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ABSTRACT

Malaria, an infectious disease that spreads widely and can kill people, is still a problem for global health. This study
adds to the list of possible solutions by making a group of new pyrano[2,3-c]pyrazole-aminoquinoline hybrids. Here, five
novel hybrids were synthesized by covalently linking the scaffolds of 4-aminoquinoline and pyrano[2,3-c]pyrazoles via an
ethyl linker. Molecular docking was used to study each hybrid’s and standard chloroquine ability to bind to Plasmodium
falciparum lactate dehydrogenase enzyme (PfLDH), an important enzyme in the parasite’s glycolytic pathway. The hybrid
compounds had a stronger binding affinity than the standard chloroquine. Compound 4¢ (-7.79 kcal/mol) and 4d (-7.73
kecal/mol) had strong interactions with P/LDH through hydrogen bonds, hydrophobic interactions, and Van der Waals
interactions involving Val-26, Ile-54, Ala-98, Phe-100, Lys-118, Ile-119, and Glu-122. Additionally, the study explored the
interaction between five hybrids and hemin, a pivotal component in the heme detoxification pathway of malaria parasites.
The isothermal titration calorimetry (ITC) showed that the hybrids had different strengths when binding to hemin. This was
because their structures were different. Hybrids 4a and 4b showed a strong affinity for hemin with Ka values of (1.43 +
0.60) x 10° M and (1.64 + 0.97) x 10° M"!, respectively, indicating that they might be able to stop the disruption process.
In contrast, hybrids 4c, 4d, and 4e interacted with hemin with markedly lower affinities. This study provides insights into
the promising antimalarial properties of pyrano[2,3-c]pyrazole-aminoquinoline hybrids. It details their interactions with
PfLDH and hemin and offers potential avenues for developing novel therapeutic strategies against malaria.
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ABSTRAK

Malaria, sejenis penyakit berjangkit yang merebak secara meluas dan membunuh manusia, masih menjadi masalah
kesihatan global. Kajian ini mencari penyelesaian alternatif dengan menghasilkan kumpulan hibrid pirano[2,3-c]pirazola-
aminokuinolina baharu. Lima sebatian hibrid baru telah disintesis dengan menghubungkan kerangka 4-aminokuinolina dan
pirano[2,3-c]pirazola secara kovalen melalui penghubung etil. Pendokkan molekul digunakan untuk melihat keupayaan
hibrid dan piawai klorokuina untuk mengikat enzim Plasmodium falciparum laktat dehidrogenase (P/LDH), enzim penting
dalam laluan glikolitik parasit. Sebatian hibrid menunjukkan pertalian pengikatan yang lebih kuat berbanding klorokuina
piawai. Sebatian 4¢ (-7.79 kcal/mol) dan 4d (-7.73 kcal/mol) mempunyai interaksi yang kuat dengan P/LLDH melalui ikatan
hidrogen, interaksi hidrofobik dan Van der Waals yang melibatkan asid amino Val-26, Ile-54, Ala-98, Phe-100, Lys-118,
Ile-119 dan Glu-122. Selain itu, kajian ini meneroka interaksi antara lima hibrid dan hemin, komponen penting dalam
laluan detoksifikasi hem parasit malaria. Kalorimetri titrasi isoterma (ITC) menunjukkan perbezaan kekuatan dalam ikatan
hibrid terhadap hemin. Hal ini disebabkan struktur hibrid adalah berbeza. Hibrid 4a dan 4b memberikan keafinan yang kuat
untuk hemin dengan nilai K (1.43 +0.60) x 10°M"' dan (1.64 + 0.97) x 10°M"', masing-masing, menunjukkan keupayaan
perencatan. Sebaliknya, hibrid 4¢, 4d dan 4e berinteraksi dengan hemin dengan keafinan yang lebih rendah. Kajian ini
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menunjukkan potensi antimalaria bagi hibrid pirano[2,3-c]pirazola-aminokuinolina. Interaksi dengan P/LDH dan hemin
secara lebih mendalam mampu membuka peluang untuk membangunkan strategi terapeutik baharu terhadap malaria.

Kata kunci: Hibrid pirano[2,3-c]pirazola-aminokuinolina; kalorimetri titrasi isoterma; malaria; pendokkan molekul

INTRODUCTION

One of the most common infectious diseases globally
is malaria, which is transmitted through mosquito bites
(Anopheles). P falciparum causes the majority of
malaria-related deaths (Greenwood et al. 2008; Hasan et
al. 2015). It was the most frequent and deadly disease in
2021, killing 619000 people, mostly children and pregnant
women (WHO Malaria Report 2022). To control malaria,
diverse antimalarial drugs, for example, 4-aminoquinolines
(chloroquine, hydroxychloroquine, piperaquine, and
amodiaquine), 8-aminoquinolines (pamaquine, tafenoquine,
aablaquine, and primaquine), 4-amino alcohols (quinine,
quinidine, mefloquine, halofantrine, and lumefantrine),
endoperoxides (artemisinin, dihydroartemisinin, artesunate,
and artemether), antibiotics (doxycycline), antifolates
(pyrimethamine,  proguanil, and chloroproguanil),
napthoquinones (atovaquone), sulfonamides (sulfadoxine
and dapsone), and other antimalarial drugs have been used.
The inevitable evolution of resistant strains of the malaria-
causing parasite Plasmodium (Birkholtz et al. 2012; Tse,
Korsik & Todd 2019) has led to a rise in the quest for novel
drugs to treat malaria for the past ten years (Dorababu
2021; Kucharski, Jaszczak & Boratynski 2022; Qin et al.
2020; Ravindar et al. 2023c, 2022).

