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interleukin-2-inducible T-cell kinase (ITK) inhibitors
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Marián Hajdúch,cd Viswanath Das *cd and Naresh Kumar Katari *e

This study reports the design, synthesis, and biological evaluation of a novel series of 3-oxo-2,3-

dihydropyridazine derivatives, representing a previously unexplored scaffold for selective inhibition of

interleukin-2-inducible T-cell kinase (ITK), with potential application in T-cell leukemia treatment. Cytotoxicity

was assessed across a panel of ITK-expressing leukemia cell lines (Jurkat, CCRF-CEM), Bruton's tyrosine

kinase (BTK)-positive lines (Ramos, K562), ITK/BTK-null cancer cells, and non-cancerous fibroblasts to

determine therapeutic selectivity. Compound 9 emerged as the lead candidate, showing selective ITK

inhibition in biochemical kinase assays (half-maximal inhibitory concentration, IC50 = 0.87 mM) with no

measurable BTK inhibition, moderate cytotoxicity in Jurkat cells (cellular IC50 = 37.61 mM), and did not show

measurable cytotoxicity in fibroblasts (IC50 > 50 mM). In contrast, 22 exhibited greater potency in both kinase

[IC50 (ITK) = 0.19 mM] and cytotoxicity assay [IC50 (Jurkat) = 11.17 mM], but showed partial BTK inhibition,

indicating reduced selectivity. Structure–activity relationship analysis indicated that the 3,5-difluorophenyl and

furan-2-ylmethyl groups in 22 contributed to potency, while the 3-fluorophenyl group in 9 was associated

with improved selectivity. Importantly, western blot analysis confirmed that 9 reduced phosphorylation of ITK

(Tyr551/Tyr511) and downstream extracellular signal-regulated kinase 1/2 (ERK1/2) (Thr202/Tyr204) in

phytohemagglutinin-stimulated Jurkat cells, supporting on-target inhibition of ITK signaling. These results

position 9 as a selective ITK inhibitor with a favorable therapeutic index, establishing a foundation for further

optimization and preclinical development.
1. Introduction

Interleukin-2-inducible T-cell kinase (ITK) plays a central role in
T-cell receptor (TCR) signaling and immune cell communica-
tion. As a non-receptor tyrosine kinase, ITK acts as a critical
mediator that translates TCR signal strength into specic gene
expression proles, thereby shaping T-cell fate and function.1 It
is expressed in various immune cells, including mast cells,
natural killer (NK) cells, and T lymphocytes.2 ITK regulates early
e, GITAM University, Hyderabad 502102,

du; Tel: +91-9849869933

mistry Laboratory Division, Hyderabad

dicine, Czech Advanced Technologies and
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signaling events, including calcium mobilization, activation of
phospholipase C gamma (PLCg), and cytoskeletal rearrange-
ments.3 While ITK contributes to IL-2 production, it is more
strongly associated with Th2-type responses by promoting the
secretion of IL-4, IL-5, and IL-13.4 Given its multifaceted role in
immune regulation, ITK has been implicated in a range of
autoimmune, allergic, and inammatory conditions, posi-
tioning it as a valuable therapeutic target.5 The novelty of this
work lies in introducing the 3-oxo-2,3-dihydropyridazine scaf-
fold as a previously unexplored chemotype for selective ITK
inhibition, supported by integrated biochemical, cellular, and
computational validation.

Recent evidence also highlights ITK's involvement in cancer.
Elevated ITK expression has been observed in several tumor
types and is linked to poor clinical outcomes. For instance, ITK
expression is signicantly higher in tumor tissues than in
normal tissues and correlates with worse prognosis in head and
neck squamous cell carcinoma.6 In malignant T-cell lines, both
genetic knockdown and pharmacological inhibition of ITK
suppressed migration, invasion, and proliferation.7 The selec-
tive ITK inhibitor BMS-509744 induced pro-apoptotic signaling
and G2/M cell cycle arrest.7 Furthermore, ITK inhibition
RSC Adv., 2025, 15, 47565–47586 | 47565
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View Article Online
potentiated the effects of chemotherapeutic agents like doxo-
rubicin and vincristine, suggesting its utility in combination
regimens.8 These ndings reinforce ITK as a promising target
for therapeutic intervention in T-cell malignancies.

Heterocyclic compounds with a pyridazine scaffold have
long been recognized as versatile pharmacophores in medicinal
chemistry. The pyridazine ring is found in several clinically
approved drugs such as pipofezine, cadralazine, hydralazine,
and minaprine.9 Structurally, pyridazine is a six-membered
aromatic ring containing two adjacent nitrogen atoms (posi-
tions 1 and 2), offering multiple substitution sites that can
modulate physicochemical and biological properties.10 Among
its derivatives, 3-oxo-2,3-dihydropyridazine analogs have shown
promise due to their diverse pharmacological proles,
including anti-inammatory, anticancer, and immunomodula-
tory activities.11 The scaffold's synthetic exibility makes it an
attractive platform for designing inhibitors that can selectively
engage kinase targets, such as ITK.12

In this study, we report the design, synthesis, and biological
evaluation of a focused library of 3-oxo-2,3-dihydropyridazine
derivatives as potential ITK inhibitors. A structure-guided design
strategy was employed, incorporating molecular docking to iden-
tify favorable interactions with ITK. Synthesized compounds were
evaluated for cytotoxicity across a panel of cancer and non-cancer
cell lines that differed in ITK/BTK (Bruton's tyrosine kinase)
expression. Selected compounds were prioritized based on their
therapeutic index (TI) and docking affinity. This integrated
approach aims to identify structurally tractable ITK inhibitors with
potential utility in T-cell malignancies.
2. Results
2.1 Synthesis and structural design of 3-oxo-2,3-
dihydropyridazine derivatives

To efficiently optimize the biological potency, selectivity, and
physicochemical properties of 3-oxo-2,3-dihydropyridazine
Fig. 1 Rational design for 3-oxo-2,3-dihydropyridazine derivatives.

47566 | RSC Adv., 2025, 15, 47565–47586
derivatives, a concise and modular synthetic strategy was devel-
oped. This approach enabled systematic structural diversication
at key positions of the scaffold to explore structure–activity rela-
tionships (SAR). Specically, modications were targeted at the R2

position on the azetidine moiety and the C-6 position of the
pyridazinone core through (hetero)aryl substitution.

The synthesis was initiated from the core scaffold, 4-bromo-6-
chloropyridazin-3(2H)-one. Substitution at the le-hand side (LHS)
was achieved through nucleophilic displacement using various
azetidin-3-yl compounds to incorporate the azetidine ring. This
was followed by Suzuki–Miyaura coupling at the C-6 position,
employing a variety of boronic acids to install structurally diverse
aryl and heteroaryl substituents. The modular nature of this
synthetic route facilitated the rapid generation of analogues for
pharmacological proling. The overall design was adapted from
previously reported ITK inhibitors based on 3-aminopyridin-2-one
derivatives (Fig. 1), where structural modications were intro-
duced at the R1 position via heteroaryl groups and at R2 with
amine functionalities to enhance bioactivity and selectivity.13

The developed synthetic route proved to be robust and
versatile, affording a range of 3-oxo-2,3-dihydropyridazine
derivatives in good to excellent yields across various substitu-
tion patterns. The azetidine substitution reactions proceeded
efficiently under mild conditions, while the Suzuki couplings
displayed broad functional group tolerance, enabling incorpo-
ration of both electron-rich and electron-decient substituents
at the C-6 position. All nal compounds were puried to high
purity and structurally characterized using 1H NMR, 13C NMR,
and mass spectrometry.

Preliminary biological evaluations (where applicable) indi-
cated that certain substituents enhanced the desired cytotoxic
activity, laying the foundation for subsequent SAR exploration.
Five distinct molecular scaffolds were synthesized using this
strategy, with each designed to probe the contribution of
specic substitutions to ITK/BTK selectivity and cytotoxic
potency.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of compounds 7–12. Reagents and conditions: (a) HATU, DIPEA, DMF, RT; (b) TFA, CH2Cl2, RT; (c) DIPEA, DMF, RT; (d)
boronic acid, 2 N Na2CO3, Pd(dppf)Cl2$CH2Cl2, 1,4-dioxane, 100 °C.

Table 1 Cytotoxicity of 3-oxo-2,3-dihydropyridazine derivatives (compounds 7–12) in human cancer and non-cancer cell lines. IC50 values in
mM (data are presented as the mean of $6 replicates). Therapeutic index (TI) was calculated using fibroblast cell lines: TI* = BJ/Jurkat; TI‡ =

MRC-5/Jurkat. n. d. = not determined

Cmpd

ITK/BTK null BTK positive ITK positive Non-cancer

A549 HCT116 HCT116-p53 U2OS RAMOS K562 Jurkat CCRF-CEM BJ MRC-5 TI* TI‡

7 >50 >50 >50 >50 >50 >50 >50 >50 >50 >50 n. d. n. d.
8 >50 >50 >50 >50 >50 >50 >50 >50 >50 >50 n. d. n. d.
9 >50 >50 >50 >50 9.58 >50 37.61 19.5 >50 43.16 >1.33 1.55
10 >50 >50 >50 >50 10.95 >50 40.33 20.78 >50 >50 >1.24 >1.24
11 32.02 38.9 37.93 26.95 10.44 >50 33.21 23.04 33.97 26 1.02 0.78
12 36.34 37.07 32.77 16.2 16.82 31.76 33.93 18.02 28.88 16.56 0.85 0.49
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2.2 Synthesis and cytotoxic evaluation of scaffold 1
derivatives (compounds 7–12)

Compounds 7–12 were synthesized as the rst set of analogues
using the general route outlined in Scheme 1. The intermediate
compound 3 was obtained by amide coupling between 1-(tert-
butoxycarbonyl)azetidine-3-carboxylic acid 1 and aniline 2, fol-
lowed by Boc-deprotection to afford compound 4. This was
subjected to nucleophilic substitution with 4-bromo-6-chloro-
pyridazin-3(2H)-one (5) to yield intermediate 6, which under-
went Suzuki–Miyaura coupling with a range of boronic acids to
afford the nal derivatives 7–12.

The cytotoxic effects of compounds 7–12 were evaluated using
the MTS assay across a panel of human cancer and non-cancer
cell lines representing different ITK expression statuses (Table
© 2025 The Author(s). Published by the Royal Society of Chemistry
1). This panel included ITK-expressing T-cell lines (Jurkat, CCRF-
CEM), BTK-expressing B-cell lines (RAMOS, K562), ITK-null solid
tumor lines (A549, HCT116, HCT116-p53, U2OS), and non-
cancerous human broblast cell lines (BJ, MRC-5). TI was
calculated using IC50 values in broblast cell lines (BJ or MRC-5)
divided by the IC50 in Jurkat cells, given that Jurkat cells express
high levels of ITK and are considered the more biologically
relevant model for assessing ITK-targeted cytotoxicity.

Among the tested compounds, 9 exhibited the most promising
prole within this scaffold. It showed moderate cytotoxicity in
CCRF-CEM (IC50 = 19.5 mM) and lower activity in Jurkat cells (IC50

= 37.61 mM), with acceptable TI values (>1.33 for BJ and 1.55 for
MRC-5), suggesting some degree of selectivity toward ITK-
expressing cells. In contrast, 7 and 8 were inactive (IC50 > 50 mM
RSC Adv., 2025, 15, 47565–47586 | 47567
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across all tested lines), indicating a lack of cytotoxic potential.
Compound 10 exhibited moderate activity in ITK-positive cells
(IC50 = 40.33 mM in Jurkat; 20.78 mM in CCRF-CEM) with minimal
off-target effects, although its selectivity was lower than compound
9. Compounds 11 and 12 exhibited IC50 values ranging from 18 to
37 mM across multiple cancer lines but also displayed moderate
toxicity in BJ and MRC-5 cells, resulting in TI values close to or
below 1, indicating reduced selectivity relative to Jurkat cells. These
ndings suggest that within Scaffold 1, compound 9 presents the
most balanced prole ofmoderate ITK-targeted activity and limited
toxicity in non-cancerous cells, meriting further consideration.
These results clearly identify compound 9 as themost selective ITK-
targeted molecule within scaffold 1, combining moderate cytotox-
icity in ITK-expressing cells with minimal off-target toxicity.
2.3 Synthesis and cytotoxic evaluation of scaffold 2
derivatives (compounds 17–23)

Scaffold 2 derivatives (compounds 17–23) were synthesized as
shown in Scheme 2. The synthesis began with an amide
coupling between 1-(tert-butoxycarbonyl)azetidine-3-carboxylic
acid (1) and furan-2-ylmethanamine (13), yielding 14. This
was followed by Boc deprotection to obtain 15. This interme-
diate was then reacted via nucleophilic substitution with 4-
bromo-6-chloropyridazin-3(2H)-one (5) to produce 16. The nal
Suzuki–Miyaura coupling with various boronic acids resulted in
the generation of products 17–23.

Within this scaffold, 23 exhibited the strongest cytotoxicity
against ITK-expressing cells, with IC50 values of 5.15 mM (Jurkat)
and 5.12 mM (CCRF-CEM), and exceptionally high TI values (>9.71
Scheme 2 Synthesis of compounds 17–23. Reagents and conditions: (a
boronic acid, 2 N Na2CO3, Pd(dppf)Cl2$CH2Cl2, 1,4-dioxane, 100 °C.

47568 | RSC Adv., 2025, 15, 47565–47586
for both broblast lines) (Table 2). However, this compound also
demonstrated low IC50 values in non-ITK cancer cells (e.g., 8.83
mM in HCT116 and 5.53 mM in RAMOS), indicating broad cyto-
toxicity and poor selectivity, which led to its deprioritization
despite its high potency. As such, despite its potency, 23 was
deprioritized for further development. In contrast, 22 demon-
strated a more favorable balance of moderate cytotoxicity in
Jurkat (11.17 mM), CCRF-CEM (18.51 mM), Ramos (22.34 mM), and
K562 (21.40 mM) cells, while maintaining IC50 > 36 mM in all non-
ITK/BTK cancer lines and >50 mM in broblast cells. TI values
exceeded 4.48, suggesting selective toxicity in ITK-expressing
cells. This prole supported the prioritization of compound 22
for downstream validation. Compound 22 emerged as the lead of
scaffold 2, showing an optimal balance of potency and thera-
peutic selectivity across the tested panel.

Compounds 18–21 exhibitedmodest cytotoxicity in Jurkat cells
(IC50 = 19.20–30.50 mM) and lower activity in CCRF-CEM or BTK-
expressing lines, while compound 17 was completely inactive
(IC50 > 50 mM in all tested cells). Overall, compound 22 emerged as
the strongest candidate from scaffold 2 based on its combined
potency, TI, and selectivity. For reference, we have previously re-
ported the cytotoxicity proles of ibrutinib in ITK- and BTK-
positive cell lines using the same screening setup14,15 and these
data serve as internal benchmarks in our ongoing assay workow.
2.4 Synthesis and cytotoxic evaluation of scaffold 3
derivatives (compounds 28–29)

Scaffold 3 was constructed through the synthetic sequence
outlined in Scheme 3. Starting with the amide coupling between
) HATU, DIPEA, DMF, RT; (b) TFA, CH2Cl2, RT; (c) DIPEA, DMF, RT; (d)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Cytotoxicity of scaffold 2 derivatives (compounds 17–23) in human cancer and non-cancer cell lines. IC50 values in mM (data are
presented as the mean of $6 replicates). Therapeutic index (TI) was calculated using fibroblast cell lines: TI* = BJ/Jurkat; TI‡ = MRC-5/Jurkat

Cmpd

ITK/BTK null BTK positive ITK positive Non-cancer

A549 HCT116 HCT116-p53 U2OS RAMOS K562 Jurkat CCRF-CEM BJ MRC-5 TI* TI‡

17 >50 >50 >50 >50 >50 >50 >50 >50 >50 >50 n. d. n. d.
18 >50 >50 >50 >50 41.19 30.43 19.24 30.2 >50 >50 >2.60 >2.60
19 >50 >50 >50 >50 16.29 >50 25.07 >50 >50 >50 >1.99 >1.99
20 >50 >50 >50 >50 19.71 38.69 24.34 >50 >50 >50 >2.00 >2.00
21 >50 >50 >50 >50 37.46 >50 30.47 >50 >50 >50 >1.64 >1.64
22 >50 40.27 41.25 36.23 22.34 21.4 11.17 18.51 >50 >50 >4.48 >4.48
23 42.11 8.83 12.67 16.87 5.53 7.4 5.15 5.12 >50 >50 >9.71 >9.71
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1-(tert-butoxycarbonyl)azetidine-3-carboxylic acid (1) and 1-
phenylpiperazine (24), the reaction yielded 25, which under-
went Boc-deprotection to afford 26. This intermediate was then
subjected to nucleophilic substitution with 4-bromo-6-chloro-
pyridazin-3(2H)-one (5) to form 27, followed by Suzuki coupling
with appropriate boronic acids to yield nal products 28 and 29.

