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substituted 2-(4-(sulfonyl)
piperazin-1-yl)quinazoline molecular hybrids as
a new class of antimalarials
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Abdur Rahman,c Azhar Tariq Khan,a Souvik Bhattacharjee,c Dhiraj Kumar,b
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The rapid emergence of drug resistance makes malaria elimination a global challenge despite the

prevalence of artemisinin-based combination therapies (ACTs), thus highlighting the urgent need for the

development of new antimalarials with novel modes of action. The present study aimed to develop new

quinazoline hybrid antimalarials using bioactive small building blocks. The antimalarial activity results

revealed that most molecular hybrids have IC50 values below 10 mM for the drug-sensitive Pf3D7 strain.

The study identified molecular hybrids 19, N-(2-chloro-4-((4-(4-(((tetrahydrofuran-2-yl)methyl)amino)

quinazolin-2-yl)piperazin-1-yl)sulfonyl)phenyl)acetamide and 27, 2-(4-((2-nitrophenyl)sulfonyl)piperazin-

1-yl)-4-(3-(trifluoromethyl)-5,6-dihydro-[1,2,4]triazolo[4,3-a]pyrazin-7(8H)-yl)quinazoline as potent

antimalarials with an IC50 value of 3.4 mM and 2.9 mM against Pf3D7, respectively. The cytotoxicity

investigation against mammalian A549 cells and activated macrophages derived from THP1 monocytes

revealed that the compounds were relatively non-cytotoxic, and their antimalarial activity was not

associated with cytotoxicity. In silico studies were conducted to predict plausible drug targets of the

compounds, and the results suggested that the antimalarial activity of the compounds may be due to the

inhibition of zinc metalloprotease PfFLN, with concurrent inhibition of cysteine proteases PfFP2 and

PfFP3. The MM-GBSA analysis revealed that the binding free energies of 19 and 27 with PfFLN were

−50.3223 and −51.5066 kcal mol−1, respectively. The predicted ADME properties of the compounds fall

within the Schrödinger range, which encompasses 95% of all known medications. The study thus

emphasised the significance of the molecular hybridisation approach and highlighted compounds 19 and

27 as potent hit molecules that could be further optimised for the development of new antimalarials.
1. Introduction

Malaria is a life-threatening illness that contributed to 597 000
fatalities worldwide in 2023, with an increase of 10% over the
previous three years.1 Despite the artemisinin-based combina-
tion therapy's (ACTs) effectiveness, the rapid emergence of drug
resistance to its constituent parts poses a serious challenge to
the management and eradication of malaria.2 Although there
are new antimalarial medications in the clinical pipeline, it
won't be long before they're widely accessible.3 A clinical trial
(NCT 04546633) disclosed that one of the candidate drugs, KAF-
156, was markedly potent against artemisinin-resistant
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parasites in adults and is currently being investigated in Phase 2
studies in children when combined with the partner medication
lumefantrine.4 Likewise, to challenge artemisinin resistance,
the use of three ACTs was also investigated and found effective
in clinical trials.5,6 Consequently, there is an urgent need for the
development of new antimalarials with a novel mode of action
to address the drug resistance towards mainline therapy ACTs.

A number of versatile scaffolds have been identied in
medicinal chemistry that exhibit varied pharmacological activ-
ities against multiple pathogens. Quinazoline is one such
scaffold that has been shown to be active against malaria,7

bacterial infections,8,9 cancer,10 hypertension and viral infec-
tions,11 and tuberculosis.12 For antimalarial development, Gil-
son, et al.13 disclosed 2-anilino 4-amino substituted
quinazolines in nanomolar activity against Pf3D7, PfW2, and
potent oral in vivo activity. A study by Bouchut, et al.14 high-
lighted in vitro and in vivo antimalarial potential of quinazolines
as DNA methyltransferase (DNMT3a) inhibitors. Similarly,
Mizukawa, et al.11 disclosed the nanomolar antimalarial 6,7-
dimethoxyquinazoline-2,4-diamines up to 6 nM against P.
RSC Adv., 2026, 16, 617–641 | 617
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falciparum malaria. Artemisinin-quinazoline derivatives were
also shown to be effective antimalarials by the study of Fröhlich,
et al.15

Likewise, the sulphonamide functional group is frequently
explored in medicinal chemistry, which has led to the devel-
opment of efficient antibacterial, antiviral, and antifungal
agents.16 The anticancer,17 antidepressant,18 antimalarials,19

antiproliferative,20 and antitubercular21 potential of sulphona-
mides was also accounted for. Recently, Pingaew, et al.22

explored indole-sulphonamide hybrids as dual-acting agents for
treating cancer and malaria. Similarly, Karpina, et al.23 reported
a series of 1,2,4 triazolo[4,3-a]pyridine sulfonamides as effective
antimalarials and proposed them as inhibitors of PfFP2.
Furthermore, the moiety 3-(triuoromethyl)-5,6,7,8-tetrahydro-
[1,2,4]triazolo[4,3-a]pyrazine is highlighted as an important
pharmacophore of Sitagliptin 24, a marketed drug for the
treatment of type-II diabetes. The 3-(triuoromethyl)-5,6,7,8-
tetrahydro-[1,2,4]triazolo[4,3-a]pyrazine was used in developing
inhibitors of bromodomain-containing protein 4 (BRD-4),25,26

poly (ADP-ribose) polymerase-1 (PARP1), and anaplastic
lymphoma kinase (ALK)27 inhibitors for anti-cancer and cellular
antiproliferative activity. Similarly, this group has also been
reported as an important building block for developing anti-
microbial28 and potential anticonvulsant agents.29 Tetra-
hydrofurfurylamine has proven to be a versatile and valuable
building block in the design of new therapeutic agents. Shan,
et al.30 developed tetrahydrofurfurylamino derivatives of gelda-
namycin that were able to block hepatitis C virus (HCV) repli-
cation. Lawrence, et al.31 used the same building block to
develop new anticancer molecules that inhibit the ACK1
enzyme. Elbadawi, et al.32 designed tetrahydrofurfurylamine-
hybridised 2-arylquinolines that target both EGFR and FAK,
offering another promising approach to cancer treatment.
Similarly, Balam et al.33 developed compounds combining
tetrahydrofurfurylamine with N-(3-picolyl) benzoxa-
zaphosphinamides, showing potential for treating metabolic
disorders such as heart disease, obesity, and diabetes by
inhibiting the 11b-HSD1 enzyme. Collectively, these studies
highlight the signicant role of the tetrahydrofurfurylamine
motif in tuning biological activity and enabling the develop-
ment of therapeutically relevant compounds.

The polypharmacological properties of quinazolines, sul-
phonamides, tetrahydrofurfurylamine, and 3-(triuoromethyl)-
5,6,7,8-tetrahydro-[1,2,4]triazolo[4,3-a]pyrazine thus strongly
highlight the biological importance of these small building
blocks. Here, we designed a series of hybrid molecules using the
above-mentioned biologically active building blocks and
studied their antimalarial potential. The study thus advocates
designing unique trifunctional hybrids through integration for
the treatment of malaria and investigating their potential for
the development of distinct antimalarials.
1.1. Design strategy and hypothesis

The molecular hybridisation approach was employed to design
proposed quinazoline-sulphonamide hybrids by combining
three biologically important small building blocks: quinazoline
618 | RSC Adv., 2026, 16, 617–641
as a core scaffold, substituted triazolo[4,3-a]pyrazine or tetra-
hydrofurfurylamine at the 4th position of quinazoline, and
substituted sulphonamides at the 2nd position of the quin-
azoline. The signicance of quinazolines for the development of
new antimalarials could be underlined by the study of Gilson,
et al.13 which disclosed that substitution at the 2nd and 4th
positions of quinazolines plays a substantial role in tuning the
antimalarial efficacy of the compounds. The compound A, 4-((4-
(((tetrahydrofuran-2-yl)methyl)amino)quinazolin-2-yl)amino)
benzamide of the study highlighted that the tetrahydrofurfuryl
amine at the 4th position of the quinazoline ring was fruitful to
afford potent antimalarials with an EC50 value of 0.691 mM
against the Pf3D7 strain, Fig. 1.

Similarly, Bouchut, et al.14 reported molecule B, N-(1-
benzylpiperidin-4-yl)-2-(4-phenylpiperazin-1-yl)quinazolin-4-
amine and underlined the signicance of the quinazoline core
for the development of new antimalarials. Moreover, our recent
study revealed compound C, ethyl 7-methoxy-4-
(((tetrahydrofuran-2-yl)methyl)amino)quinoline-3-carboxylate,
which utilised tetrahydrofurfurylamine, displayed signicant
efficacy against the Pf3D7 strain with an IC50 value of 3.96 mM.34

Furthermore, the substituted triazolo[4,3-a]pyrazine was also
explored for the development of disease-modifying small
molecules, such as Hu, et al.35 reported compound D, (S)–N-(3-
(1H-indol-3-yl)-1-oxo-1-(3-(triuoromethyl)-5,6-dihydro-[1,2,4]
triazolo[4,3-a]pyrazin-7(8H)-yl)propan-2-yl)benzenesulfonamide
with an MIC of 32 and 16 mg ml−1 against S. aureus and E. coli,
which highlighted the antibacterial potential of triazolo[4,3-a]
pyrazine and aryl sulphonamide hybrids. Similarly, Raveesha,
et al.36 developed triazolo[4,3-a]pyrazine analogues and high-
lighted compound F, N-(2-uoro-4-(triuoromethyl)phenyl)-3-
(triuoromethyl)-5,6-dihydro-[1,2,4]triazolo[4,3-a]pyrazine-
7(8H)-carboxamide as promising anticancer agents with an IC50

of 8.18 and 15.23 mM against human colon cancer cell lines HT-
29, and HCT-116, respectively. Hence, this building block was
also utilised at the 4th position of the quinazoline core to
explore its potential application in the identication of new
antimalarials. Like compound D, the signicance of sulpho-
namides was accounted for in several studies for the develop-
ment of new antimalarial agents. Ezugwu, et al.19 reported
compound E, (2S)-4-methyl-N-(3-methyl-1-oxo-1-(phenylamino)
butan-2-yl)-2-((4-nitrophenyl) sulfonamido)pentanamide as
a sulphonamide-based dipeptide antimalarial with 64.7%
inhibition of parasitaemia in P. berghei-infected mice.19 As
a result, sulphonamides' variable structure makes them great
candidates for the development of new multi-target therapeutic
molecules in the developing discipline of polypharmacology.

The emerging resistance to current mainline antimalarial
drugs underscores the need for the development of new anti-
malarials with a novel mechanism of action. To combat
multidrug-resistant parasite strains, the concept of hybrid-
isation of two or more active pharmacophores into a single
chemical entity displayed potential advantages over
artemisinin-based combination therapy (ACT).37 Therefore,
keeping in mind the antimalarial potential of quinazoline,13,14

tetrahydrofurfurylamine,13,34 triazolo[4,3-a]pyrazine,38 and sul-
phonamides19,23 through different drug targets, the current idea
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Design of new tetrahydrofurfurylamine/triazolo[4,3-a]pyrazine-quinazoline-sulphonamide hybrids.
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View Article Online
was conceived to design a new hybrid antimalarial for the
treatment of malaria. Combining them via a molecular
hybridisation strategy at the quinazoline's C2 and C4 positions
was expected to afford enhanced antimalarial activity through
synergistic polypharmacology with a probable novel mecha-
nism of action. This scaffold lls gaps in the antimalarial
chemical space by introducing a trifunctional hybrid that has
not been observed in literature.

Efforts were made to establish the structure–activity rela-
tionship (SAR) for antimalarial efficacy. The hybrids were scre-
ened against drug-sensitive and artemisinin-resistant strains of
P. falciparum. The cytotoxicity of the hybrids was assessed
Scheme 1 Synthesis of substituted 4-acetamidobenzene-1-sulfonyl chlo
(ii) 0–60 °C, 3 h.

© 2026 The Author(s). Published by the Royal Society of Chemistry
against lung cancer A549 cells and activated macrophages from
THP1 monocytes. Additionally, the physicochemical character-
istics and drug-likenepolyss of the synthesised hybrids were
also predicted.
2. Results and discussion
2.1. Chemistry

The multi-step synthetic protocol was followed to achieve target
molecular hybrids as displayed in Schemes 1–6.

Substituted 4-acetamidobenzene-1-sulfonyl chlorides 5 (a–
b), Scheme 1, were afforded by the acylation of different anilines
rides 5 (a–b). Reagents and conditions: (i) Et3N, DCM, 0 °C – RT, 1.5 h;

RSC Adv., 2026, 16, 617–641 | 619
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Scheme 2 Synthesis of 3-acetylbenzenesulfonyl chloride 7. Reagents
and conditions: (i) 0–90 °C, 12 h.
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in DCM in the presence of Et3N, followed by reaction with
chlorosulphonic acid at different temperatures. Likewise, 3-
acetylbenzenesulfonyl chloride 7 was afforded by treating
Scheme 3 Synthesis of 2,4-dichloroquinazoline 11. Reagents and condi

Scheme 4 Synthesis of substitutedN-((tetrahydrofuran-2-yl)methyl)quin
1 h; (ii) K2CO3, DMF, morpholine/piperazine, 95 °C, 12 h.