As the only standard treatment recommended by the
WHO that exhibits comparable antimalarial resistance
is artemisinin-based combination therapy (ACT),
advancements in multi-therapeutic approaches have led
to the development of analogues and the investigation of
potential alternative pathways (Alven & Aderibigbe 2019;
Tibon, Ng & Cheong 2020). Drug interactions can cause
significant side effects, and developing a combination
therapy that works effectively is expensive. Due to
variations in pharmaceutical stability, pharmacokinetic
properties, and solubility, choosing the proper drugs and
dosages for combination therapy can be challenging. As a
result, altering current drugs through the progress of hybrid
molecules appears to be a potential approach (Raj, Land
& Kumar 2015). The research groups of Meunier (2008)
and Morphy (Morphy & Rankovic 2005) successfully
developed the notion of hybrid molecules and hypothesized
that they could potentially prevent the resurgence of drug
resistance. Combination therapy can be overcome, and
overall efficacy increased by molecular hybridization of
two or more active pharmacophores into a single molecule
(Singh et al. 2022; Szumilak & Wiktorowska-Owczarek &
Stanczak 2021).

Chloroquine (CQ), a 4-aminoquinoline bicycle, has
been highlighted as an effective antimalarial agent in the

21% century (Thomé et al. 2013; Uddin et al. 2021) due to its
simple synthesis, simple usage, low cost, limited toxicity,
and high clinical efficacy. Even though its clinical usage
has been limited due to resistance, the 4-aminoquinoline
moiety is crucial for delivering antimalarial efficiency
by preventing haemozoin production and, as a result,
accumulating the drug in the parasites’ digestive
vacuole (Zubir et al. 2022). Furthermore, a broad range
of 4-aminoquinoline derivatives possessing superior
antimalarial potency towards CQ-resistant P. falciparum
strains have been reported (Ravindar et al. 2023a). This
suggests that the resistance mechanism is likely compound-
specific and is independent of alterations in the drug
target’s structure. Because of this, 4-aminoquinoline is still
given particular consideration as a preferred scaffold in
developing antimalarial drugs.

Pyrano[2,3-c]pyrazoles, another class of N-heterocycles,
display diverse appealing biological activities, counting
antimalarial activity (Biswas & Das 2022; Garcia-Cafiaveras
et al. 2021; Shamsuddin et al. 2020; Witschel et al. 2015).
Considering the broad range of therapeutic applications
of pyranopyrazoles (Mandha et al. 2012; Ramiz et al.
2012; Wang et al. 2009) and 4-aminoquinolines (Abdi et
al. 2021; Adeleke et al. 2021; Bekhit et al. 2022; Costa
et al. 2020; Kaur & Kumar 2021; Li et al. 2023; Pawar et
al. 2017; Ravindar et al. 2023b; Razzaghi-Asl et al. 2020;
Shruthi et al. 2019), the hybridization of pyrano[2,3-c]
pyrazoles with 4-aminoquinolines was envisaged to enhance
the antimalarial efficacy of aminoquinoline-pyrano[2,3-c]
pyrazole hybrid compounds. A successful procedure for
conjugating  4-aminoquinoline and  aliphatic/aromatic
substituted pyrano[2,3-c]pyrazole compounds as a molecular
hybrid of the antimalarial agent was recently reported by
our research group (Shamsuddin et al. 2021). According
to our previous results, the compounds with aliphatic or
heterocyclic group on pyrano[2,3-c]pyrazole moiety have
less impact on the antimalarial activity against CQ-sensitive
or CQ-resistant strains, respectively. Hence, we furnished five
new hybrid compounds by covalently linking the moieties
of various aromatic substituted pyrano[2,3-c]pyrazoles and
4-aminoquinoline via an ethyl linker in this work.

These compounds were designed as potential
antimalarial agents. Leveraging the historical significance
of chloroquine, a widely used antimalarial drug, we
selected it as a reference standard to examine the binding
affinity of our novel hybrids with the P/LDH enzyme
through molecular docking studies. The three-dimensional
structure of chloroquine served as a well-characterized
ligand for validating our docking methods and parameters.
Additionally, we conducted isothermal titration calorimetry



(ITC) experiments to experimentally determine the
binding affinity of our synthesized hybrid compounds
with hemin, a crucial component in the malaria parasite’s
heme metabolism. This integrated approach, combining
computational and experimental techniques, aims to
elucidate the potential antimalarial efficacy of our novel
hybrid compounds and provide valuable insights into their

mechanisms of action.

RESULTS AND DISCUSSION

SYNTHESIS OF PYRANO[2,3-C]
PYRAZOLE-AMINOQUINOLINE HYBRIDS

The synthesis of wvarious pyrano[2,3-c]pyrazole-
aminoquinoline hybrid compounds was initiated by the
synthesis of diverse pyrano[2,3-c]pyrazoles (1a-1e) through
a one-pot four-component reaction of malononitrile,
aldehyde, hydrazine and diethyl oxaloacetate in refluxing
acidic ethanolic solution, employing acetic acid as a
catalyst (Mohammat et al. 2018). Compared to the aromatic
aldehyde with an electron-donating group (-OMe) at the
para position (1a, 64%), the aldehydes containing electron-
withdrawing chloro (1b, 74%), bromo (1¢, 71%), and nitro
(1d, 74%) groups at the same position had significantly
higher yields. A lower yield (55%) was, however, observed
in the case of para-hydroxy benzaldehyde (1e) (Scheme
1). On the other hand, the ethyl carbon chain was linked
to the 4,7-chloroquinoline moiety by reacting to amino
alcohol (ethanolamine) under neat conditions to provide
4-(ethanolamine)-7-chloroquine intermediate 2 with a much
higher yield (94%) (Guantai et al. 2011). The intermediate
2 was then successfully converted to 4-(bromoethylamino)-
7-chloroquinoline 3, in moderate yield (70%) under
established reaction conditions utilizing HBr-H,SO, as
brominating agent (Cazelles et al. 2011) (Scheme 1).