Biological evaluation revealed that both compounds were
inactive across all tested cancer cell lines and non-cancerous
broblast models, with IC50 values >50 mM (Table 3). This lack
of activity presumably suggests poor cellular permeability,
metabolic instability, or insufficient binding affinity despite
favorable docking scores obtained for 29.
2.5 Synthesis and cytotoxic evaluation of scaffold 4
derivatives (compounds 34–39)

Scaffold 4 was synthesized via the route shown in Scheme 4.
Initial amide coupling between 1-(tert-butoxycarbonyl)
azetidine-3-carboxylic acid (1) and 2,2,2-triuoroethan-1-
amine (30) yielded 31, which, upon Boc-deprotection, afforded
32. This intermediate was then reacted with 4-bromo-6-chloro-
pyridazin-3(2H)-one (5) to give 33, followed by Suzuki coupling
Scheme 3 Synthesis of compounds 28 and 29. Reagents and conditions
boronic acid, 2 N Na2CO3, Pd(dppf)Cl2$CH2Cl2, 1,4-dioxane, 100 °C.

© 2025 The Author(s). Published by the Royal Society of Chemistry
with a variety of boronic acids to generate nal derivatives 34–
39.

Cytotoxicity proling (Table 4) revealed that compounds 34–
37 were completely inactive across all tested cell lines (IC50 > 50
mM), suggesting poor cellular activity. Compounds 38 and 39
showed only weak to marginal activity. Compound 38 exhibited
low cytotoxicity against Jurkat (IC50 = 44.9 mM) and CCRF-CEM
(IC50 = 29.95 mM), whereas 39 was mildly active only in CCRF-
CEM (IC50 = 26.75 mM). No signicant cytotoxicity was detec-
ted in non-cancerous BJ or MRC-5 broblasts for either
compound.
2.6 Synthesis and cytotoxic evaluation of scaffold 5
derivatives (compounds 46 and 52)

2.6.1. Synthesis of scaffold 5a – compound 46. The
synthesis of 46 is outlined in Scheme 5. The key intermediate 43
was obtained through the reaction of tert-butyl 3-oxoazetidine-1-
carboxylate (40) with p-toluenesulfonylhydrazine, forming
a hydrazone intermediate, which was subsequently reacted with
isonicotinaldehyde (42) and a base to yield tert-butyl 3-
isonicotinoylazetidine-1-carboxylate (43). Boc-deprotection of
: (a) HATU, DIPEA, DMF, RT; (b) TFA, CH2Cl2, RT; (c) DIPEA, DMF, RT; (d)

RSC Adv., 2025, 15, 47565–47586 | 47569
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Table 3 Cytotoxicity of scaffold 3 derivatives (compounds 28 and 29) in cancer and non-cancer cell lines. IC50 values in mM (data are presented
as the mean of $6 replicates). Therapeutic index (TI) was calculated using fibroblast cell lines: TI* = BJ/Jurkat; TI‡ = MRC-5/Jurkat

Cmpd

ITK/BTK null BTK positive ITK positive Non-cancer

A549 HCT116 HCT116-p53 U2OS RAMOS K562 Jurkat CCRF-CEM BJ MRC-5 TI* TI‡

28 >50 >50 >50 >50 >50 >50 >50 >50 >50 >50 n. d. n. d.
29 >50 >50 >50 >50 >50 >50 >50 >50 >50 >50 n. d. n. d.

Scheme 4 Synthesis of compounds 34–39. Reagents and conditions: (a) HATU, DIPEA, DMF, RT; (b) TFA, CH2Cl2, RT; (c) DIPEA, DMF, RT; (d)
boronic acid, 2 N Na2CO3, Pd(dppf)Cl2$CH2Cl2, 1,4-dioxane, 100 °C.

Table 4 Cytotoxicity of Scaffold 4 derivatives (compounds 34–39) in cancer and non-cancer cell lines. IC50 values in mM (data are presented as
the mean of $6 replicates). Therapeutic index (TI) was calculated using fibroblast cell lines: TI* = BJ/Jurkat; TI‡ = MRC-5/Jurkat

Cmpd

ITK/BTK null BTK positive ITK positive Non-cancer

A549 HCT116 HCT116-p53 U2OS RAMOS K562 Jurkat CCRF-CEM BJ MRC-5 TI* TI‡

34 >50 >50 >50 >50 >50 >50 >50 >50 >50 >50 n. d. n. d.
35 >50 >50 >50 >50 >50 >50 >50 >50 >50 >50 n. d. n. d.
36 >50 >50 >50 >50 >50 >50 >50 >50 >50 >50 n. d. n. d.
37 >50 >50 >50 >50 >50 >50 >50 >50 >50 >50 n. d. n. d.
38 >50 >50 >50 >50 >50 >50 44.9 29.95 >50 >50 >1.11 >1.11
39 >50 >50 >50 >50 >50 >50 >50 26.75 >50 >50 n. d. n. d.
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43 furnished 44, which underwent nucleophilic substitution
with 4-bromo-6-chloropyridazin-3(2H)-one (5) to yield interme-
diate 45. This was subjected to Suzuki coupling with pyridin-4-yl
boronic acid to afford the nal product, 46.

2.6.2. Synthesis of scaffold 5b – compound 52. The
synthesis of compound 52 is described in Scheme 6. tert-Butyl 3-
(methoxy(methyl)carbamoyl)azetidine-1-carboxylate (47) was
reacted with 1-bromo-4-uorobenzene (48) to yield compound
47570 | RSC Adv., 2025, 15, 47565–47586
49, which was subsequently deprotected to obtain 50. Nucleo-
philic substitution with 4-bromo-6-chloropyridazin-3(2H)-one
(5) produced intermediate 51, which underwent Suzuki
coupling with pyridin-4-yl boronic acid to yield the nal
compound 52.

Compound 46 exhibited moderate cytotoxic activity in ITK/
BTK-expressing cells, with IC50 values of 35.9 mM in Jurkat
and 29.03 mM in CCRF-CEM cells (Table 5). No cytotoxicity was
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Synthesis of compound 46. Reagents and conditions: (a) TsNHNH2, toluene, 110 °C; (b) 42, Cs2CO3, 1,4-dioxane, 110 °C; (c) TFA,
CH2Cl2, RT; (d) DIPEA, DMF, RT; (e) 2 N Na2CO3, Pd(dppf)Cl2$CH2Cl2, 1,4-dioxane, 100 °C.

Scheme 6 Synthesis of compound 52. Reagents and conditions: (a) n-BuLi, THF,−78 °C; (b) 4 M HCl in 1,4-dioxane, 0 °C; (c) DIPEA, DMF, RT; (d)
2 N Na2CO3, Pd(dppf)Cl2$CH2Cl2, 1,4-dioxane, 100 °C.
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observed in ITK-null (A549, HCT116, HCT116 p53, U2OS), BTK-
positive (RAMOS, K562), or non-cancerous broblast cell lines
(BJ, MRC-5), with IC50 values exceeding 50 mM across all tested
lines. Compound 52 showed an IC50 of 20.7 mM in Jurkat cells
and 13.24 mM in the BTK-positive RAMOS cell line. IC50 values
in the remaining ITK-null, CCRF-CEM, and non-cancerous cell
lines were >50 mM.
© 2025 The Author(s). Published by the Royal Society of Chemistry
2.7 Docking analysis of selected compounds

Three representative compounds, 9, 22, and 23, were selected
for docking based on their observed cytotoxic activity in ITK/
BTK-expressing cell lines. Molecular docking was performed
in silico to evaluate the binding affinities and interaction
proles of these 3-oxo-2,3-dihydropyridazine derivatives against
RSC Adv., 2025, 15, 47565–47586 | 47571

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06565h


Table 5 Different cell lines (compounds 46 and 52) cytotoxicity of 3-oxo-2,3-dihydropyridazine derivatives (IC50 values in mM)

Cmpd

ITK/BTK null BTK positive ITK positive Non-cancer

A549 HCT116 HCT116-p53 U2OS RAMOS K562 Jurkat CCRF-CEM BJ MRC-5 TI* TI‡

46 >50 >50 >50 >50 >50 >50 35.9 29.03 >50 >50 n. d. n. d.
52 >50 >50 >50 >50 13.24 >50 20.7 — >50 >50 n. d. n. d.

Fig. 2 Molecular docking interactions of (a) compound 9, (b) compound 22, (c) ompound 23 with ITK (PDB ID: 3QGW). 2D and 3D interaction
diagrams are shown for compounds 9, 22, and 23 docked into the ITK active site. Hydrogen bonds are represented as green dashed lines,
hydrophobic interactions in orange, and p-interactions in purple. Key interacting residues are labeled. Docking was performed using AutoDock
Vina.

47572 | RSC Adv., 2025, 15, 47565–47586 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Inhibition of ITK and BTK activity by compounds 9 and 22 (a–d) .
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ITK using its crystal structure (PDB ID: 3QGW), co-crystallized
with N-(6-oxo-1,6-dihydro-3,4-bipyridin-5-yl)benzamide (L7A),
as the reference ligand. Among the tested compounds, 9
exhibited the highest binding affinity with a docking energy of
−8.7 kcal mol−1, followed by 22 (−8.6 kcal mol−1) and 23
(−8.0 kcal mol−1). All three compounds showed more favorable
predicted binding energies than the reference ligands L7A and
ibrutinib (Fig. 2).

Compound 9 was predicted to form conventional hydrogen
bonds with Glu436, Met438, and Lys391 within the ITK active
site. Compound 22 formed hydrogen bonds with Met438,
Cys442, and Gly441, as well as a carbon–hydrogen bond with
Lys391. It also engaged in van der waals interactions with
Ser499, Val419, Phe435, Arg486, Gly370, Ile369, Phe437, and
Glu436, and additional p–p-alkyl, p–p-sigma, and p–p-anion
contacts with Ala389, Val377, Leu489, and Asp500. Compound
23, although having slightly lower docking affinity, showed
a strong binding prole, though the specic residues involved
were not fully enumerated in the output. Detailed docking
scores and protein–ligand interaction data for all compounds
are summarized in the SI. These binding interactions highlight
the complementarity between the 3-oxo-2,3-dihydropyridazine
core and the ITK active site, consistent with the scaffold's
design rationale.

The structural composition of these ligands included a 3-
uorophenyl group at the C-6 position and a phenyl substituent
at the azetidine nitrogen in 9; a 3,5-diuorophenyl ring at C-6
and a furan-2-ylmethyl substituent on the azetidine nitrogen
in 22; and a methyl nicotinate ester with a furan-2-ylmethyl
group in 23.

Overall, docking data corroborated the biological assays,
supporting ITK as the primary molecular target of the most
active compounds.
© 2025 The Author(s). Published by the Royal Society of Chemistry
2.8 Biochemical kinase inhibition and western blot analysis

Next, compounds 9 and 22were prioritized for kinase inhibition
assays based on their overall performance in cytotoxicity
screening, TI evaluation, and strong predicted ITK binding
affinities from molecular docking studies. BTK was included as
a closely related TEC-family off-target, given its high sequence
homology with ITK within the TEC kinase family.16

Compound 9 inhibited ITK activity with an IC50 of 0.87 ±

0.25 mM (Fig. 3a), while showing no measurable inhibition of
BTK (Fig. 3b). Compound 22 inhibited ITK with an IC50 of 0.19
± 0.02 mM (Fig. 3c) and exhibited partial inhibition of BTK, with
maximal inhibition not exceeding 50% at 10 mM (Fig. 3d). The
effect of ibrutinib (100 mM) was used to validate assay perfor-
mance, resulting in signicant inhibition of both ITK and BTK
activity (Fig. 3e).

To conrm protein-level effects, western blot analysis was
performed in phytohemagglutinin (PHA)-stimulated Jurkat cells
treated with 9, which was selected for follow-up based on its
selective ITK inhibition and absence of BTK inhibition in the
kinase assay. A concentration-dependent decrease in p-ITK
(Tyr551/Tyr511) was observed, with a modest reduction in
total ITK at 10 mM (Fig. 3f and g). PHA-induced p-ERK1/2
(Thr202/Tyr204) levels were also reduced following treatment,
with a signicant decrease observed at the 10 mM concentration
(Fig. 3f–h). Overall, densitometric analysis revealed a signicant
reduction in the p-ITK/ITK ratio at all concentrations tested and
a signicant decrease in the p-ERK/ERK ratio at the highest
tested concentration. These biochemical and protein-level data
together conrm that compound 9 directly inhibits ITK
signaling rather than acting through nonspecic cytotoxic
mechanisms.

Dose–response curves of compound 9 (a and b) and
compound 22 (c and d) on ITK and BTK enzymatic activity,
RSC Adv., 2025, 15, 47565–47586 | 47573
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respectively. Data represent mean ± standard error of the mean
(n = 3), and IC50 values (mM) calculated from nonlinear
regression are reported within each graph. For compound 22,
which showed a sigmoidal inhibition trend against BTK but
without reaching >50% inhibition at 10 mM, the IC50 is reported
as >10 mM. For 9, no BTK inhibitory effect was observed, and the
IC50 is indicated as n. d. (not determined). (e) Inhibition of ITK
and BTK enzymatic activity by 100 mM ibrutinib. Mean ± stan-
dard error of the mean from 2–3 independent experiments;
statistical signicance vs. DMSO control was assessed by
unpaired two-tailed t-test (**p < 0.01). (f) Western blot analysis
of Jurkat cells stimulated with PHA (5 mg mL−1) for 15 min,
followed by treatment with 9 at the indicated concentrations for
24 h. CTL: untreated, unstimulated cells; DMSO: PHA-stimu-
lated, DMSO-treated control. GAPDH was used as a loading
control. Vertical dashed lines indicate non-contiguous lanes
from the same blot. Uncropped images of blots are in the SI. (g
and h) Quantication of p-ITK/ITK (g) and p-ERK/ERK (h) band
intensities, calculated as the ratio of phosphorylated to total
protein, and normalized to GAPDH. Mean ± standard error of
the mean (n = 2), one-way ANOVA with Tukey's multiple
comparisons test (***p < 0.001, **p < 0.01, *p < 0.05).
3. Discussion

This study identied a novel series of 3-oxo-2,3-dihydropyridazine
derivatives with selective cytotoxicity toward ITK-expressing T-cell
leukemia lines and promising ITK inhibitory proles. To eval-
uate their therapeutic potential, we employed a combined
approach that included scaffold-based synthesis, in vitro cytotox-
icity proling, kinase activity assays, molecular docking, and
protein-level validation in relevant T-cell models.

Among the evaluated compounds, compound 9 demon-
strated moderate cytotoxicity but showed high target selectivity
in both kinase inhibition and cell-based assays. It showed no
measurable BTK inhibition in vitro and was inactive in non-
cancerous broblasts and ITK-null cancer lines, supporting
a target-specic mechanism. These ndings were corroborated
by western blot analysis, which showed a concentration-
dependent signicant reduction in p-ITK levels and a signi-
cant decrease in p-ERK1/2 levels at the highest test concentra-
tion following treatment, conrming downstream pathway
inhibition in Jurkat cells. The binding interactions of
compound 9 in molecular docking further supported selective
ITK engagement.

In contrast, compound 22 exhibited higher potency in both
cytotoxicity and ITK kinase assays, as well as in docking inter-
actions. However, its partial inhibition of BTK enzyme activity
and cytotoxicity in BTK-expressing lines such as Ramos suggest
potential off-target effects. While 22 maintained an acceptable
TI, its reduced selectivity relative to 9 may limit its utility
without further optimization.

Compound 23, which showed appreciable cytotoxicity and high
docking affinity, exhibited a broader activity prole, including
cytotoxicity in non-cancerous and ITK-null cell lines, suggesting
a lack of specicity. These observations underscore the crucial
47574 | RSC Adv., 2025, 15, 47565–47586
importance of integrating selectivity assessment with phenotypic
screening when prioritizing kinase-directed agents.

It is also worth noting that several compounds with strong in
silico docking scores, such as compound 29, failed to exhibit
corresponding biological activity. This underscores the limita-
tions of docking as a predictive lter, particularly in the absence
of supporting data on cell permeability, metabolic stability, or
off-target effects.

While the present data demonstrates ITK-selective activity
across cellular models with endogenous kinase expression,
further studies using controlled ITK-knockdown or BTK-
overexpression systems may rene mechanistic interpretation.
Nonetheless, the activity pattern observed across ITK-positive,
BTK-positive, and ITK/BTK-null cell lines provides strong
evidence that the cytotoxic effects of the lead compounds reect
ITK-pathway engagement under physiologically relevant
conditions.

