-
4-yl)acetic Acid (7a and 7b) and N-(4-(2-(Hydroxyami-
no)-2-oxoethyl)thiazol-2-yl)-1H-indole-2-carboxamide

N-benzylidine proton

CH,, containing protons and Carbon /

N
STU et

-NH proton

Thiazole proton

6a

Figure 2. Structure of compound 6a: showing the protons and
carbons that give chemical shifts at different ppm values for the E and
Z isomers.
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Scheme 2. Synthesis of 2-(2-(1H-Indole-2-carboxamido)thiazol-4-yl)acetic Acid (7a/b) and N-(4-(2-(Hydroxyamino)-2-

oxoethyl)thiazol-2-yl)-1H-indole-2-carboxamide (8a/b)
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Table 1. In Vitro Cytotoxicity of Compounds 6a—6z, 7a, 7b, 8a, and 8b against Selected Cancer Cell Lines

in vitro cytotoxicity ICs, (uM)

compound HCT-116 HepG2
6a 65.37 + 3.7 44.57 + 2.5
6b 7891 + 4.0 81.65 + 4.5
6¢ 81.18 + 4.2 86.81 + 4.6
6d 70.62 + 3.8 74.78 + 4.1
Ge 23.86 + 1.7 69.63 + 3.7
6f 89.12 + 4.6 94.30 + S.1
6g 83.08 + 4.1 >100

6h 42.30 + 2.5 26.59 + 1.9
6i 9.69 + 0.8 32.74 £ 2.1
6j >100 >100

6k 3835 + 23 1742 £ 1.2
61 55.13 + 3.2 36.01 + 2.2
6m >100 >100

6n >100 91.60 + 4.7
60 80.36 + 4.0 73.26 + 3.7
6p 2891 + 1.8 33.57 £ 2.1
6q 749 £ 0.5 9.85 +£ 0.7
6r 26.16 + 1.6 29.38 + 1.8
6s 43.02 + 2.4 47.36 + 2.6
6t 37.70 + 2.2 42.89 + 2.4
6u >100 >100

6v 67.51 + 3.8 18.67 + 1.3
6w 85.75 + 4.3 83.72 + 4.0
6x >100 >100

6y 92.14 + 4.8 78.52 + 3.9
62 20.38 + 1.4 24.19 = 1.7
7a 3117 £ 2.1 1391 + 1.0
7b 52.16 + 2.8 59.80 + 3.3
8a 48.24 + 2.8 67.86 + 3.8
8b 1477 + 1.1 13.26 + 1.1
doxorubicin 523 +03 4.50 + 0.2
dasatinib 58.61 + 3.4 60.84 + 3.6

HeLa MCE-7 WI-38
3725 £23 52.37 £ 2.9 1821 + 1.6
68.27 + 3.7 64.19 + 3.5 18.76 + 1.4
7234 £ 3.9 75.19 £ 3.9 47.61 £ 2.8
62.34 + 3.4 59.22 + 3.2 33.81 +£2.3
16.18 £ 1.2 9.28 + 0.7 71.90 + 3.9
77.10 £ 4.1 82.13 + 4.2 46.32 + 2.6
85.33 + 44 79.28 + 4.1 >100
24.57 £ 1.8 30.07 + 2.0 7693 £ 4.1
4.36 + 0.3 6.10 + 0.4 S51.26 + 3.0
92.78 + 4.8 87.46 £ 4.5 57.49 £ 3.3
19.02 £ 14 26.54 + 1.8 84.58 + 4.5
31.89 + 2.1 41.53 £ 2.3 2520 + 1.8
>100 >100 >100
69.53 + 3.6 84.29 + 4.2 16.49 + 1.3
55.56 + 3.1 63.01 + 3.2 1998 + 1.5
25.69 + 1.8 39.16 £ 2.1 49.26 + 2.8
5.04 + 04 11.62 + 0.8 37.04 + 24
19.64 + 1.5 2291 £ 1.5 72.08 + 4.1
36.52 + 2.2 4095 + 2.3 34.90 £ 2.2
29.81 £ 1.9 3422 £ 2.0 >100
89.79 + 4.5 >100 61.19 + 3.6
1223 £ 1.0 6.49 + 0.3 58.45 + 3.8
68.13 + 3.7 73.86 + 3.8 27.85 + 1.8
78.36 + 4.0 93.56 + 4.8 >100
61.38 + 3.4 68.53 + 3.5 >100
16.78 £ 1.3 28.03 + 1.7 65.61 + 3.9
10.23 £ 0.8 2172 + 14 66.09 + 3.6
45.67 £ 2.5 4873 £ 2.7 31.54 £ 2.1
4391 + 2.5 34.61 + 2.1 >100
9.98 + 0.6 17.80 £ 1.3 56.21 + 3.2
5.57 £ 0.4 4.17 £ 0.2 6.72 + 0.5
53.86 + 3.1 46.83 + 2.5 28.62 + 2.1

(8a and 8b). The synthesis of 2-(2-(1H-indole-2-
carboxamido)thiazol-4-yl)acetic acid (7a and 7b) involved
the conversion of ethyl 2-(2-(1H-indole-2-carboxamido)-
thiazol-4-yl)acetate (3a and 3b) using a refluxing condition
with 10% NaOH. This transformation resulted in the
formation of the desired product, 2-(2-(1H-indole-2-
carboxamido)thiazol-4-yl)acetic acid (7a/b). The reaction
conditions ensured efficient hydrolysis of the ester group,
leading to the formation of the carboxylic acid derivatives. This
step was crucial in obtaining the desired target compounds.
Concurrently, another transformation was carried out to
synthesize N-(4-(2-(hydroxyamino)-2-oxoethyl)thiazol-2-yl)-
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1H-indole-2-carboxamide (8a/b) from the starting material
ethyl 2-(2-(1H-indole-2-carboxamido)thiazol-4-yl)acetate (3a/
b). This conversion involved the treatment of (3a/b) with
freshly prepared hydroxylamine (NH,OH). The reaction
proceeded efficiently, resulting in the formation of N-(4-(2-
(hydroxyamino)-2-oxoethyl)thiazol-2-yl)-1H-indole-2-carbox-
amide (8a/b) in good yield. This step introduced a
hydroxylamino group into the molecule, which expanded the
chemical diversity and potential biological activities of the
synthesized compounds (Scheme 2).

The structures of the synthesized compounds (3—8) were
confirmed through analysis of their IR, mass, and NMR
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Table 2. In Vitro Protein Kinase Inhibition Assay of Most Active Compounds from 6e, 6i, 6q, 6v, 7a, and 7b against EGFR,

Her2, VEGFR-2, and CDK2

in vitro protein kinase inhibition ICs, (M)

compound EGFR HER2 VEGFR-2 CDK2
Ge 0.154 + 0.02 0.117 + 0.005 0.182 + 0.008 0.357 + 0.01
6i 0.063 + 0.02 0.054 + 0.002 0.119 + 0.005 0.448 + 0.02
6q 0.394 + 0.03 0.779 + 0.003 1.035 + 0.043 1.343 £ 0.0
6v 0.081 + 0.015 0.065 + 0.003 0.429 + 0.018 0.506 + 0.02
7a 0.618 + 0.04 0.618 + 0.008 1.212 + 0.05 1.711 + 0.07
7b 1.744 + 0.02 1.774 + 0.003 0.921 + 0.08 3.191 + 0.12
dasatinib 0.126 + 0.01 0.040 + 0.002 0.188 + 0.049 0.651 + 0.03
gefitinib 0.042 + 0.002

lapatenib 0.0543 + 0.002

sorafenib 0.049 + 0.002

roscovetine 0.834 + 0.03

spectral data. The observed characteristic IR bands, proton
peaks and mass spectral data supported the elucidation of the
structures of the final products (Please see the Supporting
Information for the spectra).

Biological Evaluation of 6—8. In Vitro Cytotoxicity
Assay of 6—8. A comprehensive in vitro cytotoxicity evaluation
was conducted for the synthesized compounds 6a—6z, 7a, 7b,
8a, and 8b to assess their cytotoxic potential using the widely
accepted MTT method. Multiple cancer cell lines, including
human colorectal carcinoma (HCT-116), hepatocellular
carcinoma (HepG2), epithelioid cervix carcinoma (HeLa),
and breast cancer (MCF-7) cell lines, were employed for this
purpose. Additionally, the toxicity of these compounds on
normal cell lines was examined using a noncancerous diploid
human cell line composed of fibroblasts derived from lung
tissue (WI-38). The resulting data, presented in Table 1,
represents the concentration at which 50% of cell death (ICs,
values) occurred and was compared to the cytotoxicity of
dasatinib and doxorubicin well-known anticancer agents.
Remarkably, the synthesized compounds exhibited a diverse
range of cytotoxic effects. Compound 6a with free benzylidene
group shows moderate ICg, values (37.25—65.37 uM) against
four cancer cell lines, and interestingly, it also was active
against the normal cell line WI-38, with an ICs, of 18.21 uM.
Although the IC, of 6a is lower than that of doxorubicin
(4.17-5.57 uM), it is comparable to the dasatinib (46.83—
60.84 M). Inserting various substituents, such as compounds
6b (4-Br), 6¢c (4-Cl), 6d (4-F), 6f (2-OCH;), 6g (4-OCHs,)
and 6b (4-SCH,) did not improve the ICy, compared to 6a, as
all of these compounds showed ICs, values between 59.22 and
>100 yM. On the other hand, the insertion of a nitro group at
the 4-position, as seen in compounds 6h (4-NO,), 6k (2-OH
and 4-OCH;), and 61 (naphthyl), showed improved ICs,
values, ranging from 17.42 to 55.13 uM. These values are
even better than the dasatinib. However, compound 6e, with a
hydroxy group at the 4-position, and 6i, featuring a
dimethylamine group at the 4-position, demonstrated potent
cytotoxicity against the tested cell lines, with ICy, values
between 4.36 and 23.86 uM, except against HepG2 cells
(32.74—69.63 uM). Interestingly, 6e and 6i also exhibited
excellent selectivity toward the normal WI-38 cell line, with
IC;, values of 51.26—71.90 uM, which are much higher than
the values for doxorubicin (6.72 M) and dasatinib (28.62
uM). Compounds with a methoxy group on the indole moiety
(6m—6z) also displayed similar results as 6a—6l. Compound
6m, with a free benzylidene group and a methoxy group at the

S-position of the indole, shows ICy, values greater than 100
UM against all five cancer/noncancer cell lines. Inserting
various substituents, compounds 6n (4-Br), 6r (4-Cl), 6s (4-
NO,), 6w (4-SCH,), 6x (3,4-di-Cl), and 6y (2-OH and 4-
OCH,;) improved the ICg, values compared to 6m, but they
are still lower than dasatinib, with ICy, values ranging from
55.56 to >100 uM. On the other hand, the introduction of
substituents in compounds 6p (4-F), 6r (4-CH;), 6s (2-
OCH,;), 6t (4-OCHj;), and 6z (naphthyl) improved the ICs,
values to be better than dasatinib, and some were even
comparable to doxorubicin, with ICg, values ranging from
16.78 to 47.36 uM. As expected, compounds 6q and 6v, with a
hydroxy group at the 4-position and a dimethylamine group at
the 4-position, similar to 6e and 6i, demonstrated potent
cytotoxicity against the tested cell lines, with ICy, values
between 5.04 and 18.67 uM, except for compound 6v against
HCT-116 cells (67.51 uM). Interestingly, compounds 6v and
6w also exhibited excellent selectivity toward the normal WI-
38 cell line, with ICy, values of 37.4 and 58.45 uM,
respectively. Compound 7 and 8 also showed comparable
IC,, values as dasatinib. Their cytotoxic effects were
particularly noteworthy, indicating their potential as effective
therapeutic options. These findings highlight the significance of
structural modifications in designing novel compounds with
potent cytotoxic properties. The presence of specific functional
groups, such as the dimethyl amine group, played a crucial role
in enhancing the cytotoxicity of the synthesized compounds.
These results pave the way for further exploration and
optimization of these compounds as potential anticancer
agents. It is important to note that the comprehensive in vitro
cytotoxicity evaluation also considered the toxicity of the
synthesized compounds on normal cell lines. This assessment
revealed the potential selectivity and specificity of the
compounds toward cancer cells, as they exhibited varying
degrees of cytotoxic effects while maintaining a relatively lower
impact on the noncancerous WI-38 cell line. This aspect is
crucial in the development of anticancer drugs, as minimizing
harm to normal cells is a critical objective. The tested
compounds demonstrate significant antiproliferative activity
across multiple cancer cell lines, though not as potent as
doxorubicin. Their structural differences suggest potential for
novel modes of action, which could be advantageous. Several
compounds exhibit ICy, values comparable or better than
dasatinib, indicating shared or complementary mechanisms.
The diversity of the compounds provides opportunities to
explore structure—activity relationships and identify new lead
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candidates. While not as potent as the reference drugs, the
tested compounds still show promise as potential anticancer
agents worthy of further optimization and development.

In Vitro Tyrosine Kinase Inhibition Assays of6e, 6i, 6q, 6v,
7a, and 7b. To understand the molecular mechanism
underling the cytotoxic effects of compounds the series, the
six most active compounds (6e, 6i, 6q, 6v, 7a, and 7b) were
further assessed for testing the enzymatic activities against
EGFR, Her2, VEGFR-2 and cyclin-dependent kinase 2
(CDK2) kinase enzymes (Table 2). Dasatinib was used as a
reference standard for all tested kinases, along with other well-
known inhibitors (gefitinib for EGFR, lapatinib for Her2,
sorafenib for VEGFR-2 and roscovitine for CDK2). Results in
Table 2 showed that compounds 6i and 6v were able to
successfully inhibit the four investigated protein kinases in
similar potencies to dasatinib and the selected reference kinase
inhibitors. Compound 6i demonstrates potent inhibition of
EGFR with an ICy, of 0.063 M, as well as Her2 with an IC,
of 0.054 uM. It also exhibits significant inhibition of VEGFR-2
with an ICy, of 0.119 yM and CDK2 with an ICy, of 0.448
M. Compound 6v shows potent inhibition of EGFR (ICs, =
0.081 4M) and Her2 (IC, = 0.065 M), along with significant
inhibition of VEGFR-2 (ICy, = 0.429 M) and CDK2 (ICs, =
0.506 #M). Compounds 6e and 6q exhibited moderate protein
kinase inhibition activities, while compounds 7a and 7b
demonstrated weak potency. In brief, Compound 6e displays
notable inhibition of EGFR (ICg, = 0.154 uM), Her2 (ICy, =
0.117 uM), VEGFR2 (ICy, = 0.182 iM), and CDK2 (ICy, =
0.357 uM) and compound 6q exhibits moderate inhibition of
EGFR (ICy, = 0.394 uM), substantial inhibition of Her2 (ICs,
= 0.779 uM), and significant inhibition of VEGFR-2 (ICy, =
1.035 uM) and CDK2 (ICy, = 1.343 uM). The presence of a
dimethylamine group at the 4-position appears to be a
favorable structural feature for the potent inhibition of multiple
kinases, as evidenced by the strong activities of compounds 6i
and 6v. The dimethylamine substituent likely contributes to
enhanced binding interactions within the active sites of EGFR,
HER2, VEGFR-2, and CDK2, leading to the potent inhibitory
effects observed for these two compounds. The tested
compounds (6e, 6i, 6q, 6v, 7a and 7b) and the reference
kinase inhibitors (Dasatinib, Gefitinib, Lapatinib, Sorafenib,
Roscovitine) share common structural features that contribute
to their observed protein kinase inhibition activities. These
include heterocyclic scaffolds, heteroaryl substituents, and the
presence of halogens or other lipophilic groups, which facilitate
key binding interactions within the kinase active sites.
Additionally, hydrogen bond donor and acceptor function-
alities allow for the formation of crucial hydrogen bonding
interactions. These structural similarities suggest the tested
compounds and references may share common binding modes
and mechanisms of action, targeting the ATP-binding pockets
or other critical regions of kinases like EGFR, HER2, VEGFR-
2, and CDK2. The specific substituents, such as the
dimethylamine group in compounds 6i and 6v, can further
enhance binding affinity and selectivity toward particular
kinases, as evident from their potent inhibitory activities.