Having secured the synthesis of la-e and 3,
the formation of intended pyrano[2,3-c]pyrazole-
aminoquinoline hybrid compounds (4a-4e) was carried out
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by the hybridization of pyranopyrazole derivatives (1a-e)
with 4-(bromoethylamino)-7-chloroquine (3) at 30-40 °C
temperature under basic conditions, employing DMSO as
a solvent (Shamsuddin et al. 2021). Compared to the other
hybrids containing para-substituted (-Me, -CL, -Br and -OH)
phenyl ring on pyranopyrazole moiety, a higher yield was
obtained in the case of hybrid 4d (38%) containing a para-
nitro substituted phenyl ring attached to the pyranopyrazole
moiety (Scheme 1).

MOLECULAR DOCKING ANALYSIS

Molecular docking is a crucial computational tool in drug
discovery, predicting the preferred orientation and binding
affinity of small molecules or ligands within the active site
of target proteins (Pinzi & Rastelli 2019). This in silico
approach facilitates the identification and optimization
of lead compounds by simulating molecular interactions
between potential drug candidates and their target proteins.
In this study, docking simulations were employed to predict
the binding modes of CQ and a series of hybrid compounds
to the cofactor binding site of the P/LDH enzyme.

For the P/LDH-CQ complex, the docking analysis
showed 12 distinct conformation clusters (Figure 1(A)).
The most populated cluster comprised 40 out of 100
conformations, with the conformation possessing the
lower binding energy (—5.68 kcal/mol) belonging to this
predominant cluster. Strikingly, the vast majority of the CQ
conformations were distributed within a narrow range of
binding energy, indicating the specific nature of the binding
of CQ to P/LDH. In contrast, the hybrid compounds
were grouped into a greater number of distinct clusters
(>34), which exhibited a relatively wide range of binding
energies containing fewer ligand conformations (<18),
as shown in Figure 1(B)-1(F). Notably, 4b-4e exhibited
a discrepancy between the cluster with the lower binding
energy and the most populated cluster, suggesting that the
most energetically favourable ligand configuration was not
predominant during the simulations. However, the docking

results showed that all the hybrids exhibited stronger.
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SCHEME 1. Synthesis of pyrano[2,3-c]pyrazole-aminoquinoline hybrids
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FIGURE 1. Cluster analysis of the docking of (A) CQ, (B) 4a, (C) 4b, (D) 4c¢, (E) 4d,

and (F) 4e to the cofactor binding site of P/ALDH (1CET),
with outcomes generated from a total of 100 runs

binding to P/LDH than CQ, with the lowest binding
energies of <7 kcal/mol. These findings imply that these
compounds could form stable complexes with P/LDH and
strongly inhibit its enzymatic activity, thus, disrupting the
energy metabolism of the malaria parasite.

The most stable ligand—PfLDH complex for the above
six compounds was then visualized and further examined,
employing BIOVIA Discovery Studio Visualizer to
determine the intermolecular interaction involved in the
complexation (summarized in Table 1). The P/LDH enzyme
features a critical cofactor binding pocket encompassing
key amino acid residues such as Val-26, Phe-52, Ile-54,
Ala-98, Phe-100, Ile-119, and Glu-122 (Read et al. 1999;
Zakaria, Lam & Hassan 2020).

For the CQ—PfLDH complex (Figure 2), the formation
of only a single hydrogen bond with Glu-122 was predicted.
Thus, the stability of the interaction is significantly
contributed by the collective presence of the various
hydrophobic forces listed in Table 1. The n-c interactions
involved the association between the 7 electrons of CQ and
the o electrons of carbon-hydrogen (C-H) bonds in Ile-54,
Ala-98, and Ile-119. Further, alkyl and m-alkyl interactions
encompassed the nonpolar hydrophobic contacts between
CQ and the alkyl groups of the amino acid residues at the
binding site (Gémez-Jeria et al. 2020). Additionally, Van der
Waals forces also partially contributed towards enhancing
the stability of the complex.



TABLE 1. Intermolecular forces involved in P/LDH (1CET) interactions with CQ and the 4a-4e hybrids

Compound Type of interaction

Bond type

Interacting residues

cQ Hydrogen bond

Hydrophobic interaction

Van der Waals forces
4a Hydrogen bond

Hydrophobic interaction

Electrostatic interaction
Van der Waals forces

4b Hydrogen bond
Hydrophobic interaction
Electrostatic interaction
Van der Waals forces

4c Hydrogen bond

Hydrophobic interaction

Electrostatic interaction

Van der Waals forces
4d Hydrogen bond
Hydrophobic interaction

Van der Waals forces
4e Hydrogen bond

Hydrophobic interaction

Van der Waals forces

Conventional
-G
Alkyl
n-alkyl

Conventional
-G
n-1t T-shaped
Alkyl
n-alkyl

T-anion

Conventional
Carbon
-0
Alkyl
n-alkyl

T-anion

Conventional
Carbon
-G
Alkyl
n-alkyl
m-anion
T-cation

Conventional
-0

n-1t T-shaped
Alkyl

n-alkyl

Conventional
Carbon
-G
n-1t T-shaped
Alkyl
n-alkyl

Glu-122
Ile-54, Ala-98, Ile-119
Ala-98, Ile-119
Val-26, Phe-52, Tyr-85, Lys-118
Gly-27, Asp-53, Phe-100, Ile-123
Tyr-85
Ile-119
Phe-100
Ile-54, Phe-100
Ile-54, Phe-100, Leu-115, Lys-118
Glu-122
Val-26, Asp53, Ala-98, Ile123
Tyr-85
Asp-53
Ile-119
Ile-54, Phe-100, Leu-115, Lys-118, Ile-119
Ile-54, Lys-118, Ile-119
Glu-122
Val-26, Ala-98, Leu-115, Ile-123
Tyr-85
Asp-53
Ile-119
Ile-54, Phe-100, Leu-115, Ile-119
Ile-54, Leu-115, Lys-118
Glu-122
Lys-118
Val-26, Ala-98, Ile-123
Gly-99, Lys-118, Glu-122 (2)
Ile-119
Phe-100
Ile-54, Tyr-85, Ala-98, Phe-100,
Leu-115, Ile-119, Ile-123
Ile-54, Ala-98, Phe-100
Phe-52
Tyr-85, Leu-115
Glu-122
Ala-98
Phe-100
Ile-54
Ile-54, Leu-115, Lys-118, Ile-119

