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A series of novel 2-oxoindolin-3-ylidene thiazole derivatives were designed and synthesized, inspired by
the pharmacophoric features of the VEGFR-2 inhibitor sunitinib. These compounds were evaluated for
antiproliferative activity against a panel of sixty cancer cell lines at the US National Cancer Institute,
identifying derivatives 4b, 4c, 4d, 41, and 6¢ as the most potent, with mean growth inhibition percentages
of 118.86%, 135.32%, 148.27%, 126.16%, and 78.46%, respectively. Further cytotoxicity assessments against
the HepG2 cell line revealed ICso values ranging from 3.13 to 30.54 uM. These compounds also
demonstrated strong VEGFR-2 inhibition, with ICsq values of 0.113, 0.047, 1.549, 0.995, and 0.089 uM,
respectively, compared to sunitinib’s 1Csq of 0.167 uM. Selectivity index analysis indicated high selectivity
for HepG2 cells over THLE-2 normal cells (1.80-10.26), suggesting favourable safety profiles compared to
sunitinib (1.15). Notably, compound 4c induced GO/Gl phase cell cycle arrest, promoted apoptosis,
upregulated caspase-3 and -9 expression, and delayed wound closure by 60.74%. Molecular docking
studies confirmed strong binding interactions within the VEGFR-2 active site, while in silico ADME and DFT
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analyses supported favourable pharmacokinetic properties and reactivity. These findings position
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1. Introduction

Cancer remains one of the most challenging and life-
threatening diseases to treat.? According to the World
Health Organization, it is the second leading cause of death,
responsible for 10 million deaths in 2020,>* with this number
expected to rise to 16.4 million by 2040.% In response to the
global cancer crisis, extensive efforts have been devoted to the
development of new chemotherapeutic agents. However, these
therapeutics are limited by low selectivity, reduced efficacy,
significant toxicity, the emergence of drug resistance, and/or
severe side effects. As a result, the discovery of new anticancer
drugs has been a critical research focus in recent years.®

“ Medicinal Chemistry Department, Faculty of Pharmacy, Assiut University, Assiut
71526, Egypt. E-mail: adelfawzy@aun.edu.eg

b Department of Pharmaceutical Sciences, College of Pharmacy, University of
Tennessee Health Science Center, Tennessee 38163, USA.

E-mail: mkhalifa@uthsc.edu

“School of Cellular & Molecular Medicine, University of Bristol, University Walk,
Bristol, BS8 1TD, UK

dUniversity Hospitals Bristol and Weston, NHS Foundation Trust, Bristol, BS1
3NU, UK

t Electronic supplementary information (ESI) available: The spectral data,
biological investigation, and molecular modeling studies are available in the
ESI. See DOLI: https://doi.org/10.1039/d5md00332f

This journal is © The Royal Society of Chemistry 2025

compound 4c as a promising lead for the development of anticancer agents.

Angiogenesis is the process of forming new capillaries
from pre-existing blood vessels.””® Although angiogenesis is
essential for normal physiological processes such as
embryogenesis, inflammation, and wound healing, it also
plays a critical role in cancer progression.” Dysregulated
angiogenesis supplies oxygen and nutrients to cancerous
cells, promoting their growth and eventually triggering
metastasis.'"® Consequently, inhibiting angiogenesis has
emerged as a promising strategy to prevent tumor growth
and invasion."

Vascular endothelial growth factors (VEGFs) are key
activators in the early stages of angiogenesis.'>'® VEGF
stimulates endothelial cell activation, proliferation, and
migration and enhances vascular permeability in tumors.™
This process is mainly mediated by vascular endothelial
growth factor receptor 2 (VEGFR-2), a specific receptor
considered a critical target in anti-angiogenic cancer
therapies.'”

As a result, the FDA has approved several kinase and
VEGFR-2 inhibitors for the treatment of various cancers.
VEGFR-2 inhibitors can be classified into three categories
based on their binding modes (Fig. 1)."® Type I inhibitors,
such as sunitinib and nintedanib, competitively bind to the
ATP pocket of VEGFR-2 in its active “DFG-in”
conformation.””*® In contrast, type II inhibitors, including
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Fig. 1 Structures of different types of VEGFR-2 inhibitors and thiazole-based tyrosine kinase inhibitors.

sorafenib and cabozantinib, stabilize VEGFR-2 in its inactive
“DFG-out” conformation.”® In this state, the DFG motif
(aspartate-phenylalanine-glycine) flips out, enabling ligand
binding at an allosteric site adjacent to the ATP binding
pocket. Finally, type III inhibitors, such as vatalanib, are
irreversible inhibitors that covalently bind to a cysteine
residue at the ATP binding site, effectively blocking ATP
binding.*’

The oxindole scaffold has attracted significant attention
in anticancer research, with many derivatives being
extensively  studied for their ~VEGFR-2 inhibitory
properties.> Sunitinib, the first commercially available
kinase inhibitor from the oxindole class, has been approved
for treating gastrointestinal stromal tumors and renal cell
carcinoma.’® Similarly, thiazoles are versatile chemical
synthons with a wide range of biological activities,
including anticancer, antimicrobial, and anti-inflammatory
effects.”*>* Several thiazole-based compounds have been
developed to target cancer-related pathways, such as the
FDA-approved drugs dabrafenib and dasatinib, which are
selective tyrosine kinase inhibitors with potent antitumor
activities (Fig. 1).>® This study focuses on integrating the
two privileged scaffolds, oxindole and thiazole, to create
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novel hybrids with enhanced antiproliferative and VEGFR-2
inhibitory activities.>?

Rationale and molecular design

Extensive studies on the pharmacophoric features of VEGFR-2
inhibitors have four key elements essential for their activity.”®
First, a flat heteroaromatic ring occupies the ATP-binding
domain and forms hydrogen bonds with Cys919 and Glu917
in the hinge region. Second, a central aryl ring serves as a
bridge, connecting the hinge region to the DFG domain.*’
Third, a hydrogen bond acceptor and donor (HBA-HBD)
moiety interacts with the DFG domain of the receptor.”®*’
Finally, a terminal hydrophobic group engages the allosteric
hydrophobic  pocket  through  various  hydrophobic
interactions, as illustrated in Fig. 2.>°

Building on these findings and our ongoing efforts to
discover potent antitumor agents, we employed a ligand-
based drug design approach to develop new VEGFR-2
inhibitors.>** In the sight of aforementioned the four
essential pharmacophoric features of VEGFR-2 inhibitors and
bioisosteric modifications through integration of indolin-2-
one and thiazole moieties, a library of molecules was

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Key pharmacophoric features of sunitinib as an example of a
VEGFR-2 inhibitor.

designed and docked into the active site of VEGFR-2. Based
on the results, a series of thirty-six indolin-2-one thiazole
derivatives synthesized based on the synthetic feasibility and
predicted as encouraging VEGFR-2 inhibitors. In this design,
the indolin-2-one moiety was retained as the heteroaromatic
feature to occupy the hinge region, where it effectively forms
hydrogen bonds with Glu917 and Cys919 residues.** The
thiazole ring served as the central aromatic linker between
the indolin-2-one and the HBA-HBD functionality. To target
the DFG domain, various groups such as amide,*
hydrazide,*® oxadiazole, and thiosemicarbazide,® were
incorporated as HBA-HBD pharmacophoric features. These
groups were chosen to accommodate different binding
modes while modulating structural rigidity. Finally, a variety
of aliphatic and aromatic hydrophobic groups were
introduced to occupy the allosteric hydrophobic pocket,**°
as shown in Fig. 3.
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2. Results and discussion
2.1. Chemistry

The synthetic pathways for preparing the target compounds
are outlined in Schemes 1-3. The structures of all newly
synthesized compounds were confirmed through spectral
and elemental analyses. Scheme 1 outlines the synthesis of
key intermediates, ester 2 and hydrazide 3. Initially,
thiosemicarbazone 1 was synthesized by condensing isatin
with thiosemicarbazide in refluxing absolute ethanol under
acid catalysis, following a reported procedure.*® The thiazole
ring was introduced using the Hantzsch thiazole protocol by
reacting 1 with ethyl bromopyruvate in refluxing absolute
ethanol,*"** yielding ester 2 in 90%. Finally, hydrazide 3 was
obtained in 95% yield through hydrazinolysis of ester 2 with
hydrazine hydrate.**™*>

The preparation of target derivatives 4a-o and 5a-c is
depicted in Scheme 2. Schiff bases 4a-o were synthesized in
70-90% yield by condensing hydrazide 3 with various
aromatic aldehydes and ketones in absolute ethanol, using
glacial acetic acid as a catalyst.**™*® Furthermore, cyclic
imides 5a-c¢ were obtained in 80-86% yields through the
cyclodehydration of hydrazide 3 with different acid
anhydrides in toluene under reflux for 18-24 hours.***°

The synthesis of the target derivatives 6a-d, 7a-d, 8, 10,
11, and 12a-e is detailed in Scheme 3. Thiosemicarbazides
6a-d were synthesized by reacting hydrazide 3 with different
isothiocyanates in refluxing ethanol for 18-24 hours,
resulting in the desired products in 68-81% yield.”!
Cyclodesulfurization of 6a-d was then achieved by treatment
with potassium bisulfate in DMSO, producing oxadiazole
derivatives 7a-d in yields ranging from 62% to 67%.
Additionally, heating hydrazide 3 at 100 °C with ammonium
thiocyanate in dimethylformamide (DMF) with a few drops of
hydrochloric acid yielded thiosemicarbazide 8 in 83%. This
intermediate was subsequently cyclized with
4-bromophenacyl bromide 9a in refluxing ethanol for 10
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Fig. 3 Design of the target compounds based on the four key pharmacophoric features of VEGFR-2 inhibitors, using sunitinib as a lead

compound.
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Scheme 1 Synthesis of derivatives 1-3. Reaction conditions: (i) thiosemicarbazide, EtOH, HCL, reflux, 3 h; (ii) ethyl bromopyruvate, EtOH, reflux,

12 h; (iii) hydrazine hydrate, EtOH, reflux, 24 h.
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Scheme 2 Synthesis of 4a-o and 5a-c. Reaction conditions: (i) RCORY, EtOH, AcOH, reflux, 18-30 h; (ii) acid anhydride, PhCH3, reflux, 18-24 h.

hours, yielding thiazole derivative 10 in 80%.°> Hydrazide 3
was subjected to cyclization conditions with carbon disulfide
and potassium hydroxide followed by acidification to provide
the 1,3,4-oxadiazole-2-thione 11 in 77% yield. Reacting
compound 11 with phenacyl bromide 9b, ¢ produced 12a and
12b in 89% and 82% yield, respectively. Additionally,
compound 11 was S-alkylated with several benzyl chlorides to
afford target compounds 12¢c-e in 67-78% yield.”?
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2.2. Biological investigations

2.2.1. In vitro antiproliferative screening against NCI
cancer cell lines

2.2.1.1. In vitro single-dose anticancer assay. Following the
initial antiproliferative screening conducted at Bristol
University against the MDA-MB-231 breast cancer cell line
(see ESLi Fig. S37-S39), the synthesized compounds

This journal is © The Royal Society of Chemistry 2025
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demonstrated moderate to potent cytotoxic activity,
compared to the reference drug sunitinib. Compounds 4c
and 41 exhibited the most potent antiproliferative effects,
while among the thiosemicarbazide derivatives, 6¢ showed a
strong cytotoxic response. Based on these promising results,
the compounds were further submitted to the National
Cancer Institute (NCI) for comprehensive in vitro anticancer
evaluation.

The NCI selects compounds for in vitro anticancer
screening based on specific criteria, which include drug-
like properties, the novelty of the heterocyclic ring system,
and integration with computer-aided drug design.
Compounds containing undesirable moieties or linkages,
such as nitroso, azo, and flexible acyclic groups are
excluded from consideration. According to NCI protocols
(NCI, USA, https://dtp.cancer.gov/discovery_development/nci-
60/methodology.htm), the target compounds were tested at
a single concentration of 10 uM against a panel of 60
human cancer cell lines from nine different human
tissues.® The antiproliferative results for each compound
were presented as cell growth percentage of the treated
cancer cells in comparison to the wuntreated negative
control cells®>® (see ESL;} Tables S1-S4 and Fig. $40-S75).

This journal is © The Royal Society of Chemistry 2025

The anticancer screening data for the synthesized
compounds are reported as percentage growth inhibition
against the treated cell lines (Tables 1-3). The growth
inhibition percentage (GI%) was calculated by subtracting
the cell growth percentage from 100. According to the NCI
results, Compounds 4b, 4c, 4d, and 41 demonstrated
complete cell death across the tested cell lines, with mean
growth inhibition percentages of 118.86%, 135.32%,
148.27%, and 126.16%, respectively. Additionally, compound
6¢ exhibited potent cytotoxicity, with mean growth inhibition
percentage of 78.46% across multiple cancer cell lines.
Moreover, compounds 4f and 4g exhibited moderate activity
against some investigated cell lines, as showed in Table 1.

Compound 4b induced total cell death across most
tested cell lines, with growth inhibition percentages ranging
from 100.74% to 186.25%. It showed strong antiproliferative
activity against leukemia (SR) cell line, colon cancer (HCT-
15, HT-29) cell lines, CNS cancer (SF-268, SNB-19) cell lines,
melanoma (M14, MDA-MB-435) cell lines, renal cancer
(SN12C) cell line, and breast cancer (BT-549) cell line, with
growth inhibition values of 81.11%, 96.53%, 97.60%,
81.63%, 95.40%, 82.51%, 99.09%, 88.63%, and 98.53%,
respectively.

RSC Med. Chem.
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Table 1 Cytotoxicity screening represented in growth inhibition percentage (Gl%) for compounds 2, 3, and 4a-j at a single-dose of 10 uM against a

panel of sixty cancer cell lines

Growth inhibition percentage (GI1%)

Subpanel/cancer

cell lines 2 3 4a 4b 4c 4d 4e af 4g 4h 4i 4j
Leukemia

CCRF-CEM 5.12 18.75 4.92 56.19 67.81 94.63 19.98 11.67 59.73 8.11 26.29 5.35
HL-GO(TB) 7.11 15.69 -0.47 30.32 70.17 95.57 8.02 16.08 50.50 1.72 16.16 10.60
K-562 3.92 2.88 -4.32 79.57 104.65 123.97 -2.16 13.06 33.68 14.49 16.98 -4.33
MOLT-4 6.77 2.95 -9.35 51.29 77.93 94.17 5.21 8.88 62.66 6.25 6.99 -4.72
RPMI-8226 15.03 -1.19 3.41 66.35 77.20 125.95 12.41 12.03 65.31 23.38 41.69 12.44
SR NA NA 7.99 81.11 134.89 115.87 15.17 29.80 47.89 6.60 42.28 13.73
Non-small cell lung cancer

A549/ATCC 4.05 1.57 2.60 156.33 175.72 125.68 -5.46 53.89 70.70 19.52 16.99 4.76
EKVX 8.94 2.94 -0.39 115.58 156.36 178.86 -15.16 16.71 11.10 -2.77 -0.31 7.60
HOP-62 -5.01 0.76 -27.22 159.95 119.00 152.64 -17.11 86.38 89.82 -36.69 3.14 5.99
HOP-92 5.66 -0.42 -30.86 142.31 148.17 140.52 -53.99 23.86 14.99 -5.37 3.83 -15.06
NCI-H226 11.31 21.89 -16.63 115.13 128.91 88.92 -17.50 135.80 145.50 -0.42 52.98 22.36
NCI-H23 2.36 -1.77 -1.33 129.41 163.96 182.64 -0.10 29.59 31.46 17.90 15.45 4.78
NCI-H322M -27.7 -1.54 -33.73 73.22 84.12 17.27 -29.35 -10.30 -0.60 -14.33 -8.42 -8.01
NCI-H460 2.03 -10.46 -4.12 160.25 169.66 164.90 -2.98 21.02 32.55 -0.20 20.12 -22.07
NCI-H522 4.44 6.48 15.40 75.45 154.49 167.37 11.94 42.69 56.36 24.19 10.30 10.00
Colon cancer

