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Abstract

Malaria continues to be a fundamental health threat worldwide due to the rise of resistance in
frontline medications, including artemisinin-based combination therapy (ACT). The condition
requires new, innovative drug candidates to overcome existing challenges in the current
treatment. The synthetic alteration involving existing pharmacophoric antimalarial drugs and
natural products were utilized to construct an antimalarial candidate that could serve as a potent
and effective lead compound for potential optimization. In continuing our ongoing research
and the need to discover newer antimalarials, we endeavored to synthesize a novel library of
antimalarial hybrids analogues comprising 4,6-diphenylpyrimidine core, a pharmacophoric
moiety inspired by pyrimethamine and chalcone. Pyrimidine is a versatile heterocyclic building
block of many drugs with vast medicinal properties such as antimicrobial, anti-inflammatory,
analgesic, anticonvulsant, anticancer, and antioxidant. Fifty-three hybrids consisting of
pyrimidine core fused with other significant antimalarial moieties, namely quinoline,
cinnamoyl and 1,2,3-triazole through an alkane diamine linker, particularly piperazine, were
synthesized. All the newly synthesised compounds were identified based on physicochemical
and spectral data (IR, 'H NMR, C NMR and HRMS) per their predicted structures and
preliminarily screened for antimalarial (in vitro) activities. Also, the binding affinities of two
essential cytosolic Plasmodium (P) falciparum heat shock protein 70 homologues (PfHsp70-1
and PfHsp70-z) were examined.

Pyrimidine-quinoline hybrids (Chapter 3) demonstrated antimalarial ranging from 0.32 to 83
UM, Of this series, compounds 7a and 7b were the most potent with 1Cso value of 0.32 + 0.06
MM and ICso 1.62 + 1.14 pM, respectively with a safety profile of 9.79 to human kidney
epithelial (HEK293) cells for 7a. Equally, compounds 7a and 7b presented the highest binding
affinity of two essential cytosolic P. falciparum heat shock protein 70 homologues; PfHsp70-

1 and PfHsp70-z, with Kp in a lower nanomolar range (4.4-11.4 nM)

Pyrimidine-cinnamoyl hybrids (Chapter 4) exhibited antimalarial activity from 0.18 to 50 pM.
Compounds 8a and 8l were the most active with I1Cso value of 0.18 + 0.02 uM and ICsp 0.21 +
0.00 uM with the safety profile of 18.59 and 16.75 to human kidney epithelial (HEK293) cells,
correspondingly. Compounds 8a and 8l showed the highest binding affinity of two essential
cytosolic P. falciparum heat shock protein 70 homologues; PfHsp70-1 and PfHsp70-z, with Kp

in a lower nanomolar range (9.69-10.8 nM).

Pyrimidine-1,2,3-triazole hybrids (Chapter 5) showed antimalarial activity from 0.04 to 2.41
pHM. Compounds 8c, 8e and 8t were the most promising with 1Cso values ranging from 0.18 to



0.29 uM with a safety profile tenfold compared to human kidney epithelial (HEK293) cells.
Similarly, compounds 8c, 8e and 8t displayed the highest binding affinity of two essential
cytosolic P. falciparum heat shock protein 70 homologues; PfHsp70-1 and PfHsp70-z, with Kp
in a lower nanomolar range (11.3-90.0 nM).

The pyrimidine-1,2,3-triazole hybrid library demonstrated the most promising family as it had
eight more potent compounds with ICsp values less than 0.50 pM, followed by the pyrimidine-
cinnamoyl and lastly, pyrimidine-quinoline. All families exhibited PfHsp70-1 and PfHsp70-z
enzyme activity in nanomolar concentration with a safety of 10-fold against human kidney
epithelial (HEK293) mammalian cells.
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Chapter 1

CHAPTER 1

INTRODUCTION
1.1. Overview

Malaria ranks third among the major infectious diseases following pneumococcal acute
respiratory and tuberculosis infections. It is mainly caused by a single-cell eukaryotes
holoparasite of a genus Plasmodium of a phylum Apicomplexa member in the order
Haemosporida, which transmits the disease in a person by a single bite of infected female

anopheles gambiae mosquito injecting sporozoites into the bloodstream [1, 2]

The term malaria is an Italian word “mala aria” meaning “bad air” or “aria cattiva” coined
after an atrocious fever that ravaged the Roman empire around five Before Christ (BC) [2]. A
malaria mastery commenced in 1880 with Alphonse Lavern, a French military surgeon who
discovered multiple phases of malaria in the peripheral human blood, such as pigmented
spherical body, filiform components and exflagellation of a male gametocyte. These elements,
which he recognized as protozoan parasites, namely Oscillaria malariae, were constant in
patients with malaria and believed to cause disease [3]. He also noted that the drug quinine was
effective to a certain extent against the parasites, mostly in the early stages. In 1885, Italian
scientists Ettore Marchiafava and Angelo Celli proposed that the parasite described by
Alphonse be called ‘Plasmodium malariae’ due to its similarity with plasmodia. In 1889,
Ronald Ross, a British doctor, discovered that malaria was transmitted by the mosquito,
intermediate host, using an experimental model of bird malaria and female mosquito of Culex
species. In 1898, Giovanni Battista Grassi, an Italian Zoologist, discovered that human malaria
was caused only by Anopheles claviger and vectored by mosquitoes different from those of the
birds. Ross and Grassi’s findings revealed that malaria was transmitted by the bite of an
infected mosquito. Grassi suggests malaria prevention by sensitizing people in prevailing
regions to avoid outdoors at nightfall and avert mosquitoes from entering the houses [4, 5]. In
subsequent years, dichlorodiphenyltrichloroethane (DTT) insecticide was introduced and used
in more than ten nations to reduce and eliminate disease transmission. Unfortunately, the
underdeveloped countries, such as Sub-Saharan nations, were not part of the elimination
programme, which to date show the highest recorded malaria cases [6]. The progression,

discoveries and mitigation of malaria is summarized in Figure 1.1.
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Figure 1.1. Main events on the revolution of malaria.

1.1.1 Malaria species

Five main Plasmodium (p) species are known to cause infection in humans viz Plasmodium

(P),

P. falciparum Responsible for the majority of malaria cases with 99.7% in the African
region, 62.8% in South-East Asia, 69% in the Eastern Mediterranean and
71.9% in the Western Pacific.

P. vivax Predominant in the Americas, representing 74.1% of malaria cases.

P. ovale Less common and found in tropical west Africa and rare frequency in
Southeast Asia, Philippines and New Guinea.

P. malaria low prevalence in the tropics.

P. knowles It is rare, although most at risk are those living near macaques.

P. falciparum and P.vivax cause the majority of infections and deaths in humans [7, 8].

Malaria incidence in affected areas remains a health problem, an essential factor of morbidity
and has economic implications costing endemic areas a huge amount of money for mitigation
and treatment [9-11]. At the start, the clinical symptoms of malaria infection are mild, such as
fever and headache, and they are difficult to diagnose [10, 11]. Malaria caused by P. falciparum

can progress to severe illness if not handled within 24 hours, and it is often lethal.

1.1.2 Geographical synopsis of malaria infection
1121 A global overview

Two hundred nineteen million people suffer from this disease every year, 90% in sub-Saharan
Africa, two-thirds of the remaining cases occur in six countries — India, Brazil, Sri Lanka,
Vietnam, Columbia and Solomon Islands. Four hundred and thirty-five thousand people died

primarily in the World Health Organization (WHO) African region, accounting for 93% of the
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deaths, mostly infants under five years and pregnant women. A decline in mortality rates in

2019 were as per the following; South East Asia WHO region (74%), Africa (67%) and Eastern

Mediterranean regions (16%). About 3.1 billion people in Sub-Saharan African, in particular,

remain at risk of malaria infection [12]. Malaria is more widespread in the poor tropical and

subtropical regions of the world, as indicated in red in Figure 1.2, owing to the following

reasons;

I. Favourable climate for the Anopheles mosquitoes to reproduce and continue throughout
the year.

ii. These regions are infested with P. falciparum strain, contributing to severe malaria and
death

iii. Lack of resources and socio-economic instability stall effective malaria control programs.

LY LR
Nl
———a .
Il One or more indigenous cases Bl Certified malaria free after 2000
Zero cases in 2018-2019 [_| No malaria
Zero cases in 2019 Not applicable

Il Zero cases (23 years) in 2019

o

WHO: World Health Organization

Figure 1.2. Global malaria geographical status of 2019 [12].

1.1.2.2 Malaria in South African
South Africa (SA) is still the only country in southern Africa to have successfully managed
malaria-endemic, with only 10% of the population affected. It is common in three provinces,
namely north-east Limpopo, along the border with Mozambique and Zimbabwe, Lowveld of
Mpumalanga (including Kruger national park) and north of KwaZulu Natal [13, 14], as shown
in red in Figure 1.3. Recently, the country recorded an upsurge in malaria cases with 9478
mortality cases and 76 fatalities in 2017/2018 as compared to 2015/2016 with 6 385 cases of

malaria and 58 deaths, respectively [13]. The geographical spread of malaria in South Africa
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is presented in Figure 1.3. Also, a non-endemic region such as Gauteng (green) has
experienced an increase in malaria cases owing to travellers coming back from endemic malaria
area such as Mozambique [15]. The incidence of malaria in SA is periodic and at its height
during the rainy season from September to May, with the highest annual level of infections in

January to April [13]. P. falciparum accounts for about 95% of malaria in SA [16].
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Figure 1.3. South African geographic distribution of malaria incidence.

The campaign to eradicate malaria in SA began around 1956 to reach a malaria-free nation,
including endemic province, through the department of health. Measures such as residual
spraying and disease modification of malaria helped to decrease malaria prevalence [16, 17].
Besides, the treatment and prevention measures enacted for malaria resulted in a reduction of
cases and death by 85% and 81%, respectively, since the year 2000 [18].

1.2 Pathogenesis of malaria
Pathogenesis of malaria provides valuable insights into the relationship between the parasite,

the host and the settings during infection.

1.2.1  The life cycle of the Plasmodium parasite

The Plasmodium life cycle begins when Plasmodium species (spp) parasites in the form of
sporozoites are introduced into a human host through injecting saliva into the bloodstream
during a blood feast of infected female anopheles ‘mosquito. The sporozoite then migrates to
the liver, where they infect the hepatic cells (B), during which they propagate for nine to sixteen
days by asexual fusion [19]. No symptoms are manifest at this time. The sporozoite matures
into tissue schizonts containing thousands of merozoites, and while encapsulated in schizonts,

they move to capillaries of the lungs through the heart. Some of the sporozoites in P. vivax
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grow into hypnozoites that can be latent in the liver for up to 60 days. After five days, the
schizonts then bursts into merozoites, releasing the merozoites into the bloodstream, thus
entering the erythrocyte stage. Clinical symptoms such as fever begin to manifest when the
cells raptures, releasing merozoites. Rapture of red blood cells (RBCs) enables invasion of
other cells (intra-erythrocytic cycle) and release of erythrocyte and parasite debris, including
malarial pigment (hemozoin) and glycophosphatidylinositol, the putative ‘malaria toxin. In
some infected blood cells, the merozoites replicate asexually and develop into gametocytes,
which are circulated in the bloodstream and ingested during the next blood meal by the
mosquito [20, 21]. The gametocytes ingested by the mosquito develop into gametes which
progress into ookinetes that migrate to the mid-gut wall of the mosquito and form oocysts
where they mature into thousands of sporozoites. The oocyst then bursts, releasing sporozoites
that move to the mosquito salivary glands. The human cycle of infection prompts once the
mosquito bites the next person [22, 23]. A schematic summary of the P.falciparum lifecycle is

presented in Figure 1.4.
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Figure 1.4. Schematic diagram of lifecycle of P. falciparum.

