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Pyrazole and its derivatives have attracted considerable attention in pharmaceutical and medicinal
chemistry, as reflected in their presence in numerous FDA-approved drugs and clinical candidates. This
review presents a comprehensive analysis of articles published between 2014 and 2024, focusing on the
microwave-, ultrasound-, and mechanochemical-assisted synthesis of pyrazole derivatives with
anticancer activity. It explores synthetic methodologies, anticancer efficacy, and molecular docking
studies, underscoring the significance of pyrazole derivatives in drug discovery and medicinal chemistry.
Notably, microwave irradiation stands out as the most widely employed technique, providing high
efficiency by significantly reducing reaction times while maintaining moderate temperatures. Ultrasound
irradiation serves as a valuable alternative, particularly for processes that require milder conditions,
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1. Introduction

Pyrazole, a five-membered heterocycle with two adjacent
nitrogen atoms, displays unique reactivity in organic chemistry:
nucleophilic attacks are favored at positions 3 and 5, while
electrophilic substitution reactions predominantly occur at
position 4.' Within the azole family, pyrazole and its derivatives
have attracted considerable attention due to their diverse
applications across multiple fields, including medicine,>* agri-
culture,* catalysis,” ion detection sensors,® supramolecular,’
coordination,® and polymer chemistry,” as well as in the food,*
cosmetic," and petrochemical industries.'> Notably, pyrazole
derivatives are considered privileged scaffolds in drug discovery
programs and medicinal chemistry due to their extensive range
of pharmacological properties, such as antibacterial, anti-
fungal, antioxidant, neuroprotective, anti-inflammatory, anti-
mycobacterial, antimalarial, anticonvulsant, and antiviral
activities, among others.”®'® Several FDA-approved tyrosine
kinase inhibitors (TKIs) incorporate a pyrazole scaffold,
emphasizing its pivotal role in the development of effective
cancer therapies. Examples include Crizotinib and Pralsetinib,
both used for the treatment of non-small cell lung cancer
(NSCLC),*?** Avapritinib, indicated for the management of
multidrug-resistant gastrointestinal tumors,* and Asciminib
and Rebastinib, which are employed in the treatment of chronic
myeloid leukemia (Fig. 1).>>** Moreover, pyrazole derivatives
have demonstrated multiple mechanisms of anticancer action
by interacting with diverse targets such as tubulin,*** epidermal
growth factor receptor (EGFR),*® cyclin-dependent kinase
(CDK),* DNA,*” topoisomerase,*® and human carbonic anhy-
drase (hCA) IX.*

The extensive applications of pyrazole derivatives have driven
the synthetic community to develop time-efficient and eco-
friendly methodologies.**** Among these, microwave-, ultra-
sound-, and mechanochemical-assisted synthesis have emerged
as highly effective approaches for facilitating multiple bond
formations under solvent-free conditions. These
methodologies not only reduce reaction times and temperatures
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Fig. 1 FDA-approved pyrazole-based drugs for cancer treatment.
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Fig.2 Bibliometric graph illustrating the percentage of articles related
to microwave-, ultrasound-, and mechanochemical-assisted synthesis
of pyrazole derivatives with anticancer activity from 2014 to 2024 [data
were collected from a Scopus search using the keywords: “"pyrazole
derivatives”, "anticancer activity”, "microwave’, “ultrasound”, and
“mechanochemical’].

but also achieve higher yields compared to conventional heating
methods.*?* Such advancements constitute a significant
contribution to the progress of sustainable chemistry, aligning
closely with the fundamental principles of green chemistry.

This review provides a comprehensive analysis of articles
published from 2014 to 2024, focusing on the synthesis of
pyrazole derivatives with anticancer activity using microwave,
ultrasound, and mechanochemical techniques (Fig. 2). Notably,
microwave irradiation was employed in 68% of the reviewed
articles, employing both ovens and reactors, while 22% of
studies relied on ultrasound irradiation, including baths and
reactors, and 10% adopted mechanochemical approaches,
primarily involving grinding with a mortar and pestle. Accord-
ingly, the review is structured into three sections: the first
explores the microwave-assisted synthesis of pyrazole deriva-
tives, followed by sections examining ultrasound- and
mechanochemical-assisted methods, each evaluating their
respective anticancer efficacy.

2. Microwave-assisted synthesis of
pyrazole derivatives

Microwave chemistry has transformed organic synthesis by
introducing more sustainable protocols that overcome the
limitations of conventional heating methods. Microwave-
assisted organic synthesis (MAOS) enables the use of environ-
mentally friendly solvents or even solvent-free conditions.*
Selective dielectric heating drastically reduces reaction times
and energy consumption, resulting in enhanced electivity and
higher yields compared to traditional reflux-based
processes.***> Despite its advantages, MAOS has certain limi-
tations, including (i) uneven heating, which may lead to local-
ized overheating, side reactions, or thermal degradation, (ii) the
requirement for specialized and costly reactors, which limits
accessibility and presents challenges for industrial scalability,
and (ili) poor microwave absorption in certain solvents,
reducing heating efficiency and restricting its broader
applicability.

RSC Adv, 2025, 15, 7018-7038 | 7019
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Scheme 1 Synthesis and anticancer evaluation of quinolin-2(1H)-
one-based pyrazole derivatives 3 and 5.

In this context, Sankaran et al reported the microwave-
assisted synthesis of quinolin-2(1H)-one-based pyrazole deriv-
atives 3 in 68-86% yields via a reaction between quinolin-2(1H)-
one-based «,B-unsaturated ketones 1 and arylhydrazines 2 in
acetic acid using a microwave reactor set at 360 W and 120 °C
for 7-10 min (Scheme 1).** Additionally, the protocol was
extended to hydrazine hydrate 4 using ethanol under identical
experimental conditions, affording quinolin-2(1H)-one-based
pyrazoles 5 with yields ranging from 71% to 75%. This proce-
dure is notable for its short reaction times, high yields, minimal
solvent use, and broad substrate scope. Additionally, select
compounds 3 and 5 were evaluated for anticancer activity
against cervical (HeLa) and colon (HCT-116 and HCT-8) cancer
cell lines wusing the  3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay, with Adriamycin as
the reference drug. Notably, compound 3i (R = C¢Hs, R' = H, R*
= 4-MeO, R® = H) exhibited the highest potency against HeLa
cells, with an ICs, value of 2.4 £+ 0.14 uM, making it 2.6-fold
more potent than Adriamycin (ICso = 6.3 & 0.22 uM). Similarly,
compound 3i demonstrated 4.0-fold greater potency against
HCT-116 cells (IC50 = 2.2 + 0.12 uM) and 1.3-fold greater
potency against HCT-8 cells (IC5, = 5.6 £ 0.16 uM) compared to
Adriamycin (ICs5o = 8.7 £ 0.20 pM and 7.2 + 0.32 pM,
respectively).

Ashok et al. reported the efficient synthesis of pyrazolyl-
substituted benzochroman-4-ones 8 and 10 in good yields
through the reaction of pyrazole 4-carbaldehydes 6 with ace-
tylnaphthols 7 and 9, respectively, in the presence of pyrrolidine
and ethanol (Scheme 2).** The process was optimized using
a microwave reactor set at 180 W for 5-7 min. Under reflux
conditions, the same reaction resulted in lower yields (59-71%)
and significantly longer reaction times (10-12 h). Moreover,
compounds 8 and 10 were evaluated for their anticancer activity
against breast (MCF-7), colon (Colo-205), and lung (A549)
cancer cell lines using the MTT assay, with Adriamycin as the
reference drug. Among them, compound 10b (R = Me, GI5, < 0.1
uM) exhibited potency comparable to Adriamycin (G5, = 0.13
uM) against MCF-7 cells. However, against Colo-205 and A549
cells, compound 10b displayed GI5, values of 2.7 pM and 2.9
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Scheme 2 Synthesis and anticancer evaluation of pyrazolyl-
substituted benzochroman-4-ones 8 and 10.

uM, respectively, indicating lower potency than Adriamycin
(GIs0 < 0.1 uM in both cell lines).

Desai et al. reported the Claisen-Schmidt condensation of 1-
(1,3,4-oxadiazol-3(2H)-yl)ethan-1-one 11 with various aromatic
aldehydes 12 in the presence of ethanolic potassium hydroxide
using a microwave reactor at 400 W for 5-8 min, resulting in the
formation of pyrazole-containing 1,3,4-oxadiazoles 13 in good
yields (Scheme 3).* Conducting the same reaction under reflux
conditions led to lower yields (59-66%) and longer reaction
times (6-9 h). The mouse embryonic fibroblast cell line (NIH
3T3) and the cervical cancer cell line (HeLa) were used to assess
the anticancer activity of compounds 13a-n. However, data for
the reference drug were not available. Among them, compounds
13a (R = H) and 13d (R = 3-Me) exhibited the highest potency
against HeLa cells, with IC5, values of 58.47 uM and 56.60 uM,
respectively, while displaying significantly lower potency
against NIH 3T3 cells (ICs, > 100 uM).

The multicomponent reaction (MCR) strategy has proven
highly effective in the pharmaceutical industry due to its high
bond-forming efficiency and streamlined processes, enabling
the rapid assembly of complex molecular architectures.*®*” For
example, Gomha et al. described a three-component reaction of
4-acetylpyrazole 14, dimethylformamide dimethylacetal 15,
hydroximoyl chlorides 16, and triethylamine in toluene using
a microwave oven set at 150 °C and 500 W for 6 min, resulting in

O H
Me = F =
O N /N i A /N
SN\ R - N
0 _—
KOH, EtOH
Microwave reactor
400 W, 5-8 min
Ph 13a-n

(80-90%)
R =H, 3-Cl, 4-Cl, 3-Me, 4-Me, 3-F, 4-F, 3-MeO, 4-M¢O, 3-OH, 4-OH, 3-NO,, 4-NO,, 4-Br

Scheme 3 Synthesis and anticancer evaluation of pyrazole-contain-
ing 1,3,4-oxadiazoles 13.
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Scheme 4 Three-component synthesis and anticancer evaluation of
pyrazole-based azoles 17 and 20.

the formation of isoxazoles 17 in good yields (Scheme 4).*
Moreover, a multicomponent reaction involving 4-acetylpyr-
azole 14, thiosemicarbazide 18, arylcarbohydrazonoyl chlorides
19, and triethylamine in dioxane under similar microwave
conditions led to the formation of 1,3,4-thiadiazoles 20 in good
yields. Additionally, pyrazole-based azoles 17 and 20 were
evaluated for their anticancer activity against lung (A549) and
hepatocellular carcinoma (HepG2) cell lines using the MTT
assay, with Cisplatin as the reference drug. Among them,
compounds 17a (R = 4-NO,C¢H,, R' = 2-naphthyl) and 17b (R =
4-NO,C¢H,, R' = 2-furanyl) exhibited the highest potency
against the A549 cell line with IC5, values of 4.47 4+ 0.3 and 3.46
+ 0.6 ug mL ', making them 4.7- and 3.6-fold less potent than
Cisplatin (IC5, = 0.95 % 0.23 pug mL™"). Similarly, compounds
17b and 20b (R = 4-NO,C¢H,, R> = R* = C¢H;) demonstrated
superior potency against the HepG2 cell line with IC5, values of
4.67 + 0.9 and 5.67 £ 1.7 ug mL ™', making them 3.3- and 4.1-
fold less potent than Cisplatin (ICso = 1.4 & 0.37 pg mL™").