COLO 205 6.86 6.88 2.13 154.24 103.32 94.68 4.58 4.13 12.11 -12.14 3.72 12.21
HCC-2998 -5.09 -2.87 -8.58 113.45 128.25 184.61 -9.64 8.90 12.86 -0.95 -2.71 -9.27
HCT-116 4.96 6.95 2.47 136.86 95.46 91.43 0.01 44.5 61.85 5.65 14.66 -3.59
HCT-15 8.83 0.22 0.35 96.53 149.10 185.03 -0.06 3.70 8.99 -3.14 2.56 5.75
HT29 6.65 1.61 9.38 97.60 187.34 181.31 3.15 22.05 51.26 2.31 -14.79 8.15
KM12 0.63 0.97 -1.33 100.74 132.84 109.59 -1.11 2.54 14.09 -4.02 0.79 -9.27
SW-620 -9.29 -17.77 -11.91 164.16 166.89 163.65 -11.50 4.85 22.14 -11.35 0.91 -18.79
CNS cancer

SF-268 -0.78 4.66 -11.55 81.63 79.88 124.39 -15.90 28.14 41.94 -11.40 8.00 -1.62
SF-295 3.58 4.02 2.74 133.78 156.24 181.11 -4.14 41.24 32.33 2.27 19.46 2.23
SF-539 0.37 4.69 -5.69 130.88 182.47 169.05 -3.20 94.21 120.73 16.38 44.58 7.70
SNB-19 6.43 -0.78 -0.94 95.40 110.32 140.71 -7.20 84.05 81.68 4.28 30.22 2.47
SNB-75 NA NA -7.15 128.74 140.22 136.26 -5.68 131.74 129.14 -4.15 12.78 NA
U251 -0.24 2.79 -3.13 180.67 191.48 184.23 -7.50 46.85 58.78 11.79 29.31 -2.33
Melanoma

LOX IMVI 1.95 16.44 -6.93 186.25 195.19 188.82 -6.14 37.50 27.46 3.13 -0.51 3.69
MALME-3M -9.99 -12.93 -6.73 143.73 152.95 190.46 -6.57 9.09 35.43 -8.68 10.78 -8.74
M14 1.60 -1.21 -5.14 82.51 98.54 97.42 -8.10 15.04 16.58 -10.20 -1.41 6.94
MDA-MB-435 7.34 4.93 0.80 99.09 155.20 162.78 -0.41 14.29 41.49 -0.73 8.77 NA
SK-MEL-2 -0.63 -10.22 -1.86 126.26 114.20 165.86 -9.49 9.05 18.20 6.28 -6.21 -7.27
SK-MEL-28 -1.72 -5.90 -6.97 122.85 153.88 157.43 -12.28 22.07 30.72 0.63 -7.66 14.82
SK-MEL-5 4.97 3.58 2.67 78.46 169.35 180.41 5.75 45.44 69.13 21.88 25.39 9.78
UACC-257 0.60 5.41 -2.84 58.91 70.47 132.24 -4.64 2.62 11.31 3.36 -5.89 1.80
UACC-62 4.45 1.44 1.42 NA 135.11 138.97 -6.50 38.68 32.26 NA 0.67 3.30
Ovarian cancer

IGROV1 -16.33 -22.72 -27.59 109.45 166.76 181.49 -28.61 -18.11 -22.16 -6.83 -19.05 -12.62
OVCAR-3 -1.48 -7.91 -16.67 184.90 183.27 194.19 -15.00 -4.35 33.63 -18.25 -15.35 -19.36
OVCAR-4 NA NA 9.23 135.70 122.49 158.48 12.48 65.44 77.38 -3.62 19.84 NA
OVCAR-5 -3.76 -3.38 -6.89 110.83 110.58 169.70 -32.36 17.62 6.77 -32.28 2.10 -6.31
OVCAR-8 -2.74 -3.87 -0.88 142.01 122.09 181.35 14.07 69.27 87.49 30.34 31.49 2.67
NCI/ADR-RES 4.07 -6.00 -6.51 146.23 161.54 168.75 -8.41 73.45 84.13 10.03 15.24 1.32
SK-OV-3 -23.18 -11.87 -9.42 166.17 102.08 149.29 -1.19 11.07 23.95 -12.72 -10.06 21.01
Renal cancer

786-0 14.45 7.93 18.87 143.67 145.15 168.89 12.77 51.47 64.78 7.46 3.16 3.85
A498 -4.20 -4.39 -10.25 138.79 171.72 190.10 -31.00 —49.45 -34.86 8.34 -15.67 -21.62
ACHN -4.10 5.58 -5.47 121.92 150.21 174.23 -8.19 43.08 58.11 3.19 6.77 14.29
CAKI-1 13.19 5.81 9.02 157.59 177.57 168.57 0.05 60.25 64.26 13.16 11.86 NA
RXF 393 -3.83 -0.94 -11.56 114.36 177.82 191.42 -20.95 107.64 108.26 8.44 25.12 5.24
SN12C -2.76 -1.25 -2.13 88.63 123.17 137.82 -3.66 68.02 66.71 12.93 10.03 7.10
TK-10 -12.47 -17.32 10.95 138.96 140.03 176.10 -31.32 2.03 0.27 -6.25 -39.17 -19.38
UO0-31 8.82 7.65 3.25 145.44 173.26 191.04 8.64 46.12 61.61 -1.43 20.24 10.31
Prostate cancer

PC-3 6.84 2.67 -3.55 105.23 140.79 131.57 -1.15 22.78 28.30 6.72 9.95 -0.82
DU-145 -3.26 -2.74 -5.34 156.35 126.56 144.25 -8.18 28.36 39.37 -1.76 11.63 -2.19
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Growth inhibition percentage (GI%)

Subpanel/cancer

cell lines 2 3 4a 4b 4c 4d 4e af 4g 4h 4i 4j
Breast cancer

MCF7 8.03 10.89 4.79 106.15 120.89 159.87 2.90 12.11 28.46 0.90 7.78 16.77
MDA-MB-231/ATCC -8.05 23.65 -0.35 152.30 164.72 150.67 -3.49 67.27 63.63 5.76 28.86 6.18
HS 578T -9.44 -17.64 -17.00 104.62 99.01 66.52 -21.29 41.08 70.72 -17.50 20.78 -10.88
BT-549 -4.24 5.12 11.77 98.53 116.33 116.05 -12.66 23.15 63.55 -3.90 3.61 5.60
T-47D 9.50 7.76 10.29 128.48 92.51 114.53 15.59 26.36 59.51 23.07 11.67 25.91
MDA-MB-468 -1.06 -11.93 -16.93 111.08 129.05 182.18 -2.73 26.86 29.17 -36.80 -0.79 11.42
MEAN% GI 0.69 0.64 -3.59 118.86 135.32 148.27 -5.69 33.22 46.09 1.06 9.63 1.78

NA; not available.

Compound 4c induced lethality in most tested cell lines,
with growth inhibition percentages between 100.99% and
195.19%. It showed maximum growth inhibition against
melanoma (LOX IMVI) cell line and minimum against
leukemia (CCRF-CEM) cell line, with GI% values of 195.19%
and 67.81%, respectively. Additionally, 4c demonstrated
potent growth inhibition against non-small cell lung cancer
(NCI-H322M) cell line, colon cancer (HCT-116) cell line,
melanoma (M14) cell line, and breast cancer (HS 578T, T-
47D) cell lines, with G1% values of 84.12%, 95.46%, 98.54%,
99.01%, and 92.51%, respectively.

The target derivative 4d induced complete cell death
across most tested cell lines, with growth inhibition
percentages ranging from 109.59% to 194.19%. It displayed
broad-spectrum antitumor activity against leukemia cell
lines, with GI% values from 94.17% to 125.95%. Moreover,
4d exhibited significant anticancer activity against non-small
cell lung cancer (NCI-H226) cell line, colon cancer (COLO
205, HCT-116) cell lines, and melanoma (M14) cell line, with
GI% values of 88.92%, 94.68%, 91.43%, and 97.42%,
respectively.

Compound 41 demonstrated significant cytotoxicity across
all tested cell lines, with growth inhibition percentages
between 100.55% and 191.59%. It showed a broad growth
inhibitory effect against ovarian cancer (OVCAR-8) cell line,
with a GI% value of 186.01% and exhibited strong growth
inhibition above 90% against non-small cell lung cancer
(NCI-H522) cell line, ovarian cancer (IGROV1) cell line, and
breast cancer (HS 578T) cell line.

Compound 6c¢ induced cell death in several tested cell
lines, with growth inhibition percentages ranging from
108.56% to 192.86%. It showed exceptional antiproliferative
activity against CNS cancer (SF-295) cell line, with growth
inhibition percentage of 192.86%. In addition, 6¢ displayed
potent growth inhibition across leukemia, non-small cell
lung cancer, colon cancer, CNS cancer, melanoma, ovarian
cancer, renal cancer, prostate cancer, and breast cancer cell
lines, with GI% values up to 99.47%.

Structure-activity relationship (SAR) analysis of the
synthesized compounds demonstrated that the molecular
hybridization of isatin as the heteroaromatic feature and
thiazole as the central aromatic linker produced efficient

This journal is © The Royal Society of Chemistry 2025

antitumor derivatives (Fig. 4). Among the different HBA-HBD
functionalities, the hydrazide spacer exhibited the most
potent antiproliferative activity, followed by
thiosemicarbazide. In contrast, cyclization of the HBA-HBD
group into an oxadiazole ring, as observed in derivatives
7a-d, and 12a-e led to reduced cytotoxicity. This decrease in
activity is likely due to the steric rigidity and limited
rotational freedom of the oxadiazole ring within the DFG
domain of the VEGFR-2 active site.

The absence of a hydrophobic moiety, as seen in
compounds 3, 8, and 11, led to a significant decrease in
cytotoxic activity, emphasizing the critical role of this feature
in facilitating effective interaction with the allosteric
hydrophobic pocket of VEGFR-2. In the series of Schiff bases
4a-o, halogen-substituted hydrazones 4b-d displayed more
potent and broader antiproliferative activity compared to
their non-halogenated counterparts. Furthermore, the
introduction of extended conjugation in the hydrophobic
feature, as demonstrated by compound 41, notably enhanced
cytotoxic activity. On the other hand, the incorporation of
polar substituents, as in compounds 4e and 4h, resulted in
less pronounced activity. Among the carboxamide derivatives,
compounds 5a and 5c¢, containing aliphatic moieties,
exhibited greater cytotoxic effects than compound 5b, which
featured an aromatic moiety.

2.2.1.2. In vitro five-dose anticancer assay. Based on the
preliminary screening results, compounds 4b, 4c, 4d, 41, and
6¢c were selected by the NCI for further evaluation at five-dose
concentrations (0.01, 0.1, 1, 10, and 100 uM) due to their
strong cytotoxic activity against various cancer cell lines. The
results were used to generate log concentration vs. percentage
growth curves, from which three dose response parameters
(GIso, TGI, and LCs,) were calculated for each cell line (see
ESL} Table S5 and Fig. S76-S81). Growth inhibition
concentration of 50% (GI5,) represents the concentration at
which 50% growth inhibition occurs. Total growth inhibition
(TGI) is the drug concentration resulting in total growth
inhibition and indicates complete cytostatic activity. The
lethal concentration of 50% (LCso) is the concentration of
drug resulting in a 50% net cell loss and reflects the
cytotoxicity of the compounds. The investigated Schiff base
derivatives 4b, 4c¢, 4d, 4l, and the thiosemicarbazide
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Table 2 Cytotoxicity screening represented in growth inhibition percentage (Gl%) for compounds 4k-o, 5a-c, and 6a-d at a single-dose of 10 uM
against a panel of sixty cancer cell lines

Growth inhibition percentage (GI1%)

Subpanel/cancer

cell lines 4k 41 4m 4an 410 5a 5b 5¢ 6a 6b 6C 6d
Leukemia

CCRF-CEM 20.60 68.42 2.49 8.62 23.40 4.26 -2.42 3.69 52.37 -19.44 65.88 10.29
HL-GO(TB) 1.39 78.81 -2.83 5.19 -8.30 17.95 -1.74 16.12 23.92 10.60 27.88 8.86
K-562 -0.90 106.79 -10.40 7.30 4.41 -2.69 -9.64 27.27 45.67 5.27 64.61 3.28
MOLT-4 4.49 118.66 -5.23 19.14 2.13 -6.28 -14.44 25.31 27.09 9.57 44.71 3.00
RPMI-8226 30.02 86.52 4.02 -16.93 7.73 6.60 0.55 15.10 21.18 -3.99 32.57 7.05
SR NA 101.60 2.91 8.25 18.84 22.42 -4.20 24.53 NA 10.93 72.38 11.43
Non-small cell lung cancer

A549/ATCC 3.76 160.38 0.11 11.33 -2.53 0.52 -2.29 12.48 -0.77 -1.61 58.42 7.20
EKVX -1.12 120.40 0.79 14.57 -0.94 -5.08 1.66 23.66 9.36 -6.41 99.76 10.01
HOP-62 -5.65 120.64 5.00 18.55 -12.38 -0.64 6.60 -28.83 36.17 -4.59 64.31 0.42
HOP-92 -21.60 115.30 -9.48 41.23 -4.19 -9.00 -15.65 6.75 14.54 6.69 99.47 2.64
NCI-H226 0.11 83.00 9.02 -20.06 5.29 13.77 4.93 -5.37 29.6 -3.89 114.31 11.75
NCI-H23 2.76 144.59 7.20 19.28 5.62 0.84 3.36 3.10 13.36 6.02 91.18 0.65
NCI-H322M -28.78 66.25 -6.79 -64.32 -17.00 -11.27 -18.63 -47.27 25.01 -15.44 51.63 -6.09
NCI-H460 -12.62 161.24 -18.59 -18.49 -20.26 -26.11 -4.04 -14.34 10.76 -8.60 77.69 -8.32
NCI-H522 3.06 93.67 7.88 9.66 19.20 5.44 5.44 14.29 5.97 11.78 94.95 15.34
Colon cancer

COLO 205 -7.72 79.34 6.62 -17.05 19.28 8.03 -5.35 -12.12 -2.62 -14.01 17.52 6.30
HCC-2998 0.67 116.30 -2.31 -9.47 -5.98 -6.57 -11.17 -1.47 17.29 -1.03 129.06 -0.55
HCT-116 3.91 176.16 -6.05 2.79 -2.59 5.93 2.78 -1.59 27.19 -6.11 63.56 -6.05
HCT-15 2.80 107.49 2.32 -4.91 7.39 -2.69 0.50 2.34 56.04 -10.23 127.03 6.07
HT29 11.49 146.40 -0.94 -2.49 1.57 -9.80 1.03 -2.92 2.22 5.03 36.72 5.36
KM12 -2.47 89.92 -10.25 -3.94 -21.93 -3.16 -1.56 -1.89 7.09 -3.33 89.05 -2.73
SW-620 -15.70 163.11 -29.15 4.86 2.62 -24.86 -6.03 —22.22 -3.76 -9.42 52.62 3.71
CNS cancer

SF-268 -2.09 79.19 0.65 25.76 -7.49 -1.30 -4.73 -1.52 26.04 -6.88 70.19 8.20
SF-295 0.75 125.45 -2.09 61.42 -0.56 1.96 1.01 -0.16 20.63 -5.04 192.86 7.47
SF-539 3.03 170.00 2.09 13.52 4.75 2.52 -2.95 4.15 16.53 -0.85 165.62 0.75
SNB-19 10.65 109.49 1.40 42.85 4.63 0.28 -0.11 7.11 19.62 2.18 82.69 20.55
SNB-75 NA 137.76 -10.21 -39.90 13.66 6.31 20.32 5.70 NA -0.64 112.72 9.59
U251 -0.99 190.80 -0.34 39.58 -1.78 -0.59 2.27 5.49 35.8 -2.50 66.91 6.69
Melanoma

LOX IMVI -1.51 181.34 9.02 3.16 12.34 -1.17 3.99 -2.08 26.65 -2.58 148.79 6.20
MALME-3M -26.66 188.11 -6.74 7.90 -5.81 -24.24 -7.55 10.08 13.44 —22.28 85.96 -0.16
M14 8.54 88.80 5.05 -0.45 1.99 9.93 -2.48 0.86 27.62 -10.38 67.77 3.38
MDA-MB-435 5.55 142.37 -6.56 18.11 1.66 -1.16 -0.97 4.95 22.38 0.83 75.38 3.45
SK-MEL-2 4.44 77.21 -5.30 0.34 1.43 -10.86 -11.14 -6.25 17.39 1.70 79.44 -4.35
SK-MEL-28 -1.46 133.98 -0.84 -4.57 1.59 -4.86 -7.88 -1.16 21.12 -4.04 60.44 -0.30
SK-MEL-5 3.79 88.04 10.31 13.6 -1.14 5.96 -0.71 28.40 74.89 7.25 186.82 2.47
UACC-257 6.80 100.55 3.76 10.35 -1.08 0.63 -3.98 20.00 4.46 0.19 28.67 7.04
UACC-62 5.56 NA 3.72 NA 6.68 5.31 1.69 NA 26.11 NA 128.67 7.89
Ovarian cancer

