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ABSTRACT: A facile, green, one-pot multicomponent synthesis
strategy was employed to fabricate novel thiazole scaffolds
incorporating phthalazine, pyridazine, and pyrido-pyridazine
derivatives (4a−4o). This synthetic route entailed the reaction
of an α-halo carbonyl compound (1) with thiosemicarbazide (2)
and various anhydrides (3a−3o), utilizing NiFe2O4 nanoparticles
as a reusable catalyst in an ethanol:water (1:1) solvent system. The
cytotoxicity of the synthesized compounds was meticulously
assessed against three cancer cell lines, A375, HeLa, and MCF-7,
employing IC50 values (μM) as the benchmark, and compared to
the reference drug erlotinib. Compound 4n displayed remarkable
efficacy against A375 (0.87 ± 0.31 μM), HeLa (1.38 ± 1.24 μM),
and MCF-7 (1.13 ± 0.96 μM) cell lines, significantly surpassing
erlotinib’s IC50 values. Additionally, compounds 4k, 4l, 4m, and 4o demonstrated notable cytotoxicity across all tested cell lines,
indicating their potential as effective anticancer agents. In silico docking studies against Hsp82 and Hsp90 proteins indicated that
ligands 4k, 4m, 4c, 4j, 4o, and 4l had superior binding affinities compared to erlotinib. ADME analysis showed that compounds 4n,
4j, 4l, 4m, and 4o had favorable pharmacokinetic profiles, including nontoxicity, high human intestinal absorption, and low CYP
inhibitory promiscuity. Structure−activity relationship analysis revealed that cyano and benzylidene substitutions significantly
enhanced anticancer activity. Overall, the synthesized compounds, particularly 4n, demonstrated high efficacy, favorable binding
interactions, and promising pharmacokinetic profiles, making them strong candidates for further development as anticancer agents.

■ INTRODUCTION
Cancer is one of the main reasons for almost 13% of all deaths
worldwide in spite of substantial work being done toward the
progress of efficient anticancer therapies. In the next two
decades, the number of new cases is predicted to rise by about
70%.1 The International Agency for Research on Cancer
(IARC) of the World Health Organization released the most
recent global cancer data in 2020. The data showed that there
were 19.29 million new cases of cancer worldwide in 2020
(10.06 million males and 9.23 million females), with 4.57
million (23.7%) of those cases occurring in China. Also, 9.96
million cancer deaths occurred worldwide, with 3 million of
those deaths occurring in China. This is nearly 30% of all
cancer deaths with the highest cancer rate worldwide.2,3 The
development of novel, efficient, and effective antiproliferative
agents among small molecules has proven to be a productive
and dynamic tactic in managing and treating cancer, despite
the advancements in cancer control and prevention ap-
proaches, early diagnostics techniques, and the use of
personalized chimeric antigen receptor (CAR) T-cell therapy
and immunotherapy with monoclonal antibodies.4 Hence, the

development of novel and potent anticancer drugs with
promising activity may be possible through the design of
drug-like molecules for the treatment of cancer. The primary
focus of the structure-based drug design methodology has been
the identification of potential molecular scaffolds or building
blocks for the synthesis of pharmacologically active com-
pounds. Furthermore, nitrogen-containing heterocycle com-
pounds have been widely identified for their anticancer
activities.5

Among them, thiazole is an important nitrogen-containing
heterocycle that can be synthesized by some common routes
like Hantzsch, Tchernic, Cook−Heliborn, and Gabriel
methods.6 Thiazoles have significant biological activities
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including antiviral,7 antiparasitic,8 antifungal,9 antibacterial,10

antioxidant,11 and antiproliferative activities.12 Similarly,
sulfonamide13 and pyrimidine derivatives14 are being reported
with diversified biological activities. Moreover, the recent
literature reveals that thiazolo-pyrimidine derivatives showed
many activities including anticancer activity against A375
(melanoma), HeLa (cervical cancer), and MCF-7 (breast
carcinoma) cancer lines.15−17 The most renowned anticancer
drugs like dabrafenib18,19 [i], dasatenib20,21 [ii], and
pazopanib22−24 [iii] have either pyrimidines, thiazole, or
sulfonamide linkage moieties (Figure 1) in their structures

and proved good activities on these cell lines. On the other
hand, several phthalazine derivatives also displayed a wide
range of pharmacological properties including anticancer
activities against these cell lines.25,26 They were found as
various enzymatic and specific cell proliferative targets. For
instance, AMG 900 [iv] is a selective aurora kinase inhibitor27

and vatanalib [v] is a tyrosine kinase inhibitor.28 Thus,
synthesis of integrated biomolecules comprising pyrimidinyl−
phthalazinyl−thiazole scaffolds will be attractive from a
synthetic as well as a pharmaceutical point of view.
Conversely, one-pot, multicomponent reaction (MCR) is

one of the most convenient methods for the synthesis of
bioactive compounds due to its higher selectivity, greater atom
economy, shorter reaction time, and cost effectiveness.29,30

Recently, nanoparticle-catalyzed MCRs have attracted consid-
erable interest because of their higher surface areas, high
selectivity, and reusability.31 Moreover, magnetic NPs, namely,
ferrite nanoparticles, provide an added advantage of easy
separation by an external magnet from the reaction
mixture.32,33 In addition, the choice of the solvent in a
chemical reaction also plays a crucial role in organic synthesis.
In the context of green chemistry and over decades, remarkable
efforts have been made for the development of synthetic
methodologies in aqueous medium.34,35

As part of our continuous effort in green synthesis of
biologically active scaffolds using nanoparticles as a reusable
catalyst,36 herein, we report one-pot, multicomponent syn-
thesis of thiazole scaffolds using NiFe2O4 NPs as a reusable
catalyst. The synthesized compounds were subjected to in silico
docking studies targeting Hsp82 (Saccharomyces cerevisiae) and
Hsp90 (Homo sapiens) receptors, in vitro anticancer activity
against A375, HeLa, and MCF-7 cancer lines, and SAR
evaluation. Additionally, ADME analysis was conducted to
assess various pharmacokinetic parameters, elucidating the
potential of the synthesized compounds as anticancer agents.
An efficient method is delineated for the synthesis of novel
thiazole scaffolds comprising phthalazine, pyridazine, and
pyrido-pyridazine derivatives (4a−4o) through a NiFe2O4
nanoparticle-catalyzed one-pot, three-component reaction, as

illustrated in Scheme 1. The synthesis involved the
condensation of the α-halo carbonyl compound (1) with

thiosemicarbazide (2) and various anhydrides in the presence
of nano-NiFe2O4 and aqueous ethanol, facilitating the
formation of desired products. The key intermediate α-
bromo carbonyl compound (1) was prepared according to
our reported procedure.36