1.3 Malaria management

Although malaria is treatable and avertible, it is hard to control owing to the parasite adaptive
nature and the disease-related vectors [24]. Malaria management involves three essential
elements in the life cycle of Plasmodium, which are important for treatment and prevention.

These elements include vector (mosquito), human (host) and agent (parasite) [25].
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Vector (Mosquito)  Destroying the vector at the larval stage by eliminating breeding sites

and also preventing mosquito bites in humans.

Human (host) A malaria control chain where early diagnosis and timely therapy are

important to reduce morbidity and mortality in incidence areas.

Agents Control measures that deal with antimalarial agents are required to
destroy the parasite at the asexual stage, stopping the progression of
the infection and preventing blood meal transmission [24-26]. The

various stages of management of malaria are illustrated in Figure 1.5.

Plasmodia
Prevent The Agent Kill asexual

development within Kill sexual forms
mosqulto forms

Primaquine + L‘hloroqwne
An tmﬂf ial Drugs
Early diagnosis

and treatment

Prevent
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Avoid water
’” g kil lar Deny blood meal
Prevent contact Protect from
with Humans mosqulto hite

MOSQUltO K/H n’d/tm/nq; Nets, repellents Man
Close door/windows
The Vector The Host

Figure 1.5. Management strategy of malaria [27].

In short, the management of malaria is reducing the infection to a point where it is no longer a
threat and health concern. Treatment of malaria depends on the efficacy of the available drug

therapies given at different essential stages to stop the Plasmodium life cycle [28].

1.3.1 Drug targets

Antimalarial drugs target different stages of the Plasmodium life cycle, most of which act on
the intra-erythrocyte’s stages of a parasite developmental stage associated with pathology that
leads to clinical symptoms. In the intra-erythrocytes stage, the parasite assumes a mechanism
essential to survive the host immune system while it steals its nutrients for survival. In
discovering new drug entities, parasite-specific metabolites in biochemical pathways can be
targeted without causing harm to the host, thereby reducing unwanted side effects [29-31]. The

metabolic pathways that can be targeted for the development of new antimalarial agents
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include, food vacuole, pyrimidine metabolism, apicoplast, folate metabolism, glycolysis and
Heat shock protein 70 (Hsp70).

Food vacuole: Host haemoglobin is broken down by proteolytic enzymes such as aspartic and
cysteine proteases in the food vacuole[28, 32]. Hampering the activity of these enzymes affect
the parasites protein biosynthesis and the development of parasites in the erythrocyte stage.
Besides, essential processes such as erythrocyte rapture and invasion are carried out by cysteine
proteases; thus, inhibiting its activity would be detrimental to the parasite [33]. Antimalarial
drugs based on quinoline acts on heme polymerase by preventing the polymerization of heme,
a toxic pigment. When heme accumulates in the food vacuole, it is lethal to the parasite [34].

Pyrimidine metabolism: It is crucial in the production of purines and pyrimidine required for
Ribonucleic acid (RNA) and Deoxyribonucleic acid (DNA) synthesis necessary for the growth
and replication of parasites during the intraerythrocytic stage of the life cycle. It is an excellent

target for the development of new antimalarial agents [35].

Apicoplast: Organelles are involved in a range of metabolic pathways, including fatty acid,
isopentenyl diphosphate and heme synthesis required throughout the life cycle [36, 37]. These
Plasmodium-specific anabolics and catabolic processes make them an ideal target for
antimalarial drug discovery [38]. A parasite can survive without apicoplast; however, it cannot
cause infection because apicoplast is necessary for synthesizing molecules needed for infection
[35].

Folate metabolism: The pathway is essential because it involves two main enzymes, namely
dihydrofolate reductase (DHFR) and dihydropteroate synthase (DHPS), which are crucial in
DNA biosynthesis and metabolism of specific amino acids such as methionine and glycine
[39]. The enzymes are highly Plasmodium-specific, making it possible to formulate particular

inhibitors [40]. The target is essential for both chemotherapy and prophylaxes [41].

Plasmodium protein kinases: It enhances protein activity, stabilization and interaction with the
ligand or localization of the phosphorylate substrate of the amino acids by adding phosphate
groups from adenine triphosphates (ATP). Also, inhibiting the action of protein kinases is
essential to prevent parasites invasion and intraerythrocytic development, making them good

targets for antimalarial drug discovery [35].

Glycolysis: The anaerobic glycolytic biochemical pathway is crucial for the Plasmodium

parasite as it serves as the only source of energy in the erythrocytes stage. Lack of a functional
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tricarboxylic acid cycle (TCA) or Krebs cycle makes the parasites vulnerable because it relies
on the fermentation pathway for energy for its metabolic processes. This process is facilitated
by p. Falciparum lactate dehydrogenase (LDH), a key enzyme that converts pyruvate into L
lactate, simultaneous oxidizing NADH cofactor to NAD+. P. falciparum-LDH differs
considerably from its mammalian LDH isoform, suggesting that specific inhibitors for P.
falciparum-LDH can be developed, thus making P. falciparum-LDH an idea antimalarial target
[42-44].

Heat shock protein 70 (Hsp70): Plasmodial (Hsp70) chaperones, especially Hsp70-z
(PfHsp70-z) and PfHsp70-1, which occur in the cytosol, are emerging as potential antimalarial
targets. One of Hsps' most important functions is to aid the catalysis of protein folding. It is
crucial for malaria parasites' survival, growth, and toxicity [45-47]. Hsps are thought to play
an important role when malaria parasites infiltrate their host cells and develop in hepatocytes
and red blood cells. Hsps are thought to preserve proteostasis in malaria parasites when exposed
to unfavourable conditions in the host environment. Therefore, Inhibiting Hsp70 activity would
be harmful to the parasite[48, 49].

Figure 1.6 illustrates various targets associated with antimalaria agents.
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Figure 1.6. Malaria therapeutic targets with associated drugs [50].
1.3.2 Antimalarial drugs and their classification
Various antimalarial drugs act on different stages of the Plasmodium life cycle and are useful
for chemotherapy and prophylaxis. The antimalarial drugs that have been used for treatment

includes quinolines, artemisinin, antifolates and antibiotics [51].
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1.3.2.1 Quinolines
Quinoline belongs to a class of heterocyclic aromatic compounds with benzene and pyridine
fused at two abject carbons. Numerous variations on quinoline compounds have resulted in
different class antimalarial compounds based on their structure, for example, 4-
aminoquinolines, like chloroquine and amodiaquine, 8-aminoquinolines such as primaquine;
4-quinolinemethanols, e.g., mefloquine; quinoline-containing cinchona alkaloids, e.g., quinine

and quinidine.

1.3.2.2 Mechanism of action for quinoline drugs
Quinoline based antimalarial prevent the detoxification process of the parasite during
haemoglobin hydrolysis in the food vacuole during the intraerythrocytic stage. The breaking
down of haemoglobin produces amino acids and a by-product called ferriprotoporphyrin X
(FPIX) heme. Accumulation of oxidised form of free FPIX heme is lethal to the parasite by
causing lysis of the cell membrane and affect the function of lysosomal enzymes [52]. The
parasite detoxifies it by polymerising at least 95% of FPIX into brown insoluble pigment
known as hemozoin (non-toxic) using heme polymerase enzyme [53], as illustrated in Figure
1.7. Upon treatment with CQ, it forms FP-IX-CQ complex with free FP-1X, which then
accumulates in the food vacuole, inducing oxidative stress, which may lead to peroxidation of
the membrane lipids, oxidation of proteins and damage of DNA, thus causing demise to the
parasite. CQ's basic side chain is critical for antimalarial activity because it promotes CQ
accumulation in the food vacuole, inhibiting heme polymerization. [54, 55]. The SAR studies
have shown that when an aryl group replaces the basic side chain of CQ, it improves in vivo

antimalarial activity, which has given birth to other quinoline analogues [56].
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Figure 1.7. Proposed mechanism of CQ and other quinoline based antimalarial drugs.

Francis Kayamba 9 UKZN-2021



Chapter 1

Table 1. The structure of quinoline based antimalarial drugs and their associated side effects.

Classification Description

Quinine

Quinolines

It was the first on antimalarial line-up drugs
extracted from the cinchona tree by Pierre
Joseph Pelletier and Joseph B. Caventou in
1850. It remained a frontline malaria drug

until the 19" contrary.

Side effects

Tinnitus, mild headache, muscle
weakness, vomiting,
hypoglycemia, cardiovascular
effects, vertigo, visual disorders

and hypotension

References

[57]

Cl

CQ was the first synthetic antimalarial drug
discovered in 1934. It was an efficient and

cheaper alternative to quinine.

Malaise, itching, headaches, visual
impairment, gastrointestinal upset,

cardiovascular effects and seizure

[58]

Amodiaqguine

Cl

o
HN/@/NM
X

~

N

It was introduced in the 1970s as an
alternative to CQ owing to it being active
against CQ resistant strain for both P.
falciparum and P. vivax. Used to treat
uncomplicated malaria and less toxic to
HIV patients with compromised immune

systems

Abdominal
vomiting and itchiness, headache,

cramps,  nausea,
vertigo, insomnia, gastrointestinal

upset, cardiovascular effects,

depression, dreams and fatigue

[59]
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Mefloquine Introduced in the 1970s by the US army | Abdominal pain, diarrhoea, [60]
institute of research during Vietnam was | vomiting, and nausea to
HH p another synthetic derivative of quinine with | neurological disorders such as
\H high hydrophobicity than CQ. hallucination, insomnia,
CF3N/ CF3 convulsion and anxiety disorders
Piperaquine It was developed by the chinse in the 1960s | nausea, headache, dizziness, and | [61]
(NN and adopted as a frontline drug to address | listlessness
N NN . :
N | N resistance in CQ. It was used for the
prevention and treatment of malaria until
Cl Cl the emergence of resistance in PRQ saw a
decline in usage as monotherapy in 1990
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1.3.23 Artemisinin

Artemisinin was discovered in 1972 by Tu Youyou, a Chinese scientist awarded a 2015 Nobel
Prize in medicine. Artemisinin was from the herb Ding Hao, known as Artemisia annua in
Latin. It was used for 200 years to treat intermittent fever by the ancient Chinese. The Chinese
discovered that the extracts from Artemisia annua displayed good antimalarial activity in mice
with lower toxicity than CQ and quinine, including being active against CQ resistant strain
[62]. Structurally, artemisinin is a sesquiterpene lecton peroxide with poor solubility in water
and oil and low oral bioavailability.

1.3.24 Mechanism
The endoperoxide bridge is crucial for antimalarial activity, demonstrated after artemisinin
without endoperoxide was isolated from urine displayed reduced activity. According to studies,
ART is permeable in the cell membrane, and because of its poor solubility, it can be transferred to all
cell membranes. When art comes into contact with heme, it produces potentially hazardous oxidative
oxygen species (ROS). ROS levels that are too high produce relatively non-specific damage. A
portion of ART penetrates mitochondria in some species, where it may be potent and have specific
damages, as illustrated in Figure 1.8. Mitochondria and ART interact in malaria parasites and Baker's
yeast, causing mitochondrial dysfunction, but no mitochondrial activity was seen in mammalian cells.
The process through which mitochondrial ART is activated is unknown [63-65]. Also, artemisinin
and derivatives may inhibit Sacro/endoplasmic reticulum Ca?*-ATPase (SERCA) owing to

structural similarity with thapsigargin [66].

'Cg ART

/_ﬁ plasma membrane
Heme = ROS \
: )

i
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mitochondila...

other
membrane

Qructures

Figure 1.8. Proposed mechanism for artemisinin mediated through generation of ROS [65].
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Table 2. The structure of artemisinin-based antimalarial drugs and their associated side effects.