IGROV1 -34.31 99.91 -12.27 15.00 -14.19 -23.28 -23.70 1.35 4.73 -36.76 56.66 -8.17
OVCAR-3 -5.48 191.59 -22.71 54.64 -2.88 -8.38 -6.88 -4.02 28.49 -18.63 60.70 -9.08
OVCAR-4 NA 173.16 -8.43 52.02 4.23 -7.36 3.09 9.67 NA -4.65 72.48 0.57
OVCAR-5 0.34 143.10 -4.34 -11.93 -3.99 -7.43 -7.73 -6.65 20.42 -3.51 32.79 -5.08
OVCAR-8 1.89 186.01 8.46 4.16 -1.11 -1.19 -2.76 2.10 18.74 1.37 74.22 8.37
NCI/ADR-RES -1.75 163.20 0.88 2.28 6.95 2.46 -4.49 7.70 11.51 -0.01 44.83 7.63
SK-OV-3 -12.16 113.19 11.46 0.58 -7.59 4.78 -15.43 -13.41 4.84 -7.49 24.70 14.07
Renal cancer

786-0 9.30 168.08 6.57 33.07 -10.61 10.88 8.27 15.82 29.3 6.35 40.85 10.39
A498 0.52 58.66 -34.42 -32.79 -23.56 -51.03 -15.72 -3.00 17.88 -0.31 8.26 -5.68
ACHN -6.20 136.43 6.46 9.48 4.71 -9.77 -2.74 -7.01 48.92 -3.68 67.83 5.75
CAKI-1 4.70 115.74 15.48 -6.64 9.85 4.47 11.37 -0.43 53.11 3.53 126.29 13.65
RXF 393 -2.02 100.71 2.96 -35.61 -3.75 2.10 -4.56 -32.48 18.18 -29.59 108.56 13.25
SN12C 9.61 131.46 -5.20 10.35 1.29 -0.37 -1.68 13.27 10.92 6.81 62.58 10.11
TK-10 -6.51 158.21 -15.57 -23.87 -25.43 -13.15 -28.72 3.03 53.72 -23.20 61.03 -6.22
UO-31 5.51 153.36 11.82 -25.27 20.13 7.65 -4.96 -7.49 55.45 15.39 60.34 14.61
Prostate cancer

PC-3 4.84 112.47 3.51 -0.16 5.47 3.05 5.65 8.01 33.08 -11.48 65.58 2.14
DU-145 4.25 125.32 -17.87 28.20 -3.58 -13.06 -8.38 -9.89 14.43 -10.83 59.26 -2.56
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Growth inhibition percentage (GI%)

Subpanel/cancer

cell lines 1k 41 4m 4an 410 5a 5b 5¢ 6a 6b 6¢ 6d
Breast cancer

MCF7 5.75 150.58 9.19 13.85 4.18 1.66 6.93 1.13 14.16 —-8.04 90.26 1.50
MDA-MB-231/ATCC 1.77 156.89 10.56 21.14 5.37 0.96 1.04 0.84 18.51 -6.25 97.59 9.96
HS 578T -16.78 95.34 -0.83 18.95 —-0.06 -24.56 -7.02 -4.89 0.97 -5.61 90.89 -11.20
BT-549 6.93 84.17 6.32 7.89 -9.64 3.97 -9.97 15.17 20.07 -0.20 69.45 14.20
T-47D 16.69 167.20 14.12 46.18 14.12 12.58 3.33 18.40 -4.91 4.19 54.23 18.77
MDA-MB-468 -12.61 140.47 4.79 3.58 5.55 1.51 -0.59 -4.71 15.38 -18.96 150.07 14.54
MEAN% GI -0.37 126.16 -0.98 6.61 0.46 -2.29 -3.15 1.94 22.07 -4.01 78.46 4.67

NA; not available.

derivative 6c had potent antiproliferative activities in the
micromolar range across most of the tested cell lines
representing the nine different subpanels (Table 4).

Generally, compound 4b exhibited potent cytotoxic activity
across most cancer cell lines. The highest activity was
observed against non-small cell lung cancer (A549/ATCC,
NCI-H460) cell lines, colon cancer (SW-620) cell line, CNS
cancer (SF-295, SNB-75, U251) cell lines, melanoma (LOX
IMVI) cell line, ovarian cancer (OVCAR-3, NCI/ADR-RES) cell
lines, renal cancer (786-0, RXF 393) cell lines, prostate cancer
(DU-145) cell line, and breast cancer (MDA-MB-231/ATCC,
MDA-MB-468) cell lines, with GIs, of 2.13, 2.00, 2.06, 2.15,
1.88, 2.03, 2.04, 2.09, 2.09, 1.69, 2.02, 2.23, 2.22, and 1.86
uM, respectively.

Compound 4c revealed superior antiproliferative activity
against most of the tested cell lines, with GI5, range from
1.71 to 5.88 puM. Moreover, 4c exhibited strong inhibition
activity with GI5, values less than 2.00 uM against non-small
cell lung cancer (A549/ATCC, NCI-H23) cell lines, CNS cancer
(SF-295, U251) cell lines, melanoma (LOX IMVI, SK-MEL-28)
cell lines, ovarian cancer (NCI/ADR-RES) cell line, renal
cancer (786-0, RXF 393), and breast cancer (MDA-MB-231/
ATCC) cell line. On the other hand, 4c showed the least
activity amongst all selected compounds against leukemia
(HL-60[TB]) cell line with GI5, 43.10 uM.

Compound 4d displayed comparable cytotoxicity against
leukemia (RPMI-8226) cell line, ovarian cancer (NCI/ADR-
RES) cell line, renal cancer (RXF 393) cell line, and breast
cancer (MCF7) cell line, with GI;, values of 6.91, 5.02, 3.27,
and 8.97 pM, respectively. Compound 4l revealed good
inhibition activity against leukemia (SR) cell line, colon
cancer (HT 29) cell line, CNS cancer (U251) cell line,
melanoma (LOX IMVI) cell line, ovarian cancer (NCI/ADR-
RES) cell line, renal cancer (786-0, RXF 393) cell lines, and
breast cancer (MCF7, MDA-MB-231/ATCC) cell lines, with
Gl values of 2.46, 2.36, 2.92, 2.79, 2.77, 2.82, 2.79, 2.54, and
2.92 uM, respectively.

Among the target compounds, 6c¢ displayed potent
antiproliferative activity against leukemia (CCRF-CEM, K-562,
and SR) cell lines, with GI5, values of 2.93, 3.39, and 2.70
uM, respectively. Furthermore, 6¢c showed potent cytotoxic
activity across non-small cell lung cancer (HOP-92) cell line,

This journal is © The Royal Society of Chemistry 2025

CNS cancer (SNB-75) cell line, renal cancer (RXF 393) cell
line, and breast cancer (HS 578T) cell line, with GI5, values of
2.26, 1.67, 2.17, and 2.94 uM, respectively.

Regarding the sensitivity of the selected compounds
toward different cell lines, compounds 4c and 4b had a
comparatively potent antiproliferative effect throughout the
whole NCI panel, with effective growth inhibition full panel
G5, (MG-MID) values of 2.82 uM and 2.95 uM, respectively.

2.2.2. In vitro cytotoxicity screening against hepatocellular
carcinoma (HepG2) and normal liver cell line (THLE-2). The
growth inhibitory activities of the most potent compounds
4b, 4c, 4d, 41, and 6c were evaluated in vitro against
hepatocellular carcinoma (HepG2) and transformed human
liver epithelial-2 (THLE-2) using MTT assay with sunitinib as
a reference drug. The HepG2 cell line has been selected for
assessment of ICs, of the tested compounds since it highly
expresses VEGFR-2 (ref. 57 and 58) and is not involved in the
NCI 60 cancer cell line protocol. The results (Table 5)
revealed that compounds 6c, 4¢, 4d, and 4b have more potent
cytotoxic activity (ICso = 3.13 + 0.1, 5.67 + 0.19, 11.62 + 0.38,
and 21.98 + 0.72 uM, respectively) compared to sunitinib
(ICso = 23.44 + 0.77 uM). Furthermore, the target compounds
displayed lower cytotoxicity against the normal THLE-2 cells
than sunitinib (Table 5). The selectivity index (SI) values of
compounds 4b, 4c, 4d, 41, and 6c were calculated to evaluate
selectivity for HepG2 tumor cells over THLE-2 normal cells.
Compared to sunitinib (SI = 1.15), compounds 4b, 4c, 4d, 41,
and 6¢ displayed significantly higher SI values (1.80, 7.88,
3.49, 3.57, and 10.26, respectively), indicating more
favourable safety profiles.

2.2.3. In vitro VEGFR-2 kinase inhibitory assay. The most
potent antiproliferative compounds 4b, 4c, 4d, 41, and 6¢
were evaluated for VEGFR-2 kinase inhibition using sunitinib
as a reference drug. The ICs, values, summarized in Table 6,
revealed significant VEGFR-2 inhibition, ranging from 0.047
to 1.549 pM. Notably, compound 4c¢ demonstrated the
strongest VEGFR-2 inhibition, being 3.55 times more potent
than sunitinib (ICs5y = 0.047 + 0.002 uM vs. 0.167 + 0.007 uM).
Compounds 6c¢ and 4b also exhibited superior inhibitory
activities compared to sunitinib, with ICs, values of 0.089 +
0.004 pM and 0.113 + 0.005 uM, respectively. These results,
in conjunction with the cytotoxicity data, suggest that
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Table 3 Cytotoxicity screening represented in growth inhibition percentage (Gl%) for compounds 7a-d, 8, 10, 11, and 12a-e at a single-dose of 10 uM
against a panel of sixty cancer cell lines

Growth inhibition percentage (G1%)

Subpanel/cancer

cell lines 7a 7b 7c 7d 8 10 11 12a 12b 12¢ 12d 12e
Leukemia

CCRF-CEM 58.69 40.38 46.34 4.32 15.73 19.05 1.42 37.30 4.03 6.67 5.74 9.68
HL-GO(TB) 45.57 25.62 1.70 -8.37 42.24 9.86 -18.88 -15.39 10.06 23.34 3.63 10.70
K-562 42.69 60.62 52.29 -7.86 0.31 3.37 -6.62 58.82 1.68 14.32 -0.03 1.27
MOLT-4 88.49 38.88 30.23 -4.90 11.85 14.75 -3.77 77.67 8.13 -2.57 -3.58 18.65
RPMI-8226 57.81 23.90 29.42 3.89 1.39 33.71 -8.30 12.86 2.76 3.68 -4.49 9.03
SR NA 37.93 18.87 5.63 NA NA NA 62.34 11.68 20.29 31.50 1.90
Non-small cell lung cancer

A549/ATCC 54.46 12.96 1.84 -9.68 5.85 -5.47 -4.40 8.69 1.15 9.70 7.31 13.09
EKVX 38.70 20.12 0.26 10.23 -0.72 2.21 4.83 20.08 4.67 5.28 1.39 10.21
HOP-62 31.09 -5.30 -0.21 4.29 -21.46 -7.50 12.35 -1.88 26.14 -5.74 36.98 22.20
HOP-92 38.31 32.90 -11.67 -34.26 -2.67 8.33 6.12 7.53 3.01 16.10 -3.77 0.04
NCI-H226 49.09 -5.51 0.80 7.29 10.60 8.78 6.04 -4.90 20.80 -10.08 6.74 24.38
NCI-H23 20.52 17.66 10.82 4.17 0.96 8.64 2.90 41.73 18.38 4.17 12.69 16.59
NCI-H322M 11.27 6.92 -5.30 0.14 -7.39 -27.69 -22.24 -53.37 -18.98 -31.93 -7.90 -18.31
NCI-H460 63.52 1.29 45.05 -30.92 -15.12 -22.95 -15.80 -10.17 -3.36 1.94 -14.13 3.66
NCI-H522 7.58 61.56 43.26 4.61 3.18 2.86 1.89 13.87 19.06 16.85 13.36 16.38
Colon cancer

COLO 205 34.12 -9.38 -0.59 7.71 -6.41 -3.87 -4.58 -16.79 -5.64 -4.70 -1.37 -4.24
HCC-2998 13.78 13.12 2.50 -0.82 -9.40 -2.38 -15.54 -10.31 -3.57 4.05 -20.82 -4.41
HCT-116 20.81 22.04 45.36 5.35 -3.27 5.15 7.32 24.65 -8.12 0.57 16.06 3.20
HCT-15 38.20 5.78 1.20 1.46 0.36 -4.53 -4.96 35.53 0.30 0.34 6.32 1.03
HT29 16.94 0.33 -22.77 -11.38 -3.77 1.57 -6.28 13.72 -1.86 15.04 -9.92 0.05
KM12 12.54 1.62 8.39 2.93 1.01 3.27 -1.66 -3.11 -0.21 -2.50 -6.19 -0.49
SW-620 14.07 -7.13 -0.18 -29.15 -23.91 -23.45 -8.06 -13.65 -3.15 4.73 -19.18 3.49
CNS cancer

SF-268 21.22 18.78 4.93 -1.84 -1.44 -4.97 -3.13 -7.59 -8.56 1.69 9.96 -3.88
SF-295 44.54 -4.43 9.60 3.05 -7.10 -13.29 -9.29 40.48 28.92 7.50 16.15 28.13
SF-539 35.42 17.02 1.70 -0.79 1.04 -1.36 7.38 154.50 34.85 44.91 34.49 32.08
SNB-19 30.89 49.25 60.48 5.68 0.72 18.41 -0.38 10.58 51.71 9.41 27.12 54.41
SNB-75 NA 13.21 22.06 10.83 NA NA NA -27.20 13.42 3.36 13.60 -0.28
U251 37.85 72.56 69.38 -6.14 1.74 9.40 -1.17 9.60 26.25 4.76 24.13 40.40
Melanoma

LOX IMVI 43.78 24.45 30.25 4.51 0.28 -0.05 8.93 53.67 14.59 10.24 5.29 19.73
MALME-3M -18.08 -34.72 -9.16 -0.10 -11.91 -40.28 -24.19 -2.86 17.55 -4.13 -2.73 26.81
M14 15.32 -4.20 3.82 5.91 5.28 9.64 0.16 8.42 3.22 -2.00 10.80 11.22
MDA-MB-435 17.73 0.64 7.94 -3.22 -4.22 3.13 -5.13 2.50 -1.56 9.52 0.53 0.11
SK-MEL-2 8.15 35.86 4.33 -7.48 -8.32 0.24 0.81 -8.68 9.18 -7.12 5.88 5.83
SK-MEL-28 13.41 6.55 -8.85 -6.02 -7.35 -11.38 -18.01 -5.05 -11.94 13.65 -4.95 -3.90
SK-MEL-5 28.27 22.46 30.09 4.69 3.30 11.22 3.18 4.79 14.75 4.66 14.31 23.56
UACC-257 15.10 -4.90 -22.31 3.28 1.36 -3.04 0.84 9.52 -5.73 6.36 9.32 -4.07
UACC-62 36.87 NA 34.91 4.76 -2.59 -3.68 7.47 NA 12.17 NA 3.16 20.71
Ovarian cancer

IGROV1 -21.24 -26.46 -8.84 -3.38 -12.28 -47.35 -34.59 9.34 -11.92 3.72 -32.91 -17.37
OVCAR-3 16.78 7.31 6.87 -16.47 -8.96 -9.61 -11.06 -4.03 -24.54 -10.44 -13.31 -12.69
OVCAR-4 NA -4.73 22.76 -2.74 NA NA NA -9.29 3.99 12.28 1.94 11.10
OVCAR-5 8.37 -4.30 -9.76 -0.42 -4.43 -24.73 -3.95 -10.96 -11.53 1.77 -11.89 -9.32
OVCAR-8 42.06 12.32 8.41 1.18 -2.43 8.71 -2.75 2.29 29.93 -0.85 17.94 1.90
NCI/ADR-RES 13.52 1.78 -4.99 2.26 -6.76 -13.22 -9.63 17.32 13.45 9.19 1.08 22.22
SK-OV-3 1.31 -6.97 -21.56 16.84 -1.74 -6.86 11.49 -10.75 -21.74 -16.68 4.19 -8.22
Renal cancer