Scheme 5 Synthesis of substituted 4-(3-(trifluoromethyl)-5,6-dihydro-[1
conditions: (i) KOH, THF, 50 °C, 3 h; (ii) EtOH, Et3N, morpholine/piperaz

620 | RSC Adv., 2026, 16, 617–641
chlorosulphonic acid with acetophenone, as shown in Scheme
2. On the other hand, as displayed in Scheme 3, 2,4-di-
chloroquinazoline 11 was synthesised by reacting urea with
methyl anthranilate at high temperature, followed by chlori-
nation with phosphorus oxychloride. Synthesised 2,4-di-
chloroquinazoline 11 was further reacted with
tetrahydrofurfurylamine and 3-(triuoromethyl)-5,6,7,8-tetra-
hydro-[1,2,4]triazolo[4,3-a]pyrazine, HCl to achieve respective
intermediates 13 and 16. The intermediates 13 and 16 were
further reacted with piperazine and morpholine to afford
intermediates 14 (a–b) and 17 (a–b), as shown in Schemes 4 and
5. Finally, target quinazoline-sulphonamides 19–36 were ob-
tained by reacting intermediates 14a and 17a with respective
sulphonyl chlorides as shown in Scheme 6. The nal structures
tions: (i) 180–210 °C, 3 h; (ii) POCl3, DIPEA, RT – 90 °C, 6 h.

azolin-4-amine 14 (a–b). Reagents and conditions: (i) Et3N, THF, 60 °C,

,2,4]triazolo[4,3-a]pyrazin-7(8H)-yl)quinazoline 17 (a–b). Reagents and
ine, 80 °C, 14 h.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 6 Synthesis of substituted quinazoline-sulphonamides 19–36. Reagents and conditions: (i) DMF, K2CO3, 70 °C, 3.5 h.
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and antimalarial properties of compounds 19–36 are shown in
Table 1.

The synthesised intermediates and target compounds were
puried by column chromatography using silica gel (200–400)
as the stationary phase. The chemical structures and molecular
weight of the compounds were conrmed by NMR spectroscopy
(Fig. S1–S48) and high-resolution mass spectrometry (HRMS)
(Fig. S49–S72). The puried compounds were stored in a cool,
dark place and used for biological studies.
2.2. Antimalarial study of the compounds

The antimalarial efficacy of the compounds was investigated
against the drug-sensitive 3D7 strain of the P. falciparum (Pf3D7)
parasite. The study used DMSO and chloroquine (CQ) as
a control. The half-maximal inhibitory concentration (IC50) of
the compounds is shown in Table 1 and Fig. S73 and S74.

Results indicate that most of the compounds were able to
inhibit the growth of drug-sensitive parasites with an IC50 below
25 mM. A total of four compounds, 19, 21, 25, and 27, displayed
an IC50 value below 5 mM, while ten compounds, 14a, 14b, 17a,
20, 24, 28, 30, 31, 33, and 34, displayed an IC50 value below 25
mM. The structure–activity relationship (SAR) study disclosed
a compelling correlation between the structure of the
compounds and their antimalarial activity. Substitution at 4th
position of 2,4-dichloroquinazoline with tetra-
hydrofurfurylamine and 3-(triuoromethyl)-5,6,7,8-tetrahydro-
[1,2,4]triazolo[4,3-a]pyrazine resulted as compounds 13 and 16,
respectively. Both compounds remained inactive against drug-
sensitive P. falciparum, but further substitution with pipera-
zine at the 2nd position of both compounds resulted in 14a and
17a, making both compounds active against Pf3D7 with an IC50

value of 8.26 mM and 13.53 mM, respectively. The results of
a subsequent SAR study showed that the bioactivity of 14b did
not change signicantly when the piperazine ring of 14a was
replaced with morpholine, but it was lost in the case of 17b,
indicating that the NH group of piperazine with triazolo[4,3-a]
pyrazine at the 4th position of quinazoline was helpful in
identifying the antimalarial potency of the compounds. In order
to study the antimalarial potential of quinazoline-
sulphonamide hybrids, intermediates 14a and 17a were hybri-
dised with the substituted aromatic sulphonamides. The
multiple substitutions were performed at the aromatic ring of
sulphonamides to ne-tune the antimalarial efficacy of the
compounds. In this order, compound 14a was hybridised with
4-acetamido-3-chlorobenzenesulfonyl chloride, and the low
© 2026 The Author(s). Published by the Royal Society of Chemistry
micromolar antimalarial potency against Pf3D7 strain was ob-
tained and identied as compound 19, with an IC50 value of
3.43 mM. Further substitution in the compound 19 with an
electron-donating methoxy group at the 3rd position of the
phenyl ring of the sulphonamide group resulted in 20, which
displayed ∼6.31-fold activity loss with an IC50 of 21.64 mM. This
might be a result of the ability of the chloro group of 19 to grab
electrons towards itself, which decreased the density and
increased the positive charge of the p-electron cloud and thus
facilitated its ability to interact with the stacked aromatic rings
of the potential target protein 39.

Hybridisation of 4-acetamido-3-methoxybenzenesulfonyl
chloride with 17a resulted in 21, which displayed ∼3-fold
improved antimalarial efficacy. The compounds 20 and 21 have
similar benzene sulphonamide groups but have a structural
difference at the 4th position of the quinazoline ring, resulting
in a ∼5-fold activity difference. This indicated that the 3-(tri-
uoromethyl)-5,6,7,8-tetrahydro-[1,2,4]triazolo[4,3-a]pyrazine
plays a signicant role in dening the antimalarial efficacy of
the compounds. A similar activity pattern was followed for
compounds 25 and 28, which have identical sulphonamide
groups but a structural difference at the 4th position of the
quinazoline ring. The antimalarial efficacy of 25 with tetra-
hydrofurfurylamine group was ∼2-fold better than 28 with 3-
(triuoromethyl)-5,6,7,8-tetrahydro-[1,2,4]triazolo[4,3-a]pyr-
azine. Likewise, compound 27 with 3-(triuoromethyl)-5,6,7,8-
tetrahydro-[1,2,4]triazolo[4,3-a]pyrazine was around 3-fold more
potent than its analogue 24 with a tetrahydrofurfurylamine
group at the 4th position. Another example of compound 34
revealed that 3-(triuoromethyl)-5,6,7,8-tetrahydro-[1,2,4]tri-
azolo[4,3-a]pyrazine signicantly improved the antimalarial
efficacy, with an IC50 value of 4.83 mM, as its analogue 33 with
a tetrahydrofurfurylamine group displayed almost 3.8-fold
lower antimalarial efficacy. Compounds 33 and 34 had an
electron-withdrawing chloro group substituted on the thio-
phene ring of the sulphonamide group and showed micromolar
activity against drug-sensitive malaria; however, the absence of
the chloro group made both compounds inactive. Likewise, the
signicance of the positional substitution of NO2 at the phenyl
ring of the sulphonamide group related to the antimalarial
efficacy was also noted. The substitution of the NO2 group at the
2nd position of the benzene ring was found to be more fruitful
than the substitution at the 4th position. Compounds 24 and 27
with the NO2 group at the 2nd position of the phenyl ring di-
splayed IC50 values of 8.80 mM and 2.90 mM, respectively, while
RSC Adv., 2026, 16, 617–641 | 621
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Table 1 Structures and half-maximum inhibitory concentration (IC50)
of the test compounds 19–36 for Pf3D7 strain

Compound Molecular structure
IC50 for
Pf3D7 strain (mM)

13 >25

14a 8.26

14b 9.96

16 >25

17a 13.53

Table 1 (Contd. )

Compound Molecular structure
IC50 for
Pf3D7 strain (mM)

17b >25

R3 R4

19 3.43

20 21.64

21 4.41

22 >25

622 | RSC Adv., 2026, 16, 617–641 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd. )

Compound Molecular structure
IC50 for
Pf3D7 strain (mM)

23 >25

24 17.82

25 3.51

26 >25

27 2.90

28 16.27

29 >25

30 19.26

Table 1 (Contd. )

Compound Molecular structure
IC50 for
Pf3D7 strain (mM)

31 20.85

32 >25

33 16.35

34 16.08

35 >25

36 >25

© 2026 The Author(s). Published by the Royal Society of Chemistry
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their analogues with the NO2 group at the 4th position were
either inactive or less potent against the Pf3D7 strain. Thus, the
SAR study emphasised that 3-(triuoromethyl)-5,6,7,8-tetra-
hydro-[1,2,4]triazolo[4,3-a]pyrazine played a signicant role in
the development of new antimalarials, and it was found fruitful
when hybridised with quinazoline-sulphonamides.

The detailed SAR investigation revealed that the positional
substitution of different electron-withdrawing groups on the
phenyl ring of the sulphonamides was found to be signicant to
ne-tune the antiplasmodial efficacy of the compounds. Finally,
our study highlights compounds 19 and 27 as potential leads for
the development of a new class of antimalarials.

2.3. Effect of the lead compounds on the development and
morphology of the parasites

Post-IC90 estimation, the selected compounds were tested
against various asexual stages of Plasmodium falciparum to
RSC Adv., 2026, 16, 617–641 | 623
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assess their effects on parasite morphology and development.
Dimethyl sulfoxide (DMSO) was used as the solvent control
throughout the experiment. Synchronised ring-stage parasites
(6–16 hours post-invasion) were exposed to the compounds for
64 hours, and Giemsa-stained blood smears were examined
microscopically at intervals of 6–16, 30–34, 44–48 hours, and
again at 6–16 hours (Fig. 2).

In the DMSO-treated control group, parasites progressed
normally through the intraerythrocytic developmental cycle,
maturing from rings to trophozoites, then schizonts, and
producing new ring-stage progeny. The images at different time
intervals clearly indicate the formation of hemozoin crystals at
a 30–34 h time interval, which is also observed later at 44–48 h.
In the case of the test compounds treated parasites, no visible
crystal was observed at any stage of the parasitic development.
This phenomenon suggested that the compounds may target
the parasite's hemozoin formation pathway, haeme detoxica-
tion pathway, and/or haemoglobin digestion pathway to show
their antimalarial efficacy. In contrast, treatment with
compound 14b notably inhibited the transition from tropho-
zoites to schizonts, leading to developmental arrest at the
schizont stage, with a swollen effect on the parasite's food
vacuole. Parasites exposed to compounds 14a, 19, and 25
Fig. 2 Representative images of the morphology of test compounds
treated parasites at different time intervals.

624 | RSC Adv., 2026, 16, 617–641
exhibited marked shrinkage within erythrocytes aer 34 h of
treatment, with complete developmental arrest at the ring stage
and no further progression observed. Notably, compounds 21
and 27 induced developmental arrest at the trophozoite stage,
characterised by a distinct swelling of the parasite's food
vacuole, suggesting a potential disruption of vacuolar function.
Literature suggests that inhibitors of parasitic aspartic prote-
ases and cysteine proteases result in swollen food vacuoles.40,41

Therefore, the swelling effect on the parasite's food vacuole may
correspond to the binding of the test compounds to aspartic
proteases and/or cysteine proteases.

Collectively, these ndings demonstrate that the six lead
compounds exert stage-specic inhibitory effects on the asexual
blood stages of P. falciparum. Further mechanistic studies and
structural optimisation of these compounds hold promise for
the development of potent, low-nanomolar antimalarial agents
with diverse modes of action.
2.4. Cytotoxicity of the compounds

A549 lung carcinoma cell cultures were adopted to investigate
the viability of the most potent compounds against the Pf3D7
strain. The obtained results are reported in Table 2, which
indicates that compound 27 is non-cytotoxic to the cancerous
cell A549 and more selective towards parasitic cells, with
a selective index of 66.72. Furthermore, compounds 19 and 21
were found to be toxic to some extent in cancerous cells and
were selective towards parasitic cells, with a selective index of
19.45 and 17.26, respectively. Compound 14b was found to be
toxic to the cancerous cells with an IC50 value of 28.66 mM and
may be further optimised for the development of new anti-
cancer agents.

Furthermore, cytotoxicity was also assessed using an MTT
assay on activated macrophages derived from THP1 monocytes
at 100 and 500 mM concentrations of the compounds. The ob-
tained results in Fig. 3 revealed that untreated cells grew
normally.

The compound 19 displayed cell growth of 88.76% and
81.54% at 100 mM and 500 mM concentration, respectively, and
compound 21 showed cell growth of 97.75% and 96.79% at 100
mM and 500 mM concentration, respectively. The results indi-
cated that the test compounds displayed cell growth of more
than 80% and may be considered non-toxic at selected
Table 2 Cytotoxicity evaluation of the compounds on lung cancer
A549 cellsa

Compounds A549 cells IC50 (mM) Selective index

14b 28.66 � 2.06 2.88
19 66.72 � 2.03 19.45
21 76.12 � 3.49 17.26
25 57.02 � 4.60 16.25
27 193.5 � 1.73 66.72

a The results indicated are the averages of triplicate measurements.
Selective index: IC50 value of cytotoxicity assay/IC50 value of
antimalarial assay.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Effect of the test compounds on the growth of the activatedmacrophages from THP1monocytes (the results were the average of the five
independent experiments).
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concentrations. Therefore, the antimalarial activity of the
compounds was specic and not associated with cytotoxicity.
2.5. In silico studies

2.5.1. Docking studies. The growth development assay
revealed that the active compounds displayed deformities in the
food vacuole of the parasite, suggesting that the compounds
may target the parasite's hemozoin formation pathway, haeme
detoxication pathway, and/or haemoglobin digestion pathway
to demonstrate their antimalarial efficacy. In the parasitic food
vacuole, the haemoglobin is initially degrads by plasmepsins,
histo-aspartic protease (HAP), and falcipains into 10–20 amino
acid-long peptides.42 These large peptides further degrads by
a zinc metalloprotease falcilysin into 5–10 amino acid oligo-
peptides, which further degrads into small peptides and amino
acids.42 On the other hand, haemoglobin is converted into
heme, which is further catalysed into haemozoin through heme
detoxication protein (HDP) and other enzymes.43 Therefore, to
investigate the plausible mechanism of action, the molecules
signicantly effective at the parasitic food vacuole were docked
with the selected Plasmodium food vacuole drug targets. The
molecules were docked with P. falciparum cysteine proteases
(falcipain II and III), aspartic proteases (plasmepsins I, II, IV, IX,
and X), heme detoxication protein (HDP), histo-aspartic
protease (HAP), and a zinc metalloprotease falcilysin (FLN).
The coefficient of determination R-squared was calculated with
the obtained docking score and experimental IC50 value, and
the R-squared was found equal to or greater than 0.7 only with P.
falciparum falcipain II (PfFP2), falcipain III (PfFP3), and falcily-
sin (PfFLN) as 0.7031, 0.8577, and 0.8977, respectively, Fig. S75.
Therefore, the predicted IC50 was calculated using the equation
of a straight line, followed by plotting the graph between the
predicted and experimental IC50 values of the compounds. The
© 2026 The Author(s). Published by the Royal Society of Chemistry
results were correlated with R-squared values of 0.7849, 0.8061,
and 0.9267 for PfFP2, PfFP3, and PfFLN, respectively. Therefore,
the protein–ligand interactions of the most potent molecules
against Pf3D7 strain, 19 and 27, were investigated with the
underlined proteins and are displayed in Fig. 4–6. The 2D
protein–ligand interaction diagrams are accessible in Fig. S76–
S81.