Taken together, these results support the advancement of
compound 9 as a selective ITK inhibitor with a favorable phar-
macological prole. While our ndings are promising, we
acknowledge the need for additional studies to evaluate in vivo
efficacy, metabolic stability, and broader kinase selectivity. Addi-
tional evaluation of apoptotic markers, mechanistic endpoints,
and pathway effects will help strengthen the therapeutic rationale
and translational relevance of this compound series.

4. Conclusion

This study led to the identication of selective ITK inhibitors
from a newly synthesized library of 3-oxo-2,3-dihydropyridazine
derivatives. Compound 9 was prioritized based on its selective
inhibition of ITK, absence of BTK activity, low off-target cyto-
toxicity, and favorable TI. Compound 22 also showed potent ITK
inhibition but exhibited partial activity against BTK, and
demonstrated a selective reduction in relevant cell lines. While
both compounds represent valuable leads, further optimization
of 22may be necessary to improve its kinase selectivity. Overall,
these ndings lay the groundwork for advancing compound 9
into additional pharmacological studies and support its
potential as a selective ITK inhibitor for further preclinical
development.

5. Experimental procedure
5.1 Materials and physical measurements

All chemical reagents were obtained from Lancaster (Alfa Aesar,
Johnson Matthey Co., Ward Hill, MA, USA), Sigma-Aldrich (St.
Louis, MO, USA), and Spectrochem Pvt. Ltd. (Mumbai, India).
The aryl boronic acids were obtained from Combi-Blocks, Inc.,
San Diego, CA, USA. Reaction progress was monitored using
thin-layer chromatography (TLC) on silica gel-coated aluminum
plates with a uorescent indicator (F254S). Spots were visual-
ized under UV light and by applying potassium permanganate
or iodine staining.

Proton (1H) and carbon (13C) nuclear magnetic resonance
(NMR) spectra were recorded on a Bruker ascend 400 MHz NMR
spectrometer (Billerica, MA, USA), with chemical shis reported
© 2025 The Author(s). Published by the Royal Society of Chemistry
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in parts per million (ppm) relative to an internal tetra-
methylsilane (TMS) reference. Signal multiplicities are
described using the following abbreviations: s (singlet),
d (doublet), dd (doublet of doublets), t (triplet), td (triplet of
doublets), bs (broad singlet), and m (multiplet). Electrospray
ionization (ESI) mass spectra were recorded on a MicroMass
Quattro LC system (Waters, Milford, MA, USA) operating in
positive ion mode, with a capillary voltage of 3.98 kV and pro-
cessed using ESI+ soware. Infrared (IR) spectra were acquired
using an IR Affinity-1S FT-IR spectrometer (Shimadzu, Japan),
with only the principal absorption bands (in cm−1) reported. All
sample solutions were prepared using deionized distilled water,
and other reagents used were commercially available and of
analytical grade. The melting point was determined using
a BUCHI M-565 (Flawil, Switzerland) melting point apparatus.
5.2 Chemistry

The synthesis of target compounds 7–12 were outlined in
Scheme 1. For these compounds 1H NMR chemical shi value
of the pyridazine –NH proton was appeared as a singlet between
d 12.6–12.7 ppm, phenyl amide –NH was observed as a singlet at
d 10.1 ppm, azetidine –CH2 protons were appeared as a multi-
plet at d 4.45–4.35 ppm, aromatic protons were appeared at
ranging from d 8.65–6.55 ppm. Azetidine –CH proton was
appeared at d 3.7–3.65 ppm. The synthesis of target compounds
17–23 were outlined in Scheme 2. For these compounds 1H
NMR chemical shi value of the pyridazine –NH proton was
observed as a singlet between d 12.7–12.4 ppm, Phenyl amide –
NH was observed at d 8.5 ppm, azetidine –CH2 protons were
between at d 4.35–4.25 ppm, aromatic protons were appeared at
ranging from d 8.65–6.55 ppm. Azitidine –CH protons were
appeared as a multiplet at d 3.55–3.65 ppm. Furan attached –

CH2 proton was appeared at d 4.30 ppm. The synthesis of target
compounds 28 and 29 are outlined in Scheme 3. For these
compounds 1H NMR chemical shi value of the phenyl-
piperazine protons were observed between d 3.64–3.13 ppm.
The synthesis of target compounds 34–39 were outlined in
Scheme 4. For these compounds triuoro attached CH2 proton
was appeared at d 3.9 ppm. For compound 46 (Scheme 5), 1H
NMR chemical shi value of the both pyridine aromatic protons
were appeared as doublets between d 8.86–8.62 ppm. Pyridazine
ring –CH proton was observed as a singlet at d 6.60 ppm. For
compound 52 (Scheme 6), 1H NMR chemical shi value of the
pyridine aromatic protons were appeared as doublets between
d 8.63–7.99 ppm. Fluorine substituted aromatic protons were
appeared between d 7.82–7.38 ppm.

5.2.1. General procedure for amide coupling. To a stirred
solution of 1-(tert-butoxycarbonyl)azetidine-3-carboxylic acid
(1.0 equiv.) in DMF (5–10 v) at 0 °C under nitrogen atmosphere
were added DIPEA (3.0 equiv.), HATU (1.3 equiv.) and amine (1.1
equiv.). The resulting reaction mixture was stirred at RT for
16 h. The progress of the reaction was monitored by TLC. The
reaction mixture was diluted with water (50 mL) and extracted
with EtOAc (2 × 100 mL). The combined organic layer was
washed with brine (2 × 30 mL), dried over anhydrous sodium
sulphate, ltered and concentrated under reduced pressure to
© 2025 The Author(s). Published by the Royal Society of Chemistry
get the crude product, which upon purication by ash chro-
matography (using Biotage, Claricep, silica cartridge, eluted
with 35–40% of EtOAc in petether). The pure fractions were
concentrated under reduced pressure.

5.2.2. General procedure for Boc deprotection. To a stirred
solution of tert-butyl azetidine-1-carboxylate (1.0 equiv.) in
CH2Cl2 (10 v) was added TFA (5.0 equiv.) at 0 °C. The resulting
reaction mixture was stirred at RT for 2 h. The progress of the
reaction was monitored by TLC and LC-MS. Aer completion of
the reaction, the reaction mixture was concentrated under
reduced pressure, and the residue was triturated with diethyl
ether and dried under vacuum to get the product as a TFA salt.

5.2.3. General procedure for substitution reaction. To
a stirred solution of TFA salt (1.0 equiv.) in DMF (10 mL) was
added 4-bromo-6-chloropyridazin-3(2H)-one (1.0 equiv.) and
DIPEA (3 equiv.) at 0 °C under a nitrogen atmosphere, and the
reaction mixture was allowed to stir at RT for 16 h. The progress
of the reaction was monitored by TLC. The reaction mixture was
diluted with ice-cold water and ltered. The resulting solid was
washed with water and dried under vacuum to afford the 6-
chloro-3-oxo-2,3-dihydropyridazin derivative.

5.2.4. General procedure for Suzuki coupling reaction. To
a stirred solution of 6-chloro-3-oxo-2,3-dihydropyridazin deriv-
ative (1.0 equiv.) in 1,4-dioxane (10 mL) were added 2 N Na2CO3

(3.0 equiv.), pyridin-4-yl boronic acid (1.3 equiv.) and degassed
with argon for 5 minutes before the addition of Pd(dppf)Cl2-
$CH2Cl2 (0.1 equiv.) was stirred at 100 °C for 16 h. The reaction
mixture was diluted with ice-cold water (30 mL) and extracted
with EtOAc (2 × 50 mL). The combined organic layer was
washed with brine (20 mL), dried over anhydrous Na2SO4,
ltered and concentrated under reduced pressure to afford
crude compound, which upon purication by ash chroma-
tography (using Biotage, Claricep, 12 g silica cartridge, eluted
with 5–10% of MeOH in CH2Cl2) to afford the nal product.

5.2.4.1. Preparation of tert-butyl 3-(phenylcarbamoyl)
azetidine-1-carboxylate (3).17 To a stirred solution of 1-(tert-
butoxycarbonyl)azetidine-3-carboxylic acid 1 (3 g, 14.909 mmol,
1 equiv.) in DMF (20 mL) at 0 °C under a nitrogen atmosphere,
were added DIPEA (7.69 mL, 44.727 mmol, 3 equiv.), HATU
(7.6 g, 19.38 mmol, 1.3 equiv.) and aniline 2 (1.52 g,
16.399 mmol, 1.1 equiv.). The resulting reaction mixture was
stirred at RT for 16 h. The progress of the reaction was moni-
tored by TLC. The reaction mixture was diluted with water (50
mL) and then extracted with ethyl acetate (EtOAc) (2 × 100 mL).
The combined organic layer was washed with brine (2× 30 mL),
dried over anhydrous sodium sulphate, ltered, and concen-
trated under reduced pressure to get the crude product, which
upon purication by ash chromatography (using Biotage,
Claricep, 80 g silica cartridge, eluted with 35–40% of EtOAc in
petether) to afford (3.6 g, 13.13 mmol, 87%) tert-butyl 3-
(phenylcarbamoyl)azetidine-1-carboxylate 3 as a pale-yellow
solid. 1H-NMR (400 MHz, CDCl3): d 7.52 (d, J = 8.0 Hz, 2H),
7.33 (t, J= 7.6 Hz, 3H), 7.13 (t, J= 7.2 Hz, 1H), 4.23–4.19 (m, 2H),
4.11 (t, J = 8.4 Hz, 2H), 3.36–3.31 (m, 1H); 1.45 (s, 9H); LC-MS
(ES-API): m/z = 275.08 (M–H)+, 95.1% purity by LC-MS.

5.2.4.2. Preparation of N-phenylazetidine-3-carboxamide (4).
To a stirred solution of tert-butyl 3-(phenylcarbamoyl)azetidine-
RSC Adv., 2025, 15, 47565–47586 | 47575
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1-carboxylate 3 (3.6 g, 13.02 mmol) in CH2Cl2 (36 mL) was added
TFA (4.95 mL, 65.13 mmol, 5.0 equiv.) at 0 °C. The resulting
reaction mixture was stirred at RT for 2 h. The progress of the
reaction was monitored by TLC and LC-MS. Aer completion of
the reaction, the reaction mixture was concentrated under
reduced pressure, and the residue was triturated with diethyl
ether (30 mL). The resulting solid was then dried under vacuum
to yield 3.4 g (19.3 mmol, 95%) of N-phenylazetidine-3-
carboxamide 4 (TFA salt) as a pale yellow solid. LC-MS (ES-
API): m/z = 177.46 (M + H)+, 87% purity by LC-MS.

5.2.4.3. Preparation of 1-(6-chloro-3-oxo-2,3-di-
hydropyridazin-4-yl)-N-phenylazetidine-3-carboxamide (6). To
a stirred solution of N-phenylazetidine-3-carboxamide 4 (TFA
salt) (3.4 g, 12.39 mmol, 1.0 equiv.) in DMF (34 mL) were added
4-bromo-6-chloropyridazin-3(2H)-one 5 (2.59 g, 12.39 mmol, 1.0
equiv.) and DIPEA (6.39 mL, 37.17 mmol, 3 equiv.) at 0 °C under
nitrogen atmosphere and allowed the reaction mixture to stir at
RT for 16 h. The progress of the reaction was monitored by TLC.
The reaction mixture was diluted with ice-cold water (50 mL)
and ltered. The resulting solid was washed with water (20 mL)
and dried under vacuum to afford (3.1 g, 10.19 mmol, 82%) 1-(6-
chloro-3-oxo-2,3-dihydropyridazin-4-yl)-N-phenylazetidine-3-
carboxamide 6 as a pale-yellow solid. LC-MS (ES-API): m/z =

305.0 (M + H)+, 75.9% purity by LC-MS.
5.2.4.4. Preparation of 1-(3-oxo-6-(pyridin-4-yl)-2,3-di-

hydropyridazin-4-yl)-N-phenylazetidine-3-carboxamide (7).18 To
a stirred solution of 1-(6-chloro-3-oxo-2,3-dihydropyridazin-4-
yl)-N-phenylazetidine-3-carboxamide 6 (200 mg, 0.656 mmol,
1.0 equiv.) in 1,4-dioxane (10 mL) were added 2 N Na2CO3

(208 mg, 1.968 mmol, 3.0 equiv.), pyridin-4-yl boronic acid
(104.8 mg, 0.853 mmol, 1.3 equiv.) and degassed with argon for
5 minutes before the addition of Pd(dppf)Cl2$CH2Cl2 (54 mg,
0.065 mmol, 0.1 equiv.) was stirred at 100 °C for 16 h. The
reaction mixture was diluted with ice-cold water (30 mL) and
extracted with EtOAc (2 × 50 mL). The combined organic layer
was washed with brine (20 mL), dried over anhydrous Na2SO4,
ltered and concentrated under reduced pressure to afford
crude compound, which upon purication by ash chroma-
tography (using Biotage, Claricep, 12 g silica cartridge, eluted
with 5–10% of MeOH in CH2Cl2) to afford (18 mg, 0.052 mmol,
8%) 1-(3-oxo-6-(pyridin-4-yl)-2,3-dihydropyridazin-4-yl)-N-
phenylazetidine-3-carboxamide 7 as an off-white solid. 1H NMR
(400 MHz, DMSO-d6): d 12.77 (s, 1H), 10.11 (s, 1H), 8.63 (d, J =
6.0 Hz, 2H), 7.82 (d, J= 6.0 Hz, 2H), 7.62 (d, J= 7.6 Hz, 2H), 7.31
(t, J = 7.6 Hz, 2H), 7.05 (t, J = 7.6 Hz, 1H), 6.55 (s, 1H), 4.36–4.34
(m, 4H), 3.62–3.72 (m, 1H); 13C-NMR (400 MHz, DMSO-d6):
196.9, 170.2, 156.6, 150.0, 145.1, 143.1, 138.9, 128.7, 123.3,
119.9, 119.2, 98.2, 35.1. IR: 1639.4 cm−1 (C]O stretching); LC-
MS (ES-API): m/z = 348.1 (M + H)+; purity by HPLC: 96.8%; MR:
243–246 °C.

5.2.4.5. Preparation of 1-(3-oxo-6-phenyl-2,3-di-
hydropyridazin-4-yl)-N-phenylazetidine-3-carboxamide (8). To
a stirred solution of 1-(6-chloro-3-oxo-2,3-dihydropyridazin-4-
yl)-N-phenylazetidine-3-carboxamide 6 (200 mg, 0.656 mmol,
1.0 equiv.) in 1,4-dioxane (10 mL) were added 2 N Na2CO3

(208 mg, 1.968 mmol, 3.0 equiv.), phenylboronic acid (104.8 mg,
0.853 mmol, 1.3 equiv.) and degassed with argon for 5 minutes
47576 | RSC Adv., 2025, 15, 47565–47586
before the addition of Pd(dppf)Cl2$CH2Cl2 (54 mg, 0.065 mmol,
0.1 equiv.) was stirred at 100 °C for 16 h. The reaction mixture
was diluted with ice-cold water (30 mL) and then extracted with
ethyl acetate (EtOAc) (2 × 50 mL). The combined organic layer
was washed with brine (20 mL), dried over anhydrous Na2SO4,
ltered and concentrated under reduced pressure to afford
crude compound, which upon purication by ash chroma-
tography (using Biotage, Claricep, 12 g silica cartridge, eluted
with 5–10% of MeOH in CH2Cl2) to afford (22 mg, 0.063 mmol,
10%) 1-(3-oxo-6-phenyl-2,3-dihydropyridazin-4-yl)-N-
phenylazetidine-3-carboxamide 8 as a light brown solid. 1H-
NMR (400 MHz, DMSO-d6): d 12.56 (s, 1H), 10.09 (s, 1H), 7.83
(d, J = 7.6 Hz, 2H), 7.62 (d, J = 7.6 Hz, 2H), 7.45–7.37 (m, 3H),
7.31 (t, J= 7.6 Hz, 2H), 7.05 (t, J= 7.2 Hz, 1H), 6.44 (s, 1H), 4.41–
4.33 (m, 4H), 3.70–3.66 (m, 1H); 13C-NMR (400 MHz, DMSO-d6):
170.3, 156.5, 145.4, 145.1, 139.0, 136.1, 128.7, 128.6, 128.5,
125.7, 123.3, 119.2, 99.0, 35.1; IR: 1654.9 cm−1 (C]O stretch-
ing), LC-MS (ES-API): m/z = 347.13 (M + H)+; purity by HPLC:
91.7%; MR: 270–273 °C.