786-0 32.81 -4.37 8.55 -2.20 6.87 8.59 0.38 -6.92 29.59 6.39 42.55 39.70
A498 13.36 -19.07 -34.26 -15.14 -8.32 -12.71 -40.05 -34.11 -25.90 -7.29 -23.81 -30.97
ACHN 43.44 3.95 3.96 14.71 -3.50 -9.74 -1.66 -0.65 8.13 0.04 19.72 25.83
CAKI-1 40.45 -7.03 13.96 14.12 7.59 -3.59 7.18 5.85 16.66 -2.43 16.03 13.55
RXF 393 15.10 -52.98 2.26 0.03 -4.74 -5.65 -12.87 -22.18 18.33 -41.38 23.19 6.85
SN12C 40.79 7.55 2.33 1.41 -10.74 -3.49 -3.56 10.76 6.25 7.93 3.09 10.07
TK-10 31.87 -46.62 -31.96 -34.42 -24.69 -66.23 -54.09 -64.02 -41.80 -7.50 -2.64 -40.90
UO-31 30.78 9.63 9.37 19.81 5.38 -4.41 14.11 8.72 8.94 4.88 20.01 17.14
Prostate cancer

PC-3 19.84 16.68 17.85 2.35 3.51 5.34 16.97 0.34 5.23 3.27 -1.48 10.28
DU-145 39.88 -4.79 2.24 -10.34 -5.92 9.02 -9.30 55.69 -5.96 4.21 -5.32 1.80
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Growth inhibition percentage (GI%)

Subpanel/cancer

cell lines 7a 7b 7¢ 7d 8 10 11 12a 12b 12¢ 12d 12e
Breast cancer

MCF7 60.26 27.15 14.49 8.93 5.97 -2.27 1.64 92.05 10.67 8.54 1.59 13.23
MDA-MB-231/ATCC 30.16 19.53 13.48 7.67 -2.11 22.18 7.82 23.18 39.20 0.50 14.92 39.27
HS 578T 44.58 28.63 26.42 5.33 -3.54 -3.93 12.74 4.15 26.79 17.25 18.13 23.89
BT-549 33.87 13.54 -1.33 5.07 2.02 5.06 -4.06 -3.12 -5.02 -3.36 4.02 8.95
T-47D 35.70 42.61 23.11 14.72 2.16 24.47 9.08 11.45 15.46 4.54 12.39 19.51
MDA-MB-468 13.65 0.80 13.67 6.06 -11.53 -0.69 -10.77 -13.58 0.17 -30.88 10.89 11.35
MEAN% GI 29.40 10.56 10.23 -0.38 -1.90 -2.34 -3.99 9.99 6.17 2.65 5.63 9.10

NA; not available.

Thiazole ring was
well tolerated for
anticancer activity
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Fig. 4 Structure-anticancer activity relationship of the synthesized 2-oxoindolin-3-ylidene thiazole derivatives.

compound 4c¢ is a promising candidate for anticancer
development.

2.2.4. Cell cycle analysis. Compound 4c¢, which displayed
remarkable cytotoxic potency and significant inhibitory
activity against VEGFR-2, was selected for mechanistic
investigation of its effect on cell cycle development and
apoptosis induction in HepG2 cells. HepG2 cells were treated
with compound 4c at a concentration of 5.67 uM (ICs, value)
for 24 hours, followed by flow cytometry analysis to compare
cell cycle distribution with control cells. The results
summarized in Table 7, showed a significant increase in the
percentage of cells arrested in the GO/G1 phase, rising from
46.02% in control cells to 66.93% in treated cells.
Furthermore, the percentage of cells in the S phase decreased
from 36.57% in control cells to 10.65% in treated cells,
suggesting a reduced rate of DNA synthesis, further
supporting the hypothesis of cell cycle arrest. Additionally,
the percentage of cells in the G2/M phase increased from
17.41% in control cells to 22.42% in treated cells. These
findings demonstrate that compound 4c induces cell cycle
arrest in HepG2 cells mainly at the G0/G1 phase (Fig. 5).

2.2.5. Apoptosis analysis. The apoptotic activity of
compound 4c¢ was investigated using an annexin-V/propidium
iodide (PI) staining assay, which differentiates between living,
early apoptotic, late apoptotic, and necrotic cells. HepG2 cells
were treated with compound 4c at its ICs, concentration

This journal is © The Royal Society of Chemistry 2025

(5.67 uM) for 24 hours. The results revealed that compound
4c significantly increased apoptosis compared to control
cells, as reported in Table 8. Specifically, early apoptosis
(lower right quadrant) increased from 0.55% in control cells
to 15.26% in treated cells. Moreover, late apoptosis (upper
right quadrant) showed a remarkable 76-fold increase, rising
from 0.13% in control cells to 9.94% in treated cells.
Additionally, compound 4c¢ also enhanced the percentage of
necrotic cells by 1.72 times compared to the control (Fig. 6).
2.2.6. Caspase-3 and -9 expression assay. The sequential
activation of caspases plays a crucial role in the process of
cellular apoptosis.”® Caspases are classified into two
categories: initiators, such as caspase-9, which are involved
early in the apoptotic cascade, and effectors, like caspase-3,
which are activated by the initiators to execute cell death.®®
To explore the apoptotic mechanism of compound 4c, the
gene expression fold change of caspase-3 and -9 in HepG2
cells treated with 5.67 uM of the compound for 24 hours was
analysed wusing quantitative real-time PCR. Notably,
compound 4c significantly upregulated the expression of
caspase-3 and -9 by 6.50-fold and 2.99-fold, respectively
compared to control cells (Fig. 7), suggesting that compound
4c induces apoptosis through a caspase-dependent pathway.
2.2.7. In vitro wound healing assay. Cell migration plays a
crucial role in angiogenesis, particularly during the early
stages of the angiogenic cascade.®® VEGF, a proangiogenic
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Table 4 In vitro NCI cell lines anticancer screening results of
compounds 4b, 4c, 4d, 4|, and 6c at five dose concentration reported in
uM

Subpanel/cancer b ac 4d 4 6¢
cell lines GI;o GI;5o GI;, Gl;5o GI;5o
Leukemia

CCRF-CEM 17.30 5.35 9.14 8.31 2.93
HL-GO(TB) 12.90 43.10 23.40 12.50 6.29
K-562 4.14 5.10 9.92 3.68 3.39
MOLT-4 6.97 4.09 9.19 4.61 11.00
RPMI-8226 6.16 6.40 6.91 5.21 14.80
SR 3.75 NA NA 2.46 2.70
Non-small cell lung cancer

A549/ATCC 2.13 1.75 23.60 4.00 11.20
EKVX 2.44 2.43 18.20 4.38 10.20
HOP-62 2.59 2.17 19.40 8.43 6.74
HOP-92 2.59 2.00 15.50 10.80 2.26
NCI-H226 2.69 3.13 20.20 11.90 5.54
NCI-H23 2.30 1.98 15.50 7.30 7.84
NCI-H322M 7.23 3.78 27.80 19.60 11.60
NCI-H460 2.00 2.05 27.90 3.65 6.11
NCI-H522 4.57 2.56 15.60 16.20 7.55
Colon cancer

COLO 205 3.50 2.00 19.20 8.56 15.90
HCC-2998 2.76 3.05 15.80 6.18 10.70
HCT-116 3.08 3.26 19.20 3.57 11.20
HCT-15 3.04 2.44 11.40 3.65 5.50
HT 29 2.37 2.14 17.40 2.36 16.40
KM12 3.46 3.64 18.50 13.90 10.80
SW-620 2.06 2.33 18.80 3.35 11.80
CNS cancer

SF-268 2.95 4.03 21.40 9.23 7.78
SF-295 2.15 1.71 14.30 9.36 4.12
SF-539 2.22 NA NA 5.18 3.91
SNB-19 2.48 2.25 17.00 4.01 6.47
SNB-75 1.88 2.33 14.10 3.20 1.67
U251 2.03 1.74 14.00 2.92 5.53
Melanoma

LOX IMVI 2.04 1.81 23.20 2.79 9.89
MALME-3M 4.29 2.73 12.80 9.83 12.00
M14 5.01 3.24 22.60 6.18 10.80
MDA-MB-435 3.81 3.79 16.90 7.30 11.70
SK-MEL-2 2.99 2.54 14.90 13.80 10.70
SK-MEL-28 3.35 1.93 15.50 8.95 11.30
SK-MEL-5 2.81 2.79 14.10 4.71 5.22
UACC-257 4.62 3.55 16.80 4.08 15.00
UACC-62 3.65 3.55 19.70 13.00 5.26
Ovarian cancer

IGROV1 2.67 2.30 17.90 10.40 12.50
OVCAR-3 2.09 2.11 17.10 10.00 10.80
OVCAR-4 2.41 2.63 11.40 4.69 14.20
OVCAR-5 2.93 2.06 14.60 10.30 13.50
OVCAR-8 2.43 2.70 11.10 4.95 10.90
NCI/ADR-RES 2.09 1.99 5.02 2.77 16.30
SK-OV-3 2.95 3.61 30.20 11.50 13.20
Renal cancer

786-0 1.69 1.89 18.00 2.82 13.30
A498 2.34 5.88 20.40 14.60 13.80
ACHN 2.59 2.47 14.60 8.57 9.72
CAKI-1 2.27 2.57 12.10 15.10 5.41
RXF 393 2.02 1.79 3.27 2.79 2.17
SN12C 2.29 2.30 13.10 5.92 11.80
TK-10 2.91 3.08 16.20 6.16 10.40
UO0-31 3.24 2.24 14.40 11.10 5.58
Prostate cancer

PC-3 3.06 3.46 16.30 9.07 10.30
DU-145 2.23 2.25 15.50 5.18 14.90
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Table 4 (continued)

Subpanel/cancer b dc 4d 4 6¢
cell lines GI;5q GI;q GI;g GI;q G5
Breast cancer

MCF7 2.48 2.57 8.97 2.54 12.20
MDA-MB-231/ATCC 2.22 1.96 17.30 2.92 12.80
HS 578T 2.55 2.61 18.40 3.57 2.94
BT-549 2.51 2.23 9.74 6.63 5.91
T-47D 2.26 2.86 12.90 3.48 6.78
MDA-MB-468 1.86 2.42 13.90 2.97 13.30
MG-MID“ 2.95 2.82 15.14 6.03 8.13

% Gl5o (uM) full panel mean-graph midpoint (MG-MID) = the average
sensitivity of all cell lines toward the target compounds. NA; not
available.

factor, stimulates proliferation, migration, and tube
formation in HepG2 cells. To evaluate cancer cell migration
in vitro, the wound healing (scratch or migration) assay is
commonly used. In this assay, a scratch was created in a
monolayer of HepG2 cancer cells, and the initial gap width
was measured. The closure of the scratch was monitored over
0 to 72 hours in both 4c-treated and untreated cells (Fig. 8).
The results (Table 9) demonstrated that the scratch in the
untreated HepG2 control cells closed significantly within 72
hours, achieving a closure rate of 98.52%. In contrast, 4c-
treated HepG2 cells showed a reduction in wound closure to
60.74%, demonstrating that compound 4c¢ effectively
inhibited cell migration and delayed wound closure.

2.3. Molecular modeling studies

2.3.1. Docking study. The molecular docking study was
performed to predict the possible binding mode and
interactions of the target compounds within the active
binding site of VEGFR-2. Sunitinib was considered a
reference drug in that study. The docking simulations were
performed using MOE (Molecular Operating Environment,
2020.09  computational  software, = Chemical
Computing Group Inc., Canada) software to predict the

version

Table 5 Cytotoxicity represented by ICso uM for the most potent
compounds 4b, 4c, 4d, 41, 6¢c, and sunitinib against hepatic cancer cell
line (HepG2) and normal liver cell line (THLE-2) with values of selectivity
index (SI)?

(ICs0," uM)

Compound HepG2 THLE-2 g

4b 21.98 + 0.72 39.64 + 1.46 1.80
4c 5.67 = 0.19 44.70 + 1.94 7.88
ad 11.62 + 0.38 40.61 + 1.77 3.49
41 30.54 + 1.01 108.96 + 4.6 3.57
6c 3.13 0.1 32.06 + 1.18 10.26
Sunitinib 23.44 + 0.77 26.90 + 0.99 1.15

@ 1Cs, values are the mean + SD of three separate experiments. ” SI:
the ratio of ICs, against THLE-2 normal cells to ICs, against HepG2
tumor cell lines, respectively. All measurements were done in
triplicate.
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Table 6 In vitro VEGFR-2 kinase inhibitory activities of compounds 4b,
4c, 4d, 41, 6¢, and sunitinib

Compound (ICs0," uM)
4b 0.113 + 0.005
4c 0.047 + 0.002
4ad 1.549 + 0.063
41 0.995 + 0.04
6¢ 0.089 + 0.004
Sunitinib 0.167 + 0.007

“ All IC5, values are calculated as the mean + SD of three different
experiments.

Table 7 The effect of 4c on cell cycle distribution in the HepG2 cells

Cell cycle distribution

Sample % G0/G1 % S % G2/M
Control HepG2 46.02 36.57 17.41
4c/HepG2 66.93 10.65 22.42

affinity and investigate the potential binding pattern of target
compounds 2-12a-e within the active site of VEGFR-2
tyrosine kinase co-crystallized with sunitinib (PDB: 4AGD).®
Sunitinib (docking score = -8.5155 kcal mol™) displayed
H-bond interactions by the NH and C=—O groups of its
indolin-2-one with Glu917 and Cys919 of hinge residues,
respectively. Additionally, it showed multiple hydrophobic
interactions with Leu840, Val848, Gly922, and Phe1047
(Fig. 9). The synthesized compounds showed similar binding
mode and orientation to sunitinib inside the active binding
site of VEGFR-2 with docking scores ranging from —6.8036 to
-9.3962 kcal mol™, as reported in the ESI{ (Table $6).

The docking simulations of compounds 4b, 4c¢, and 6c
within the ATP binding pocket of VEGFR-2 (Fig. 9 and 10)
showed effective fitting into the hinge region, aligning
similarly to sunitinib. The results of the docking study were
reported in Table 10. Each derivative demonstrated two
critical hydrogen bond interactions: the NH and C=0 groups
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Table 8 The effect of 4c on apoptosis in the HepG2 cells

Apoptosis
Sample Early Late Necrosis
Control HepG2 0.55 0.13 1.58
4c¢/HepG2 15.26 9.94 2.72

of their indolin-2-one scaffold interacted with the Glu917 and
Cys919 hinge residues, respectively. Additionally, various
hydrophobic and Van der Waals interactions with Leu840,
Val848, and Phe1047 further stabilized the binding. The
halogenated derivatives 4b and 4c¢ exhibited halogen bond
interactions between their halogen atoms and the Asp1052
residue, which likely enhanced their binding affinity and
contributed to their increased inhibitory activity against
VEGFR-2. For 4b and 4c, the halogen bond lengths and
angles are 3.23 A, 149.2° and 3.35 A, 157.0°, respectively. The
bond distances are lower than the sum of the respective Van
der Waals radii of atoms, indicating that there is an attractive
chemical force between the atoms. Compound 4c¢ also
showed a chalcogen bond interaction between sulfur atom of
the thiazole ring and Cys919 residue. Finally, compound 6c
exhibited two H-bonds by sulfur atom of thiosemicarbazide
linker with Arg1051 and Gly841 residues.

The molecular docking study highlighted the ability of
these compounds to interact with key amino acids within the
ATP binding site of VEGFR-2. The observed binding
interactions and docking scores strongly correlate with the
experimental in vitro anticancer activity and VEGFR-2 kinase
inhibition results, supporting the potential of these
compounds as effective antitumor agents.