Description Side effects ‘ Reference

Antimalarial lactone derived from Qing Hao, a | Nausea, headaches, | [62, 64]
o ) o Chinese herb. Artemisinin was first isolated | abnormal bleeding,
Artemisinin Dihydroartemisinin Artemether ) o
from a plant in 1971. itching and dark

) ) ) urine
Despite  artemisinin  displaying  excellent

antimalarial properties, it had poor solubility in

water and oil and low oral bioavailability.

Semi-synthetic analogues, namely artemether
artesunate, artemisone and artemiside from
Artesunate Artemiside Artemisone | gipvdroartemisinin which showed improved
solubility and antimalarial activity, were further

developed.
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1.3.25

Antifolates are a class of drugs used against the synthesis of folic acid essential for parasite

Antifolates

survival. Antifolates are used for both chemotherapy and prophylactic treatment. This
antimetabolite inhibits the activity of dihydrofolate reductase (DHFR), preventing the
formation of folic acid derivative tetrahydrofolate cofactors necessary for the synthesis of
essential amino acids such as methionine and nucleic acid for cell development [67]. Table 3

shows classes of antifolates antimalarial drugs: Type I and |1

Table 3. Structure of antifolates antimalarial drugs; Type | and type II.

Type | antifolates Type Il antifolates

L ;i c
s Lo vy N ey
0 SN 07 A7 NTN
HZNO o H)\O/fo H,NTN 0~ N
_0 H,N"'N
Dapsone Sulfadoxine . . .
P Trimethoprim Cycloguanil
H,N
Lo ¥, " o v N
SN L1 HN- NO
H o_ o E N ol N—ﬁ \_\—O
NH
2
o N a—Qa
‘ =
Sulfalene Sulfadiazine HZNJ\N -
Pyrimethamine WR99210
005 OH
NS Ny N OH
H,N N 0
Methotrexate

Type 1 antifolates: Sulfonamides and sulfones are para-aminobenzoic acid (PABA) -like a
structure that inhibits the synthesis of 7,8-dihydropteroate, a precursor of dihydrofolate, by
competing with PABA for the active site of dihydropteroate synthase (DHPS).
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Type 2 antifolates: These are antimetabolites with a pteridine ring-like structure that inhibits
the parasite DHFR, catalysing the conversion of dihydrofolate to tetrahydrofolate using the

nicotinamide adenine dinucleotide phosphate (NADPH).

1.3.2.6 Antibiotic drugs
Many antibiotics have shown good antiplasmodial efficacy, and those with moderate activity
are used in conjunction with potent antimalarial medicines. Examples of these drugs with their
associated side effects are displayed in (Table 4) [68]. Other antibiotics, such as azithromycin

and clindamycin, have also demonstrated good antimalarial activity [69].

Since 1950, tetracycline has been used to treat malaria where its antiplasmodial activity targets
the plasmodial mitochondrion and apicoplast, home to the genome, halting prokaryote-like
RNA polymerases tRNAs and proteins, and preventing prokaryotic transcription of bacterial
activity. It is recommended for the treatment of uncomplicated P. falciparum malaria in
conjunction with other antimalarial agents, such as QN or ARTS. Doxycycline is effective for
both the treatment and prevention of P. falciparum malaria in multidrug-resistant regions.
Fosmidomycin is another antibiotic that displays antimalarial activity by inhibiting 1-deoxy-
D-xylulose-5-phosphate reductoisomerase (DXP) essential for cellular function in the
mammalian host by acting on apicoplast to prevent isoprenoid biosynthesis in the mevalonate
pathway [70, 71].
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Table 4. Malarial antibiotic drugs with associated side effects.

Classification Description Side effects
Antibiotic Tetracycline Tetracycline and its analogues such as, Doxycycline | photosensitivity, [68, 69]
o W and minocycline, are antibiotics that displayed good | vaginitis,  thin  skin,
{2 _on antimalarial properties whose efficacy is achieved | nausea and vomiting
O®®‘ NH, when combined with schizonticidal agents such as T
astrointestinal  effects,
OH 0 OH O 0 QN and ACTs. -
thrombophlebitis,
Doxycycline . . . . .
yey The targets include plasmodial mitochondrion and | hypoplasia, rash,
H\N/ apicoplast, and bacterial activity targets prokaryotic | dermatitis.
: = ~_OH .
Oa@‘ translation.
NH,
OHO OHO O
Atovaquone It is active against all species of Plasmodium. It is | Vomiting, diarrhoea, | [72]
HO o taken in synergy with proguanil, where they alter the | abdominal pain,
‘ ‘O electron transport and membrane potential necessary | headache, cough, rash,
Q © for proteins and small molecules transport in and out | fever.
Cl
of the organelles. It also inhibits the cytochrome bcl
complex, which prevents the respiratory chain
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required for the coenzyme Q regeneration, essential

for pyrimidine biosynthesis.
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1.3.3 Drug toxicity

Drug toxicity is the harm posed by given therapy during the treatment, leading to different side
effects. The toxicity of the drugs depends on the dosage, and its effects may cripple the entire
system or vital organs like the liver. It happens when the side effect of the medicines supersedes
the therapeutic effect of the dosage. Sometimes, the medicine may be both active and toxic at
the same time [73]. Studies have shown that drug toxicity is among the leading cause of death
in many countries [74-76]. Side effects of the antimalarial drug range from mild to severe. The
diverse toxicity reaction of some antimalarial drugs has resulted in limitations in their usage.
Sometimes toxicity occurs over a prolonged drug regimen or dosage. Studies have shown that
side effects of antimalarial drugs would be severe in patients of specific groups such as small
children, older adults, pregnant women, and those with compromised immune systems or who
suffer from other diseases [77, 78]. Antimalaria drugs with their associated toxicity are

mentioned in tables 1- 4.

1.3.4 Plasmodial drug resistance

Plasmodial resistance is a reduction in the efficacy of available antimalarial drugs enabling the
parasite to persevere even after treatment. Efforts to mitigate and fight malaria have resulted in
the parasitic mutation causing insensitivity to formally effective antimalarial drugs and severity
of the sickness. Resistance is documented mainly in P. falciparum and P. vivax species, the
strains responsible for human infection and fatality, in almost all available malarial drugs.
Therefore, malaria remains a world health concern causing an increase in mortality and
morbidity, which commands a height financial bill for replacement therapy. Resistance has
often led to a compromise in using the current frontline antimalarial drugs for treatment [79].
Resistance is proliferated through the interactions of parasites with the human, carrier, drugs

and the environment.

Drug properties: The drug pharmacokinetics and pharmacodynamics can lead to resistance by
allowing the parasite to mutate for survival owing to the hydrophobicity of drugs with a long
half-life that perpetuates in the system. This results in a change in the dose-response or

concentration-effect relationship of the antimalarial drugs [80, 81].

Parasite properties: The parasites can evolve or mutate by adjusting the receptor of drugs,
which has prompted an ascent in the incidence of resistance. The frequency of mutations
corresponds directly to plasmodial resistance growth. The mutant can alter the permeability or

transport of the membrane, consequently diminishing the drug absorption [82].
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Drug interactions: Resistance which sprung from excessive use of antimalarial drugs,

erroneous dosage, and deficient treatment [83].

Environment factors: The genetic expression of a parasite is influenced by the environment,
such as host temperature and nutrients, which can bring about resistance, prompting a selective
host response. The environmental factors, for example, physiological, biochemical, and
behavioural processes, enhance growth and host exploitation of the parasite and thus virulence.
The degree of transmission influences the proliferation of drug-resistant Plasmodium. The low-
transmission region has an increased risk of developing drug resistance because infections
usually manifest symptoms, and patients are treated promptly, thus increasing the exposure to
antimalarial drugs. On the other hand, high transmission regions have a minimal risk of
developing drug resistance owing to infections rarely showing symptoms, with patients barely
exposed to antimalarial drugs [84]. Resistance has been reported in almost all antimalarial
drugs, and the chronology of resistance against common antimalarial drugs is shown in Table
5

Table 5. Development of resistance against common antimalarial drugs in chronological

order.
Antimalarial drug Introduction year First resistance case
Quinine 1820 1910
Chloroquine 1947 1957
Proguanil 1948 1949
Sulfadoxine/Pyrimethamine 1967 1967
Atovaquone 1977 1982
Mefloquine 1977 1985
Artemisinin 1972 2009

Chloroquine; P. falciparum CQ resistance first arose in Colombia and Thailand in the 1950s
after World War 11 and quickly spread to other parts of the world such as South America, South-
East Asia, and India in the 1960s and 70s. The case of chloroquine resistance was reported in
Africa in the 1970s. At present, P. falciparum chloroquine-resistant strain has spread

throughout malaria-endemic regions [85]. The tropical regions have shown chloroquine resistance,
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but all ACT sensitive are highlighted in red in Figure 1.9. Furthermore, artemisinin resistance and ACT
failure have been seen in Myanmar and Thailand, as represented by green and brown colours.
Subtropical countries have no indigenous P. falciparum, while others are on the verge of eradicating
malaria.

[ Countries with ACT failure

3 Country with artemisinin
resistance but no ACT failure

B Chloroquine resistant but
all ACT sensitive

[ Chloroquine and all ACT
sensitive

[ Countries approaching
malaria elimination

[ No indigenous P falciparum
malaria

Global cases 2000-15 Global deaths 2000-15
400
1000
300
o L ™
& N 2
x x
%‘ 200 "E‘ 500
= 8 Vietnam
100
Cambodia
0 T T 1 0 T T 1
2000 2005 2010 2015 2000 2005 2010 2015
Year Year

Figure 1.9. Global distribution in resistance of CQ.

Chloroquine resistance is aided by P. falciparum-CRT, an enzyme that impedes chloroquine
efficacy by efflux it from the food vacuole, its site of function. P. falciparum-CRT prevents
the transportation of CQ through the membrane, and its genetic mutation found at position 76,
where Lysine is changed to Threonine (K76T), is a cornerstone for resistance [86]. Other
resistance-related mutations occur at amino acid 72-75 that include C72S, M74l, N75E and

N75K, which alters the membrane's pH gradient, making it unfavourable for CQ uptake in the
food vacuole [87, 88].

Mefloquine; The overuse of quinine prompted mefloquine resistance before its development.
Resistance in mefloquine is associated with the mutation of P. falciparum-MDRL1 protein. Its
ATP-binding domain faces the cytoplasm that promotes the uptake of drugs into the vacuole
through the vacuole membrane [89, 90]. Furthermore, the mutation of ATP dependent-P-
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glycoprotein pump homologue encoded by the MDT gene family aided mefloquine resistance.
The P. falciparum-MDR1 gene is responsible for resistance to other mefloguine related drugs.
Other resistance-related P. falciparum-mdrl gene mutations include N86Y, Y184F, S1034C,
N1042D and D1246Y [91].

Certain antimalarial drugs with comparable structure and biological action can show cross-
resistance, such as mefloquine, quinine and halofantrine [92]. Also, CQ treatment has
instigated cross-resistance in mefloquine in malaria-endemic regions. Although CQ and
amodiaquine show cross-resistance, some CQ resistance parasites remain susceptible to
amodiaquine [93]. The main mutation locations of the P. falciparum- CRT (A) are marked in

a red point in Figure 1.10, whereas other mutants are indicated by yellow and black dots.
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Figure 1.10. P. falciparum- CRT (A) with the primary mutation at position 76 is shown by red
spot and other mutants by yellow and black spots [94]. P. falciparum-MDR1(B) with the

modification shown by red spots [95].