Cell Cycle Analysis of Most Active Compounds 6i and
6v. In order to examine how the synthesized compounds
impact cell cycle progression, MCF-7 cells were exposed to
compounds 6i and 6v at their respective ICy, values for 24 h
(Table 3). Following treatment, the cells were stained with
propidium iodide (PI) and subjected to flow cytometry
analysis to determine the distribution of cell cycle phases.

Table 3. Results of Cell Cycle Analysis of MCF-7 Cells
Treated with Compounds 6i and 6v

DNA content (%)

compound/cell line %G0/G1 %S %G2/M
Cont. MCF-7 63.41 23.96 12.63
6i/MCEF-7 55.18 21.22 23.6
6v/MCE-7 51.99 18.43 29.58

Results presented in Table 3 and Figure 3 illustrate the cell
cycle analysis on MCF-7 cells treated with compounds 6i and
6v, compared to the control group, show a decrease in the
percentage of cells in the GO/G1 phase and an increase in the
percentage of cells in the G2/M phase for both compounds.
These findings suggest an effect of compounds 6i and 6v on
promoting cell cycle progression in MCEF-7 cells. In brief, the
analysis involved measuring the percentage of cells in different
phases of the cell cycle: GO/G1 (resting phase), S (DNA
synthesis phase), and G2/M (preparation for cell division
phase). In the control group of MCEF-7 cells, 63.41% of the
cells were found to be in the GO/G1 phase, indicating a
significant proportion of cells in the resting state. Approx-
imately 23.96% of the cells were in the S phase, where DNA
synthesis occurs, and 12.63% of the cells were in the G2/M
phase, preparing for cell division. When MCE-7 cells were
treated with compound 6i, there was a decrease in the
percentage of cells in the GO/G1 phase to 55.18%. This
suggests that compound 6i may induce cell cycle progression
and reduce the number of cells in the resting state. The
percentage of cells in the S phase remained relatively similar at
21.22%, while there was a significant increase in the percentage
of cells in the G2/M phase to 23.6%. Similarly, treatment with
compound 6v resulted in a further decrease in the percentage
of cells in the GO/GI phase to 51.99%. This indicates a
stronger effect in promoting cell cycle progression compared to
compound 6i. The percentage of cells in the S phase decreased
to 18.43%, while there was a substantial increase in the
percentage of cells in the G2/M phase to 29.58%. These
findings suggest that both compounds 6i and 6v have an
impact on cell cycle progression in MCF-7 cells. They appear
to induce a shift from the GO/G1 phase toward the G2/M
phase, potentially affecting cell proliferation and division.
Apoptosis Analysis of Compounds 6i and 6v.
Annexin-V/Propidium lodide (Pl) Staining Assay of Com-
pounds 6i and 6v. Table 4 presents the results of apoptotic
cell distribution analysis conducted on MCF-7 cells treated
with compounds 6i and 6v, along with a control group. The
analysis involved categorizing the cells into three categories:
total apoptosis, early apoptosis, and late apoptosis, as well as
measuring necrosis. In the control group of MCEF-7 cells, the
total percentage of apoptotic cells was 2.46%. Within this,
0.51% were in the early apoptotic stage, and 0.22% were in the
late apoptotic stage. The majority of the cells (1.73%) did not
show signs of apoptosis and were considered nonapoptotic.
When MCE-7 cells were treated with compound 6i, there was
a significant increase in apoptosis. The total percentage of
apoptotic cells rose to 29.75%, with 14.59% in the early
apoptotic stage and 9.03% in the late apoptotic stage.
Additionally, 6.13% of the cells exhibited necrotic character-
istics (Table 4 and Figure 4). Similarly, treatment with
compound 6v resulted in a further increase in apoptosis. The
total percentage of apoptotic cells reached 35.11%, with
11.63% in the early apoptotic stage and 18.66% in the late
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Figure 3. Cell cycle phases of MCF-7 cells. (A) Only cell lines without a compound; (B) treatment with compound 6i; and (C) treatment with

compound 6v.

Table 4. Results of Apoptotic Cell Distribution of MCE-7
Cells Treated with Compounds 6i and 6v

apoptosis (% of apoptotic cell lines)

sample alive cells early late necrosis
Cont. MCF-7 97.54 0.51 0.22 1.73
6i/MCE-7 70.25 14.59 9.03 6.13
6v/MCE-7 64.89 11.63 18.66 4.82

apoptotic stage. The percentage of cells showing necrosis was
4.82%. These findings indicate that both compounds 6i and 6v
induce apoptosis in MCF-7 cells. Compound 6v appears to
have a stronger effect, leading to a higher percentage of
apoptotic cells compared to compound 6i. The increase in
apoptotic cell distribution suggests that these compounds may
have potential anticancer effects by promoting programmed
cell death in MCEF-7 cells. The presence of necrosis in addition
to apoptosis in MCEF-7 cells treated with compounds 6i and 6v
raises interesting implications for their cellular effects. Necrosis
is a form of cell death characterized by cellular swelling,
rupture, and inflammation, often associated with cellular
damage or stress. The observed percentages of cells exhibiting
necrosis in the experimental groups suggest that the
compounds may induce cytotoxic effects beyond apoptosis
alone. The induction of necrosis could be attributed to the
compounds’ potential disruption of cellular homeostasis,
leading to cell membrane damage and subsequent release of
intracellular contents. Further investigations into the under-
lying mechanisms of necrosis induction by compounds 6i and
6v would be valuable to better understand their overall impact
on cell fate and to assess the potential therapeutic significance
of these compounds in cancer treatment.

Determination of Apoptotic Protein Levels of
Compounds 6i and 6v. Table S displays the results of RT-
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PCR fold change analysis, which measures the relative
expression levels of various apoptotic proteins in MCE-7
cells following treatment with compounds 6i and 6v, compared
to the control group. A fold change value of 1 indicates no
change in expression compared to the control. In MCF-7 cells
treated with compound 6i, there is a significant increase in the
expression of Bax (7.0308-fold), pS3 (5.2183-fold), cyc
(6.0196-fold), casp7 (5.5872-fold), casp8 (3.7313-fold), and
casp9 (9.2404-fold). These proteins are known to promote
apoptosis. On the other hand, the expression of the
antiapoptotic proteins Bcl-2 and Her2 shows a decrease, with
fold change values of 0.209 and 0.4601, respectively. Similarly,
in MCEF-7 cells treated with compound 6v, there is an increase
in the expression of Bax (4.1987-fold), pS3 (6.2095-fold), cyc
(4.0957-fold), casp7 (3.5504-fold), casp8 (2.0811-fold), and
casp9 (6.7736-fold). The expression of Bcl-2 and Her2 also
decreases, with fold change values of 0.2647 and 0.5753,
respectively. In the control group, the expression levels of all
the apoptotic proteins are considered as the baseline, with fold
change values of 1. These results indicate that both compounds
6i and 6v can modulate the expression of various apoptotic
proteins in MCF-7 cells. The upregulation of pro-apoptotic
proteins (Bax, pS3, cyc, casp7, casp8, casp9) and down-
regulation of antiapoptotic proteins (Bcl-2, Her2) suggest the
potential of these compounds to induce apoptosis and
promote cell death in MCF-7 cells. These findings provide
insights into the molecular mechanisms underlying the
apoptotic effects of compounds 6i and 6v and suggest their
potential as therapeutic agents for targeting apoptosis-related
pathways in cancer cells.

In Silico Studies of the Synthesized Compounds 3-8.
Analysis of the Binding Mechanism of Compounds 6i and
6v and Reference Compounds by Molecular Docking Study.
The importance of docking in comparing the results with in
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Figure 4. Apoptotic cell distribution of MCEF-7 cells: (A) control-without compounds, cell lines only; (B) treatment with compound 6i; and (C)

treatment with compound 6v.

Table 5. RT-PCR Fold Change for Apoptotic Protein following Treatment with 6i and 6v

RT-PCR fold change

Samples Bax Bdl-2 pS3
6i/ MCFE-7 7.0308 0.209 5.2183
6v/ MCE-7 4.1987 0.2647 6.2095

control MCF-7 1 1

Her2 cyc casp7 casp8 casp9
0.4601 6.0196 5.5872 3.7313 9.2404
0.5753 4.0957 3.5504 2.0811 6.7736

1

1 1 1

Table 6. Binding Affinity, Interacting Residues, and Types of Interactions Mediated by Compounds 6i and 6v and Reference

Compounds
binding affinity (kcal/mol) hydrogen bonds
entry EGFR HER2 VEGFR2 CDK2 EGFR HER2 VEGFR2 CDK2
6i —8.9 -9.5 -9.6 —83  Cys797, Lys745  Asp808, Asn850, Arg849  Aspl046, Glu88S Glul2, Asp86
6v -83 -8.7 -9.5 —8.1  Lys745 Ser728 Aspl1046 GIn131, Glul2, Lys33
gefitinib -84
lapatinib -10.4 Met801, Ser728
sorafenib —-10.7 Glu885, Asp1046, Cys919
roscovitine —8.2 GInl131, Asp145
dasatinib -8.0 -9.5 -8.1 —84  Asp8SS5, Ser720  Asp863, Leu726, Asp808  Aspl046 His84, Lys129, Lys33, Asp14S

vitro biological activity lies in its ability to provide a molecular-
level understanding of the binding interactions between the
compounds and the target receptors. Docking simulations
enable the exploration of potential binding modes and the
estimation of binding affinities, offering valuable insights into
the molecular mechanisms underlying the observed biological
effects. By combining the results of docking studies with
experimental in vitro biological activity data, we can establish a
correlation between the predicted binding interactions and the
observed biological responses. This comparison allows us to
validate the reliability and accuracy of the docking predictions,
strengthening our confidence in the predicted drug-receptor
interactions. Moreover, docking studies enable the identi-
fication of key residues involved in the binding interactions,
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which can guide the design and optimization of more potent
and selective compounds. This knowledge aids in the
development of novel therapeutics with improved efficacy
and reduced off-target effects. Docking studies play a crucial
role in elucidating the biological activity of compounds and
predicting their interactions with target receptors. By
comparing the docking results with In-vitro biological activity
data, we can validate the computational predictions and gain
deeper insights into the molecular basis of the observed
biological effects. This integrated approach enhances our
understanding of the structure—activity relationships and
facilitates the rational design of effective drugs. In order to
gain insights into the biological activity of the synthesized
compounds and to predict their interactions with target
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Figure 5. Intermolecular interaction between compound 6i and enzymes with (A) EGFR, (B) HER2, (C) VEGFR2, and (D) CDK2.

receptors, a comprehensive docking study was conducted.
Specifically, compounds 6i and 6v were meticulously docked
into the active sites of EGFR, HER2, VEGFR2, and CDK2. To
establish a reference point, cocrystal ligands gefitinib, lapatinib,
sorafenib and roscovitine were utilized as standards for each
respective target. Additionally, the structurally similar dasatinib
was docked alongside our synthesized compounds (6i and 6v)
for comparison (Table 6).

Regarding EGFR, dasatinib binds within the ATP binding
pocket of the catalytic tyrosine kinase domain, competing with
ATP. The docking analysis of compounds 6i and 6v with
EGEFR kinase are shown in Table 6 and Figures 5 and 6. Both
compounds revealed several van der Waals and multiple
hydrophobic interactions (Table S3 and Figure S1). In
contrast, Gefitinib did not form any hydrogen bond but
displayed hydrophobic and van der Waals interactions. The
study identified interactions with DFG motif residues and ATP
binding site residues, including Asp855 and Phe856, as the
primary inhibitory mechanisms against EGFR kinase.'’" The
docking results demonstrated that both compounds 6i and 6v
exhibited van der Waals interactions with ASP855 of the DFG
motif residue. However, the reference compounds gefitinib and
dasatinib showed hydrophobic interactions with ASP855 and
PHES856 of the DFG motif, respectively. The binding affinities
for gefitinib, compound 6i, compound 6v, and dasatinib with
EGFR were —8.4, —8.9, —8.3, and —8.0 kcal/mol, respectively
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(Table 6). Thus, the synthesized compounds have the
potential to bind to the ATP binding pocket and inhibit
EGEFR kinase activity (Figure S2).

When overexpressed, human epidermal growth factor
receptor-2 (HER2), a membrane tyrosine kinase, can
significantly impact cell survival and proliferation.'>""?
Important amino acids in the ATP binding pocket of HER2
have been identified, including LYS753, VAL734, ALA751,
GLN799, MET801, LEU8S2, LEU726, PHE1004, ASP863,
ASN850, GLU770, MET774, LEU78S, and LEU796. In the
case of synthesized compound 6i, it formed three hydrogen
bonds with ASP808, ASN850, and ARG849 residues (Table 6
and Figure §). Additionally, it exhibited hydrophobic
interactions with LEU726, VAL734, ALA751, LEUS8S2,
LEU78S, and LYS753. van der Waals interactions were
observed with MET801 and ASP863, which are important
residues for ATP binding (Table S4). Compound 6v, on the
other hand, formed one hydrogen bond with SER728 (Table 6
and Figure 6) and demonstrated hydrophobic interactions with
key residues for the ATP binding site, namely VAL734,
LEUS852, LEU726, LEU796, LEU78S, and MET774 (Table S4
and Figure S3). It also displayed van der Waals interactions
with ASN850, ALA751, LYS753, and GLU?770, which are
considered key residues in the active site of the kinase. The
reference compounds lapatinib and dasatinib showed similar
interactions with the ATP binding pocket (Figure S4).
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Figure 6. Intermolecular interaction between compound 6v and enzymes:

CDK2.

(A) with EGFR; (B) with HER2; (C) with VEGFR2; and (D) with

Consequently, compound 6i and compound 6v have the
potential to compete with ATP for the binding pocket and
effectively inhibit HER2 (Figures S3 and S4). The binding
affinities for lapatinib, dasatinib, compound 6i, and compound
6v with HER2 were calculated as —10.4, —9.5, —9.5, and —8.7
keal/mol, respectively (Table 6). It is worth noting that
dasatinib and compound 6i exhibited similar binding affinities.

It has been established that Vascular Endothelial Growth
Factor Receptor 2 (VEGFR2 or KDR) plays a crucial role in
regulating tumor angiogenesis through VEGF signaling.'**~""
Structural analysis of VEGFR2 kinase bound with an inhibitory
compound has identified key residues in the ATP binding site,
namely CYS919 in the hinge re$ion, Glu88S in the aC helix,
and Asp1046 in the DFG loop. " In the case of synthesized
compound 6i, it formed a hydrogen bond with ASP1046 of the
DFG loop and GLUS8S of the aC helix (Table 6 and Figure
5). Additionally, it exhibited hydrophobic interactions and with
CYS$919 in the hinge region. Compound 6v, on the other hand,
formed one hydrogen bond with ASP1046 and showed
hydrophobic interaction with CYS919, along with van der
Waals interactions with GLU88S (Table SS and Figure SS).
Sorafenib, another compound, formed three hydrogen bonds
with Glu885, Aspl1046, and Cys919. Dasatinib, on the other
hand, was stabilized by a hydrogen bond with ASP1046 and a
hydrophobic interaction with Cys919. Therefore, both
compound 6i and compound 6v interacted with all the key
residues. Consequently, compounds 6i and 6v have the
potential to bind to the active site of VEGFR2 kinase and
act as inhibitors of VEGFR2 kinase activity (Figure S6). The

41954

binding affinities for sorafenib, dasatinib, compound 6i, and
compound 6v with VEGFR2 kinase were calculated as —10.7,
—8.1, —9.6, and —9.5 kcal/mol, respectively (Table 6). These
results indicate that sorafenib has a higher binding affinity than
the studied compounds on the active site. Interestingly,
synthesized compounds 6i and 6v shows higher binding
affinity than the dasatinib on the active site.