2.3.2. In silico physicochemical and pharmacokinetic
properties prediction. Evaluating the physicochemical and
pharmacokinetic parameters of newly designed compounds
is crucial in the early stages of drug discovery to ensure the
development of viable drug candidates.®® In this study, in
silico investigation of the pharmacokinetic properties and
drug-likeness of the synthesized compounds was investigated
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Fig. 5 Cell cycle analysis of the HepG2 cells treated with 4c for 24 h using flow cytometry. (A) Control cells and (B) 4c-treated cells. Compound
4c induced cell cycle arrest in HepG2 cells at the GO/G1 phase (66.93%) in comparison to control cells (46.02%).
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Fig. 6 The effect of 4c on apoptosis in the HepG2 cells using annexin V-FITC/PI dual staining. (A) Control cells and (B) 4c-treated cells.
Compound 4c increased the early and late apoptosis from 0.55% and 0.13% in control cells to 15.26% and 9.94% in 4c-treated cells.

using the SwissADME tool provided by the Swiss Institute of
Bioinformatics (http://www.swissadme.ch/index.php).**

The oral bioavailability of compounds 4b, 4c, 4d, 41, and
6c was assessed using Lipinski and Veber rules, with
sunitinib as a reference. The predicted parameters were
summarized in Table 11. The molecular weights of the
compounds ranged from 408.41 to 451.52 g mol ', with
MLOG P values between 1.56 and 2.05, whereas sunitinib had
molecular weight of 398.47 g mol™" and MLOG P value of
2.06. The hydrogen bond acceptors (HAs) and hydrogen bond
donors (HDs) for the compounds varied from 4 to 6 and 3 to
5, respectively, compared to sunitinib's values of 4 and 3.
Additionally, the topological polar surface area (TPSA) of
compounds ranged from 136.08 A% to 179.87 A% The number
of rotatable bonds (RBs) for both the compounds and
sunitinib ranged from 6 to 8. Overall, the results indicated
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6
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>
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B Cont.HepG2 m4c/HepG2

Fig. 7 The gene expression fold change of caspases-3 and -9 in
HepG2 cells treated with 4c. Compound 4c significantly increased the
expression of caspase-3 and -9 by 6.50-fold and 2.99-fold in
comparison to control cells.
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that compounds 4b, 4c, 4d, and 41 comply with Lipinski and
Veber rules, similar to sunitinib. Their potent cytotoxic
activity, combined with favourable drug-likeness and
pharmacokinetic properties, suggests they could be
promising candidates for further drug development.

2.3.3. Quantum chemistry calculations. An essential aspect
influencing drug reactivity is the examination of frontier
molecular orbitals (FMOs). These orbitals provide insights
into several reactivity descriptors, such as ionization potential
(IP), electron affinity (EA), electronegativity (x), chemical
potential (u), global hardness (7), global softness (S), and
electrophilicity index (), calculated using equations from
Koopman's theory.®® The global quantum descriptors, along
with the dipole moment (Dm) and total ground state energy
(Et), are summarized in Table 12.

4c/HepG2

Fig. 8 The effect of 4c on migration and healing of HepG2 cells.
Compound 4c delayed the wound closure by 60.74%.

cont.HepG2
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Table 9 The effect of 4c on the migration and healing of HepG2 cells after 72 h

Wound area at 0 h (um?)

Wound area at 72 h (um?) Wound closure %

Untreated HepG2 cells 228
4c-treated HepG2 cells 225

(A) “

Glu917< \,

3.37 98.52
88.33 60.74

N

/!

Fig. 9 (A) 2D representation of the native ligand interactions and (B) 3D representation of the re-docked sunitinib in the active site of VEGFR-2
(PDB ID: 4AGD). The native ligand is represented by red stick and the re-docked ligand is depicted as green ball and stick, (C) 2D representation of
4b interactions and (D) 3D representation of the docking of 4b in the active site of VEGFR-2 (PDB ID: 4AGD). The ligand 4b is depicted in ball and
stick. Amino acid residues are represented in line. Atom colouration (dark grey, carbon; blue, nitrogen; red, oxygen; yellow, sulfur; light grey,

hydrogen; brown, bromine; green, chlorine).

The energies of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) determine the magnitude of these reactivity
descriptors. HOMO indicates a compound's ability to donate
electrons, while LUMO represents its capacity to accept
electrons. The energy gap (AE) between the HOMO and
LUMO orbitals of compound 4c¢ (Fig. 11) reflects the ease of
electronic transitions.

The data revealed that the electronic density of HOMO is
concentrated on the N'-(4-bromobenzylidene)
hydrazinecarbonyl system, whereas for LUMO, the electronic
density is located over the (2-oxoindolin-3-ylidene)
hydrazinylthiazole system. The molecule is thought to be

This journal is © The Royal Society of Chemistry 2025

softer and more chemically reactive when its energy gap is
small.®® The calculated energy gap (AE) of compound 4c
suggests an efficient HOMO-LUMO transition and overall
molecular softness. The narrow energy gap, combined with
low hardness, high softness, and a significant electrophilicity
index, underscores the biological reactivity and potential of
compound 4c.

2.3.4. The electron density map. The reactivity potential of
compound 4c¢ can be evaluated through DFT calculations.
The total electron density (TED) map (Fig. 12) displayed the
electron distribution across the molecule. The electron
density map of 4c¢ aligns with the orientation and
interactions within the VEGFR-2 active site. The red region
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Fig. 10 (A) 2D representation of 4c interactions and (B) 3D representation of the docking of 4c in the active site of VEGFR-2 (PDB ID: 4AGD), (C)
2D representation of 6c interactions and (D) 3D representation of the docking of 6c in the active site of VEGFR-2 (PDB ID: 4AGD). The ligands 4c
and 6¢ are depicted in ball and stick. Amino acid residues are represented in line. Atom colouration (dark grey, carbon; blue, nitrogen; red, oxygen;

yellow, sulfur; light grey, hydrogen; brown, bromine; green, chlorine).

highlights the electronegative atoms, revealing the
nucleophilic attack of the O atom of indolin-2-one onto the
amino acid (Cys919). The yellow and green regions have
moderate electronegativity, indicating possible hydrophobic
interactions. The moieties of indolin-2-one and thiazole were
attracted by amino acids (Leu840, Val848, and Phe1047).
Meanwhile, the blue region represents the most favorable
electropositive atoms, which explains the nucleophilic attack
of amino acid (Glu917) onto the NH atoms of indolin-2-
one.*’

3. Materials and methods
3.1. Chemistry

All chemicals and solvents used for synthesis of the targeted
compounds were purchased from commercial sources and
were of the highest pure form. Reactions were monitored by
thin layer chromatography (TLC) using precoated aluminium
sheets, silica gel Kieselgel 60G F254 (Merck, Darmstadt,
Germany). TLC sheets were visualized using UV lamp at 254
nm. Silica gel (100-200 mesh) was used for column

RSC Med. Chem.

chromatography. Melting points were determined in °C using
Stuart electrothermal melting point apparatus (Stuart
Scientific, UK) and were uncorrected. Infrared spectra were
recorded as KBr discs using Thermo Scientific Nicolet iS10
FT-IR spectrometer, Faculty of Science, Assiut University,
Assiut, Egypt, and the results were presented as cm™'. NMR
spectra were performed on Bruker Avance III HD FT-high
resolution NMR Spectrophotometer (400 MHz for 'H and 100
MHz for 'C), Faculty of Pharmacy, Mansoura University,
Mansoura, Egypt, as well as on Bruker Magnet System 400’54
Ascend/R NMR Spectrophotometer (400 MHz for 'H and 100
MHz for '*C), Faculty of Science, Zagazig University, Zagazig,
Egypt (the ESI} Fig. S1-S36). Chemical shifts are expressed in
o0 wvalues (ppm) relative to the internal standard
tetramethylsilane (TMS) at 6 0.00 ppm and are referenced
relative to residual solvent (e.g., DMSO-ds: § H = 2.50 ppm in
'H NMR, C = 39.5 ppm in >C NMR). Coupling constants (/)
were given in hertz (Hz) and expressed as s, singlet; d,
doublet; t, triplet; q, quartet; m, multiplet. Elemental analysis
was performed on Thermo Scientific Flash 2000 CHNS/O
analyzer, at the regional center for Mycology and
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Table 10 The binding interactions, distances, angles, docking scores, and root mean square deviation of compounds 4b, 4c, 6c, and sunitinib

Amino acid residues/type Distance A Angle © Score rmsd_
Compound no. of interactions keal mol™ refine A
4b Glu917/H-bond 2.99 159.7 -9.0071 0.4084
Cys919/H-bond 2.96 171.1
Asp1052/halogen bond 3.23 149.2
Phe1047/H-nt 3.94 147.2
Leu840/n-H 4.24 177.9
Val848/n-H 4.23 158.7
Val848/n-H 4.32 152.9
4c Glu917/H-bond 2.99 157.8 -9.3962 0.5178
Cys919/H-bond 2.89 171.3
Cys919/chalcogen bond 4.14 149.9
Asp1052/halogen bond 3.35 157.0
Phe1047/H-nt 3.91 142.6
Leu840/n-H 4.19 175.4
Val848/n-H 4.29 157.4
Val848/n-H 4.33 155.6
6¢ Glu917/H-bond 3.11 154.6 —-8.8212 0.6037
Cys919/H-bond 3.13 169.0
Gly841/H-bond 3.69 127.1
Arg1051/H-bond 4.71 146.9
Phe1047/H-nt 4.00 154.7
Leu840/n-H 4.19 165.0
Val848/n-H 4.23 161.0
Val848/n-H 4.37 151.0
Sunitinib Glu917/H-bond 3.02 151.7 —-8.5155 0.9625
Cys919/H-bond 2.98 175.9
Phe1047/H-nt 4.11 150.8
Leu840/n-H 4.05 152.7
Val848/n-H 4.29 157.2
Val848/n-H 4.30 153.7
Gly922/n-H 3.54 130.1

Table 11 Calculated physicochemical and pharmacokinetic parameters of compounds 4b, 4c, 4d, 41, 6c, and sunitinib

Compound MW (g mol™) HAs HDs log P, (MLOG P) Lipinski violations TPSA (A?) RBs Veber violations
4b 424.86 5 3 1.93 0 136.08 6 0

4c 469.31 5 3 2.05 0 136.08 6 0

ad 408.41 6 3 1.82 0 136.08 6 0

41 416.46 5 3 1.82 0 136.08 7 0

6¢ 451.52 4 5 1.56 0 179.87 8 1

Sunitinib 398.47 4 3 2.06 0 77.23 8 0

Table 12 The DFT global reactivity parameters for compound 4c

P EA x (eV) (V) 7 (eV) S (eV) w (eV) Dm (Debye) Er (a.u.)
5.8490 2.6885 4.2688 —4.2688 1.5803 0.6328 5.7656 10.0119 -4162.1233

Biotechnology, Al-Azhar University, Cairo, Egypt, and the
result values were within +0.4% of the theoretical values.
Mass spectrum was carried out on direct inlet part to mass
analyzer in Thermo Scientific GCMS model ISQ at the
regional center for Mycology and Biotechnology, Al-Azhar
University, Cairo, Egypt. Substituted phenacyl bromides 9a-c
were prepared according to the reported procedures.’®®® The
final compounds were obtained as a mixture of £ and Z
isomers. The ratio was determined from 'H NMR, and the
spectral data were reported for the major isomer.

This journal is © The Royal Society of Chemistry 2025

3.1.1. Synthesis of (Z)-2-(2-oxoindolin-3-ylidene)hydrazine-
1-carbothioamide 1 was prepared according to the reported
procedure described in ref. 40. Yellow solid; yield 0.69 ¢
(92%); mp 260-262 °C (lit. 40 mp 254 °C).

3.1.2. Synthesis of ethyl (Z)-2-[2-(2-oxoindolin-3-ylidene)
hydrazineyl|thiazole-4-carboxylate 2. Ethyl bromopyruvate
(0.35 mL, 2.27 mmol) was added to a solution of 1 (0.5 g, 2.27
mmol) in absolute ethanol (15 mL), and the mixture was
refluxed for 12 h. After cooling to room temperature, the
precipitate was filtered, dried, and recrystallized from methanol.
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Fig. 11 Energy gap (AE), frontier molecular orbitals; HOMO and LUMO
at the ground state for compound 4c.
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Fig. 12 Total electron density map of the target compound 4c.

Yellow solid; yield 0.64 g (90%); mp 249-251 °C; FT-IR:
3436, 3186, 3123, 1716, 1680, 1655, 1618, 1551, 1463; 'H
NMR: 13.28 (s, 1H), 11.24 (s, 1H), 8.04 (s, 1H), 7.54 (d, J = 8
Hz, 1H), 7.35 (t, ] = 8 Hz, 1H), 7.09 (t, ] = 8 Hz, 1H), 6.97 (d, J
= 8 Hz, 1H), 4.28 (q,J = 7.1 Hz, 2H), 1.30 (t,J = 7 Hz, 3H); °C
NMR: 166.8, 163.5, 161.1, 143.5, 142.0, 133.4, 131.3, 122.9,
122.5, 120.5, 120.1, 111.6, 61.2, 14.6; ESI-MS m/z: 316.39 [M'];
anal. caled. for C,,H;,N,0;5S: C, 53.16; H, 3.82; N, 17.71; S,
10.14. Found: C, 53.40; H, 3.98; N, 17.99; S, 10.27.

3.1.3. Synthesis of (Z/E)-2-[2-(2-oxoindolin-3-ylidene)
hydrazineyl|thiazole-4-carbohydrazide 3. To a mixture of 2
(0.2 g, 0.63 mmol), hydrazine hydrate (0.47 g, 9.49 mmol, d =
1.032 g mL™") was added in absolute ethanol (10 mL). The
mixture was refluxed for 24 h. After cooling to room
temperature, the precipitate was filtered, dried, and
recrystallized from ethanol.

Orange solid; yield 0.18 g (95%); mp 290-293 °C; FT-IR:
3340, 3323, 3237, 1682, 1665, 1622, 1586, 1458, 1439, 1198;
'H NMR: 11.24 (s, 1H), 9.60 (s, 1H), 7.74 (s, 1H), 7.53 (d, ] = 8
Hz, 1H), 7.34, (t, J = 8 Hz, 1H), 7.09 (t, J = 6 Hz, 1H), 6.96 (d, J
= 8 Hz, 1H); '*C NMR: 166.6, 163.6, 160.1, 146.1, 141.9, 133.2,
131.2, 123.0, 120.5, 120.1, 116.5, 111.6; ESI-MS m/z: 302.34
[M']; anal. caled. for C1,H;0NgO,S: C, 47.68; H, 3.33; N, 27.80;
S, 10.61. Found: C, 47.93; H, 3.45; N, 27.67; S, 10.68.