■ EXPERIMENTAL SECTION
General Procedure. All the solvents and reagents were

pure, purchased from available commercial sources, and were
used without any additional purification. The final compounds
were checked for purity by using TLC plates (E. Merck
Mumbai, India). The analysis of CHNS was done by an
automatic elemental analyzer, Carlo Erba EA 1108, Italy. IR
spectra of all the synthesized compounds were recorded using
KBr pellets on an FTIR spectrometer (PerkinElmer 100).
1HNMR and 13C NMR spectra were taken using TMS as
standard (in δ ppm) on a Bruker Avance I spectrometer,
Switzerland. A liquid chromatography quadrupole ion-trap
mass spectrometer purchased from San Jose, California, USA
(Thermo Finnigan), was used to determine the mass spectra
(ESI-MS). Melting points were checked with a “Cintex”
melting point apparatus in Mumbai, India, by using open
capillaries and were uncorrected.

General Procedure for the Synthesis of Title
Compounds 4a−4o. A mixture of N-(3-(2-bromo-2-(2-
chloropyrimidin-4-yl)acetyl)-2-chlorophenyl)-2,6-dichloroben-
zene sulfonamide (1 mmol), thiosemicarbazide (1 mmol), and
various anhydrides (1 mmol) was combined with NiFe2O4
nanoparticles (5 mg) in 5 mL of an ethanol:water (1:1) solvent
system. The resulting mixture was heated at 75 °C for 45−60
min, with the progress of the reaction monitored by TLC.
After completion, the reaction mixture was cooled to room
temperature and the solid product was filtered, washed with
water, dried, and purified by recrystallization from absolute
ethanol.

2,6-Dichloro-N-(2-chloro-3-(5-(2-chloropyrimidin-4-yl)-2-
(1,4-dioxo-3,4-dihydrophthalazin-2(1H)-yl)thiazol-4-yl)-
phenyl)benzenesulfonamide (4a). Pale-yellow solid, yield:
90% mp: 245−247 °C; 1H NMR (δ ppm, DMSO-d6, 300
MHz): 10.08 (s, 1H, amide, N−H), 8.67 (s, 1H, N−H), 8.21
(d, J = 9.0 Hz, 1H, CH, pyrimidine, Ar−H), 7.11−7.49 (m 8H,
Ar−H), 6.88−6.94 (m, 2H, Ar−H), 6.61 (d, J = 9.0 Hz, 1H,
CH, pyrimidine, Ar−H); 13C NMR (δ ppm, DMSO-d6, 75
MHz): 173.53, 167.64, 163.96, 160.51, 159.94, 159.67, 159.60,
156.53, 153.99, 150.66, 147.01, 135.53, 133.47, 131.78, 130.92,
129.44, 128.80, 128.52, 127.82, 127.53, 124.92, 124.22, 124.04,
122.97, 122.79, 117.10, 115.11.

Figure 1. Structures of some bioactive scaffolds.

Scheme 1. Synthesis of Thiazole Scaffolds Using NiFe2O4
NPs (4a−4o)
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2,6-Dichloro-N-(2-chloro-3-(5-(2-chloropyrimidin-4-yl)-2-
(5-methyl-1,4-dioxo-3,4-dihydrophthalazin-2(1H)-yl)thiazol-
4-yl)phenyl)benzenesulfonamide (4b). Yellow solid, yield:
88% mp: 251−253 °C; 1H NMR (δ ppm, DMSO-d6, 300
MHz): 10.09 (s, 1H, amide, N−H), 8.69 (s, 1H, N−H), 8.20−
8.22 (d, J = 9.0 Hz, 1H, CH, pyrimidine, Ar−H), 7.08−7.49
(m 8H, Ar−H), 6.93−6.94(m, 2H, Ar−H), 6.62−6.64 (d, J =
9.0 Hz, 1H, CH pyrimidine, Ar−H), 2.46(S, 3H, CH3); 13C
NMR (δ ppm, DMSO-d6, 75 MHz): 173.34, 161.14, 160.32,
160.30, 160.23, 157.16, 154.63, 151.30, 147.65, 136.17, 131.56,
129.44, 129.15, 128.46, 128.17, 125.23, 124.85, 124.67, 123.55,
123.17, 116.65.

2,6-Dichloro-N-(2-chloro-3-(2-(5-chloro-1,4-dioxo-3,4-di-
hydrophthalazin-2(1H)-yl)-5-(2-chloropyrimidin-4-yl)-
thiazol-4-yl)phenyl)benzenesulfonamide (4c). Yellow solid,
yield: 86% mp: 256−258 °C; 1H NMR (δ ppm, DMSO-d6,
300 MHz): 10.09 (s, 1H, sulfonamide, N−H), 9.25 (s, 1H, N−
H), 8.25−8.27 (d, J = 9.0 Hz, 1H, CH, pyrimidine, Ar−H),
7.00−7.70 (m 9H, Ar−H), 6.72−6.75 (d, J = 9.0 Hz, 1H, CH
pyrimidine, Ar−H); 13C NMR (δ ppm, DMSO-d6, 75 MHz):
173.73, 161.35, 160.73, 160.09, 160.01, 159.94, 156.87, 154.33,
151.00, 147.35, 144.73, 141.09, 135.87, 134.12, 133.12, 132.74,
131.27, 129.14, 128.86, 128.16, 127.87, 126.86, 126.01, 125.26,
125.12, 124.74, 124.12, 123.87.