5.2.4.6. Preparation of 1-(6-(3-uorophenyl)-3-oxo-2,3-di-
hydropyridazin-4-yl)-N-phenylazetidine-3-carboxamide (9). To
a stirred solution of 1-(6-chloro-3-oxo-2,3-dihydropyridazin-4-
yl)-N-phenylazetidine-3-carboxamide 6 (200 mg, 0.656 mmol,
1.0 equiv.) in 1,4-dioxane (10 mL) were added 2 N Na2CO3

(208 mg, 1.968 mmol, 3.0 equiv.), (3-uorophenyl)boronic acid
(119.4 mg, 0.853 mmol, 1.3 equiv.) and degassed with argon for
5 minutes prior to the addition of Pd(dppf)Cl2$CH2Cl2 (54 mg,
0.065 mmol, 0.1 equiv.) was stirred at 100 °C for 16 h. The
reaction mixture was diluted with ice-cold water (30 mL) and
then extracted with ethyl acetate (EtOAc) (2 × 50 mL). The
combined organic layer was washed with brine (20 mL), dried
over anhydrous Na2SO4, ltered, and concentrated under
reduced pressure to afford crude compound, which, upon
purication by ash chromatography (using Biotage, Claricep,
12 g silica cartridge, eluted with 5–10% of MeOH in CH2Cl2) to
afford (35 mg, 0.096 mmol, 15%) 1-(6-(3-uorophenyl)-3-oxo-
2,3-dihydropyridazin-4-yl)-N-phenylazetidine-3-carboxamide 9
as a light brown solid. 1H-NMR (500 MHz, DMSO-d6): d 12.65 (s,
1H), 10.06 (s, 1H), 7.70–7.59 (m, 4H), 7.52–7.45 (m, 1H), 7.31 (t, J
= 7.5 Hz, 2H), 7.23 (t, J = 8.0 Hz, 1H), 7.05 (t, J = 7.0 Hz, 1H),
6.49 (s, 1H), 4.62–4.21 (m, 4H), 3.69–3.66 (m, 1H); 13C-NMR (400
MHz, DMSO-d6): 170.7, 164.1, 161.7, 157.0, 145.5, 144.7, 139.4,
139.1, 139.0, 131.0, 130.9, 129.9, 129.2, 123.8, 122.2, 120.4,
120.3, 119.7, 117.3, 117.1, 115.9, 115.7, 113.0, 112.8, 99.3; IR:
1656.8 cm−1 (C]O stretching), LC-MS (ES-API):m/z= 365.13 (M
+ H)+; purity by HPLC: 93.2%; MR: 255–258 °C.

5.2.4.7. Preparation of 1-(6-(4-methoxyphenyl)-3-oxo-2,3-di-
hydropyridazin-4-yl)-N-phenylazetidine-3-carboxamide (10). To
a stirred solution of 1-(6-chloro-3-oxo-2,3-dihydropyridazin-4-
yl)-N-phenylazetidine-3-carboxamide 6 (200 mg, 0.656 mmol,
1.0 equiv.) in 1,4-dioxane (10 mL) were added 2 N Na2CO3

(208 mg, 1.968 mmol, 3.0 equiv.), (4-methoxyphenyl)boronic
acid (129.5 mg, 0.853 mmol, 1.3 equiv.) and degassed with
argon for 5 minutes before the addition of Pd(dppf)Cl2$CH2Cl2
(54 mg, 0.065 mmol, 0.1 equiv.), and stirred 100 °C for 16 h. The
reaction mixture was diluted with ice-cold water (30 mL) and
then extracted with ethyl acetate (EtOAc) (2 × 50 mL). The
© 2025 The Author(s). Published by the Royal Society of Chemistry
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combined organic layer was washed with brine (20 mL), dried
over anhydrous Na2SO4, ltered, and concentrated under
reduced pressure to afford crude compound, which, upon
purication by ash chromatography (using Biotage, Claricep,
12 g silica cartridge, eluted with 5–10% of MeOH in CH2Cl2) to
afford (36 mg, 0.095 mmol, 15%) 1-(6-(4-methoxyphenyl)-3-oxo-
2,3-dihydropyridazin-4-yl)-N-phenylazetidine-3-carboxamide 10
as an off-white solid. 1H-NMR (400 MHz, DMSO-d6): d 12.46 (s,
1H), 10.06 (s, 1H), 7.76 (d, J = 8.8 Hz, 2H), 7.62 (d, J = 7.6 Hz,
2H), 7.31 (t, J = 7.6 Hz, 2H), 7.05 (t, J = 7.2 Hz, 1H), 6.98 (d, J =
8.8 Hz, 2H), 6.40 (s, 1H), 4.40–4.31 (m, 4H), 3.79 (s, 3H), 3.69–
3.64 (m, 1H); 13C-NMR (400MHz, DMSO-d6): 170.3, 159.7, 156.4,
145.2, 145.0, 138.9, 128.7, 128.6, 127.1, 123.3, 119.2, 113.9, 98.9,
55.1, 35.1; IR: 1653.0 cm−1 (C]O stretching); LC-MS (ES-API):
m/z = 377.15 (M + H)+; purity by HPLC: 98.04%; MR: 256–
258 °C.

5.2.4.8. Preparation of 1-(6-(4-chlorophenyl)-3-oxo-2,3-di-
hydropyridazin-4-yl)-N-phenylazetidine-3-carboxamide (11). To
a stirred solution of 1-(6-chloro-3-oxo-2,3-dihydropyridazin-4-
yl)-N-phenylazetidine-3-carboxamide 6 (200 mg, 0.656 mmol,
1.0 equiv.) in 1,4-dioxane (10 mL) were added 2 N Na2CO3

(208 mg, 1.968 mmol, 3.0 equiv.), (4-chlorophenyl)boronic acid
(133.8 mg, 0.853 mmol, 1.3 equiv.) and degassed with argon for
5 minutes before the addition of Pd(dppf)Cl2$CH2Cl2 (54 mg,
0.065 mmol, 0.1 equiv.) was stirred at 100 °C for 16 h. The
reaction mixture was diluted with ice-cold water (30 mL) and
then extracted with ethyl acetate (EtOAc) (2 × 50 mL). The
combined organic layer was washed with brine (20 mL), dried
over anhydrous Na2SO4, ltered and concentrated under
reduced pressure to afford crude compound, which upon
purication by ash chromatography (using Biotage, Claricep,
12 g silica cartridge, eluted with 5–10% of MeOH in CH2Cl2) to
afford (45 mg, 0.118 mmol, 18%) 1-(6-(4-chlorophenyl)-3-oxo-
2,3-dihydropyridazin-4-yl)-N-phenylazetidine-3-carboxamide 11
as an off-white solid. 1H-NMR (500 MHz, DMSO-d6): d 12.60 (s,
1H), 10.06 (s, 1H), 7.86 (d, J = 8.5 Hz, 2H), 7.62 (d, J = 7.5 Hz,
2H), 7.49 (t, J = 9.0 Hz, 2H), 7.31 (t, J = 9.5 Hz, 2H), 7.05 (t, J =
7.0 Hz, 1H), 6.45 (s, 1H), 4.49–4.21 (m, 4H), 3.70–3.64 (m, 1H);
13C-NMR (400 MHz, DMSO-d6): 170.2, 156.5, 145.0, 144.3, 138.9,
134.9, 133.3, 130.7, 130.2, 128.7, 127.5, 123.3, 119.2, 98.6, 55.3,
35.1; IR: 1660.7 cm−1 (C]O stretching); LC-MS (ES-API): m/z =
381.08 (M + H)+; purity by HPLC: 94.6%; MR: 258–261 °C.

5.2.4.9. Preparation of 1-(6-(2,4-diuorophenyl)-3-oxo-2,3-di-
hydropyridazin-4-yl)-N-phenylazetidine-3-carboxamide (12). To
a stirred solution of 1-(6-chloro-3-oxo-2,3-dihydropyridazin-4-
yl)-N-phenylazetidine-3-carboxamide 6 (200 mg, 0.656 mmol,
1.0 equiv.) in 1,4-dioxane (10 mL) were added 2 N Na2CO3

(208 mg, 1.968 mmol, 3.0 equiv.), (2,4-diuorophenyl)boronic
acid (134.7 mg, 0.853 mmol, 1.3 equiv.) and degassed with
argon for 5 minutes before the addition of Pd(dppf)Cl2$CH2Cl2
(54 mg, 0.065 mmol, 0.1 equiv.) was stirred at 100 °C for 16 h.
The reaction mixture was diluted with ice-cold water (30 mL)
and extracted with EtOAc (2 × 50 mL). The combined organic
layer was washed with brine (20 mL), dried over anhydrous
Na2SO4, ltered and concentrated under reduced pressure to
afford crude compound, which upon purication by ash
chromatography (using Biotage, Claricep, 12 g silica cartridge,
© 2025 The Author(s). Published by the Royal Society of Chemistry
eluted with 5–10% of MeOH in CH2Cl2) to afford (41 mg,
0.107 mmol, 16%) 1-(6-(2,4-diuorophenyl)-3-oxo-2,3-di-
hydropyridazin-4-yl)-N-phenylazetidine-3-carboxamide 12 as an
off-white solid. 1H-NMR (400 MHz, DMSO-d6): d 12.68 (s, 1H),
10.06 (s, 1H), 7.70–7.60 (m, 3H), 7.38–7.29 (m, 3H), 7.18 (d, J =
8.0 Hz, 1H), 7.05 (t, J= 7.6 Hz, 1H), 6.17 (d, J= 1.6 Hz, 1H), 4.37–
4.30 (m, 4H), 3.73–3.62 (m, 1H); 13C-NMR (400 MHz, DMSO-d6):
170.2, 163.6, 163.5, 161.1, 161.0, 160.8, 160.7, 158.3, 158.2,
156.3, 144.6, 142.0, 138.9, 131.4, 131.3, 128.7, 128.5, 128.5,
128.4, 123.3, 121.5, 121.4, 119.2, 111.9, 111.7, 104.8, 104.5,
104.3, 101.5, 101,4, 54.8, 35.1; IR: 1654.97 cm−1 (C]O stretch-
ing); LC-MS (ES-API): m/z = 383.11 (M + H)+; purity by HPLC:
96%; MR: 260–263 °C.

5.2.4.10. Preparation of tert-butyl 3-((furan-2-ylmethyl)
carbamoyl)azetidine-1-carboxylate (14). To a stirred solution of
1-(tert-butoxycarbonyl)azetidine-3-carboxylic acid 1 (3 g,
14.909 mmol, 1 equiv.) in DMF (20 mL) at 0 °C under nitrogen
atmosphere were added DIPEA (7.69 mL, 44.727 mmol, 3
equiv.), HATU (7.6 g, 19.38 mmol, 1.3 equiv.) and furan-2-
ylmethanamine 13 (1.59 g, 16.399 mmol, 1.1 equiv.). The
resulting reaction mixture was stirred at RT for 16 h. The
progress of the reaction was monitored by TLC. The reaction
mixture was diluted with water (50 mL) and then extracted with
ethyl acetate (EtOAc) (2 × 100 mL). The combined organic layer
was washed with brine (2 × 30 mL), dried over anhydrous
sodium sulphate, ltered and concentrated under reduced
pressure to get the crude product, which upon purication by
ash chromatography (using Biotage, Claricep, 80 g silica
cartridge, eluted with 35–40% of EtOAc in petether) to afford
(3.5 g, 12.5 mmol, 84%) tert-butyl 3-((furan-2-ylmethyl)
carbamoyl)azetidine-1-carboxylate 14 as a pale-yellow solid.
1H-NMR (400 MHz, CDCl3): d 7.35 (dd, J = 1.6 Hz, J = 0.8 Hz,
1H), 6.32 (dd, J= 3.2 Hz, J= 2.0 Hz, 1H), 6.23 (dd, J= 3.2 Hz, J=
0.8 Hz, 1H), 6.05 (br s, 1H), 4.45 (d, J = 5.6 Hz, 2H), 4.10 (t, J =
7.2 Hz, 2H), 4.02 (t, J = 8.8 Hz, 2H), 3.23–3.15 (m, 1H), 2.79 (s,
4H); 1.43 (s, 9H); LC-MS: (ES-API): m/z = 281.14 (M + H)+, 99%
purity by LC-MS.

5.2.4.11. Preparation of N-(furan-2-ylmethyl)azetidine-3-
carboxamide (15). To a stirred solution of tert-butyl 3-((furan-2-
ylmethyl)carbamoyl)azetidine-1-carboxylate 14 (3.5 g,
12.48mmol, 1 equiv.) in CH2Cl2 (35mL) was added TFA (4.8 mL,
62.42 mmol, 5.0 equiv.) at 0 °C. The resulting reaction mixture
was stirred at RT for 2 h. The progress of the reaction was
monitored by TLC and LC-MS. Aer completion of the reaction,
the reaction mixture was concentrated under reduced pressure,
and the residue was triturated with diethyl ether (30 mL). The
resulting solid was dried under vacuum to yield 3.2 g (93%) of N-
(furan-2-ylmethyl)azetidine-3-carboxamide 15 (as the TFA salt)
as a pale-yellow solid. LC-MS (ES-API): m/z = 181.11 (M + H)+,
purity by LC-MS: 75.5%.

5.2.4.12. Preparation of 1-(6-chloro-3-oxo-2,3-di-
hydropyridazin-4-yl)-N-(furan-2-ylmethyl)azetidine-3-carboxamide
(16). To a stirred solution of N-(furan-2-ylmethyl) azetidine-3-
carboxamide 15 (3.2 g, 11.5 mmol, 1.0 equiv.) in DMF (34 mL)
were added 4-bromo-6-chloropyridazin-3(2H)-one 5 (2.4 g,
11.5 mmol, 1.0 equiv.) and DIPEA (5.8 mL, 34.5 mmol, 3 equiv.)
at 0 °C under nitrogen atmosphere and allowed the reaction
RSC Adv., 2025, 15, 47565–47586 | 47577
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mixture to stir at RT for 16 h. The progress of the reaction was
monitored by TLC. The reaction mixture was diluted with ice-
cold water (50 mL) and ltered. The resulting solid was
washed with water (20 mL) and dried under vacuum to afford
(3.0 g, 9.74 mmol, 84%) 1-(6-chloro-3-oxo-2,3-dihydropyridazin-
4-yl)-N-(furan-2-ylmethyl) azetidine-3-carboxamide 16 as a pale-
yellow solid. 1H-NMR (400 MHz, DMSO-d6): d 12.46 (s, 1H), 8.49
(t, J = 5.6 Hz, 1H), 7.57–7.54 (m 1H), 6.38 (dd, J = 3.2 Hz, J =
2.0 Hz, 2H), 6.25 (t, J= 0.8 Hz, 1H), 5.92 (s, J= 7.6 Hz, 1H), 4.30–
3.90 (m, 4H), 4.49–3.41 (m, 1H); LC-MS (ES-API): m/z = 309.08
(M + H)+, purity by LC-MS: 70%.

5.2.4.13. Preparation of N-(furan-2-ylmethyl)-1-(3-oxo-6-
(pyridin-4-yl)-2,3-dihydropyridazin-4-yl)azetidine-3-carboxamide
(17). To a stirred solution of 1-(6-chloro-3-oxo-2,3-di-
hydropyridazin-4-yl)-N-(furan-2-ylmethyl) azetidine-3-
carboxamide 16 (200 mg, 0.647 mmol, 1.0 equiv.) in 1,4-
dioxane (10 mL) were added 2 N Na2CO3 (206 mg, 1.943 mmol,
3.0 equiv.), pyridin-4-yl boronic acid (103.5 mg, 0.842 mmol, 1.3
equiv.) and degassed with argon for 5 minutes before the
addition of Pd(dppf)Cl2$CH2Cl2 (53 mg, 0.064 mmol, 0.1 equiv.)
was stirred at 100 °C for 16 h. The reaction mixture was diluted
with ice-cold water (30 mL) and then extracted with ethyl acetate
(EtOAc) (2 × 50 mL). The combined organic layer was washed
with brine (20 mL), dried over anhydrous Na2SO4, ltered, and
concentrated under reduced pressure to afford crude
compound, which upon purication by ash chromatography
(using Biotage, Claricep, 12 g silica cartridge, eluted with 5–10%
of MeOH in CH2Cl2) to afford (52 mg, 0/148 mmol, 23%) N-
(furan-2-ylmethyl)-1-(3-oxo-6-(pyridin-4-yl)-2,3-
dihydropyridazin-4-yl)azetidine-3-carboxamide 17 as a light
brown solid. 1H-NMR (400 MHz, DMSO-d6): d 12.74 (s, 1H), 8.63
(d, J = 5.6 Hz, 2H), 8.50 (t, J = 5.2 Hz, 1H), 7.81 (dd, J = 4.8 Hz, J
= 1.2 Hz, 2H), 7.58 (d, J = 2.0 Hz, 1H), 6.51 (s, 1H), 7.39 (dd, J =
3.2 Hz, J = 2.0 Hz, 1H), 6.25 (dd, J = 3.2 Hz, J = 0.4 Hz, 1H), 6.51
(s, 1H), 4.51–4.15 (m, 6H), 3.52–3.45 (m, 1H); 13C-NMR (400
MHz, DMSO-d6): 171.2, 156.6, 149.9, 145.0, 143.1, 142.1, 120.2,
110.4, 106.8, 98.1, 55.2, 35.5, 33.9; IR: 1653.0 cm−1 (C]O
stretching); LC-MS (ES-API): m/z = 352.18 (M + H)+; purity by
HPLC: 97.9%; MR: 228–230 °C.