On the other hand, the first resistance occurrence of the antifolate viz pyrimethamine and
proguanil combination therapy occurred in 1950. Resistance is associated with gene encoding
mutation of the antifolates target enzymes P. falciparum-DHFR and P. falciparum-DHPS,
which adversely affects the enzyme-binding affinity [96]. The resistance mutants of P.
falciparum-DHFR began in Southeast Asia before spreading to Africa. The resistance of
pyrimethamine in P. falciparum is caused by a four-point mutation of P. falciparum-DHFR,
i.e. N511, C59R, S108N and 1164L [97]]. These mutations modify the binding pocket of the
enzyme, thereby decreasing the binding potential of pyrimethamine. Resistance in cycloguanil
is associated with double mutation, A16V / S108T in P. falciparum-DHFR; however, these
mutants are prone to pyrimethamine [98].
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The resistance of type | antifolate confers with a double mutation in P. falciparum-DHPS
A437G / K540E amino acids [99]. Further, modifications at S436A/F, A581G and A613S/T
improve the resistance of type | such as sulfone diapses, sulfadoxine, and sulphonamides as
depicted in Figure 1.11 [100].

A16V mutation; Rare; mainly allied to cycloguanil resistance S436A mutation
|:| C50R, N511, C59R mutation boost pyrimethamine resistance |:| A437G and K540E allied to sulphadoxine resistance
I S108N or S108T Key mutation in pyrimethamine resistance I A581G mutation
D 1164L mutation; key in SP resistance D A613S mutation
(A) (B)

Figure 1.11. Mutation in P. falciparum-DHFR (A) and P. falciparum-DHPS (B) associated
with resistance in certain antifolates [101].

Resistance in artemisinin is conferred to mutation of the variant allele at L263E in the binding
site of P. falciparum-ATP6 or of P. falciparum, thus impede its effective antimalarial action
[102]. Also, resistance is brought about by triple point mutation at S1034C, N1042D and
D1246Y in P. falciparum-MDR1 enzyme, a comparable mutation responsible for CQ

resistance [103].

Atovaquone resistance arose from a mutation in the binding site of P. falciparum Cytochrome
bcl (pfCYThcl) at the Y268S position, thereby reducing the susceptibility of a drug to the
parasite [104].

1.3.5 Combinational therapy

The prevalence of antimalarial drugs resistance has contributed to the limited use of mono-
drug therapy to treat malaria. However, drug efficacy can be preserved by using combination
therapy in which two or more drugs with different biochemical targets and modes of action are
administered [105]. The benefit of combination therapy is that a pathogen can't resist two or
more drugs; thus, decrease or delay resistance development. Drugs with no cross-resistance
can be effective against the presence of a particular resistant mutant [106]. Artemisinin
combination therapy (ACT) was first recommended as a first-line drug to treat uncomplicated
malaria in Southeast Asia. WHO is increasingly recommending it as a frontline throughout the
world. A quick-acting artemisinin-based compound with a short half-life is used in conjunction

with a comparatively slower drug of a different class. This combination enables the artemisinin

Francis Kayamba 22 UKZN-2021



Chapter 1

derivative to continue at parasiticidal concentration until the parasite is wiped out, thereby

ultimately protecting the artemisinin compound from resistance. The presence of a slower drug

partner helps reduces the dosage scheme to three days; however, the short life of the artemisinin

derivative only offers partial protection of the other drug counterpart. Examples of combination

therapy are given in (Table 6).

Table 6. Examples of antimalarial ACT.

Sulfadoxine-pyrimethamine
(SP)

It is branded as Fansidar, cheap, easy dosage and has
fewer side effects. It was developed as an alternative to
CQ resistance. Case of resistance in SP is reported.
Fansidar efficacy can be retained when used in
combination with CQ, mefloquine and amodiaquine [96,
107-109].

SP with CQ or amodiaquine

It was used to treat uncomplicated malaria. PS with CQ
or amodiaquine is more efficient against all
intraerythrocytic parasites. Fansidar/amodiaquine is more
effective therapy than Fansidar-CQ, the only setback side
effects such as agranulocytes and liver damage [110,
111].

SP/Quinine

Boosted drug efficacy, subsequently reducing dosage

regimen quinine from seven to four days [112, 113].

SP/mefloquine

Branded as Fransimef and its use declined due to the

emergence of resistance [114].

Quinine-antibiotics

Antibiotics used include tetracycline, doxycycline,
clindamycin, and azithromycin show better efficacy
against drug-resistant malaria. Quinine—clindamycin
combination is safe for pregnant women and small
children [115, 116].

Artemether-lumefantrine

Coartem Riamet and Lanart used to treat uncomplicated

malaria. It was effective against P. falciparum-MDR.

Francis Kayamba

23 UKZN-2021



Chapter 1

Artesunate-amodiaquine Coarsucam used in certain Africa nations as a frontline

drug for uncomplicated malaria.

Artesunate-mefloquine Artequin: used in Thailand for uncomplicated malaria as

an alternative to mefloquine

Dihydroartemisinin-piperaquine | Artekin; used to address multi-drug malaria resistance in

China, Vietnam, Thailand, and Cambodia.

Atovaquone-proguanil (AP) Malarone; used for uncomplicated malaria therapy and
prophylaxis, including treatment CQ resistant malaria.
Three-day course drug regimen [117]. Safer for pregnant

women and young children [118-120].

In addition to the combinational therapy strategy for delivering malaria medication as shown
in Table 6, current drug development programmes focused on finding the novel mechanism of
action acting on vast biological pathways such as haem detoxification, cyclic amine resistance
locus, UDP-galactose and Acetyl CoA transporters, P-type sodium transporter ATPase 4, P.
falciparum dihydrofolate reductase, phosphatidylinositol 4 kinase, and Plasmodial
dihydroorotate dehydrogenase (DHODH). Potential antimalarial candidates under pre-clinical

and clinical trials with their associated targets are presented in Table 7.
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Table 7. Potent antimalarial candidate currently under clinical and pre-clinical trials

Antimalarial drug = Chemical class Developmental stage Mechanism of action/target

0z439/ FQ Trioxolane Phase 1l b Haem detoxification

GNF156 Imidazopiperazine Phase I1b Cyclic amine resistance locus, UDP-galactose and
Acetyl CoA transporters

NITD609 Spiroindolone Phase Il study completion P-type sodium transporter ATPase 4

P218 2,4-Diaminopyrimidine VIS for prophylaxis P. falciparum dihydrofolate reductase

MMV390048 2-Aminopyridine Phase lla Phosphatidylinositol 4 kinase (P14K)

UCT 943 2-Aminopyrazine Pre-clinical trials Phosphatidylinositol 4 kinase (P14K)

DSM265 Triazolopyrimidine Phase lla Plasmodial dihydroorotate dehydrogenase
(DHODH)
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1.4 Origin of my research

According to the available literature, malaria continues to be a health challenge in Asia, Americas
and mainly in the Sub-Saharan region of Africa and accounting for 70% of the incidence. Also,
countries such as SA that have low malaria incidence continues to face problems due to
neighbouring malaria prevalence countries like Mozambique and Zimbabwe, as well as travellers’
coming from endemic countries. Managing malaria in affected regions remain a challenge owing
to lack of clinical experience, patients’ adherence to treatment, inadequate availability of
diagnostics or second-line drugs presents the risk of developing resistance to available drugs. This
has significantly contributed to the growth of resistance to the current frontline drugs. This needs
alternative therapy, which stimulates a rigorous and inclusive development strategy to offer lead
optimized compounds to address the current malaria management challenge. A more
comprehensive exploration of the pathogenesis of the parasite with related interactions with the
host would also be crucial to identifying novel validated targets for antimalarial potential future

lead optimization.

Pyrimidine is one of the well-known lead pharmacophores with a wide range of medicinal
properties. The central nucleus in drugs, namely pyrimethamine, minoxide, thiamine,
trimethoprim and sulfadiazine, possess antiparasitic, antihypertension, anti-inflammatory and
antibacterial, respectively [121]. Furthermore, in P218, a possible antimalarial candidate under
clinical trials, VIS for prophylaxis which began in December 2018, pyrimidine is an essential
moiety. Antimalarial pyrimidine-based compounds target P. falciparum-DHFR, an enzyme that
catalyses dihydrofolate reduction to tetrahydrofolate using NADPH as an electron donor. This
reaction is essential for the de novo synthesis of purines and certain amino acids needed for DNA
biosynthesis [122].

Natural products without adverse effects showing vast potential to modulate the immune response
and inhibit the resistance mechanism were also exploited in a quest to develop lead candidates.
Chalcones are natural products that, among other medicinal properties, have shown promising
antimalarial properties. In addition to an enone (o, B-unsaturated carbonyl), the diphenyl groups
on the chalcone were crucial for antimalarial activity. They were incorporated in the design linked
to the fourth and sixth positions of the pyrimidine core, thus forming a modified pyrimidine

pharmacophore as illustrated in Figure 1.12.
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Figure 1.12. Rationally designed pyrimidine-based pharmacophore.

The modified pyrimidine pharmacophore (3) became the foundation we envisaged to synthesize
the three series of hybrid molecules using the molecular hybridization approach as antimalarial
agents, as shown and executed in chapters 3 - 5. This research work will be beneficial and enhances
the importance of pyrimidine moiety incorporated with other pharmacophores, for example,

cinnamoyl, triazole and quinolines for antimalarial activity.

Another pharmacological antimalarial scaffold, such as quinoline inspired from chloroquine, was
used in the design and synthesis. Once known for antimalarial with a good toxicity index, CQ has
been employed as a critical moiety in the search for reverse resistance by the hybridization
approach. Structure-activity relationship (SAR) studies have shown that the basic tail of CQ and
other related drugs such as amodiaquine and hydroxychloroquine is lipophilic, and it enhances the
passage through the plasma membrane. Given this fact, diamine alkane linkers, including,
piperazine will be incorporated in designing the molecule. Therefore, the design of hybrid
analogues in chapter 3 contains a pyrimidine pharmacophore amalgamated to CQ linked through

diamine alkane linkers.

Another new lead inspired by a natural source is the cinnamoyl derivative which resembles a
Dehydrozingerone (DZG). Cinnamoyl derivative is a semi-structural analogue of curcumin.
Cinnamoyl derivative, when merged to rifampicin framework through piperazinyl, increased its
antibacterial activity by 10-fold. Cinnamoyl based compounds are known for their variety of
pharmacological activities, namely antibacterial, anticancer, antifungal, antimalarial, anti-
inflammatory, antidepressant, antioxidant etc. [123-126]. In chapter 5, the lead pyrimidine motif
was hybridized to cinnamoyl derivative pharmacophore through a piperazine linker to afford

potential antimalarial agents.
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In the third series, the hybrid analogues were inspired by 1,2,3-triazole pharmacophore. The
triazole scaffold, when merged to CQ derivative, enhanced the polymerization of heme. Triazoles
also have displayed a spectrum of biological activity, including antimalarial properties. In chapter
4, we have foreseen the synthesis of the lead compound containing pyrimidine motif and 1,2,3-

triazole scaffold linked by piperazine as potential antimalarial agents.

Therefore, in this research work, we anticipated the synthesis of quinoline, triazoles and cinnamoyl
derivatives fused to a pyrimidine core using diamine alkane as a linker as potential antimalarial
agents with anticipation to present inhibitors that would be active against the blood and liver stage
of the parasite potential for both treatment and prophylaxis. Different substituents such as
methoxy, fluoro, chloro, methyl and ethyl groups were used for bioisosteric replacements to afford
a library of compounds in the hope to improve the antimalarial activity. Presented hereby is a
library of hybrid molecules, all based on pyrimidine as a primary moiety. The pyrimidine motif
was fused with quinoline for the first series, cinnamoy! core for the second core series and 1,2,3-
triazole core for the third series, yielding three different families of compounds which are

presented in three different chapters.