2,6-Dichloro-N-(2-chloro-3-(2-(6-chloro-1,4-dioxo-3,4-di-
hydrophthalazin-2(1H)-yl)-5-(2-chloropyrimidin-4-yl)-
thiazol-4-yl)phenyl)benzenesulfonamide (4d). Pale-yellow
solid, yield: 88% mp: 255−257 °C; 1H NMR (δ ppm,
DMSO-d6, 300 MHz): 10.03 (s, 1H, sulfonamide, N−H), 8.76
(s, 1H, N−H), 8.16−8.19 (d, J = 9.0 Hz, 1H, CH, pyrimidine,
Ar−H), 7.02−7.61 (m 8H, Ar−H), 6.63−6.66 (d, J = 9.0 Hz,
1H, CH pyrimidine, Ar−H); 13C NMR (δ ppm, DMSO-d6, 75
MHz): 173.70, 161.87, 160.86, 160.14, 160.01, 159.94, 156.87,
154.33, 151.00, 147.27, 144.14, 141.86, 135.87, 134.12, 133.12,
132.74, 131.27, 129.14, 128.86, 128.16, 127.87, 126.86, 126.14,
125.26, 125.17, 124.86, 124.01, 123.84.

2,6-Dichloro-N-(2-chloro-3-(5-(2-chloropyrimidin-4-yl)-2-
(6-methoxy-1,4-dioxo-3,4-dihydrophthalazin-2(1H)-yl)-
thiazol-4-yl)phenyl)benzenesulfonamide (4e). Pale-yellow
solid, yield: 88% mp: 242−244 °C; 1H NMR (δ ppm,
DMSO-d6, 300 MHz): 10.13 (s, 1H, sulfonamide, N−H), 8.28
(s, 1H, N−H), 8.16−8.19 (d, J = 9.0 Hz, 1H, CH, pyrimidine,
Ar−H), 6.91−7.49 (m 8H, Ar−H), 6.63−6.66 (d, J = 9.0 Hz,
1H, CH pyrimidine, Ar−H), 3.74 (S, 3H, OCH3); 13C NMR
(δ ppm, DMSO-d6, 75 MHz): 173.61, 165.99, 161.41, 160.86,
160.00, 159.75, 159.68, 156.61, 154.07, 151.45, 150.74, 147.09,
135.61, 133.61, 131.07, 130.21, 128.88, 128.60, 127.90, 127.61,
126.55, 125.00, 124.30, 124.61, 123.07, 122.87, 117.15, 57.90.

N-(3-(2-(5-Amino-1,4-dioxo-3,4-dihydrophthalazin-2(1H)-
yl)-5-(2-chloropyrimidin-4-yl)thiazol-4-yl)-2-chlorophenyl)-
2,6-dichlorobenzenesulfonamide (4f). Yellow solid, yield:
78% mp: 232−234 °C; 1H NMR (δ ppm, DMSO-d6, 300
MHz): 10.04 (s, 1H, sulfonamide, N−H), 8.66 (s, 1H, N−H);
8.17 (d, J = 9.0 Hz, 1H, CH, pyrimidine, Ar−H), 6.84−7.43
(m 10H, Ar−H), 6.59 (d, J = 9 Hz, 2H, NH2); 13C NMR (δ
ppm, DMSO-d6, 75 MHz): 173.58, 165.93, 162.31, 160.00,
159.94, 156.87, 154.36, 152.38, 151.04, 147.35, 144.94, 138.87,
135.87, 132.94, 131.87, 129.10, 128.93, 128.87, 127.31, 126.11,
125.26, 124.58, 124.38, 123.93, 117.31, 115.87.

N-(3-(2-(6-Amino-1,4-dioxo-3,4-dihydrophthalazin-2(1H)-
yl)-5-(2-chloropyrimidin-4-yl)thiazol-4-yl)-2-chlorophenyl)-
2,6-dichlorobenzenesulfonamide (4g). Pale-yellow solid,
yield: 75% mp: 236−238 °C; 1H NMR (δ ppm, DMSO-d6,

300 MHz): 10.65 (s, 1H, sulfonamide, N−H), 9.49 (s, 1H, N−
H), 8.19 (s, 1H, Ar−H), 8.11−8.14 (d, J = 9 Hz, 1H, CH,
pyrimidine, Ar−H), 6.98−7.82 (m, 9H, Ar−H) 6.59 (s, 2H,
NH2); 13C NMR (δ ppm, DMSO-d6, 75 MHz): 172.92,
165.93, 162.31, 160.03, 159.92, 156.87, 154.36, 152.38, 151.04,
147.35, 144.95, 138.82, 135.81, 132.94, 131.83, 129.10, 128.87,
128.40, 127.33, 126.11, 125.26, 124.52, 124.37, 123.90, 117.36,
115.81.

N-(3-(5-(2-Chloropyrimidin-4-yl)-2-(8-hydroxy-1,4-dioxo-
3,4-dihydrophthalazin-2(1H)-yl)thiazol-4-yl)-2-chlorophen-
yl)-2,6-dichlorobenzenesulfonamide (4h). Pale-yellow solid,
yield: 86% mp: 252−254 °C; yield: 88% mp: 232−234 °C; 1H
NMR (δ ppm, DMSO-d6, 300 MHz): 10.74 (s, NH, amide),
10.04 (s, 1H, OH), 8.66 (s, 1H, NH), 8.17 (d, J = 9.0 Hz, 1H,
pyrimidine, Ar−H), 7.05−7.43 (m, 7H, Ar−H), 6.84−6.91 (m,
2H, Ar−H), 6.57 (d, J = 9.0 Hz, 1H, pyrimidine, Ar−H); 13C
NMR (δ ppm, DMSO-d6, 75 MHz): 174.54, 166.04, 161.68,
160.66, 160.10, 159.82, 159.75, 158.20, 156.69, 154.15, 150.82,
147.17, 135.69, 132.24, 131.08, 130.20, 128.96, 128.67, 127.98,
127.69, 125.83, 125.08, 124.37, 123.13, 122.94, 120.01, 117.25.