5.2.4.14. Preparation of N-(furan-2-ylmethyl)-1-(3-oxo-6-
phenyl-2,3-dihydropyridazin-4-yl)azetidine-3-carboxamide (18).
To a stirred solution of 1-(6-chloro-3-oxo-2,3-dihydropyridazin-
4-yl)-N-(furan-2-ylmethyl) azetidine-3-carboxamide 16 (200 mg,
0.647 mmol, 1.0 equiv.) in 1,4-dioxane (10 mL) were added 2 N
Na2CO3 (206 mg, 1.943 mmol, 3.0 equiv.), phenylboronic acid
(102 mg, 0.842 mmol, 1.3 equiv.) and degassed with argon for 5
minutes before the addition of Pd(dppf)Cl2$CH2Cl2 (53 mg,
0.064 mmol, 0.1 equiv.) was stirred at 100 °C for 16 h. The
reaction mixture was diluted with ice-cold water (30 mL) and
then extracted with ethyl acetate (EtOAc) (2 × 50 mL). The
combined organic layer was washed with brine (20 mL), dried
over anhydrous Na2SO4, ltered, and concentrated under
reduced pressure to afford crude compound, which upon
purication by ash chromatography (using Biotage, Claricep,
12 g silica cartridge, eluted with 5–10% of MeOH in CH2Cl2) to
afford (55 mg, 0.157 mmol, 24%) N-(furan-2-ylmethyl)-1-(3-oxo-
6-(pyridin-4-yl)-2,3-dihydropyridazin-4-yl)azetidine-3-
47578 | RSC Adv., 2025, 15, 47565–47586
carboxamide 18 as a pale-yellow solid. 1H-NMR (400 MHz,
DMSO-d6): d 12.54 (s, 1H), 8.49 (t, J = 5.6 Hz, 1H), 7.81 (d, J =
6.8 Hz, 2H), 7.58 (d, J= 0.8 Hz, 1H), 7.45–7.38 (m, 3H), 6.40–6.38
(m, 2H), 6.25 (d, J = 2.8 Hz, 1H), 4.45–4.23 (m, 6H), 3.51–3.44
(m, 1H); 13C-NMR (400 MHz, DMSO-d6): 171.2, 156.5, 152.0,
145.4, 145.0, 142.1, 136.1, 128.6, 128.5, 125.7, 110.4, 106.9, 98.9,
55.4, 35.5, 33.9; IR: 1647.2 cm−1 (C]O stretching); LC-MS (ES-
API): m/z = 351.17 (M + H)+; purity by HPLC: 99.8%; MR: 254–
256 °C.

5.2.4.15. Preparation of 1-(6-(3-uorophenyl)-3-oxo-2,3-di-
hydropyridazin-4-yl)-N-(furan-2-ylmethyl)azetidine-3-carboxamide
(19). To a stirred solution of 1-(6-chloro-3-oxo-2,3-di-
hydropyridazin-4-yl)-N-(furan-2-ylmethyl) azetidine-3-
carboxamide 16 (200 mg, 0.647 mmol, 1.0 equiv.) in 1,4-
dioxane (10 mL) were added 2 N Na2CO3 (206 mg, 1.943 mmol,
3.0 equiv.), (3-uorophenyl)boronic acid (117.2 mg,
0.842 mmol, 1.3 equiv.) and degassed with argon for 5 minutes
before the addition of Pd(dppf)Cl2$CH2Cl2 (53 mg, 0.064 mmol,
0.1 equiv.) and stirred for 16 h at 100 °C. The reaction mixture
was diluted with ice-cold water (30 mL) and then extracted with
ethyl acetate (EtOAc) (2 × 50 mL). The combined organic layer
was washed with brine (20 mL), dried over anhydrous Na2SO4,
ltered, and concentrated under reduced pressure to afford
crude compound, which, upon purication by ash chroma-
tography (using Biotage, Claricep, 12 g silica cartridge, eluted
with 5–10% of MeOH in CH2Cl2) to afford (61 mg, 0.165 mmol,
25%) 1-(6-(3-uorophenyl)-3-oxo-2,3-dihydropyridazin-4-yl)-N-
(furan-2-ylmethyl)azetidine-3-carboxamide 19 as a pale-yellow
solid. 1H-NMR (500 MHz, DMSO-d6): d 12.61 (s, 1H), 8.49 (d, J
= 6.0 Hz, 1H), 7.69 (d, J = 8.0 Hz, 1H), 7.64 (d, J = 10.0 Hz, 1H),
7.58 (d, J = 1.0 Hz, 1H), 7.49–7.45 (m, 1H), 7.22 (t, J = 10.0 Hz,
1H), 6.45 (s, 1H), 6.39 (d, J= 2.5 Hz, 1H), 6.25 (d, J= 2.5 Hz, 1H),
4.31–4.24 (m, 6H), 3.50–3.46 (m, 1H); 13C-NMR (400 MHz,
DMSO-d6): 171.2, 163.6, 161.2, 156.5, 152.0, 145.0, 144.2, 142.1,
138.6, 138.5, 130.55, 130.47, 121.79, 115.4, 115.2, 112.5, 112.3,
110.4, 106.9, 98.7, 55.3, 35.5, 33.9; IR: 1649.1 cm−1 (C]O
stretching); LC-MS (ES-API): m/z = 369.19 (M + H)+; purity by
HPLC: 99.1%; MR: 263–265 °C.

5.2.4.16. Preparation of N-(furan-2-ylmethyl)-1-(6-(4-
methoxyphenyl)-3-oxo-2,3-dihydropyridazin-4-yl)azetidine-3-
carboxamide (20). To a stirred solution of 1-(6-chloro-3-oxo-2,3-
dihydropyridazin-4-yl)-N-(furan-2-ylmethyl) azetidine-3-
carboxamide 16 (200 mg, 0.647 mmol, 1.0 equiv.) in 1,4-
dioxane (10 mL) were added 2 N Na2CO3 (206 mg, 1.943 mmol,
3.0 equiv), (4-methoxyphenyl)boronic acid (127.9 mg,
0.842 mmol, 1.3 equiv.) and degassed with argon for 5 minutes
prior to the addition of Pd(dppf)Cl2$CH2Cl2 (53 mg,
0.064 mmol, 0.1 equiv.) and stirred for 16 h at 100 °C. The
reaction mixture was diluted with ice-cold water (30 mL) and
then extracted with ethyl acetate (EtOAc) (2 × 50 mL). The
combined organic layer was washed with brine (20 mL), dried
over anhydrous Na2SO4, ltered, and concentrated under
reduced pressure to afford crude compound, which upon
purication by ash chromatography (using Biotage, Claricep,
12 g silica cartridge, eluted with 5–10% of MeOH in CH2Cl2) to
afford (55 mg, 0.144 mmol, 22%) N-(furan-2-ylmethyl)-1-(6-(4-
methoxyphenyl)-3-oxo-2,3-dihydropyridazin-4-yl)azetidine-3-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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carboxamide 20 as a light brown solid. 1H-NMR (500 MHz,
DMSO-d6): d 12.43 (s, 1H), 8.48 (t, J = 6.0 Hz, 1H), 7.75 (d, J =
9.0 Hz, 2H), 7.57 (d, J= 1.0 Hz, 1H), 6.97 (d, J= 9.0 Hz, 2H), 6.39
(d, J= 3.5 Hz, 1H), 6.36 (s, 1H), 6.25 (d, J= 3.5 Hz, 1H), 4.30–4.21
(m, 6H), 3.79 (s, 1H), 3.49–3.45 (m, 1H); 13C-NMR (400 MHz,
DMSO-d6): 171.2, 159.6, 156.4, 152.0, 145.2, 145.0, 142.1, 128.5,
127.0, 113.8, 110.4, 106.9, 98.8, 55.1, 35.5, 34.0; IR: 1649.1 cm−1

(C]O stretching); LC-MS (ES-API):m/z= 381.16 (M + H)+; purity
by HPLC: 98.4%; MR: 222–225 °C.

5.2.4.17. Preparation of 1-(6-(4-chlorophenyl)-3-oxo-2,3-di-
hydropyridazin-4-yl)-N-(furan-2-ylmethyl)azetidine-3-carboxamide
(21). To a stirred solution of 1-(6-chloro-3-oxo-2,3-di-
hydropyridazin-4-yl)-N-(furan-2-ylmethyl) azetidine-3-
carboxamide 16 (200 mg, 0.647 mmol, 1.0 equiv.) in 1,4-
dioxane (10 mL) were added 2 N Na2CO3 (206 mg, 1.943 mmol,
3.0 equiv.), (4-chlorophenyl)boronic acid (131 mg, 0.842 mmol,
1.3 equiv.) and degassed with argon for 5 minutes before the
addition of Pd(dppf)Cl2$CH2Cl2 (53 mg, 0.064 mmol, 0.1 equiv.)
and stirred for 16 h at 100 °C. The reaction mixture was diluted
with ice-cold water (30 mL) and then extracted with ethyl acetate
(EtOAc) (2 × 50 mL). The combined organic layer was washed
with brine (20 mL), dried over anhydrous Na2SO4, ltered and
concentrated under reduced pressure to afford crude
compound, which upon purication by ash chromatography
(using Biotage, Claricep, 12 g silica cartridge, eluted with 5–10%
of MeOH in CH2Cl2) to afford (60 mg, 0.156 mmol, 24%) 1-(6-(4-
chlorophenyl)-3-oxo-2,3-dihydropyridazin-4-yl)-N-(furan-2-
ylmethyl)azetidine-3-carboxamide 21 as a light brown solid. 1H-
NMR (500 MHz, DMSO-d6): d 12.58 (s, 1H), 8.48 (t, J = 5.5 Hz,
1H), 8.15 (s, 1H), 7.85 (d, J= 6.8 Hz, 2H), 7.57 (d, J= 1.0 Hz, 1H),
7.48 (d, J= 9.0 Hz, 2H), 6.42 (s, 1H), 6.39 (d, J= 3.0 Hz, 1H), 6.25
(d, J = 3.0 Hz, 1H), 4.31–4.21 (m, 6H), 3.79 (s, 1H), 3.50–3.46 (m,
1H); 13C-NMR (400 MHz, DMSO-d6): 171.2, 156.4, 152.0, 145.0,
144.3, 142.1, 135.9, 135.0, 134.9, 113.3, 131.6, 130.7, 128.5,
127.5, 127.4, 110.4, 106.9, 98.5, 55.5, 35.5, 33.9; IR: 1649.1 cm−1

(C]O stretching); LC-MS (ES-API): m/z = 385.1 (M + H)+; purity
by HPLC: 73.2%; MR: 241–242 °C.

5.2.4.18. Preparation of 1-(6-(3,5-diuorophenyl)-3-oxo-2,3-
dihydropyridazin-4-yl)-N-(furan-2-ylmethyl)azetidine-3-
carboxamide (22). To a stirred solution of 1-(6-chloro-3-oxo-2,3-
dihydropyridazin-4-yl)-N-(furan-2-ylmethyl) azetidine-3-
carboxamide 16 (200 mg, 0.647 mmol, 1.0 equiv.) in 1,4-
dioxane (10 mL) were added 2 N Na2CO3 (206 mg, 1.943 mmol,
3.0 equiv.), (3,5-diuorophenyl)boronic acid (132.9 mg,
0.842 mmol, 1.3 equiv.) and degassed with argon for 5 minutes
prior to the addition of Pd(dppf)Cl2$CH2Cl2 (53 mg,
0.064 mmol, 0.1 equiv.) and stirred for 16 h at 100 °C. The
reaction mixture was diluted with ice-cold water (30 mL) and
then extracted with ethyl acetate (EtOAc) (2 × 50 mL). The
combined organic layer was washed with brine (20 mL), dried
over anhydrous Na2SO4, ltered, and concentrated under
reduced pressure to afford crude compound, which upon
purication by ash chromatography (using Biotage, Claricep,
12 g silica cartridge, eluted with 5–10% of MeOH in CH2Cl2) to
afford (58 mg, 0.15 mmol, 23%) 1-(6-(3,5-diuorophenyl)-3-oxo-
2,3-dihydropyridazin-4-yl)-N-(furan-2-ylmethyl)azetidine-3-
carboxamide 22 as a light brown solid. 1H-NMR (400 MHz,
© 2025 The Author(s). Published by the Royal Society of Chemistry
DMSO-d6): d 12.66 (s, 1H), 8.48 (d, J = 5.6 Hz, 1H), 7.69–7.63 (m,
1H), 7.57 (d, J = 1.6 Hz, 1H), 7.35 (t, J = 9.2 Hz, 1H), 7.17 (t, J =
8.4 Hz, 1H), 6.38 (d, J= 3.2 Hz, 1H), 6.24 (d, J= 2.8 Hz, 1H), 6.13
(d, J = 1.6 Hz, 1H), 4.30–4.18 (m, 6H), 3.50–3.45 (m, 1H); 13C-
NMR (400 MHz, DMSO-d6): 171.2, 163.6, 163.4, 161.1, 161.0,
160.8, 160.2, 158.3, 158.2, 156.3, 151.9, 144.6, 142.1, 142.0,
131.4, 131.3, 130.6, 128.5, 121.4, 121.3, 111.9, 111.7, 110.4,
106.9, 104.5, 104.2, 101.4, 101.3, 54.9, 35.5, 33.9; IR:
1651.1 cm−1 (C]O stretching); LC-MS (ES-API):m/z= 387.13 (M
+ H)+; purity by HPLC: 97.3%; MR: 215–218 °C.

5.2.4.19. Preparation of methyl 5-(5-(3-((furan-2-ylmethyl)
carbamoyl)azetidin-1-yl)-6-oxo-1,6-dihydropyridazin-3-yl)
nicotinate (23). To a stirred solution of 1-(6-chloro-3-oxo-2,3-di-
hydropyridazin-4-yl)-N-(furan-2-ylmethyl) azetidine-3-
carboxamide 16 (200 mg, 0.647 mmol, 1.0 equiv.) in 1,4-
dioxane (10 mL) were added 2 N Na2CO3 (206 mg, 1.943 mmol,
3.0 equiv.), (5-(methoxycarbonyl)pyridin-3-yl)boronic acid
(152.3 mg, 0.842 mmol, 1.3 equiv.) and degassed with argon for
5 minutes before the addition of Pd(dppf)Cl2$CH2Cl2 (53 mg,
0.064 mmol, 0.1 equiv.) and stirred for 16 h at 100 °C. The
reaction mixture was diluted with ice-cold water (30 mL) and
then extracted with ethyl acetate (EtOAc) (2 × 50 mL). The
combined organic layer was washed with brine (20 mL), dried
over anhydrous Na2SO4, ltered, and concentrated under
reduced pressure to afford crude compound, which, upon
purication by ash chromatography (using Biotage, Claricep,
12 g silica cartridge, eluted with 5–10% of MeOH in CH2Cl2) to
afford (65 mg, 0.158 mmol, 25%) methyl 5-(5-(3-((furan-2-
ylmethyl)carbamoyl)azetidin-1-yl)-6-oxo-1,6-dihydropyridazin-3-
yl)nicotinate 23 as a light brown solid. 1H-NMR (400 MHz,
DMSO-d6): d 12.74 (s, 1H), 9.26 (t, J = 2.0 Hz, 1H), 9.08 (d, J =
2.0 Hz, 1H), 8.65 (d, J= 2.0 Hz, 1H), 8.50 (d, J= 5.6 Hz, 1H), 7.58
(d, J= 1.2 Hz, 1H), 6.59 (s, 1H), 6.39 (d, J = 2.4 Hz, 1H), 6.25 (d, J
= 2.4 Hz, 1H), 4.51–4.32 (m, 6H), 3.92 (s, 1H), 3.52–3.48 (m, 1H);
13C-NMR (400 MHz, DMSO-d6): 171.2, 165.0, 156.4, 152.0, 150.6,
149.6, 145.1, 142.2, 142.1, 133.3, 131.9, 130.6, 128.5, 125.4,
110.4, 106.9, 98.2, 55.8, 35.5, 33.9; IR: 1649.1 cm−1 (C]O
stretching); LC-MS (ES-API): m/z = 410.14 (M + H)+; purity by
HPLC: 92.9%; MR: 257–260 °C.