Val-26, Gly-27, Phe-52,
Asp-53, Asn-116, Ile-123
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Compound 4¢, which possessed the lower docking
energy, demonstrated a rich network of interactions with
PfLDH (Figure 3). These include conventional and carbon-
hydrogens, with Tyr-85 and Asp-53, respectively (Tables
1). Unlike conventional hydrogen bonds, carbon-hydrogen
bonds are comparatively weaker, characterized by a
polarized carbon atom as the donor (Bulusu & Desiraju
2020). As with CQ, hydrophobic interactions due to alkyl,
n-o, and m-alkyl interactions were predicted to contribute
to the overall stability of the 4e—PfLDH complexation.
Interestingly, electrostatic forces are also involved, with
both m-anion and m-cation interactions formed between
the aromatic ring of the ligand and the charged residues
Glu-122 and Lys-118, respectively. Although weaker than
hydrogen bonding, their contributions towards stabilizing
the complexation between 4¢ and the protein should not
be ignored (Infield et al. 2021; Plais et al. 2023). Together
with the Van der Waals forces involving Val-26, Ala-98,
and Ile-123, the various interactions described earlier have
enhanced the system’s stability, resulting in 4¢ having the
most energetically favourable interaction with P/LDH.

Exhibiting the second lowest binding energy among the
hybrids, 4d formed a stable network of four hydrogen bonds
with Gly-99, Lys-118, and Glu-122 (Figure 4), highlighting
the importance of hydrogen bonding in its interaction
with P/LDH. Notably, there are no m-ion interactions
with P/LDH, as observed in the case of 4¢. Nevertheless,
this is compensated by a n-n (T-shaped) interaction with
Phe-100, in which the m-electron systems of two aromatic
rings are arranged perpendicular to each other. Like the
other hybrids, alkyl and m-alkyl interactions were pivotal
in stabilizing the 4d—PfLDH complex; however, Van der
Waals forces are less significant.

Meanwhile 4a, 4b, and 4e exhibited relatively
higher (less negative) binding energies than 4c¢ and
4d, they still demonstrated favourable interactions
with P/LDH. Hydrogen bonds, hydrophobic contacts,
electrostatic interactions (m-anion for 4a and 4b), and
Van der Waals forces all contributed to the stability of the
docked conformers. However, the absence of certain key
interactions, as observed in 4¢ and 4d, may explain the
slightly increased binding energies.

ISOTHERMAL TITRATION CALORIMETRY
MEASUREMENTS

The interaction between the hybrids and hemin was
examined by employing isothermal titration calorimetry
(ITC) to evaluate their inhibition potential against heme
detoxification. This technique measures the heat generated
or absorbed during molecular binding events, which can
be employed to quantify the binding affinity, K (Du et
al. 2016). The ITC profiles of the interactions between
hemin and compounds 4a-4e are illustrated in Figure 5.
As shown in Table 2, the K values of the hybrids ranged

from 10*to 10° M, with 4a and 4b exhibiting notably
stronger affinity to hemin compared to compounds 4c-4e.
This variation in affinity towards hemin suggests distinct
binding modes of the hybrids and sheds light on the
structural nuances that influence the interactions of these
compounds with hemin.

One mechanism of action of antimalarial drugs
such as CQ, artemisinin, and their derivatives is binding
to heme, which prevents the formation of heme crystals
known as hemozoin. This leads to the accumulation of
the toxic heme in the digestive vacuole, thus, killing the
Plasmodium parasite (Wicht & Mok & Fidock 2020).
Hence, the ability of compounds to bind favourably
to heme can be used to evaluate their potential as
antimalarial agents. Our results indicate that 4a and 4b, as
distinguished by their strong heme binding affinity, could
effectively disrupt the formation of hemozoin crystals and
intervene in the heme detoxification process within the
parasite. This information is valuable in understanding
the molecular interactions involved in the action of
antimalarial drugs and can be used to optimize the design
of drug candidates for enhanced efficacy.

The thermodynamic parameters of the interactions
are depicted in Table 2. All synthesized hybrid compounds
exhibit exothermic reactions (negative AH), indicating heat
release upon binding to hemin and forming intermolecular
forces between the molecules. Furthermore, the entropy
changes (AS) were negative for each interaction, implying
a reduction in disorder resulting from hydrogen bonds
and specific Van der Waals interactions constraining the
molecules. The negative AG values reflect the spontaneity
of these processes. Among the studied compounds, 4a
and 4b, which showed the highest affinity towards hemin,
also exhibited the most negative AG values, suggesting
the most stable and favourable interactions with hemin.
Interestingly, the interaction of the synthesized hybrids
with hemin was enthalpy driven, as opposed to the
entropy-driven binding of chloroquine to hematin
(Vippagunta et al. 2000), presumably due to the additional
pyrano[2,3-c]pyrazole group. These findings indicate
that these compounds can effectively interact with heme
and disrupt its detoxification in Plasmodium parasites,
exerting antimalarial effects.