N-(3-(5-(2-Chloropyrimidin-4-yl)-2-(8-nitro-1,4-dioxo-3,4-
dihydrophthalazin-2(1H)-yl)thiazol-4-yl)-2-chlorophenyl)-
2,6-dichlorobenzenesulfonamide (4i). Yellow solid, yield:
89% mp: 218−220 °C; 1H NMR (δ ppm, DMSO-d6, 300
MHz): 10.12 (s, 1H, sulfonamide NH); 8.67 (s, 1H, NH),
8.26 (d, J = 6.0 Hz, 1H, Pyrimidine, Ar−H), 7.00−7.70 (m,
9H, Ar−H), 6.73 (d, J = 9.0 Hz, 1H, Pyrimidine, Ar−H); 13C
NMR (δ ppm, DMSO-d6, 75 MHz): 173.94, 165.75, 162.13,
159.82, 159.75, 156.69, 154.15, 150.82, 148.20, 147.17, 135.69,
133.93, 132.55, 131.08, 130.29, 128.96, 128.67, 127.98, 127.69,
127.02, 125.93, 125.08, 124.37, 124.20, 123.13, 122.94, 117.25.

N-(3-(5-(2-Chloropyrimidin-4-yl)-2-(7-nitro-1,4-dioxo-3,4-
dihydrophthalazin-2(1H)-yl)thiazol-4-yl)-2-chlorophenyl)-
2,6-dichlorobenzenesulfonamide (4j). Yellow solid, yield:
86% mp: 224−228 °C; 1H NMR (δ ppm, DMSO-d6, 300
MHz): 10.11 (s, 1H, sulfonamide, NH), 8.39 (s, 1H, NH),
8.29 (d, J = 9.0 Hz, 1H, Ar−H), 8.17 (d, J = 6.0 Hz, 1H,
pyrimidine, Ar−H), 7.01−7.60, (m, 8H, Ar−H), 6.64 (d, J =
9.0 Hz, 1H, pyrimidine, Ar−H); 13C NMR (δ ppm, DMSO-d6,
75 MHz): 183.46, 165.67, 161.41, 160.59, 160.02, 159.75,
159.68, 156.61, 154.07, 151.45, 150.74, 147.09, 135.61, 133.86,
131.00, 130.21, 128.88, 128.60, 127.90, 127.61, 126.55, 125.00,
124.30, 124.12, 123.05, 122.87, 117.18.

N-(3-(5-(2-Chloropyrimidin-4-yl)-2-(5,8-dioxo-5,6-
dihydropyrido[2,3-d]pyridazin-7(8H)-yl)thiazol-4-yl)-2-chlor-
ophenyl)-2,6-dichlorobenzenesulfonamide (4k). Pale-yellow
solid, yield: 78% mp: 224−226 °C; 1H NMR (δ ppm, DMSO-
d6, 300 MHz): 10.15 (s, 1H, amide NH), 8.76 (s, 1H, NH),
8.17 (d, J = 9 Hz, 1H, pyrimidine, Ar−H), 7.46−7.61 (m, 4H,
Ar−H), 7.02−7.26 (m, 5H, Ar−H), 6.64 (d, J = 9 Hz, 1H,
pyrimidine, Ar−H); 13C NMR (δ ppm, DMSO-d6, 75 MHz):
183.74, 165.93, 162.31, 160.00, 159.94, 156.87, 154.36, 152.38,
151.04, 147.35, 144.03, 138.10, 135.87, 132.10, 131.27, 129.10,
128.86, 128.16, 127.86, 126.11, 125.26, 124.58, 124.38, 123.31,
117.47, 115.45.

N-(3-(5-(2-Chloropyrimidin-4-yl)-2-(3,6-dioxo-2,3-dihy-
dropyridazin-1(6H)-yl)thiazol-4-yl)-2-chlorophenyl)-2,6-di-
chlorobenzenesulfonamide (4l). Pale-yellow solid, yield: 92%
mp: 194−196 °C; 1H NMR (δ ppm, DMSO-d6, 300 MHz):
10.06 (s, 1H, sulfonamide NH), 8.40 (s, 1H, NH), 8.30 (d, J =
6 Hz, 1H, Ar−H), 8.17 (d, J = 9 Hz, 1H, pyrimidine Ar−H),
6.91−7.49 (m, 8H, Ar−H), 6.64 (d, J = 9 Hz, 1H, pyrimidine
Ar−H). 13C NMR (δ ppm, DMSO-d6, 75 MHz): 183.82,
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166.38, 162.12, 160.94, 160.38, 160.10, 160.03, 156.96, 155.79,
154.43, 151.10, 147.45, 135.97, 132.56, 131.36, 131.21, 129.24,
128.95, 125.35, 124.65, 117.53, 115.54, 113.57.

N-(3-(5-(2-Chloropyrimidin-4-yl)-2-(3,6-dioxotetrahydro-
pyridazin-1(2H)-yl)thiazol-4-yl)-2-chlorophenyl)-2,6-dichlor-
obenzenesulfonamide (4m). Pale-yellow solid, yield: 90%
mp: 192−194 °C; 1H NMR (δ ppm, DMSO-d6, 300 MHz):
10.02 (s, 1H, sulfonamide NH), 8.39 (s, 1H, NH), 8.08 (d, J =
9.0 Hz, 1H, pyrimidine, Ar−H), 6.99−7.54 (m, 6H, Ar−H),
6.57 (d, J = 9.0 Hz, 1H, pyrimidine, Ar−H), 2.55 (s, 4H,
tetrahydropyridazine-3,6-dione, CH2); 13C NMR (δ ppm,
DMfSO-d6, 75 MHz): 184.02, 161.14, 160.58, 160.30, 160.23,
157.16, 154.63, 151.30, 147.65, 136.17, 131.56, 129.44, 129.15,
128.46, 128.17, 125.55, 124.85, 124.67, 123.60, 123.42, 117.73,
28.49, 25.58.

2,6-Dichloro-N-(2-chloro-3-(2-(4-(3-chloro-2-cyanobenzy-
lidene)-1-oxo-3,4-dihydrophthalazin-2(1H)-yl)-5-(2-chloro-
pyrimidin-4-yl)thiazol-4-yl)phenyl)benzenesulfonamide
(4n). Yellow solid, yield: 82% mp: 258−260 °C; 1H NMR (δ
ppm, DMSO-d6, 300 MHz): 10.76 (s, 1H, sulfonamide NH),
9.27 (s, 1H, NH), 8.25 (s, 1H, C−H), 7.84−8.22 (m, 3H,
pyrimidine Ar−H), 7.09−7.70 (m, 11H, Ar−H), 6.68 (d, J = 9
Hz, 1H, pyrimidine Ar−H); 13C NMR (δ ppm, DMSO-d6, 75
MHz): 183.72, 166.40, 161.67, 160.85, 160.28, 160.01, 159.94,
156.87, 154.33, 151.00, 147.35, 144.73, 141.09, 135.87, 134.12,
133.12, 132.74, 131.27, 129.14, 128.86, 128.16, 127.87, 126.86,
126.01, 125.26, 125.20, 124.56, 124.38, 123.31, 123.13, 121.90,
118.15, 117.44, 116.34, 113.17.