1.5  Research objectives

The emergence of resistance of the Plasmodium species on the frontline drugs has led to malaria
emerge as a global health concern in modern-day drug therapy. Prioritisation of presenting new
drugs that may address the shortcomings of current antimalarial chemotherapy deficiencies is
required. The medicinal chemistry, central in drug discovery and development, seek to introduce
new drug entities. It endeavours to synthesise novel chemical entities, modify existing scaffolds,
amalgamate two or more bioactive molecules through hybridisation strategy, bioisosteric
replacements, and optimisation of natural compounds in a quest to identify promising leads.
Heterocyclic scaffolds with one or more heteroatoms have become essential in drug discovery,
which is evident from the fact that more than 95% of the commercial drugs are based on
heterocyclic scaffolds. The present study project was undertaken because of these facts. The aims

and objectives of the current research work are;

1. To conduct a substantial literature survey to identify new chemical entities as promising

antimalarial agents (Identification of a research gap and defining the scope of proposed work).
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2. To synthesize a library of novel series of pyrimidine based molecular hybrids amalgamated
with the following promising scaffolds:
I. 1,2, 3-triazole
ii. Cinnamoyl and
iii. Quinoline.

3. To purify the synthesized compounds through chromatographic methods viz. column (flash)
chromatography.

4. To elucidate the structures of synthesized compounds using modern art instrumentation (*H-
NMR, 3C-NMR, IR and High-resolution mass spectrometry).

5. To conduct the preliminary biological screening of the synthesized compounds for their
antimalarial activity.

6. To investigate the binding affinities of two essential cytosolic P. falciparum heat shock protein
70 homologues; PfHsp70-1 and PfHsp70-z.

1.6 Layout/ structure of the thesis

The thesis entitled ‘A novel library of pyrimidine-based hybrids as potential antimalarial
agents; design, synthesis, characterization and in vitro biological evaluation.” comprises the
work done by the author in the Synthetic and Medicinal Chemistry Laboratory at the School of

Pharmaceutical Sciences, University of KwaZulu Natal (Westville).

This thesis has been organized into six chapters. Out of six, three are presented as experimental

manuscripts and one as a review manuscript.

Chapter I: Chapter one of this thesis deals with the introduction along with background and a
brief overview of the literature of the proposed studies. This section gives an overview of the
statement of the problem, research questions, the aim and objectives of the study. The brief

methodology has been discussed to achieve specific aims and objectives.

Chapter I1: Chapter two is a mini-review paper that has been communicated to “Bioorganic and
Medicinal Chemistry Letters” Journal submission guidelines, entitled, “Lactate dehydrogenase

and Malate dehydrogenase: potential antiparasitic targets for drug development studies”.

Chapter I11: Chapter three looks at the design and synthesis of novel quinoline-pyrimidine using

a molecular hybridisation approach. The synthesized compounds are characterized by NMR, FR
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IR and FRMS and biologically evaluated for their antiprotozoal activity against a CQ-sensitive P.

falciparum. The compounds were further investigated for PfHs70 activity.

Chapter IV: Chapter four looks at the design and synthesis of novel cinnamoyl-pyrimidine using
a molecular hybridisation approach. The synthesised compounds are characterised by NMR, FR
IR and FRMS and biologically evaluated for antiprotozoal activity against a CQ-sensitive P.

falciparum. The compounds were further investigated for PfHs70 activity.

Chapter V: Chapter five looks at the design and synthesis of novel 1,2,3-triazole-pyrimidine using
the molecular hybridisation approach. The synthesised compounds are characterised by NMR, FR
IR and FRMS and biologically evaluated for antiprotozoal activity against a CQ-sensitive P.

falciparum. The compounds were further investigated for PfHs70 activity

Chapter VI: Chapter six summarises the main conclusions and future recommendations of this

work.
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Abstract

Parasitic diseases remain a major public health concern for humans, claiming millions of lives
annually. Although different treatments are required for these diseases, drug usage is limited due
to the development of resistance and toxicity. The victory over these impediments necessitates
alternate therapy. As per our literature review, parasitic Lactate dehydrogenases (LDH) and Malate
dehydrogenases (MDH) have shown unique pharmacological selective and specificity compared
to other isoforms, thus highlighting them as viable therapeutic targets involved in aerobic and
anaerobic glycolytic pathways. LDH and MDH are important therapeutic targets for invasive
parasites because they play a critical role in the progression and development of parasitic diseases.
Any strategy to impede these enzymes would be fatal to the parasites, paving the way for
developing and discovering novel antiparasitic agents. This review aims to highlight the
importance of parasitic LDH and MDH as therapeutic drug targets in selected obligate apicoplast
parasites. To the best of our knowledge, this review presents the first comprehensive review of

LDH and MDH as potential antiparasitic targets for drug development studies.

Keywords: lactate dehydrogenase, malate dehydrogenase, Plasmodium falciparum, Schistosoma

haematobium, cryptosporidium parvum.
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2.1 Introduction

Parasites are causative agents of many diseases that infect many living organisms. Despite various
control strategies, parasitic diseases such as malaria, leishmaniasis, cryptosporidiosis,
trypanosomiasis, schistosomiasis are still prevalent in tropical regions, with annual mortality rates
of at least 500 000 [1]. Their continued ability to develop resistance towards first-line drugs
necessitates the need for new drug treatment regimens [2]. The glycolytic pathway plays a central
role in the generation of ATP in the life cycles of most protozoan parasites; thus, the disruption of
the glycolytic pathway is regarded as a promising target, especially for novel drugs [3-7].
Specifically, Lactate dehydrogenase (LDH) and Malate dehydrogenase (MDH) have been
identified as key and potential enzymatic targets in the parasite’s glycolytic pathway. LDH
facilitates the interconversion of pyruvate and lactate while oxidizing nicotinamide adenine
dinucleotide (NADH) to NAD+. The regeneration of NAD+ enables the reproduction of ATP,
which is vital for cell survival and development [8-10]. MDH is a homologue of LDH, and together
with LDH, it contributes to the energy generation in some parasites [11, 12]. The primary function
of MDH is the interconversion between malate and oxaloacetate by hydride transfer of NAD+ or
NADP+ as cofactors (Figure 2.1) [3]. As described above, lactate and oxaloacetate can serve as
substrates in the generation of ATP for energy production. MDH also plays a significant role in
other metabolic pathways, including aspartate biosynthesis, malate-aspartate shuttle,
gluconeogenesis, and lipogenesis. Phylogenetic studies show that MDH and LDH emerged from
early gene duplication preceding in all three domains of life in a eukaryotic cell [14]. As such,
LDH is contained only in the cytosol, while MDHSs are present in the cytosol, mitochondria,

chloroplasts, and peroxisomes.

LDH
/ Pyruvate —————~  Lactate \
) NADH NAD+ ATP production
Glycolysis for parasitic energy
\ MDH j
Malate ———=—==— oxaloacetate

/7N

NAD+/NADP+  NADH/NADPH + CO2

Figure 2.1. The catalytic reactions of parasite LDH and MDH for energy generation.
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These two enzymes have a highly preserved tertiary structure representing a dynamic, active site
important for mediating the ligand-binding specificity. Furthermore, the site-directed mutagenesis
studies indicated an easy conversion between LDH and MDH specificity by mutation of certain
amino acids at specific sites [15, 16]. As a result, they have distinct characteristics differentiating
them from Human LDH (hLDH) and Human MDH (hMDH), making them suitable therapeutic
targets. As such, LDH and MDH have many roles in parasitic diseases caused by Plasmodium
[11], Trichomonas [7], Toxoplasma Gondii [6], Schistosoma [5] as well as Cryptosporidium
parvum [3], which are described further in detail in this review.

Most importantly, all the parasites mentioned above lack functional mitochondrion to generate
ATP through aerobic respiration [17]. The production of energy depends entirely on the catalytic
routes of LDH and MDH. Thus this heavy reliance makes the glycolytic pathway of these parasites
an ideal target. As a result, any attempt to stop or downregulate the activities of LDH and MDH
would have cidal implications for the parasites. Developing compounds with both LDH and MDH
inhibitory action would be a promising strategy in the fight against these maladies. A class of
compounds such as oxamate and gossypol have exhibited dual inhibition of LDH and MDH (Table
1). Given that LDH is a vital target in certain parasites, it can be deduced that MDH would be
essential. The parasites with their known inhibitors are highlighted in Table 1. The inhibition of
LDH and MDH in certain parasites may be a promising strategy for developing new antiparasitic

agents.

Table 1. Parasites with their potential inhibitors.

Parasites Potential Compounds Target enzyme  Activity  Reference
ICs0 (UM)

Plasmodium Azole, Gossypol LDH 0.14 [18-20]
Oxamate LDH/MDH 1.75/2.66

Trichomonas Quinolines-1,2,3- LDH 100.00 [21]

vaginalis triazolylcarboxamides

Toxoplasma Gossypol LDH1/LDH2 0.70/0.10 [22]

Gondii

Schistosoma Benziimidazole LDH nd [23]

Praziquantel
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Cryptosporidium  Gosspol, FX11, LDH 11.80 - [3, 24]
parvum NSC10447, 79.60
NSC158011

nt =not determined

The dual functionality of LDH and MDH as relevant targets in discovery drugs is one feature
of certain parasites that have been neglected. They have been shown to be complementary, and
when viewed together rather than separately, they can yield positive results. Formulating
compounds that target both enzymes in the parasite glycosidic pathway would thus be more
valuable. Therefore, this review endeavours to address the gaps identified in the literature on
LDH and MDH as therapeutic targets.

2.2 An appraisal of the inhibitory action of parasite-LDH and MDH by top inhibitors

In the treatment of parasitic disease, the emergence of drug resistance continues to be a challenge.
Malaria, for example, have already demonstrated resistance to first-line drugs like artemisinin and
artemisinin-based combination therapy (ACT) [25]. In schistosomiasis, PZQ resistance has been
reported, though the evidence is still inconclusive [26]. Toxoplasmosis has also been shown to be
resistant to mainstay drugs pyrimethamine and sulfadiazine [27]. One of the intriguing and
promising novel targets are LDH and MDH, with compounds such as gossypol, oxamate, azole
and quinoline already shown to be essential and active against them. Thus, this section delves into
the structure of the LDH and MDH enzymes and their top inhibitors.

2.2.1 Plasmodium

Malaria still claims about 409,000 lives, with an estimated 229 million cases every year, chiefly
in sub-Saharan Africa [28]. Plasmodium has shown resistance on nearly all mainstay antimalarial
drugs, and comprehension of the resistance mechanism is still challenging. More regrettable still,
no effective commercial vaccine has been developed [29].

Insights into the Plasmodium sp. glycolytic pathway may provide the basis to create a new
antimalarial candidate and sidestep resistance. The absence of a practical TCA cycle in
Plasmodium mitochondrion makes the parasite heavily rely on the fermentation of glucose and
minimal oxidation for energy [30]. This process is facilitated by PILDH, which has been validated
as a novel and potential antimalarial target [31]. PfLDH utilizes a rotenone-insensitive single-
subunit NADH cofactor (NDH-II) different from its mammalian counterpart, which uses NADH

cofactor NDH-1 suggesting an antimalarial that can selectively be targeted [16]. This process is
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key as the parasite enters the agamic stage of the Plasmodium life cycle in the erythrocytic stage
[30]. Bozdech and colleagues previously demonstrated that all glycolytic enzymes are upregulated
at the early trophozoite stage during the asexual cycle, coinciding with the time of maximal
metabolic activity by the parasite [32]. RNA transcriptional data demonstrated that PfILDH
expression is highest during the intracellular lifecycle stage and lowest at the schizont stage. Thus,
LDH is vital in the development of trophozoite, the success of the asexual metabolic process and
infection [33]. An infected cell consumes about 20-fold more energy, and thus hampering PfDLH
activity would be lethal to the parasite [30].