3.1.4. General procedure for the synthesis of compounds
4a-0. A mixture of substituted aromatic aldehyde or ketone
(0.66 mmol) was added to a solution of 3 (0.2 g, 0.66 mmol),
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and 0.2 mL glacial acetic acid in absolute ethanol (15 mL)
was refluxed for the specified time (18-30 h). After cooling to
room temperature, the precipitate was filtered and dried. The
precipitate was triturated several times with diethyl ether and
filtered to yield 4a-0 (70-90%).
N'-((E)-Benzylidene)-2-[2-((Z)-2-oxoindolin-3-ylidene)
hydrazineyl]thiazole-4-carbohydrazide 4a. Yellow solid; yield
0.23 g (88%); mp >300 °C; FT-IR: 3302, 3250, 1701, 1681,
1622, 1558, 1545, 1488, 1469, 1156; 'H NMR: 13.37 (s, 1H),
11.83 (s, 1H), 11.27 (s, 1H), 8.58 (s, 1H), 7.97 (s, 1H), 7.71 (d,
J = 8 Hz, 2H), 7.56 (d, J = 8 Hz, 1H), 7.50-7.44 (m, J = Hz, 3H),
7.36 (t, ] = 8 Hz, 1H), 7.11 (t, ] = 6 Hz, 1H), 6.97 (d, J = 8 Hz,
1H); 1*C NMR: 168.1, 166.8, 163.7, 157.3, 149.0, 145.9, 142.0,
134.8, 133.5, 131.4, 130.6, 129.3, 127.6, 123.0, 120.6, 118.8,
111.6; anal. caled. for C;oH4N¢O,S: C, 58.45; H, 3.61; N,
21.53; S, 8.21. Found: C, 58.74; H, 3.75; N, 21.80; S, 8.34.
N'-((E)-4-Chlorobenzylidene)-2-[2-((Z)-2-oxoindolin-3-ylidene)
hydrazineyl]thiazole-4-carbohydrazide 4b. Yellow solid; yield
0.22 g (79%); mp 263-265 °C; FT-IR: 3342, 3253, 1694, 1674,
1620, 1557, 1488, 1468, 1163; 'H NMR: 13.38 (s, 1H), 11.91 (s,
1H), 11.27 (s, 1H), 8.56 (s, 1H), 7.98 (s, 1H), 7.72 (d, J = 8 Hz,
2H), 7.57 (d, J = 8 Hz, 1H), 7.53 (d, J = 8 Hz, 2H), 7.36 (td, J =
8, 4 Hz, 1H), 7.11 (t, J = 8 Hz, 1H), 6.98 (d, J = 8 Hz, 1H); “°C
NMR: 166.2, 163.2, 156.8, 147.1, 145.3, 141.5, 134.5, 133.3,
133.0, 130.8, 128.9, 128.7, 122.5, 120.1, 119.5, 118.4, 111.1;
ESI-MS mj/z: 424.78 [M']; anal. caled. for C1oH;3CINO,S: C,
53.71; H, 3.08; N, 19.78; S, 7.55. Found: C, 53.94; H, 3.17; N,
20.04; S, 7.69.
N'-((E/Z)-4-Bromobenzylidene)-2-[2-((Z)-2-oxoindolin-3-
ylidene)hydrazineylJthiazole-4-carbohydrazide 4c. Yellow solid;
yield 0.28 g (90%); mp 284-286 °C; FT-IR: 3554, 3407, 3282,
1682, 1616, 1558, 1486, 1468, 1167; 'H NMR: 13.37 (s, 1H),
11.91 (s, 1H), 11.27 (s, 1H), 8.54 (s, 1H), 7.97 (s, 1H), 7.67-
7.62 (m, 4H), 7.56 (d, J = 8 Hz, 1H), 7.36 (t, J = 8 Hz, 1H), 7.10
(t,J = 8 Hz, 1H), 6.97 (d,J = 8 Hz, 1H); *C NMR: 166.7, 163.7,
161.2, 157.3, 147.7, 145.8, 142.0, 134.1, 133.5, 133.4, 132.5,
132.3, 131.3, 130.7, 129.5, 125.5, 123.8, 123.0, 120.6, 120.0,
118.9, 111.6; ESI-MS m/z: 469.08 [M']; anal. calced. for CioH, 5
BrN4O,S: C, 48.62; H, 2.79; N, 17.91; S, 6.83. Found: C, 48.90;
H, 3.01; N, 18.17; S, 6.94.
N'-((E)-4-Fluorobenzylidene)-2-[2-((Z)-2-oxoindolin-3-ylidene)
hydrazineyl]thiazole-4-carbohydrazide 4d. Yellow solid; yield
0.19 g (70%); mp 297-300 °C; FT-IR: 3332, 3227, 1694, 1674,
1622, 1556, 1542, 1491, 1468, 1164; 'H NMR: 13.35 (s, 1H),
11.83 (s, 1H), 11.26 (s, 1H), 8.55 (s, 1H), 7.95 (s, 1H), 7.76-
7.73 (m, 2H), 7.55 (d, J = 4 Hz, 1H), 7.36 (t, ] = 8 Hz, 1H), 7.29
(t,J = 8 Hz, 2H), 7.09 (t, ] = 8 Hz, 1H), 6.96 (d, J = 8 Hz, 1H);
3C NMR: 166.7, 163.7, 163.6 (d, J = 246 Hz), 157.3, 147.8,
145.9, 142.0, 133.5, 131.5 (d, J = 3 Hz), 129.8 (d, J = 9 Hz),
123.0, 120.6, 120.0, 118.8, 116.5 (d, J = 22 Hz), 111.6; ESI-MS
m/z: 409.11 [M']; anal. caled. for C;oH;3FNGO,S: C, 55.88; H,
3.21; N, 20.58; S, 7.85. Found: C, 56.04; H, 3.43; N, 20.84; S,
7.92.
N'-((E)-4-Hydroxybenzylidene)-2-[2-((Z)-2-oxoindolin-3-
ylidene)hydrazineylJthiazole-4-carbohydrazide 4e. Yellow solid;
yield 0.19 g (70%); mp >300 °C; FT-IR: 3227, 1682, 1662,
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1622, 1557, 1541, 1492, 1469, 1166; 'H NMR: 11.62 (s, 1H),
11.26 (s, 1H), 9.94 (s, 1H), 8.45 (s, 1H), 7.92 (s, 1H), 7.56-7.52
(m, 3H), 7.35 (t, ] = 8 Hz, 1H), 7.10 (t, ] = 8 Hz, 1H), 6.97 (d, J
= 8 Hz, 1H), 6.84 (d, J = 8 Hz, 2H); *C NMR: 166.7, 163.7,
159.9, 157.0, 149.3, 146.1, 142.0, 133.4, 131.3, 129.4, 125.8,
123.0, 120.6, 120.0, 118.3, 116.2, 111.6; anal. calcd. for
C19H14NGO3S: C, 56.15; H, 3.47; N, 20.68; S, 7.89. Found: C,
56.41; H, 3.53; N, 20.89; S, 8.04.
N'-((E)-4-Methylbenzylidene)-2-[2-((Z)-2-oxoindolin-3-ylidene)
hydrazineyl]thiazole-4-carbohydrazide 4f Yellow solid; yield
0.24 g (89%); mp 297-299 °C; FT-IR: 3541, 3417, 3314, 3120,
1682, 1617, 1556, 1495, 1164; 'H NMR: 13.35 (s, 1H), 11.76
(s, 1H), 11.27 (s, 1H), 8.52 (s, 1H), 7.95 (s, 1H), 7.59 (d, J =
8 Hz, 2H), 7.55 (d, J = 8 Hz, 1H), 7.36 (t, ] = 8 Hz, 1H), 7.27
(d, J = 8 Hz, 2H), 7.10 (t, J = 8 Hz, 1H), 6.97 (d, J = 8 Hz,
1H), 2.34 (s, 3H); *C NMR: 166.7, 163.7, 157.2, 149.0, 146.0,
142.0, 140.4, 133.5, 132.1, 131.3, 129.9, 127.6, 123.0, 120.6,
120.0, 118.7, 111.6, 21.5; anal. caled. for C,oH;sNgO,S: C,
59.39; H, 3.99; N, 20.78; S, 7.93. Found: C, 59.57; H, 4.15;
N, 20.92; S, 7.81.
N'-((E/Z)-4-Methoxybenzylidene)-2-[2-((Z)-2-oxoindolin-3-
ylidene)hydrazineylJthiazole-4-carbohydrazide 4g. Yellow solid;
yield 0.20 g (71%); mp 274-276 °C; FT-IR: 3253, 3121, 1684,
1622, 1563, 1551, 1501, 1170; "H NMR: 13.37 (s, 1H), 11.70 (s,
1H), 11.28 (s, 1H), 8.50 (s, 1H), 7.94 (s, 1H), 7.65 (d, J = 8 Hz,
2H), 7.57 (d, J = 4 Hz, 1H), 7.37 (td, J = 8, 4 Hz, 1H), 7.11 (d, J
= 8 Hz, 1H), 7.03 (d, J = 8 Hz, 2H), 6.98 (d, J = 8 Hz, 1H), 3.82
(s, 3H); *C NMR: 160.4, 157.4, 155.8, 155.0, 154.6, 150.8,
142.5, 139.7, 135.7, 127.1, 125.0, 124.1, 122.9, 121.1, 120.7,
116.7, 114.3, 113.7, 112.2, 108.6, 108.5, 105.3, 49.5; anal.
caled. for CyoH;NO5S: C, 57.13; H, 3.84; N, 19.99; S, 7.63.
Found: C, 57.40; H, 4.05; N, 20.17; S, 7.80.
N'-((E)-4-Hydroxy-3-methoxybenzylidene)-2-[2-((Z)-2-
oxoindolin-3-ylidene)hydrazineylJthiazole-4-carbohydrazide ~ 4h.
Yellow solid; yield 0.23 g (79%); mp >300 °C; FT-IR: 3264,
3093, 1690, 1671,1622, 1559, 1546, 1497, 1470, 1162; 'H
NMR: 11.65 (s, 1H), 11.26 (s, 1H), 9.58 (s, 1H), 8.44 (s, 1H),
7.92 (s, 1H), 7.54 (d, J = 8 Hz, 1H), 7.35 (t, J = 8 Hz, 1H),
7.31 (m, 1H), 7.10 (td, J = 8, 4 Hz, 1H), 7.05 (dd, J = 8, 4
Hz, 1H), 6.96 (d, J = 8 Hz, 1H), 6.85 (d, J = 8 Hz, 1H), 3.84
(s, 3H); *C NMR: 166.7, 163.7, 157.1, 149.5, 148.5, 146.1,
141.9, 133.4, 131.3, 126.2, 123.0, 122.8, 120.5, 120.0, 118.4,
115.9, 111.6, 109.4, 56.0; anal. caled. for C,yH;cNO,S: C,
55.04; H, 3.70; N, 19.26; S, 7.35. Found: C, 55.31; H, 3.62;
N, 19.47; S, 7.49.
N'-((E)-3,4-Dimethoxybenzylidene)-2-[2-((Z)-2-oxoindolin-3-
ylidene)hydrazineylJthiazole-4-carbohydrazide 4i. Yellow solid;
yield 0.22 g (73%); mp 269-271 °C; FT-IR: 3447, 3326, 3270,
3115, 1699, 1670, 1622, 1558, 1490, 1469, 1152; 'H NMR:
13.35 (s, 1H), 11.68 (s, 1H), 11.26 (s, 1H), 8.49 (s, 1H), 7.94 (s,
1H), 7.55 (d, J = 8 Hz, 1H), 7.35 (t, ] = 8 Hz, 1H), 7.32 (s, 1 H),
7.16 (d, J = 8 Hz, 1H), 7.10 (t,J = 8 Hz, 1H), 7.03 (d, J = 8 Hz,
1H), 6.97 (d, J = 8 Hz, 1H), 3.84 (s, 3H), 3.82 (s, 3H); *C
NMR: 166.7, 163.7, 157.1, 151.4, 149.6, 149.2, 146.1, 142.0,
133.4, 131.3, 127.6, 123.0, 122.5, 120.5, 120.1, 118.4, 112.1,
111.6, 109.0, 56.1; anal. caled. for C,;H;gNsO,S: C, 55.99; H,
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4.03; N, 18.66; S, 7.12. Found: C, 56.14; H, 4.08; N, 18.79; S,
7.23.

2-[2-((Z)-2-Oxoindolin-3-ylidene)hydrazineyl]-N'-((E)-1-
phenylethylidene)thiazole-4-carbohydrazide 4j. Yellow solid;
yield 0.19 g (70%); mp 280-283 °C; FT-IR: 3392, 3329, 3121,
1683, 1651, 1617, 1558, 1489, 1466, 1166; 'H NMR: 13.31 (s,
1H), 11.28 (s, 1H), 10.51 (s, 1H), 7.99 (s, 1H), 7.87, (m, 2H),
7.57 (d, J = 8 Hz, 1H), 7.46 (m, 3H), 7.37 (t,J = 8 Hz, 1H), 7.12
(t,J = 6 Hz, 1H), 6.98 (d, J = 8 Hz, 1H), 2.39 (s, 3H); "*C NMR:
166.9, 163.6, 142.0, 138.3, 131.4, 130.1, 128.9, 127.0, 123.0,
121.9, 120.6, 120.1, 118.5, 111.6, 14.3; anal. caled. for
CyoH16Ng0,S: C, 59.39; H, 3.99; N, 20.78; S, 7.93. Found: C,
59.60; H, 4.14; N, 21.04; S, 7.69.

N'-((E)-Furan-2-ylmethylene)-2-[2-((Z)-2-oxoindolin-3-ylidene)
hydrazineyl]thiazole-4-carbohydrazide 4k. Yellow solid; yield
0.18 g (72%); mp 295-296 °C; FT-IR: 3440, 3287, 3227, 3129,
1686, 1661, 1619, 1558, 1496, 1466, 1174; 'H NMR: 13.36 (s,
1H), 11.88 (s, 1H), 11.28 (s, 1H), 8.45 (s, 1H), 7.96 (s, 1H),
7.86 (m, 1H), 7.57 (d, J = 4 Hz, 1H), 7.37 (t,J = 8 Hz, 1H), 7.11
(t,] = 8 Hz, 1H), 6.98 (d, J = 8 Hz, 1H), 6.92 (d, J = 4 Hz, 1H),
6.65 (m, 1H); >*C NMR: 166.7, 163.7, 157.2, 150.0, 145.8,
145.7, 142.0, 138.6, 133.5, 131.3, 123.0, 120.6, 120.0, 118.8,
113.9, 112.7, 111.6; anal. caled. for Cy;H;,N¢O,S: C, 53.68; H,
3.18; N, 22.09; S, 8.43. Found: C, 53.75; H, 3.42; N, 22.37; S,
8.60.

2-[2-((Z)-2-Oxoindolin-3-ylidene)hydrazineyl]-N'-((1E,2E)-3-
phenylallylidene)thiazole-4-carbohydrazide 41. Yellow solid;
yield 0.25 g (89%); mp 299-300 °C; FT-IR: 3440, 3302, 3156,
1696, 1680, 1655, 1624, 1560, 1497, 1467, 1159; 'H NMR:
13.36 (s, 1H), 11.79 (s, 1H), 11.28 (s, 1H), 8.36 (d, J = 8 Hz,
1H), 7.95 (s, 1H), 7.64 (d, J = 8 Hz, 2H), 7.57 (d, J = 8 Hz, 1H),
7.42-7.37 (m, 3H), 7.35-7.32 (m, 1H), 7.11 (t, / = 8 Hz, 1H),
7.06-6.97 (m, 3H); *C NMR: 166.7, 163.7, 157.2, 150.9, 145.9,
142.0, 139.5, 136.4, 133.5, 131.3, 129.3, 127.6, 126.3, 123.0,
120.6, 120.0, 118.7, 111.6; ESI-MS m/z: 416.25 [M']; anal.
caled. for CyH;NgO,S: C, 60.56; H, 3.87; N, 20.18; S, 7.70.
Found: C, 60.82; H, 3.62; N, 20.43; S, 7.78.

N'-((Z)-2-Oxoindolin-3-ylidene)-2-[2-((Z)-2-oxoindolin-3-
ylidene)hydrazineylJthiazole-4-carbohydrazide 4m. Yellow solid;
yield 0.22 g (76%); mp >300 °C; FT-IR: 3336, 3216, 3110,
1678, 1619, 1560, 1491, 1468, 1138; 'H NMR: 14.07 (s, 1H),
13.36 (s, 1H), 11.33 (s, 1H), 11.26 (s, 1H), 8.16 (s, 1H), 7.63-
7.58 (m, 2H), 7.43-7.37 (m, 2H), 7.14-7.11 (m, 2H), 7.00-6.97
(m, 2H); *C NMR: 167.2, 163.7, 163.0, 157.6, 144.9, 143.2,
142.2, 138.7, 133.9, 132.3, 131.5, 123.1, 123.0, 121.5, 120.7,
120.0, 111.6; anal. caled. for C,yH 3N50;S: C, 55.68; H, 3.04;
N, 22.73; S, 7.43. Found: C, 55.75; H, 3.16; N, 22.98; S, 7.50.

N'-((Z/E)-5-Methoxy-2-oxoindolin-3-ylidene)-2-[2-((Z)-2-
oxoindolin-3-ylidene)hydrazineyl]thiazole-4-carbohydrazide — 4n.
Yellow solid; yield 0.26 g (84%); mp 297-299 °C; FT-IR: 3364,
3289, 3119, 1730, 1689, 1619, 1553, 1498, 1467, 1165; 'H
NMR: 14.08 (s, 1H), 13.35 (s, 1H), 11.32 (s, 1H), 11.06 (s, 1H),
8.15 (s, 1H), 7.56 (d, J = 8 Hz, 1H), 7.39-7.35 (m, 1H), 7.14-
7.05 (m, 2H), 6.98 (d, J = 8 Hz, 1H), 6.95 (s, 1H), 6.88 (d, ] = 8
Hz, 1H), 3.79 (s, 3H); >*C NMR: 167.1, 163.7, 163.1, 157.6,
155.8, 155.0, 144.7, 142.1, 139.1, 138.2, 136.8, 134.0, 133.8,
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131.5, 123.0, 121.1, 120.8, 120.7, 120.0, 118.8, 116.1, 112.5,
111.7, 106.2, 56.1; anal. caled. for C,;H;5N50,S: C, 54.66; H,
3.28; N, 21.25; S, 6.95. Found: C, 54.79; H, 3.40; N, 21.49; S,
6.81.