2,6-Dichloro-N-(2-chloro-3-(5-(2-chloropyrimidin-4-yl)-2-
(4-(2-cyanobenzylidene)-1-oxo-3,4-dihydrophthalazin-
2(1H)-yl)thiazol-4-yl)phenyl)benzenesulfonamide (4o). Yel-
low solid, yield: 78% mp: 261−263 °C; 1H NMR (δ ppm,
DMSO-d6, 300 MHz): 10.65 (s, 1H, sulfonamide NH), 8.82
(s, 1H, NH), 8.11−8.19 (m, 2H, Ar−H), 7.73−7.82 (m, 3H,
Ar−H, 1H, C−H), 6.98−7.56 (m, 11H, Ar−H), 6.57 (d, J =
9.0 Hz, 1H, pyrimidine Ar−H); 13C NMR (δ ppm, DMSO-d6,
75 MHz): 183.71, 166.40, 160.85, 160.28, 160.01, 159.94,
156.87, 154.32, 151.00, 147.36, 145.10, 138.37, 135.86, 134.76,
133.13, 132.13, 131.47, 131.27, 131.11, 129.14, 128.86, 128.16,
127.87, 125.21, 124.56, 124.38, 123.31, 123.11, 122.12, 121.83,
120.85, 119.47, 117.44, 115.45, 113.47.

Preparation of the NiFe2O4 Catalyst. NiFe2O4 nano-
particles were synthesized via our previously reported sol−gel
method and used in our earlier work.37 The crystalline nature
of the catalyst was confirmed through powder X-ray diffraction
(XRD) analysis (can be seen in Supporting Information).
In Silico Molecular Docking Studies. Molecular docking

studies were conducted using the Schrödinger suite (Schrö-
dinger, LLC), with protein−ligand interactions visualized via
Maestro. The HSP82 and HSP90 crystal structures were
sourced from the Protein Data Bank and prepared using the
Protein Preparation Wizard. This process involved removing
water molecules, adding missing hydrogens, assigning proto-
nation states using PROPKA at pH 7.0, and minimizing the
structure with the OPLS4 force field. Ligands were prepared
using LigPrep by converting 2D structures to 3D, generating
ionization states at pH 7.0, producing tautomers and
stereoisomers, and minimizing with the OPLS4 force field.
The receptor grid was created using the centroid of the
cocrystallized ligand as the binding site reference, with grid box
dimensions set to 20 × 20 × 20 Å. Docking was performed in
Glide’s Extra Precision (XP) mode, generating up to 10 poses
per ligand and scoring them with the Glide Score. The best

poses were selected based on the lowest Glide Score and visual
inspection of binding interactions.

Cell Viability Assay. Cell lines for human breast
adenocarcinoma (MCF-7) and epithelial cervix adenocarcino-
ma (HeLa) were obtained from the National Centre for Cell
Science (NCCS), Pune, India. Every cell line was kept in
Dulbecco’s modified Eagle’s medium (DMEM high glucose),
which was enhanced with 1% penicillin/streptomycin (100 U/
mL; 0.1 mg/mL) and 10% fetal bovine serum (FBS). At a
density of 7 × 103 cells per well, the cells were seeded in
triplicate onto 96-well plates and allowed to adhere for 24 h.
Different drug concentrations were applied to the adherent
cells for a duration of 48 h. At the onset of the treatment
period, the cell viability was assessed by the 3-(4,5-
dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide (MTT)
assay (HiMedia, Mumbai, India).38 Fractional cell survival was
measured by taking absorbance at 570 nm (Infinite 200 PRO,
Tecan, Switzerland) and subtracting the background measure-
ment at 650 nm. The data were normalized by taking the
absorbance of untreated cells (i.e., control) as 100%. The IC50
values were calculated by using nonlinear curve regression in
Prism, version 5.01 (GraphPad Software Inc., San Diego,
California, USA), and presented as the mean ± SD of three
independent experiments. Statistical significance of differences
was calculated using the two-way analysis of variance
(ANOVA) and Tukey’s post hoc test for pairwise comparisons.
Statistically significant values were taken as *p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001.

■ RESULTS AND DISCUSSION
Initially, we tried to synthesize thiazolyl-phthalazine (4a) from
compound (1) with thiosemicabazide (2) and phthalic
anhydride (3a) in a model study (Scheme 2). Initially, the

reaction was conducted in refluxing H2O, but only 32% yields
of 4a were obtained (Table 1, entry 1). Further on, we have
observed that the yield of 4a could be improved to 55% by
using ethanol as a solvent (Table 1, entry 2). Subsequently, we
examined the mixed ethanol/water (EtOH/H2O) in (1:1)
proportion without any catalyst and we observed that the yield
of 4a was increased to 73% (Table 1, entry 3). Then, we tried
to improve the yields of targeted compound by using aqueous
ethanol (1:1) with different amounts of nano-NiFe2O4 catalyst
(Table 1, entries 4−6). Among which, the best result was
received from aqueous ethanol and 5 mg of nano-NiFe2O4
catalyst, delivering 4a in 90% yield (Table 1, entry 4) (Scheme
2). As a comparison to this, the reaction conducted in DMF,

Scheme 2. Facile Nano-NiFe2O4-Catalyzed Synthesis of 2,6-
Dichloro-N-(2-chloro-3-(5-(2-chloropyrimidin-4-yl)-2-(1,4-
dioxo-3,4-dihydrophthalazin-2(1H)-yl)thiazol-4-
yl)phenyl)benzenesulfonamide
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CH3CN, and toluene all gave poorer results (Table 1, entries
8−10).