Falcipain II and III are hemoglobinases of the cysteine
protease family,44 which share a common catalytic mechanism
involving a nucleophilic cysteine thiol in their catalytic triad to
hydrolyse the haemoglobin at multiple sites in the food
vacuole.45,46 Fig. 4 disclosed that 19 and 27 were tightly bound
with PfFP2 with docking scores of −5.2 and −5.7, respectively.
Fig. 4(a) revealed that ligand 19 interacted with PfFP2 through
a halogen bond between Cl and HIS174 with a bond length of
2.58 Å, and two aromatic H-bonds between the hydrogens of the
quinazoline ring and ASP234 with a bond length of 2.50 and
2.69 Å. Similarly, ligand 27 was involved in making an H-bond
acceptor between the N of the triazole group and HIS174 with
a bond length of 2.79 Å, and a salt bridge between the NO2

group of the ligand ASP234 with a bond length of 4.68 Å,
Fig. 4(b). Furthermore, 19 and 27 were docked with PfFP3 with
docking scores of −5.3 and −6.1, respectively (Fig. 5). The
protein ligand interactions with PfFP3 revealed that the NH
group and the quinazoline ring of 19 were involved through
a hydrogen bond and an aromatic hydrogen bond with GLY92,
with the bond length of 1.85 Å and 2.30 Å, respectively, Fig. 5(a).
There was no visible interaction observed in Maestro for 27 with
PfFP3, Fig. 5(b).

Falcilysin (FLN) is a zinc-dependent metalloprotease
belonging to the M16C family, playing a central role in hae-
moglobin breakdown within the parasite's digestive vacuole. It
acts downstream of primary hemoglobinases such as falcipains,
RSC Adv., 2026, 16, 617–641 | 625
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Fig. 4 Protein ligand interactions of docked complexes of (a) 19 with PfFP2 and (b) 27 with Pf3FP2.
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plasmepsins, and HAP, processing the short peptide fragments
they generate. The enzyme functions through a dynamic cata-
lytic cycle: it initially opens to permit substrate entry into its
spacious active site, then shis into a closed conformation that
facilitates peptide cleavage, and nally reopens to release the
processed products.47 Recent studies revealed that FLN is the
target for the candidate drug MK-4815.48 The ligands were
docked at the MK-4815 binding site (allosteric site of FLN) and
visualised to investigate the protein ligand interactions, repre-
sented in Fig. 6.

Fig. 6 revealed that 19 and 27 were deeply seated in the
groove of the PfFLN and strongly bound with the target protein.
Ligand 19 was involved in making an H-bond through the NH
group with ASP526, with a bond length of 2.08 Å, Fig. 6(a).
Another H-bond was also observed between the oxygen of the
acetamide group and ASN420, with the bond length of 2.30 Å.
Additionally, two aromatic H-bonds were also observed between
hydrogens of quinazoline ring and ASP526 and ASP451 with the
bond length of 2.63 Å and 2.45 Å, respectively.

Similarly, ligand 27 was bound to the target protein with
multiple interactions. Fig. 6(b) revealed that the quinazoline
ring interacted with PHE545 through p–p stacking with the
bond length of 5.16 Å. Furthermore, the SO2 and NO2 groups of
626 | RSC Adv., 2026, 16, 617–641
27 were interacted with ASN420 and ASN421 through H-bond
with the bond length of 2.11 Å and 2.33 Å, respectively. The
p–cation type of interaction was observed between the N+ of the
NO2 group and HIE425, with the bond length of 5.68 Å. Addi-
tionally, an aromatic H-bond was also observed between the
hydrogens of the quinazoline ring and ASP526, with a bond
length of 2.40 Å. The ligand binding results were consistent with
the earlier studies of Eagon, et al.49 and Kahlon, et al..50

The docking studies revealed that the synthesised hybrid
molecules may bind with the PfFP2, PfFP3, and PfFLN through
signicant protein–ligand interactions. In the case of docking,
only the ligand is exible, while the receptor is rigid; however,
as the temperature changes, both become exible. Therefore,
the accuracy of the docking remains very limited; hence, to
investigate the stability of these complexes, a molecular
dynamics simulation study was performed on Desmond
through Maestro of Schrödinger.

2.5.2. Molecular dynamics (MD) simulation. An explicit-
solvent MD simulation for 200 ns at NPT and 310 K was per-
formed to investigate the stability, behaviour, and interactions
of protein–ligand complexes with respect to time and temper-
ature. The apo forms of PfFP2, PfFP3, and PfFLN, as well as
docked protein–ligand complexes with 19 and 27, were subject
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Protein ligand interactions of docked complexes of (a) 19 with PfFP3 and (b) 27 with Pf3FP3.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 4
/4

/2
02

6 
12

:3
6:

59
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
to simulation, which also revealed the orientation of the ligand
within the protein's binding pocket. The docked complexes
were immersed in the water molecules and neutralised by
adding Na+ and Cl− ions before simulation.

2.5.2.1 Root-mean square deviation (RMSD). The RMSD
trajectory of the apo form of PfFP2 displayed initial stabilisation
at ∼1.2 Å and then a gradual increase toward 2.5 Å over the
simulation time, suggesting conformational changes as the
protein explores its dynamic states, Fig. S82(a). The same can
also be observed in the simulation movie, Movie M1.

The RMSD trajectory of the PfFP2-19 complex displayed
initial conformational changes upon binding with the ligand,
but was observed to be comparatively tight and stable, while the
ligand RMSD trajectory uctuates for a long stretch with two
sharp spikes ∼100 ns and ∼150 ns, Fig. S82(b). This event
indicated that ligand 19 keeps the protein more stable than the
apo state, but the ligand itself explores multiple poses, higher–
deviation transitions, which reveal more dynamic binding.51

Moreover, the protein RMSD trajectory of the PfFP2-27 complex
rises steadily and stays high and peaks at ∼4.0 Å late in the run,
but the ligand RMSD remains lower compared to the 19, with
© 2026 The Author(s). Published by the Royal Society of Chemistry
occasional spikes, indicating a persistent pose with moderate
jitter. The RMSD trajectory of the ligand in PfFP2-27 complex,
Fig. S82(c), revealed that 27 binds to the protein in a more self-
consistent pose, but it induced larger global rearrangements of
the protein as compared to the apo form or complex with 19.
Hence, ligand 19 develops a complex with good stability, while
ligand 27 increases backbone deviation in the protein, sug-
gesting broader conformational adaptation. The conrmations
of PfFP2-19 and PfFP2-27 complexes and ligand–protein inter-
action events during the simulation may also be observed in
simulation movies, Movies M2 and M3, respectively.

The RMSD trajectory for the apo form of PfFP3, Fig. S83(a),
displayed a quick rise in the earliest frames to ∼1.6–1.9 Å by
∼20–40 ns, then dris upward slowly and stabilises roughly
between ∼1.8–2.4 Å up to 200 ns. This trend indicates gradual
relaxation from the starting (crystal) conformation to a slightly
shied but compact ensemble. The RMSD trajectory of PfFP3-19
complex in Fig. S83(b) displayed that the protein initially
follows a similar pattern as the apo form, but exhibits slightly
higher average values, ∼2.0–2.7 Å, between ∼40–140 ns and
stabilises throughout the simulation. The increase in RMSD
RSC Adv., 2026, 16, 617–641 | 627
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Fig. 6 Protein ligand interactions of docked complexes of (a) 19 with PfFLN and (b) 27 with Pf3FLN.
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may be due to the ligand-induced conformational changes in
the protein. The RMSD trajectory of the ligand 19 displayed low-
to-moderate uctuations up to ∼80 ns, then stabilised for the
rest of the simulation with a sharp spike at ∼120 ns. This
trajectory pattern suggests the ligand reorientation events and
partial displacement from the initial pose. These conrma-
tional changes and ligand behaviour of the apo protein and in
complex with 19 during the simulation may also be observed
from the simulation movies, Movies M4 and M5, respectively.
The RMSD trajectory pattern of PfFP3-27 complex revealed that
the protein RMSD displayed a quicker rise at∼20 ns than at∼50
ns, which was overall larger than the apo form or in the complex
with 19, Fig. S83(c). That indicates a more pronounced back-
bone rearrangement during the run.52 The ligand RMSD for 27
remains relatively low early on, but aer ∼100 ns, it increases
substantially and becomes highly variable, reaching very large
values (double-digit Å in late frames), which strongly suggests
the ligand underwent a major displacement and partially relo-
cated in the original binding site, also conrmed by the simu-
lation movie, Movie M6. The RMSD results of apo PfFP3 and its
complexes revealed that the experimental crystal structure
relaxes to a stable solution ensemble with modest
628 | RSC Adv., 2026, 16, 617–641
conformational dri over 200 ns. For complexes, 19 is likely
a moderately stable binder with multiple binding microstates,
which keeps the protein closer to its apo state compared to 27.
This may be due to the fewer tight contacts that remain asso-
ciated with the protein. The RMSD results for ligand 27 suggest
that (i) its interactions may require larger protein rearrange-
ment (induced t) but ultimately are not stable or lead to ligand
escape, (ii) the ligand initially nds an alternate pocket that
perturbs backbone geometry, and later the complex relaxes to
an alternative state with the ligand shied away.34,53 Both cases
imply strong local dynamics and a binding mode that is not
rigidly conserved over 200 ns.

Furthermore, the RMSD trajectory of the apo form of PfFLN
displayed a stable RMSD during the rst 50 ns, followed by
a progressive rise, reaching values of ∼2.5–3.5 Å aer ∼100 ns
andmaintaining uctuations around this range until the end of
the simulation, Fig. S84(a) and Movie M7. These uctuations
suggest that PfFLN undergoes signicant conformational rear-
rangements in the apo state, likely linked to its intrinsic exi-
bility as a metalloprotease.54,55 The RMSD trajectory of protein
in complex with 19 displayed an early rise and reached equi-
librium at ∼30 ns, which remains lower than the apo trajectory,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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with average backbone RMSD in the ∼1.8–2.2 Å range aer
equilibration, Fig. S84(b). The ligand RMSD was also relatively
small and well-behaved (∼1.3–1.8 Å), indicating that ligand 19
retains a consistent binding pose for most of the simulation,
Movie M8. In Fig. S84(c) of complex PfFLN-27, the protein RMSD
was intermediate to high, typically ∼1.8–2.5 Å, but with several
transient excursions beyond 2.5 Å later in the run. The ligand 27
exhibits wider uctuations in RMSD, ranging from ∼1.2 to 3.5
Å, including episodes of larger deviation late in the trajectory.
The combined behaviour suggests a period of induced confor-
mational adjustment followed by increased ligand mobility.
The 19 complex reaches a plateau within ∼30 ns and remains
near that plateau, consistent with rapid local relaxation and
a stable ligand–protein complex. The 27 complex displays a two-
phase behaviour: an initial relaxation and induced t (0–100 ns)
accompanied by modest protein rearrangements, followed by
increased ligand mobility and several ligand deviation events
aer ∼120 ns. These deviations are temporally coincident with
transient increases in protein RMSD, suggesting coupled
ligand–protein rearrangements. These events can also be
conrmed by the simulation movie, Movie M9.

The comparative analysis demonstrates that both ligands
exhibit strong binding affinity toward the target proteins, with
greater structural stability observed in the complex with PfFLN
relative to PfFP2 and PfFP3. The RMSD proles predicted that
PfFLNmay be the principal target implicated in the antimalarial
potential of these ligands, while the concurrent inhibition of
PfFP2 and PfFP3 may provide a complementary or synergistic
contribution to their overall efficacy.

2.5.2.2 Root mean square uctuation (RMSF). Root mean
square uctuation (RMSF) is useful for characterising local
changes along the protein chain. The RMSF plot of the apo
proteins and their complexes provides clear insights into the
protein's conformational exibility, ligand effects, and impli-
cations for drug design.

The RMSF plot of apo PfFP2 in Fig. S85(a) shows higher
peaks and relatively higher residue uctuation, especially in
loop regions, compared to both ligand–bound complexes.
Fig. S85(b) and S85(c) revealed that the binding of ligands 19
and 27 affected the protein's residue uctuations and resulted
in a decrease in uctuations, which indicates the stabilisation
of the protein by ligand binding. The plot highlighted that 27
induced stronger stabilisation, as conrmed by the lower RMSF
in most of the regions, while 19 retained moderate exibility,
which may correspond to exposed or mobile loop areas. In both
cases, the prole for Ca and backbone atoms was very similar,
supporting that stabilisation was global, but most pronounced
near the ligand-binding regions. The vertical green bars indi-
cate ligand contact with protein residues during the simulation.
The RMSF results for the apo form of PfFP3 and its complexes
with 19 and 27 were shown in Fig. S86.

Fig. S86(a) revealed that apo falcipain-3 exhibited higher
RMSF values at both N- and C-terminal ends and several loop
regions, indicating greater intrinsic exibility where no ligand
is bound. When ligand 19 was bound to the falcipain-3,
Fig. S86(b), the residue stretches were greatly affected. The
vertical green bar indicated that the residues of these regions
© 2026 The Author(s). Published by the Royal Society of Chemistry
were involved in making non-covalent interactions, and uc-
tuations highlighted that the protein–ligand complex is
changing conformational state to get a lower energy state.
Fig. S86(c) indicates that ligand 27 exhibits fewer protein–ligand
contacts compared to ligand 19, but stabilises more residual
uctuation (residues 75–90) than the apo form complex with
ligand 19. Residues outside the ligand contact zones retain their
exibility, like the apo protein. Differences between the ligands
(19 vs. 27) in the extent and location of stabilisation may be
attributed to their distinct binding modes, chemical structures,
and interaction networks within the acipain-3 active or allo-
steric sites. Ligand 19, showing a broader interaction footprint
than ligand 27, potentially translates to enhanced inhibitory
potential. The RMSF analysis results of falcilysin in apo form
and in complex with ligands 19 and 27 were presented in
Fig. S87.