Arasakumar et al. reported the synthesis of 8-nitroquinoline
derivatives 22 with good yields via a microwave-assisted reac-
tion of arylhydrazines 2 with 3-arylidene-2,3-dihydro-8-nitro-4-
quinolones 21 in ethanol using a microwave reactor set at
80 °C and 110 W for 7-10 min (Table 1).** The anticancer activity
of compounds 22a-i was evaluated against breast (MCF-7) and
lung (A549) cell lines using the MTT assay, with Doxorubicin as
the reference drug. Among them, compound 22g (R = Cl, R' =
4-CIC¢H,, R*> = MeO) exhibited the highest potency against
MCF-7 cells with an ICs, value of 25.76 uM, making it 1.7-fold
less potent than Doxorubicin (IC5, = 15.12 pM). Similarly,
compound 22b (R = H, R’ = 4-FC¢H,, R> = H) showed the
strongest activity against A549 cells with an ICs, value of 23.21
puM, making it 1.2-fold less potent than Doxorubicin (ICs5, =
18.56 uM).

Subsequently, a molecular docking simulation was per-
formed to analyze the interactions between compound 22g and
the tyrosine kinase domain of the epidermal growth factor
receptor (EGFR) (PDB ID: 1M17) (Fig. 3).*° The docking analysis
revealed that the NH group in the tetrahydroquinoline ring
forms a hydrogen bond with the ASN818 residue.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table1l Synthesis and anticancer evaluation of pyrazole derivatives 22

RZ
o I\II—N
R\Qﬁ‘j/\al NHNH, Conditions® R\Q(Y\ R!
+ —_—
N 2©/ N
No, H R No, 1
21 2 22a-i
ICso” (uM)
Compound R R R? Yield 22 MCF-7 A549
22a H CgHs H 87 53.38 59.78
22b H 4-FC¢H, H 90 45.98 23.21
22¢ H 4-BrCgH, H 89 34.72 29.57
22d H 4-CIC¢H, H 89 41.35  28.66
22e H 4-MeOCgH, H 91 31.31 40.17
22f H 4-MeCgH, H 87 72.80  45.79
22g Cl 4-CIC¢H, MeO 85 25.76 31.98
22h H 3,4-(Me0),CeH; H 83 58.54  46.36
22i H 3,4(Et0),C¢H; H 81 65.73  50.91
Doxorubicin — — — — 15.12 18.56

¢ Reaction conditions: arylhydrazines 2 and 3-arylidene-2,3-dihydro-8-
nitro-4-quinolones 21 in EtOH using a microwave reactor set at 80 °C
and 110 W for 7-10 min. ? The half-maximal inhibitory concentration
(ICso) of each compound was determined by treating cells for 72 h,
with untreated cells serving as controls. Cell viability was assessed
using the MTT assay.

Fig. 3 3D representation of the interactions between compound 22g
and the epidermal growth factor receptor (EGFR) tyrosine kinase
domain (PDB ID: 1M17). Reproduced with permission from ref. 49.
Copyright Elsevier Inc., 2024.

Motyan et al. reported an iodine-mediated oxidative cycliza-
tion of dihydrotestosterone (DHT) 23 with various arylhy-
drazines 2 in ethanol using a microwave reactor set at 100 °C for
2 min, resulting in the formation of DHT-derived pyrazoles 24
in 80-89% yields (Scheme 5).*° This protocol is notable for its
reduced reaction times and the elimination of the need to
isolate pyrazoline intermediates. The anticancer activity of the
synthesized compounds 24a-j was evaluated against prostate
(PC-3 and DU 145), breast (MCF-7 and MDA-MB-231), and
cervical (HeLa) cancer cell lines, as well as non-cancerous MRC-
5 fibroblasts, using the MTT assay. However, data for the

RSC Adv, 2025, 15, 7018-7038 | 7021
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Scheme 5 Synthesis and anticancer evaluation of DHT-derived pyr-
azoles 24.

reference drug were not available. The ICs, values of
compounds 24a-j were consistently lower in all cancer cell lines
compared to non-cancerous MRC-5 cells, suggesting a selective
cytotoxic effect against malignant cells. Among them,
compound 24e (R = H, R' = MeO) exhibited the highest potency
against PC-3 and DU 145 cells, with IC5, values of 4.2 £+ 1.1 uM
and 3.6 £ 1.2 uM, respectively. Similarly, compound 24e showed
the greatest potency against MCF-7 and MDA-MB-231 cells, with
IC5, values of 5.5 £+ 0.6 uM and 6.6 £ 0.9 puM, respectively, as
well as against HeLa cells with an IC5, value of 8.5 + 0.6 uM.

The effects of DHT-derived pyrazole 24e on apoptosis and
necrosis were evaluated in p53-deficient PC-3 cells, using
cisplatin as a ref. 50. Treatment with 24e significantly induced
apoptosis, as evidenced by a high percentage of annexin V-
positive cells (Q2 + Q3) at 33.96%, compared to less than 1%
in the untreated control (Fig. 4a). Under the same experimental
conditions, cisplatin also induced significant apoptosis. To
further confirm apoptosis in PC-3 cells, quantitative real-time
PCR revealed a significant increase in caspase 3 and Bax
mRNA levels (Fig. 4b and c, respectively), indicating activation
of the apoptotic pathway in both 24e and cisplatin-treated PC-3
cells compared to the untreated control.

The remarkable biological and photophysical properties of
functionalized pyrazolo[1,5-a]pyrimidines have generated
increasing interest in their synthesis.*** For instance, Fouda
et al. reported a pyridine-catalyzed synthesis of pyrazolo[1,5-a]
pyrimidines 29-31 in good yields via a cyclocondensation
reaction of 3,5-diaminopyrazoles 25 with hydrazonoyl dicya-
nides 26-28 in ethanol using a microwave oven set at 50%
power and 140 °C for 3-8 min (Scheme 6).°> The anticancer
activity of compounds 29-31 was evaluated against breast (MCF-
7), hepatocellular carcinoma (HepG2), and colon (HCT-116)
cancer cell lines using the MTT assay, with Doxorubicin as the
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Fig. 4 (a) Quantification of apoptotic cells and relative mRNA
expression levels of (b) caspase 3 and (c) Bax in PC-3 cells. Data are
expressed as mean + SD from three independent experiments. ****p <
0.0001 (Fisher's LSD test). This is an open-access article distributed
under the terms of the Creative Commons CC BY license from ref. 50.

7022 | RSC Adv, 2025, 15, 7018-7038

View Article Online

Review
H CN
No 2.
H N7 CN HN
BN s =N N
B TRECAY 2628 NS N Q
N, X 5=0
N — N= N b
NH EtOH. pyridine R’ NH
R Microwave oven NH, R
50% Power, 140 °C, 3-8 min
25 29a,b (R = F, CF3, R = n-But, 76-84%)

30a,b (R = F, CF, R' = 4.6-dimethylpyrimidin-2-yl, 78-92%)
31 (R = CF3, R! = thiazol-2-yl, 78%)

Scheme 6 Synthesis and anticancer evaluation of pyrazolo[1,5-a]
pyrimidines 29-31.

reference drug. Among them, compound 31 (R = CF;, R' =
thiazol-2-yl) exhibited the greatest potency against MCF-7 cells
with an ICs, value of 4.2 + 0.2 pg mL ™", which was 3.5-fold lower
in potency compared to Doxorubicin (IC5o = 1.2 + 0.2 pg mL™ ).
Additionally, compound 30b (R = CF;, R' = 46-
dimethylpyrimidin-2-yl) demonstrated the highest potency
against HepG2 and HCT-116 cells, with ICs, values of 3.9 + 0.4
pug mL ™" and 2.7 4+ 0.6 ug mL ™', respectively. However, it was
4.3- and 1.7-fold less potent than Doxorubicin (IC5o = 0.9 & 0.3
pg mL~" and 1.6 + 0.2 ug mL ™", respectively).

Shekarrao et al. reported an efficient palladium-catalyzed
solvent-free synthesis of pyrazolo[1,5-a]pyrimidines 34 in good
yields via the reaction of f-bromovinyl/aryl aldehydes 32 with 5-
aminopyrazoles 33 using a microwave reactor set at 700 W and
120 °C for 15 min (Scheme 7).”* The compounds 34a-k were
evaluated for their anticancer activity against cervical (HeLa)
and prostate (DU-145) cell lines using the MTT assay, with
Doxorubicin as the reference drug. Among them, compound
34d exhibited the highest potency against HeLa and DU-145 cell
lines, with ICs, values of 10.41 + 0.217 uM and 10.77 + 0.124
uM, respectively. However, it was 1.1- and 1.2-fold less potent
than Doxorubicin, which exhibited ICs, values of 9.76 + 0.114
uM and 9.00 £ 0.721 pM, respectively.

Aydin et al. reported the microwave-assisted synthesis of 1-
aroyl-3,5-dimethyl-1H-pyrazoles 37 in 82-98% yields through
a cyclocondensation reaction of carbohydrazide derivatives 35
with 2,4-pentanedione 36 in ethanol using a microwave oven set
at 270 W for 3-5 min (Table 2).>* The National Cancer Institute
(NCI) evaluated the anticancer activity of compounds 37¢, 37d,
and 37f across a panel of 60 human cancer cell lines using the
Sulforhodamine B (SRB) assay at a concentration of 10 uM.
However, data for the reference drug were not available. Inter-
estingly, compound 37c exhibited the highest growth inhibition
percentage, achieving 69.95% against the K-562 leukemia cell
line. Additionally, it demonstrated an ICs, value of 4.0 uM
against the K-562 cell line, as determined by the MTT assay. Its

R R;
R! Pd(OAc), (2.5 mol%)
’:E >_S\ Pth (5 mol%), K,CO4
N
NH, Mlcrowave reactor
cHo i 700 W, 120 °C, 15 min )Y /@)\)

3ak
(69-80%) !