N'-((Z/E)-5-Fluoro-2-oxoindolin-3-ylidene)-2-[2-((Z)-2-
oxoindolin-3-ylidene)hydrazineylJthiazole-4-carbohydrazide ~ 4o.
Yellow solid; yield 0.24 g (80%); mp >300 °C; FT-IR: 3180,
3128, 1746, 1687, 1622, 1561, 1480, 1468, 1158; 'H NMR:
13.48 (s, 1H), 11.51 (s, 1H), 11.30 (s, 1H), 10.92 (s, 1H), 8.20
(s, 1H), 7.59-7.57 (m, 1H), 7.44-7.35 (m, 3H), 7.11 (t, ] = 8 Hz,
1H), 6.99-6.95 (m, 2H); *C NMR: 166.7, 166.6, 164.5, 163.5,
163.2, 162.6, 159.5, 158.4, 157.7, 157.1, 156.4, 156.1, 146.1,
144.2, 141.9, 141.7, 140.3, 138.9, 137.9, 133.4, 133.3, 131.0,
122.5, 121.1, 120.9, 120.5, 120.2, 119.5, 119.2, 115.8, 113.0,
112.7, 112.2, 112.0, 111.2, 108.2, 108.0; anal. calcd. for
C,oH1,FN,0,S: C, 53.45; H, 2.69; N, 21.82; S, 7.13. Found: C,
53.72; H, 2.78; N, 21.73; S, 7.15.

3.1.5. General procedure for synthesis of compounds 5a-c.
A mixture of acid anhydride (0.66 mmol) was added to a
solution of 3 (0.2 g, 0.66 mmol) in toluene (15 mL). The
mixture was refluxed for the specified time (18-24 h). After
cooling to room temperature, the precipitate was filtered and
dried. The crude precipitate was purified by column
chromatography on silica gel with dichloromethane/
methanol to afford 5a-c in yield of 80-86%.

(Z)-N-(2,5-Dioxopyrrolidin-1-yl)-2-[2-(2-oxoindolin-3-ylidene)
hydrazineyl]thiazole-4-carboxamide 5a. Yellow solid; yield 0.2 g
(80%); mp 281-283 °C; FT-IR: 3509, 3188, 3116, 1720, 1690,
1618, 1556, 1466, 1161; "H NMR: 11.28 (s, 1H), 10.12 (s, 1H),
9.95 (s, 1H), 7.87 (s, 1H), 7.56 (d, J = 8 Hz, 1H), 7.37 (t, J = 8
Hz, 1H), 7.11 (t, J = 8 Hz, 1H), 6.98 (d, J = 8 Hz, 1H), 2.50-
2.43 (m, 4H), >C NMR: 174.0, 170.6, 166.7, 163.7, 159.8,
145.5, 142.0, 133.4, 131.3, 123.0, 120.5, 120.1, 118.2, 111.6,
29.3, 28.6; anal. calcd. for C,4H;,N¢O,S: C, 50.00; H, 3.15; N,
21.86; S, 8.34. Found: C, 50.21; H, 3.34; N, 22.04; S, 8.39.

(Z)-N-(1,3-Dioxoisoindolin-2-yl)-2-[2-(2-oxoindolin-3-ylidene)
hydrazineylJthiazole-4-carboxamide 5b. Yellow solid; yield 0.25
g (86%); mp 296-298 °C; FT-IR: 3339, 3204, 3105, 1742,
1703, 1680, 1622, 1543, 1466, 1185; "H NMR: 11.58 (s, 1H),
11.24 (s, 1H), 11.13 (s, 1H), 8.08 (s, 1H), 8.05 (s, 1H), 7.98
(s, 1H), 7.95 (s, 1H), 7.87 (s, 1H),7.52 (d, J = 8 Hz, 1H), 7.34
(t, J = 6 Hz, 1H), 7.09 (t, J = 6 Hz, 1H), 6.96 (d, J = 8 Hz,
1H); *C NMR: 167.2, 165.5, 163.7, 159.9, 155.2, 143.9,
142.0, 135.8, 133.6, 133.0, 131.3, 129.8, 127.6, 125.6, 124.3,
123.0, 120.6, 120.2, 119.9, 111.6; anal. caled. for
CyoH1,N0,S: C, 55.55; H, 2.80; N, 19.44; S, 7.42. Found: C,
55.73; H, 3.07; N, 19.70; S, 7.53.

(Z)-N-(7,9-Dioxo-8-azaspiro[4.5]decan-8-yl)-2-[2-(2-oxoindolin-
3-ylidene)hydrazineylJthiazole-4-carboxamide 5c. Yellow solid;
yield 0.25 g (83%); mp 287-290 °C; FT-IR: 3400, 3329, 3266,
3185, 3061, 2955, 1683, 1618, 1559, 1491, 1466, 1166; 'H
NMR: 13.39 (s, 1H), 11.27 (s, 1H), 10.58 (s, 1H), 7.90 (s, 1H),
7.57 (d, J = 8 Hz, 1H), 7.37 (t, ] = 8 Hz, 1H), 7.11 (t, ] = 8 Hz,
1H), 6.98 (d, J = 8 Hz, 1H), 2.77 (d, J = 8 Hz, 4H), 1.66-1.51
(m, 8H); >C NMR: 170.1, 166.9, 163.7, 159.2, 144.6, 142.0,
133.5, 131.4, 123.0, 120.6, 120.0, 119.2, 111.6, 43.9, 37.2, 37.0,
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23.9; anal. calcd. for C,;H,oNgO,S: C, 55.74; H, 4.46; N, 18.57;
S, 7.09. Found: C, 55.97; H, 4.42; N, 18.73; S, 7.23.

3.1.6. General procedure for synthesis of compounds
6a-d. A mixture of substituted isothiocyanate (1.32 mmol)
was added to a solution of 3 (0.4 g, 1.32 mmol) in absolute
ethanol (15 mL). The reaction mixture was refluxed for the
specified time (18-24 h). After cooling to room temperature,
the precipitate was filtered and dried. The crude precipitate
was recrystallized from methanol to yield 6a-d (68-81%).

(Z)-N-Ethyl-2-(2-[2-(2-0xoindolin-3-ylidene)hydrazineyl]
thiazole-4-carbonyl)hydrazine-1-carbothioamide ~ 6a.  Yellow
solid; yield 0.42 g (81%); mp 270-272 °C; FT-IR: 3328, 3197,
3139, 1688, 1662, 1622, 1562, 1492, 1467, 1159; ‘H NMR:
13.26 (s, 1H), 11.27 (s, 1H), 10.18 (s, 1H), 9.24 (s, 1H), 7.96 (s,
1H), 7.90 (s, 1H), 7.55 (d, J = 8 Hz, 1H), 7.36 (t, ] = 8 Hz, 1H),
7.10 (t, J = 8 Hz, 1H), 6.97 (d, J = 8 Hz, 1H), 3.44 (q, ] = 6.7
Hz, 2H), 1.05 (t, J = 8 Hz, 3H); ">’C NMR: 181.0, 165.9, 163.2,
159.9, 145.1, 141.5, 132.9, 130.8, 122.5, 120.1, 119.5, 118.0,
111.2, 38.5, 14.5; anal. caled. for C,5H;5N50,S,: C, 46.26; H,
3.88; N, 25.18; S, 16.47. Found: C, 46.39; H, 4.03; N, 25.42; S,
16.59.

(Z)-2-(2-[2-(2-Oxoindolin-3-ylidene)hydrazineylJthiazole-4-
carbonyl)-N-phenylhydrazine-1-carbothioamide 6b. Yellow solid,;
yield 0.47 g (81%); mp 213-215 °C FT-IR: 3315, 3202, 3120,
1675, 1618, 1557, 1498, 1465, 1170; 'H NMR: 11.30 (s, 1H),
10.44 (s, 1H), 9.74 (s, 3H), 7.95 (s, 1H), 7.58-7.55 (m, 2H),
7.47 (m, 1H), 7.39-7.31 (m, 3H), 7.18-7.09 (m, 2H), 6.98 (d, J
= 8 Hz, 1H); *C NMR: 180.8, 166.1, 165.9, 163.2, 159.7, 145.5,
145.1, 141.5, 139.3, 132.9, 132.7, 130.8, 128.1, 128.0, 124.7,
122.5, 120.1, 119.5, 118.0, 116.2, 111.1; anal. caled. for
Ci1oH;5N,0,S,: C, 52.16; H, 3.46; N, 22.41; S, 14.66. Found: C,
52.42; H, 3.68; N, 22.69; S, 14.71.

(Z)-2-(2-[2-(2-Oxoindolin-3-ylidene)hydrazineylJthiazole-4-
carbonyl)-N-(p-tolyl)hydrazine-1-carbothioamide ~ 6¢.  Yellow
solid; yield 0.47 g (78%); mp 291-293 °C; 'H NMR: 13.36 (s,
1H), 11.28 (s, 1H), 10.37 (s, 1H), 9.66 (s, 2H), 7.93 (s, 1H),
7.57 (d, J = 8 Hz, 1H), 7.37 (t, J = 8 Hz, 1H), 7.33 (m, 2H),
7.16-7.09 (m, 3H), 6.98 (d, J = 8 Hz, 1H), 2.28 (s, 3H); *C
NMR: 181.3, 166.4, 163.7, 145.6, 142.0, 137.2, 134.5, 133.3,
131.3, 128.9, 126.0, 123.0, 120.5, 120.0, 118.4, 111.6, 21.0;
ESI-MS m/z: 451.17 [M']; anal. caled. for CyoH;,N;0,S,: C,
53.20; H, 3.79; N, 21.71; S, 14.20. Found: C, 53.41; H, 3.95; N,
21.98; S, 14.09.

(Z/E)-N-(4-Chlorophenyl)-2-(2-[2-(2-oxoindolin-3-ylidene)
hydrazineyl]thiazole-4-carbonyl)hydrazine-1-carbothioamide 6d.
Yellow solid; yield 0.42 g (68%); mp >300 °C; FT-IR: 3409,
3324, 3121, 1683, 1656, 1618, 1558, 1493, 1466, 1166; 'H
NMR: 11.25 (s, 1H), 9.61 (s, 1H), 8.96 (s, 1H), 8.28 (s, 1H),
7.76 (s, 1H), 7.56-7.48 (m, 3H), 7.36 (t, / = 8 Hz, 1H), 7.31 (d,
J = 8 Hz, 2H), 7.10 (t, ] = 8 Hz, 1H), 6.98 (d, J = 8 Hz, 1H); °C
NMR: 166.5, 163.7, 160.1, 156.4, 146.1, 145.6, 141.9, 139.2,
133.2, 131.2, 128.9, 125.9, 123.0, 120.5, 120.1, 118.3116.5,
111.6; anal. caled. for C;oH;4CIN-O,S,: C, 48.35; H, 2.99; N,
20.78; S, 13.59. Found: C, 48.62; H, 3.15; N, 20.65; S, 13.63.

3.1.7. General procedure for synthesis of compounds
7a-d. To a solution of 6a-d (0.5 mmol) in DMSO (10 mL),
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potassium bisulfate (4 mmol) was added. The mixture was
heated at 50 °C for the specified time (36-48 h). After the
completion of the reaction, the mixture was diluted with 30
mL of water. The precipitate was filtered and dried. The
crude precipitate was purified by column chromatography on
silica gel with dichloromethane/methanol to afford 7a-d in
yield (62-67%).

(Z)-3-(2-[4-(5-(Ethylamino)-1,3,4-oxadiazol-2-yl)thiazol-2-yl]
hydrazineylidene)indolin-2-one 7a. Yellow solid; yield 0.12 g
(67%); mp 279-281 °C; '"H NMR: 13.35 (s, 1H), 11.29 (s, 1H),
7.81 (t, J = 4 Hz, 1H), 7.70 (s, 1H), 7.56 (d, J = 8 Hz, 1H), 7.37
(t,J = 8 Hz, 1H), 7.11 (t, ] = 8 Hz, 1H), 6.98 (d, J = 8 Hz, 1H),
3.31-3.24 (m, 2H), 1.19 (t, ] = 6 Hz, 3H); *C NMR: 167.8,
163.6, 154.3, 142.1, 137.2, 133.4, 131.3, 122.9, 120.6, 120.0,
113.5, 111.6, 37.9, 15.0; anal. calcd. for C;5H;3N;0,S: C,
50.70; H, 3.69; N, 27.59; S, 9.02. Found: C, 50.94; H, 3.80; N,
27.78; S, 9.23.

(Z)-3-(2-[4-(5-(Phenylamino)-1,3,4-oxadiazol-2-yl)thiazol-2-yl]
hydrazineylidene)indolin-2-one 7b. Yellow solid; yield 0.13 g
(65%); mp 245-248 °C; FT-IR: 3139, 1695, 1620, 1601, 1552,
1499, 1466, 1155; 'H NMR: 13.37 (s, 1H), 11.26 (s, 1H), 10.71
(s, 1H), 7.81 (s, 1H), 7.61 (d, J = 8 Hz, 2H), 7.56 (d, J = 8 Hz,
1H),7.37 (m, 3H), 7.10 (t, ] = 8 Hz, 1H), 7.02 (t, ] = 8 Hz, 1H),
6.97 (d, J = 8 Hz, 1H); ">*C NMR: 168.0, 163.6, 160.0, 154.5,
142.1, 139.0, 136.7, 133.6, 131.4, 129.6, 123.0, 122.5, 120.6,
120.0, 117.6, 114.7, 111.6; anal. caled. for C,;9H;3N-0,S: C,
56.57; H, 3.25; N, 24.30; S, 7.95. Found: C, 56.83; H, 3.44; N,
24.69; S, 7.84.

(Z)-3-(2-[4-(5-(p-Tolylamino)-1,3,4-oxadiazol-2-yl)thiazol-2-yl]
hydrazineylidene)indolin-2-one 7c. Yellow solid; yield 0.13 g
(62%); mp 256-258 °C; "H NMR: 13.37 (s, 1H), 11.27 (s, 1H),
10.60 (s, 1H), 7.57 (d, J = 8 Hz, 1H), 7.50 (d, J = 8 Hz, 2H),
7.37 (t, ] = 8 Hz, 1H), 7.27 (s, 1H), 7.18 (d, ] = 8 Hz, 2H), 7.11
(t,] = 8 Hz, 1H), 6.99 (d, J = 8 Hz, 1H), 2.28 (s, 3H); 1*C NMR:
167.9, 163.6, 160.1, 154.4, 142.1, 136.8, 136.5, 133.6, 131.3,
130.0, 123.0, 120.6, 120.1, 117.6, 114.5, 111.6, 20.8; anal.
caled. for C,oH,sN,0,S: C, 57.54; H, 3.62; N, 23.49; S, 7.68.
Found: C, 57.71; H, 3.69; N, 23.72; S, 7.75.

(Z)-3-(2-[4-(5-((4-Chlorophenyl)amino)-1,3,4-oxadiazol-2-yl)
thiazol-2-ylJhydrazineylidene)indolin-2-one 7d. Yellow solid;
yield 0.14 g (64%); mp 288-290 °C; FT-IR: 3431, 1687, 1605,
1552, 1494, 1469, 1155; "H NMR: 13.37 (s, 1H), 11.29 (s, 1H),
8.98 (s, 1H), 8.10 (s, 1H), 7.57-7.52 (m, 3H), 7.38 (t, J = 6 Hz,
1H), 7.32 (d, J = 12 Hz, 2H), 7.12 (t, J = 8 Hz, 1H), 6.99 (d, J =
8 Hz, 1H); >C NMR: 163.7, 162.8, 156.4, 145.6, 142.0, 139.2,
133.4, 128.9, 125.9, 123.0, 120.6, 120.1, 118.3, 111.6; anal.
caled. for CyoH;,CIN,0,S: C, 52.12; H, 2.76; N, 22.39; S, 7.32.
Found: C, 52.40; H, 2.94; N, 22.57; S, 7.40.