MATERIALS AND METHODS

All the solvents (ethyl acetate, n-hexane, toluene,
dichloromethane, ethanol, methanol, and dimethyl
sulfoxide) and chemicals used in this research were
commercially available and did not require further
purification. Activated charcoal (granulated), malononitrile
99%, hydrazine solution 35 wt.% in H,O, diethyl
oxalacetate sodium salt 95%, hydrobromic acid 48%,
ethanolamine, 4,7-chloroquine 97%, acetic acid 98%,
4-methoxy benzaldehyde 99%, 4-chlorobenzaldehyde
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FIGURE 5. Isothermal titration calorimetric was obtained upon the titration of hemin with the
different hybrids (A: 4a, B: 4b, C: 4¢, D: 4d, and E: 4e). The solid line represents
the best fit to the measured heat values based on the independent binding model

TABLE 2. Binding affinity and thermodynamic parameters of the interaction between the synthesized hybrids and
hemin at 37 °C, derived from ITC analysis

Complex K (M) AH (kJ mol™) AS(Imol'K™) AG (kJ mol™)

CQ-hematine (3.2+£0.7)x10° 50.208 -59.03 -32.64
4a-hemin (143£0.60)x10°  (-71.66+6.68) (-215.50+11.31) (-36.83+0.79)
4b—hemin (1.64+0.97)x106 (-100 £ 0.00) (-204.25+3.75) (-36.64=1.16)
4c—hemin (7.45+3.42)x10* (-100 = 0.00) (-229.60-:2.80) (-28.79+0.87)
4d—hemin (3.3743.54)x10° (-81.04+4.47) (-203.48+17.20) (-31.812.45)
4e—hemin (1.8520.56)x 105

(-96.55+3.45)

(-210.65+9.35)

(-31.210.56)

*(Mean =+ standard deviation), CQ: chloroquine



97%, 4-bromobenzaldehyde 99%, 4-nitrobenzaldehyde
98%, and 4-hydroxybenzaldehyde 99% were purchased
from Sigma-Aldrich, Darmstadt, Germany. Melting points
were measured using the Stuart SMP40 instrument at
room temperature till 300 °C. Elemental study was carried
out by a Flash Elemental Analyzer 110 series (Selangor,
Malaysia). The reaction progress was monitored using
thin-layer chromatography (TLC) on Merck Kieselgel
(New Jersey, NJ, USA) 60F254, which was visualized with
an ultraviolet lamp, and the hybrids were purified utilizing
silica gel column chromatography. 'H and *C NMR spectra
were recorded on a Joel Resonance ECZ400S 400 MHz
spectrometer (Selangor, Malaysia) at 400 MHz and 100
MHz, respectively, with TMS as an internal standard in
either d6-dimethyl sulphoxide (DMSO) or CDCI, solutions

General Procedure for the synthesis of Pyrano[2,3-c]
pyrazoles (1a-e)

Pyrano[2,3-c]pyrazole compounds 1a-e were furnished in
good to better yields utilizing the procedure described by
Mohammat et al. (2018). To a 100 mL oven-dried three-
neck round-bottom flask with a stirring bar, added 5.5
mmol of diethyloxalacetate sodium salt, 1 mL acetic acid,
20 mL ethanol, and 5.5 mmol of 35% hydrazine solution.
The reaction mixture was refluxed for 15 min. After
adding 5 mmol of malononitrile and 5 mmol of carbonyl
compound to the reaction mixture, it was vigorously
refluxed for 30 min. The reaction mixture was cooled to
room temperature once the reaction (monitored by TLC)
was completed, and the precipitate formed was filtered
out, washed with water, dried, and recrystallized from
methanol.

SYNTHESIS OF ETHYL 6-AMINO-5-CYANO-4-(4-
METHOXYPHENYL)-1,4-DIHYDROPYRANO[2,3-C]
PYRAZOLE-3-CARBOXYLATE (1a)

Colorless solid (64%), m.p.: 235-236 °C; 'H NMR (400
MHz, DMSO) & 13.68 (s, 1H), 7.02-6.99 (m, 2H), 6.96
(s, 2H), 6.86-6.82 (m, 2H), 4.70 (s, 1H), 4.11 (q, J = 6.8
Hz, 2H), 3.71 (s, 3H), 1.10 (t, J = 6.8 Hz, 3H); *C NMR
(75.5 MHz, DMSO): 6 160.4, 158.6, 158.4, 137.6, 130.4,
129.4, 128.8, 120.8, 114.9, 114.0, 104.5, 61.3, 58.7, 55.5,
36.7, 14.3.

SYNTHESISOFETHYL 6-AMINO-4-(4-CHLOROPHENYL)-
5-CYANO-1,4-DIHYDROPYRANOJ[2,3-C]JPYRAZOLE-3-
CARBOXYLATE (1b)

Colorless solid (74%), m.p.: 228-230 °C; 'H NMR (400
MHz, DMSO) 6 13.77 (s, 1H), 7.35 (dt, /= 9.2, 2.8 Hz,
2H), 7.13 (dt, J= 9.2, 2.4 Hz, 2H), 7.06 (s, 2H), 4.79 (s,
1H), 4.10 (q, /= 6.8 Hz, 2H), 1.07 (t, J= 6.8 Hz, 3H); *C
NMR (75.5 MHz, DMSO): 8 160.5, 158.5, 156.0, 144.4,
131.6,129.7, 129.6, 128.7, 120.6, 103.6, 61.4, 57.9, 36.8,
14.3.
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SYNTHESIS OF ETHYL 6-AMINO-4~4-BROMOPHENYL)-
5-CYANO-1,4-DIHYDROPYRANO[2,3-C]PYRAZOLE-3-
CARBOXYLATE (lc)

Colorless solid (71%), m.p.: 221-222 °C; 'H NMR (400
MHz, DMSO) & 13.77 (s, 1H), 7.49 (dt, J = 9.2, 2.4 Hz,
2H), 7.09-7.06 (m, 4H), 4.77 (s, 1H), 4.10 (q, J = 6.8
Hz, 2H), 1.07 (t, J = 6.8 Hz, 3H); *C NMR (75.5 MHz,
DMSO0): 6 160.5, 158.5, 156.0, 144.8, 131.6, 130.1, 129.6,
120.6, 120.1, 103.5, 61.4, 57.8, 36.9, 14.3.