32 33
R = H, Me, 4-MeOCgH,, R = H, CN

Scheme 7 Synthesis and anticancer evaluation of pyrazolo[l,5-a]
pyrimidines 34.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Synthesis and anticancer evaluation of 1-aroyl-3,5-dimethyl-
1H-pyrazoles 37

(6] R!
9 o 0 Conditions U
R7ON
R)LH N Me)J\/U\RI I‘\I\\
Me
35 36 37a-f
Compound R R' Yield 37
37a P Me 98
Z
N
?5 Me
37b F Me 97
OH
O
37¢ F Me 86
F
;‘é\©\ o
37d N Me 82
H
HN)\/\SMe
37e Me 82
0% \[J
37f M" Me 08
MeO

“ Reaction conditions: carbohydrazide derivatives 35 and 2,4-
pentanedione 36 in ethanol using a microwave oven set at 270 W for
3-5 min.

apoptotic effects were further analyzed at concentrations of 1,
10, and 1000 uM over 24 h and 48 h, using TUNEL and
Annexin V analyses. Notably, the addition of 37c to K-562 cells
induced apoptosis most effectively at a concentration of 10 uM,
resulting in apoptosis rates of 12.0% and 22.5% after 24 h and
48 h, respectively.

Thalassitis et al. reported the one-pot synthesis of (2-pyr-
azolin-5-yl)methyl-9H-purines 40 in acceptable yields via a 1,3-
dipolar cycloaddition reaction between 9-allyl-6-chloro-9H-
purine 38 and nitrile imines, generated in situ from the corre-
sponding hydrazones 39 in the presence of N-bromosuccini-
mide and triethylamine, using a microwave reactor set at 80 °C
for 80 min (Scheme 8).°* Interestingly, (pyrazol-5-yl)methyl-9H-
purine 41 was obtained in 3% yield through the in situ oxidation
of 40b under microwave conditions. The National Cancer
Institute (NCI) evaluated the anticancer activity of compounds
40 and 41 across a panel of 60 human cancer cell lines using the
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Scheme 8 Synthesis and anticancer evaluation of 9-substituted
purines 40 and 41.

SRB assay. However, data for the reference drug were not
available. Notably, (pyrazol-5-yl)methyl-9H-purine 41 demon-
strated the highest potency with GIs, values of 25.8, 36.1, and
36.8 uM against prostate (PC-3), renal (SN12C), and non-small
cell lung (A549) cancer cell lines, respectively.

Reddy et al. reported an oxidative coupling reaction between
various (hetero)aromatic aldehydes 12 and 4-amino-1-methyl-3-
propyl-1H-pyrazole-5-carboxamide 42 using K,S,0g as the
oxidizing agent in a DMSO: H,O (1:1) mixture. The reaction
was conducted in a microwave reactor set at 100 °C and 350 W
for 3 min, resulting in the synthesis of 5-substituted-1H-pyr-
azolo[4,3-d|pyrimidin-7(6H)-ones 43 with yields ranging from
80% to 98% (Scheme 9).>® The anticancer activity of compounds
43a-t was evaluated against cervical (HeLa), renal (CAKI-I),
prostate (PC-3), pancreatic (MiaPaCa-2), and lung (A549)
cancer cell lines using the MTT assay. However, data for the
reference drug were not available. Among them, compound
43m (R = 3,5-(Me0),CsH3) exhibited the highest potency with
ICs values of 19 uM in HeLa cells, 17 uM in CAKI-I cells, 37 uM
in PC-3 cells, 24 uM in MiaPaCa-2 cells, and 14 uM in A549 cells.
Moreover, compound 43m exhibited anticancer activity through
an apoptotic mechanism and demonstrated mTOR inhibition
with an ICs, value of 203 nM.

A molecular docking simulation was performed to analyze
the interactions between compound 43m and the active site of
mTOR (PDB ID: 4JT5) (Fig. 5).°® The results revealed that the
oxygen atom of the C=O group in compound 43m forms
a hydrogen bond with the Val2240 residue, while the hydro-
phobic environment provided by Leu2185, Trp2239, Met2345,

K,S,04
DMSO/H ,0 (1:1)
Microwave reactor

350 W, 100°C, 3 min
Me

43a-t
(80-98%)

R = 2-EtOCgH,, 4-MeOCgH,, CgHsCH=CH, 3-Br-4-MeOCgHj, 3-NO,CgH,, 3-Br-4-FCgHs, 5-
NO,-furan-2-yl, 4-HOCHj, 4-CICgH,, 2,4,5-(MeO);CgH,, 3-NO,-4-MeOCgHs, 3-F-4-MeOCHi,
3,5-(Me0) ,CgHs, 3-CICgH,, 2-FCH,, 3-FCgH,, 3-NO,-4-OHC gHs, 3,4-(Me0),CeHs, 3-pyridinyl,
3,4-(OCH,0)CeH;

Scheme 9 Synthesis and anticancer evaluation of 5-substituted-1H-
pyrazolo[4,3-d]pyrimidin-7(6H)-ones 43.
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Fig. 5 2D representation of the interactions of compound 43m with
active site of mTOR (PDB ID: 4JT5). Reproduced with permission from
ref. 56. Copyright Elsevier Inc., 2024.

and Ile2356 residues further enhances the stability of 43m
within the binding pocket.

Alnaja et al. reported the efficient synthesis of pyrazolo[1,5-a]
pyrimidines 45 in 75-94% yields via a cyclocondensation reac-
tion between 3,5-diaminopyrazoles 25 and pB-enaminone 44 in
acetic acid using a microwave reactor set at 110 °C and 800 W
for 20-30 min (Scheme 10).”” The anticancer activity of
compounds 45a-g was evaluated against colon (HCT-116),
breast (MCF-7), and hepatocellular carcinoma (HepG2) cell
lines using the MTT assay, with Doxorubicin as the reference
drug. Among them, compound 45b (R = 3-CIC¢H,) exhibited the
highest potency with ICs, values of 0.053 uM in HCT-116 cells,
0.126 pM in MCF-7 cells, and 0.039 uM in HepG2 cells, corre-
sponding to 2.2-; 126.0-, and 19.5-fold lower potency, respec-
tively, compared to Doxorubicin (IC5, = 0.024 puM, 0.001 pM,
and 0.002 pM, respectively). The inhibitory activity of
compound 45b against CDK2/cyclin A3 was evaluated and
compared to Lapatinib as the reference drug. Interestingly,
Lapatinib (IC5, = 0.122 pM) exhibited 1.4-fold greater inhibitory
activity than compound 45b (IC5, = 0.178 uM).

A molecular docking simulation was performed to analyze
the interactions between compound 45b and the crystal struc-
ture of inhibitor B within the CDK2/A3 complex (PDB ID: 1HOV).
The results revealed that the amino group of the pyrazolo[1,5-a]
pyrimidine ring acted as a hydrogen bond donor to the
carboxylic group of Asp86, while the nitrogen atom in the

R FN N=N'R
(0] =\ J
P NG NSN AcOH N>\~1
NMe, + >/_§\ —_— N™ °N
N, NH, Microwave reactor |
N 2 X
F H 800W, 110 °C
20-30 min
44 25 45a-g

(75-94%)
R =CgHs, 2-CICgH,, 3-CICgH,, 4-CICgH,, 2-NO,CgH,, 3-MeCgH,, 4-MeOC H,,

Scheme 10 Synthesis and anticancer evaluation of pyrazolo[1,5-al
pyrimidines 45.
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Scheme 11 Synthesis and anticancer evaluation of ferrocene-pyr-
azole hybrids 47.

diazenyl moiety formed a strong hydrogen bond with the amino
group of Lys89. Furthermore, the stability of compound 45b
within the binding pocket was enhanced by hydrophobic
interactions, including two arene-H interactions between the
pyrazolo[1,5-a]pyrimidine ring and the Ile10 and Vali8
residues.”

Filho et al. reported the synthesis of ferrocene-pyrazole
hybrids 47 in 58-75% yields via a cyclocondensation reaction
between phenylhydrazine 2 and chalcones 46 in a mixture of
acetic acid and water, using a microwave reactor set at 100 °C
and 150 W for 5-30 min (Scheme 11).”® The synthesized
compounds 47a-c were evaluated for anticancer activity against
colon (HCT-116), prostate (PC-3), promyelocytic leukemia
(HL60), and astrocytoma (SNB19) cancer cell lines using the
MTT assay. However, data for the reference drug were not
available. Notably, the ferrocene-pyrazole hybrid 47c (R = NH,)
exhibited the highest anticancer activity with ICs, values of 3.12
uM in HCT-116 cells, 124.40 uM in PC-3 cells, 6.81 uM in HL60
cells, and 60.44 uM in SNB19 cells.

Molecular docking studies were performed to evaluate the
interactions of compound 47c with the tyrosine kinase domain
of the epidermal growth factor receptor (EGFR) (PDB ID: 1M17)
and the active site of the human IDH1 mutant (PDB ID: 5LGE)
(Fig. 6a and b, respectively). The binding energies of compound
47c with EGFR and IDH1 were determined to be —8.3 and
—7.4 keal mol ™", respectively. Notably, the ferrocene moiety
exhibited effective interactions within both the hydrophobic
and hydrophilic cavities of these molecular targets.

Parikh et al. reported the one-pot multicomponent synthesis
of pyrano[2,3-c]pyrazoles 50 under solvent-free conditions
(Scheme 12).°° Initially, a mixture of aryl hydrazine 2, B-

Fig. 6 3D representation of the interactions of compound 47c with (a)
the tyrosine kinase domain of the epidermal growth factor receptor
(EGFR) (PDB ID: 1M17) and (b) the active site of the human IDH1 mutant
(PDB ID: 5LGE). Reproduced with permission from ref. 58. Copyright
Elsevier Inc., 2024.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 12 Synthesis and anticancer evaluation of pyranol2,3-clpyr-
azoles 50.

ketoesters 49, and zinc triflate (10 mol%) was heated in
a microwave reactor at 80 °C for 10 min. After cooling the
reaction mixture to room temperature, aromatic aldehyde 12
and malononitrile 48 were added, and the mixture was further
heated under microwave irradiation at 120 °C for 15 min.
Recrystallization of the crude product in ethanol afforded pyr-
ano[2,3-c|pyrazoles 50 in 92-99% yields. The synthesized
compounds 50a-j were evaluated for their anticancer activity
against renal (786-0), epidermal (A431), breast (MCF-7), and
glioblastoma (U-251) cancer cell lines using the MTT assay, with
Doxorubicin as the reference drug. Among them, compound
50h (R = 3-NO,CgH,, R' = 4-MeOCgH,, R* = Me) exhibited the
highest potency against the 786-0 and MCF-7 cell lines, with
ICs, values of 9.9 + 1.33 pg mL ™" and 31.87 & 8.22 pg mL™ ",
respectively. However, it was 10.0- and 15.2-fold less potent
compared to Doxorubicin, which displayed ICs, values of 0.99 +