The RMSF plot of the apo protein, Fig. S87(a), displayed
several distinct peaks with higher exibility in multiple residue
regions. Peaks likely correspond to loops or surface regions,
which are generally more mobile in the absence of ligands. The
average RMSF is higher across the range compared to the
complexes. Fig. S87(b) and S87(c) indicate that the binding of
ligands 19 and 27 noticeably reduces the RMSF values in
multiple regions, especially at the ligand binding sites, high-
lighted using green vertical bars. The RMSF data highlighted
that interacting residues are tightly associated with the ligand,
resulting in noticeable stabilisation and lower atomic
displacement at and near the ligand binding sites. Few peaks
remain in the complex plots, but their intensities have been
reduced compared to the apo form, which suggests effective
ligand-induced rigidication.

The RMSF data for the apo and complex forms of all three
target proteins revealed that both ligands induced local stabi-
lisation at their respective binding sites, reducing RMSF values
of associated amino acid residues, which is consistent with
classical MD simulation interpretations where ligand binding
restricts atomic displacements and conformational freedom
locally.56,57 The higher uctuation prole of the apo form of the
proteins highlights larger conformation sampling and exi-
bility, which is also needed for substrate recognition, which
decreases upon binding with the ligands.58,59 Both ligands, 19
and 27, display similar stabilising trends, though the specic
residues affected and the degree of rigidity differ, which may
reect differing binding poses, interaction strengths, or allo-
steric effects. The lower RMSF uctuations in complexes are
generally dened as evidence of stable binding and limited
exibility at interacting residues, while higher exibility refers
to the inherent protein exibility not modulated by ligand
attachment.60,61 Hence, the RMSF trends were in correlation
with the RMSD data and supported our hypothesis that the
antimalarial activity of the ligands may be due to the inhibition
of cysteine proteases and falcilysin.

2.5.2.3 Protein–ligand contacts study. The type and number
of interactions between the target protein and the ligand can be
monitored throughout the MD simulation. These interactions
can be divided into different categories, such as hydrogen
bonds, hydrophobic, ionic and water bridges, etc. Hydrogen
RSC Adv., 2026, 16, 617–641 | 629
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bonds are further characterised into four sub-parts, i.e. back-
bone acceptor, backbone donor, side-chain acceptor, and side-
chain donor. Similarly, halogen atoms can form attractive
interactions by functioning as both electron donor and acceptor
sites and can play an important role in ligand specicity.
Likewise, hydrophobic interactions can be categorised into
three sub-categories, i.e. p–cation, p–p interaction, and other
non-specic interactions. Traditionally, these types of interac-
tions are formed between a hydrophobic amino acid and an
aromatic or aliphatic group on the ligand. Moreover, ionic
interactions are formed between two oppositely charged atoms,
and water bridges are considered in MD simulations as
hydrogen-bonded protein–ligand interactions mediated by
a water molecule.

Fig. 7 revealed that most of the ligands exhibited signicant
protein–ligand interactions during the course of simulation.
Fig. 7(a) and S88 disclosed that ligand 19 was involved with
PfFP2 mainly through hydrophobic interaction via LEU84 for
more than 35% of simulation time, and water bridge, hydrogen
bond via LEU172 and ASN173. Similarly, ligand 19 was involved
with PfFP3 through multiple hydrogen bonds and hydrophobic
interactions. Fig. 7(b) and S90 displayed that TYR93 was
involved with the ligand through p–p interaction and hydrogen
bond for 34% and 50% of simulation time, respectively. ASN86
also displayed a hydrogen bond with the ligand 19 for 44% of
simulation time. Protein–ligand contact analysis displayed
strong binding between PfFLN and 19, as shown in Fig. 7(c) and
S92. The amino acid residues ASN420 and ASN421 were
involved in making a hydrogen bond for 98% and 90% of the
simulation time, respectively. TYR413 and GLU530 displayed
interaction through a water bridge for 44% and 63% of simu-
lation time, respectively.
Fig. 7 2D representation of protein–ligand contacts during 200 ns MD
PfFP3-27, and (f) PfFLN-27 complexes.

630 | RSC Adv., 2026, 16, 617–641
The study of protein–ligand interaction of ligand 27 di-
sclosedmultiple interactions with the target protein throughout
the simulation. It was involved with PfFP2 mainly through three
hydrogen bonds with GLN36, CYS42, and ILE85 for 64%, 81%,
and 88% of simulation time, respectively, as shown in Fig. 7(d)
and S89. Ligand 27 was contacted with PfFP3 mainly through
TRP215 via p–p interaction for 53% of simulation time, as
indicated in Fig. 7(e) and S91. Similar to ligand 19, ligand 27
was also strongly bound to PfFLN through hydrogen bonds and
hydrophobic interactions. Fig. 7(f) and S93 disclosed that resi-
dues ASN420 and ASN421 of PfFLN were involved in making
hydrogen bonds with 86% and 43%, respectively. Furthermore,
PHE529 was involved in making p–p interactions with 27 for
39% of simulation time, along with other hydrophobic inter-
actions. The higher length of bars in the protein–ligand histo-
gram for ASN420, ASN421, and PHE529 is due to the multiple
interactions of a single type of residue with the same ligand.

The results of the protein–ligand contact study for all six
complexes showed close proximity, as indicated by RMSD and
RMSF values. In silico studies predicted that all ligands were
tightly bound to PfFLN, as well as to PfFP2 and PfFP3. Hence, it
suggests that the associated antimalarial efficacy may be due to
the inhibition of these proteins.

2.5.3. Molecular mechanics-generalised born surface area
(MM-GBSA). MM-GBSA (molecular mechanics/generalised born
surface area) is a widely used computational approach in drug
discovery that provides an estimate of the free energy of ligand–
protein binding. This method combines molecular mechanics
energies with implicit solvation models, using the generalised
born approximation for electrostatics and a surface area term
for nonpolar solvation contributions, to achieve more reliable
binding affinity predictions than conventional docking scores.
simulations. (a) PfFP2-19, (b) PfFP3-19, (c) PfFLN-19, (d) PfFP2-27, (e)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Post-MD MM-GBSA binding free energies (kcal mol−1) for
PfFP2, PfFP3, and PfFLN in complex with ligands 19 and 27

Complex DG average (kcal mol−1) Standard deviation

PfFP2-19 −48.2992 �6.10
PfFP2-27 −59.7697 �5.39
PfFP3-19 −54.7571 �10.17
PfFP3-27 −56.8884 �5.70
PfFLN-19 −50.3223 �4.55
PfFLN-27 −51.5066 �4.73
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To obtain binding free energies under dynamic conditions, the
molecular dynamics (MD) trajectories of all six protein–ligand
complexes were subjected to post-MD MM-GBSA calculations.
The results are summarised in Table 3.

The post-MDMM-GBSA analysis conrmed stable binding of
both ligands with their respective target proteins. Among the
complexes, PfFLN exhibited the lowest standard deviations in
binding free energy, suggesting that ligand interactions with
PfFLN were more consistent throughout the simulation when
compared to PfFP2 and PfFP3. Taken together, these in silico
ndings predict that the observed antimalarial activity of
ligands 19 and 27 may be mediated through the plausible
inhibition of PfFLN in addition to PfFP2 and PfFP3. To validate
the in silico predictions, future in vitro enzymatic assays would
be essential to provide deeper and clearer mechanistic insight
into their mode of action. The ADME predictions and physico-
chemical properties of the synthesised compounds have been
discussed in the SI and Table S1.
3. Conclusion

To combat the resistance to the current antimalarials, there is
a challenge and an urgent need for the development of new
antimalarials with a novel mode of action. The present study
aimed to develop quinazoline-based trifunctional hybrid antima-
larials with potential antimalarial activity. Bioactive small phar-
macophores such as 2,4-dichloroquinazoline,
tetrahydrofurfurylamine, substituted sulfonamides, and triazolo
[4,3-a]pyrazine were utilised to construct a new class of antima-
larials. Results revealed that most quinazoline sulphonamide
hybrids were shown to be potential antimalarials, with an IC50

value below 10 mM for the drug-sensitive Pf3D7 strain. The results
revealed that molecular hybrid 27, with 3-(triuoromethyl)-5,6,7,8-
tetrahydro-[1,2,4]triazolo[4,3-a]pyrazine at the 4th position and
substituted sulphonamides at the 2nd position of quinazoline,
was the most potent against the Pf3D7 strain with an IC50 value of
2.9 mM. Moreover, hybrid 19, with tetrahydrofurfurylamine at the
4th position and substituted sulphonamides at the 2nd position of
quinazoline, was the second most potent compound against the
Pf3D7 strain with an IC50 value of 3.4 mM. The MTT assay was
performed on A549 lung cancer cells and activated macrophages
derived from THP-1 monocytes to assess the associated cytotox-
icity of the compounds. The results against A549 cells disclosed
that 19 and 27weremore selective towards parasitic cells, with the
selective index of 19.45 and 66.72, respectively. The compounds
© 2026 The Author(s). Published by the Royal Society of Chemistry
14b, 24, and 28 were moderately cytotoxic to the cancerous cells
and may be further developed as potential anticancer agents. The
results against THP1 cells revealed that the cell growth was more
than 90% on treatment with 100 mM concentration of the test
compounds, except 19, which displayed 88.76% cell growth.
Therefore, the results indicated that the antimalarial activity of the
compounds was specic and not associated with cytotoxicity. The
in silico studies, i.e. docking followed by MD simulation and MM-
GBSA analysis, were conducted to computationally predict the
plausible mechanism of action of the potent molecules. The in
silico predictions suggested that the antimalarial efficacy of the
compounds may be attributed to the plausible inhibition of zinc
metalloprotease PfFLN, with concurrent inhibition of cysteine
proteases PfFP2 and PfFP3, which require further validation
through enzymatic assays. The calculated and predicted physico-
chemical parameters of the compounds fall within the Schrö-
dinger range, which is relied on by 95% of all knownmedications.
The study addressed the signicance of the molecular hybrid-
isation approach for the identication of an entirely distinct class
of antimalarials. Compounds 19 and 27 were thus highlighted in
the study as strikingmolecules that could be further optimised for
the development of new antimalarials.

4. Method and materials
4.1. Chemistry

All chemicals and reagents were purchased in AR grade from
commercial suppliers and used without further purication.
Substituted anilines, acyl chloride, chlorosulphonic acid, anhy-
drous piperazine, morpholine, and acetophenone were procured
from Spectrochem Pvt. Ltd, India. Hünig's base N,N-di-
isopropylethylamine (DIPEA) was procured from Sisco Research
Laboratories Pvt. Ltd, India. Methyl anthranilate and tetra-
hydrofurfurylamine were procured from Alfa-Aesar, USA. Urea and
EtOH were obtained from Merck Millipore, India, and 3-(tri-
uoromethyl)-5,6,7,8-tetrahydro-[1,2,4]triazolo[4,3-a]pyrazine, HCl
was obtained from BLD Pharmatech (India) Pvt. Ltd, India.
Different sulphonyl chlorides were procured from TCI Chemicals
(India) Pvt. Ltd, India. Solvents such as N,N-dimethylformamide
(DMF), dichloromethane (DCM), and tetrahydrofuran (THF) were
anhydrous and procured from SpectrochemPvt. Ltd, India. The 1H
& 13C NMR spectral data were recorded with a Bruker Avance Neo
400 NMR spectrometer. Tetramethylsilane (TMS) was used as an
internal standard, and the observed chemical shi (d) value was
marked in ppm. The multiplicity of 1H NMR signals was labelled
as s (singlet), d (doublet), t (triplet), m (multiplets), q (quartet), p
(pentet), dd (double doublets), td (triplet of doublets), dt (doublet
of triplets), dq (doublet of quartets), qd (quartet of doublets), tt
(triplet of triplets), qt (quartet od triplets), dtd (doublet of triplet of
doublets), ddd (doublet of doublet of doublets). HRMS spectra of
the compounds were calculated with an Agilent G6530AA (LC-
HRMS-Q-TOF). Silica gel-coated aluminium plates, TLC Silica gel
60 F254 of Merck Millipore, were used for conducting analytical
thin-layer chromatography (TLC) experiments and visualised
under a UV-chamber equippedwith long-wavelength (365 nm) and
short-wavelength (254 nm). The silica gel of 200–400 mesh was
procured from Sisco Research Laboratories Pvt. Ltd, India, and
RSC Adv., 2026, 16, 617–641 | 631
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used for column chromatography. Chloroquine-resistant P. falci-
parum 3D7 strain was obtained from the Malaria Research and
Reference Reagent Resource Center (MR4). Human blood was
used from P. falciparum culture in this study. Donor blood was
obtained from Rotary Blood Bank (RBB), New Delhi, India. RBB is
an ISO 9001:2008 certied blood bank established in 2002. It
follows stringent screening procedures, careful documentation,
and good laboratory practices for collecting, processing, and
testing blood. Albumax was obtained from Gibco, New Zealand
and RPMI media from Invitrogen, India. Chloroquine, Molecular
Biology Grade DMSO, tetrazolium salt [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide], sorbitol, and Phorbol 12-Myr-
istate 13-Acetate (PMA) were obtained from Sigma-Aldrich. SYBR
Green dye was obtained from Invitrogen, India. Lung cancer A549
epithelial cells and THP1 monocytes were obtained from ATCC.
Dulbecco's modied Eagle's medium (DMEM) and fetal bovine
serum (FBS) were obtained from Gibco, USA. RPMI-1640 medium
was obtained from Cellclone, India.