SYNTHESIS OF ETHYL 6-AMINO-5-CYANO-4-(4-
NITROPHENYL)-1,4-DIHYDROPYRANO[2,3-C]
PYRAZOLE-3-CARBOXYLATE (1d)

Yellowish solid (74%), m.p.: 235-237 °C; '"H NMR (400
MHz, DMS0) 8 13.85 (s, 1H), 8.18 (dt,J/=9.2,2.4 Hz, 2H),
7.40 (dt, J = 9.6, 2.8 Hz, 2H), 7.18 (s, 2H), 4.97 (s, 1H),
4.08 (q,J=17.2 Hz, 2H), 1.05 (t,J= 7.2 Hz, 3H); *C NMR
(75.5 MHz, DMSO): 6 160.7, 158.4, 156.0, 152.7, 146.7,
129.8, 129.3, 124.1, 120.4, 102.8, 61.4, 57.1, 37.1, 14.3.

SYNTHESIS OF ETHYL 6-AMINO-5-CYANO-4-(4-
HYDROXYPHENYL)-1,4-DIHYDROPYRANO[2,3-C]
PYRAZOLE-3-CARBOXYLATE (le)

Colorless solid (55%), m.p.: 217-218 °C; 'H NMR (400
MHz, DMSO) & 13.66 (s, 1H), 9.24 (s, 1H), 6.94 (s, 2H),
6.89 (dt, J = 9.6, 2.8 Hz, 2H), 6.66 (dt, J = 9.2, 2.8 Hz,
2H), 4.64 (s, 1H), 4.12 (q,J=7.2 Hz, 2H), 1.10 (t, J="7.2
Hz, 3H); B¥C NMR (75.5 MHz, DMSO): & 160.3, 158.7,
156.4, 156.0, 135.9, 129.4, 128.7, 120.9, 115.4, 104.8,
61.3,58.9,36.7, 14.3.

SYNTHESIS OF 2-((7-CHLOROQUINOLIN-4-YL)AMINO)
ETHAN-1-OL (2)

Aminoethanol (10 mL) and 4,7-dichloroquinoline (10
mmol) were added into a three-neck round-bottom
flask and heated to 130 °C for five hours. After cooling
to room temperature, the mixture was poured into
cold water, where the compound precipitated. The
precipitate was then filtered and vacuum-dried to produce
2-((7-chloroquinolin-4-yl)amino)ethan-1-ol  (2) as a
colorless solid with a 94% yield (Guantai et al. 2011).
Colorless solid (94%), m.p.: 210-211 °C; '"H NMR (400
MHz, DMSO) 6 8.37 (d, J= 5.6 Hz, 1H), 8.26 (d, /= 8.8
Hz, 1H), 7.78 (d, /=2 Hz, 1H), 7.45 (dd, J=9.2, 2.4 Hz,
1H), 7.25 (t,J=5.6 Hz, 1H), 6.51 (d, J= 5.2 Hz, 1H), 4.88
(s, 1H), 3.66 (s, 2H), 3.37 (t, J = 5.6 Hz, 2H); *C NMR
(75.5 MHz, DMSO): 6 152.4, 150.7, 149.6, 133.8, 127.9,
124.5,124.5,117.9,99.2, 59.2, 45.6.

SYNTHESIS OF N-(2-BROMOETHYL)-7-CHLOROQUINOLIN-4-
AMINE (3)

Under cold (5-10 °cC) conditions, 16.2 mmol of
hydrobromic acid and then 5.5 mmol of sulphuric acid
were added slowly to compound 2 (2.6 mmol).
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TLC was used to monitor the reaction’s progress while
it refluxed for 4 h at 165 °C. The reaction mixture was
quenched to adjust the pH to about 7 by gradually adding
a NaHCO, solution. To obtain the corresponding product 3
in 70% yield as a colorless solid, the reaction mixture was
extracted using dichloromethane, dried over Na,SO,, and
concentrated under vacuum (Cazelles et al. 2011).

Colorless solid (70%), m.p.: 140-141 °C; 'H NMR (400
MHz, p™MSO) 6 8.44 (d, J = 5.2 Hz, 1H), 8.25 (d, J = 8.8
Hz, 1H), 7.82 (d, J = 2.4 Hz, 1H), 7.50 (dd, J =9.2, 2.4
Hz, 1H), 6.59 (d, J = 5.6 Hz, 1H), 3.77-3.70 (m, 4H),
3.33 (s, 1H); *C NMR (75.5 MHz, DMS0): ¢ 151.8, 149.9,
146.4, 135.4, 125.7, 125.6, 124.8, 117.3,99.4, 44.7, 31.6.

General Procedure for the Synthesis of Hybrid (4a—e)
Sodium bicarbonate (10 mmol) was added to a mixture
of desired pyrano[2,3-c]pyrazole la—e compounds (5
mmol) and 4-(bromoethylamino)-7-chloroquinoline (3, 5
mmol) in DMSO. The mixture was then vigorously stirred
for 24 h at 30-40 °C. After cooling to room temperature,
the mixture was extracted using 80 mL of brine and 20
mL of ethyl acetate. The organic layer was separated and
then concentrated through a rotary evaporator. Finally, an
ethyl acetate-hexane mixture (3:1) was used to purify all
the synthesized hybrid compounds through silica column
chromatography (Shamsuddin et al. 2021).