PfLDH shares ~90-92% phylogenetic similarities in catalytic residues and cofactor binding sites
with P. vivax, P. malariae and P. ovale. The crystal structure of PfLDH revealed a unique five
amino acids insertion loop next to its binding site indicated in blue (Figure 2.2). It modifies the
dislodgment of the nicotinamide ring and increases the volume of the active site. The loop
enhances the selective inhibitory activity, thus presenting a unique kinetic behaviour making
PfLDH an ideal antimalarial target [34, 35].

© Substrate specificity loop

Antigenic loop = lﬂl"
1

Figure 2.2. A comparative alignment of structural Human (H)LDH (cyan) versus PfLDH
(green) [36].

The binding of NADH in the PFLDH pocket is obstructed by steric hindrance of the nicotinamide
group resulting from weaker Hydrogen (H) bond formed between the carbonyl oxygen of the
amide and PfLDH. Thus, 3-acetylpyridine adenine dinucleotide (APAD), a synthetic analogue of
NADH, is preferred, about 200 to 300-fold more affinity than NADH derivative towards PfLDH
[37]. Also, PfMDH has been demonstrated to be a crucial plasmodium enzyme that complements
PfLDH activity in the fermentation process. PIMDH catalyzes the interconversion of malate to

oxaloacetate using APAD [11]. A stall of the production of ATP in P. falciparum may require
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inhibition of both PfLDH and PfMDH. Although PfMDH and PfLDH are similar in structure, they
differ in substrate-binding [34]. Figure 2.3 highlights a class of compounds that were shown to be
potent against PfLDH. Interestingly, oxamic derivatives are the only class of compounds known
to display dual inhibitory against PILDH (ICso=1.75 £+ 0.26 uM) and PIMDH (1C50=2.66 * 0,26

uM) [11].

Azole derivative (1) Gossypol derivatives Oxamc derivatives (4)

O Oy OH Oy OH O
HO

JS,——(OH HO HO W 0 0 O‘ N
N...N OO OO Hom)t H _
N HO N O
HO o H OH O

ICso=0.14 pM (2) ICso=0.14 pM (3) ICs5p=0.14 uM ICso=0.75 pM

Figure 2.3. Chemical structures of some known potent PfLDH inhibitors.

Azole derivatives displayed remarkable selective activity against the PFLDH with 1Cso of 0.14 uM,
as shown by compound 1. However, these compounds are discredited by their smaller size because
they get completely immersed in the active site pocket. Gossypol derivatives are another class of
compounds that showed good activity against PfLDH with an 1Cso value of 0.1 UM, as revealed
by compounds 2 and 3, respectively. They are highly cytotoxic, and further derivatization neither
improved selectivity nor activity. Lastly, oxamate derivatives are the only group of compounds
that showed good activity against PFLDH and PfMDH with ICso values of 1.75 and 2.66 uM,
respectively, corresponding to compound 4 [18]. In view of facts, the azole, gossypol and oxamate

would be vital moieties in formulating new anti-malarial candidates focusing on PfLDH as a target.

Krettli et al. (2011) [35] conducted an in-silico, and in vitro screening of 50 commercially
available drugs against PfLDH, which revealed atorvastatin, itraconazole and parconazole
possessed antimalarial activity, as depicted in Table 2. This entails that the drugs can alongside
potentially inhibit PfLDH in antimalarial activity and may be promising candidates when used in
synergy with other antimalarial drugs. For instance, atorvastatin showed an excellent synergistic
effect with quinine [35].
Table 2. Potent commercially available drugs against PfLDH [35].
Drug 1Cs0 (M)
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Atorvastatin 13.1+45
Itraconazole 9.3+0.8
Posaconazole 26+0.3

Similarly, chloroguine (CQ) and other quinoline antimalarial drugs demonstrated mild anti-PfLDH
activity by selectively forming Hydrogen bonds with Met30, Ile31 Thrl01, Ala244, Ser245 and
Pro246 amino acids exclusive to PfLDH. Although CQ and other quinoline antimalarial drugs
were not direct inhibitors of PfLDH, their anti-PfLDH activity added to the overall efficacy. Also,
studies have indicated that CQ lodges in the NADH cofactor binding pocket of PfLDH like the
adenyl group of NADH, making it a potential competitor of NADH [38]. Despite resistance in
most quinoline based antimalarial drugs, quinoline can still be considered a key moiety as a starting
point in the formulation of new antimalarial with complementary inhibition of PfLDH.

2.2.2 Schistosoma

Schistosomiasis is a waterborne disease caused by the blood flukes of the genus Schistosoma,
which infects 250 million people and an annual mortality of about 11,750 occurring Middle East,
Asia, South America and chiefly in the poor tropical region of Saharan Africa. Praziquantel (PZQ)
drug has been used as a first-line treatment choice for both treatment and prevention of
schistosomiasis, with efficacy across all parasite life-stages. However, the mass administration of
PZQ has enabled an environment ideal for the emergence of drug-resistant parasites, thus,

highlighting the need to seek alternative chemotherapy [39, 40].

Similarly, Schistosomiasis LDH (SLDH) is a crucial enzyme in the glycolytic biochemical
pathway, and it has been recognized as a potential target for both chemotherapy and prevention.
Although studies are still underway, SLDH has shown similar biological functions as the other
LDH isoforms. Its role is characterized by the production of lactate and NAD+ from pyruvate and
NADH cofactor. The lactate generated perpetuates the anaerobic respiration of the parasite, which
is the sole source of energy the parasites highly rely on [41]. As the schistosomula worm matures
into an adult in the host bloodstream, it triggers more production of lactate to meet the energy
demand [42]. Impeding the activity of SLDH will starve the parasite to death, and this serves as a

promising strategy for the development of schistosomiasis therapeutic drugs.
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Further probing on the mode of action of these molecules will be cardinal for mechanistic
elucidation and the development of new therapeutic anti-schistosomiasis candidates. A
schistosome species, Schistosoma mansoni (Sm) LDH, has been revealed to have significant amino
acid preservation responsible for substrate, coenzyme binding and catalysts with similarities
ranging from 25% -58% with other LDH isoforms [43]. In addition, studies have indicated that
antiserum antibody inhibited all LDH of Schistosoma species; Japoanicium (j), mansoni (m) and
haematobium (h) did not show any effect against the LDH from the rabbit muscles signifying a
selective inhibition [44]. Because of the facts mentioned, SLDH possesses disparities with other
LDH isoforms both in amino acid residue and inhibitory activity, a promising trait suggesting that

potential anti-schistosomiasis candidate is highly specific and selective to be developed.

An in vitro screening revealed that PZQ and levamisole inhibited both the reduction and oxidation
reaction of Cotylophoron cotylophorum (Cc) LDH activity. Furthermore, activity against CcLDH
increased following treatment with derivatives of benzimidazole, mebendazole, fenbendazole and
albendazole [23]. Therefore, because PZQ has been shown to be a strong inhibitor of SjLDH, it
can be extrapolated that benzimidazole and levamisole may be promising potent SLDH scaffolds.

Figure 2.4 shows compounds that are active against SLDH.

H O / H O / 0] o)
SN e SyrSeN_ 0 N -d
SO g sas
N N N
Albendazole Fenbendazole Mebendazole
(0]
N NN
H. N/>/ N
O

Levamisole Praziqunatel
Figure 2.4. Drugs that are potent inhibitors of SLDH.

2.2.3 Toxoplasma gondii
Toxoplasma gondii (T. gondii) is a single-cellular parasite known to cause Toxoplasmosis, that the
parasite infects a diversity of warm-blooded animals, including humans and domestic cats [27].

Toxoplasmosis has formally been reported to infect over one million people contracted mainly
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through ingesting food, water, vegetables and fruits infected with sporulated oocyst or tissue cysts
from raw meat [45]. In humans, it is considered as an opportunistic disease that mostly affects and
shows severe symptoms in individuals with weakened immune systems and pregnant women [46].
Toxoplasmosis infections are distributed statistically as follows; Brazil, 77.5%; Sao Tome and
Principe, 75.2%; Iran, 63.9%; Colombia, 63.5%; and Cuba, 61.8% [42, 47].

It is noted that T. gondii has two distinguishable LDHs; TgLDH1 and TgLDH2 expressed at
different stages in its life cycle [121]. These isoforms carry an amino acid sequence of 71%
similarity. TgLDH efficiently uses APAD (an NADH analogue) as a cofactor for the fermentation
process to generate energy that is crucial for the growth and survival of the parasite [22]. Halting
this process would serve as a way of formulating and developing new anti-toxoplasmosis drugs
[49].

Like PfLDH, the structure of TgLDH1 and TgLDHZ2 have five amino acid specificity loop adjacent
to an active site which enables it to be the rate step determinant in the catalytic action [50].
TvLDH2 insertion is similar to that of PfLDH, vaguely different from TgLDH1. These unique,
distinguishable feature of TgLDHs makes cofactor binding site of substrate different [50, 51]. The
activity of the two TgLDHs are crucial in the two central asexual stages of the parasite called
tachyzoite and bradyzoite [52]. The first stage is characterized by the rapid growth of the
tachyzoites. In the second stage, the residual tachyzoites instigate the development of tissue cysts,
which slowly matures into bradyzoite [53]. This transformation is significant in the transition and
pathogenesis of the parasite. Tachyzoites and bradyzoites have different energy requirements and
use different LDH in their biochemical metabolism [6]. Bradyzoites are not susceptible to drugs
because their stage lacks a functional TCA cycle and respiratory chain. They have demonstrated
resistance to both the immune system and chemotherapy and are responsible for recurring
infections. The pair LDHs expressed at different life stages give the parasite an adaptive trait for
diverse metabolic requirements necessary for a rapid replication of the tachyzoite stage or a

quiescent lifestyle typical of the bradyzoites [49 54].

The Tachyzoite stage has been attributed to acute infection liable for distributing the parasites to
the brains and other tissue. The Tachyzoite stages use LDH1 for the generation of its energy, in
the bradyzoites, a differentiation stage, LDH1 is transcripted into LDH2. LDH2 uses three-fold

more energy than LDHL1 [6, 54]. The bradyzoite stages are responsible for making the infection
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chronic. The growth of bradyzoites gradually forms latent tissue cysts, enabling perseverance for
longevity in the host and cause the transmission to another host without recycling through its
sexual stage [6, 54]. An immune deficiency of the host may cause the bradyzoites to revert to
tachyzoites and resuscitated infection. Both enzymes show almost identical catalytic activities
without any significant differences in enzyme kinetics. To probe the role of TgLDH during the
tachyzoite and the bradyzoite stages, Avery et al. (2017), engineered a knockdown strain which
was used to express LDH1 or LDH2 of which it slowed the growth rates in vitro, reduced virulence,
and decreased the development of cyst burdens in vivo [6]. The erasure of both LDH1 and LDH2
brought a more severe defect in chronic stage cyst burdens. Lactate dehydrogenases in T. gondii
are key to virulence, bradyzoite differentiation, and chronic disease and showed the potential of

LDH mutants as vaccine strains. No known drugs have yet been tested against LDH1 [6].

These differences will allow the development of specific and selective inhibitors of LDH1and
LDH2 [51]. Below is a list of compounds that show activity against both TgLDH1 and TgLDH2
(Figure 2.5).

Gossypol derivatives

Dihydroxynaphoic acid (1) Gossylic iminolactone (2) Gossylic lactone (3)
O-_OH N—o L NEPS
L0 W0 e
OH OH
- aSaceSlE s en e
OH OH
0 0
0 NH
(LDH1) IC5y=3.5 uM (LDHI) IC50 = 0.8 uM (LDH1) IC5 = 0.7 uM
(LDH2) IC50 = 0.9 uM (LDH2) IC50 = 0.1 uM (LDH2) IC5 = 0.5 uM

Figure 2.5. Some potent compounds for TQLDH: LDH1 and LHD2.