4.1.1. General synthetic protocol for 4-acetamidobenzene-
1-sulfonyl chlorides (5a–5b) and 3-acetylbenzenesulfonyl chlo-
ride (7). The 4-acetamidobenzene-1-sulfonyl chlorides (5a–5b)
were synthesised by following the previously reported protocol
of Manzoor, et al.,62 Scheme 1. For detail, substituted anilines
(8.2 mmol) and Et3N (12.3 mmol) were dissolved in anhydrous
DCM at room temperature and stirred for 0.5 h. To the solution,
acyl chloride (10.25 mmol) was added in a dropwise fashion,
followed by continuous stirring at 0 °C for 0.5 h. The tempera-
ture was allowed to rise to room temperature and stirred for
1.5 h till the completion of the reaction. The organic phase was
extracted using DCM and dried over anhydrous Na2SO4. The
solvent was evaporated under reduced pressure to obtain N-
phenylacetamide (3a–3b) and used for the next step.

Chlorosulfonic acid (15.756 mmol) was added in a dropwise
fashion to the respective N-phenylacetamide (3a–3b) (3.03
mmol) in a round-bottom ask equipped with a magnetic bar at
0 °C, followed by stirring for 0.25 h. The resulting mixture was
heated to the optimal temperature and stirred by almost all gas
evolution was completed (10 °C/0.5 h for 5a; 60 °C/4 h for 5b).
Aer the reaction was complete, the mixture was cooled and
quenched with crushed ice in a beaker while being vigorously
stirred to free any associated sulfonyl chlorides from the
beaker's walls. The precipitate was ltered and washed with ice-
cold water and puried using column chromatography to afford
4-acetamidobenzene-1-sulfonyl chlorides (5a–5b) in 75–85%
yield. A similar protocol was followed to afford 3-
acetylbenzenesulfonyl chloride (7) with some modications,
Scheme 2. On addition of sulphonyl chloride to acetophenone,
the resulting mixture was heated at 90 °C for 12 h, followed by
quenching and purication. Puried products 5a–5b and 7 were
used for the next steps.

4.1.2. General synthetic protocol for 2,4-di-
chloroquinazoline (11). The compound 2,4-dichloroquinazoline
11 was obtained by following the synthetic protocol of Hu,
et al.63 with some modications, Scheme 3. In a 250 ml round-
bottom ask, methyl anthranilate (33.076 mmol) was mixed
with urea (82.690 mmol) and stirred at 200 °C for 2 h. The clear,
melted mixture was formed, which was converted into the solid,
632 | RSC Adv., 2026, 16, 617–641
cooled at room temperature, and washed with ice-cold water,
followed by cool ethyl acetate to remove unreacted urea and
methyl anthranilate. A white solid was obtained and dried at
45 °C overnight. The dried solid (5 gm) was added to themixture
of POCl3 (80 ml) and DIPEA (10ml) with continuous stirring and
heated at 90 °C for 6 h. The reaction mixture was allowed to cool
overnight and quenched with crushed ice under vigorous stir-
ring. The solid was ltered and washed with ice-cold water,
followed by purication by column chromatography using silica
as a solid phase and hexane : EtOAc (80 : 20) as the mobile
phase. The solvent was removed under reduced pressure, and
2,4-dichloroquinazoline (11) was obtained as a white solid.
Yield = ∼90%.

4.1.3. General synthetic protocol for 2-chloro-N-
((tetrahydrofuran-2-yl)methyl)quinazolin-4-amine (13) and 2-
chloro-4-(3-(triuoromethyl)-5,6-dihydro-[1,2,4]triazolo[4,3-a]
pyrazin-7(8H)-yl)quinazoline (16). In a round-bottom ask, 2,4-
dichloroquinazoline (11, 10.05 mmol) was added to the solution
of tetrahydrofurfurylamine (10.55 mmol) and Et3N (15.83
mmol) in anhydrous THF and stirred for 1 h at 60 °C, Scheme 4.
On completion of the reaction, the organic phase was extracted
with EtOAc and washed with water, followed by brine, and dried
over anhydrous Na2SO4. The nal product was puried with
column chromatography, taking silica gel (200–400) as the
stationary phase and hexane : EtOAc (40 : 60) as the mobile
phase. The solvent was evaporated under vacuum to afford
product 2-chloro-N-((tetrahydrofuran-2-yl)methyl)quinazolin-4-
amine (13) as a white solid. Yield = 99%. 1H NMR (400 MHz,
chloroform-d) d 7.66–7.57 (m, 3H), 7.32 (ddd, J = 13.2, 8.4,
4.8 Hz, 1H), 6.60 (t, J= 5.2 Hz, 1H), 4.22–4.11 (m, 1H), 3.97 (ddd,
J = 16.8, 6.4, 3.2 Hz, 1H), 3.88 (dt, J = 8.4, 6.8 Hz, 1H), 3.82–3.72
(m, 1H), 3.39 (ddd, J = 13.6, 8.4, 4.4 Hz, 1H), 2.10–2.00 (m, 1H),
1.95–1.86 (m, 2H), 1.59 (dq, J = 12.0, 7.2 Hz, 1H). 13C NMR (101
MHz, CDCl3) d 161.0, 157.5, 150.7, 133.5, 127.6, 126.1, 121.0,
113.2, 77.2, 68.2, 45.3, 28.9, 25.9. ESI HRMS, found 264.0898
(C13H14ClN3O, [M + H]+ requires 264.0898).

Similar protocol was followed to synthesize 2-chloro-4-(3-
(triuoromethyl)-5,6-dihydro-[1,2,4]triazolo[4,3-a]pyrazin-
7(8H)-yl)quinazoline (16). 2,4-dichloroquinazoline (11, 5.03
mmol) was added to the solution of 3-(Triuoromethyl)-5,6,7,8-
tetrahydro-[1,2,4]triazolo[4,3-a]pyrazine, HCl (5.28 mmol) and
KOH (11.61 mmol) in anhydrous THF (25 ml) and stirred for 4 h
at 40 °C, Scheme 5. The desired product 16 was afforded as an
off-white solid. Yield = 95%. 1H NMR (400 MHz, chloroform-d)
d 7.92 (ddd, J = 8.4, 5.6, 1.2 Hz, 2H), 7.88–7.81 (m, 1H), 7.59
(ddd, J = 10.0, 7.2, 1.6 Hz, 1H), 5.33 (s, 2H), 4.52 (t, J = 5.6 Hz,
2H), 4.31 (t, J = 5.2 Hz, 2H). 13C NMR (101 MHz, CDCl3) d 165.0,
155.8, 153.5, 143.9 (q, J = 38.88 Hz, 1C), 149.88, 134.43, 128.64,
126.85, 124.07, 118.3 (q, J= 270.28 Hz, 1C), 114.41, 47.39, 45.15,
42.63. ESI HRMS, found 355.0678 (C14H10ClF3N6, [M + H]+

requires 355.0681).
4.1.4. General synthetic protocol for substituted N-

((tetrahydrofuran-2-yl)methyl)quinazolin-4-amine (14a–14b).
To the solution of piperazine (9.50 mmol) and K2CO3 (14.25
mmol) in anhydrous DMF (25ml), 2-chloro-N-((tetrahydrofuran-
2-yl)methyl)quinazolin-4-amine (13, 1.90 mmol) was added in
portions and stirred at 90 °C for 12 h, Scheme 4. The reaction
© 2026 The Author(s). Published by the Royal Society of Chemistry
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mixture was allowed to cool, and the organic phase was
extracted with DCM, washed with water, and dried over anhy-
drous Na2SO4. The nal product was puried with column
chromatography, taking silica gel (200–400) as the stationary
phase and CHCl3 : MeOH (80 : 20) as the mobile phase. The
solvent was evaporated under a vacuum to afford product 14a in
an off-white molten state, and it solidied at room temperature.
The piperazine was replaced with morpholine (3.80 mmol) by
following a similar protocol to afford the desired product 14b as
an off-white solid product, Scheme 4.

4.1.4.1 2-(Piperazin-1-yl)-N-((tetrahydrofuran-2-yl)methyl)
quinazolin-4-amine (14a). Yield = ∼95%. 1H NMR (400 MHz,
chloroform-d) d 7.61–7.50 (m, 2H), 7.47 (dd, J = 8.4, 1.2 Hz, 1H),
7.12 (ddd, J = 9.6, 6.8, 1.6 Hz, 1H), 6.14 (t, J = 5.6 Hz, 1H), 4.17
(qd, J = 7.2, 3.6 Hz, 1H), 4.11 (t, J = 5.2 Hz, 4H), 3.98–3.88 (m,
2H), 3.87–3.77 (m, 1H), 3.52 (ddd, J = 16.0, 8.8, 4.0 Hz, 1H), 3.16
(t, J= 5.2 Hz, 4H), 2.10–2.02 (m, 1H), 2.00 (t, J= 5.2 Hz, 2H), 1.94
(q, J = 8.0 Hz, 1H), 1.75–1.60 (m, 1H). 13C NMR (101 MHz,
CDCl3) d 177.66, 160.19, 158.24, 151.55, 132.79, 125.82, 121.75,
121.01, 110.69, 68.22, 44.71, 44.05, 43.69, 42.12, 28.93, 25.92,
23.15. ESI HRMS, found 314.1975 (C17H23N5O, [M + H]+ requires
314.1976).

4.1.4.2 2-Morpholino-N-((tetrahydrofuran-2-yl)methyl)
quinazolin-4-amine (14b). Yield = ∼95%. 1H NMR (400 MHz,
chloroform-d) d 7.58–7.52 (m, 1H), 7.51–7.40 (m, 2H), 7.03 (ddd,
J = 10.0, 6.4, 2.0 Hz, 1H), 6.44 (s, 1H), 4.11 (qd, J = 7.2, 3.6 Hz,
1H), 3.90–3.84 (m, 1H), 3.82 (dd, J = 6.4, 4.8 Hz, 4H), 3.79–3.74
(m, 2H), 3.74–3.70 (m, 4H), 3.48 (ddd, J = 13.6, 7.2, 4.8 Hz, 1H),
2.02–1.93 (m, 1H), 1.92–1.82 (m, 2H), 1.67–1.54 (m, 1H). 13C
NMR (101 MHz, CDCl3) d 159.91, 157.75, 132.92 (2C), 124.57,
121.81, 121.34, 110.48, 77.37, 68.22, 67.00 (2C), 44.79, 44.73
(2C), 28.98, 25.88. ESI HRMS, found 315.1817 (C17H22N4O2, [M +
H]+ requires 315.1816).

4.1.5. General synthetic protocol for substituted 4-(3-(tri-
uoromethyl)-5,6-dihydro-[1,2,4]triazolo[4,3-a]pyrazin-7(8H)-yl)
quinazoline 17 (a–b). To the solution of piperazine (9.50 mmol)
and Et3N (14.25 mmol) in ACS grade EtOH (25 ml), 2-chloro-4-
(3-(triuoromethyl)-5,6-dihydro-[1,2,4]triazolo[4,3-a]pyrazin-
7(8H)-yl)quinazoline (16, 1.90 mmol) was added in portion and
stirred and 80 °C for 14 h, Scheme 5. The reaction mixture was
allowed to cool, and the organic phase was extracted with DCM,
washed with water, and dried over anhydrous Na2SO4. The nal
product was puried with column chromatography, taking
silica gel (200–400) as the stationary phase and CHCl3 : MeOH
(50 : 50) as the mobile phase. The solvent was evaporated under
a vacuum to afford product 17a as a white solid. The piperazine
was replaced with morpholine (3.80 mmol) by following
a similar protocol to afford the desired product 17b as a white
solid.

4.1.5.1 2-(Piperazin-1-yl)-4-(3-(triuoromethyl)-5,6-dihydro-
[1,2,4]triazolo[4,3-a]pyrazin-7(8H)-yl)quinazoline (17a). Yield =

∼98%. 1H NMR (400 MHz, chloroform-d) d 7.62 (dd, J = 8.0,
1.2 Hz, 1H), 7.59–7.47 (m, 2H), 7.11 (ddd, J = 10.0, 6.4, 1.6 Hz,
1H), 4.98 (s, 2H), 4.32 (t, J = 5.6 Hz, 2H), 4.04 (t, J = 5.2 Hz, 2H),
3.79 (dd, J = 6.0, 4.4 Hz, 4H), 3.71 (dd, J = 6.0, 2.8 Hz, 4H), 1.43
(d, J = 202.4 Hz, 1H). 13C NMR (101 MHz, CDCl3) d 164.71,
157.78, 154.48, 151.22, 143.6 (q, J = 39.19 Hz, 1C), 133.52,
© 2026 The Author(s). Published by the Royal Society of Chemistry
126.83, 123.90, 121.95, 118.5 (q, J = 266.135 Hz, 1C), 111.45,
66.90 (2C), 46.90, 46.18, 44.50 (2C), 43.13. ESI HRMS, found
405.1758 (C18H19F3N8, [M + H]+ requires 405.1758).

4.1.5.2 4-(4-(3-(Triuoromethyl)-5,6-dihydro-[1,2,4]triazolo
[4,3-a]pyrazin-7(8H)-yl)quinazolin-2-yl)morpholine (17b). Yield =

∼93%. 1H NMR (400 MHz, chloroform-d) d 7.63 (dd, J = 8.4,
1.6 Hz, 1H), 7.58–7.47 (m, 2H), 7.12 (ddd, J = 9.6, 6.4, 1.2 Hz,
1H), 4.99 (s, 2H), 4.33 (t, J = 5.2 Hz, 2H), 4.05 (t, J = 5.6 Hz, 2H),
3.94 (t, J = 5.2 Hz, 4H), 3.02 (t, J = 5.2 Hz, 4H). 13C NMR (101
MHz, CDCl3) d 177.37, 164.79, 157.39, 154.39, 151.18, 143.6 (q, J
= 34.04 Hz, 1C), 133.59, 126.87, 123.89, 122.15, 118.35 (q, J =
264.11 Hz, 1C), 111.44, 63.69, 46.88, 46.19, 44.26, 43.10, 22.86.
ESI HRMS, found 406.1602 (C18H18F3N7O, [M + H]+ requires
406.1598).