SYNTHESIS OF ETHYL 6-AMINO-1-(2-((7-CHLOROQUINOLIN-
4-YL)AMINO)ETHYL)-5-CYANO-4-(4-METHOXYPHENYL)-
1,4-DIHYDROPYRANO[2,3-C]PYRAZOLE-3-CARBOXYLATE
(4a)

Brown solid (25%), m.p.: 169-171 °c; 'H NMR (400
MHz, pMmso) 6 8.43 (d, J = 5.6 Hz, 1H), 8.10 (d, J =
9.2 Hz, 1H), 7.82 (d, J = 2 Hz, 1H), 7.48 (dd, J = 8.8,
2 Hz, 1H), 7.33 (dt, J = 9.6, 2.8 Hz, 1H), 7.01-6.99 (m,
2H), 6.91 (dt, J = 9.2, 2.8 Hz, 2H), 6.79 (dt,J=9.2,2.8
Hz, 2H), 6.55 (d, J = 5.6 Hz, 1H), 4.70-4.65 (m, 2H),
4.61 (s, 1H), 3.81 (s, 1H), 3.72 (s, 3H), 1.92 (s, 3H),
0.77 (t, J = 6.8 Hz, 3H); *C NMR (75.5 MHz, DMSO): &
172.5, 161.4, 158.6, 158.3, 154.7, 137.4, 131.1, 128.6,
128.3, 124.6, 119.5, 117.3, 117.0, 114.2, 114.0, 105.9,
61.3, 58.8, 55.7, 55.5, 41.2, 37.0, 36.7, 24.1, 21.5, 13.7.

SYNTHESIS OF ETHYL 6-AMINO-4-(4-CHLOROPHENYL)-1-
(2-((7-CHLOROQUINOLIN-4-YL)AMINO)ETHYL)-5-CYANO-
1,4-DIHYDROPYRANO[2,3-C]PYRAZOLE-3-CARBOXYLATE
(4b)

Pink solid (23%), m.p.: 157-159 °C; 'H NMR (400 MHz,
DMSO) 6 8.38 (d, /= 5.2 Hz, 1H), 8.06 (d, /=9.2 Hz, 1H),
7.78 (d,J = 2.4 Hz, 1H), 7.48 (s, 1H), 7.37 (dd,J=9.2,2
Hz, 1H), 7.31 (d, J = 8.4 Hz, 2H), 7.05 (t, J = 8.8 Hz, 4H),
6.47 (d,J=5.6 Hz, 1H), 4.71-4.62 (m, 3H), 3.71-3.60 (m,
4H), 0.69 (t, /= 6.8 Hz, 3H); '*C NMR (75.5 MHz, DMSO):
5 160.1, 158.4, 154.7, 151.9, 150.3, 144.3, 134.0, 131.5,
129.7, 129.5, 128.7, 127.6, 124.7, 124.4, 120.5, 117.8,
104.9,99.0, 61.2, 58.0,49.7, 42.6, 37.1, 31.2, 13.6.

SYNTHESIS OF ETHYL 6-AMINO-4-(4-BROMOPHENYL)-1-(2-
((7-CHLOROQUINOLIN-4-YL)AMINO)ETHYL)-5-CYANO-1,4-
DIHYDROPYRANO[2,3-C]PYRAZOLE-3-CARBOXYLATE (4c¢)

Light pink solid (29%), m.p.: 171-173 °C; 'H NMR (400
MHz, bmso0) 6 8.38 (d, J = 5.2 Hz, 1H), 8.00 (d,J=9.2
Hz, 1H), 7.77 (d, J = 2 Hz, 1H), 7.44 (dt, J = 9.2, 2.4
Hz, 2H), 7.38-7.33 (m, 2H), 7.07 (s, 2H), 6.98 (dt, J =
9.2, 2.4 Hz, 2H), 6.48 (d, J = 5.6 Hz, 1H), 4.73-4.68 (m,
1H), 4.67 (s, 1H), 4.65-4.60 (m, 1H), 3.72-3.58 (m, 4H),
0.69 (t, J = 6.8 Hz, 3H); “C NMR (75.5 MHz, DMSO): &
160.1, 158.4, 154.7, 152.2, 150.1, 149.4, 144.7, 133.9,
131.6, 129.9, 129.7, 127.8, 124.6, 124.2, 120.4, 120.0,
117.8, 104.8, 99.0, 61.2, 58.0, 49.7, 42.6, 37.2, 13.6.

SYNTHESIS OF ETHYL 6-AMINO-1-(2-((7-CHLOROQUINOLIN-
4-YL)AMINO)ETHYL)-5-CYANO-4-(4-NITROPHENYL)-1,4-
DIHYDROPYRANO[2,3-C]PYRAZOLE-3-CARBOXYLATE (4d)

Yellow solid (38%), m.p.: 198-200 °C; 'H NMR (400
MHz, DMSO) 6 8.39 (d, J = 5.2 Hz, 1H), 8.13 (dt, J =
9.2, 2.4 Hz, 2H), 8.01 (d, /= 9.2 Hz, 1H), 7.76 (d, J =
2.4, 1H), 7.38-7.32 (m, 2H), 7.30 (dt, J = 9.6, 2.8 Hz,
2H), 7.18 (s, 2H), 6.47 (d, J = 5.6 Hz, 1H), 4.86 (s, 1H),
4.79-4.72 (m, 1H), 4.65-4.59 (m, 1H), 3.72-3.57 (m, 4H),
0.63 (t, J = 7.2 Hz, 3H); *C NMR (75.5 MHz, DMSO):
5 160.4, 158.2, 154.7, 152.7, 152.1, 150.1, 149.3, 146.6,
133.9, 129.9, 129.0, 127.8, 124.6, 124.2, 124.1, 120.2,
117.8, 104.0, 99.0, 61.3, 57.2, 49.8, 42.6, 37.4, 13.6.