5.2.4.20. Preparation of tert-butyl 3-(4-phenylpiperazine-1-
carbonyl)azetidine-1-carboxylate (25). To a stirred solution of 1-
(tert-butoxycarbonyl)azetidine-3-carboxylic acid 1 (3 g,
14.909 mmol, 1 equiv.) in DMF (20 mL) at 0 °C under nitrogen
atmosphere were added DIPEA (7.69 mL, 44.727 mmol, 3
equiv.), HATU (7.6 g, 19.38 mmol, 1.3 equiv.) and 1-phenyl-
piperazine 24 (2.66 g, 16.399 mmol, 1.1 equiv.). The resulting
reaction mixture was stirred at RT for 16 h. The progress of the
reaction was monitored by TLC. The reaction mixture was
diluted with water (50 mL) and extracted with EtOAc (2 × 100
mL). The combined organic layer was washed with brine (2× 30
mL), dried over anhydrous sodium sulphate, ltered and
concentrated under reduced pressure to get the crude product,
which upon purication by ash chromatography (using Bi-
otage, Claricep, 80 g silica cartridge, eluted with 35–40% of
EtOAc in petether) to afford (3.4 g, 9.85 mmol, 66%) tert-butyl 3-
(4-phenylpiperazine-1-carbonyl)azetidine-1-carboxylate 25 as
a pale-yellow solid. 1H-NMR (400 MHz, CDCl3): d 7.30–7.26 (m,
RSC Adv., 2025, 15, 47565–47586 | 47579
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2H), 6.93–6.90 (m, 3H), 4.20–4.06 (m, 4H), 3.79 (t, J = 4.8 Hz,
2H), 3.52–3.41 (m, 3H), 3.17–3.13 (m, 4H), 1.43 (s, 9H); LC-MS
(ES-API): m/z = 346.7 (M + H)+, purity by LC-MS: 86.5%.

5.2.4.21. Preparation of azetidin-3-yl(4-phenylpiperazin-1-yl)
methanone (26). To a stirred solution of tert-butyl 3-((furan-2-
ylmethyl)carbamoyl)azetidine-1-carboxylate 25 (3.4 g,
9.85 mmol, 1 equiv.) in CH2Cl2 (35 mL) was added TFA (3.8 mL,
49.21 mmol, 5.0 equiv.) at 0 °C. The resulting reaction mixture
was stirred at RT for 2 h. The progress of the reaction was
monitored by TLC and LC-MS. Aer completion of the reaction,
the reaction mixture was concentrated under reduced pressure,
and the residue was triturated with diethyl ether (30 mL) and
dried under vacuum to get (3.2 g, 9.32 mmol, 94%) of azetidine-
3-yl (4-phenylpiperazin-1-yl)methanone (26) (TFA salt) as a pale-
yellow solid. LC-MS (ES-API): m/z = 246.56 (M + H)+, purity by
LC-MS (crude): 44.3%.

5.2.4.22. Preparation of 6-chloro-4-(3-(4-phenylpiperazine-1-
carbonyl)azetidin-1-yl)pyridazin-3(2H)-one (27). To a stirred
solution of azetidin-3-yl(4-phenylpiperazin-1-yl)methanone 26
(TFA salt) (3.2 g, 9.32 mmol, 1.0 equiv.) in DMF (30 mL) were
added 4-bromo-6-chloropyridazin-3(2H)-one 5 (1.95g,
9.32mmol, 1.0 equiv.) and DIPEA (4.8mL, 27.96mmol, 3 equiv.)
at 0 °C under nitrogen atmosphere and allowed the reaction
mixture to stir at RT for 16 h. The progress of the reaction was
monitored by TLC. The reaction mixture was diluted with ice-
cold water (50 mL) and ltered the resulting solid, washed
with water (20 mL), and dried under vacuum to afford (3.0 g,
8.04 mmol. 86%) 6-chloro-4-(3-(4-phenylpiperazine-1-carbonyl)
azetidin-1-yl)pyridazin-3(2H)-one 27 as a pale-yellow solid. 1H-
NMR (400 MHz, CDCl3): d 9.85 (s, 1H), 7.31–7.26 (m, 2H),
6.94–6.89 (m, 3H), 5.74 (s, 1H), 4.57–4.46 (m, 4H), 3.82–3.73 (m,
4H), 3.48–3.43 (m, 3H), 3.21–3.17 (m, 2H); LC-MS (ES-API): m/z
= 374.05 (M + H)+, purity by LC-MS: 78.9%.

5.2.4.23. Preparation of 4-(3-(4-phenylpiperazine-1-carbonyl)
azetidin-1-yl)-6-(pyridin-4-yl)pyridazin-3(2H)-one (28). To a stirred
solution of 6-chloro-4-(3-(4-phenylpiperazine-1-carbonyl)azeti-
din-1-yl)pyridazin-3(2H)-one 27 (200 mg, 0.534 mmol, 1.0
equiv.) in 1,4-dioxane (10 mL) were added 2 N Na2CO3 (170 mg,
1.604 mmol, 3.0 equiv.), pyridin-4-yl boronic acid (85 mg,
0.694 mmol, 1.3 equiv.) and degassed with argon for 5 minutes
before the addition of Pd(dppf)Cl2$CH2Cl2 (43 mg, 0.053 mmol,
0.1 equiv.) and stirred for 16 h at 100 °C. The reaction mixture
was diluted with ice-cold water (30 mL) and extracted with
EtOAc (2 × 50 mL). The combined organic layer was washed
with brine (20 mL), dried over anhydrous Na2SO4, ltered and
concentrated under reduced pressure to afford crude
compound, which upon purication by ash chromatography
(using Biotage, Claricep, 12 g silica cartridge, eluted with 5–10%
of MeOH in CH2Cl2) to afford (35 mg, 0.084 mmol, 16%) 4-(3-(4-
phenylpiperazine-1-carbonyl)azetidin-1-yl)-6-(pyridin-4-yl)pyr-
idazin-3(2H)-one 28 as a as a light brown solid. 1H-NMR (400
MHz, DMSO-d6): d 12.77 (s, 1H), 8.63 (d, J = 5.6 Hz, 2H), 7.81
(dd, J = 4.8 Hz, J = 1.6 Hz, 2H), 7.23 (t, J = 8.4 Hz, 2H), 6.97 (d, J
= 8.0 Hz, 2H), 6.81 (t, J = 8.0 Hz, 1H), 6.55 (s, 1H), 4.59–4.19 (m,
4H), 3.91–3.88 (m, 1H), 3.64 (t, J= 4.4 Hz, 2H), 3.46 (t, J= 4.4 Hz,
2H), 3.17–3.14 (m, 4H); 13C-NMR (400 MHz, DMSO-d6): 169.3,
156.6, 150.7, 150.0, 145.1, 143.1, 128.1, 119.9, 119.3, 115.9, 98.3,
47580 | RSC Adv., 2025, 15, 47565–47586
48.6, 48.2, 44.3, 32.1; IR: 1656.8 cm−1 (C]O stretching); LC-MS
(ES-API): m/z = 417.29 (M + H)+; purity by HPLC: 97.8%; MR:
261–263 °C.

5.2.4.24. Preparation of 6-phenyl-4-(3-(4-phenylpiperazine-1-
carbonyl)azetidin-1-yl)pyridazin-3(2H)-one (29). To a stirred
solution of 6-chloro-4-(3-(4-phenylpiperazine-1-carbonyl)azeti-
din-1-yl)pyridazin-3(2H)-one 27 (200 mg, 0.534 mmol, 1.0
equiv.) in 1,4-dioxane (10 mL) were added 2 N Na2CO3 (170 mg,
1.604 mmol, 3.0 equiv.), phenylboronic acid (84 mg,
0.694 mmol, 1.3 equiv.) and degassed with argon for 5 minutes
before the addition of Pd(dppf)Cl2$CH2Cl2 (43 mg, 0.053 mmol,
0.1 equiv.) and stirred for 16 h at 100 °C. The reaction mixture
was diluted with ice-cold water (30 mL) and extracted with
EtOAc (2 × 50 mL). The combined organic layer was washed
with brine (20 mL), dried over anhydrous Na2SO4, ltered, and
concentrated under reduced pressure to afford crude
compound, which, upon purication by ash chromatography
(using Biotage, Claricep, 12 g silica cartridge, eluted with 5–10%
of MeOH in CH2Cl2) to afford (40 mg, 0.096 mmol, 18%) 6-
phenyl-4-(3-(4-phenylpiperazine-1-carbonyl)azetidin-1-yl)pyr-
idazin-3(2H)-one 29 as a light brown solid. 1H-NMR (400 MHz,
DMSO-d6): d 12.56 (s, 1H), 7.82 (d, J = 6.8 Hz, 2H), 7.45–7.38 (m,
3H), 7.23 (t, J = 8.0 Hz, 2H), 6.97 (d, J = 8.0 Hz, 2H), 6.81 (t, J =
7.2 Hz, 1H), 6.45 (s, 1H),4.51–4.29 (m, 4H), 3.91–3.88 (m, 1H),
3.71–3.60 (m, 2H), 3.50–3.40 (m, 2H), 3.17–3.14 (m, 4H); 13C-
NMR (400 MHz, DMSO-d6): 169.3, 156.5, 150.7, 145.4, 145.1,
136.0, 128.9, 128.6, 128.5, 125.7, 119.3, 115.9, 99.0, 48.6, 48.2,
44.3, 32.0; IR: 1647.2 cm−1 (C]O stretching); LC-MS (ES-API):
m/z = 416.25 (M + H)+; purity by HPLC: 98.9%; MR: 239–242 °C.

5.2.4.25. Preparation of tert-butyl 3-((2,2,2-triuoroethyl)
carbamoyl)azetidine-1-carboxylate (31). To a stirred solution of
1-(tert-butoxycarbonyl)azetidine-3-carboxylic acid (1) (3 g,
14.909 mmol, 1 equiv.) in DMF (20 mL) at 0 °C under nitrogen
atmosphere were added DIPEA (7.69 mL, 44.727 mmol, 3
equiv.), HATU (7.6 g, 19.38 mmol, 1.3 equiv.) and 2,2,2-
triuoroethan-1-amine 30 (1.62 g, 16.399 mmol, 1.1 equiv.). The
resulting reaction mixture was stirred at RT for 16 h. The
progress of the reaction was monitored by TLC. The reaction
mixture was diluted with water (50 mL) and extracted with
EtOAc (2 × 100 mL). The combined organic layer was washed
with brine (2 × 30 mL), dried over anhydrous sodium sulphate,
ltered and concentrated under reduced pressure to get the
crude product, which upon purication by ash chromatog-
raphy (using Biotage, Claricep, 80 g silica cartridge, eluted with
35–40% of EtOAc in petether) to afford (3.4 g, 12.01 mmol, 81%)
tert-butyl 3-((2,2,2-triuoroethyl)carbamoyl)azetidine-1-
carboxylate 31 as a pale-yellow solid. 1H-NMR (400 MHz,
CDCl3): d 6.02 (s, 1H), 4.13–4.05 (m, 4H), 3.99–3.91 (m, 2H),
3.28–3.21 (m, 1H), 1.43 (s, 9H); LC-MS (ES-API):m/z = 283.12 (M
+ H)+, purity by LC-MS: 99.7%.

5.2.4.26. Preparation of N-(2,2,2-triuoroethyl)azetidine-3-
carboxamide (32). To a solution of tert-butyl 3-((furan-2-
ylmethyl)carbamoyl)azetidine-1-carboxylate 31 (3.4 g,
12.04mmol, 1 equiv.) in CH2Cl2 (35mL) was added TFA (4.6 mL,
60.22 mmol, 5.0 equiv.) at 0 °C. The resulting reaction mixture
was stirred at RT for 2 h. The progress of the reaction was
monitored by TLC and LC-MS. Aer completion of the reaction,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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the reaction mixture was concentrated under reduced pressure,
and the residue was triturated with diethyl ether (30 mL), and
dried under vacuum to get (3.2 g, 11.42 mmol, 95%) N-(2,2,2-
triuoromethyl)azetidine-3-carboxamide 32 (TFA salt) as a pale-
yellow solid. LC-MS (ES-API): m/z = 183.09 (M + H)+, purity by
LC-MS: 99%.

5.2.4.27. Preparation of 1-(6-chloro-3-oxo-2,3-di-
hydropyridazin-4-yl)-N-(2,2,2-triuoroethyl)azetidine-3-
carboxamide (33). To a stirred solution of N-(2,2,2-triuoroethyl)
azetidine-3-carboxamide 32 (3.2 g, 11.42 mmol, 1.0 equiv.) in
DMF (30 mL) were added 4-bromo-6-chloropyridazin-3(2H)-one
5 (2.38 g, 11.42 mmol, 1.0 equiv.) and DIPEA (5.8 mL,
34.26 mmol, 3 equiv.) at 0 °C under nitrogen atmosphere and
allowed the reaction mixture to stir at RT for 16 h. The progress
of the reaction was monitored by TLC. The reaction mixture was
diluted with ice-cold water (50 mL) and ltered the resulting
solid, washed with water (20 mL), and dried under vacuum to
afford (3.1 g, 10.0 mmol, 87%) 1-(6-chloro-3-oxo-2,3-di-
hydropyridazin-4-yl)-N-(2,2,2-triuoroethyl)azetidine-3-
carboxamide 33 as a pale-yellow solid. 1H-NMR (400 MHz,
DMSO-d6): d 12.48 (s, 1H), 8.70 (t, J = 6.4 Hz, 1H), 7.45–7.38 (m,
3H), 5.94 (s, 1H),4.46–3.82 (m, 6H), 3.57–3.46 (m, 1H); LC-MS
(ES-API): m/z = 311.05 (M + H)+, purity by LC-MS: 81%.

5.2.4.28. Preparation of 1-(3-oxo-6-(pyridin-4-yl)-2,3-di-
hydropyridazin-4-yl)-N-(2,2,2-triuoroethyl)azetidine-3-
carboxamide (34). To a stirred solution of 1-(6-chloro-3-oxo-2,3-
dihydropyridazin-4-yl)-N-(2,2,2-triuoroethyl)azetidine-3-
carboxamide 33 (200 mg, 0.643 mmol, 1.0 equiv.) in 1,4-dioxane
(10 mL) were added 2 N Na2CO3 (204 mg, 1.931 mmol, 3.0
equiv.), pyridin-4-yl boronic acid (102 mg, 0.835 mmol, 1.3
equiv.) and degassed with argon for 5 minutes prior to the
addition of Pd(dppf)Cl2$CH2Cl2 (52 mg, 0.064 mmol, 0.1 equiv.)
and stirred for 16 h at 100 °C. The reaction mixture was diluted
with ice-cold water (30 mL) and extracted with EtOAc (2 × 50
mL). The combined organic layer was washed with brine (20
mL), dried over anhydrous Na2SO4, ltered, and concentrated
under reduced pressure to afford crude compound, which,
upon purication by ash chromatography (using Biotage,
Claricep, 12 g silica cartridge, eluted with 5–10% of MeOH in
CH2Cl2) to afford (65 mg, 0.184 mmol, 28%) 1-(3-oxo-6-(pyridin-
4-yl)-2,3-dihydropyridazin-4-yl)-N-(2,2,2-triuoroethyl)azetidine-
3-carboxamide 34 as a light brown solid. 1H-NMR (400 MHz,
DMSO-d6): d 12.76 (s, 1H), 8.71 (t, J= 6.0 Hz, 1H), 8.63 (br s, 2H),
7.82 (d, J= 5.2 Hz, 2H), 6.53 (s, 1H), 4.45–4.21 (m, 4H), 4.01–3.91
(m, 2H), 3.56–3.53 (m, 1H); 13C-NMR (400 MHz, DMSO-d6):
171.3, 156.6, 150.7, 145.0, 143.1, 128.8, 126.1, 123.3, 120.0, 98.3,
55.3, 33.9; IR: 1658.7 cm−1 (C]O stretching); LC-MS (ES-API):
m/z = 354.14 (M + H)+; purity by HPLC: 99.3%; MR: 273–276 °C.