3.1.8. Synthesis of (Z/E)-2-(2-[2-(2-Oxoindolin-3-ylidene)
hydrazineyl]thiazole-4-carbonyl)hydrazine-1-carbothioamide
8. To a solution of 3 (0.5 g, 1.65 mmol) in DMF (20 mL),
ammonium thiocyanate (0.13 g, 1.65 mmol), and 0.3 mL of
hydrochloric acid were added. The reaction mixture was
heated at 100 °C for 24 h. The mixture was diluted with 40
mL of water. The precipitate was filtered, dried, and
recrystallized from ethanol.
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Yellow solid; yield 0.5 g (83%); mp 297-298 °C; FT-IR:
3380, 3159, 3119, 1715, 1694, 1619, 1554, 1464, 1150; 'H
NMR: 11.25 (s, 1H), 10.20 (s, 1H), 10.01 (s, 1H), 8.07 (s, 1H),
7.88 (s, 1H), 7.54 (d, J = 8 Hz, 1H), 7.35 (t, / = 8 Hz, 1H), 7.09
(t,J = 8 Hz, 1H), 6.96 (d, J = 8 Hz, 1H); ">°C NMR: 166.9, 166.4,
166.2, 163.2, 161.0, 159.6, 159.2, 144.7, 144.4, 141.5, 133.0,
132.9, 130.9, 130.8, 122.5, 120.1, 119.6, 119.5, 118.5, 118.0,
111.1; anal. caled. for C,3H;;N50,S,: C, 43.20; H, 3.07; N,
27.13; S, 17.74. Found: C, 43.47; H, 3.20; N, 27.41; S, 17.85.

3.1.9. Synthesis of (Z)-N'-(4-(4-bromophenyl)thiazol-2-yl)-2-
[2-(2-oxoindolin-3-ylidene)hydrazineyl|thiazole-4-
carbohydrazide 10. To a mixture of compound 8 (0.2 g, 0.55
mmol) in absolute ethanol (15 mL), 4-bromophenacyl
bromide 9a (0.55 mmol) was added. The reaction mixture
was refluxed for 10 h until the reaction ended. After cooling
to room temperature, the precipitate was filtered and dried.
The crude precipitate was triturated several times with
diethyl ether and filtered.

Brown solid; yield 0.24 g (80%); mp 240-242 °C; FT-IR:
3392, 3265, 3106, 1727, 1701, 1620, 1552, 1465, 1160. 'H
NMR: 13.32 (s, 1H), 11.26 (s, 1H), 8.18 (s, 1 H), 7.96 (d, ] = 8
Hz, 2H), 7.82 (d, J = 8 Hz, 2H), 7.75 (s, 1H), 7.57 (d, J = 8 Hz,
1H), 7.37 (t, ] = 8 Hz, 1H), 7.11 (t, ] = 8 Hz, 1H), 6.98 (d, ] = 8
Hz, 1H), 5.71 (s, 1H); *C NMR: 166.8, 163.6, 163.4, 160.3,
145.4, 142.2, 142.0, 135.3, 133.4, 132.0, 131.3, 129.5, 129.1,
123.9, 122.9, 120.5, 119.9, 119.4, 111.6; anal. caled. for Cy;-
H,,BrN,0,S,: C, 46.67; H, 2.61; N, 18.14; S, 11.87. Found: C,
46.96; H, 2.85; N, 18.40; S, 11.98.

3.1.10. Synthesis of (Z/E)-3-(2-[4-(5-Thioxo-4,5-dihydro-
1,3,4-oxadiazol-2-yl)thiazol-2-yl[hydrazineylidene)indolin-2-
one 11. To a mixture of 3 (1 g, 3.3 mmol) in 20 mL of
absolute ethanol and potassium hydroxide (0.2 g, 3.6 mmol),
carbon disulfide (1.6 mL, 26.4 mmol) was added. The mixture
was refluxed for 24 h. After the completion of the reaction,
the mixture was cooled to room temperature. The solvent was
completely evaporated, the residue dissolved in water and
filtered. The filtrate was acidified with 10% HCI. The
precipitate was filtered, dried, and recrystallized from
ethanol.

Yellow solid; yield 0.85 g (77%); mp 295-298 °C; FT-IR
3115, 1714, 1686, 1622, 1557, 1466, 1159; "H NMR: 14.61 (s,
1H), 13.34 (s, 1H), 11.26 (s, 1H), 8.02 (s, 1H), 7.56 (s, 1H),
7.35 (s, 1H), 7.09-6.89 (m, 2H); *C NMR 177.6, 168.2, 164.9,
163.5, 156.9, 143.6, 142.2, 135.4, 133.9, 132.4, 131.5, 123.0,
122.1, 120.7, 120.0, 117.7, 111.6; anal. caled. for C,3HgNO,S,:
C, 45.34; H, 2.34; N, 24.40; S, 18.62. Found: C, 45.62; H, 2.39;
N, 24.63; S, 18.84.

3.1.11. General procedure for synthesis of compounds
12a-e. To a mixture of 11 (0.2 g, 0.58 mmol) in 10 mL of
acetonitrile and potassium carbonate (0.08 g, 0.58 mmol),
substituted phenacyl bromide 9b, ¢ or substituted benzyl
chloride (0.58 mmol) were added. The reaction mixture was
stirred for (6-8 h) at room temperature. The precipitate was
filtered, washed with water and dried. The crude product was
triturated several times with diethyl ether and filtered to yield
12a-e (67-89%).

RSC Med. Chem.


https://doi.org/10.1039/d5md00332f

Published on 28 May 2025. Downloaded by University of Bristol on 6/23/2025 1:25:40 PM.

Research Article

(Z)-3-(2-[4-(5-((2-Ox0-2-phenylethyl)thio)-1,3,4-oxadiazol-2-yl)
thiazol-2-ylJhydrazineylidene)indolin-2-one 12a. Yellow solid;
yield 0.24 g (89%); mp 292-295 °C; FT-IR: 3420, 3281, 3107,
2915, 1708, 1684, 1553, 1466, 1161; *H NMR: 13.37 (s, 1H),
11.28 (s, 1H), 8.09 (d, J = 8 Hz, 2H), 8.05 (s, 1H), 7.74 (m, 1H),
7.62 (d, J = 8 Hz, 2H), 7.58 (d, J = 8 Hz, 1H), 7.38 (t, J = 8 Hz,
1H), 7.12, (t, ] = 8 Hz, 1H), 6.99 (d, J = 8 Hz, 1H), 5.21 (s, 2H);
13C NMR: 193.0, 168.2, 163.5, 161.5, 142.2, 135.9, 135.5,
134.5, 133.8, 131.4, 129.4, 129.0, 123.0, 120.6, 120.0, 117.2,
111.6, 41.2; anal. calced. for C,;H4N¢O3S,: C, 54.53; H, 3.05;
N, 18.17; S, 13.87. Found: C, 54.67; H, 3.21; N, 18.45; S, 13.74.

(Z)-3-(2-[4-(5-((2-Ox0-2-(p-tolyl)ethyl)thio)-1,3,4-oxadiazol-2-
yl)thiazol-2-ylJhydrazineylidene)indolin-2-one 12b. Yellow solid;
yield 0.23 g (82%); mp 277-279 °C; FT-IR: 3224, 3111, 2919,
1699, 1677, 1552, 1469, 1158; '"H NMR: 13.38 (s, 1H), 11.31
(s, 1H), 8.05 (s, 1H), 7.99 (d, J = 8 Hz, 2H), 7.57 (d, J = 8
Hz, 1H), 7.42 (d, J = 8 Hz, 2H), 7.38 (t, / = 8 Hz, 1H), 7.12
(t, J = 6 Hz, 1H), 6.99 (d, J = 8 Hz, 1H), 5.18 (s, 2H), 2.43 (s,
3H); *C NMR: 192.5, 168.2, 163.6, 163.5, 142.2, 133.8,
133.0, 129.9, 129.1, 123.0, 120.7, 120.0, 117.2, 114.4, 113.4,
113.2, 111.6, 41.2, 21.7; anal. caled. for C,,H;sNgO;S,: C,
55.45; H, 3.38; N, 17.64; S, 13.46. Found: C, 55.71; H, 3.45;
N, 17.89; S, 13.35.

(Z)-3-(2-[4-(5-(Benzylthio)-1,3,4-oxadiazol-2-yl)thiazol-2-yl]
hydrazineylidene)indolin-2-one 12c. Yellow solid; yield 0.19 g
(76%); mp 277-279 °C; FT-IR: 3316, 3105, 2927, 1707, 1619,
1568, 1484, 1467, 1163; "H NMR: 13.36 (s, 1H), 11.27 (s, 1H),
8.04 (s, 1H), 7.55 (d, J = 8 Hz, 1H), 7.49 (d, J = 8 Hz, 2H),
7.38-7.34 (m, 3H), 7.30 (t, ] = 8 Hz, 1H), 7.10 (t, ] = 8 Hz, 1H),
6.97 (d, J = 8 Hz, 1H), 4.59 (s, 2H); *C NMR: 168.2, 163.5,
161.6, 142.2, 136.9, 136.0, 133.8, 131.4, 129.6, 129.5, 129.1,
128.3, 123.0, 120.6, 120.0, 117.2, 111.6, 36.5; anal. caled. for
CoH14N60,S,: C, 55.29; H, 3.25; N, 19.34; S, 14.76. Found: C,
55.47; H, 3.53; N, 19.57; S, 14.62.

(Z)-3-(2-[4-(5-((4-Chlorobenzyl)thio)-1,3,4-oxadiazol-2-yl)
thiazol-2-ylJhydrazineylidene)indolin-2-one 12d. Yellow solid;
yield 0.21 g (78%); mp 214-216 °C; FT-IR: 3278, 3140, 3100,
2930, 1705, 1619, 1565, 1482, 1465, 1163; '"H NMR: 8.18 (s,
1H), 7.58 (m, 1H), 7.51 (d, J = 8 Hz, 2H), 7.42 (d, J = 8 Hz,
2H), 7.01 (t, ] = 8 Hz, 1H), 6.87 (t,J = 8 Hz, 1H), 6.75 (d,J = 8
Hz, 1H), 4.56 (s, 2H); *C NMR: 167.0, 163.0, 162.2, 139.3,
136.3, 136.1, 132.9, 131.4, 129.0, 128.8, 126.2, 123.7, 120.8,
120.2, 116.4, 114.8, 108.8, 35.6; anal. caled. for
C,0H15CINGO,S,: C, 51.22; H, 2.79; N, 17.92; S, 13.68. Found:
C, 51.43; H, 2.95; N, 18.16; S, 13.75.

(Z)-3-(2-[4-(5-((4-Methoxybenzyl)thio)-1,3,4-oxadiazol-2-yl)
thiazol-2-ylJhydrazineylidene)indolin-2-one 12e. Yellow solid;
yield 0.18 g (67%); mp 242-245 °C; FT-IR: 3428, 3166, 3101,
2966, 1719, 1611, 1549, 1474, 1464, 1157; "H NMR: 13.36 (s,
1H), 11.28 (s, 1H), 8.05 (s, 1H), 7.56 (m, 1H), 7.42-7.40 (m,
2H), 7.37 (m, 1H), 7.10 (m, 1H), 6.98 (m, 1H), 6.92-6.87 (m,
1H), 4.54 (s, 2H), 3.74 (s, 3H); "*C NMR: 168.2, 163.5, 159.4,
142.2, 136.0, 133.8, 131.5, 130.9, 128.5, 123.0, 121.1, 120.7,
120.0, 117.2, 114.6, 114.5, 111.6, 55.6, 36.2; anal. calcd. for
Cy1H;6N605S,: C, 54.30; H, 3.47; N, 18.09; S, 13.81. Found: C,
54.53; H, 3.62; N, 18.24; S, 13.95.
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3.2. Biological investigation

3.2.1. In vitro antiproliferative screening against NCI cancer
cell lines. The methodology of the NCI procedures for anticancer
screening for primary single-dose and five-dose assays was
illustrated on the website (https://dtp.cancer.gov/discovery
development/nci-60/methodology.htm). The NCI in vitro
screening is a two-stage process, beginning with the evaluation
of the synthesized compounds against the full NCI-60 cell line
panel derived from nine different human cancers at a single
high dose of 10 uM according to NCI standard procedure. The
output from the single-dose screening is reported as a mean
graph, as shown in the ESL} Secondly, only the compounds 4b,
4c, 4d, 41, and 6¢, which had significant growth inhibition
across multiple cell lines, were selected for the full five-dose
assay. The result from the five-dose screening was reported as
growth inhibition curves and three response parameters (Glso,
TGI, and LCs,) for each cell line, as presented in the ESLY

3.2.2. In vitro cytotoxicity screening against hepatocellular
carcinoma (HepG2) and normal liver cell line (THLE-2). The
cytotoxicity of the target compounds 4b, 4c, 4d, 41, and 6c
was inspected using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay against hepatic
cancer cell line (HepG2) and non-tumorigenic human liver
epithelial cell line (THLE-2), as reported in the ESL

3.2.3. In vitro VEGFR-2 kinase inhibitory assay. The
VEGFR-2 kinase inhibition assay was performed for the
compounds 4b, 4c, 4d, 4l, and 6c¢ through a reported
methodology using the VEGFR2(KDR) Assay Kit (Enzyme-
Linked Immunosorbent Assay), as described in the ESL}

3.2.4. Cell cycle analysis. The compound 4c¢ was further
assessed through cell cycle analysis in HepG2 cells to
determine the cell cycle distribution using propidium iodide
(PI) staining and flow cytometry analysis, as shown in the
ESLt

3.2.5. Apoptosis analysis. The effects of compound 4c on
the induction of apoptosis and necrosis in the hepatic cancer
cell line (HepG2) were investigated using the annexin V-FITC/
PI dual staining by flow cytometric analysis, as presented in
the ESL}

3.2.6. Caspases-3 and -9 expression assay. The level of the
apoptotic markers caspase-3 and -9 in the hepatic HepG2
cells treated with 5.67 uM of compound 4c was assessed
using the real-time quantitative PCR of RNA template
analysis, as determined in the ESLf

3.2.7. In vitro wound healing assay. The effect of
compound 4c¢ on the HepG2 cell proliferation and migration
was fulfilled as reported in the ESLf

3.3. Molecular modeling studies

3.3.1. Docking study. The molecular docking study was
achieved using Molecular Operating Environment software
version MOE 2020.09. The docking protocol is reported in the
ESL{

3.3.2. In silico prediction of physicochemical and
pharmacokinetic properties. The physicochemical parameters

This journal is © The Royal Society of Chemistry 2025
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of drug-likeness and the pharmacokinetic properties of the
most potent synthesized compounds 4b, 4c, 4d, 41, and 6¢ in
comparison with sunitinib were calculated using the free
SwissADME web tool (http://www.swissadme.ch/accessed 26
July 2024) available from the Swiss Institute of Bioinformatics
for the calculations.

3.3.3. DFT (quantum chemistry calculations and the
electron density map). Gaussian 09 program was utilized for
quantum chemistry calculations and the electron density
map of the most active compounds 4c¢, as outlined
thoroughly in the ESL}

4. Conclusion

In this study, new 2-oxoindolin-3-ylidene thiazole derivatives
were designed and synthesized based on the reported
pharmacophoric features of VEGFR-2 inhibitors. The target
compounds were tested for their antiproliferative activity
against NCI cell line panel as well as in vitro VEGFR-2
inhibitory activities. Compounds 4b, 4c, 4d, 41, and 6c
exhibited potent cytotoxicity with GIs, values ranging from
1.67 to 30.2 uM. Additionally, Compounds 4b, 4c, 4d, 41, and
6c displayed promising VEGFR-2 inhibitory activities with
ICs of 0.113, 0.047, 1.549, 0.995, and 0.089 pM, respectively,
compared to sunitinib with ICs, of 0.167 pM. Furthermore,
the target compounds exhibited lower cytotoxicity against
normal THLE-2 cells compared to HepG2 cells, with
selectivity index (SI) values of 1.80, 7.88, 3.49, 3.57, and
10.26, respectively, compared to sunitinib (SI = 1.15),
suggesting that the compounds possess favorable safety
profiles.

Notably, compound 4c¢ induces cell cycle arrest in HepG2
cells mainly at the GO/G1 phase. Also, it showed a significant
increase in the percentages of the apoptotic cells in both
early and late apoptosis by 27.75-fold and 76.46-fold,
respectively. Additionally, 4c upregulated the expression of
caspase-3 and -9 by 6.51-fold and 2.99-fold, respectively. The
wound healing assay further confirmed that 4c effectively
inhibited the migration of cancer cells. Molecular docking
study of the active compounds in the VEGFR-2 kinase active
site revealed similar binding orientation and interactions to
sunitinib. Finally, in silico ADME studies showed that the
target compounds have promising drug-likeness profiles.
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