To establish the importance of nano-NiFe2O4, we have
carried out the same reaction with the ZnFe2O4 catalyst. It was
observed that ZnFe2O4 was found to be inactive in the reaction
(entry 11, Table 1). It was also observed that increasing or
decreasing the amount of catalyst affects the yields (10 mg,
entry 6, Table 1; 3 mg, entry 5, Table 1).
After optimization of the reaction conditions to delineate

this approach, the present methodology was evaluated with a
variety of anhydrides 3b−3o in the presence of nano-NiFe2O4
under similar conditions. As we have expected, the reaction
conditions worked well for all the anhydrides, resulting in
different phthalazines, pyradizines, and pyridopyridiazines 4a−
4o in high yields (Table 2). Therefore, the above results
suggest that the one-pot, three-component cyclocondensation
reaction proceeded smoothly. This research could lead to
intriguing chemistry involving novel methodologies. A notable
feature of the synthesis is its ability to produce various
heteroatom bonds at a time, such as one C−S and three C−N
in a one-pot hetero cyclization process, all without producing
any other products. The NiFe2O4 NPs can be involved in the
activation of thiosemicarbazide (2). The thiosemicarbazide
reacts with (N-(3-(2-bromo-2-(2-chloropyrimidin-4-yl)acetyl)-
2-chlorophenyl)-2,6-dichlorobenzenesulfonamide to give un-
cyclized thio-ketone with the removal of HBr, which is further
cyclized by removal of water molecules and produces an
thiazolo-hydrazinyl intermediate. Afterward, it undergoes a
reaction with phthalic anhydride to produce the final product
4a in excellent yields. These results can be corroborated with

Table 1. Optimization of Reaction Conditionsa

entry catalysts solvent
temp.
(°C) time

yield
(%)b

1 no catalyst H2O 100 5 h 32
2 no catalyst EtOH 75 5 h 55
3 no catalyst EtOH: H2O

(1:1)
75 5 h 73

4c NiFe2O4 NPs EtOH: H2O
(1:1)

75 1h 90

5d NiFe2O4 NPs EtOH: H2O
(1:1)

75 1h 83

6e NiFe2O4 NPs EtOH: H2O
(1:1)

75 1h 92

7f NiFe2O4 NPs EtOH: H2O
(1:1)

75 45 min 92

8 NiFe2O4 NPs DMF 75 2 h 70
9 NiFe2O4 NPs CH3CN 75 2 h 68
10 NiFe2O4 NPs C6H5−CH3 75 2 h 67
11 ZnFe2O4

NPs
EtOH: H2O
(1:1)

75 2 h 72

aReactions were carried out among 3-(2-bromo-2-(2-chloropyrimi-
din-4-yl)acetyl)-2-chlorophenyl-2,6-dichlorobenzenesulfonamide (1
mmol), thiosemicarbazide (1 mmol), and phthalic anhydride (1
mmol) in the presence of ethanol and 5 mg of catalysts. bYield of
isolated product. c5 mg of NiFe2O4.

d3 mg of NiFe2O4.
e7 mg of

NiFe2O4.
f10 mg of NiFe2O4 was refluxed.

Table 2. Substrate Scope of Thiazole Scaffolds Using NiFe2O4 Nanoparticles (4a−4o)a

aReactions were carried out for 3-(2-bromo-2-(2-chloropyrimidin-4-yl)acetyl)-2-chlorophenyl-2,6-dichlorobenzenesulfonamide (1 mmol),
thiosemicarbazide (1 mmol), and various anhydrides (1 mmol) in the presence of ethanol:water and 5 mg of nano-NiFe2O4 catalyst.
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the recently synthesized thiazole scaffolds using the TCsSB
catalyst, yielding 87% under ultrasound irradiation in
ethanol.39 Conversely, our method entails a one-pot, three-
component synthesis employing NiFe2O4 nanoparticles as
catalysts, achieving a superior 90% yield of thiazole scaffolds
within 60 min under reflux conditions at 75 °C in an ethanol−
water solvent system, utilizing only 5 mg of catalyst a notably
minimal amount.
Furthermore, our catalyst demonstrates remarkable reus-

ability. Similarly, Sadgar et al. synthesized thiazoles using
graphene as a catalyst and reported 93% yields in the presence
of toluene.40 Nevertheless, that procedure involves a hazardous
solvent when compared to our procedure. The chemical
structures of final compounds were confirmed by 1H NMR,
13C NMR, and mass spectrometry. For example, the 1H NMR
spectra of compound 4a showed two doublets at δ 6.60−6.63
and 8.20−8.23 for pyrimidine C−H protons and another two
singlets appeared at δ 8.67 and δ 10.08 for NH and N−H
(near to sulfonyl) protons, respectively. As shown in 13C NMR
spectral data, sharp peaks appeared at δ 160.51, 163.96, and
173.53 ppm for carbonyl carbon signals of the phthalazinone
and thiazole (C�N) carbon, respectively. Thus, the remaining
spectral data confirm the structures of newly prepared
compounds (4a−4o).

Nano-NiFe2O4 Catalyst Reusability Study. The reus-
ability test has been performed after completion of the reaction
to check the activity of the catalyst.
The nano-NiFe2O4 recyclability was examined under

standard conditions for 4a compound synthesis (Table 1) as
a model reaction. An external magnet was used to recover the
NiFe2O4 NP catalyst from the reaction mixture and thoroughly
washed with hot distilled water and ethanol, respectively (four
times). After being dried in a hot air oven, the catalyst was
reused for the remaining reactions with the same reaction
conditions. It has been determined that the catalyst, nano-
NiFe2O4, exhibits no degradation after over 10 catalytic cycles.
The outcomes of this reusability are presented in Figure 2