5.2.4.29. Preparation of 1-(3-oxo-6-phenyl-2,3-di-
hydropyridazin-4-yl)-N-(2,2,2-triuoroethyl)azetidine-3-
carboxamide (35). To a stirred solution of 1-(6-chloro-3-oxo-2,3-
dihydropyridazin-4-yl)-N-(2,2,2-triuoroethyl)azetidine-3-
carboxamide 33 (200 mg, 0.643 mmol, 1.0 equiv.) in 1,4-dioxane
(10 mL) were added 2 N Na2CO3 (204 mg, 1.931 mmol, 3.0
equiv.), phenylboronic acid (102 mg, 0.835 mmol, 1.3 equiv.)
and degassed with argon for 5 minutes prior to the addition of
Pd(dppf)Cl2$CH2Cl2 (52 mg, 0.064 mmol, 0.1 equiv.) and stirred
© 2025 The Author(s). Published by the Royal Society of Chemistry
for 16 h at 100 °C. The reaction mixture was diluted with ice-
cold water (30 mL) and extracted with EtOAc (2 × 50 mL). The
combined organic layer was washed with brine (20 mL), dried
over anhydrous Na2SO4, ltered, and concentrated under
reduced pressure to afford crude compound, which upon
purication by ash chromatography (using Biotage, Claricep,
12 g silica cartridge, eluted with 5–10% of MeOH in CH2Cl2) to
afford (60 mg, 0.17 mmol, 25%) 1-(3-oxo-6-phenyl-2,3-di-
hydropyridazin-4-yl)-N-(2,2,2-triuoroethyl)azetidine-3-
carboxamide 35 as a light brown solid. 1H-NMR (400 MHz,
DMSO-d6): d 12.56 (s, 1H), 8.71 (t, J = 6.4 Hz, 1H), 7.83 (t, J =
7.2 Hz, 2H), 7.45–7.37 (m, 3H), 6.43 (s, 1H), 4.45–4.21 (m, 4H),
4.01–3.91 (m, 2H), 3.57–3.50 (m, 1H); 13C-NMR (400 MHz,
DMSO-d6): 172.3, 156.5, 145.4, 145.0, 136.1, 128.6, 128.5, 126.1,
125.7, 123.3, 99.0, 55.3, 54.8, 33.9; IR: 1658.7 cm−1 (C]O
stretching); LC-MS (ES-API): m/z = 353.17 (M + H)+; purity by
HPLC: 97.7%; MR: 237–239 °C.

5.2.4.30. Preparation of 1-(6-(3-uorophenyl)-3-oxo-2,3-di-
hydropyridazin-4-yl)-N-(2,2,2-triuoroethyl)azetidine-3-
carboxamide (36). To a stirred solution of 1-(6-chloro-3-oxo-2,3-
dihydropyridazin-4-yl)-N-(2,2,2-triuoroethyl)azetidine-3-
carboxamide 33 (200 mg, 0.643 mmol, 1.0 equiv.) in 1,4-dioxane
(10 mL) were added 2 N Na2CO3 (204 mg, 1.931 mmol, 3.0
equiv.), (3-uorophenyl)boronic acid (116.8 mg, 0.835 mmol,
1.3 equiv.) and degassed with argon for 5 minutes prior to the
addition of Pd(dppf)Cl2$CH2Cl2 (52 mg, 0.064 mmol, 0.1 equiv.)
and stirred for 16 h at 100 °C. The reaction mixture was diluted
with ice-cold water (30 mL) and extracted with EtOAc (2 × 50
mL). The combined organic layer was washed with brine (20
mL), dried over anhydrous Na2SO4, ltered, and concentrated
under reduced pressure to afford crude compound, which,
upon purication by ash chromatography using Biotage,
Claricep, 12 g silica cartridge, eluted with 5–10% of MeOH in
CH2Cl2 to afford (65 mg, 0.175 mmol, 28%) 1-(6-(3-uoro-
phenyl)-3-oxo-2,3-dihydropyridazin-4-yl)-N-(2,2,2-triuoroethyl)
azetidine-3-carboxamide 36 as a light brown solid. 1H-NMR (400
MHz, DMSO-d6): d 12.62 (s, 1H), 8.71 (t, J = 6.0 Hz, 1H), 7.70–
7.63 (m, 2H), 7.50–7.44 (m, 1H), 7.24–7.20 (m, 1H), 6.47 (s, 1H),
4.45–4.24 (m, 4H), 4.01–3.91 (m, 2H), 3.57–3.50 (m, 1H); 13C-
NMR (400 MHz, DMSO-d6): 172.3, 163.6, 161.2, 156.5, 145.0,
144.2, 138.6, 138.5, 130.5, 130.4, 128.8, 126.1, 123.3, 121.7,
120.5, 115.4, 115.2, 112.5, 112.3, 98.8, 55.1, 33.9; IR:
1678.0 cm−1 (C]O stretching); LC-MS (ES-API):m/z= 371.10 (M
+ H)+; purity by HPLC: 99.5%; MR: 266–269 °C.

5.2.4.31. Preparation of 1-(6-(4-methoxyphenyl)-3-oxo-2,3-di-
hydropyridazin-4-yl)-N-(2,2,2-triuoroethyl)azetidine-3-
carboxamide (37). To a stirred solution of 1-(6-chloro-3-oxo-2,3-
dihydropyridazin-4-yl)-N-(2,2,2-triuoroethyl)azetidine-3-
carboxamide 33 (200 mg, 0.643 mmol, 1.0 equiv.) in 1,4-dioxane
(10 mL) were added 2 N Na2CO3 (204 mg, 1.931 mmol, 3.0
equiv.), (4-methoxyphenyl)boronic acid (126.8 mg, 0.835 mmol,
1.3 equiv.) and degassed with argon for 5 minutes before the
addition of Pd(dppf)Cl2$CH2Cl2 (52 mg, 0.064 mmol, 0.1 equiv.)
and stirred for 16 h at 100 °C. The reaction mixture was diluted
with ice-cold water (30 mL) and extracted with EtOAc (2 × 50
mL). The combined organic layer was washed with brine (20
mL), dried over anhydrous Na2SO4, ltered, and concentrated
RSC Adv., 2025, 15, 47565–47586 | 47581
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under reduced pressure to afford crude compound, which,
upon purication by ash chromatography (using Biotage,
Claricep, 12 g silica cartridge, eluted with 5–10% of MeOH in
CH2Cl2) to afford (60 mg, 0.136 mmol, 25%) 1-(6-(4-methoxy-
phenyl)-3-oxo-2,3-dihydropyridazin-4-yl)-N-(2,2,2-triuoroethyl)
azetidine-3-carboxamide 37 as a light brown solid. 1H-NMR (400
MHz, DMSO-d6): d 12.46 (s, 1H), 8.71 (t, J= 6.4 Hz, 1H), 7.75 (d, J
= 6.8 Hz, 2H), 6.97 (d, J= 8.8 Hz, 2H), 6.38 (s, 1H), 4.39–4.21 (m,
4H), 3.99–3.91 (m, 2H), 3.79 (s, 3H), 3.55–3.51 (m, 1H); 13C-NMR
(400 MHz, DMSO-d6): 172.3, 159.7, 156.4, 145.2, 145.0, 130.7,
130.61, 128.8, 128.5, 127.1, 126.1, 123.3, 113.8, 98.9, 55.1, 33.9;
IR: 1656.5 cm−1 (C]O stretching); LC-MS (ES-API):m/z= 383.11
(M + H)+; purity by HPLC: 97.9%; MR: 241–243 °C.

5.2.4.32. Preparation of 1-(6-(4-chlorophenyl)-3-oxo-2,3-di-
hydropyridazin-4-yl)-N-(2,2,2-triuoroethyl)azetidine-3-
carboxamide (38). To a stirred solution of 1-(6-chloro-3-oxo-2,3-
dihydropyridazin-4-yl)-N-(2,2,2-triuoroethyl)azetidine-3-
carboxamide 33 (200 mg, 0.643 mmol, 1.0 equiv.) in 1,4-dioxane
(10 mL) were added 2 N Na2CO3 (204 mg, 1.931 mmol, 3.0
equiv), (4-chlorophenyl)boronic acid (130.56 mg, 0.835 mmol,
1.3 equiv.) and degassed with argon for 5 minutes prior to the
addition of Pd(dppf)Cl2$CH2Cl2 (52 mg, 0.064 mmol, 0.1 equiv.)
and stirred for 16 h at 100 °C. The reaction mixture was diluted
with ice-cold water (30 mL) and extracted with EtOAc (2 × 50
mL). The combined organic layer was washed with brine (20
mL), dried over anhydrous Na2SO4, ltered and concentrated
under reduced pressure to afford crude compound, which upon
purication by ash chromatography (using Biotage, Claricep,
12 g silica cartridge, eluted with 5–10% of MeOH in CH2Cl2) to
afford (55 mg, 22%) 1-(6-(4-chlorophenyl)-3-oxo-2,3-di-
hydropyridazin-4-yl)-N-(2,2,2-triuoroethyl)azetidine-3-
carboxamide 38 as a light brown solid. 1H-NMR (400 MHz,
DMSO-d6): d 12.60 (s, 1H), 8.70 (t, J = 5.2 Hz, 1H), 7.86 (d, J =
6.8 Hz, 2H), 7.49 (d, J = 6.8 Hz, 2H), 6.44 (s, 1H), 4.39–4.21 (m,
4H), 3.99–3.92 (m, 2H), 3.55–3.52 (m, 1H); 13C-NMR (400 MHz,
DMSO-d6): 172.3, 156.4, 145.0, 144.3, 135.9, 134.9, 133.3, 130.7,
128.9, 128.5, 127.5, 126.1, 123.3, 120.5, 99.7, 55.2, 33.9; IR:
1662.6 cm−1 (C]O stretching); LC-MS (ES-API):m/z= 387.09 (M
+ H)+; purity by HPLC: 90.9%; MR: 263–265 °C.

5.2.4.33. Preparation of 1-(6-(2,4-diuorophenyl)-3-oxo-2,3-
dihydropyridazin-4-yl)-N-(2,2,2-triuoroethyl)azetidine-3-
carboxamide (39). To a stirred solution of 1-(6-chloro-3-oxo-2,3-
dihydropyridazin-4-yl)-N-(2,2,2-triuoroethyl)azetidine-3-
carboxamide 33 (200 mg, 0.643 mmol, 1.0 equiv.) in 1,4-dioxane
(10 mL) were added 2 N Na2CO3 (204 mg, 1.931 mmol, 3.0
equiv.), (3,5-diuorophenyl)boronic acid (205.2 mg,
0.835 mmol, 1.3 equiv.) and degassed with argon for 5 minutes
before the addition of Pd(dppf)Cl2$CH2Cl2 (52 mg, 0.064 mmol,
0.1 equiv.) and stirred for 16 h at 100 °C. The reaction mixture
was diluted with ice-cold water (30 mL) and extracted with
EtOAc (2 × 50 mL). The combined organic layer was washed
with brine (20 mL), dried over anhydrous Na2SO4, ltered and
concentrated under reduced pressure to afford crude
compound, which upon purication by ash chromatography
(using Biotage, Claricep, 12 g silica cartridge, eluted with 5–10%
of MeOH in CH2Cl2) to afford (60 mg, 0.154 mmol, 26%) 1-(6-
(2,4-diuorophenyl)-3-oxo-2,3-dihydropyridazin-4-yl)-N-(2,2,2-
47582 | RSC Adv., 2025, 15, 47565–47586
triuoroethyl)azetidine-3-carboxamide 39 as a light brown
solid. 1H-NMR (400 MHz, DMSO-d6): d 12.68 (s, 1H), 8.71 (t, J =
6.4 Hz, 1H), 7.69–7.63 (m, 1H), 7.19–7.14 (m, 1H), 6.15 (t, J =
2.0 Hz, 1H), 4.39–4.15 (m, 4H), 3.99–3.90 (m, 2H), 3.56–3.49 (m,
1H); 13C-NMR (400 MHz, DMSO-d6): 172.3, 163.6, 163.5, 161.1,
161.0, 160.8, 160.7, 158.3, 158.2, 156.3, 144.6, 142.0, 131.4,
128.8, 126.0, 123.3, 121.3, 111.9, 111.7, 104.8, 104.5, 104.2,
101.6, 101.5, 55.2, 33.9; IR: 1645.2 cm−1 (C]O stretching); LC-
MS (ES-API):m/z = 389.12 (M + H)+; purity by HPLC: 91.2%; MR:
268–271 °C.

5.2.4.34. Preparation of tert-butyl 3-(2-tosylhydrazineylidene)
azetidine-1-carboxylate (41).19 To a stirred solution of tert-butyl
3-oxoazetidine-1-carboxylate 40 (500 mg, 2.92 mmol) in toluene
(5 mL) was added tosyl hydrazine (543 mg, 2.92 mmol) at RT.
The resulting reaction mixture was stirred at 110 °C for 30 min.
The reaction mixture was cooled, ltered, and the solid was
washed with petroleum ether (5 mL) to get tert-butyl 3-(2-
tosylhydrazineylidene)azetidine-1-carboxylate 41 (510 mg, 52%)
as an off-white solid; LC-MS (ES-API): m/z = 338.3 (M–H)+.

5.2.4.35. Preparation of tert-butyl 3-isonicotinoylazetidine-1-
carboxylate (43).20 To a stirred solution of tert-butyl 3-(2-
tosylhydrazineylidene)azetidine-1-carboxylate 41 (633 mg, 1.86
mmol) and pyridine-4-carbaldehyde 42 (200 mg, 1.86 mmol) in
1,4-dioxane (10 mL) at RT was added Cs2CO3 (906 mg, 2.80
mmol). The resulting reaction mixture was stirred at 100 °C for
1 h using a sealed tube and monitored by TLC and LC-MS. Aer
the reaction was completed, the reaction mixture was cooled,
diluted with water (5 mL), and extracted with ethyl acetate (3 ×

20 mL). The separated organic layer was washed with water and
brine, dried over sodium sulfate, ltered, and concentrated
under reduced pressure to afford the crude product. This was
puried by Grace using 12 g of silica (REVELERIS) eluted with
30–35% ethyl acetate in pet-ether to yield 200 mg (0.763 mmol,
41%) of tert-butyl 3-isonicotinoylazetidine-1-carboxylate 43, as
a pale-yellow liquid. 1H-NMR (400 MHz, CDCl3): d 8.84 (dd, J =
4.8 Hz, J = 1.6 Hz, 2H), 7.62 (dd, J = 4.8 Hz, J = 1.6 Hz, 2H), 4.22
(d, J = 7.2 Hz, 4H), 4.15–4.09 (m, 1H), 1.44 (s, 9H); LC-MS (ES-
API): m/z = 263.1 (M + H)+, purity by LC-MS: 92.1%.

5.2.4.36. Preparation of azetidin-3-yl(pyridin-4-yl)methanone
(44). To a stirred solution of tert-butyl 3-
isonicotinoylazetidine-1-carboxylate 43 (100 mg, 0.381 mmol) in
CH2Cl2 (1 mL) was added TFA (0.2 mL). The resulting reaction
mixture was stirred at RT for 1 h. Aer completion of the
reaction, the reaction mixture was concentrated to afford crude
products (64 mg, 0.39 mmol, 64%) azetidin-3-yl(pyridin-4-yl)
methanone 44 (TFA salt) as a pale-yellow solid; LC-MS (ES-
API): m/z = 163.1 (M + H)+, purity by LC-MS: 94%.

5.2.4.36. Preparation of 6-chloro-4-(3-isonicotinoylazetidin-1-
yl)pyridazin-3(2H)-one (45). To a stirred solution of 4-bromo-6-
chloropyridazin-3(2H)-one 5 (100 mg, 0.478 mmol) and
azetidin-3-yl(pyridin-4-yl)methanone 44 (77 mg, 0.478 mmol) in
DMF (2 mL) was added DIPEA (0.25 mL, 1.43 mmol) at 0 °C. The
resulting reaction mixture was stirred at RT for 24 h and
monitored by TLC and LC-MS. Aer the reaction was
completed, the reaction mixture was cooled, diluted with water
(5 mL), and extracted with ethyl acetate (2 × 30 mL). The
separated organic layer was washed with water and brine, dried
© 2025 The Author(s). Published by the Royal Society of Chemistry
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over sodium sulfate, ltered, and concentrated under reduced
pressure to afford the crude product. Which was puried by
Grace using 12 g of silica (REVELERIS) eluted with 40–50% of
ethyl acetate in pet-ether to get (93 mg, 0.275 mmol, 65%) 6-
chloro-4-(3-isonicotinoylazetidin-1-yl)pyridazine-3(2H)-one 45
as a pale yellow solid. 1H-NMR (400 MHz, DMSO-d6): d 12.51 (s,
1H), 8.84 (dd, J= 4.8 Hz, J= 1.6 Hz, 2H), 7.76 (dd, J= 4.8 Hz, J=
1.6 Hz, 2H), 6.01 (s, 1H), 4.61–4.30 (m, 5H); LC-MS (ES-API): m/z
= 291.1 (M + H)+, purity by LC-MS: 96.7%.