Table 3 Synthesis and anticancer evaluation of 1,3-diarylpyrazolones 51
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0.17 pg mL " and 2.1 & 0.79 pg mL™ ", respectively. Moreover,
compound 50j (R = 3-NO,CgH,, R" = 5-Br-2-OHCg¢H3, R”> = Me)
exhibited the highest potency against the A-431 and U-251 cell
lines, with IC;, values of 19.98 + 6.01 ug mL ™" and 25.78 + 8.47
pg mL ™", respectively. However, it was 12.5- and 13.6-fold less
potent compared to Doxorubicin, which displayed ICs, values of
1.6 & 0.82 ug mL ™" and 1.9 + 0.68 pg mL ™", respectively.
Dahal et al. reported the synthesis of 1,3-diarylpyrazolones
51 in 66-93% yields through a cyclocondensation reaction
between arylhydrazine hydrochlorides 2 and B-ketoesters 49 in
a 1:1 mixture of water and glycerol, using a microwave reactor
set at 100 °C and 300 W for 20 min (Table 3).°® The anticancer
activity of the synthesized compounds was evaluated against
two human lung adenocarcinoma cell lines (A549 and NCI-
H522) using the MTT assay, with Afatinib and Gefitinib as
reference drugs. Interestingly, compound 51d (R = C¢Hs, R' =
H, R* = 4-CIC¢H,) exhibited an ICs, value of 1.98 & 1.10 pM
against A549 cells, showing 4.3- and 7.2-fold greater potency
compared to the clinically approved drugs Afatinib (IC5, = 8.46
+ 2.03 uM) and Gefitinib (IC5, = 14.27 + 4.20 pM), respectively.
Conversely, compound 51m (R = R> = 4-BrC¢H,, R' = H) dis-
played an ICs, value of 2.41 £ 0.57 pM against NCI-H522 cells,
demonstrating 2.2- and 5.8-fold higher potency compared to
Afatinib (ICso = 5.34 £ 0.94 uM) and Gefitinib (IC5, = 13.86 +
2.99 uM), respectively. In addition, the effect of compound 51j
(R = 4-CF;CcH,, R' = H, R* = C¢H;) on cell cycle progression in

R2
H 0 o Conditions® N ’I\j
RZ'N‘NH2~HC1 + RMOEt e R/H\e':O
R! R!
2 49 51a-p
Icsob (nM)
Compound R R! R? A549 NCI-H522
51a Pr H CeHs >100 >100
51b CeH; H CeH; 10.35 % 1.55 17.01 £ 2.61
51c CeHs H 4-BrCgH, 2.61 + 1.12 4.93 +1.13
51d CeH; H 4-CICeH,4 1.98 £ 1.10 4.50 £+ 1.16
51e 4-NO,CgH, H CeHs 39.56 + 1.05 40.5 + 2.30
51f 4-BrCe¢H, H CeH; 6.35 £ 0.85 4.70 + 1.38
51g 4-FC¢H, H CeHs 9.51 % 3.12 17.88 £ 3.36
51h 4-MeOCgH, H CeH; 42.25 +2.76 51.25 + 3.06
51i 2-MeOCgH, H CeHs >100 >100
51j 4-CF3C¢H, H CeH; 5.98 £ 0.84 4.88 + 1.73
51k 2,3,4,5-(F),CeH H CeHs 8.60 + 0.59 9.9 +2.44
511 4-FC¢H, H 4-BrC¢H, 2.67 £ 0.51 3.70 £ 0.34
51m 4-BrCg¢H, H 4-BrC¢H, 2.73 + 0.28 2.41 + 0.57
51n 2-FC¢H, H 4-BrC¢H, 3.58 £ 0.88 10.22 £ 1.30
510 4-BrCe¢H, H 4-CF;CeH, 3.37 £ 0.10 2.95 +0.18
51p 4-BrCe¢H, H 3,5-(Cl),CeHs 5.56 & 0.07 5.07 £ 1.18
Afatinib — — — 8.46 £ 2.03 5.34 & 0.94
Gefitinib — — — 14.27 + 4.20 13.86 & 2.99

“ Reaction conditions: arylhydrazine hydrochlorides 2 and B-ketoesters 49 in a 1: 1 mixture of water and glycerol using a microwave reactor set at
100 °C and 300 W for 20 min. ” The half-maximal inhibitory concentration (IC5,) of each compound was determined by treating cells for 48 h with
different doses ranging from 0 to 40 uM. Untreated cells served as controls, and cell viability was assessed using the MTT assay.
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NCI-H522 cells was analyzed using flow cytometry. Treatment of
NCI-H522 cells with compound 51j at a concentration of 5 uM
for 48 h resulted in a significant increase in the G,/G; phase
(72.73 £ 3.01%), while the S phase (11.23 £ 2.52%) and G,/M
phase (11.4 £ 1.10%) decreased accordingly.

The same research group evaluated the anticancer activity of
1,3-diarylpyrazolones 51a-p against cutaneous melanoma (A375
and SKMEL-28) and non-melanoma skin cancer (A431 and SCC-
12) cell lines using the MTT assay, with Celecoxib and Cisplatin
as positive controls.®* Among them, compound 51¢ (R = C¢Hs,
R' = H, R* = 4-BrC¢H,) exhibited the highest potency against
A375 and SKMEL-28 cells, with IC5, values of 14.3 + 0.9 uM and
7.6 £ 0.6 uM, respectively. Compared to Celecoxib (ICs5, = 26.8
£ 2.7 uM and 11.4 + 2.4 pM, respectively), compound 51c¢ was
1.9- and 1.5-fold more potent. However, in comparison to
Cisplatin (ICs5o = 1.49 + 0.44 uM and 14.2 + 0.24 pM, respec-
tively), it was 9.6-fold less potent in A375 cells but 1.9-fold more
potent in SKMEL-28 cells. Similarly, compound 51c¢ exhibited
the highest potency against A431 and SCC-12 cells, with ICs,
values of 3.7 &+ 0.5 uM and 12.2 £ 0.6 pM, respectively.
Compared to Celecoxib (ICso = 7.4 £ 0.6 uM and 44.1 & 1.1 pM,
respectively), compound 51c¢ was 2.0- and 3.6-fold more potent.
However, in comparison to Cisplatin (ICso = 7.7 £ 0.3 uM and
4.4 £+ 0.2 pM, respectively), it was 2.1-fold more potent in A431
cells but 2.8-fold less potent in SCC-12 cells. Treatment of A431
and SK-MEL-28 cells with compound 51c induced
a pronounced, concentration-dependent induction of
apoptosis, as evidenced by a significant increase in the levels of
activated caspase-3, caspase-9, and cleaved PARP compared to
untreated controls (Fig. 7).** These findings suggest that
compound 51c¢ induces apoptosis in A431 and SKMEL-28 cells
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Fig.7 Concentration-dependent effects (0, $ICso, ICs0, and 11Cs) of
compound 51c on the expression levels of apoptotic markers (cas-
pase-3, caspase-9, Bax, Bcl2, and cleaved PARP) in SK-Mel-28 and
A431 cancer cells after 48 h of treatment. B-actin was used as the
loading control. Statistical significance was determined using Bon-
ferroni's tests, with *p < 0.05 and **p < 0.01 considered significant.
This is an open-access article distributed under the terms of the
Creative Commons CC BY license from ref. 61.
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Scheme 13 Synthesis and anticancer evaluation of D-ring-fused
steroidal 5-amino-1-arylpyrazoles 53.

via the intrinsic mitochondrial apoptotic pathways, involving
PARP activation.

Motyan et al. described the nucleophilic addition of the
amine group from various arylhydrazines 2 to the carbonyl
group of dehydroepiandrosterone derivatives 52 using a micro-
wave reactor set at 120 °C for 10-20 min, resulting in the
formation of D-ring-fused steroidal 5-amino-1-arylpyrazoles 53
with yields ranging from 80% to 94% (Scheme 13).®* The anti-
cancer activity of the synthesized compounds 53a-h was eval-
uated against breast (MCF-7), prostate (PC-3), lung (A549),
cervical (HeLa), and osteosarcoma (U20s) cell lines using the
MTT assay, with Cisplatin as the positive control. Among them,
compound 53g (R = 4-CNC¢H,) exhibited the highest potency
with IC5, values of 6.2 £+ 1.0 uM in MCF-7 cells, 4.9 4+ 1.1 uM in
PC-3 cells, 7.9 + 1.0 uM in A549 cells, and 4.0 + 1.0 uM in HeLa
cells, corresponding to approximately 54-, 184-, 47-, and 64-fold
greater potency, respectively, compared to Cisplatin (IC5, =
338.5 & 1.1 uM, 902 = 1.6 uM, 369.8 = 1.2 pM, and 254.5 & 1.2
uM, respectively).

Ashok et al. reported a condensation reaction between 1-
phenyl-1H-pyrazole-4-carbaldehydes 54 and o-phenylene
diamine 55 in DMF using a microwave reactor set at 100 °C and
300 W for 7-9 min, resulting in the formation of pyrazole-based
benzo[d]imidazoles 56 with yields ranging from 77% to 89%
(Table 4).** The synthesized compounds 56a-g were evaluated
for their anticancer activity against brain (C6) and breast (MCF-
7) cancer cell lines using the MTT assay, with Cisplatin as
a positive control. Among them, compound 56b (R = MeO)
exhibited ICs, values of 0.102 uM and 0.110 uM against C6 and
MCF-7 cells, respectively, demonstrating 1.2- and 5.4-fold
higher potency compared to Cisplatin (ICso = 0.122 uM and
0.596 uM, respectively).