The primary role of Cyclin-Dependent Kinase 2 (CDK2) is
to regulate the progression of the cell cycle. This member of
the Cyclin-Dependent Kinase (CDK) family is involved in
modulating G2 progression, G1/S phase transition, and DNA
synthesis.'”” A study has shown that Roscovitine acts as an
ATP competitive inhibitor by binding to the ATP binding
region of CDK2.'"" Therefore, we utilized the CDK2-ATP
complex (PDB ID: 1HCK) for further analysis. Docking
analysis of compound 6i and 6v with CDK2 were given in
Table 6 and Figures 5 and 6. The reference compound
roscovitine formed three hydrogen bonds with GInl31 and
Aspl145, while dasatinib formed four hydrogen bonds with
His84, Lys129, Lys33, and Asp145. By examining the structure
of the CDK2-ATP complex (PDB ID: 1HCK),'"" it was
evident that important residues for binding to the ATP binding
site through hydrogen bonds include THR14, ASPS86,
GLN131, GLUS81, and LEU83 (Table S6 and Figure S7).
The compounds 6i and 6v exhibited hydrophobic interactions
along with some with van der Waals interactions. Interestingly,
our studied compounds did not form hydrogen bonds with
these crucial binding site residues but were stabilized by
different interaction patterns. Therefore, both compound 6i
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Table 7. Analysis of Drug Likeness and Pharmacokinetic Properties by QikProp for the Synthesized Compounds and

ACS Omega
Dasatinib
no. MW"  HBD”  HBA°  QlogPo/w’ QPlogs*
6a 403 3 6.5 3.982 —6.360
6b 482 3 6.5 4.542 —7.184
6¢c 437 3 6.5 4.467 —7.080
6d 421 3 6.5 4214 —6.716
6e 419 4 7.25 3.253 —6.190
6f 433 3 7.25 4118 —6.779
6g 433 3 7.52 4.047 —6.466
6h 448 3 7.5 3.321 —6.672
6i 446 3 7.5 4.54 —7.540
6j 449 3 7 4.448 —7.141
6k 449 4 8 3311 —6.240
6l 453 3 6.5 4.808 —7.279
6m 433 3 7.25 4.07 —6.674
6n s12 3 7.25 4.630 —7.498
60 467 3 7.25 4.555 —7.395
6p 451 3 7.25 4302 —7.031
6q 449 4 8 3.305 —6.360
6r 447 3 7.25 4.360 —7.208
6s 463 3 8 4207 —-6.776
6t 463 3 8 4.109 —6.772
6u 478 3 8.25 3.365 —6.824
6v 476 3 8.25 4.656 —-7.336
6w 479 3 7.75 4.639 —7.482
6x 502 3 7.25 4.944 —-7.828
6y 479 4 8.75 3.236 —6.157
62 483 3 7.25 4.767 —7.436
7a 301 3 6 2.058 —3.801
7b 331 3 6.75 2.137 —3.989
8a 316 4 8.2 0.108 —2.155
8b 346 4 8.95 0.131 —2.249
D* 488 3 10.7 3.118 —5.590

QPlogHERG  QPPCaco® QPlogBB" QPPMDCK’ HOA(%)
—7.737 432.866 —1.380 392.509 100
—7.635 423.535 —1.225 1041.11 100
—7.620 433.096 —1.234 967.969 100
—7.601 433.137 —-1277 708.743 100
—7.736 137.378 —-2.115 112.682 84
—7.776 436.840 —1.509 393.430 100
—7.507 452.671 —1.432 408.890 100
—7.740 55.368 —2.650 42.196 77
—7.860 421.491 —1.586 378.421 100
—7.627 357.602 —1.524 475251 100
—7.508 155.483 —-2.117 128.816 85
—8.125 429.343 —1.412 389.058 100
—7.689 437.047 —1.493 394.461 100
—=7.579 437.722 —-1.337 1046.287 88
—7.565 437.279 —1.347 972.783 100
—7.550 437.320 —-1.390 712.268 100
—7.541 131.875 —2.229 108.032 84
—7.547 437.047 —-1.530 394.461 100
—7.488 523.412 —1.463 479.893 100
—7.449 443.117 —1.562 399.571 100
—7.544 53.150 —2.772 40.455 64
—7.465 659.162 —1.360 613.786 100
—7.509 428.828 —1.497 696.417 100
—7.311 426.747 —1.203 1976.765 920
—7.206 132.518 —2.285 90.680 83
—8.055 357.899 —-1.649 265.396 100
—3.831 46.273 -1.333 44.537 69
-3.695 47.470 —1.418 45.784 69
—4.363 63.441 —1.580 105.103 59
—4.243 56.684 —-1.722 96.954 59
—7.360 171.424 —0.658 291.988 85

“Molecular we aght in Dalton (acceptable range: <500). bHydrogen bond donor (acceptable range: <S). “Hydrogen bond acceptor (acceptable

range: <10).

Predicted octanol/water partition coefficient (acceptable range: —2 to 6.5). “Predicted aqueous solubility, S in mol/dm™

(acceptable range: — 6.5 to 0.5). fPredicted ICs, value for blockage of HERG K+ channels (concern: below 5) ; Caco-2 value, permeability to
Caco-2 (human colorectal carcinoma) cells in vitro. $Blood-brain barrier permeability (acceptable range: ~—0.4). "Predicted apparent MDCK cell
permeablhty in nm/s. ‘QPPMDCK= > 500 is great, < 25 is poor.’Predicted human oral absorption on 0 to 100% scale (<25% is poor and >80% is

high); “D = Dasatinib

and compound 6v have the ability to bind to the ATP binding
pocket residues of the CDK2 domain and act as ATP
competitive inhibitors (Figure S8). The binding affinities for
roscovitine, dasatinib, compound 6i, and compound 6v with
CDK2 were calculated as —8.2, —8.4, —8.3, and —8.1 kcal/mol,
respectively (Table 6). It is worth noting that, in the case of
EGFR, despite having higher in vitro protein kinase inhibitory
activity and greater binding affinity in the active site,
compounds 6i and 6v, our reference compounds dasatinib
and gefitinib, did not form any hydrogen bonds with the
residues that formed hydrogen bonds with the cocrystallized
ligands (Figure S9). However, they were stabilized by different
interaction patterns, including hydrophobic and van der Waals
interactions with those residues. Similar phenomena were
observed in the docking result of compounds 6i and 6v with
HER2. From the Tak-285-EGFR and SYR127063-HER2
complex, it was found that both formed several hydrogen
bonds with the EGFR and HER2 residues, respectively. Our
observation revealed that the different binding modes, inherent
flexibility, conformational flexibility of our molecules, and side
chain flexibility in the active site of protein led to distinct
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interaction patterns. In theory, in order to replicate the binding
process in actual systems, a ligand should be regarded as a
completely flexible body during the docking process.'"
Variations between docking results and experimentally
determined binding modes, such as those visualized in
cocrystallized ligands, are often because the conditions during
the experimental process differed from the computational
model in terms of pH, temperature, and the presence of
cofactors.

In conclusion, based on the docking results, both
synthesized compound 6i and compound 6v demonstrated
better binding affinity with the target proteins compared to the
reference compounds. This suggests that these synthesized
compounds have the potential to act as inhibitors of VEGFR2
kinase and CDK2, respectively. However, it is important to
consider that the observed differences in binding affinity may
be influenced by various factors such as cellular uptake,
metabolism, or off-target effects.
contribute to the compounds’ varying cytotoxic effects. Further
investigations are required to explore the unique characteristics
of the kinase pathway, the cellular environment, and the

These factors could
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downstream consequences of kinase inhibition. By gaining a
deeper understanding of these aspects, we can fully
comprehend the underlying mechanisms and potential
therapeutic implications of synthesized compound 6i and
compound 6v. Overall, these findings highlight the promising
nature of compound 6i and compound 6v as potential
candidates for further development as VEGFR2 kinase and
CDK2 inhibitors, respectively and acts as ATP competitive
inhibitors. Continued research and comprehensive studies are
essential to unravel the complete picture and harness the
therapeutic potential of these compounds.

In Silico ADME Studies of the Synthesized Com-
pounds 6—8 and Dasatinib. Rational drug design plays a
vital role in modern drug discovery techniques. By utilizing
advanced computational methods such as ADME (absorption,
distribution, metabolism, and excretion) studies, which are
determined through pharmacokinetics analysis, we can
efficiently select effective drugs in terms of cost, time, and
efficiency. Recent advancements in computational chemistry
have made it more convenient to conduct ADME analysis both
in vitro and in vivo, allowing the pharmaceutical industry to
quickly screen a large number of compounds.'"’ In this
experiment, we employed an in-silico approach to predict the
ADME properties of our synthesized compounds (6—8). Table
7 summarizes the results, with dasatinib chosen as our
reference compound. Molecular weight is an important factor
affecting intestinal absorption, as high molecular weight
compounds tend to be less effectively absorbed through the
digestive system.''*'"> Therefore, we kept the molecular
weight of the synthesized compounds (6—8) low, with most of
them showing a molecular weight lower than that of dasatinib.
Except for compounds 6n and 6x, all of our synthesized
compounds had molecular weights below 500. Furthermore,
our compounds demonstrated a suitable number of hydrogen
bond donors (2—5), falling within the recommended range
(<S). The number of hydrogen bond acceptors in the
synthesized compounds was also within the advised range,
with less than 10 acceptors. In comparison, dasatinib showed a
hydrogen bond donor value of 3 and a hydrogen bond
acceptor value of 10.70, slightly higher than the recommended
range. Thus, the synthesized compounds showed superiority
over dasatinib in terms of hydrogen bond acceptor values. In
2002, Jorgensen and Duffy developed a parameter to evaluate a
drug’s bioavailability using the octanol/water partition
coefficient and solubility score. The acceptable range for the
octanol/water partition coefficient is —2 to 6.5, and for
solubility scoring, it is —6.5 to 0.5 mol/dm™.""® The octanol/
water partition coefficient of our synthesized compounds (6—
8) falls within this range (0.108—4.944), similar to dasatinib.
However, the solubility score of some of the synthesized
compounds is slightly lower than the reference value, while
dasatinib demonstrated better solubility. Regarding the
predicted log ICs, values (logHERG) for HERG K+ channel
blockage, values greater than —5 are considered preferable, as
blocking HERG K+ channels can have negative effects on the
heart.'"” Four of our synthesized compounds (7 and 8)
showed preferred values. However, dasatinib and some of our
designed molecules exhibited lower values, less than —5. The
Caco-2 cell is considered the most accurate In-vitro model for
estimating transdermal delivery and drug absorption.''®
Compounds 6v and 6s showed high scores (>500), indicating
better transdermal delivery. The rest of the synthesized
compounds, along with dasatinib, showed moderate or low

scores. For the blood-brain barrier, which separates the central
nervous system and brain from the bloodstream, a molecule’s
molecular weight should be less than 480 to be considered a
therapeutic agent.''” The synthesized compounds demon-
strated significant results in this regard due to their low
molecular weight. The permeability of the Madin-Darby canine
kidney (MDCK) cell is often used as a measure of blood-brain
barrier permeability, with values greater than 500 indicating a
better effect and values less than 25 suggesting a poor
outcome, according to Jorgensen’s rule of three. Most of the
synthesized compounds, as well as dasatinib, exhibited
moderate results. Only compounds 6b, 6c, 6d, 6n, 60, 6p,
6v, 6w, and 6x showed better outcomes. Regarding human oral
absorption rate, all of the compounds showed good
predictions, except for compounds 6h, 6u, 7a, 7b, 8a, and
8b. In summary, the in silico ADME analysis of the synthesized
compounds (6—8) revealed promising properties for drug
development. These compounds exhibited favorable molecular
weights, hydrogen bond donor and acceptor values, and
octanol/water partition coeflicients, comparable to the
reference compound Dasatinib. While some compounds
showed slightly lower solubility scores, overall, the synthesized
compounds demonstrated potential for bioavailability. Nota-
bly, compounds 6i and 6v exhibited high transdermal delivery
scores and demonstrated potency in terms of predicted log
ICy, values, indicating their potential as effective drugs. Further
experimental validation is recommended to confirm these

finding.
HM CONCLUSIONS

In conclusion, this work presents a successful synthetic
methodology for the efficient synthesis of dasatinib-like
compounds, namely, thiazolyl-indole-2-carboxamide deriva-
tives (6a-z, 7a, 7b, 8a, and 8b). The compounds were
evaluated their cytotoxic potential against a broad range of
cancer cell lines and a normal cell line. The results
demonstrated that compounds 6e, 6i, 6q, 6v, 7a, and 7b,
exhibited cytotoxic activity against all tested cancer cell lines.
Among them, compounds 6i and 6v, containing a dimethyl
amine group at the 4-position, exhibited excellent cytotoxic
activity against all tested cancer cell lines, especially HeLa and
MCEF-7, while maintaining lower toxicity toward normal cells
(WI-38). All the tested compounds inhibited the enzymatic
activities of the target kinases with potencies comparable to
reference kinase inhibitors, especially compounds 6i and 6v are
the most, suggesting their potential as multitargeted kinase
inhibitors. Compounds 6i and 6v also induced a G2/M phase
arrest, potentially impacting cell proliferation and division in
MCE-7 cells, and increased apoptosis and necrosis, suggested
potential anticancer effects through the promotion of
programmed and nonprogrammed cell death. The docking
results further demonstrated that the synthesized compounds
6i and 6v exhibit improved binding affinity with the target
proteins, especially, VEGFR2 kinase and CDK2, respectively,
compared to reference drugs dasatinib and others, indicating
their potential as kinase inhibitors. Overall, the findings
highlight the promising nature of compounds 6i and 6v as
potential VEGFR2 and CDK?2 kinase inhibitors, acting as ATP
competitive inhibitors. ADME predictions highlighted the
drug-like properties of the synthesized compounds, including
favorable pharmacokinetic characteristics. Particularly note-
worthy are compounds 6i and 6v, which not only
demonstrated favorable ADME parameters but also displayed
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high transdermal delivery scores and potent predicted log ICs,
values. Overall, this research provides valuable insights into the
synthesis, biological activities, and computational analysis of
these compounds, paving the way for their further develop-
ment as potential anticancer drugs.

B EXPERIMENTAL SECTION

General. The chemicals and solvents utilized in this study
were of the highest quality available, meeting the standards of
commercial reagent grade. The commercially available
chemicals (1H-indole-2-carboxylic acid, 5-methoxy-1H-in-
dole-2-carboxylic acid ethyl 2-(2-aminothiazol-4-yl)acetate,
1,1-carbonyldiimidazole, N,N’-Dicyclohexylcarbodiimide
(DCC), 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) and substituted benzaldehydes required for the
chemical synthesis were procured from AK scientific (Union
City, CA, USA). They were procured from reputable suppliers
and utilized without any further purification steps. To
determine the melting points of the compounds, a Barnstead
electrothermal digital melting point apparatus (model 1A9100,
BIBBY scientific limited, located in Stone, Staffordshire, ST15
0SA, UK) was employed. Infrared (IR) spectra were recorded
using a state-of-the-art Jasco FT/IR-6600 spectrometer,
manufactured in Japan. Nuclear Magnetic Resonance (NMR)
spectra were obtained using a cutting-edge Bruker 700 MHz
NMR spectrometry instrument, located in Zurich, Switzerland.
An Agilent 6320 ion trap mass spectrometer, equipped with an
ESI ion source from Agilent Technologies, Palo Alto, CA,
USA, was utilized for mass analysis.