4.1.6. General synthetic protocol for substituted
quinazoline-sulphonamides 19–36. To the 50 ml round bottom
ask equipped with a magnetic bar, substituted benzene-1-
sulfonyl chlorides (1.87 mmol) were treated with 14a or 17a
(1.87 mmol) and K2CO3 (2.25 mmol) in anhydrous DMF and
stirred for 3.5 h at 70 °C, Scheme 6. The desired product was
extracted with EtOAc and washed with water, followed by brine,
and dried over anhydrous Na2SO4. The crude was puried with
column chromatography using silica gel (200–400) as the
stationary phase and hexane : EtOAc (40 : 60) as the mobile
phase. The solvent was evaporated under a vacuum to afford the
nal product as a solid.

4.1.6.1 N-(2-Chloro-4-((4-(4-(((tetrahydrofuran-2-yl)methyl)
amino)quinazolin-2-yl)piperazin-1-yl)sulfonyl)phenyl)acetamide
(19). 4-Acetamido-3-chlorobenzenesulfonyl chloride (5b) was
treated with 2-(piperazin-1-yl)-N-((tetrahydrofuran-2-yl)methyl)
quinazolin-4-amine (14a) and K2CO3 in anhydrous DMF to
afford 19 as a white solid. Yield = 90%. 1H NMR (400 MHz,
chloroform-d) d 8.53 (d, J = 8.8 Hz, 1H), 7.74–7.68 (m, 2H), 7.57
(dd, J = 8.8, 2.0 Hz, 1H), 7.49–7.40 (m, 2H), 7.36 (d, J = 8.4 Hz,
1H), 7.01 (ddd, J= 9.2, 6.8, 1.2 Hz, 1H), 6.06 (s, 1H), 4.08 (qd, J=
7.2, 3.2 Hz, 1H), 3.95 (dd, J = 6.4, 4.4 Hz, 3H), 3.85 (dt, J = 8.4,
6.4 Hz, 2H), 3.80–3.69 (m, 1H), 3.66 (s, 1H), 3.42 (ddd, J = 13.6,
7.2, 4.4 Hz, 1H), 3.01 (t, J = 5.2 Hz, 4H), 2.19 (s, 3H), 2.02–1.92
(m, 1H), 1.87 (p, J = 6.4 Hz, 2H), 1.65–1.51 (m, 1H). 13C NMR
(101 MHz, CDCl3) d 175.41, 168.54, 160.09, 157.96, 151.35,
138.62, 132.82, 130.77, 128.43, 127.58, 125.53, 122.45, 121.65,
121.00, 120.84, 110.55, 68.22, 63.70, 46.13, 44.67, 43.27, 28.91,
25.90, 25.04, 20.92. ESI HRMS, found 545.1730 (C25H29ClN6O4S,
[M + H]+ requires 545.1733).

4.1.6.2 N-(2-Methoxy-4-((4-(4-(((tetrahydrofuran-2-yl)methyl)
amino)quinazolin-2-yl)piperazin-1-yl)sulfonyl)phenyl)acetamide
(20). 4-Acetamido-3-methoxybenzenesulfonyl chloride (5a) was
treated with 2-(piperazin-1-yl)-N-((tetrahydrofuran-2-yl)methyl)
quinazolin-4-amine (14a) and K2CO3 in anhydrous DMF to
afford 20 as a white solid. Yield = 90%. 1H NMR (400 MHz,
chloroform-d) d 8.80 (d, J = 2.0 Hz, 1H), 7.77 (s, 1H), 7.49 (ddd, J
= 9.6, 3.2, 2.0 Hz, 4H), 7.10–7.02 (m, 1H), 6.92 (d, J = 8.8 Hz,
1H), 5.96 (s, 1H), 4.15 (qd, J= 7.2, 3.2 Hz, 1H), 4.01 (t, J= 5.2 Hz,
4H), 3.93 (s, 3H), 3.91–3.76 (m, 3H), 3.46 (ddd, J = 13.6, 7.6,
4.4 Hz, 1H), 3.10 (t, J = 5.2 Hz, 4H), 2.20 (s, 3H), 2.05 (dt, J =
13.6, 6.8 Hz, 1H), 1.95 (p, J = 7.2 Hz, 2H), 1.72–1.60 (m, 1H). 13C
NMR (101 MHz, CDCl3) d 168.32, 159.98, 150.71, 134.56, 132.69,
RSC Adv., 2026, 16, 617–641 | 633
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128.13, 127.59, 125.79, 124.00, 121.38, 120.88 (2C), 118.78,
110.47, 109.53, 77.47, 68.20, 56.16 (2C), 46.30 (2C), 44.71, 43.23,
28.90, 25.94, 24.89. ESI HRMS, found 541.2225 (C26H32N6O5S,
[M + H]+ requires 541.2228).

4.1.6.3 N-(2-Methoxy-4-((4-(4-(3-(triuoromethyl)-5,6-dihydro-
[1,2,4]triazolo[4,3-a]pyrazin-7(8H)-yl)quinazolin-2-yl)piperazin-1-
yl)sulfonyl)phenyl)acetamide (21). 4-Acetamido-3-
methoxybenzenesulfonyl chloride (5a) was treated with 2-
(piperazin-1-yl)-4-(3-(triuoromethyl)-5,6-dihydro-[1,2,4]triazolo
[4,3-a]pyrazin-7(8H)-yl)quinazoline (17a) and K2CO3 in anhy-
drous DMF to afford 21 as a white solid. Yield = 92%. 1H NMR
(400 MHz, chloroform-d) d 8.77 (d, J = 2.4 Hz, 1H), 8.01 (s, 1H),
7.78 (s, 1H), 7.66 (dd, J= 8.0, 1.2 Hz, 1H), 7.59 (ddd, J= 10.0, 6.8,
1.6 Hz, 1H), 7.54–7.48 (m, 1H), 7.16 (ddd, J = 9.6, 6.8, 1.2 Hz,
1H), 6.95 (d, J = 8.8 Hz, 1H), 5.03 (s, 2H), 4.39 (t, J = 5.2 Hz, 2H),
4.09 (t, J= 5.6 Hz, 2H), 3.99 (dd, J= 8.0, 4.4 Hz, 4H), 3.94 (s, 3H),
3.11 (d, J = 7.6 Hz, 4H), 2.20 (s, 3H). 13C NMR (101 MHz, CDCl3)
d 168.40, 164.72, 162.57, 157.08, 154.33, 151.07, 143.6 (q, J =
39.89 Hz, 1C), 133.53, 128.12, 127.50, 126.79, 124.07, 123.90,
122.03, 118.85, 118.3 (q, J = 258.56 Hz, 1C) 111.30, 109.62,
56.17, 46.39, 46.10, 45.93, 43.30, 43.05, 36.52, 31.45, 24.84. ESI
HRMS, found 632.2013 (C27H28F3N9O4S, [M + H]+ requires
632.2010).

4.1.6.4 1-(3-((4-(4-(3-(Triuoromethyl)-5,6-dihydro-[1,2,4]tri-
azolo[4,3-a]pyrazin-7(8H)-yl)quinazolin-2-yl)piperazin-1-yl)
sulfonyl)phenyl)ethan-1-one (22). 3-Acetylbenzenesulfonyl chlo-
ride (7) was treated with 2-(piperazin-1-yl)-4-(3-(triuoromethyl)-
5,6-dihydro-[1,2,4]triazolo[4,3-a]pyrazin-7(8H)-yl)quinazoline
(17a) and K2CO3 in anhydrous DMF to afford 22 as an off-white
solid. Yield= 82%. 1H NMR (400MHz, chloroform-d) d 8.04 (dd,
J = 8.0, 1.6 Hz, 1H), 7.68–7.60 (m, 2H), 7.55 (ddd, J = 13.2, 7.6,
1.2 Hz, 2H), 7.49 (dd, J = 8.8, 1.6 Hz, 1H), 7.32 (dd, J = 7.2,
1.2 Hz, 1H), 7.11 (ddd, J = 10.0, 6.8, 1.6 Hz, 1H), 5.03–4.91 (m,
2H), 4.31 (t, J = 5.6 Hz, 2H), 4.06–3.98 (m, 4H), 3.97–3.79 (m,
4H), 3.71–3.59 (m, 2H), 3.20 (s, 3H). 13C NMR (101 MHz, CDCl3)
d 168.25, 164.78, 157.52, 151.14, 146.37, 143.6 (q, J = 40.20 Hz,
1C), 137.85, 136.68, 133.94, 133.57, 129.83, 129.74, 127.32,
126.87, 123.89, 122.09, 118.42 (q, J = 258.76 Hz, 1C), 111.43,
47.36, 46.84, 46.23, 45.56, 43.51, 43.40, 43.09, 41.90. ESI HRMS,
found 587.1798 (C26H25F3N8O3S, [M + H]+ requires 587.1795).

4.1.6.5 2-(4-((4-Nitrophenyl)sulfonyl)piperazin-1-yl)-N-
((tetrahydrofuran-2-yl)methyl)quinazolin-4-amine (23). 4-
Nitrobenzenesulfonyl chloride was treated with 2-(piperazin-1-
yl)-N-((tetrahydrofuran-2-yl)methyl)quinazolin-4-amine (14a)
and K2CO3 in anhydrous DMF to afford 23 as a white solid. Yield
= 95%. 1H NMR (400 MHz, chloroform-d) d 8.38–8.33 (m, 2H),
8.02 (s, 1H), 7.97–7.92 (m, 2H), 7.56–7.48 (m, 1H), 7.42 (dd, J =
8.4, 1.2 Hz, 1H), 7.09 (ddd, J = 9.2, 6.8, 1.2 Hz, 1H), 6.17 (t, J =
5.6 Hz, 1H), 4.07–4.00 (m, 4H), 3.92 (dt, J = 8.4, 6.8 Hz, 1H),
3.85–3.77 (m, 1H), 3.49 (ddd, J = 13.6, 7.6, 4.8 Hz, 1H), 3.13 (t, J
= 5.2 Hz, 4H), 2.97 (s, 1H), 2.89 (d, J = 0.8 Hz, 1H), 2.07 (s, 1H),
1.94 (p, J = 6.4 Hz, 2H), 1.64 (dq, J = 20.0, 7.6 Hz, 1H). 13C NMR
(101 MHz, CDCl3) d 162.79, 160.13, 157.93, 151.25, 150.22,
141.69, 132.88, 128.93, 125.51, 124.37, 121.80, 121.04, 110.58,
68.21, 63.72, 46.03, 44.68, 43.34, 36.61, 31.53, 28.91, 25.88,
20.97. ESI HRMS, found 499.1756 (C23H26N6O5S, [M + H]+

requires 499.1758).
634 | RSC Adv., 2026, 16, 617–641
4.1.6.6 2-(4-((2-Nitrophenyl)sulfonyl)piperazin-1-yl)-N-
((tetrahydrofuran-2-yl)methyl)quinazolin-4-amine (24). 3-
Nitrobenzenesulfonyl chloride was treated with 2-(piperazin-1-
yl)-N-((tetrahydrofuran-2-yl)methyl)quinazolin-4-amine (14a)
and K2CO3 in anhydrous DMF to afford 24 as a white solid. Yield
= 97%. 1H NMR (400 MHz, chloroform-d) d 8.01–7.94 (m, 1H),
7.73–7.64 (m, 2H), 7.62–7.56 (m, 1H), 7.53 (ddd, J = 9.2, 3.6,
2.4 Hz, 2H), 7.44 (d, J = 7.6 Hz, 1H), 7.14–7.06 (m, 1H), 6.09 (t, J
= 5.2 Hz, 1H), 4.17 (qd, J = 7.2, 3.6 Hz, 1H), 4.04–3.99 (m, 4H),
3.93 (dt, J = 8.4, 6.8 Hz, 1H), 3.89–3.78 (m, 2H), 3.51 (ddd, J =
13.6, 7.6, 4.8 Hz, 1H), 3.37 (t, J = 5.2 Hz, 4H), 2.08 (s, 1H), 1.95
(p, J = 6.4 Hz, 2H), 1.71–1.62 (m, 1H). 13C NMR (101 MHz,
CDCl3) d 160.12, 158.28, 151.59, 148.56, 133.78, 132.80, 131.49,
130.98, 130.88, 125.70, 124.07, 121.64, 120.99, 110.62, 77.55,
68.23, 63.70, 46.06, 44.69, 43.68, 28.91, 25.92, 20.88. ESI HRMS,
found 499.1759 (C23H26N6O5S, [M + H]+ requires 499.1758).

4.1.6.7 2-(4-(Naphthalen-2-ylsulfonyl)piperazin-1-yl)-N-
((tetrahydrofuran-2-yl)methyl)quinazolin-4-amine (25).
Naphthalene-2-sulfonyl chloride was treated with 2-(piperazin-
1-yl)-N-((tetrahydrofuran-2-yl)methyl)quinazolin-4-amine (14a)
and K2CO3 in anhydrous DMF to afford 25 as a yellow solid.
Yield = 97%. 1H NMR (400 MHz, chloroform-d) d 8.27 (d, J =
1.6 Hz, 1H), 7.90–7.84 (m, 2H), 7.83–7.78 (m, 1H), 7.68 (dd, J =
8.4, 1.6 Hz, 1H), 7.58–7.49 (m, 2H), 7.40 (dtd, J= 7.2, 3.6, 1.2 Hz,
2H), 7.31 (dd, J = 8.8, 1.2 Hz, 1H), 6.97 (ddd, J = 9.6, 6.8, 1.2 Hz,
1H), 5.88 (t, J = 5.6 Hz, 1H), 4.04 (qd, J = 7.2, 3.6 Hz, 1H), 3.94
(dd, J = 6.0, 4.0 Hz, 4H), 3.83 (dt, J = 8.4, 6.8 Hz, 1H), 3.76–3.67
(m, 2H), 3.39 (ddd, J = 13.6, 7.6, 4.8 Hz, 1H), 3.07 (t, J = 4.8 Hz,
4H), 2.00–1.90 (m, 1H), 1.84 (p, J = 6.4 Hz, 2H), 1.60–1.50 (m,
1H). 13C NMR (101 MHz, CDCl3) d 160.12, 158.25, 151.82,
135.00, 132.77, 132.67, 132.28, 129.33, 129.29, 129.23, 128.96,
128.01, 127.68, 125.84, 123.10, 121.52, 120.97, 110.60, 68.27,
46.35, 44.67, 43.34, 36.63, 31.54, 28.95, 25.98, 20.91. ESI HRMS,
found 504.2068 (C27H29N5O3S, [M + H]+ requires 504.2064).