As highlighted in the figure above, gossypol derivatives were active against both TgLDHs, LDH1
and LDH2. Despite showing good activity of as low as 0.5 uM and 0.7 uM against LDH2 and
LDH2, respectively, their toxicity profile disadvantaged them [22]. Gossypol derivatives displayed
activity against LDH1 and LDHZ2, indicating a good starting point for the development of potent
anti-TgLDH for both LDH1 and LDH2 as well as PfLDH. Thus, gossypol will be an essential

scaffold in search of new anti-TgLDH drugs.
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2.2.4 Trichomonas vaginalis

Trichomonas vaginalis (T. vaginalis) is a motile protozoan that resides in the urogenital tract
responsible for the transmission of a common sexually transmitted infection (STI) called
trichomoniasis [55]. It affects both men and women, and World Health Organization (WHO)
reports annual newly recorded cases of about 270 million worldwide and around 3.7 million in the
United States alone [56]. Trichomoniasis is not life-threatening and curable, but it can be
devastating and raises the risk of adverse pregnancy outcomes such as premature labour and low
birth-weight of infants, prostate and cervix neoplasia, pelvic inflammation and vaginitis. It is also
known to increase the HIV viral load, thus increase the chance of spreading the disease during

unprotected sex [55, 57].

Likewise, understanding the T. vaginalis glycolytic pathway is crucial for the development of anti-
T. vaginalis agents. T. vaginalis only contains a motile and symptom-causing trophozoite stage
undergoing cell division. The trophozoites differ in magnitude and form, with a typical length and
width of 10 m and 7 um, respectively. It has been shown that chemical and temperature agitation
in trophozoites assist the conversion to pseudocysts, though it is poorly studied [58]. The energy
for the amitochondriate is produced by substrate-level glycolytic phosphorylation and metabolic
fermentation [54]. The hydrogenosomes, the energy powerhouse, are responsible for the anaerobic
generation of lactate and hydrogen (H2) using TvLDH gas via the oxidation of pyruvate (Figure
2.6). Pyruvate, together with CO», is proceeded from malate, a primary hydrogenosomes substrate
by oxidative decarboxylated using a NAD-dependent malic enzyme TvMDH. The process is a
complementary action facilitated by TvMDH and TvLDH, respectively, in the cytosol. As
illustrated in Figure 2.6, NAD+ produced from the conversion of pyruvate to lactate aided by
TvLDH and NADH cofactor becomes essential in oxidative recycling of malate in the

hydrogenosomes [59].

Malate » Pyruvate > Lactate

77N

NADPH NADP+ + CO, NADH NAD+

Figure 2.6. The biochemical pathway used to produce Lactate in Tv.

Trichomonas has two LDHs designed as TvLDH1 and TvLDHZ2, although the distinctive features

between the two are not well known. TvLDH is present in all trichomonas species, and their
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Hydrogenosomes possess unique reducing properties that would be a basis for chemotherapeutic
development. Traditional drugs such as metronidazole are useful for antitrichomonal action where

its nitro group is reduced in the hydrogenosomes metabolism [21].

The crystal structures of TvLDH and TvMDH that it possesses Arg91 crucial for coordinating the
C-4 carboxyl of oxaloacetate malate, which is replaced by Leu91 in TvLDH. TvLDH1 and
TvLDH2 revealed about 49.2 and 49.5% similarity in amino acid sequence, respectively and
shared ~323 amino acid positions to the TvMDH. TvLDH has about 33.5-44.5% similarity in
amino acid sequence with its counterparts. The similarities between TvLDH and TvMDH suggest
that agents that would inhibit the activity of TvLDH are more likely to be potent against TvMDH.
Another vital interchange observed is that Trp230 in TvMDH occupies Gly230 in TvLDH.

Furthermore, TVMDH and TvLDH are distinguished by two amino acids residues at deposits
Gly229 and Ser239. These residues enhance hydrophobic interaction with lactate-pyruvate
substrates. It is noteworthy to mention that TvLDH1 also display high activity on oxaloacetate,
which is a rare property for LDH [21]. The disparities in the amino acid sequence of the TvLDH
and TvMDH with other LDHs isoform allows the development of ligands that are highly specific
and selective towards Tv LDH and MDH [21].

Arg161

TvLDH TvMDH

Figure 2.7. Crystal structure of TvLDH1 and TvMDH.
No known drugs or molecules have been identified that inhibit TvLDH and TvMDH. Since 1960,

only metronidazole and other 5-nitroimidazoles, such as tinidazole have been used to treat Tv [60].
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However, like other drugs, these also suffer a fate of resistance. An imperative need to trade on
new roads and develop novel anti-Tv agents is necessary. The glycolytic pathway crucial to the

parasites has been informative and lay a foundation to create new drugs and evade resistance [27].

IC90 =100 MM

Figure 2.8. Quinolines-1,2,3-triazolylcarboxamides (QTCA-2), a potential inhibitor of TVLDH.

Compound QTCA-2 showed promising activity against TvLDH with an ICg value of 100 uM
prompting an in-silico screening that gave the binding free energy of -3.9 Kcalmol™ through H-
bonds with Arg48 and Thr239 and hydrophobic interaction through 1le16 and ile128. Other key
amino acids involved in the ligand target interaction included Gly11, Gly14, GInl5, Asp41, Val86,
Ala87, Ser88, Gly129, Asn130 and Phe238 [41]. Like in PfLDH, 7-chloroquinoline would be a

crucial moiety in the formulation of TvLDH agents.

2.2.5 Cryptosporidium Parvum

Cryptosporidium parvum (C. parvum) is a gastrointestinal parasite mainly responsible for a
waterborne diarrheal called cryptosporidiosis worldwide, especially in the USA [61]. Effective
treatment and vaccination of the parasite have not been approved yet, in any case, at present, only

nitazoxanide is endorsed for treatment [24].

Like in other parasites, C. parvum depends on anaerobic respiration for the survival of parasites.
It equally utilizes the enzyme, CpLDH to facilitate and attain its energy requirement [3]. The
structure of CpLDH possesses a conserved Metl63 residue that allows a better packing
environment for the acetyl group of APAD+. Lastly, there is a minute rotation of the pyridine ring
around the glycoside bond connecting N1 and C1, which moves the methyl group away from the

carbonyl oxygen atom of 1le138 and Met163. For the LDH/APAD+/pyruvate structure, this torsion
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angle is 132.2°, smaller than the one required for the three complexes that bind NAD+/NAD, which
needs a 144.8° to 146.0° angle. Although all these changes are relatively small, together, there are

enough to explain the higher activity that CoLDH shows towards APAD+ [61].

The structural elucidation of CpLDH revealed that it holds an antigenic loop at residue amino 210-
225 like PfLDH and TgLDH. Three amino acid deposits 11100, Pro101 and Gly102 of CpLDH
bulge out, forming the surface of the binding site cavity. CpLDH is not susceptible to inhibition
by excess pyruvates up to 20 M as in its human counterpart because of the smaller conformation
loop in the active site [122]. CpLDH has been revealed to be closely related to CoMDH in structure
and enzymatic properties. Arginine occupies the residue at 102 of the CoMDH active site, and this
single mutation is sufficient to alter and increase the substrate specificity by 3-fold [62]. Thus, any
strategy to inhibit the activity of CpLDH may inhibit CoMDH as well due to the overall similarity
in the architecture of CoLDH and CpMDH [61].

Ligands such as pyruvate, oxamate and lactate would occupy a similar position in the binding site
of CpLDH like PfLDH. The residues crucial for the interaction are Arg171 and His195, and for
selectivity is Tsp107 [61, 63]. Selectivity for ligands are more profound despite amino acids
sequential similarities in the active site, subtle structural or conformation differences of CpLDH
and CpMDH [122]. Figure 2.9 highlights potent CpLDH compounds.

Gosspol FX11 NSC10447 NSC158011

PLOOO COO™ ol
o T

S
0" OH O OH
IC50=11.8 uM ICs5p=39.5 uM ICsy = 46.33 uM 1C50=79.59 uM

Figure 2.9. Compounds that were potent against CoLDH [113,134].

2.3 Conclusion and future perspectives

In conclusion, glycosidic enzymes, especially LDH and MDH, have proven to be crucial in the
energy metabolic pathways of parasites mentioned above and are attractive as potential novel
targets. We discovered that most studies have only considered the activity of LDH, however, some
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have found that compounds that were active against the LDH would also be active against MDH
due to the close resemblance between the two. Moreover, LDH and MDH are examples of recently
evolved convergent enzymes that are complementary. Literature audit revealed that moieties like
gossypol, oxamate, azole, and quinoline have already been active against the parasites mentioned
above, especially plasmodium. In addition, this compiles a thorough understanding of LDH and
MDH structures of the parasite is needed to yield hit compounds that would have dual inhibition
in search of new drugs. With the current emergence of resistance on the mainstay drugs, these
targets would be an excellent starting point for developing LDH and MDH-focused antiparasitic

candidates to tackle certain parasitic diseases in future.
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Presently, artemisinin-based combination therapy (ACT) is the first-line therapy of Plasmodium falcipa-
rum malara. With the emergence of malaria parasites that are resistant to ACT, altemative antimalarial
therapies are urgently needed. In line with this, we designed and synthesised a series of novel N-(7-
chloroquinolin-4-yl}-N'-(4,6-diphe nylpyrimidin-2-yl Jalkanediamine hybrds (6a-7c¢) and evaluated
their inhibitory activity against the NF54 chloroquine-susceptible strain as a promising class of anti-
malarial compounds. The antiplasmodial screening revealed that seven analogues showed promising to
good activity with half-maximal inhibitory concentration (I1Csg) = 0.32 pM—4.30 pM. Compound 7a with

ﬁi:::jurfr hybrids 14-diamine butyl linker and 4-hydroxyl phenyl on fourth and sixth position of pyrimidine core showed
Quinoline the most prominent activity with an 1Csg value of 0.32 + 0.06 pM, with a favourable safety profile of 9.79
Pyrimidine to human kidney epithelial (HEK293) cells. The remaining six analogues showed moderate activity with
Antimalarial agents ICsp values ranging from 7.50 pM to 8301 pM. We further investigated the binding affinities of the
Malaria molecules to two essential cytosolic P falcparum heat shock protein 70 homologues; PfHsp70-1 and
Antiprowzoal PMHsp70-z Compound 7a exhibited the highest binding affinity for both PMHsp70s with Kp in a lower
gﬁe“‘%"e nanomolar range {44—114 nM ). Furthermore, molecular docking revealed that compounds 6, 6k, 7b and
sp

7a exhibited better fitness in PMHsp70-1 with compound 7a showing the highest and lowest binding
scores of —9.8 kealfmol. Therefore, we speculate that PfHsp70-1 is one of the targets of these inhibitors.
The bioisoteric replacement of the groups at phenyl ring at the fourth and sixth position of the pyrim-
idine core had a constructive assodation with antiplasmodial activity. The promising antiplasmodial
activity of the synthesised analogues illustrates how crucial molecular hybridisation is as a strategy in the
development of quinoline-pyrmidine hybrids as prospective antiprotozoal agents.

@ 2021 Elsevier Masson SAS. All rights reserved.