Chemistry. General Procedure for the Preparation of 3.
Synthesis of Ethyl 2-(2-(1H-indole-2-carboxamido)thiazol-4-
yl)acetate (3a). A mixture of 1H-indole-2-carboxylic acid (1a,
1.61 g, 0.01 mol) and ethyl-2-(2-aminothiazol-4-yl)acetate (2,
1.86 g, 0.01 mol) in CH,Cl, was stirred at 0 °C for 10—15 min.
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 2.30g,
1.2 equiv) and 4-dimethylaminopyridine (DMAP, 1.22g, 1
equiv) was added to the reaction mixture and was continue
stirring for another 5 min at 0 °C. The reaction mixture was
then stirred for overnight at room temperature.”® Formation of
solid 1-(3-(dimethylamino)propyl)-3-ethylurea was filtered off.
Filtrate was washed with 5% NaHCO; and water followed by 1
M HCI and Brine. Evaporation of the solvent gave compound
3a. Orange powder (Yield, 76%). Which was used for the next
step without further purification. Mp. 183 °C. FT-IR (KBr), v
(em™): 3383, 3300, 2925, 2854, 1720, 1654, 1546, 1371,
1342, 1316, 1288, 1198, 1184, 1021, 876, 825, 742, 725, 650,
547, and 436 cm™.'H NMR (700 MHz, CDCl;) 6§ 9.56 (s,
1H), 7.67 (d, ] = 8.0 Hz, 1H), 7.44 (d, ] = 8.4 Hz, 1H), 7.32 (t,
J =77 Hz, 1H), 7.16 (t, ] = 7.5 Hz, 1H), 7.13 (s, 1H), 6.85 (s,
1H), 4.17 (q, ] = 6.9 Hz, 2H), 3.71 (s, 2H) and 1.24 (t, ] = 6.9
Hz, 3H). 3C NMR (176 MHz, CDCL) § 170.21, 158.71,
157.88, 143.32, 137.24, 128.38, 127.49, 125.85, 122.66, 121.29,
112.14, 111.27, 105.30, 61.27, 36.97, and 14.18 ppm. Mass
(ESD): m/z 330 [M + HJ*, 352 [M + Nal*, 368 [M+K]".

Ethyl-2-(2-(5-methoxy-1H-indole-2-carboxamido)thiazol-
4-yl)acetate (3b). Orange powder (Yield, 87%). Mp. 165 °C.
FT-IR (KBr), v (cm™): 3291, 3242, 3113, 2985, 2905, 1740,
1645, 1547, 1525, 1453, 1372, 1282, 1214, 1164, 1030, 88S,
830, 768, and 736 cm™'. 'H NMR (700 MHz, DMSO-d,) &
10.19 (s, 1H), 9.81 (s, 1H), 7.33 (d, ] = 9.1 Hz 1H), 7.03 (s,
1H), 7.01 (s, 1H), 6.98 (d, ] = 9.4 Hz, 1H), 6.84 (s, 1H), 4.15
(q,J = 6.9 Hz, 2H), 3.82 (s, 3H), 3.70 (s, 2H) and 0.86 (d, t =
8.0 Hz, 3H) ppm. *C NMR (176 MHz, DMSO-d,) § 170.37,

158.92, 157.95, 154.96, 143.62, 132.80, 128.80, 127.86, 117.52,
113.16, 111.28, 104.98, 102.31, 61.22, 55.67, 37.05, and 14.17
ppm. Mass (ESI): m/z 360.06 [M + H]*, 382 [M + Na]*

1H-indole-2-carbohydrazide (3c). White powder (Yield,
99%). Mp. 125 °C. 'H NMR (700 MHz, DMSO-d,) & 11.44
(s, 1H), 9.80 (s, 1H), 7.59 (d, ] = 8.0 Hz, 1H), 7.44 (d, ] = 8.2
Hz, 1H), 7.18 (t, ] = 7.6 Hz, 1H), 7.05 (s, 1H), 7.04 (t, ] = 7.4
Hz, 1H) and 4.50 (s, 2H) ppm. 3C NMR (176 MHz, DMSO-
dg) 6 161.79, 136.73, 130.48, 127.47, 123.96, 121.96, 120.44,
11272, and 102.78 ppm.

General procedure for the preparation of 4. N-(4-(2-
Hydrazineyl-2-oxoethyl)thiazol-2-yl)-1H-indole-2-carboxa-
mide (4a). A suspension of Ethyl 2-(2-(1H-indole-2-
carboxamido)thiazol-4-yl)acetate (3, 1 g 3.04 mmol) in
hydrazine monohydrate (15 mL, 98%) was stirred for 18h at
room temperature. To the reaction mixture, water (100 mL)
was added and slow evaporation of excess hydrazine using air
flow gave colorless precipitate. Precipitate was collected by
filtration, washed with excess amount of cold water, dried
overnight, yielded compound 4 as off-white solid (82%). Mp.
244 °C. FT-IR (KBr), v (cm™): 3379, 3268, 3170, 3054,
1653, 1545, 1412, 1364, 1315, 1285, 1223, 1192, 1145, 990,
and 830 cm™'. '"H NMR (700 MHz, DMSO-d,) 6 12.39 (brs,
1H), 11.86 (s, 1H), 9.15 (s, 1H), 7.65 (d, ] = 8.0 Hz, 1H), 7.63
(s, 1H), 7.46 (d, ] = 8.2 Hz, 1H), 7.24 (t,] = 7.6 Hz, 1H), 7.07
(t,J=7.5Hz, 1H), 6.94 (s, 1H), 4.23 (s, 2H) and 3.46 (s, 2H)
ppm. BC NMR (176 MHz, DMSO-d;) § 168.80, 159.65,
158.26, 145.87, 137.76, 129.79, 127.45, 124.92, 122.62, 120.64,
112.94, 110.47, 106.21, and 37.01 ppm. Mass (ESI): m/z 316
[M + H], 338 [M + Na]*

N-(4-(2-hydrazineyl-2-oxoethyl)thiazol-2-yl)-5-methoxy-
1H-indole-2-carboxamide (4b). White powder (Yield, 96%).
Mp. 218 °C. FT-IR (KBr), v (em™): 3271, 3103, 2830, 1654,
1628, 1550, 1454, 1336, 1280, 1213, 1157, 843, and 730 cm™".
'H NMR (700 MHz, DMSO-d,) 6 'H NMR (700 MHz,
DMSO) 6§ 12.63 (s, 1H), 11.74 (s, 1H), 9.17 (s, 1H), 7.58 (s,
1H), 7.37 (d, ] = 8.8 Hz, 1H), 7.13 (d, ] = 2.7 Hz, 1H), 6.95
(s, 1H), 6.92 (dd, J = 8.8, 2.6 Hz, 1H), 4.27 (s, 2H), 3.78 (s,
3H) and 3.48 (s, 2H) ppm. *C NMR (176 MHz, DMSO-d,)
5 168.81, 159.54, 15823, 154.44, 145.86, 133.14, 129.93,
127.76, 116.55, 113.82, 110.4S, 105.91, 102.57, 55.73, and
37.01 ppm. Mass (ESI): m/z 346 [M + H]*, 368 [M + Na]".

General procedure for the preparation of 6a—6z. A
mixture of N-(4-(2-Hydrazineyl-2-oxoethyl)thiazol-2-yl)-1H-
indole-2-carboxamide (4a, 100 mg, 0.317 mmol) was mixed
with an equivalent amount of substituted-aldehyde (S, 1 equiv)
and dissolved in 10 mL of absolute ethanol. A catalytic amount
of glacial acetic acid (3—4 drops) was added to the reaction
mixture, which was then refluxed for 18 h. The resulting
precipitate was filtered, washed with cold ethanol, and dried
under vacuum to yield the desired product

(E/Z)-N-(4-(2-(2-Benzylidenehydrazineyl)-2-oxoethyl)-
thiazol-2-yl)-1H-indole-2-carboxamide (6a). Colorless pow-
der (Yield, 95%). Mp. 217 °C. FT-IR (KBr), v (cm™"): 3437,
3371, 3196, 3083, 2983, 1682, 1655, 1539, 1419, 1316, 1275,
1227, 1203, 1184, 1144, 950, 790, 757, 741, 689, 574, 543,
507, and 487 cm™'. '"H NMR (700 MHz, DMSO-d,) § 12.69
(s, 1.7H), 11.87 (s, 0.7H), 11.86 (s, 1H), 11.57 (s, 0.7H),
11.45 (s, 1H), 8.22 (s, 0.7H), 8.00 (s, 1H), 7.72—=7.61 (m,
6.8H), 7.48—7.36 (m, 6.8H), 7.24 (t, ] = 7.6 Hz, 1.7H), 7.06
(t, ] = 7.5 Hz, 1.7H), 7.03 (s, 0.7H), 7.01 (s, 1H), 4.09 (s, 2H)
and 3.65 (s, 1.4H). *C NMR (176 MHz, DMSO-d,) 6 171.64,
165.88, 159.61, 159.55, 158.33, 158.01, 146.92, 145.64, 145.4S,
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143.32, 137.78, 137.76, 134.74, 134.71, 130.49, 130.24, 129.70,
129.31, 129.29, 127.51, 127.45, 127.22, 124.96, 124.93, 122.63,
120.64, 112.94, 110.95, 110.75, 106.28, 106.20, 37.91, and
35.53 ppm. Mass (ESI): m/z 404 [M + H]*, 426 [M + Na]".
Purity 95.3% (R, = 18.9 min).
(E/Z)-N-(4-(2-(2-(4-Bromobenzylidene)hydrazineyl)-2-
oxoethyl)thiazol-2-yl)-1H-indole-2-carboxamide (6b). White
powder (Yield, 97%). Mp. 261 °C. FT-IR (KBr), v (cm™):
3437, 3320, 3219, 3148, 2911, 1633, 1548, 1382, 1342, 1318,
1275, 1227, 1179, 1131, 955, 822, 741, 576, 511, and 434
cm™’. '"H NMR (700 MHz, DMSO-d,) & 12.70 (s, 1.7H),
11.89 (s, 0.7H), 11.88 (s, 1H), 11.66 (s, 0.7H), 11.54 (s, 1H),
8.21 (s, 0.7H), 7.99 (s, 1H), 7.66 (, overlapped, ] = 7 Hz, 7H),
7.48 (d, J = 8.7 Hz, 1.7H), 7.30—7.24 (m, 1.7H), 7.08 (t, J =
7.7 Hz, 1.7H), 7.05 (s, 0.7H), 7.03 (s, 1H), 4.10 (s, 2H) and
3.68 (s, 1.4H) ppm. *C NMR (176 MHz, DMSO-d,) 6 *C
NMR (176 MHz, DMSO DMSO-d,) 6 171.72, 159.56, 158.33,
158.02, 145.70, 145.56, 145.37, 142.13, 137.77, 134.01, 132.30,
129.69, 129.38, 129.12, 127.45, 124.95, 123.70, 123.40, 122.63,
120.65, 112.94, 110.98, 110.79, 106.22, 37.89, and 35.52 ppm.
Mass (ESI): m/z 482 [”°(Br)M+H]*, 484 [*'(Br)M+H]*; 504
[(Br)M+Na]*, 506 [¥(Br)M+Na]*, 522 [¥(Br)M+K]".
Purity 98.7% (R, = 17.63 min).
(E/Z)-N-(4-(2-(2-(4-Chlorobenzylidene)hydrazineyl)-2-
oxoethyl)thiazol-2-yl)-1H-indole-2-carboxamide (6c). White
powder (Yield, 98%). Mp. 236 °C. FT-IR (KBr), v (cm™):
3440, 3321, 3214, 1670, 1634, 1550, 1382, 1319, 1260, 1225,
1092, 1021, 797, 741, 649, 514, and 460 cm™'. '"H NMR (700
MHz, DMSO-d,) 6 12.68 (s, 1.7H), 11.87 (s, 0.7H), 11.86 (s,
1H), 11.63 (s, 0.7H), 11.51 (s, 1H), 8.21 (s, 0.7H), 7.98 (s,
1H), 7.72 (d, overlapped, 1.4H), 7.72 (d, overlapped, J = 7.0
Hz, 2H), 7.66 (d, overlapped, 1.4H), 7.64 (d, overlapped,
1.4H), 7.51 (d, overlapped, 1.4H), 7.49 (d, overlapped, J = 7.0
Hz, 2H), 7.46 (s, 0.7H), 7.45 (s, 1H), 7.49 (t, ] = 7.0 Hg,
1.7H), 7.06 (t, ] = 7.0 Hz, 1.7H), 7.03 (s, 0.7H), 7.01 (s, 1H),
4.08 (s, 2H) and 3.66 (s, 1.4H) ppm. *C NMR (176 MHz,
DMSO) § 171.72, 165.97, 159.61, 159.55, 158.33, 158.02,
145.61, 145.57, 145.38, 142.02, 137.78, 137.76, 134.90, 134.63,
133.71, 133.67, 129.69, 129.65, 129.39, 129.15, 128.88, 127.44,
127.43, 124.96, 124.94, 122.63, 120.65, 112.94, 110.97, 110.78,
106.29, 106.21, 37.89, and 35.52 ppm. Mass (ESI): m/z 438
[33(Cl)M+H]*, 440 [¥(CI)M+H]*, 460 [33(C1)M + Na]*, 462
[*(Cl)M+Na]*. Purity 97.9% (R, = 25.79 min).
(E/Z)-N-(4-(2-(2-(4-Fluorobenzylidene)hydrazineyl)-2-
oxoethyl)thiazol-2-yl)-1H-indole-2-carboxamide (6d). White
powder (Yield, 97%). Mp. 262 °C. FT-IR (KBr), v (cm™):
3421, 3229, 3083, 1669, 1646, 1604, 1558, 1540, 1508, 1418,
1232, 1232, 1152, 932, 835, and 746 cm™'. '"H NMR (700
MHz, DMSO-dg) 6 12.70 (s, 1.7H), 11.89 (s, 0.7H), 11.88 (s,
1H), 11.60 (s, 0.7H), 11.48 (s, 1H), 8.24 (s, 0.7H), 8.01 (s,
1H), 7.76 (q, ] = 9.4, 6.2 Hz, 3.5H), 7.67 (d, ] = 12.5 Hz,
3.5H), 7.48 (d, ] = 8.4 Hz, 1.7H), 7.28 (dq, ] = 15.2, 8.2, 7.4
Hz, 5.25H), 7.09 (t, ] = 7.7 Hz, 1.7H), 7.05 (s, 0.7H), 7.03 (s,
1H), 4.10 (s, 2H) and 3.67 (s, 1.4H) ppm. *C NMR (176
MHz, DMSO-d,) § 171.68, 165.98, 164.63, 164.08, 162.85,
162.67, 159.61, 159.56, 145.88, 145.62, 145.41, 142.25, 137.77,
137.76, 131.31, 129.73, 129.68, 129.63, 129.40, 129.35, 127.44,
125.00, 124.97, 122.63, 120.68, 116.42, 116.29, 112.95, 110.98,
110.76, 106.30, 106.22, 37.85, and 35.53 ppm. Mass (ESI): m/
z 422 [M + HJ]*; 444 [M + Na]*. Purity 98.7% (R, = 28.63
min).
(E/Z)-N-(4-(2-(2-(4-Hidroxybenzylidene)hydrazineyl)-2-
oxoethyl)thiazol-2-yl)-1H-indole-2-carboxamide (6e). White