Liao et al. reported the synthesis of 3,5-bis(styryl)pyrazoles 58
in acceptable yields through a cyclocondensation reaction of
various curcuminoids 57 with hydrazine hydrate 4 in a 1:1
mixture of N,N-dimethylformamide and acetic acid, using
a microwave reactor set at 80 °C for 5 min (Scheme 14).** The
synthesized compounds 58a-1 were evaluated for their anti-
proliferative activity against the prostate cancer cell line (PC-3)
using the MTT assay, with Methotrexate as the reference drug.
Among them, compounds 58a (R =R’ =R* =H,R' = MeO,R* =
OH) and 581 (R = R* = Cl, R' = R*> = R® = H) exhibited the
highest potency against PC-3 cells with GIs, values of 0.85 £
0.34 uM and 2.21 + 0.33 pM, respectively. However, compounds
58a and 58l exhibited significantly lower potency than Metho-
trexate (GIso = 0.012 + 0.008 uM), being 71- and 184-fold less
potent, respectively. Cell cycle analysis of PC-3 cells treated with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table4 Synthesis and anticancer evaluation of pyrazole-based benzo
[dlimidazoles 56

R R
NS AME N MeN/@
Y - @NHZ Conditions® KIQNH
N Nt N )
N 54 55 N seag
Ph Ph
b
ICso” (LM)
Compound R Yield Cé6 MCF-7
56a H 83 0.564 0.253
56b MeO 84 0.102 0.110
56¢ F 81 0.243 0.144
56d Cl 89 3.220 0.185
56e Br 87 0.219 0.450
56f Me 85 0.120 0.303
56g NO, 77 0.560 0.452
Cisplatin — — 0.122 0.596

¢ Reaction conditions: 1-phenyl-1H-pyrazole-4-carbaldehydes 54 and o-
phenylene diamine 55 in DMF using a microwave reactor set at 100 °
C and 300 W for 7-9 min. ”The half-maximal inhibitory
concentration (ICso) of each compound was determined by treating
cells for 24 h with different doses (0.5, 0.25, 0.125, 0.0625, 0.0312, and
0.0156 mg mL ™). Untreated cells served as controls, and cell viability
was assessed using the MTT assay.

i 1 1 NH,NH,H,0 4
1 )
R O X Z O R ACOH/DMF (1:1)
- 5
Microwave reactor
2 4 4 2
YR BT R s0ec 5 min f
R 57 R R 58a-1

(18-57%)
R =H, MeO, Cl; R' =H, MeO, EtO, OH; R? =H, MeO, EtO, OH, Me; R* =H, OH; R*=H, Cl

Scheme 14 Synthesis and anticancer evaluation of 3,5-bis(styryl)pyr-
azoles 58.

bis(styryl)pyrazoles 58a and 58l for 72 h revealed a significant
increase in the percentage of cells arrested in the G,/M phase,
reaching 89.6% and 89.3%, respectively. This G,/M arrest
inhibited cell division, leading to a reduced cell population in
the Go/G; phase (8.0% and 4.4%) and the S phase (2.2% and
6.3%). Furthermore, compound 58a (K4 = 4.6 + 1.1 puM)
exhibited a 12-fold lower binding affinity for tubulin compared
to compound 581 (Kg = 0.4 £+ 0.1 uM).

Molecular docking analysis was conducted to examine the
interactions between compound 581 and the tubulin-
combretastatin A4 complex (PDB ID: 5LYJ). The binding
energy of 581 with tubulin was determined to be
—8.4 kecal mol™'. Remarkably, compound 581 forms two
hydrogen bonds within the paclitaxel binding site, interacting
with the peptide backbone of residues T273 and P271 at
distances of 2.2 A and 2.6 A, respectively (Fig. 8).*

Al-Wahaibi et al. reported a time-efficient microwave-
assisted synthesis of 3,5-diaminopyrazole derivatives 60 in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 3D representation of interactions between compound 58l and
the tubulin-combretastatin A4 complex (PDB ID: 5LYJ). This is an
open-access article distributed under the terms of the Creative
Commons CC BY license from ref. 64.

N EEANEN
H ON Ne A EtOH 0N Ne I VR
AN + 2 N7 ON 2 N
R” 'NH, Microwave reactor \u
1-5 min 2
2,1835 59 60a-f
(91-95%)

R = CgHs, 2,4-(NO,),C¢Hy, CSNH.,, CONH,, COCH,CN, COPh

Scheme 15 Synthesis and anticancer evaluation of 3,5-diaminopyr-
azole derivatives 60.

high yields through a cyclization reaction between arylhy-
drazines 2 and 2-((3-nitrophenyl)diazenyl)malononitrile 59 in
ethanol (Scheme 15).°° This method was successfully extended
to thiosemicarbazide 18 and carbohydrazide derivatives 35
under similar reaction conditions. The synthesized compounds
60a—f were evaluated for their anticancer activity against the
breast cancer cell lines MCF-7 and MDA-MB-231 using the MTT
assay, with Doxorubicin as the reference drug. Among them,
compound 60a (R = C¢H;) exhibited an IC5, value of 6.20 + 0.40
uM against MCF-7 cells, demonstrating 5.4-fold greater potency
than Doxorubicin (IC5, = 33.20 £ 3.50 pM). Although
compound 60c (R = CONH,) showed the highest activity against
MDA-MB-231 cells with an IC;, value of 14.50 + 1.10 uM, it was
4.5-fold less potent than Doxorubicin (ICso = 3.20 £ 0.10 uM).

Sanad et al. reported the synthesis of pyrazole-linked pyr-
imidinones 62 in 72-85% yields through the reaction of 3-aryl-
1H-pyrazol-5-amines 33 with thieno[2,3-b]pyridine-based
enamines 61 in dioxane, using a microwave reactor set at
100 °C and 300 W for 30-45 min (Table 5).°® The synthesized
compounds 62a-e were evaluated for their anticancer activity
against breast (MCF-7), colon (Caco2), and liver (HEPG2) cancer
cell lines using the MTT assay, with 5-fluorouracil (5-Fu) as the
reference drug. Among them, compound 62¢ (R = NO,)
exhibited IC;, values of 4.20 £ 0.33 uM in MCF-7 cells, 7.62 +
0.51 puM in Caco2 cells, and 3.65 + 0.29 in HEPG2 cells,

RSC Adv, 2025, 15, 7018-7038 | 7027
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Table 5 Synthesis and anticancer evaluation of pyrazole-linked pyr-
imidinones 62

R R
NMe;
N Z Conditions® N=\ g
+ OE onditions’ - l
H P N7 S0 P N7 O
33 61 62a-¢
ICso” (LM)
Compound R Yield MCF-7 Caco2 HEPG2
62a H 81 17.12 £1.38 23.93 £1.11 13.05 £ 0.72
62b Cl 77 11.35 £0.92 13.38 £ 0.74 6.59 £ 0.48
62¢ NO, 72 420 £0.33 7.62+0.51 3.65+£0.29
62d Me 83 33.45 +1.25 44.72 +£1.82 25.37 £ 0.97
62e MeO 85 35.61 £ 1.85 47.55+1.98 27.19 £ 1.15
5-FU — — 8.02 £0.77 12.20 +£1.14  6.12 £+ 0.52

“ Reaction conditions: 3-aryl-1H-pyrazol-5-amines 33 and thieno[2,3-b]
pyridine-based enamines 61 in dioxane usmg a microwave reactor set
at 100 °C and 300 W for 30-45 min. ? The half-maximal inhibitory
concentration (ICs,) of each compound was determined by treating
cells for 24 h with different doses (1, 2.5, 5, 10, 20, and 40 pg mL %)
Untreated cells served as controls, and cell viability was assessed
using the MTT assay.

demonstrating 1.9-, 1.6-, and 1.7-fold higher potency than 5-
fluorouracil, respectively.

Molecular docking analysis was performed to investigate the
interactions between compound 62c¢ and thymidylate synthase
(PDB ID: 6QXG) (Fig. 9). The binding energy of 62¢ with thy-
midylate synthase was determined to be —12.0 kcal mol .
Docking studies revealed hydrogen-bond interactions between
the nitrogen atom and carbonyl oxygen of the pyrimidinone
moiety with Arg215 and Tyr258, respectively. Additionally,
compound 62c formed hydrogen-bond interactions between the
nitrogen atom of the pyrazole ring and Asp218, as well as
between its nitro group and His196. Furthermore, a w-H
stacking interaction was observed between the pyridine ring

/Phe\
(1))

Fig. 9 2D representation of the interactions between compound 62c
and thymidylate synthase (PDB ID: 6QXG). Reproduced with permis-
sion from ref. 66. Copyright Elsevier Inc., 2024.
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Scheme 16 Synthesis and anticancer evaluation of pyrazolone
derivatives 64.

and Arg50, along with a w—cation stacking interaction involving
the pyrimidinone ring and Arg50.%¢

Anwer et al. reported a time-efficient synthesis of pyrazolone
derivatives 64 in high yields through a cyclization reaction
between arylhydrazines 2 and ethyl 2-cyano-2-{[4-
(phenyldiazenyl)phenyl]|diazenyl} acetate 63 in ethanol, using
a microwave reactor for 0.5-3 min (Scheme 16).*” This method
was successfully extended to hydrazine hydrate 4 and carbohy-
drazide derivatives 35 under similar reaction conditions. The
synthesized compounds 64a-d were evaluated for their anti-
cancer activity against liver (HEPG2), colon (HCT-116), breast
(MCF-7), and lung (A549) cancer cell lines using the MTT assay,
with Sorafenib and Erlotinib as reference drugs. Among them,
compound 64b (R = C¢H;) exhibited the highest activity with
IC5, values of 7.80 + 0.70 uM in HEPG2 cells, 8.12 + 0.90 uM in
HCT-116 cells, 6.98 £+ 1.10 uM in MCF-7 cells, and 6.50 + 1.50
uM in A549 cells. However, it was 2.0-, 1.6-, 1.2-, and 1.6-fold less
potent than Sorafenib, which exhibited ICs, values of 4.00 +
0.33 1M, 5.05 £ 0.50 pM, 5.58 % 0.55 pM, and 4.04 =+ 0.33 uM,
respectively. In contrast, compound 64b exhibited comparable
potency to Erlotinib (IC5, = 7.73 £+ 0.67 pM, 13.91 + 1.30 uM,
8.20 + 0.34 pM, and 5.49 + 0.45 pM, respectively) against
HEPG2 and A549 cells, while exhibiting 1.7- and 1.2-fold greater
potency against HCT-116 and MCF-7 cells, respectively. More-
over, compounds 64a-d were further evaluated for their dual
inhibitory effects on VEGFR-2 and EGFRT”°™. Among them,
compound 64b exhibited the strongest inhibition of VEGFR-2
with an IC;, value of 1.25 + 0.50 pM, demonstrating 1.5-fold
lower potency than Sorafenib (IC5, = 0.84 + 0.04 puM). Addi-
tionally, compounds 64b and 64¢ (R = 2,4-(NO,),C¢H3) exhibi-
ted the highest inhibitory effects on EGFRT’*®™ with ICs, values
of 0.40 £+ 0.35 uM and 0.35 £ 0.15 uM, respectively, showing 1.7-
and 1.4-fold lower potency compared to Erlotinib (IC5, = 0.24 +
0.22 pM).