4.1.6.8 2-(4-((4-Nitrophenyl)sulfonyl)piperazin-1-yl)-4-(3-(tri-
uoromethyl)-5,6-dihydro-[1,2,4]triazolo[4,3-a]pyrazin-7(8H)-yl)
quinazoline (26). 4-Nitrobenzenesulfonyl chloride was treated
with 2-(piperazin-1-yl)-4-(3-(triuoromethyl)-5,6-dihydro-[1,2,4]
triazolo[4,3-a]pyrazin-7(8H)-yl)quinazoline (17a) and K2CO3 in
anhydrous DMF to afford 26 as white solid. Yield = 95%. 1H
NMR (400 MHz, chloroform-d) d 8.31–8.25 (m, 2H), 7.90–7.85
(m, 2H), 7.60 (dd, J = 8.0, 1.2 Hz, 1H), 7.53 (ddd, J = 9.6, 6.4,
1.2 Hz, 1H), 7.45 (dd, J = 8.4, 1.2 Hz, 1H), 7.11 (ddd, J = 9.6, 6.8,
1.2 Hz, 1H), 4.92 (s, 1H), 4.27 (t, J = 5.6 Hz, 2H), 4.02 (t, J =
5.6 Hz, 2H), 3.94 (dd, J= 6.0, 4.4 Hz, 4H), 3.67 (s, 1H), 3.05 (t, J=
5.2 Hz, 4H). 13C NMR (101MHz, CDCl3) d 164.84, 162.61, 156.94,
154.22, 151.16, 150.27, 146.19, 143.6 (q, J = 35.75 Hz, 1C),
141.58, 133.72, 128.93, 126.85, 124.42, 123.86, 122.39, 118.34 (q,
J = 266.64 Hz, 1C), 111.46, 63.73, 47.10, 46.02, 45.91, 43.31,
43.11, 36.54. ESI HRMS, found 590.1545 (C24H22F3N9O4S, [M +
H]+ requires 590.1541).

4.1.6.9 2-(4-((2-Nitrophenyl)sulfonyl)piperazin-1-yl)-4-(3-(tri-
uoromethyl)-5,6-dihydro-[1,2,4]triazolo[4,3-a]pyrazin-7(8H)-yl)
quinazoline (27). 3-Nitrobenzenesulfonyl chloride was treated
with 2-(piperazin-1-yl)-4-(3-(triuoromethyl)-5,6-dihydro-[1,2,4]
triazolo[4,3-a]pyrazin-7(8H)-yl)quinazoline (17a) and K2CO3 in
© 2026 The Author(s). Published by the Royal Society of Chemistry
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anhydrous DMF to afford 27 as a white solid. Yield = 97%. 1H
NMR (400 MHz, chloroform-d) d 8.03–7.96 (m, 1H), 7.75–7.66
(m, 3H), 7.65–7.58 (m, 2H), 7.56 (dd, J = 8.8, 1.6 Hz, 1H), 7.19
(ddd, J = 10.0, 6.8, 1.6 Hz, 1H), 5.05 (s, 2H), 4.39 (t, J = 5.6 Hz,
2H), 4.12 (t, J = 5.2 Hz, 2H), 4.00 (t, J = 5.2 Hz, 4H), 3.37 (t, J =
5.2 Hz, 4H). 13C NMR (101MHz, CDCl3) d 164.83, 157.17, 154.32,
151.11, 148.48, 143.6 (q, J = 36.68 Hz, 1C), 133.91, 133.65,
131.60, 131.04, 130.88, 126.87, 124.14, 123.92, 122.27, 118.3 (q, J
= 248.86 Hz, 1C), 111.45, 46.77, 46.26, 45.86 (2C), 43.71 (2C),
43.08. ESI HRMS, found 590.1542 (C24H22F3N9O4S, [M + H]+

requires 590.1541).
4.1.6.10 2-(4-(Naphthalen-2-ylsulfonyl)piperazin-1-yl)-4-(3-

(triuoromethyl)-5,6-dihydro-[1,2,4]triazolo[4,3-a]pyrazin-7(8H)-
yl)quinazoline (28). Naphthalene-2-sulfonyl chloride was treated
with 2-(piperazin-1-yl)-4-(3-(triuoromethyl)-5,6-dihydro-[1,2,4]
triazolo[4,3-a]pyrazin-7(8H)-yl)quinazoline (17a) and K2CO3 in
anhydrous DMF to afford 28 as a yellow solid. Yield = 97%. 1H
NMR (400MHz, chloroform-d) d 8.34 (d, J= 2.0 Hz, 1H), 7.96 (t, J
= 7.6 Hz, 2H), 7.91–7.86 (m, 1H), 7.75 (dd, J = 8.8, 2.0 Hz, 1H),
7.62 (dtd, J = 8.8, 4.4, 1.6 Hz, 3H), 7.57 (ddd, J = 6.8, 2.4, 1.6 Hz,
1H), 7.49 (dd, J = 8.4, 1.2 Hz, 1H), 7.14 (ddd, J = 9.6, 6.8, 1.2 Hz,
1H), 4.98 (s, 2H), 4.34 (t, J = 5.6 Hz, 2H), 4.05 (t, J = 5.2 Hz, 2H),
4.00 (dd, J = 6.0, 4.4 Hz, 4H), 3.13 (t, J = 5.2 Hz, 4H). 13C NMR
(101 MHz, CDCl3) d 164.75, 157.00, 154.30, 151.12, 143.6 (q, J =
36.16 Hz, 1C), 134.93, 133.57, 132.80, 132.44, 132.19, 129.32,
129.26, 129.16, 128.96, 127.91, 127.67, 126.79, 123.83, 122.97,
122.12, 118.4 (q, J = 256.64 Hz, 1C), 111.36, 46.90, 46.10 (2C),
43.33 (2C), 43.11. ESI HRMS, found 595.1845 (C28H25F3N8O2S,
[M + H]+ requires 595.1846).

4.1.6.11 4-((4-(4-(((Tetrahydrofuran-2-yl)methyl)amino)
quinazolin-2-yl)piperazin-1-yl)sulfonyl)benzonitrile (29). 4-
Cyanobenzenesulfonyl chloride was treated with 2-(piperazin-1-
yl)-N-((tetrahydrofuran-2-yl)methyl)quinazolin-4-amine (14a)
and K2CO3 in anhydrous DMF to afford 29 as an off-white solid.
Yield = 98%. 1H NMR (400 MHz, chloroform-d) d 7.82–7.72 (m,
4H), 7.44 (dd, J = 6.8, 1.2 Hz, 2H), 7.33 (dd, J = 9.2, 1.2 Hz, 1H),
7.02 (td, J = 14.8, 6.8, 1.2 Hz, 1H), 5.86 (t, J = 5.2 Hz, 1H), 4.06
(qd, J = 7.2, 3.6 Hz, 1H), 3.95 (dd, J = 6.4, 4.4 Hz, 4H), 3.85 (dt, J
= 8.4, 6.4 Hz, 1H), 3.74 (tt, J = 13.6, 6.4, 3.6 Hz, 2H), 3.40 (ddd, J
= 13.6, 7.6, 4.8 Hz, 1H), 3.03 (t, J = 5.2 Hz, 4H), 2.00–1.91 (m,
1H), 1.87 (p, J = 7.2 Hz, 2H), 1.62–1.52 (m, 1H). 13C NMR (101
MHz, CDCl3) d 160.11, 158.19, 151.84, 140.20, 132.90 (2C),
132.77, 128.33 (2C), 125.96, 121.62, 120.87, 117.20, 116.65,
110.60, 77.37, 68.22, 46.07 (2C), 44.68, 43.23 (2C), 28.92, 25.93.
ESI HRMS, found 479.1862 (C24H26N6O3S, [M + H]+ requires
479.1860).

4.1.6.12 4-((4-(4-(3-(Triuoromethyl)-5,6-dihydro-[1,2,4]tri-
azolo[4,3-a]pyrazin-7(8H)-yl)quinazolin-2-yl)piperazin-1-yl)
sulfonyl)benzonitrile (30). 4-Cyanobenzenesulfonyl chloride was
treated with 2-(piperazin-1-yl)-4-(3-(triuoromethyl)-5,6-di-
hydro-[1,2,4]triazolo[4,3-a]pyrazin-7(8H)-yl)quinazoline (17a)
and K2CO3 in anhydrous DMF to afford 30 as a white solid. Yield
= 98%. 1H NMR (400 MHz, chloroform-d) d 7.90–7.81 (m, 4H),
7.68 (dd, J= 8.4, 1.6 Hz, 1H), 7.61 (ddd, J= 10.0, 6.8, 1.2 Hz, 1H),
7.53 (dd, J = 8.4, 1.2 Hz, 1H), 7.19 (ddd, J = 9.6, 6.8, 1.2 Hz, 1H),
5.00 (s, 2H), 4.35 (t, J = 5.2 Hz, 2H), 4.09 (t, J = 5.6 Hz, 2H), 4.01
(t, J = 5.2 Hz, 4H), 3.10 (t, J = 5.2 Hz, 4H). 13C NMR (101 MHz,
© 2026 The Author(s). Published by the Royal Society of Chemistry
CDCl3) d 164.85, 156.96, 154.25, 151.16, 143.6 (q, J = 39.29 Hz,
1C), 140.03, 133.72, 132.97 (2C), 128.33 (2C), 126.86, 123.86,
122.38, 118.4 (q, J = 271.89 Hz, 1C), 117.15, 116.76, 111.47,
47.12, 46.03, 45.91 (2C), 43.30 (2C), 43.10. ESI HRMS, found
570.1646 (C25H22F3N9O2S, [M + H]+ requires 570.1642).

4.1.6.13 2-(4-(Pyridin-3-ylsulfonyl)piperazin-1-yl)-N-
((tetrahydrofuran-2-yl)methyl)quinazolin-4-amine (31). Pyridine-3-
sulfonyl chloride was treated with 2-(piperazin-1-yl)-N-
((tetrahydrofuran-2-yl)methyl)quinazolin-4-amine (14a) and
K2CO3 in anhydrous DMF to afford 31 as an off-white solid.
Yield = 95%. 1H NMR (400 MHz, chloroform-d) d 8.93 (dd, J =
2.0, 0.8 Hz, 1H), 8.73 (dd, J = 5.2, 1.6 Hz, 1H), 7.98 (ddd, J = 8.0,
2.4, 1.6 Hz, 1H), 7.48–7.42 (m, 2H), 7.42–7.33 (m, 2H), 7.06–6.98
(m, 1H), 5.95 (s, 1H), 4.07 (qd, J = 7.2, 3.6 Hz, 1H), 3.97 (t, J =
5.2 Hz, 4H), 3.85 (dt, J= 8.4, 6.8 Hz, 1H), 3.80–3.70 (m, 2H), 3.41
(ddd, J = 13.6, 7.6, 4.8 Hz, 1H), 3.06 (t, J= 4.8 Hz, 4H), 2.02–1.92
(m, 1H), 1.87 (p, J = 6.4 Hz, 2H), 1.63–1.54 (m, 1H). 13C NMR
(101 MHz, CDCl3) d 162.62, 160.11, 153.46, 148.51, 135.45,
132.80, 132.51, 125.85, 123.78 (2C), 121.67, 120.92, 110.58,
68.21, 63.72, 46.03, 44.69, 43.28, 36.52, 31.47, 28.92, 25.91. ESI
HRMS, found 455.1856 (C22H26N6O3S, [M + H]+ requires
455.1860).

4.1.6.14 N-((Tetrahydrofuran-2-yl)methyl)-2-(4-(thiophen-2-
ylsulfonyl)piperazin-1-yl)quinazolin-4-amine (32). Thiophene-2-
sulfonyl chloride was treated with 2-(piperazin-1-yl)-N-
((tetrahydrofuran-2-yl)methyl)quinazolin-4-amine (14a) and
K2CO3 in anhydrous DMF to afford 32 as a white solid. Yield =

94%. 1H NMR (400 MHz, chloroform-d) d 7.59 (dd, J = 4.8,
1.2 Hz, 1H), 7.54 (dd, J= 3.6, 1.2 Hz, 1H), 7.53–7.48 (m, 2H), 7.42
(dd, J= 8.4, 1.2 Hz, 1H), 7.14–7.05 (m, 2H), 5.93 (s, 1H), 4.15 (qd,
J = 7.2, 3.6 Hz, 1H), 4.04 (t, J = 4.8 Hz, 4H), 3.92 (dt, J = 8.4,
6.8 Hz, 1H), 3.88–3.77 (m, 2H), 3.49 (ddd, J = 14.0, 7.6, 4.8 Hz,
1H), 3.14 (t, J= 4.8 Hz, 4H), 2.04 (ddd, J= 18.0, 12.0, 6.8 Hz, 1H),
1.94 (p, J = 6.8 Hz, 2H), 1.70–1.60 (m, 1H). 13C NMR (101 MHz,
CDCl3) d 160.10, 158.32, 151.93, 135.84, 132.72, 132.55, 132.22,
127.70, 125.96, 121.49, 120.86, 110.59, 68.22, 46.22 (2C), 44.67,
43.11 (2C), 30.95, 28.91, 25.94. ESI HRMS, found 460.1474
(C21H25N5O3S2, [M + H]+ requires 460.1472).