powder (Yield, 97%). Mp. 304 °C. FT-IR (KBr), v (cm™):
3382, 3348, 3145, 3087, 2989, 2941, 1655, 1613, 1604, 1432,
1392, 1341, 1315, 1275, 1232, 1190, 1165, 1117, 857, 830,
743, 732, 642, 532, and 426 cm™!. 'H NMR (700 MHz,
DMSO-dy) 6 12.70 (s, 1.8H), 11.89 (s, 0.8H), 11.88 (s, 1H),
11.38 (s, 0.8H), 11.26 (s, 1H), 9.91 (s, 0.8H), 9.87 (s, 1H),
8.12 (s, 0.8H), 7.91 (s, 1H), overlapped (m, 3.6H), 7.53 (d, ] =
8.1 Hz, 1.6H), 7.51 (d, ] = 8.3 Hz, 2H), 7.48 (s, 1H), 7.47 (s,
1H), 7.26 (t,] = 7.6 Hz, 1.8H), 7.09 (t, ] = 7.5 Hz, 1.8H), 7.04
(s, 0.8H), 7.01 (s, 1H), 6.82 (overlapped, 3.6H), 4.07 (s, 2H)
and 3.64 (s, 1.6H) ppm. *C NMR (176 MHz, DMSO-d,) &
171.27, 165.49, 159.82, 159.58, 159.53, 158.27, 157.95, 147.20,
145.79, 145.64, 143.60, 137.77, 137.76, 129.71, 129.66, 129.25,
128.91, 127.44, 125.72, 125.69, 124.96, 124.93, 122.63, 120.65,
116.16, 116.14, 112.94, 110.83, 110.68, 106.27, 106.19, 37.90,
and 35.45 ppm. Mass (ESI): m/z 420 [M + HJ*, 442 [M +
Na]*, 458 [M+K]*. Purity 96.4% (R, = 13.51 min).
(E/Z)-N-(4-(2-(2-(2-Methoxybenzylidene)hydrazineyl)-2-
oxoethyl)thiazol-2-yl)-1H-indole-2-carboxamide (6f). Yellow
powder (Yield, 96%). Mp. 230 °C. FT-IR (KBr), v (cm™):
3212, 3135, 2992, 2839, 1893, 1674, 1642, 1611, 1564, 1377,
1343, 1316, 1288, 1249, 1203, 1145, 827, 743, and 458 cm ™.
'H NMR (700 MHz, DMSO-d,) 6 12.70 (s, 1H), 11.99 (s,
0.75H), 11.89 (s, 0.75H), 11.88 (s, 1H), 11.59 (s, 0.75H),
11.43 (s, 1H), 8.58 (s, 0.75H), 8.36 (s, 1H), 7.82 (t, ] = 9.0
Hz, 1.75H), 7.66 (dd, ] = 10.6, 6.4 Hz, 3.5H), 7.48 (d, ] = 8.4
Hz, 1.75H), 7.41 (dt, J = 14.3, 7.9 Hz, 1.75H), 7.26 (t, ] = 7.7
Hz, 1.75H), 7.10 (dt, J = 14.0, 8.2 Hz, 3.5H), 7.05 (s, 0.75H),
7.01 (s, 2.75H), 4.09 (s, 2H), 3.86 (d, J = 12.6 Hz, 5.25H) and
3.65 (s, L.SH) ppm. “C NMR (176 MHz, DMSO-d;) &
172.49, 171.52, 165.68, 159.63, 159.61, 158.34, 158.32, 158.14,
158.01, 142.39, 138.94, 137.78, 137.76, 131.98, 131.69, 129.75,
129.70, 127.45, 127.44, 125.91, 125.75, 124.96, 124.92, 122.71,
122.65, 122.62, 121.23, 120.65, 120.64, 112.94, 112.29, 112.27,
110.93, 110.66, 106.26, 106.18, 56.18, 56.14, 37.91, and 35.53
ppm. Mass (ESI): m/z 434 [M + H]*; 456 [M + Na]". Purity
96.1% (R, = 19.22 min).
(E/Z)-N-(4-(2-(2-(4-Methoxybenzylidene)hydrazineyl)-2-
oxoethyl)thiazol-2-yl)-1H-indole-2-carboxamide (6g). Yel-
lowish powder (Yield, 98%). Mp. 253 °C. FT-IR (KBr), v
(em™): 3413, 3227, 3055, 2845, 1651, 1542, 1480, 1386,
1313, 1249, 1176, 1130, 1029, 926, 846, 739, 724, 642, 618,
524, and 432 cm™'. '"H NMR (700 MHz, DMSO-d,) & 12.68
(s, 1.8H), 11.87 (s, 0.8H), 11.86 (s, 1H), 11.43 (s, 0.8H),
11.32 (s, 1H), 8.15 (s, 0.8H), 7.94 (s, 1H), 7.63 (dq, J = 15.6,
8.7 Hz, 7.2H), 7.46 (s, 1H), 7.45 (s, 0.8H), 7.24 (t, ] = 7.7 Hz,
1.8H), 7.06 (t, J = 7.5 Hz, 1.8H), 7.02 (s, 0.8H), 6.99 (dt, ] =
10.3, 6.0 Hz, 4.6H), 4.06 (s, 2H), 3.79 (s, 2.3H), 3.78 (s, 3H)
and 3.63 (s, 1.6H) ppm. *C NMR (176 MHz, DMSO-d,) &
13C NMR (176 MHz, DMSO) § 171.39, 165.62, 161.25,
161.03, 159.60, 159.54, 158.29, 157.97, 146.79, 145.75, 145.58,
143.18, 137.76, 129.70, 129.66, 129.10, 128.78, 127.44, 127.30,
127.28, 124.95, 122.63, 120.65, 114.79, 112.94, 110.86, 110.69,
106.27, 106.19, 55.77, 55.75, 37.90, and 35.50 ppm. Mass
(ESI): m/z 434 [M + H]*. Purity 97.7% (R, = 20.44 min).
(E/Z)-N-(4-(2-(2-(4-Nitrobenzylidene)hydrazineyl)-2-
oxoethyl)thiazol-2-yl)-1H-indole-2-carboxamide (6h). Yel-
low powder (Yield, 99%). Mp. 256 °C. FT-IR (KBr), v
(em™): 3424, 3397, 3217, 3144, 2359, 1673, 1634, 1561,
1518, 1402, 1340, 1313, 1194, 1146, 1070, 838, 747, 687, 550,
and 434 cm™. '"H NMR (700 MHz, DMSO-dy) § 12.71 (s,
1.6H), 11.91 (s, 0.6H), 11.89 (s, 0.6H), 11.88 (s, 1H), 11.78
(s, 1H), 8.35 (s, 0.6H), 8.31 (d, ] = 8.2 Hz, 1.2H), 8.29 (d,] =
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8.8 Hz, 2H), 8.12 (s, 1H), 7.98 (d, J = 8.8 Hz, 1.2H), 7.97 (d, ]
= 8.8 Hz, 2H) 7.67 (d, ] = 8.6 Hz, 3.2H), 7.48 (s, 0.6H), 7.48
(s, 1H), 7.27 (d, ] = 7.6 Hz, 0.6H), 7.26 (d, ] = 7.6 Hz, 16H),
7.09 (d, ] = 7.5 Hz, 1.2H), 7.07 (d, J = 7.5 Hz, 2H), 4.14 (s,
2H) and 3.72 (s, 1.2H) ppm. *C NMR (176 MHz, DMSO) &
172.06, 166.35, 159.57, 158.39, 158.09, 148.30, 148.10, 145.39,
145.18, 144.51, 141.12, 141.04, 140.99, 137.77, 129.67, 128.45,
128.17, 127.44, 124.96, 124.54, 122.63, 120.65, 112.94, 111.09,
110.90, 106.30, 106.23, 37.90, and 35.63 ppm. Mass (ESIL): m/
z 449 [M + HJY, 471 [M + Na]*, 487 [M+K]". Purity 96.6%
(R, = 16.66 min).
(E/Z)-N-(4-(2-(2-(4-(Dimethylamino)benzylidene)-
hydrazineyl)-2-oxoethyl)thiazol-2-yl)-1H-indole-2-carboxa-
mide (6i). Orange powder (Yield, 96%). Mp. 269 °C. FT-IR
(KBr), v (cm™): 3414, 3217, 3140, 2891, 2810, 1666, 1607,
1537, 1365, 1314, 1182, 949, 742, and 520 cm™'. '"H NMR
(700 MHz, DMSO-d,) 6 12.67 (s, 1.8H), 11.87 (s, 0.8H),
11.86 (s, 1H), 11.26 (s, 0.8H), 11.16 (s, 1.0H), 8.06 (s, 0.8H),
7.86 (s, 1H), 7.65 (s, 0.8H), 7.64 (s, 3H), 7.53—7.42 (m,
5.6H), 7.24 (t, ] = 7.7 Hz, 1.8H), 7.06 (t, ] = 7.7 Hz, 1.8H),
7.01 (s, 0.8H), 6.98 (s, 1H), 6.72 (t, ] = 8.1 Hz, 3.6H), 4.04 (s,
2H), 3.61 (s, 1.6H), 2.95 (s, 6H) and 2.94 (s, 4.8H) ppm. *C
NMR (176 MHz, DMSO) & 172.49, 171.03, 165.25, 159.62,
158.31, 158.01, 151.94, 151.75, 147.69, 145.70, 144.12, 137.78,
137.76,129.77, 129.71, 128.81, 128.47, 127.46, 127.44, 124.95,
124.92, 122.63, 122.61, 122.11, 121.99, 120.65, 120.64, 112.94,
112.31, 112.27, 110.75, 110.59, 106.25, 106.17, 37.91, 35.44,
and 21.54 ppm. Mass (ESI): m/z 447 [M + H]". Purity 95.5%
(R, = 19.78 min).
(E/Z)-N-(4-(2-(2-(4-(Methylthio)benzylidene)hydrazineyl)-
2-oxoethyl)thiazol-2-yl)-1H-indole-2-carboxamide (6j).
White powder (Yield, 96%). Mp. 196 °C. FT-IR (KBr), v
(em™): 3350, 3317, 3250, 3074, 2911, 1674, 1661, 1595,
1540, 1494, 1343, 1315, 1290, 1230, 1211, 1190, 1143, 1092,
1072, 961, 871, 813, 742, 731, 565, and 431 cm™. 'H NMR
(700 MHz, DMSO-d;) 6 12.70 (s, 1.75H), 11.89 (s, 0.75H),
11.88 (s, 1H), 11.54 (s, 0.75H), 11.43 (s, 1H), 8.18 (s, 0.75H),
7.97 (s, 1H), 7.68 (s, 0.75H), 7.66 (s, 2.75H), 7.64 (d, ] = 7.6
Hz, 1.50H), 7.62 (d, ] = 8.2 Hz, 2H), 7.48 (d, ] = 8.6 Hz,
1.75H), 7.32 (t, ] = 9.6 Hz, 3.5H), 7.26 (t, ] = 7.7 Hz, 1.75H),
7.09 (t, J = 7.5 Hz, 1.75H), 7.05 (s, 0.75H), 7.02 (s, 1H), 4.09
(s, 2H), 3.66 (s, 1.50H) and 2.52 (s, 5.25H) ppm. *C NMR
(176 MHz, DMSO-ds) & 171.52, 165.76, 159.54, 157.99,
146.51, 145.66, 145.49, 142.93, 141.35, 140.99, 1.37.77,
137.76, 131.17, 131.16, 129.69, 129.65, 127.92, 127.64,
127.45, 126.16, 126.11, 124.96, 124.94, 122.63, 120.65,
112.94, 110.91, 110.73, 106.28, 106.20, 37.91, 35.52, 14.75,
and 14.72 ppm. Mass (ESI): m/z 450 [M + H]*; 472 [M +
Na]*; 488 [M+K]". Purity 97.7% (R, = 28.95 min).
(E/Z)-N-(4-(2-(2-(2-Hydroxy-4-methoxybenzylidene)-
hydrazineyl)-2-oxoethyl)thiazol-2-yl)- 1H-indole-2-carboxa-
mide (6k). Yellow powder (Yield, 97%). Mp. 244 °C. FT-IR
(KBr), v (em™): 3213, 3154, 2836, 1669, 1631, 1537, 1400,
1342, 1312, 1282, 1223, 1187, 1163, 963, 871, 740, 572, 468,
and 430 cm™. '"H NMR (700 MHz, DMSO-d,) § 12.70 (s,
1.4H), 11.89 (s, 1H), 11.88 (s, 0.4H), 11.71 (s, 1H), 11.47 (s,
1H), 11.31 (s, 0.4H), 10.22 (s, 0.4H), 8.34 (s, 1H), 8.21 (s,
0.4H), 7.68 (s, 0.8H), 7.67 (s, 2H), 7.57 (s, 0.4H), 7.48 (d, ] =
8.4 Hz, 1.4H), 7.42 (d, J = 8.6 Hz, 1H), 7.26 (t, ] = 7.7 Hz,
1.4H), 7.09 (t, ] = 7.6 Hz, 1.4H), 7.06 (s, 1H), 7.00 (s, 0.4H),
6.52 (d, ] = 8.6 Hz, 1H), 6.49 (d, ] = 6.2 Hz, 0.4H), 6.49 (s,
1H), 6.45 (s, 0.4H), 4.03 (s, 0.8H), 3.77 (s, 3H), 3.75 (s,
1.2H) and 3.67 (s, 2H) ppm. *C NMR (176 MHz, DMSO-

ds) 6 170.86, 165.45, 162.48, 162.20, 159.73, 159.61, 158.36,
147.98, 145.28, 141.96, 137.78, 137.76, 131.50, 129.65, 128.69,
127.43,124.97, 124.93, 122.64, 122.62, 120.65, 120.64, 113.47,
112.94, 112.14, 111.06, 106.91, 106.89, 106.28, 106.20, 101.60,
101.40, 55.78, 55.65, 37.62, and 35.63 ppm. Mass (ESI): m/z
450 [M + HJ]*, 472 [M + Na]". Purity 95.3% (R, = 23.49 min).

(E/Z)-N-(4-(2-(2-(Naphthalen-1-ylmethylene)hydrazineyl)-
2-oxoethyl)thiazol-2-yl)-1H-indole-2-carboxamide (6l).
White powder (Yield, 96%). Mp. 269 °C. FT-IR (KBr), v
(em™): 3420, 3227, 3054, 1676, 1540, 1395, 1340, 1313,
1286, 1185, 1144, 768, and 743 cm™. 'H NMR (700 MHz,
DMSO-d,) 6§ 12.72 (s, 1.75H), 11.90 (s, 0.75H), 11.88 (s,
1H), 11.69 (s, 0.75H), 11.53 (s, 1H), 8.86 (overlapped, ] = 4.3
Hz, 1.75H), 8.70 (s, 1H), 8.63 (d, ] = 8.6 Hz, 1H), 8.02 (t, ] =
6.5 Hz, 3.5H), 7.90 (d, ] = 7.4 Hz, 1.75H), 7.67 (d, ] = 8.2 Hz,
5.25H), 7.61 (q, overlapped, J = 10.3, 9.0 Hz, 3.5H), 7.48 (d, ]
= 8.5 Hz, 1.75H), 7.26 (t, ] = 7.6 Hz, 1.75H), 7.13—7.04 (d,
overlapped, 3.5H), 4.18 (s, 2H) and 3.74 (s, 1H) ppm. *C
NMR (176 MHz, DMSO-d,) & 171.98, 166.48, 159.69, 158.20.
147.15, 145.40, 143.90, 137.72, 137.70, 133.92, 131.18, 130.90,
130.53, 130.36, 129.71, 129.65, 129.49, 129.27, 128.38, 128.11,
127.90, 127.85, 127.38, 126.87, 126.83, 126.07, 125.23, 125.20,
124.54, 124.36, 122.68, 120.87, 120.85, 112.94, 111.24, 110.76,
106.39, 106.35, 37.73, and 35.89 ppm. Mass (ESI): m/z
454[M + H]*; 476 [M + Na]*; 493 [M+K]*. Purity 98.9% (R,
= 18.46 min).