3. Ultrasound-assisted synthesis of
pyrazole derivatives

Ultrasound-assisted organic synthesis (UAOS) has become
a crucial tool in sustainable chemistry, offering significant
advantages over traditional methods. Its effectiveness is
primarily attributed to the phenomenon of acoustic cavitation —
the formation, growth, and implosive collapse of bubbles
within a liquid medium - which generates localized high
temperatures and pressures.®®® These “hot spots” greatly
enhance chemical reactivity, facilitating a wide range of chem-

ical transformations. UAOS enables reactions to proceed with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 17 Synthesis and anticancer evaluation of pyrazole-based
1,8-naphthyridines 66.

greater efficiency, achieving higher yields, and faster reaction
rates at lower temperatures compared to conventional and
microwave heating methods, thereby establishing itself as
a cornerstone in the progress of sustainable chemistry.”®”*

In this context, Ahmed et al. reported a cyclocondensation
reaction of diketones 36 with 2-(2,7-dimethyl-1,8-naphthyridin-
4-yloxy) acetohydrazide 65 in ethanol, using an ultrasonic bath
for 10 min. This process resulted in the formation of pyrazole-
based 1,8-naphthyridines 66a and 66b in 98% and 97% yields,
respectively (Scheme 17).”> The synthesized compounds 66a,b
were evaluated for their anticancer activity against the liver
cancer cell line (HEPG2) using the MTT assay, with Doxorubicin
as the reference drug. Among them, compounds 66a (R = Me)
and 66b (R = Cg¢H;) exhibited the highest potency against
HEPG2 cells with IC;, values of 0.071 uM and 0.064 pM,
respectively. However, compounds 66a and 66b exhibited lower
potency than Doxorubicin (IC5, = 0.04 pM), making them 1.8-
and 1.6-fold less potent, respectively.

Suresh et al. reported a three-component synthesis of pyr-
azolo[1,5-a]pyrimidines 68 in 37-88% yields through the reac-
tion of 5-aminopyrazoles 33, aromatic aldehydes 12, and
terminal alkynes 67 in acetic acid, using an ultrasonic bath set
at 35 kHz and 60 °C for 30 min (Scheme 18).” To maintain
a stable bath temperature of 60 °C during prolonged ultrasound
irradiation, cold water was periodically added for temperature
control. Selected compounds 68 were evaluated for their anti-
cancer activity against breast cancer cell lines (MCF-7 and MDA-
MB-231) using the SRB assay, with Gemcitabine as the reference
drug. Inhibition percentages were recorded after 72 h of treat-
ment with selected compounds 68 at a concentration of 10 uM.
Among them, compound 68b (R = CO,Et, R" = R*> = 4-MeCg¢H,)
exhibited the highest inhibition percentage (25.12 + 2.43%)
against MCF-7 cells, being 2.0-fold more potent than Gemcita-
bine (49.56 + 6.71%). Similarly, compound 68e (R = CO,Et, R*
= CgHs, R = 4-(n-Pent)CgH,) showed the highest inhibition
percentage (62.16 + 6.89%) against MDA-MB-231 cells, being
1.6-fold more potent than Gemcitabine (100.01 + 1.13%).

R
4
0 AcOH N/\g\
A\ = )
rg*NHZ + IJL FR—="H Ultrasonic bath NN

N~ R" "H |
N 35kHz, 60 °C, 30 min RzJ\)\Ru

33 12 67 air 68a-1
(37-88%)

R = CO,Et; R! = Me, CgHs, 4-MeCgH,, 3-BrCgH,, 2-CIC¢H,, 4-OHCH,
R? = CgHs, 4-MeCgH,, 4-(n-Pent)CgH,

Scheme 18 Synthesis and anticancer evaluation of pyrazolo[1,5-al
pyrimidines 68.
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6 69 70

Scheme 19 Synthesis and anticancer evaluation of pyrazole-based
isoxazol-5(4H)-ones 71.

Bhatt et al. described an efficient synthesis of pyrazole-based
isoxazol-5(4H)-ones 71 in 82-96% yields through a three-
component reaction involving 4-formylpyrazoles 6, B-ketoester
69, hydroxylamine hydrochloride 70, and pyridine in a 1:1
ethanol-water mixture, using an ultrasonic bath set at 50 °C for
30-45 min (Scheme 19).”* The National Cancer Institute (NCI)
evaluated the anticancer activity of compounds 71a-i across
a panel of 60 human cancer cell lines using the SRB assay at
a concentration of 10 uM. However, data for the reference drug
were not available. Notably, compounds 71d (R = 4-BrC¢H,) and
71e (R = 4-MeC¢H,) exhibited the highest growth inhibition
percentages, with values of —73.60% and —98.00%, respec-
tively, against the LOX-IMVI melanoma cell line.

Nitulescu et al. reported the synthesis of pyrazole derivatives
73 in 67-77% yields through a one-pot reaction between 5-
aminopyrazoles 33 and benzoyl isothiocyanates 72, which were
generated in situ from benzoyl chlorides and ammonium thio-
cyanate in acetonitrile, using an ultrasonic bath for 15-30 min
(Scheme 20).”® The anticancer activity of compounds 73a-f was
evaluated against colon (HT-29) and acute monocytic leukemia
(THP-1) cell lines after 24 h of exposure at concentrations of
6.25, 12.5, 25, and 50 pug mL ™, using the MTT assay. However,
data for the reference drug were not available. THP-1 cells dis-
played greater sensitivity to the synthesized compounds than
HT-29 cells. Notably, compound 73e (R = Br, R' = Cl) exhibited
an ICs, value of 40.34 pg mL ™", while the other compounds
showed ICs, values ranging from 42.97 pg mL ™' to 48.96 pug
mL~'. Apoptosis and necrosis were assessed in HT-29 cells
treated with 50 pg mL ™" of compounds 73a-f for 24 h using flow
cytometry and the Annexin V-PI assay. Compound 73e showed
the highest necrosis-inducing effect, with 84.7% viable cells,
5.69% early apoptotic cells, 1.16% late apoptotic cells, and
8.43% necrotic cells. Furthermore, cell cycle analysis of HT-29
cells exposed to 50 pg mL™ ' of compound 73e for 24 h
revealed a significant increase in the percentage of cells arrested

R R
O NCS
S o
MeCN
N/ \ + o N/ \ )LN
‘N7~ NH, Ultrasonic bath ‘N N H R!
H 15-30 min H H
R!
33 72 73a-f

o
R=F, Cl, Br; R' =Cl, Me (67-77%)

Scheme 20 Synthesis and anticancer evaluation of pyrazole deriva-
tives 73.
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Scheme 21 Synthesis and anticancer evaluation of 1,4-dihydropyrano
[2,3-c]pyrazole-5-carbonitriles 75.

in the G,/M phase (80.28%), leading to a reduced cell pop-
ulation in the Go/G; (4.17%) and S (11.32%) phases compared to
the control (Go/G; = 65.81%, S = 22.49%, and G,/M = 10.03%).
The G,/M phase arrest induced by compound 73e was associ-
ated with the upregulation of cyclin A, cyclin B, CDK1, and
CDC20 gene expression.”

Nagasundaram et al. reported a catalyst-free synthesis of 1,4-
dihydropyrano[2,3-c]pyrazole-5-carbonitriles 75 in 82-93%
yields through a four-component reaction involving hydrazine
hydrate 4, malononitrile 48, p-ketoester 49, and arylazo-
salicylaldehydes 74 in a 1:1 ethanol-water mixture, using an
ultrasonic reactor set at 40 kHz and 60 °C for 16-23 min
(Scheme 21).7° The anticancer activity of compounds 75h (R = 4-
NO,) and 75i (R = 3-NO,) was evaluated against the HeLa
cervical cancer cell line after 24 h of exposure at concentrations
of 0.39, 0.78, 1.56, 3.12, 6.25, 12.5, 25, 50, and 100 pug mL ™,
using the MTT assay with Doxorubicin as the reference drug.
Among them, compound 75i exhibited the highest potency
against HeLa cells with an ICs, value of 5.75 ng mL ™, which is
comparable to that of Doxorubicin (ICso = 6.03 pg mL ™).

Molecular docking analysis was performed to investigate the
interactions between compound 75i and the epidermal growth
factor receptor (EGFR) tyrosine kinase domain (PDB ID: 1M17)
(Fig. 10). The binding energy of 75i with EGFR was determined

Fig. 10 3D representation of the interactions between compound 75i
and the epidermal growth factor receptor (EGFR) tyrosine kinase
domain (PDB ID: 1M17). Reproduced with permission from ref. 76.
Copyright Elsevier Inc., 2024.
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to be —11.7 kcal mol . Docking studies revealed seven
hydrogen-bond interactions involving residues Lys721, Arg817,
Asn818, Ala698, Asp813, and Gly833. Additionally, three elec-
trostatic interactions were identified with Lys721, Glu738, and
Asp831, along with one -7 stacking hydrophobic interaction
with Phe699.7¢

Dofe et al. reported the synthesis of tetrazole-based pyrazole
derivatives 77 in 93-98% yields through a cyclization reaction
between hydrazine hydrate 4 and tetrazole-based chalcones 76
in ethanol, using an ultrasonic bath for 10-14 min (Table 6).”
The compounds 77a-h were evaluated for their anticancer
activity against breast (MCF-7), lung (A549), and liver (HEPG2)
cancer cell lines using the MTT assay, with Combretastatin A-4
(CA-4) as a positive control. Among them, compound 77¢ (R =
H, R' = F) exhibited the highest potency with ICs, values of 0.92
uM in MCF-7 cells, 0.94 uM in A549 cells, and 0.85 uM in HEPG2
cells. However, compound 77¢ exhibited 23-, 19-, and 94-fold
lower potency against MCF-7, A549, and HEPG2 cells, respec-
tively, compared to Combretastatin A-4 (IC5, = 0.04 uM, 0.05
uM, and 0.009 pM, respectively). Moreover, compound 77¢
displayed significant inhibition of tubulin polymerization (ICs,
= 2.16 uM), being 1.3-fold less potent than Combretastatin A-4
(ICso = 1.62 uM).

Molecular docking analysis was performed to investigate the
interactions between compound 77¢ and the colchicine binding
site of a,B-tubulin (PDB ID: 1SA0) (Fig. 11). Docking studies
revealed that the tetrazole ring aligns coplanarly with the Val238
residue, enabling it to act as a hydrogen bond donor. The 2-
methoxy group on the central phenyl ring functions as
a hydrogen bond acceptor for the thiol proton of Cys241.

Table 6 Synthesis and anticancer evaluation of tetrazole-based pyr-
azole derivatives 77

N-NH N-NH
N O O R' Conditionst PO O
MeO:‘Y\/‘:R NH,NH,*H,0 4 MeO ‘ O R!
o N-NH
76 77a-h R
ICso” (M)
Compound R R Yield MCF-7 A549 HEPG2
77a H H 98 3.16 2.98 3.15
77b H Cl 97 1.04 1.11 0.96
77¢ H F 96 0.92 0.94 0.85
77d MeO MeO 95 2.94 2.82 3.06
77e OH H 96 2.16 2.24 2.88
77f H MeO 95 3.10 3.12 2.98
77g H Me 93 1.76 0.99 1.08
77h H OH 94 1.94 1.16 2.02
CA-4 — — — 0.04 0.05 0.009

“ Reaction conditions: hydrazine hydrate 4 and tetrazole-based
chalcones 76 in ethanol using an ultrasonic bath for 10-14 min. ? The
half-maximal inhibitory concentration (ICs,) of each compound was
determined by treating cells for 72 h with different doses (200, 100,
50, 25, 12.5, 6.5, and 3.125 mg/100 pL). Untreated cells served as
controls, and cell viability was assessed using the MTT assay.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 3D representation of the interactions of compound 77c with
a,B-tubulin at the colchicine binding site (PDB ID: 1SAQ). Reproduced
with permission from ref. 77. Copyright Elsevier Inc., 2024.