SYNTHESIS OF ETHYL 6-AMINO-1-(2-((7-CHLOROQUINOLIN-
4-YL)AMINO)ETHYL)-5-CYANO-4-(4-HYDROXYPHENYL)-
1,4-DIHYDROPYRANO[2,3-C]PYRAZOLE-3-CARBOXYLATE
(4e)

Light brown solid (19%), m.p.: 233-234 °C; '"H NMR (400
MHz, DMSO0) & 9.26 (s, 1H), 8.38 (d, J= 5.6 Hz, 1H), 8.05
(d,J=9.2 Hz, 1H), 7.79 (d, J = 2.4 Hz, 1H), 7.42 (dd, J
=9.2,2.4 Hz, 1H), 6.94 (s, 2H), 6.82 (d, J = 8.4 Hz, 2H),
6.64 (d, J = 8.4 Hz, 2H), 6.47 (d, J = 5.6 Hz, 1H), 4.73-
4.57 (m, 2H), 4.56 (s, 1H), 3.74-3.65 (m, 4H), 0.80 (t, J =
7.2 Hz, 3H); BC NMR (75.5 MHz, DMS0): 6 160.0, 158.7,
156.4, 154.7, 151.9, 150.4, 149.0, 135.8, 134.1, 129.5,
128.5, 127.6, 124.8, 124.3, 120.8, 117.8, 115.4, 106.1,

99.1,61.3,59.1,49.7,42.7,37.0, 13.7.

MOLECULAR DOCKING

The X-ray crystallographic structure of P/LDH was
acquired from the Protein Data Bank (PDB ID: ICET) witha
resolution of 2.05 A (Read et al. 1999). Initial 2D structures
of all hybrid compounds were crafted using ChemDraw and
subsequently transformed into 3D structures via Chem3D,
with further refinement through energy minimization
utilizing the MM2 force field. AutoDock Tools 1.5.7
(Sanner 1999) was utilized to make the protein and ligand
structures for docking study. The protein crystal structure
underwent the removal of ligands and water molecules to



serve as the docking receptor. Polar hydrogens were added,
and Kollman united partial atom charges were assigned to
the protein coordinates. Nonpolar hydrogens were merged
for the ligands, rotatable bonds were defined, and Gasteiger
charges were computed. Both protein and ligand data files
were then converted into the pdbqt format for subsequent
docking analysis.

The co-crystallized ligand, CQ, was first re-docked
into the cofactor binding site of P/LDH to examine the
reliability of the docking process. All hybrid compounds
(4a-4e) were docked at the same site. PyMOL (http://www.
pymol.org/) and BIOVIA Discovery Studio Visualizer 4.5
(BIOVIA, Dassault Systémes 2021) identified the amino
acids present within this site. The docking coordinates
were centred at x = 36.302, y = 11.09, and z = 19.234,
with a box dimension of 40 x 40 x 40 points and 0.375
A spacing. Molecular docking of the hybrid compounds
to P/LDH was executed using AutoDock 4.2 (Morris et
al. 2009), employing the Lamarckian genetic algorithm
search engine with 100 search runs and a population size
of 150. Additional parameters were specified, including
a maximum of 27000 generations, mutation rate of 0.02,
crossover operator weight of 0.8, and elitism set at 1.
Each ligand underwent 100 docking simulations and
subsequent clustering analysis, with a root-mean-square
deviation tolerance set at 2.0 A. Upon completion, the
most favourable docking conformation with the lowest
binding energy was chosen for further examination to
elucidate the binding energy and the intermolecular
interactions involved using AutoDock Tools and BIOVIA

Discovery Studio Visualizer, respectively.

ISOTHERMAL TITRATION CALORIMETRY

A Nano ITC microcalorimeter (TA Instruments, New
Castle, DE, USA) was used to study the interaction between
five hybrid compounds (4a-4e) and hemin at 37 °C. Stock
solutions of the hybrids (2 mg/mL) were prepared by
dissolution in DMSO, while a 0.5 mg/mL hemin solution
was prepared in 0.5 M NaOH. These stock solutions were
diluted with 10 mM sodium phosphate bufter, pH 7.4, while
ensuring that the final samples contained 0.5 M NaOH and
approximately 3% DMSO. Prior to the titration experiments,
all samples were degassed under vacuum for 10 min. For
the titration, 20 uM hemin was loaded into the sample cell,
while the reference cell contained only deionized water. The
hybrid compound (100 uM) was added to a 250 pL syringe
and placed into the microcalorimeter. In order to guarantee
complete mixing of the solutions, the titration technique
comprised 16 repeated injections of 15 pL of the titrant into
the sample cell, spaced 400 s apart. The stirring speed was
kept at 200 rpm throughout. T Control tests were carried
out by injecting the ligand into the buffer solution under
comparable circumstances to account for the heat produced
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by solution mixing and dilution. The data obtained from
these experiments were processed and analyzed using the
NanoAnalyze software (v3.3.0), utilizing an independent

binding model.

CONCLUSIONS

Several heme-binding antimalarial compounds that inhibit
hemozoin formation have been discovered. Therefore,
compounds that show heme detoxification results can be
evaluated for their potential as antimalarial agents. In this
study, five pyrano[2,3-c]pyrazole-aminoquinoline hybrids
were successfully furnished and characterized using
spectral analysis. Determination of the association constant
(K)) values from ITC experiments revealed varying
affinities of the hybrids to hemin, reflecting the difference
in their structures. Two hybrids, 4a and 4b, formed more
stable interactions with hemin and are thus predicted to be

better antimalarial candidates than the other three hybrids.
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