(E/Z)-N-(4-(2-(2-Benzylidenehydrazineyl)-2-oxoethyl)-
thiazol-2-yl)-5-methoxy-1H-indole-2-carboxamide (6m).
White powder (Yield, 97%). Mp. 239 °C. FT-IR (KBr), v
(em™): 3222, 3141, 3077, 2833, 1678, 1649, 1556, 1523,
1412, 1284, 1213, 1161, 885, 832, 748, 687, and 540 cm™". 'H
NMR (700 MHz, DMSO-d,) 6 12.62 (s, 1H), 11.95 (s, 0.7H),
11.73 (s, 0.7H), 11.71 (s, 1H), 11.57 (s, 0.7H), 11.45 (s, 1H),
8.22 (s, 0.7H), 8.00 (s, 1H), 7.69 (d, ] = 7.3 Hz, 1.4H), 7.67
(d, J = 7.4 Hz, 2H), 7.55 (s, 1.7H), 7.42 (m, 5.1H), 7.34 (d, ] =
9.0 Hz, 1.7H), 7.10 (s, 1.7H), 7.02 (s, 0.7H), 7.00 (s, 1H),
6.89 (d, ] = 9.1 Hz, 1.7H), 4.08 (s, 2H), 3.76 (s, 3H), 3.76, (s,
2.1H) and 3.65 (s, 1.4H) ppm. *C NMR (176 MHz, DMSO-
ds) 6 17249, 171.64, 165.89, 154.44, 146.92, 143.32, 134.74,
134.71, 133.16, 133.14, 130.49, 130.24, 129.32, 129.29, 127.76,
127.51,127.22, 116.58, 116.54, 113.81, 110.67, 105.95, 105.87,
102.57, 55.73, 37.89, and 35.50 ppm. Mass (ESI): m/z 434 [M
+ HJ*, 456 [M + Na]*. Purity 98.7% (R, = 15.77 min).

(E/Z)-N-(4-(2-(2-(4-Bromobenzylidene)hydrazineyl)-2-
oxoethyl)thiazol-2-yl)-5-methoxy-1H-indole-2-carboxamide
(6n). Yellow powder (Yield, 97%). Mp. 280 °C. FT-IR (KBr),
v (em™): 3450, 3307, 3206, 2988, 1671, 1637, 1542, 1483,
1454, 1381, 1325, 1278, 1228, 1178, 1134, 1066, 1027, 1008,
953, 876, 852, 814, 757, 713, 571, 511, and 433 cm™'. 'H
NMR (700 MHz, DMSO-d,) 6 12.62 (s, 1.7H), 11.73 (s,
0.7H), 11.72 (s, 1H), 11.64 (s, 0.7H), 11.51 (s, 1H), 8.19 (s,
0.7H), 7.97 (s, 1H), 7.64 (ABq, ] = 8.0, 1.1 Hz, 2.8H), 7.62
(ABq, ] = 8.1, 0.9 Hz, 4H), 7.56 (s, 1.7H), 7.35 (d, ] = 8.8 Hz,
1.7H), 7.10 (d, J = 2.6 Hz, 1.7H), 7.02 (s, 0.7H), 7.00 (s, 1H),
6.89 (ddd, J = 8.9, 2.5, 1.1 Hz, 1.7H), 4.07 (s, 2H), 3.76 (s,
3H), 3.75 (s, 2.1H) and 3.65 (s, 1.4H) ppm. *C NMR (176
MHz, DMSO-d,) & 171.73, 165.99, 159.52, 159.47, 158.38,
158.07, 154.44, 145.69, 145.53, 145.34, 142.12, 134.05, 134.01,
133.16, 133.14, 132.30, 129.88, 129.84, 129.38, 129.11, 127.76,
123.70, 123.40, 116.59, 116.56, 113.82, 110.92, 110.73, 105.97,
105.89, 102.57, 55.73, 37.89, and 35.51 ppm. Mass (ESI): m/z
512 [(Br)M+H]*, 514 [*'(Br)M+H]*, 534 [”(Br)M+Na]*,
536 [*(Br)M+Na]". Purity 97.4% (R, = 17.43 min).
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(E/Z)-N-(4-(2-(2-(4-Chlorobenzylidene)hydrazineyl)-2-
oxoethyl)thiazol-2-yl)-5-methoxy-1H-indole-2-carboxamide
(60). White powder (Yield, 96%). Mp. 261 °C. FT-IR (KBr), v
(em™): 3205, 3060, 2943, 2825, 1676, 1649, 1542, 1488,
1454, 1398, 1340, 1278, 1213, 1157, 1090, 1012, 985, 849,
825, 731, and 514 cm™'. 'H NMR (700 MHz, DMSO-d,) &
12.62 (s, 1.7H), 11.73 (s, 0.7H), 11.71 (s, 1H), 11.63 (s,
0.7H), 11.51 (s, 1H), 8.21 (s, 0.7H), 7.99 (s, 1H), 7.73—7.68
(overlapped, 3.4H), 7.55 (s, 1.7H), 7.51—7.46 (overlapped,
34H), 7.34 (d, ] = 9.0 Hz, 1.7H), 7.10 (s, 1.7H), 7.02 (s,
0.7H), 7.00 (s, 1H), 6.89 (d, ] = 8.9 Hz, 1.7H), 4.08 (s, 2H),
3.76 (s, 5.1H) and 3.65 (s, 1.4H) ppm. *C NMR (176 MHz,
DMSO-dg) 6 171.72, 165.98, 159.51, 158.39, 158.19, 154.44,
145.61, 142.03, 134.91, 134.63, 133.72, 133.67, 133.14, 131.61,
129.85, 129.39, 129.15, 128.88, 127.76, 116.58, 116.55, 113.82,
110.91, 110.71, 105.97, 105.89, 102.57, 55.73, 37.88, and 35.51
ppm. Mass (ESI): m/z 468 [**(Cl)M+H]*, 470 [¥(Br)M
+H]*, 490 [**(Cl)M+Na]*, 492 [*(Cl)M+Na]*. Purity 97.5%
(R, = 29.00 min).

(E/Z)-N-(4-(2-(2-(4-Fluorobenzylidene)hydrazineyl)-2-
oxoethyl)thiazol-2-yl)-5-methoxy-1H-indole-2-carboxamide
(6p). White powder (Yield, 98%). Mp. 180 °C. FT-IR (KBr), v
(em™): 3364, 3204, 3050, 2940, 2829, 1678, 1650, 1542,
1508, 1453, 1339, 1278, 1231, 1212, 115, 1120, 835, 730, and
524 cm™. '"H NMR (700 MHz, DMSO-d,) 6 12.62 (s, 1.7H),
11.73 (s, 0.7H), 11.72 (s, 1H), 11.57 (s, 0.7H), 11.46 (s, 1H),
8.22 (s, 0.7H), 7.99 (s, 1H), 7.74 (dt, J = 12.6, 6.6 Hz, 3.4H),
7.56 (s, 1.7H), 7.34 (d, ] = 8.9 Hz, 1.7H), 7.27 (q, ] = 9.2 Hz,
3.4H), 7.10 (s, 1.7H), 7.02 (s, 0.7H), 6.99 (s, 1H), 6.89 (d, ] =
8.9 Hz, 1.7H), 4.07 (s, 2H), 3.76 (s, 5.1H) and 3.65 (s, 1.4H)
ppm. “C NMR (176 MHz, DMSO-ds) § *C NMR (176
MHz, DMSO) § 171.65, 165.90, 164.25, 164.07, 162.85,
162.67, 159.54, 158.39, 158.08, 154.44, 145.81, 145.59, 145.40,
142.17, 133.16, 133.14, 131.36, 131.33, 129.92, 129.88, 129.70,
129.65, 129.40, 129.35, 127.76, 116.58, 116.55, 116.42, 116.29,
113.82, 110.88, 110.67, 105.96, 105.88, 102.57, 55.73, 37.88,
and 35.52 ppm. Mass (ESI): m/z 452 [M + HJ*, 474 [M +
Na]*. Purity 99.5% (R, = 24.60 min).

(E/Z)-N-(4-(2-(2-(4-Hydroxybenzylidene)hydrazineyl)-2-
oxoethyl)thiazol-2-yl)-5-methoxy-1H-indole-2-carboxamide
(6g). Colorless powder (Yield, 95%). Mp. 275 °C. FT-IR
(KBr), v (cm™): 3414, 3354, 3220, 2933, 2829, 1661, 1606,
1552, 1514, 1454, 1343, 1280, 1214, 1165, 1031, 835, 751,
729, and 530 cm™’. '"H NMR (700 MHz, DMSO-d,) & 12.61
(s, 1.8H), 11.73 (s, 0.8H), 11.71 (s, 1H), 11.35 (s, 0.8H),
11.24 (s, 1H), 9.89 (s, 0.8H), 9.86 (s, 1H), 8.10 (s, 0.8H), 7.89
(s, 1H), 7.55 (s, 1.8H), 7.51 (dd, J = 8.3, 2.3 Hz, 1.6H), 7.49
(dd, J = 8.3, 2.3 Hz, 2H), 7.34 (d, ] = 8.9 Hz, 1.8H), 7.10 (s,
2H), 7.00 (s, 0.8H), 6.98 (s, 1H), 6.89 (d, J = 8.9 Hz, 1.8H),
6.80 (t, J = 6.6 Hz, 3.6H), 4.04 (s, 2H), 3.76 (s, 5.4H) and
3.61 (s, 1.6H) ppm. *C NMR (176 MHz, DMSO-d;) &
171.28, 165.50, 159.83, 159.59, 159.55, 158.33, 158.07, 154.45,
147.20, 145.67, 143.61, 133.16, 133.14, 129.95, 129.90, 129.26,
128.92, 127.77, 125.73, 125.70, 116.58, 116.54, 116.17, 116.15,
113.82, 110.77, 110.61, 105.95, 105.87, 102.58, 55.73, 37.89,
and 35.43 ppm. Mass (ESI): m/z 450 [M + H]*, 488 [M+K]".
Purity 98.3% (R, = 20.52 min).

(E/Z)-5-Methoxy-N-(4-(2-(2-(4-methylbenzylidene)-
hydrazineyl)-2-oxoethyl)thiazol-2-yl)-1H-indole-2-carboxa-
mide (6r). White powder (Yield, 97%). Mp. 228 °C. FT-IR
(KBr), v (cm™): 3219, 3165, 3141, 1678, 1650, 1554, 1524,
1454, 1413, 1284, 1254, 1213, 1161, 1116, 1033, 928, 884,
837, 801, 752, 714, 626, 512, 458, and 430 cm™. 'H NMR