4.1.6.15 2-(4-((5-Chlorothiophen-2-yl)sulfonyl)piperazin-1-yl)-
N-((tetrahydrofuran-2-yl)methyl)quinazolin-4-amine (33). 5-
Chlorothiophene-2-sulfonyl chloride was treated with 2-(piper-
azin-1-yl)-N-((tetrahydrofuran-2-yl)methyl)quinazolin-4-amine
(14a) and K2CO3 in anhydrous DMF to afford 33 as a white solid.
Yield = 96%. 1H NMR (400 MHz, chloroform-d) d 7.57–7.48 (m,
2H), 7.43 (dd, J = 8.4, 1.2 Hz, 1H), 7.31 (d, J = 4.0 Hz, 1H), 7.13–
7.05 (m, 1H), 6.95 (d, J= 4.0 Hz, 1H), 5.95 (t, J= 5.2 Hz, 1H), 4.15
(qt, J= 7.2, 3.6 Hz, 1H), 4.05 (dd, J= 6.0, 4.4 Hz, 4H), 3.93 (dt, J=
8.0, 6.8 Hz, 1H), 3.89–3.76 (m, 2H), 3.50 (ddd, J = 13.6, 7.6,
4.8 Hz, 1H), 3.14 (t, J = 5.2 Hz, 4H), 2.09–2.00 (m, 1H), 1.95 (p, J
= 6.4 Hz, 2H), 1.71–1.61 (m, 1H). 13C NMR (101 MHz, CDCl3)
d 160.13, 158.25, 151.89, 137.57, 133.84, 132.76, 131.92, 127.16
(2C), 125.95, 121.56, 120.90, 110.61, 68.23, 46.16 (2C), 44.68,
43.08 (2C), 28.92, 25.94. ESI HRMS, found 494.1082 (C21H24-
ClN5O3S2, [M + H]+ requires 494.1082).

4.1.6.16 2-(4-((5-Chlorothiophen-2-yl)sulfonyl)piperazin-1-yl)-
4-(3-(triuoromethyl)-5,6-dihydro-[1,2,4]triazolo[4,3-a]pyrazin-
7(8H)-yl)quinazoline (34). 5-Chlorothiophene-2-sulfonyl chloride
RSC Adv., 2026, 16, 617–641 | 635
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was treated with 2-(piperazin-1-yl)-4-(3-(triuoromethyl)-5,6-di-
hydro-[1,2,4]triazolo[4,3-a]pyrazin-7(8H)-yl)quinazoline (17a)
and K2CO3 in anhydrous DMF to afford 34 as a white solid. Yield
= 97%. 1H NMR (400 MHz, chloroform-d) d 7.69 (dd, J = 8.0,
1.2 Hz, 1H), 7.62 (ddd, J= 10.0, 6.8, 1.6 Hz, 1H), 7.55 (dd, J= 8.4,
1.2 Hz, 1H), 7.33 (d, J = 4.0 Hz, 1H), 7.19 (ddd, J = 9.6, 6.8,
1.2 Hz, 1H), 6.96 (d, J = 4.0 Hz, 1H), 5.03 (s, 2H), 4.38 (t, J =
5.6 Hz, 2H), 4.11 (t, J= 5.6 Hz, 2H), 4.04 (dd, J= 6.0, 4.0 Hz, 4H),
3.14 (t, J = 5.2 Hz, 4H). 13C NMR (101 MHz, CDCl3) d 164.86,
157.04, 154.33, 151.12, 143.6 (q, J = 39.89 Hz, 1C), 137.74,
133.74, 133.67, 132.05, 127.20, 126.89, 123.88, 122.28, 118.34 (q,
J = 251.79 Hz, 1C), 111.47, 46.94, 46.19, 45.98 (2C), 43.18 (2C),
43.12. ESI HRMS, found 585.0865 (C22H20ClF3N8O2S2, [M + H]+

requires 585.0864).
4.1.6.17 2-(4-(Pyridin-3-ylsulfonyl)piperazin-1-yl)-4-(3-(tri-

uoromethyl)-5,6-dihydro-[1,2,4]triazolo[4,3-a]pyrazin-7(8H)-yl)
quinazoline (35). Pyridine-3-sulfonyl chloride was treated with 2-
(piperazin-1-yl)-4-(3-(triuoromethyl)-5,6-dihydro-[1,2,4]triazolo
[4,3-a]pyrazin-7(8H)-yl)quinazoline (17a) and K2CO3 in anhy-
drous DMF to afford 35 as an off-white solid. Yield = 94%. 1H
NMR (400 MHz, chloroform-d) d 8.92 (dd, J = 2.4, 0.8 Hz, 1H),
8.74 (dd, J= 4.8, 1.6 Hz, 1H), 8.03–7.97 (m, 1H), 7.60 (dd, J= 8.0,
1.2 Hz, 1H), 7.54 (ddd, J= 10.0, 6.8, 1.2 Hz, 1H), 7.47 (dd, J= 8.4,
1.2 Hz, 1H), 7.42 (ddd, J = 8.0, 4.8, 0.8 Hz, 1H), 7.11 (ddd, J =
9.6, 6.8, 1.6 Hz, 1H), 4.94 (s, 2H), 4.30 (t, J= 5.6 Hz, 2H), 4.02 (t, J
= 5.2 Hz, 2H), 3.95 (dd, J = 6.0, 4.4 Hz, 4H), 3.06 (t, J = 5.2 Hz,
4H). 13C NMR (101 MHz, DMSO) d 164.87, 157.09, 154.21,
153.72, 152.14, 147.98, 143.1 (q, J = 31.81 Hz, 1C), 136.27,
133.94, 132.00, 126.07, 125.33, 125.10, 122.40, 118.7 (q, J =

274.21 Hz, 1C), 111.53, 63.02, 46.72, 45.98 (2C), 45.51, 43.26
(2C). ESI HRMS, found 546.1644 (C23H22F3N9O2S, [M + H]+

requires 546.1642).
4.1.6.18 2-(4-(Thiophen-2-ylsulfonyl)piperazin-1-yl)-4-(3-(tri-

uoromethyl)-5,6-dihydro-[1,2,4]triazolo[4,3-a]pyrazin-7(8H)-yl)
quinazoline (36). Thiophene-2-sulfonyl chloride was treated with
2-(piperazin-1-yl)-4-(3-(triuoromethyl)-5,6-dihydro-[1,2,4]tri-
azolo[4,3-a]pyrazin-7(8H)-yl)quinazoline (17a) and K2CO3 in
anhydrous DMF to afford 36 as a white solid. Yield = 96%. 1H
NMR (400 MHz, chloroform-d) d 7.68 (dd, J = 8.0, 1.2 Hz, 1H),
7.63–7.59 (m, 2H), 7.56–7.53 (m, 2H), 7.18 (ddd, J = 9.6, 6.8,
1.2 Hz, 1H), 7.13 (dd, J= 5.2, 4.0 Hz, 1H), 5.03 (s, 2H), 4.38 (t, J=
5.2 Hz, 2H), 4.10 (t, J= 5.6 Hz, 2H), 4.03 (dd, J= 6.0, 4.0 Hz, 4H),
3.13 (t, J = 5.2 Hz, 4H). 13C NMR (101 MHz, CDCl3) d 164.82,
157.09, 154.32, 151.12, 143.6 (q, J = 38.88 Hz, 1C), 135.64,
133.65, 132.69, 132.40, 127.79, 126.84, 123.89, 122.23, 118.3 (q, J
= 246.64 Hz, 1C), 111.42, 46.89, 46.19, 46.04 (2C), 43.20 (2C),
43.12. ESI HRMS, found 551.1250 (C22H21F3N8O2S2, [M + H]+

requires 551.1254).
4.2. P. falciparum culture and inhibition assay

The P. falciparum 3D7 strain of malaria parasite was cultured
following a well-described protocol, as previously outlined.64

Human erythrocytes (4% hematocrit) were supplemented with
0.5% albumax and 4% hematocrit in RPMI media, and they
were synchronised by frequent sorbitol treatment. The growth
inhibition assay was performed in triplicate and repeated twice.
636 | RSC Adv., 2026, 16, 617–641
The desired concentration (0–100 mM) was achieved by adding 4
mL of the test compound to each well of the 96-well plate.
Parasite culture (96 mL) at 1% parasitemia (3 to 10 h p.i.) and 2%
hematocrit was added to each well of the 96-well plate and was
incubated for the next 48 h. As a control experiment, along with
test compounds, 4 mM chloroquine and 0.4% DMSO were used.
As described by Smilkstein, et al.,65 a DNA uorescent dye-
binding assay using SYBR green was carried out aer incuba-
tion for 48 h to assess the parasite's development in each well.

4.3. Cytotoxicity assay

The associated cytotoxicity was investigated against the
cancerous cell line A549 by employing the reported protocol66

and THP1 monocytes. The MTT assay was used to measure the
cell viability, which is mostly reliant on the mitochondrial
activity of the cell. It is based on the reduction of a tetrazolium
salt [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] to a formazan. Dulbecco's modied Eagle's medium,
augmented with 10% fetal bovine serum, was used to grow the
A549 cells. The cells at a density of 1× 104 cells per well in a 160
mL medium were incubated at 37 °C for 24 h in a 96-well plate to
seed, followed by the addition of the test compounds in
different concentrations. The media was discarded aer incu-
bation for 24 h, followed by the addition of 25 mL of 4 mmgg
mmLL-1-1 of MTT, and further incubated for 4 h. Aer di-
scarding the media, the formazan crystals were liquied by the
addition of 200 mL of DMSO. To calculate the IC50 values, each
experiment was independently performed in triplicate, and the
cell viability was obtained by comparing control wells. The IC50

values were calculated using the nonlinear regression analysis
method of GraphPad Prism, US.

Moreover, THP1 monocytes were maintained in RPMI-1640
medium. Cells were cultured at 37 °C in a 5% CO2 environ-
ment. All media were supplemented with 10% fetal bovine
serum (FBS). The cells were stimulated by administering Phor-
bol 12-Myristate 13-Acetate (PMA). The activated macrophages
were seeded into a 96-well microtiter plate (2 × 104 cells per
well) in ve replicates for each condition and treated with
compounds at concentrations of 100 mMand 500 mM. Aer 24 h,
100 ml of MTT stock solution (1 mg ml−1) was added to each
well. The cells were then incubated at 37 °C for 45 minutes. The
coloured formazan crystals were dissolved in 100 ml of DMSO.
The OD values of the solutions were measured at 595 nm using
a plate reader.

4.4. In silico studies

4.4.1. Docking studies. Molecular docking was performed
to explore the possible biological target of the synthesised
molecular hybrids. The crystallographic structure of food
vacuole targets of P. falciparum, i.e. plasmepsins I, II, IV, and X,
were retrieved from the RCSB Protein Data Bank (http://
www.rcsb.org) associated with PDB IDs 3QS1, 1SME, 5I7O,
and 7TBC, respectively. Similarly, the crystal structures FP2,
FP3, FLN, and HAP were downloaded, associated with PDB
IDs 3BPF, 3BWK, 7DIJ, and 3QVI, respectively. The crystal
structures of plasmepsin IX and HDP were not available in
© 2026 The Author(s). Published by the Royal Society of Chemistry
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the RCSB PDB database; hence, v4 model structures with
UniProt IDs Q8ILG2 and Q8IL04, respectively, were
downloaded from the AlphaFold database for docking studies.
The ligands were drawn in the 2D sketcher tool, minimised
using workspace operations, and prepared using the LigPrep
module of the Schrödinger suite. The target proteins were
prepared using the protein preparation wizard by lling
missing side chains and loops using the Prime module. The
receptor grid was generated using the receptor grid generation
in the Glide application by specifying the bound ligand,
which was identied by the SiteMap tool.67 The designed
ligands were subjected to molecular docking using the Glide
module of the Schrödinger suite.68 For each ligand, the pose
exhibiting the lowest docking score was retained as the
optimal binding conformation. The orientation corresponding
to the most favourable binding free energy (i.e., strongest
predicted affinity) was selected for subsequent structural
characterisation of the protein–ligand complex. This analysis,
performed in Maestro within the Schrödinger environment,68

includes evaluation of hydrogen bonding patterns,
hydrophobic contacts, and bond geometries such as bond
lengths and angles.

4.4.2. MD simulation and MM-GBSA studies. Selected
protein–ligand complexes obtained from docking studies were
subjected to MD simulation using the Desmond module of the
Schrödinger environment. The complexes were prepared using
the System Builder of the Desmond using the SPC water model,
orthorhombic box shape, and OPLS4 force eld. The systems
were neutralised by adding Na+ ions, followed by the addition of
0.15 M NaCl salt. The prepared complexes were subjected to
a 200 ns MD simulation at NPT, and the trajectory was recorded
at every 100 ps interval. The temperature was kept at 310 K
under 1.01 bar pressure, and the model system was relaxed
before simulation using the option of Maestro GUI. The
‘Simulation Interaction Diagram’ module in the Desmond
wizard of Schrödinger Maestro was used to post-process and
analyse the trajectories of the MD simulations.

To calculate the binding free energy, the MM-GBSA calcula-
tions were carried out post-MD simulations using ‘thermal_-
mmgbsa.py’, a Python script of the Schrödinger.69 This script
calculates the binding free energies of the ligand–protein
complexes, an essential aspect of understanding the interaction
dynamics. The general structure of the command used for
running the script was “run thermal_mmgbsa.py -j [name_-
of_job] -o [output_le_name.csv] -step_size [step] -HOST
[host_name] -NJOBS 10 -lig_asl [ligand_name] [input_.cms_-
le]”. In this study, the script was executed with a step size of 10
to analyse each frame from 0 to 200 ns.

4.4.3. ADME prediction and drug-likeness. The QikProp
module of the Schrödinger suite was used to predict pharma-
cokinetic parameters, including absorption, distribution,
metabolism, and excretion, of the compounds. The energy of
the ligands was minimised using the Workspace Ligand Mini-
misation tool, followed by geometry optimisation employing
the MOPAC2016 module, with the PM7 method. The optimised
ligands were subjected to the QikProp job in the normal mode
with default parameters, and the results were recorded.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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