In Silico Molecular Docking Studies. In silico docking
studies were conducted to evaluate the binding affinities of
various ligands against Hsp82 from Saccharomyces cerevisiae
and Hsp90 from Homo sapiens, both expressed in E. coli
(Figure 3). The in silico docking studies for the Hsp82 protein
revealed varying binding affinities and interaction profiles
among the tested ligands, with several outperforming the
reference drug erlotinib. Erlotinib demonstrated a docking
score of −6.27 kcal/mol, forming six hydrogen bonds and four

hydrophobic interactions with residues Asp 175, Thr 176, Gly
177, Glu 178, Lys 185, His 189, Asp 86, Thr 88, Ile 187, Asn
51, and Lys 58. Among the ligands, 4k and 4m exhibited the
highest binding affinities, both with a docking score of −9.5
kcal/mol. Ligand 4k formed three hydrogen bonds and two
hydrophobic interactions with residues Lys 208, Ile 214, Val
207, and Ile 218. Similarly, 4n interacted with the same
residues, emphasizing its strong binding capacity. Ligands 4a,
4c, 4l, and 4n also displayed substantial binding affinities with
docking scores of −9.01, −8.75, −8.71, and −8.41 kcal/mol,
respectively. These ligands formed multiple hydrogen bonds
and hydrophobic interactions with key residues such as Lys
208, Ile 214, Gln 212, and Leu 220, highlighting their potential
as effective Hsp82 inhibitors.
For the Hsp90 protein, erlotinib showed a docking score of

−6.08 kcal/mol, forming three hydrogen bonds, four hydro-
phobic interactions, and one π-stacking interaction with
residues Ser 36, Phe 200, Arg 32, Glu 199, and Phe 200.
The ligands demonstrated significantly lower docking scores,
indicating stronger binding affinities. Ligands 4c, 4j, 4o, and 4l
also showed excellent binding affinities with scores of −9.76,
−9.55, −9.53, and −9.31 kcal/mol, respectively. These ligands
were engaged in multiple hydrogen bonds, hydrophobic
interactions, and additional π−cation and halogen bonds
with residues Lys 195, Val 201, Tyr 203, Ile 205, Asn 37, Asn
91, Lys 98, Gly 121, Gly 123, Phe 124, Ile 205, Leu 207, Val
201, Val 209, and Asn 92. Other ligands, such as 4k (−9.14
kcal/mol), 4n (−9.21 kcal/mol), and 4m (−8.7 kcal/mol),
also demonstrated strong binding affinities, forming various
interactions with key residues, indicating their potential
effectiveness as Hsp90 inhibitors.
Overall, the in silico docking studies suggest that the

synthesized ligands, particularly 4c, 4j, 4k, 4l, 4m, and 4o,
exhibit superior binding affinities and interaction profiles
compared to erlotinib for both Hsp82 and Hsp90 proteins.
These ligands form multiple stable interactions with crucial
residues, underscoring their potential as potent inhibitors.

Figure 2. Recyclability of the nano-NiFe2O4 catalyst for the synthesis
of 4a.

Figure 3. Comparative interaction analysis with Hsp82 and Hsp90.
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ADME Analysis. The ADME analysis of the tested ligands
reveals distinct properties, with respect to their interaction with
various CYP450 enzymes and other pharmacokinetic param-
eters. Among the ligands, 4b, 4c, 4d, and 4g are nonsubstrates
for CYP450 2C9, 2D6, and 3A4 while 4i, 4j, 4l, and 4m are
noninhibitors of these enzymes. Ligands 4o are identified as an
inhibitor of both CYP450 2C9 and 3A4, indicating potential
drug−drug interactions. For CYP450 inhibition, ligands 4c and
4i inhibit CYP450 1A2 while 4c, 4j, and 4n inhibit CYP450
2C19. High CYP inhibitory promiscuity is observed in 4c, 4j,
and 4n, suggesting a higher likelihood of interactions with
multiple CYP450 enzymes.
Blood−brain barrier (BBB) permeability and human

intestinal absorption (HIA) probabilities show that most
ligands, except 4d and 4g, have moderate to high BBB
permeability and excellent HIA probabilities. Ligand 4n
exhibits the highest Caco-2 permeability, indicating good
intestinal absorption. In terms of toxicity, 4b, 4d, and 4g are
identified as toxic in the AMES test, with 4c being a potential
carcinogen. Overall, ligands 4n, 4j, 4l, 4m, and 4o exhibit
favorable ADME profiles with nontoxicity, noncarcinogenicity,
high HIA, and low CYP inhibitory promiscuity, making them
promising candidates for further development.

Biological Studies. In Vitro Cytotoxic Activity. In a
comparative study, newly synthesized compounds (4a−4o)
and the well-known kinase inhibitor drug erlotinib were
assessed for their in vitro anticancer activity against three
human cancer cell lines A375, HeLa, and MCF-7, using the
standard MTT assay (Figure 4).

The results from the cell viability assay revealed that
compounds 4j, 4k, 4m, 4n, and 4o exhibited potent anticancer
activity at a concentration of 1 μM against the tested cell lines.
Particularly, compound 4n demonstrated significant activity
against all three cell lines: HeLa, A375, and MCF-7 (Figure 5).
The IC50 values were evaluated on the basis of preliminary

bioassay results to examine the potential anticancer activities.
The IC50 values of the final compounds are given in Table 3
and Figure 6.
As presented in Table 3, the cytotoxicity of synthesized

compounds was evaluated against three cancer cell lines A375,
HeLa, and MCF-7 using IC50 values (μM) as the metric and
compared to the reference drug erlotinib. The IC50 values of 15
compounds were evaluated against three cancer cell lines:
A375, HeLa, and MCF-7. For the A375 cell line, the five
compounds with the lowest IC50 values were 4n (0.87 ± 0.31
μM), 4k (1.45 ± 0.12 μM), 4o (1.72 ± 0.04 μM), 4l (2.81 ±
0.96 μM), and 4m (2.96 ± 2.01 μM). In HeLa cells, the most

potent compounds were 4n (1.38 ± 1.24 μM), 4g (2.8 ± 2.13
μM), 4j (13.67 ± 0.15 μM), 4o (15.61 ± 0.35 μM), and 4f
(16.67 ± 0.12 μM). For the MCF-7 cell line, the most effective
compounds were 4n (1.13 ± 0.96 μM), 4e (3.9 ± 0.14 μM),
4g (6.9 ± 0.14 μM), 4k (7.79 ± 0.16 μM), and 4f (8.26 ± 0.38
μM). Overall, compound 4n demonstrated the highest efficacy
across all tested cell lines, whereas compound 4b was the least
efficient, showing no activity (NA) against HeLa and MCF-7
cell lines. The reference compound erlotinib exhibited IC50
values of 3.60 μM for A375, 41.80 μM for HeLa, and 15.55 μM
for MCF-7, indicating that compound 4n outperformed
erlotinib in terms of potency.