(700 MHz, DMSO-d;) § '"H NMR (700 MHz, DMSO) &
12.64 (s, 1H), 11.97 (s, 0.7H), 11.75 (s, 0.7H), 11.74 (s, 1H),
11.57 (s, 0.7H), 11.40 (s, 1H), 8.50 (s, 0.7H), 8.30 (s, 1H),
7.79 (d, ] = 8.0 Hz, 0.7H), 7.75 (d, ] = 7.7 Hz, 1H), 7.58 (dd, ]
= 44,23 Hz, 1.7H), 7.37 (d, ] = 9.0 Hz, 1.7H), 7.31 (ddd, ] =
9.0, 7.3,2.7 Hz, 1.7H), 7.26 (q, ] = 6.3, 5.1 Hz, 3.4H), 7.13 (5,
0.7H), 7.12 (s, 1H), 7.05 (s, 0.7H), 7.01 (s, 1H), 6.92 (dt, ] =
8.9, 2.0 Hz, 1.7H), 4.09 (s, 2H), 3.78 (s, 5.1H), 3.67 (s, 1.4H),
2.44 (s, 2.1H) and 2.42 (s, 3H) ppm. *C NMR (176 MHz,
DMSO-d,) § 171.54, 165.77, 159.56, 158.41, 154.44, 14548,
142.52, 137.21, 136.95, 133.16, 133.14, 132.69, 132.62, 131.42,
131.34, 130.17, 129.94, 129.89, 127.76, 126.73, 126.70, 126.67,
126.35, 116.58, 116.54, 113.82, 110.91, 110.62, 105.96, 105.88,
102.57, 55.73, 37.94, 35.54, 19.90, and 19.53 ppm. Mass (ESI):
m/z 448 [M + H]", 470 [M + Na]*. Purity 99.4% (R, = 23.51
mm).
(E/Z)-5-Methoxy-N-(4-(2-(2-(2-methoxybenzylidene)-
hydrazineyl)-2-oxoethyl)thiazol-2-yl)- 1H-indole-2-carboxa-
mide (6s). White powder (Yield, 96%). Mp. 215 °C. FT-IR
(KBr), v (em™): 3222, 2989, 2940, 2832, 1673, 1552, 1284,
1213, 1154, 887, and 750 cm™. 'H NMR (700 MHz, DMSO-
ds) 6 '"H NMR (700 MHz, DMSO) 6§ 12.63 (s, 1H), 12.00 (s,
0.7H), 11.75 (s, 0.7H), 11.74 (s, 1H), 11.58 (s, 0.7H), 11.43
(s, 1H), 8.58 (s, 0.7H), 8.36 (s, 1H), 7.81 (t, ] = 8.1 Hz, 1.7H),
7.57 (s, 1.7H), 7.44-7.35 (p, 1.7H), 7.37 (d, ] = 8.9 Hgz,
1.7H), 7.12 (d, J = 2.6 Hz, 2H), 7.10 (d, J = 8.7 Hz, 1.4H),
7.04 (s, 0.7H), 7.03—6.99 (m, 1.7H), 7.00 (s, 1H), 6.91 (dt, J
=8.9,2.2 Hz, 1.7H), 4.09 (s, 2H), 3.87 (s, 2.1H), 3.85 (s, 3H),
3.78 (s, 5.1H), 3.64 (s, 1.4H) ppm. *C NMR (176 MHz,
DMSO-d,) 6 *C NMR (176 MHz, DMSO) § 171.53, 165.70,
159.55, 158.39, 158.14, 158.08, 158.01, 154.44, 145.58, 145.39,
142.39, 138.94, 133.16, 133.14, 131.98, 131.69, 129.95, 129.89,
127.76,125.92, 125.75, 122.71, 122.64, 121.22, 116.58, 116.54,
113.81, 112.29, 112.27, 110.89, 110.60, 105.95, 105.87, 102.57,
56.18, 56.14, 55.72, 37.91, and 35.53 ppm. Mass (ESI): m/z
464[M + H]*, 486 [M + Na]*. Purity 98.4% (R, = 16.33 min).
(E/Z)-5-Methoxy-N-(4-(2-(2-(4-methoxybenzylidene)-
hydrazineyl)-2-oxoethyl)thiazol-2-yl)-1H-indole-2-carboxa-
mide (6t). White powder (Yield, 97%). Mp. 237 °C. FT-IR
(KBr), v (em™): 3378, 3209, 2933, 2829, 1673, 1537, 1453,
1274, 1212, 929, 730, 430, and 415 cm™. '"H NMR (700 MHz,
DMSO-dy) § 12.62 (s, 1.75H), 11.73 (s, 0.75H), 11.72 (s,
1H), 11.43 (s, 0.75H), 11.31 (s, 1H), 8.15 (s, 1H), 7.94 (s,
1H), 7.63 (d, ] = 7.1 Hz, 1.5H), 7.61 (d, ] = 7.1 Hz, 2H), 7.56
(s, 1.7SH), 7.34 (d, ] = 9.0 Hz, 1.75H), 7.10 (s, 1.7SH), 7.01
(d, J] = 5.9 Hz, 1.75H), 6.99 (s, 1.75H), 6.98 (d, ] = 6.9 Hz,
2H), 6.89 (d, J = 9.1 Hz, 1.75H), 4.06 (s, 2H), 3.79 (s, 2.25H),
3.78 (s, 3H), 3.76 (s, 5.25H) and 3.62 (s, 1.5SH) ppm. "*C
NMR (176 MHz, DMSO-d,) § 171.39, 165.62, 161.25, 161.03,
159.51, 159.45, 158.33, 158.01, 154.44, 146.79, 145.72, 145.55,
143.18, 133.16, 133.13, 129.90, 129.85, 129.09, 128.78, 127.75,
127.30, 127.28, 116.58, 116.55, 114.79, 113.81, 110.81, 110.63,
105.95, 105.87, 102.56, 55.77, 55.76, 55.73, 37.91, and 35.49
ppm. Mass (ESI): m/z 464 [M + H]*, 486 [M + Na]*. Purity
97.2% (R, = 22.01 min).
(E/Z)-5-Methoxy-N-(4-(2-(2-(4-nitrobenzylidene)-
hydrazineyl)-2-oxoethyl)thiazol-2-yl)- 1H-indole-2-carboxa-
mide (6u). Yellow powder (Yield, 98%). Mp. 258 °C. FT-IR
(KBr), v (em™): 3276, 3202, 2987, 2822, 1655, 1630, 1585,
1544, 1519, 1455, 1426, 1390,1338, 1318, 1281, 1215, 1137,
1105, 1032, 942, 846, 735, 689, 544, and 450 cm™. 'H NMR
(700 MHz, DMSO-d;) 6 '"H NMR (700 MHz, DMSO) &
12.62 (s, 1.9H), 11.87 (s, 0.9H), 11.75 (s, 1H), 11.73 (s,
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1.9H), 'H NMR (700 MHz, DMSO) § 12.62 (s, 2H), 11.87
(s, 1H), 11.75 (s, 1H), 11.73 (s, 2H), 8.32 (s, 0.9H), 8.27 (t, ]
= 11.6 Hz, 3.8H), 8.09 (s, 1H), 7.95 (t, J = 10.0 Hz, 3.8H),
7.55 (s, 1.9H), 7.34 (d, ] = 10.3 Hz, 1.9H), 7.10 (s, 1.9H), 7.03
(s, 1.9H), 6.89 (d, J = 11.0 Hz, 1.9H), 4.12 (s, 2H), 3.76 (s,
5.4H) and 3.69 (s, 1.8H) ppm. *C NMR (176 MHz, DMSO-
ds) 6 170.96, 165.17, 159.41, 159.36, 158.21, 157.87, 154.35,
151.86, 151.67, 147.59, 145.78, 145.64, 144.02, 133.06, 133.04,
129.82, 129.78, 128.72, 128.38, 127.66, 122.02, 121.89, 116.45,
113.73, 112.23, 112.18, 110.63, 110.48, 105.85, 102.47, 55.63,
37.84, and 35.36 ppm. Mass (ESI): m/z 479 [M + H]*, 517
[M+K]*. Purity 97.7% (R, = 28.33 min).
(E/Z)-N-(4-(2-(2-(4-(Dimethylamino)benzylidene)-
hydrazineyl)-2-oxoethyl)thiazol-2-yl)-5-methoxy-1H-indole-
2-carboxamide (6v). Pink powder (Yield, 99%). Mp. 257 °C.
FT-IR (KBr), v (cm™): 3447, 3387, 3203, 3047, 2826, 1683,
1656, 1614, 1538, 1453, 1363, 1275, 1216, 1185, 1120, 1066,
946,839, 813, and 724 cm™". 'H NMR (700 MHz, DMSO-d,)
5 12.64 (s, 1.85H), 11.75 (s, 0.85H), 11.74 (s, 1H), 11.28 (s,
0.85H), 11.17 (s, 1H), 8.08 (s, 0.85H), 7.88 (s, 1H), 7.58 (s,
1.85H), 7.52 (d, J = 8.8 Hz, 1.7H), 7.49 (d, ] = 8.6 Hz, 1.85H),
7.37 (d, ] = 9.5 Hz, 1.85H), 7.12 (s, 1.85H), 7.02 (s, 0.85H),
7.00 (s, 1H), 6.91 (d, J = 9.1 Hz, 2H), 6.76 (d, ] = 8.6 Hz,
1.7H), 7.75 (d, ] = 8.6 Hz, 2H), 4.06 (s, 2H), 3.78 (s, 5.55H),
3.62 (s, 1.7H), 2.98 (s, S.1H) and 2.97 (s, 6H) ppm. *C NMR
(176 MHz, DMSO-ds) & 171.05, 16526, 159.5, 159.44,
158.30, 157.96, 154.44, 151.95, 151.76, 147.68, 145.87, 145.73,
144.11, 133.15, 133.13, 129.91, 129.86, 128.81, 128.47, 127.75,
122.11, 121.98, 116.58, 116.54, 113.81, 112.31, 112.27, 110.72,
110.57, 105.94, 105.86, 102.56, 55.72, 40.48, 37.92, and 35.45.
ppm. Mass (ESI): m/z 447 [M + H]*. Purity 97.5% (R, =
24.70 min).
(E/Z)-5-Methoxy-N-(4-(2-(2-(4-(methylthio)benzylidene)-
hydrazineyl)-2-oxoethyl)thiazol-2-yl)- 1H-indole-2-carboxa-
mide (6w). White powder (Yield, 96%). Mp. 257 °C. FT-IR
(KBr), v (cm™): 3344, 3215, 3148, 2985, 2833, 1663, 1542,
1406, 1281, 1269, 1212, 1159, 1120, 1038, 946, 812, 751, 718,
595, 544, 512, and 459 cm™. '"H NMR (700 MHz, DMSO-d,)
5 12.64 (s, 1.7H), 11.75 (s, 0.7H), 11.74 (s, 1H), 11.54 (s,
0.7H), 11.43 (s, 1H), 8.18 (s, 0.7H), 7.97 (s, 1H), 7.64 (d, ] =
8.5 Hz, 1.4H), 7.62 (d, ] = 8.5 Hz, 2H), 7.58 (s, 1.7H), 7.37
(d, J = 8.9 Hz, 1.7H), 7.32 (d, J = 8.5 Hz, 1.4H), 7.31 (d, ] =
8.5 Hz, 2H), 7.12 (d, ] = 2.7 Hz, 1.7H), 7.04 (s, 0.7H), 7.01 (s,
1H), 6.91 (dd, J = 8.9, 2.7 Hz, 1.7H), 4.09 (s, 2H), 3.78 (s,
5.1H), 3.66 (s, 1.4H), 2.52 (s, 2.1H) and 2.51 (s, 3H) ppm.
13C NMR (176 MHz, DMSO-d,) § 171.53, 165.77, 159.52,
159.46, 158.36, 158.04, 154.44, 146.51, 145.64, 145.47, 142.93,
141.35, 140.99, 133.16, 133.14, 131.17, 129.90, 129.85, 127.92,
127.76, 127.64, 126.16, 126.11, 116.59, 116.55, 113.82, 110.86,
110.67, 105.96, 105.88, 102.57, 55.73, 37.91, 35.52, 14.76, and
14.72 ppm. Mass (ESI): m/z 480 [M + H]J*, 502 [M + Na]*,
518 [M+K]*. Purity 95.7% (R, = 16.26 min).
(E/Z)-N-(4-(2-(2-(3,4-Dichlorobenzylidene)hydrazineyl)-2-
oxoethyl)thiazol-2-yl)-5-methoxy-1H-indole-2-carboxamide
(6x). White Colorless powder (Yield, 96%). Mp. 257 °C. FT-
IR (KBr), v (cm™): 3207, 3158, 2945, 2831, 1678, 1647,
1603, 1557, 1524, 1455, 1419, 1379, 1285, 1215, 1160, 1120,
1049, 1033, 927, 884, 839, 822, 799, 746, and 556 cm™'. 'H
NMR (700 MHz, DMSO-dy) 6 12.61 (s, 1H), 11.96 (s, 0.7H),
11.86 (s, 0.7H), 11.72 (s, 0.7H), 11.71 (s, 1H), 11.69 (s, 1H),
8.56 (s, 0.7H), 8.33 (s, 1H), 7.97 (d, ] = 8.6 Hz, 1H), 7.94 (d, ]
=8.5 Hz, 0.7H), 7.71 (d, ] = 2.2 Hz, 0.7H), 7.70 (d, ] = 2.2 Hz,
1H),7.55 (s, 1.7H), 7.49 (t, ] = 9.0 Hz, 1.7H), 7.34 (d, ] = 8.9

Hz, 1.7H), 7.10 (d, ] = 2.6 Hz, 1.7H), 7.03 (s, 0.7H), 7.00 (s,
1H), 6.89 (dd, J = 8.9, 2.7 Hz, 1.7H), 4.09 (s, 2H), 3.76 (s,
5.1H) and 3.66 (s, 1.4H) ppm. *C NMR (176 MHz, DMSO-
dy) 6 171.86, 166.16, 159.54, 158.45, 158.18, 154.44, 145.32,
145.09, 141.81, 138.32, 135.52, 135.22, 134.23, 134.01, 133.16,
133.14, 131.07, 129.91, 129.84, 128.54, 128.48, 128.40, 127.76,
116.59, 116.56, 113.82, 111.06, 110.75, 105.98, 105.90, 102.56,
55.73, 37.94, and 35.56 ppm. Mass (ESI): m/z 502 [**(Cl)M
+H]*, 504 [¥(CI)M+H]". Purity 99.3% (R, = 18.71 min).

(E/Z)-N-(4-(2-(2-(2-Hydroxy-4-methoxybenzylidene)-
hydrazineyl)-2-oxoethyl)thiazol-2-yl)-5-methoxy-1H-indole-
2-carboxamide (6y). Yellowish powder (Yield, 98%). Mp. 277
°C. FT-IR (KBr), v (cm™): 3345, 3203, 3131, 2996, 2826,
1667, 1623, 1558, 1523, 1424, 1393, 1347, 1292, 1217, 1165,
1035, 949, 818, 789, 755, 741, and 536 cm™'. '"H NMR (700
MHz, DMSO-d,) 6 12.61 (s, 1.4H), 11.73 (s, 1H), 11.71 (s,
0.4H), 11.68 (s, 1H), 11.45 (s, 1H), 11.29 (s, 0.4H), 10.20 (s,
0.4H), 8.32 (s, 1H), 8.19 (s, 0.4H), 7.55 (s, 1H), 7.53 (d, ] =
8.7 Hz, 0.8H), 7.40 (d, J = 8.6 Hz, 1H), 7.34 (d, ] = 9.0 Hz,
1.4H), 7.10 (s, 1.4H), 7.03 (s, 1H), 6.97 (s, 0.4H), 6.89 (dd, J
= 8.9, 3.1 Hz, 1.4H), 6.50 (dd, ] = 8.6, 2.2 Hz, 1H), 6.48 (d, |
= 2.3 Hz, 0.4H), 6.46 (d, ] = 2.3 Hz, 1H), 6.43 (d, ] = 2.3 Hz,
0.4H), 4.01 (s, 0.8H), 3.76 (s, 6H), 3.76 (s, 1.2H), 3.73 (s,
1.2H) and 3.65 (s, 2H) ppm. *C NMR (176 MHz, DMSO-
ds) 6 170.89, 165.47, 162.48, 162.21, 159.73, 159.52, 158.40,
154.45, 147.98, 145.26, 141.97, 133.16, 131.50, 130.56, 129.84,
128.69, 127.75, 122.59, 116.59, 116.54, 113.82, 113.47, 112.14,
111.00, 110 58, 106.92, 106.89, 105.97, 105.89, 102.56, 101.60,
101.40, 55.79, 55.72, 37.62, and 35.73 ppm. Mass (ESI): m/z
480 [M + H]", 502 [M + Na]"*. Purity 98.9% (R, = 16.05 min).

(E/Z)-5-Methoxy-N-(4-(2-(2-(naphthalen-1-ylmethylene)-
hydrazineyl)-2-oxoethyl)thiazol-2-yl)-1H-indole-2-carboxa-
mide (6z). Orange powder (Yield, 98%). Mp. 228 °C. FT-IR
(KBr), v (em™): 3221, 3158, 3044, 2833, 1672, 1644, 1560,
1526, 1455, 1407, 1380, 1341, 1284, 1161, 1118, 1086, 1034,
943, 886, 828, 795, 770, 735, 553, 495, 459, and 427 cm™". 'H
NMR (700 MHz, DMSO-d,) 6 12.63 (brs, 1H), 11.96 (brs,
0.7H), 11.74 (s, 0.7H), 11.72 (s, 1H), 11.66 (s, 0.7H), 11.51
(s, 1H), 8.83 (d, ] = 8.8 Hz, 0.7H), 8.83 (s, 1H), 8.67 (s, 1H),
8.61 (d, ] = 8.6 Hz, 1H), 8.01 (d, J = 6.8 Hz, 1.4H), 7.99 (d, |
= 8.3 Hz, 2H), 7.88 (d, ] = 6.8 Hz, 0.7H), 7.87 (d, ] = 6.8 Hz,
1H), 7.64 (dddd, ] = 8.4, 6.8, 2.9, 1.5 Hz, 1.7H), 7.61-7.56
(m, overlapped, 3.4H), 7.56 (m, overlapped, J = 3.0 Hz, 1.7H),
7.35(d, J = 8.9 Hz, 0.7H), 7.34 (d, ] = 8.9 Hz, 1H), 7.10 (d, ]
=2.5Hz, 1.7H), 7.07 (d, ] = 0.9 Hz, 0.7H), 7.03 (d, ] = 0.9 Hz,
1H), 6.89 (ddd, J = 8.9, 2.5, 1.6 Hz, 1.7H), 4.15 (s, 2H), 3.76
(s, 3H), 3.75 (s, 2.1H) and 3.71 (s, 0.7H) ppm. *C NMR
(176 MHz, DMSO-d;) & 171.57, 165.92, 159.56, 158.45,
158.20, 154.44, 146.93, 145.48, 145.36, 143.30, 134.02, 134.00,
133.16, 133.14, 131.00, 130.73, 130.57, 130.48, 129.96, 129.93,
129.90, 129.31, 129.27, 128.53, 127.83, 127.81, 127.76, 126.78,
126.74, 126.08, 126.03, 124.79, 124.27, 116.58, 116.55, 113.81,
110.97, 110.68, 105.97, 105.90, 102.57, 55.72, 37.96, and 35.81
ppm. Mass (ESI): m/z 484 [M + H]*, 506 [M + Na]". Purity
99.0% (R, = 29.36 min).

General Procedure for the Preparation of 7. To the ethyl
2-(2-(1H-indole-2-carboxamido)thiazol-4-yl)acetate (3a) or
Ethyl-2-(2-(5-methoxy-1H-indole-2-carboxamido)thiazol-4-
yl)acetate (3b) (100 mg), 10% NaOH was added and was
refluxed for 1h. Water was added. Addition of 5% NaHCO;
solution gave white cake. Which was filtered, dried to obtain
the desired product 7.
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2-(2-(1H-Indole-2-carboxamido)thiazol-4-yl)acetic acid
(7a). White powder (Yield, 74%). Mp. 239 °C. FT-IR
(KBr), v (em™): 3421, 3335, 3056, 1690, 1657, 1561, 1315,
1199, 1092, 1021, 973, 801, 744, and 581 cm™". '"H NMR (700
MHz, DMSO-d,) & 12.70 (s, 1H), 12.40 (s, 1H), 11.87 (s,
1H), 7.66 (d, ] = 8.1 Hz, 1H), 7.64 (s, 1H), 7.46 (d, ] = 8.3
Hz, 1H), 7.24 (t, ] = 7.7 Hz, 1H), 7.07 (t, ] = 7.5 Hz, 1H), 7.01
(s, IH) and 3.65 (s, 2H) ppm. *C NMR (176 MHz, DMSO-
dg) 6 172.12, 160.73, 158.09, 144.50, 137.78, 131.08, 127.45,
124.96, 122.64, 120.66, 112.95, 111.03, 106.24, and 37.36
ppm. Mass (ESI): m/z 302 [M + HJ]*, 324 [M + Na]*, 340 [M
+K]*.