Additionally, the pyrazoline and substituted phenyl groups are
positioned within the hydrophobic pocket of tubulin, interact-
ing with residues Asn258, Met259, Val315, Ala316, Val318,
Asn350, Val351, and Lys352.”

Hassanin et al. reported the synthesis of carbazolyl-thia-
zolyl-pyrazole hybrids 79 in 88-92% yields through the cycli-
zation of hydrazine hydrate 4 with carbazole-thiazolidinone-
chromone hybrids 78 in ethanol, using an ultrasonic bath at
50 °C for 15 min (Table 7).” The anticancer activity of these
compounds was evaluated against colon (HCT-116), prostate
(PC-3), and liver (HEPG2) cancer cell lines using the SRB assay,
with Doxorubicin as the reference drug. Among them,
compound 79b (R = allyl) exhibited the highest potency against
HCT-116 and PC-3 cell lines, with ICs, values of 28.5 + 1.5 uM
and 4.9 + 0.8 uM, respectively. Although compound 79b was

View Article Online

RSC Advances

4.1-fold less potent against HCT-116 cells, it exhibited 1.3-fold
greater potency against PC-3 cells compared to Doxorubicin
(ICso = 6.9 £ 0.5 uM and 6.2 + 0.9 uM, respectively). Addi-
tionally, compound 79e (R = 4-CIC¢H,) exhibited the highest
anticancer activity against the HEPG2 cell line with an ICs,
value of 9.1 £ 0.5 uM, making it 1.2-fold less potent than
Doxorubicin (ICso = 7.9 £ 1.3 uM).

Molecular docking analysis was performed to investigate the
interactions between compound 79b and the vascular endo-
thelial growth factor receptor 2 (VEGFR2) kinase domain (PDB
ID: 3EWH) (Fig. 12). The binding energy of 79b with VEGFR2
was determined to be —11.2 kcal mol '. Docking studies
revealed that the NH group of the pyrazole ring forms
a hydrogen bond with Glu917, while the C=0 group of the
thiazole ring interacts with Thr916. Additionally, the thiazole
ring engages in a fr-cation interaction with Lys868, and the
phenyl ring of the carbazole moiety participates in a m-anion
interaction with Asp1046. Furthermore, -alkyl interactions are
observed between the carbazole or thiazole moieties and the
residues Val848 and Leu889.7

4. Mechanochemical-assisted
synthesis of pyrazole derivatives

Mechanochemistry utilizes mechanical energy generated
through compression, shear, or friction to facilitate chemical
transformations. This method is predominantly utilized under
solvent-free conditions, offering notable advantages such as
accelerated reaction rates, reduced reaction times, and
enhanced control over product selectivity.””® These benefits
stem from the absence of solvation effects and the high reagent
concentrations inherent to solvent-free systems.” Mechano-
chemical activation is typically achieved through three

Table 7 Synthesis and anticancer evaluation of carbazolyl-thiazolyl—pyrazole hybrids 79

Condmons

NH,NH,*H,0 4

Me
HO

.:!

79a-¢

Icsob (M)

Compound R Yield HCT-116 PC-3 HEPG2
79a Me 88 69.5 £ 1.5 12.9 £+ 3.8 20.1 £ 0.2
79b Allyl 88 28.5 + 1.5 4.9 £ 0.8 18.5+ 0.4
79¢ Adamantan-1-yl 89 309 +23 374 £ 1.6 253+ 14
79d CeHs 92 >100 >100 >100

79e 4-CIC¢H, 90 39.9 £ 0.1 9.2+ 0.4 9.1 £0.5
Doxorubicin — — 6.9 £ 0.5 6.2 £ 0.9 7.9+ 1.3

Reactlon conditions: hydrazine hydrate 4 and carbazole-thiazolidinone-chromone hybrids 78 in ethanol using an ultrasonic bath at 50 °C for

15 min.

b The half-maximal inhibitory concentration (ICs,) of each compound was determined by treating cells for 72 h with different doses

(0.01, 0.1, 1, 10, 100, and 1000 mg mL"). Untreated cells served as controls, and cell viability was assessed using the SRB assay.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.12 3D representation of the interactions between compound 79b
and the vascular endothelial growth factor receptor 2 (VEGFR2) kinase
domain (PDB ID: 3EWH). This is an open-access article distributed
under the terms of the Creative Commons CC BY license from ref. 78.
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R = CgHs, 2,4-(NO,),CgHs, CSNH,, CONH,, COCH,CN, COPh

Scheme 22 Solventless synthesis of 3,5-diaminopyrazole derivatives
60.

techniques: (a) grinding with a mortar and pestle, (b) planetary
ball milling, and (c) high-speed vibration milling in a mixer
mill.?+*

In this context, Al-Wahaibi et al reported a solvent-free
synthesis of 3,5-diaminopyrazole derivatives 60 in 77-79%
yields by grinding arylhydrazines 2 with 2-((3-nitrophenyl)dia-
zenyl)malononitrile 59 at room temperature for 10-18 min
(Scheme 22).%° This methodology was successfully extended to
thiosemicarbazide 18 and carbohydrazide derivatives 35 under
similar reaction conditions. The anticancer activity of
compounds 60a—f was previously discussed in the section on
microwave-assisted synthesis of pyrazole derivatives (Scheme
15).

Rashdan et al. reported a solvent-free synthesis of pyrazolo
[1,2-b]phthalazinediones 83 in 73-92% yields through a three-
component reaction involving 1,2,3-triazolyl-
pyrazolecarbaldehydes 80, 6-nitrophthalhydrazide 81, active
methylene compounds such as malononitrile 48 or ethyl cya-
noacetate 82, and sodium hydroxide. The reaction was per-
formed by grinding the components at room temperature for
20-30 min (Table 8).%* The anticancer activity of these
compounds was evaluated against HEPG2 liver cancer cells and
BALAB/3T3 normal cells using the MTT assay, with Doxorubicin
as the reference drug. Among them, compound 83f (R = C¢Hs,
R' = CO,Et) exhibited the highest potency against the HEPG2
cell line with an ICs, value of 3.01 £ 0.21 pg mL ™", making it 1.2-
fold more potent than Doxorubicin (ICs, = 3.56 £ 0.46 pg
mL ™). Notably, compound 83f showed no cytotoxicity toward
the normal BALAB/3T3 cell line, demonstrating its selective
anticancer activity.
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Table 8 Synthesis and anticancer evaluation of pyrazolo[1,2-b]
phthalazinediones 83

Conditions*
RN

0 48 (R'=CN)
81 82 (R' = CO,Ef)

ICs,” (ng mL ")

Compound R R! Yield HEPG2 BALAB/3T3
83a CeHs CN 88  13.51 4 4.48 18.24 + 3.61
83b 4-CIC¢H, CN 82  ND ND

83c 4-MeOCgH, CN 73 22.73 4536 28.34 4 7.61
83d 4-BrCsH,  CN 87 ND ND

83e 4-NO,C¢H, CN 86  ND ND

83f CeH; COEt 82  3.01+021 ND

83g 4-CICgH, CO,Et 82  ND ND

83h 4-MeOCeH, CO,Et 82  ND ND

83i 4-BrC¢H,  CO,Et 92  26.37 +6.17 30.04 + 8.52
83j 4-NO,C¢H, COEt 91  ND ND
Doxorubicin — — — 3.56 £ 0.46 ND

¢ Reaction conditions: 1,2,3-triazolyl-pyrazolecarbaldehydes 80, 6-
nitrophthalhydrazide 81, active methylene compounds 48 or 82, and
sodium hydroxide under grinding at room temperature for 20-30 min.
b The half-maximal inhibitory concentration (ICs,) of each compound
was determined by treating cells for 72 h with doses ranging from 0.1
to 100 pug mL ', Untreated cells served as controls, and cell viability
was assessed using the MTT assay. ND: not detected at the
concentrations tested.

Ne N
N
B
S
90a-h
cl Cl (71-82%)
o Grinding
R Br | DABCO R
10-20 min N.
N
s 0
i v )j\r/N‘N,R )S:\ Me
N-n’ ~NH, ¢ H N-y N
1 N\ Cl 85 i N\__¢
S Grinding g
DABCO
c Cl 10-20min c Cl
84 86a-f
(67-75%)
0 Grinding
Eto)l\(/N‘N'R DABCO
87 ¢y H |10-20min
R
1
HN,
N
J
i 0
=N
N-N
B
S
cl Cl
88a-e R = C¢Hs, 4-MeCgH,, 4-MeOCH,, 4-CICgH,, 4-BrCgH,,

(67-74%) 4-FCgH,, 4-NO,CgH,, 4-NH,CgH,, C¢H,CO,Et

Scheme 23 Synthesis and anticancer evaluation of pyrazolylthiazoles
86, 88, and 90.
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Edrees et al. reported the cyclization of pyrazoline 84 with
various hydrazonoyl chlorides 85 and 87 in the presence of 1,4-
diazabicyclo[2.2.2]octane (DABCO), resulting in the formation
of pyrazolylthiazoles 86 and 88 in 67-75% and 67-74%,
respectively (Scheme 23).** Similarly, reacting oa-bromoaceto-
phenones 89 under identical conditions gave pyrazolylthiazoles
90 in 71-82% yields. In all cases, the reaction mixtures were
ground for 10-20 min and subsequently poured into water. The
resulting products were filtered and recrystallized from appro-
priate solvents to obtain the corresponding pyrazolylthiazoles.
The anticancer activity of these compounds was evaluated
against the HEPG2 liver cancer cell line using the MTT assay,
with Cisplatin as the positive control. Among the tested
compounds, pyrazolylthiazoles 90f (R = 4-FC¢H,) and 90d (R =
4-CIC¢H,) exhibited the highest potency against HEPG2 cells
with ICs, values of 1.70 uM and 2.98 uM, respectively. However,
compounds 90f and 90d were 1.9- and 3.3-fold less potent than
Cisplatin (IC5, = 0.90 uM), respectively.