5.2.4.37. Preparation of 4-(3-isonicotinoylazetidin-1-yl)-6-
(pyridin-4-yl)pyridazin-3(2H)-one (46). To a stirred solution of 6-
chloro-4-(3-isonicotinoylazetidin-1-yl)pyridazin-3(2H)-one 45
(90 mg, 0.310 mmol) in 1,4-dioxane (5 mL) were added 2 N
Na2CO3 (98 mg, 0.93 mmol, 3.0 equiv), pyridin-4-yl boronic acid
(57 mg, 0.465 mmol, 1.5 equiv.) and degassed with argon for 5
minutes prior to the addition of Pd(dppf)Cl2$CH2Cl2 (24 mg,
0.03 mmol, 0.1 equiv.) and stirred at 100 °C for 16 h. The
reaction mixture was diluted with ice-cold water (20 mL) and
extracted with EtOAc (2 × 30 mL). The combined organic layer
was washed with brine (10 mL), dried over anhydrous Na2SO4,
ltered, and concentrated under reduced pressure to afford
crude compound, which, upon purication by ash chroma-
tography (using Biotage, Claricep, 12 g silica cartridge, eluted
with 5–10% of MeOH in CH2Cl2) to afford (51 mg, 0.153 mmol,
48%) 4-(3-isonicotinoylazetidin-1-yl)-6-(pyridin-4-yl)pyridazin-
3(2H)-one 46 as a pale yellow solid. 1H-NMR (400 MHz, DMSO-
d6): d 12.80 (s, 1H), 8.63 (dd, J= 4.4 Hz, J= 1.6 Hz, 2H), 8.63 (dd,
J = 4.4 Hz, J = 1.6 Hz, 2H), 7.82–7.78 (m, 4H), 6.60 (s, 1H), 4.61–
4.40 (m, 5H); 13C-NMR (400MHz, DMSO-d6): 197.8, 156.6, 150.9,
150.0, 145.2, 143.0, 140.5, 121.3, 119.9, 98.7, 37.4; IR:
1641.4 cm−1 (C]O stretching); LC-MS (ES-API):m/z= 334.16 (M
+ H)+; purity by LC-MS: 94.8%; MR: 262–265 °C.

5.2.4.38. Preparation of tert-butyl 3-(4-uorobenzoyl)
azetidine-1-carboxylate (49).21 To a stirred solution of 1-bromo-
4-uorobenzene 48 (398.436 mg, 2.277 mmol, 1 equiv.) in
tetrahydrofuran (10 mL) was added n-butyl lithium (1.6 M
hexanes 1.7 mL, 2.732 mmol, 1.2 equiv.) at −78 °C under
nitrogen atmosphere and the reaction mixture was stirred at
−78 °C for 1 h, before the addition of tert-butyl 3-
(methoxy(methyl)carbamoyl)azetidine-1-carboxylate 47
(500 mg, 2.049 mmol, 0.9 equiv.). The reaction mixture was
stirred at the same temperature for another 1 h. The reaction
mixture was quenched with saturated NH4Cl solution, and the
aqueous layer was extracted with EtOAc (2 × 80 mL). The
combined organic layer was washed with brine (50 mL), dried
over anhydrous Na2SO4, ltered, and concentrated under
reduced pressure to obtain crude compound, which upon
purication by ash chromatography (BUCHI Claricep, 40 g
silica cartridge, eluting with 20–30% EtOAc/pet-ether) to get
(250 mg, 0.896 mmol, 43%) of tert-butyl 3-(4-uorobenzoyl)
azetidine-1-carboxylate 49 as a white solid.1H-NMR (400 MHz,
CDCl3): d 7.88–7.84 (m, 2H), 7.18–7.13 (m, 2H), 4.82 (s, 1H),
4.22–4.08 (m, 4H), 3.41 (m, 2H), 1.44 (s, 9H); LC-MS (ES-API): m/
z = 280.14 (M + H)+, purity by LC-MS: 92.8%.

5.2.4.39. Preparation of azetidin-3-yl(4-uorophenyl)
methanon hydrogen chloride (50). To a stirred solution of tert-
butyl 3-(4-uorobenzoyl)azetidine-1-carboxylate 49 (250 mg,
© 2025 The Author(s). Published by the Royal Society of Chemistry
0.895 mmol, 1 equiv.) in 1,4-dioxane (10 mL) was added 4MHCl
in 1,4-dioxane at 0 °C and allowed the reaction to stir at RT for
2 h. The reaction mixture was concentrated under reduced
pressure to remove excess HCl, and the residue was triturated
with diethyl ether (20 mL), decanted, and the solid was dried to
afford (120 mg, 0.43 mmol, 62%) of azetidin-3-yl(4-
uorophenyl)methanon hydrogen chloride 50 as a white solid.
LC-MS (ES-API): m/z = 280.14 (M + H)+, purity by LC-MS: 76.3%.

5.2.4.40. Preparation of 6-chloro-4-(3-(4-uorobenzoyl)azeti-
din-1-yl)pyridazin-3(2H)-one (51). To a stirred solution of
azetidin-3-yl(4-uorophenyl)methanone hydrogen chloride 50
(120 mg, 0.558 mmol, 1.0 equiv.) in DMF (5 mL) were added 4-
bromo-6-chloropyridazin-3(2H)-one 5 (120 mg, 0.558 mmol, 1.0
equiv.) and DIPEA (0.3 mL, 1.674 mmol, 3 equiv.) at 0 °C under
nitrogen atmosphere and allowed the reaction mixture to stir at
RT for 16 h.The reaction mixture was diluted with ice-cold water
(10 mL) and extracted with ethyl acetate (EtOAc) (2 × 30 mL).
The combined organic layer was washed with brine (10 mL),
dried over anhydrous Na2SO4, ltered, and concentrated under
reduced pressure to afford the crude product, which, upon
purication by ash chromatography (using Biotage, Claricep,
12 g silica cartridge, eluted with 5–10% of MeOH in CH2Cl2) to
afford (130 mg, 0.42 mmol, 76%) 6-chloro-4-(3-(4-uorobenzoyl)
azetidin-1-yl)pyridazin-3(2H)-one 51 as a pale yellow solid. LC-
MS (ES-API): m/z = 308.25 (M + H)+, purity by LC-MS: 81.9%.

5.2.4.41. Preparation of 4-(3-(4-uorobenzoyl)azetidin-1-yl)-6-
(pyridin-4-yl)pyridazin-3(2H)-one (52). To a stirred solution of 6-
chloro-4-(3-(4-uorobenzoyl)azetidin-1-yl)pyridazin-3(2H)-one
51 (130 mg, 0.422 mmol, 1.0 equiv.) in 1,4-dioxane (10 mL) were
added 2 N Na2CO3 (134 mg, 1.266 mmol, 3.0 equiv), pyridin-4-yl
boronic acid (67.4 mg, 0.548 mmol, 1.3 equiv.) and degassed
with argon for 5 minutes prior to the addition of Pd(dppf)Cl2-
$CH2Cl2 (34 mg, 0.042 mmol, 0.1 equiv.) and stirred at 100 °C
for 16 h. The reaction mixture was diluted with ice-cold water
(20 mL) and then extracted with EtOAc (2 × 30 mL). The
combined organic layer was washed with brine (10 mL), dried
over anhydrous Na2SO4, ltered, and concentrated under
reduced pressure to afford crude compound, which, upon
purication by ash chromatography (using Biotage, Claricep,
12 g silica cartridge, eluted with 5–10% of MeOH in CH2Cl2) to
afford (16 mg, 0.045 mmol, 17%) 4-(3-(4-uorobenzoyl)azetidin-
1-yl)-6-(pyridin-4-yl)pyridazin-3(2H)-one 52 as an off-white solid.
1H-NMR (400 MHz, DMSO-d6): d 12.78 (s, 1H), 8.63 (d, J =

4.4 Hz, 2H), 8.03–7.99 (m, 2H), 7.82 (d, J = 6.0 Hz, 2H), 7.40 (t, J
= 8.8 Hz, 2H), 6.59 (s, 1H), 4.58–4.38 (m, 5H); 13C-NMR (400
MHz, DMSO-d6): 190.2, 166.2, 164.0, 156.6, 150.0, 145.2, 143.0,
131.3, 131.2, 120.2, 116.1, 115.9, 98.9, 37.0; IR: 1641.4 cm−1 (C]
O stretching); LC-LC-MS (ES-API): m/z = 351.32 (M + H)+. IR:
1658.7 cm−1 (C]O stretching); purity by HPLC: 94.6%; MR:
240–243 °C.
5.3. Cell lines

All cell lines utilized in this study were sourced from ATCC
(Middlesex, UK) and DSMZ (Braunschweig, Germany). Cells
were cultured at 37 °C in a humidied incubator with 5% CO2

and atmospheric air. They were maintained in their
RSC Adv., 2025, 15, 47565–47586 | 47583
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recommended growth medium, supplemented with 10% fetal
calf serum (Gibco), 1× penicillin–streptomycin solution (Gibco)
2 mM glutamine (Gibco), 1 mM sodium bicarbonate (Gibco),
1 mM sodium pyruvate (Gibco), and 20 mM HEPES (Gibco). All
cell lines were regularly authenticated and biweekly tested for
mycoplasma using established laboratory protocols.22,23
5.4. Cytotoxicity assay

The cytotoxic effects of the compounds were evaluated using
a standard 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay, following
72 h of compound treatment in a panel of human cell lines. The
assay was performed using the CellTiter 96® AQueous One
Solution kit (Promega, USA) according to the validated protocol
routinely used in our laboratory.24

The cell line panel consisted of cancer and non-cancer cell
lines with varying ITK and BTK expression levels.25 ITK or BTK
null cancer cell lines included HCT116 (colorectal carcinoma,
male), HCT116 p53−/− (colorectal carcinoma, p53 mutant,
male), U2OS (osteosarcoma, female), and A549 (lung adeno-
carcinoma, male). Non-cancerous broblast lines included
MRC-5 (lung, male, ITK/BTK null) and BJ (foreskin, male, ITK/
BTK null). ITK-positive lines included Jurkat (T-cell leukemia,
male) and CCRF-CEM (T-cell leukemia, female), whereas BTK-
positive lines included RAMOS (B-cell lymphoma, male) and
K562 (chronic myeloid leukemia, female).

All MTS cytotoxicity assays included DMSO-treated cells as
negative controls. Ibrutinib has been proled in parallel under
identical screening conditions in our previous work and is
routinely used as an internal benchmark for this assay.14 Assays
were performed on a robotic high-throughput screening plat-
form (HighResBio, Boston, MA, USA) using a standardized
protocol previously validated in our laboratory.24 Dose–response
curves were analyzed to determine IC50 values using Dotmatics
soware (San Diego, CA, USA). The results were archived in the
MedChemBio database (https://www.medchembio.imtm.cz)
and communicated to the medicinal chemists. The TI was
calculated as the ratio of IC50 in broblast cells (BJ or MRC5)
to that in Jurkat cells. For compounds that showed no
measurable cytotoxicity in broblasts at concentrations up to
50 mM (IC50 > 50 mM), the TI was reported as ‘n. d.’. In these
cases, 50 mM was treated as the upper assay limit for TI
estimation.
5.5. Molecular docking

Molecular docking was employed as a computational technique
to predict the optimal binding mode of a ligand to a target
protein. Scaffolds obtained through pharmacophore screening
and synthesized compounds were subjected to molecular
docking using AutoDock Vina. For this study, the 3D structure
of the ITK protein, along with its known ligand (PDB: 3QGW),13

was retrieved from the Protein Data Bank (PDB). Before dock-
ing, the protein structure was prepared to address elements not
included in the X-ray crystallography renement process. This
preparation involved adding missing hydrogen atoms,
47584 | RSC Adv., 2025, 15, 47565–47586
optimizing hydrogen bonding, resolving atomic clashes, and
making other necessary adjustments using UCSF Chimera.26

5.6. AutoDock Vina

Molecular docking was performed using AutoDock Vina to
predict the binding modes of ligands with the target protein's
three-dimensional structure. The program employs various
computational docking techniques, including protein-ligand
docking, blind docking, and site-specic docking. In addition
to docking, AutoDock Vina, supported by AutoDock Tools,
facilitated ligand and protein structural modications. This
approach enabled the evaluation of molecular assemblies of
various sizes. The docking analysis provided key information,
including binding energy, root mean square deviation (RMSD),
and the number of hydrogen bonds (H-bonds) at position 44.
The target protein's docking site was dened using a 21 × 21 ×

21 Å grid box with the following coordinates: X = 21, Y = −74,
and Z = 24.2 Å. Essential chemical interactions were observed
within this grid box.27

5.7. In vitro biochemical kinase assay

Recombinant ITK and BTK enzyme activities were assessed
using the ITK Kinase Assay Kit (BPS Biosciences, Cat. #78429)
and the BTK Kinase Enzyme System (Promega, Cat. #V2941).
Enzymes were diluted to 5 ng mL−1 in their respective assay
buffers. For BTK, the buffer was supplemented with 50 mM DTT
and 2 mM MnCl2, as per the kit instructions.

Test compounds were evaluated across a 0–10 mM range by
serial dilution in assay buffer containing 10% DMSO. Ibrutinib
(100 nM) was included as a positive control. Compounds (1 mL
per well) were dispensed into 384-well white opaque plates
(Corning, Cat. #4513), and total reaction volume was main-
tained at 5 mL with <0.5% nal DMSO.

ADP production was quantied using the ADP-Glo™ Kinase
Assay (Promega, Cat. #V9101). Luminescence was recorded on
a Tecan Innite 200 PRO plate reader (integration time: 1000
ms; settle time: 200 ms). Activity was normalized to DMSO-only
controls (100%) and background (0%), and IC50 values were
calculated using a three-parameter logistic model in GraphPad
Prism (GraphPad Soware, Boston, MA, USA). The calculated
IC50 values are presented as the mean ± standard error of the
mean of 2–3 replicates.

5.8. Drug treatment and western blotting

Jurkat cells were seeded at a density of 0.5 × 106 cells per mL in
6-well cell culture plates and stimulated with 5 mg per mL PHA
(phytohemagglutinin) in RPMI supplemented with 10% fetal
calf serum for 15 minutes, as per established protocols,28 fol-
lowed by treatment with compound 9 at nal concentrations of
10 mM, 2.25 mM, and 0.62 mM for 24 h. DMSO-treated cells
served as vehicle controls (nal DMSO concentration 0.1%).
Aer treatment, cells were collected and washed in phosphate-
buffered saline (PBS) and lysed in radioimmunoprecipitation
assay (RIPA) buffer (Thermo Fisher, Cat. #89901) supplemented
with protease and phosphatase inhibitors (Roche, Cat.
#04693116001 and #04906837001). Cells were then sonicated at
© 2025 The Author(s). Published by the Royal Society of Chemistry
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4 °C (Qsonica Cup Horn sonicator, 25% amplitude, 1 min total,
5 s off/10 s on) and centrifuged at 13 000×g for 30 min. Protein
concentrations in the supernatants were determined using the
bicinchoninic acid assay (Thermo Fisher, Cat. #23223 and
#23224).

Equal amounts of protein (30 mg) were separated by 10%
sodium dodecyl sulfate–polyacrylamide gel electrophoresis and
transferred onto nitrocellulose membranes (Bio-Rad, Cat. #170-
4270) using the Trans-Blot Turbo system. Membranes were
blocked with 5% bovine serum albumin (BSA) in Tris-buffered
saline with Tween 20 (TBST), then incubated overnight or for
2 hours at 4 °C with the following primary antibodies: anti-
interleukin-2-inducible T-cell kinase (ITK; 1 : 1000 dilution;
Cell Signaling Technology, Catalog #2380S), anti-phospho-BTK/
ITK (Tyr551/Tyr511), which detects the conserved activation-
loop phosphorylation site shared by ITK and BTK (Tyr551/
Tyr511; 5 mg mL−1; Thermo Fisher, Catalog #14-9015-80), anti-
p44/42 mitogen-activated protein kinase (MAPK; extracellular
signal-regulated kinases 1 and 2, ERK1/2; 1 : 1000 dilution; Cell
Signaling Technology, Catalog #9102S), anti-phospho-p44/42
MAPK (Thr202/Tyr204; 1 : 1000 dilution; Cell Signaling Tech-
nology, Catalog #4376S), and GAPDH (loading control) (Cell
Signaling, Cat. #2118S). Aer washing, the membranes were
incubated with Alexa Fluor 488-conjugated secondary anti-
bodies (Invitrogen, Catalog #A21202 and #A11034) for 1–2 hours
at room temperature in the dark. Blots were visualized using the
ChemiDoc MP imaging system (Bio-Rad, California, United
States). Band intensities were quantied using National Insti-
tutes of Health (NIH) ImageJ soware and normalized to
GAPDH as the loading control. Phosphorylated and total ITK
and ERK band intensities were quantied as p-ITK/ITK and p-
ERK/ERK ratios, respectively, normalized to GAPDH, and pre-
sented as normalized ratios.
6. Statistical analysis

Data were analyzed using GraphPad Prism soware (GraphPad
Soware, Boston, Massachusetts, United States). Dose–
response data were tted using a three-parameter (or four-
parameter, where appropriate) nonlinear logistic regression
model to calculate IC50 values, reported as mean ± standard
error of the mean from independent experiments (n = 2–3).
Comparisons between two groups were assessed using unpaired
two-tailed t-tests. Comparisons involving more than two groups
were assessed using one-way analysis of variance (ANOVA) fol-
lowed by post hoc multiple comparison tests. Statistical
signicance was set at P < 0.05. Error bars throughout represent
SEM, and the number of independent replicates (n) is indicated
in the gure legends.
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