2-(2-(5-Methoxy-1H-indole-2-carboxamido)thiazol-4-yl)-
acetic acid (7b). Colorless powder (Yield, 76%). Mp. 218 °C.
FT-IR (KBr), v (cm™): 3364, 3099, 2927, 2836, 1654, 1636,
1557, 1541, 1522, 1507, 1457, 1338, 1283, 1213, 1158, 849,
750, 732, 727, 459, and 419 cm™. 'H NMR (700 MHz,
DMSO-d,) § 12.63 (d, J = 25.5 Hz, 1.8H), 11.73 (s, 1.8H),
10.60 (s, 1H), 8.79 (brs, 0.8H), 7.56 (s, 1.8H), 7.35 (d, J = 9.0
Hz, 1.8H), 7.11 (d, ] = 2.7 Hz, 1.8H), 7.03 (s, 0.8H), 6.93 (s,
1H), 6.90 (ddd, ] = 8.9, 2.5, 1.4 Hz, 1.8H) and 3.76 (s, 5.4H)
ppm. BC NMR (176 MHz, DMSO-d;) § 170.57, 166.26,
159.54, 159.52, 158.43, 158.17, 154.45, 145.71, 144.27, 133.17,
133.15, 129.89, 129.82, 127.76, 116.61, 116.56, 113.82, 111.27,
110.53, 105.96, 105.94, 102.57, 55.73, 37.15, and 36.00 ppm.

General procedure for the preparation of 8. A mixture of
KOH and hydroxylamine hydrochloride (NH,OH.HCI) in
MeOH was stirred in an ice bath for 1h to obtain a freshly
prepared hydroxylamine (NH,OH) solution in MeOH. To the
ethyl 2-(2-(1H-indole-2-carboxamido )thiazol-4-yl)acetate (3a)
or Ethyl-2-(2-(5-methoxy-1H-indole-2-carboxamido)thiazol-4-
yl)acetate (3b) (100 mg), a freshly prepared hydroxylamine
(NH,OH) solution (3 mL) was added and the mixture was
stirred for another 1h at room temperature. Solid white cake
was filtered, dried to obtain the desired product.

N-(4-(2-(Hydroxyamino)-2-oxoethyl)thiazol-2-yl)-1H-in-
dole-2-carboxamide (8a). Brown powder (Yield, 63%). Mp.
218 °C. FT-IR (KBr), v (cm™): 3335, 3229, 3165, 3054,
2922, 1655, 1553, 1362, 1315, 1230, 1200, 1146, 975, 874,
744, 671, 581, and 433 cm™". "H NMR (700 MHz, DMSO-d,)
512.70 (s, 1H), 12.67 (s, 1H), 11.87 (s, 2H), 10.60 (s, 1H),
8.84 (s, 1H), 7.66 (d, ] = 7.7 Hz, 2H), 7.64 (s, 2H), 7.46 (d, ]
= 8.4 Hz, 2H), 7.25 (dd, ] = 10.0, 4.7 Hz, 2H), 7.07 (p, ] = 5.1,
3.7 Hz, 2H), 7.01 (s, 1H), 6.95 (s, 1H), 3.65 (s, 2H) and 3.39
(s, 2H) ppm. *C NMR (176 MHz, DMSO-d,) & 172.15,
166.34, 159.64, 158.26, 158.18, 145.64, 144.85, 137.77, 129.68,
127.43, 125.00, 122.64, 120.70, 112.95, 111.03, 110.63, 106.28,
106.26, 37.34, and 35.96 ppm. Mass (ESI): m/z 317 [M +
H]Y, 339 [M + Nal".

N-(4-(2-(Hydroxyamino)-2-oxoethyl)thiazol-2-yl)-5-me-
thoxy-1H-indole-2-carboxamide (8b). White powder (Yield,
52%). Mp. 235 °C. FT-IR (KBr), v (em™): 3428, 3326, 3106,
2924, 2848, 2585, 1707, 1684, 1604, 1560, 1520, 1376, 1319,
1228, 1210, 1180, 1033, 796, 750, 727, and 459 cm™' 'H
NMR (700 MHz, DMSO-d,) 5 12.64 (s, 1H), 11.73 (s, 1H),
7.56 (d,] = 2.5 Hz, 1H), 7.35 (d, ] = 8.8 Hz, 1H), 7.11 (d, ] =
2.6 Hz, 1H), 7.00 (s, 1H), 6.89 (dd, ] = 8.8, 2.5 Hz, 1H), 3.76
(s, 3H) and 3.64 (s, 2H) ppm. *C NMR (176 MHz, DMSO-
dg) 6 172.11, 159.55, 158.30, 154.45, 144.80, 133.16, 129.89,
127.75, 116.58, 113.83, 110.96, 105.93, 102.57, 55.73, and
37.34 ppm. Mass (ESI): m/z 346 [M + H]".

Biological Evaluation. In-vitro Cytotoxicity Assay of 6—
8. The cytotoxicity assay of compounds along with reference

compounds, was conducted using the colorimetric MTT assay.
The assay was performed on multiple cancer cell lines and one
normal cell line, following a previously reported method.'**"*’
In brief, the cells were cultured in 96-well plates with a density
of 1.0 X 10* cells per well, supplemented with 10% fetal bovine
serum (FBS), an antibiotic cocktail of streptomycin (100 ug/
mL) and penicillin (100 units/mL), and RPMI 11640
medium. The plates were then incubated for 48 h at 37 °C,
5% CO,, and 100% relative humidity. Afterward, the cells were
treated with increasing concentrations of the synthesized
compounds, as well as sunitinib, and further incubated for 24
h. Following the incubation period, 20 yL of MTT solution
was added to each well and left in the incubator for 4 h to
allow formazan formation. Subsequently, 100 yL of dimethyl
sulfoxide was added to dissolve the insoluble formazan. Finally,
the absorbance of the samples was measured at 570 nm using a
BioTek EXL 800 plate reader (Agilent Technologies, Inc.,
Santa Clara, CA, USA). The relative cell viability percentage
was calculated as (A570 of treated samples/AS70 of untreated
sample) X 100.

In-vitro Enzyme Assays of 6e, 6i, 6q, 6v, 7a, and 7b.
Fifteen derivatives of the synthesized compounds were
evaluated for their inhibitory activities against EGFR,
VEGFR-2, Her2, and CDK2 using specific human ELISA
kits, as described in the referenced methods.'*'*! In the assay,
various concentrations of the synthesized compounds were
added to a 96-well plate, along with specific antibodies for each
kinase enzyme. The plate was then incubated at room
temperature for 2.5 h to allow binding of the compounds to
the respective enzyme targets. After the incubation period, the
96-well plate was washed to remove any unbound components.
Subsequently, 100 yL of an in-house prepared biotin antibody
was added to each well and incubated at ambient temperature
for 1 h. Following another wash step, 100 uL of streptavidin
solution was added to each well and left to incubate for 45 min
at ambient temperature. After a final wash, 100 uL of 3,3',5,5'-
tetramethylbenzidine (TMB) substrate reagent was applied to
initiate a colorimetric reaction, and the plate was incubated at
ambient temperature for 30 min. Finally, SO yL of a stop
solution was added to halt the reaction, and the absorbance
was directly measured at 450 nm. To determine the
concentrations of the compounds, a standard curve was
constructed by plotting concentration values on the X-axis and
corresponding absorbance values on the Y-axis.

Cell Cycle Analysis of 6i and 6v. To assess the impact of
the synthesized compounds 6i and 6v on cell cycle
distribution, the ab139418 Propidium Iodide flow cytometry
kit/BD was utilized. The experimental procedure involved the
following steps: First, MCF-7 cells were cultured in 6-well
plates with a density of 2 X 10° cells per well. The cells were
allowed to incubate for 24 h to establish their growth.'*"'*!
Subsequently, the cells were treated with the selected
compounds at concentrations corresponding to their ICs
values. The treatment was continued for an additional 24 h.
To fix the treated MCF-7 cells, a solution of 70% ethanol was
applied, and the mixture was incubated for 12 h at 4 °C.
Following fixation, the wells were washed with cold PBS. Then,
100 uL of RNase A was added and incubated for 30 min at 37
°C. The cells were further stained with Propidium Iodide (400
uL) in a dark environment at room temperature for an
additional 30 min. The labeled cells were identified using the
Epics XLMCL flow cytometer equipment from Beckman
Coulter, located in Apeldoorn, Netherlands. Finally, the
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obtained experimental results were analyzed using Flowing
software (version 2.5.1, Turku Centre for Biotechnology,
Turku, Finland) for further data interpretation and analysis.

Annexin-V/propidium lodide (Pl) Double Staining Assay
of 6i and 6v. In order to assess the apoptotic effect of the
synthesized compounds 6i and 6v, MCF-7 cells were cultured
in triplicate at a density of 2.0 X 10° cells per well.
Subsequently, the cells were treated with the compounds at
their respective ICs, values, which were determined through
the MTT assay.no’121 After a 24-h incubation period, the cells
were detached using trypsin, collected, and then centrifuged.
The cell pellet was washed twice with PBS and suspended in
0.1 mL of binding buffer. The cells were then dual-stained with
Annexin V-FITC (S pL) and propidium iodide (S pL) in a
dark environment, allowing for a 15 min incubation at room
temperature. Flow cytometry analysis was performed using the
Epics XL-MCL flow cytometry equipment from Beckman
Coulter, located in Apeldoorn, Netherlands. The equipment
utilized an excitation wavelength of 488 nm and an emission
wavelength of 530 nm. Finally, the experimental results were
analyzed using Flowing software (version 2.5.1, Turku Centre
for Biotechnology, Turku, Finland) to interpret and analyze
the obtained data from the experiment.

Determination of apoptotic protein levels of 6i and 6v
using Real-time Polymerase Chain Reaction (PCR). RNA
Isolation and Reverse Transcription. mRNA isolation was
performed using the RNeasy extraction kit. Up to 1 X 107 cells,
depending on the cell line, were disrupted in Buffer RLT and
homogenized. Ethanol was added to the Iysate, creating
conditions that facilitated selective binding of RNA to the
RNeasy membrane. The lysate was then applied to the RNeasy
Mini spin column, where total RNA bound to the membrane
while contaminants were efficiently washed away. Finally, high-
quality RNA was eluted from the membrane using RNase-free
water. All binding, washing, and elution steps were carried out
using centrifugation in a microcentrifuge (Invitrogen Life
Technologies, Carlsbad, CA, USA). To ensure the removal of
any residual DNA, the RNA samples were treated with the
Turbo DNA-free kit (Ambion Inc., Foster, CA, USA).
Subsequently, first-strand complementary DNA (cDNA)
synthesis was performed using 2 pug of total RNA and the
Superscript First-Strand Synthesis System (Invitrogen Inc.).
For cDNA synthesis, the RNA template and reverse
oligonucleotide primers (25 pmol of each) were denatured at
70 °C for 10 min. Then, 40 U of reverse transcriptase was
added to the reaction mixture, along with RT buffer (50 mM
KCl, 20 mM Tris—HCI, pH 8.4), a dNTP mix (250 uM each),
40 U of RNase inhibitor, and RNase-free water to reach the
final volume. The reaction mixture (50 uL) was incubated at
43 °C for 1 h, followed by immediate cooling at 4 °C. The
resulting cDNA was either used immediately for PCR or stored
at —80 °C until further use.

Quantitative Real-Time PCR. The real-time PCR experi-
ments were performed using an ABI Prism 7500 Sequence
Detection System (Applied Biosystems, Foster City, CA, USA)
and the Power SYBR Green Master Mix kit (Invitrogen Life
Technologies). All PCR procedures were conducted in a
dedicated room, and strict precautions were taken, including
the use of gloves, face masks, and barrier tips. In each
experiment, the samples were run in duplicate on 96-well
optical PCR plates, with a final reaction volume of 25 yL. The
PCR cycling parameters consisted of an initial cycle at 50 °C
for 2 min, followed by a cycle at 95 °C for 10 min, and then 40

cycles at 95 °C for 15 s and 60 °C for 1 min. Specific primers
for caspase-3, caspase-8, bcl-2, bax, and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were used for PCR
amplification. The GAPDH gene was chosen as a reference
gene for normalizing the expression of target genes due to its
involvement in the glycolysis pathway of cells. The primer
sequences were designed based on the sequences obtained
from GenBank using the Blast program (http:/ /www.ncbi.nlm.
nih.gov/blast/blast.cgi). To ensure specificity and sensitivity,
all primer sequences were further analyzed using the Integrated
DNA Technologies Web site program. By following these
procedures, we aimed to accurately quantify the expression
levels of caspase-3, caspase-8, bcl-2, and bax apoptotic genes,
while normalizing the results to the GAPDH reference gene.
This approach ensured reliable and precise analysis of
apoptotic protein levels using real-time PCR (Table 8).

Table 8. Selected PCR Primers used in Real-Time PCR for
Apoptosis-Related Genes and Normalizer Gene GAPDH

. Fragment
Name Sequence (S 3) length (pb)

HsGAPDH- TTCCAGGACCAAGATCCCTCCAAA 24
Fl1(sense)

HsGAPDH-R2 ATGGTGGTGAAGACACCAGTGAAC 24
(antisense)

HsCasp3F TGCATACTCCACAGCACCTGGTTA 24
(sense)

HsCasp3Rev CATGGCACAAAGCGACTGGATGAA 24
(antisense)

HsCasp8F TTTCACTGTGTTAGCCAGGGTGGTA 25
(sense)

HsCasp8Rev CCTGTAATCCCAGCACTTTGGGAG 24
(antisense)

HsBcl-2F ATGACCAGACACTGACCATCCACT 24
(sense)

HsBcl-2Rev ATGTAGTGGTTCTCCTGGTGGCAA 24
(antisense)

HsBAXF TCTACTTTGCCAGCAAACTGGTGC 24
(sense)

HsBAXRev TGTCCAGCCCATGATGGTTCTGAT 24

(antisense)

In-silico Studies of 6i and 6v. Molecular Docking of 6i
and 6v. Compound structures for molecules 6i and 6v were
drawn using ChemOffice’s ChemDraw 16.0 tool, ensuring
proper 2D orientation. The 3D structure of Roscovitine,
sorafenib, lapatinib, dasatinib and gefitinib were downloaded
from pubchem. To optimize their energy, all molecules
underwent minimization using ChemBio3D. X-ray crystal
structures of the main kinase domains complexed with other
molecules (HER2: PDB id = 3pp0, VEGFR2: PDB id = 4ASD,
EGFR: PDB id = 3POZ, CDK2: PDB id = 1HCK) were
retrieved from the RCSB Protein Data Bank. Using PyMOL
software (version 2.5.2), hetero atoms, water molecules, and
inhibitors present in the structures were removed.'”” The
Swiss-PDB Viewer software (version 4.1.0) was utilized to
optimize and validate the crystal structures of the receptors
based on their lowest energy states. Docking studies were
performed using Autodock Vina'*’ with the assistance of
UCSF Chimera.'”* The previously minimized domains and
ligands were used as input for Autodock Vina. Before docking,
hydrogens and Gasteiger charges were added to the ligands.
The active site of the main domain was targeted to generate a
grid box in Autodock Vina. After docking, Discovery Studio
Visualizer and UCSF Chimera X were employed to visualize

https://doi.org/10.1021/acsomega.4c06889
ACS Omega 2024, 9, 41944—41967


http://www.ncbi.nlm.nih.gov/blast/blast.cgi
http://www.ncbi.nlm.nih.gov/blast/blast.cgi
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06889?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

the interactions. The ligands were represented in different
colors, and hydrogen bonds and interacting residues were
displayed in a ball-and-stick model representation.

In-silico ADME Studies of the Compounds. To conduct in-
silico ADME (Absorption, Distribution, Metabolism, and
Excretion) analysis, the structures of all compounds were
processed using the LigPrep module within the Schrodinger
Maestro software. LigPrep ensures that the compounds are
optimized and suitable for further analysis."*”'*" Subsequently,
the ADME properties of the compounds were calculated using
the QikProp module, also part of the Schrodinger Maestro
software package. QikProp employs advanced computational
models and algorithms to predict essential ADME parameters,
including aqueous solubility, lipophilicity (logP), blood-brain
barrier penetration, and more. By employing LigPrep and
QikProp, the molecular structures of the compounds were
carefully prepared, and their ADME properties were accurately
predicted. This valuable information assists in evaluating the
compounds’ pharmacokinetic profiles and aids in the assess-
ment of their potential as drug candidates.'*®
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