Structure−Activity Relationship. The structure−activity
relationship (SAR) analysis of the evaluated compounds

Figure 4. Cell viability assay on A375, MCF-7, and Hela cells with the
reference drug erlotinib after dose-dependent treatment.

Figure 5. Cell viability percentage of 4m, 4n, and 4o compounds. The
anticancer activity of compounds was confirmed by the dose-
dependent decrease in cell viability. *p < 0.05, **p < 0.01, ***p <
0.001, and ****p < 0.0001 were taken as statistically significant
values.

Table 3. In Vitro Cytotoxicity of Compounds 4a−4o against
Different Cancer Cell Lines by Using the MTT Assay

IC50 values in μMa

compound A375 HeLa MCF-7

4a 6.03 ± 0.41 22.37 ± 1.87 15.24 ± 2.22
4b 15.37 ± 2.78 NAb NA
4c 2.96 ± 2.01 28.1 ± 0.82 8.8 ± 1.21
4d 3.17 ± 1.76 NA 12.59 ± 0.63
4e 5.30 ± 0.86 18.6 ± 0.15 3.9 ± 0.14
4f 7.37 ± 0.13 16.67 ± 0.12 8.26 ± 0.38
4g 4.30 ± 0.86 2.8 ± 2.13 6.9 ± 0.14
4h 11.42 ± 1.26 NA 21.96 ± 2.06
4i 4.30 ± 0.86 22.6 ± 2.15 9.69 ± 0.14
4j 6.67 ± 0.21 13.67 ± 0.15 9.22 ± 0.32
4k 1.45 ± 0.12 18.89 ± 0.31 7.79 ± 0.16
4l 2.81 ± 0.96 19.14 ± 0.22 11.52 ± 0.88
4m 2.96 ± 2.01 27.1 ± 0.82 8.89 ± 1.21
4n 0.87 ± 0.31 1.38 ± 1.24 1.13 ± 0.96
4o 1.72 ± 0.04 15.61 ± 0.35 8.45 ± 0.18
erlotinibc 3.60 41.80 15.55

aIC50: After 48 h of drug exposure, the concentration of compound
inhibits 50% cell growth, as determined by the MTT assay. Every test
was run at least three times, and the results are given as the average
values ± standard deviation. bNA: Compound shows IC50 value >50
μM/mL. cErlotinib as a reference drug.
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reveals distinct trends based on the substituents and their
positions in the core structure. Compounds 4n and 4o, which
have a cyano substituent at the 2 and 3 positions, respectively,
show the highest potency across all cell lines, suggesting that
the presence of a cyano group significantly enhances activity.
Compounds 4k and 4e, with methoxy and dioxopiperidine
substituents, also demonstrate notable activity particularly in
the A375 and MCF-7 cell lines. Compound 4g, with an amino
group at the 6-position, shows considerable activity, indicating
that amino substitutions can positively impact efficacy. In
contrast, compounds with nitro groups (4i and 4j) and bulky
groups (4b, 4d, and 4h) generally display higher IC50 values,
suggesting lower activity. The presence of halogen atoms, such
as chlorine, across all compounds indicates that these
substituents might be crucial for maintaining a baseline level
of activity. Overall, the most efficient compounds (4n and 4o)
benefit from cyano and benzylidene substitutions at strategic
positions, highlighting their critical role in enhancing
anticancer activity.
The in vitro cytotoxicity analysis, in silico molecular docking

studies, and ADME properties collectively provide a
comprehensive evaluation of the novel thiazole derivatives
(4a−4o) synthesized in this study. The cytotoxicity analysis
demonstrated that compound 4n exhibited the most potent
anticancer activity across all tested cell lines (A375, HeLa, and
MCF-7), outperforming the reference drug erlotinib with
significantly lower IC50 values. This finding is corroborated by
the in silico docking studies, where 4n, along with compounds
4k, 4m, 4c, 4j, 4o, and 4l, displayed superior binding affinities
and interaction profiles compared to erlotinib against both
Hsp82 and Hsp90 proteins. The high binding affinity of these
ligands, particularly 4n, is reflected in their ability to form
multiple stable interactions with crucial residues, underscoring
their potential as potent inhibitors. The ADME analysis further
supports the potential of these compounds, especially 4n, by
highlighting their favorable pharmacokinetic profiles. Com-
pound 4n, along with 4j, 4l, 4m, and 4o, exhibited nontoxicity,
noncarcinogenicity, high HIA (HIA), and low CYP inhibitory
promiscuity. These properties suggest a reduced likelihood of
adverse drug−drug interactions and good bioavailability,
making them promising candidates for further development.
The SAR analysis revealed that specific substituents, such as
cyano and benzylidene groups, play a crucial role in enhancing
the anticancer activity. Compounds 4n and 4o, which possess
these substituents at strategic positions, consistently showed
high potency across all cell lines. Conversely, compounds with
nitro groups and bulky substituents generally exhibited lower

activity, indicating that the nature and position of substituents
significantly impact the efficacy of these compounds. The
correlation between these analyses underscores the importance
of strategic structural modifications to enhance biological
activity, binding affinity, and favorable pharmacokinetic
properties, ultimately leading to the identification of potent
anticancer agents like compound 4n.

■ CONCLUSIONS
In conclusion, the green one-pot multicomponent synthesis
strategy successfully generated a series of novel thiazole
derivatives (4a−4o) with promising anticancer properties.
Among these, compound 4n emerged as the most potent
across A375, HeLa, and MCF-7 cancer cell lines, significantly
outperforming the reference drug erlotinib. In silico docking
studies underscored the strong binding affinities of several
ligands, particularly 4k, 4m, 4c, 4j, 4o, and 4l, to Hsp82 and
Hsp90 proteins. Compound 4n showed a higher binding
capacity for Hsp82. The ADME analysis indicated that
compounds 4n, 4j, 4l, 4m, and 4o possessed favorable
pharmacokinetic profiles, with nontoxicity and high HIA.
SAR analysis highlighted the importance of cyano and
benzylidene substitutions in enhancing anticancer activity.
The synthesized compounds, especially 4n, demonstrate
significant potential as effective anticancer agents, warranting
further investigation and development.
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