5. The structure activity relationship
(SAR)

The biological activity of pyrazole derivatives is strongly influ-
enced by the nature and position of substituents on the pyrazole
core, as these modifications significantly affect their interactions
with pharmacophoric targets, thereby modulating cytotoxicity
and enzymatic inhibition. Structure-activity relationship (SAR)
analysis demonstrates that specific substitutions at positions 1,
3, 4, and 5, along with structural fusions, are critical for
enhancing anticancer activity. This enhancement is attributed to
precise interactions with biological targets, including the induc-
tion of cell cycle arrest and the inhibition of key enzymes or
proteins involved in cancer progression (Fig. 13). Moreover, Table
9 summarizes the structure-activity relationship (SAR) trends
observed in this study, emphasizing the influence of specific
substitutions on the pyrazole ring in anticancer activity. It high-
lights key substitution positions and molecular docking inter-
actions with pharmacophoric targets. This comprehensive

Cc-3: C-4:
-H < -H
-NH, 3,4-Fused: -Diazenyl
-Aryl (2-OH, 4-F, 4-Br, Cycloalkanes and -CO,Et
4-Me, 4-NO,) heterocycles -4-Methylenetiadiazolone
-1,2,3-Triazole fused with N -1,3,4-Oxadiazole, isoxazole,
-2-Thienyl and benzimidazole
-Styryl -Pyrazolo[1,2-b]phthalazine
-Me 3 4
4,5-Fused: Heterocycles
// \5 fused with N or O
2 N\ 5 C-5:
1 N ) -C=0
N-1 (R): R Styryl
H \ -Pyrido[3',2":4,5]thieno(3,2-
-Ph L5-Fused: | o0 imidinone
-Ketone linked to Pyrimidine | ¢ thamothioyl
1,8-naphtyridine -Aryl (4-F, 2,4-diCl)
-Aryl (4-Br, 4-Cl) -Ferrocenyl
-Thiazole -Me
-Ph
-NH,

Fig. 13 SAR analysis of pyrazole derivatives with anticancer activity.
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overview provides valuable insights into the structural features
that contribute to enhanced anticancer activity.

The aryl and heteroaryl substituents at position 1 play
a crucial role in determining the binding affinity and biological
activity of pyrazole derivatives. For instance, pyrazole deriva-
tives substituted at position 1 with a ketone linked to 1,8-
naphthyridine, aryl, or thiazole, in combination with 3,5-alkyl/
aryl or hetaryl groups, exhibit significant biological activity.
Docking studies have revealed strong interactions with the
tyrosine kinase domain and the human IDH1 mutant, demon-
strating potent activity against HEPG2 liver cancer cells, as
confirmed by the MTT assay, with inhibitory effects that induce
apoptosis and disrupt the cell cycle.’®**7>%* Additionally,
substituents at positions 3 and 4, such as the 3-amino and 4-
diazenyl groups, have demonstrated notable cytotoxic activity
against MCF-7, HepG2, and HCT-116 cancer cell lines. These
functional groups are essential for enhancing molecular inter-
actions with cellular targets, thereby significantly improving
cytotoxic efficacy.>>7%”

Pyrazolo[1,5-a]pyrimidine-fused derivatives substituted at
positions 1 and 5 exhibit significant anticancer activity, partic-
ularly against MCF-7 and HCT-116 cell lines. The presence of an
amino group at position 3 and a diazenyl group at position 4
enhances interactions with active sites, thereby improving
anticancer efficacy.*»***””® Additionally, cyclofused derivatives
at positions 3,4 and 4,5 containing cycloalkanes or nitrogen/
oxygen-based heterocycles, have demonstrated notable activity
against MCF-7 and HeLa cell lines. These derivatives inhibit key
proteins involved in cancer progression, such as the epidermal
growth factor receptor (EGFR) tyrosine kinase domain (e.g.,
Lys721 and Asn818) and mTOR.**%36:5%62.76

In 1,3,4-substituted derivatives, the presence of 1-NH, 3-aryl,
and 4-methylenetiadiazolone moieties facilitates strong dock-
ing interactions with the vascular endothelial growth factor
receptor 2 (VEGFR2) kinase domain, further validating their
anticancer activity.”® Furthermore, 1,3,4-diaryl and hetaryl
derivatives, including oxadiazole, isoxazole, and benzimidazole,
exhibit broad-spectrum anticancer activity against HeLa, A549,
MCF-7, LOX-IMVI, and HEPG2 cell lines, which can be attrib-
uted to their ability to form m-m interactions and hydrogen
bonds with active site residues.*>**637483

At positions 1, 3, and 5, pyrazole and pyrazoline derivatives
containing 1-NH, 3,5-bis(styryl), and 3-aryl/5-carbamothioyl
substituents exhibit strong docking interactions with the
tubulin-combretastatin A4 complex. These interactions disrupt
microtubule polymerization, induce G,/M phase arrest, and
effectively inhibit cell division. Additionally, these derivatives
interact with thymidylate synthase, forming hydrogen bonds
with key residues such as Asp218, which enhance their activity
against acute monocytic leukemia (THP-1).546%7%77

In 1,3,4,5-substituted derivatives, the presence of 1-aryl or
CONH, groups, combined with 3,5-diamine and 4-diazenyl
moieties, exhibits significant activity against MCF-7 and MDA-
MB-231 cell lines. Their biological activity is attributed to
interactions within key protein domains and mechanisms that
induce G,/M cell cycle arrest, effectively inhibiting cancer cell
proliferation.®

RSC Adv, 2025, 15, 7018-7038 | 7033
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Key substitutions for enhanced

Substituted positions® activity

Compound

Anticancer activity or
pharmacophoric interactions

3,4 3-Amine and 4-diazenyl groups 30b,>* 31,2 45b,”” 64b *’ Exhibits enhanced activity against
MCF-7, HepG2, and/or HCT-116
cancer cell lines

1,5 Pyrimidine fusion in pyrazolo[1,5-a] 30b,%? 31,° 34d,”® 45b,”” 68b,”? Exhibits enhanced activity in MCF-7
pyrimidine with an amino group at 68e”* and/or HCT-116 cancer cell lines
position 3 and a diazenyl group at
position 4 commonly observed

3,4 and 4,5 Fusion at positions 3,4 and 4,5 with 22g,"° 24e,°° 43m,’® 50h,>° 53g,%* Exhibits enhanced activity against
cycloalkanes, as well as nitrogen- 75i7° MCF-7 and HeLa cancer cell lines,
and oxygen-containing heterocycles with significant interactions

observed in the epidermal growth
factor receptor (EGFR) tyrosine
kinase domain (PDB ID: 1M17) or
through mTOR inhibition (PDB ID:
4]T5)

1,3,4 1-NH, 3-aryl, and 4- 79b 78 Docking interactions with the
methylenetiadiazolone, with aryl vascular endothelial growth factor
groups containing OH and Me receptor 2 (VEGFR2) kinase domain
substitutions (PDB ID: 3EWH)

1,3,4 1,3-Diaryl, 1-aryl-3-(2-tienyl), and 4- 13a,* 13d,* 17a,*® 17b,*® 56b,% Enhances activity against Hela,
hetaryl (oxadiazole, isoxazole, and 71d,”* 71e,7* 83f % A549, MCF-7, LOX-IMVI, and
benzimidazole) groups directly HEPG2 cancer cell lines
attached to the pyrazole core or
linked via methylene bridges

1,3,5 1-NH, 3,5-bis(styryl), 3,5-diaryl and 58a,°* 581,°* 62¢,°® 73e,”° 77¢ 77 Exhibits docking interactions with
3-aryl-5-carbamothioyl moieties the tubulin-combretastatin A4
within a pyrazole or pyrazoline complex (PDB ID: 5LY]J) and the
scaffold colchicine-binding site of a,3-

tubulin (PDB ID: 1SA0), as well as
interactions with thymidylate
synthase (PDB ID: 6QXG).
Additionally, it induces G2/M phase
arrest in acute monocytic leukemia
(THP-1) and PC-3 cancer cell lines

1,3,5 Substituted at position 1 with 47¢,°® 51¢,°° 51d,°° 66a,”> 66b,”> Exhibits docking interactions with
a ketone linked to 1,8- 90d,** 9of ** the tyrosine kinase domain (PDB ID:
naphthyridine, an aryl, or a thiazole, 1M17) and the human IDH1 mutant
while positions 3 and 5 are (R132H), along with significant
substituted with alkyl, aryl, or activity against the HEPG2 liver
hetaryl groups, as well as ferrocene cancer cell line
and carbonyl within a pyrazole or
pyrazoline scaffold

1,3,4,5 Substituted at position 1 with an 60a,°® 60c *° Enhances activity against MCF-7

aryl or amide group (CONH,), along
with 3,5-diamine and 4-diazenyl
groups

and MDA-MB-231 breast cancer cell
lines

% The position numbers and types of substitutions on the pyrazole core are specified to categorize compounds with similar modifications,

facilitating the SAR analysis of their effects on anticancer activity.

6. Conclusions and perspectives

This review highlights the diverse methodologies - microwave,
ultrasound, and mechanochemical - employed in the synthesis
of pyrazole derivatives with notable anticancer properties,
emphasizing the strategic importance of these approaches in
medicinal chemistry and drug discovery. The SAR analysis
clearly demonstrates that targeted substitutions and structural
modifications at positions 1, 3, 4, and 5 significantly enhance
the anticancer activity of pyrazole derivatives by enabling

7034 | RSC Adv, 2025, 15, 7018-7038

precise interactions with key active site residues, including
Lys721 (EGFR), Asn818 (EGFR), and Cys241 (tubulin), through
hydrogen bonding, -7 interactions, and hydrophobic stabili-
zation. These interactions drive critical mechanisms, including
G,/M phase arrest, apoptosis induction, and enzymatic inhibi-
tion, highlighting the potential of pyrazole derivatives as
promising candidates for targeted anticancer therapies and
future drug discovery initiatives.

Our analysis reveals that microwave irradiation is the most
widely used method, representing 68% of the reviewed studies,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with reaction times ranging from 0.5 to 80 minutes and
temperatures between 80 and 150 °C. Among microwave-
assisted methodologies, dedicated microwave reactors are
employed in 86% of cases, while conventional microwave ovens
are employed in 14%. Ultrasound irradiation ranks as the
second most applied technique, accounting for 22% of cases,
with reaction times between 10 and 45 minutes and tempera-
tures ranging from 50 to 60 °C. Within ultrasound-assisted
methodologies, ultrasonic baths are utilized in 86% of cases,
whereas ultrasonic reactors are applied in 14%. Mechano-
chemical activation is the least frequently employed method,
representing 10% of cases, with reaction times ranging from 10
to 30 minutes at room temperature. Notably, all
mechanochemical-assisted methodologies rely on grinding
with a mortar and pestle. The integration of ultrasonic reactors
and ball mills into the synthesis of anticancer pyrazole deriva-
tive presents significant potential for enhancing atom economy
and step efficiency. Importantly, the lower market cost of
ultrasonic reactors and ball mills compared to microwave
reactors enables the development of more sustainable and cost-
effective synthetic processes at reduced temperatures.
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