1. Introduction

The evolution of Plasmodium strains has caused uncertainty in
the treatment of malaria, and thousands of people are still dying as

* Corresponding author.
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a result of the advent of resistance on current treatment such as
artemisinin combination therapies (ACTs) and chloroquine (CQ) [1].
Malaria is predominately spread by P. faldparum which is more
prevalent in Africa An estimate of 228 million people were infected
with malaria in 2018, killing approximately 405 000 people, of
which over 90% were in Sub-Saharan Africa. Children under the age
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Abstract

Presently, artemisinin-based combination therapy (ACT) is the first-line therapy of Plasmodium
falciparum malaria. With the emergence of malaria parasites that are resistant to ACT, alternative
antimalarial therapies are urgently needed. In line with this, we designed and synthesised a series
of novel N-(7-chloroguinolin-4-yl)-N'-(4,6-diphenylpyrimidin-2-yl)alkanediamine hybrids (6a-k
and 7a-c) and evaluated their inhibitory activity against the NF54 chloroquine-susceptible strain
as a promising class of antimalarial compounds. The antiplasmodial screening revealed that seven
analogues showed promising good activity with half-maximal inhibitory concentration (I1Cso) =
0.32 to 4.30 uM. Compound 7a with 1,4-diamine butyl linker and 4-hydroxyl phenyl on fourth
and sixth position of pyrimidine core showed the most prominent activity with an 1Csg value of
0.32 £ 0.06 uM, with a favourable safety profile of 9.79 to human kidney epithelial (HEK293)
cells. The remaining six analogues showed moderate activity with ICso values ranging from 7.50
to 83.01 uM. We further investigated the binding affinities of the molecules to two essential
cytosolic P. falciparum heat shock protein 70 homologues; PfHsp70-1 and PfHsp70-z. Compound
7a exhibited the highest binding affinity for both PfHsp70s with Kp in a lower nanomolar range
(4.4-11.4 nM). Furthermore, molecular docking revealed that compounds 6, 6k, 7b and 7a
exhibited better fitness in PfHsp70-1, with compound 7a showing the highest and lowest binding
scores of -9.8 kcal/mol. Therefore, we speculate that PfHsp70-1 is one of the targets of these
inhibitors. The bioisosteric replacement of the groups at phenyl ring at the fourth and sixth position
of the pyrimidine core had a constructive association with antiplasmodial activity. The promising
antiplasmodial activity of the synthesised analogues illustrates how crucial molecular
hybridisation is as a strategy in the development of quinoline-pyrimidine hybrids as prospective

antiprotozoal agents.

Keywords: molecular hybrids, quinoline, pyrimidine, antimalarial agents, malaria, antiprotozoal,

piperazine, PfHsp70
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3.1 Introduction

The evolution of Plasmodium strains has caused uncertainty in the treatment of malaria, and
thousands of people are still dying as a result of the advent of resistance on current treatment such
as artemisinin combination therapies (ACTs) and chloroquine (CQ) [1]. Malaria is predominately
spread by P. falciparum which is more prevalent in Africa. An estimate of 228 million people were
infected with malaria in 2018, Kkilling approximately 405 000 people, of which over 90% were in
Sub-Saharan Africa. Children under the age of five and pregnant women are the major victims of
the scourge, especially those in poor tropical regions. About 3.2 billion people remain at risk of
the epidemic [2, 3]. Thus, necessitating the need for alternative therapy in the absence of an

efficient antimalarial vaccine [4].

An audit of antimalarial pharmacophores revealed that, in addition to other vast medicinal
properties, the pyrimidine moiety displayed admirable antimalarial properties. It has proven to be
key in some drugs and lead antimalarial candidates at an advanced stage of clinical trials. Amongst
the leading antimalarial pharmacophores are proguanil, pyrimethamine, P218 and WR9920. Most
antimalarial pyrimidine-based drugs hold prospects as prophylactic agents. These compounds
target P. falciparum dihydrofolate reductase, which is implicated in the folic acid pathway that is
essential for DNA biosynthesis [5]. Chalcones are another class of analogues well-known for
excellent antimalarial therapy; where for example, licochalcone, a natural flavonoid product was
active against CQ-susceptible (3D7) and CQ-resistance (Dd2) strains [6, 7]. The phenyl groups of
chalcone were important for antiplasmodial activity as indicated by SAR studies, and as such, we
tried to integrate these pharmacophores into the modified potent molecule [8]. Given this context,
we expected that a promising antiplasmodial agent would be the combination of active
pharmacophores inspired by pyrimethamine and chalcone to produce a 4,6-diphenylpyrimidine.
Figure 3.1 shows CQ and other potential antimalarial compounds that were crucial in designing

this novel series.
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1 2 3
Chloroquine Piperaquine Pyrimethamine
OH (0] (0]
d'0. 0o
~0 \) OH ~ONE HO SN (7
4 5
(E)-chalcone derivative (E)-chalcone derivative
IC50=0.59 uM IC5y=3.18 uM

Figure 3.1. Marketed drugs and chalcone based potential antimalarial compounds.

While antimalarial drugs, such as piperaquine and CQ, based on a quinoline backbone, are
inexpensive with a robust therapeutic index, they have lost efficacy as stand-alone drugs due to
the emergence of resistance [9, 10] mediated by a mutated form of the Plasmodium falciparum
chloroquine resistance "transporter™ [11, 12]. Although prospects for CQ reapplication as an
antimalarial remain [13], its role as an agent against avian influenza H5N1 and ZIKV viral
infections is gaining more attention [14-16]. SAR studies of CQ revealed that the basic chain is
crucial for antimalarial activity by improving the drug's lipophilic, allowing easy passage through
the malarial plasma membrane [17]. In light of this, incorporating various linkers such as
piperazine and different alkyl diamine holds promise towards making effective antimalarial agents.
In view of the aforementioned, we synthesised a hybrid molecule, as illustrated in Figure 3.2, by
a molecular hybridisation approach using two robust moieties, viz pyrimidine and quinoline, to
present a safer and alternative therapy for malaria. We anticipated presenting an antimalarial
candidate effective against both the liver and blood-stages of Plasmodium; for potential use for

both treatment and prophylaxis.
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i Pyrimethamine moiety
PfDHFR inhibitor
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Chloroquine moiety :
' heme inhibitor
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Figure 3.2. Rational design of pyrimidine-quinoline hybrid molecules.

3.2  Chemistry

The novel library of quinoline-pyrimidine hybrids 6(a-k) was synthesised using a versatile
synthetic pathway. The intermediate (E)-chalcones 1(a-f) were prepared by aldol condensation
reaction as previously reported, using assorted commercially available benzaldehydes and
acetophenones using sodium hydroxide basic condition in a good yield of 95% [18]. The
cyclisation of chalcone using guanidine hydrochloride and sodium hydroxide base afforded
numerous 4,6-diphenylpyrimidin-2-amine 2(a-e) analogues according to scheme 1. The known
Sandmeyer reaction applies to substituting an aromatic amine of compound 2 to hydroxyl (4,6-
diphenylpyrimidin-2-ol 3(a-e) via diazonium salt intermediate formation. Sodium nitrate in acetic
acid initiates the diazonium salt formation and then substitution of diazo salt with water. 2-Chloro-
4,6-diphenylpyrimidine analogues 4(a-f) were synthesised from assorted 3 analogues using POCl3

with catalytic DMF as illustrated in Scheme 1.
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4(a-f) 3(a-f)

Scheme 1. Reaction conditions: (i) EtOH, NaOH, sonicate, 35°C, 1 hour; (ii) Guanidine
hydrochloride, NaOH, EtOH, reflux, 24 hours; (iii) Acetic acid, NaNO., H.O, rt, 3 hours; (iv)
POCl3z, DMF, 100°C, reflux, 6 hours.

The synthesis and characterisation of a series of quinoline-diamine compounds 5(a-e) were as per
reported methods [8]. Various 5(a-e) compounds were further coupled with various 4(a-e)
compounds using K>COs to afford a library of the targeted pyrimidine-quinoline hybrids analogues
(6a-7c). The methoxy substituents on the phenyl group of final compounds 6g, 6i and 6j were
further demethylated using HBr acid in a microwave to afford compounds 7a, 7b and 7c,

respectively, in good yield as depicted in Scheme 2.
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Scheme 2; Reaction conditions: (i) Isopropanol (IPA), reflux, 100°C, 16 hours; (ii) K2COsg,
Dimethylformamide (DMF), Microwave (MW), 120°C, 40 mins; (iii) HBr, MW, 100°C, 20 mins.

3.3 Results and discussion

3.3.1 Synthesis and spectral studies

Structural analysis based on proton nuclear magnetic resource (*H NMR) spectrum of compound
1b revealed two characteristic doublets resonating at chemical shifts (o) 7.80-7.77 ppm (Ph-
CH=CH) and 7.52-7.49 ppm (Ph-CH=CH) with J = 15.62 Hz and 15.61 Hz, respectively,
signifying the formation of a trans-olefinic conformation. Other resonating signals were observed
on the spectrum at ¢ 3.89 and 2.39 ppm representing methoxy and methyl substituents on the
pheny!l groups of the (E)-chalcone. The two doublet signals of the olefin disappear on the *H NMR
spectrum of compound 2b, and two distinctive singlets at signal ¢ 7.35 ppm (pyr-H) in the aromatic
region and the amino signal at 6 5.22 ppm (pyr-NH2) appeared indicating the formation of a
pyrimidine core. The structure of the 2-hydroxyl pyrimidine analogue is signified by the vanishing
of the amino signal and presence of hydroxyl (OH) signal downfield at § 11.89 ppm on the H*
NMR spectrum of compound 3. The spectrum of the chlorinated compound 4 is characterised by

the disappearance of OH signal and minor shifts on pyr-H from § 7.35 ppm to 7.60 ppm. The 'H
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NMR spectrum (400 and 600 MHz, DMSO-ds) of the targeted compound(s), as presented by
compound 7d, is characterised by the presence of two individual peaks; broad singlet resonating
at 0 5.04 ppm (-NH) and triplet at 5.55 ppm (-NH) of an aliphatic alkane diamine linker signified
coupling of quinoline and pyrimidine motifs. Other distinctive peaks, as aforementioned, included
0 2.46 ppm, 3.52 ppm, 4.06 ppm and 4.07 ppm representing methyl, methylene, methoxy and
methylene, respectively. The outstanding signals from 6.47-8.44 ppm represent the aromatic
protons for phenyl and piperazine moieties. The spectral properties of the final compound 7g were
confirmed by 2D NMR and further supported by their respective **C NMR. The most prominent
peak for 1*C NMR of the final compound for pyr-H (C9) and methylene for diamine butane line
resonate at signal & ranging from 100.53-99.89 pm and 27.42-42.99 ppm, respectively. The
methoxy (MeOQ) peak signal resonates at 55.40 ppm, and the remaining carbon signals correspond
to the aromatic carbons. Figure 3.3 represents the structures of the final compounds annotated as
compounds 6 (a-k) and 7 (a-c).
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Figure 3.3. 'H-NMR for intermediates derivative: chalcone (A), 4,6-diphenylpyriidin-2-amine (B), 4,6-diphenylpyrimidin-2-ol (C),
2-chloro-4,6-diphenylpyrimidine (D), 4,6-diphenyl-2-(piperazin-1-yl)pyrimidine (E). The 'H NMR and HSQC of the final
compounds; N*-(4,6-bis(4-methoxyphenyl)pyrimidin-2-yl)-N*-(7-chloroquinolin-4-yl)butane-1,4-diamine (7g) (F and G). HRMS of
compound 8b.
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3.3.2 Antiplasmodial activity

The synthesised novel analogues of (6a-k and 7a-c) were assessed for potency against the NF54
CQ-susceptible strain of P. falciparum maintained in vitro at the blood stage. Table 1 presents the
antiplasmodial activity of the hybrid analogues (6a-k and 7a-c) and standard reference drugs (CQ
and quinine). Compound 7a showed promising activity with ICso values less than 0.5 uM, while
the remaining analogues displayed moderate activity in micromolar levels against the CQ-
susceptible strain (NF54). The ICso values of the compounds were determined from log sigmoid
dose-response curves using GraphPad Prism® 5.0.0 (GraphPad Software, Inc San Diego, CA).
Given the antiplasmodial activity, we assessed a reasonable number of analogues to establish a
brief structure-activity relationship (SAR) towards identifying the groups accounting for the
activity. The bioisosteric replacement on the phenyl rings on the fourth and sixth position of
pyrimidine core, and linker coupling the pyrimidine and quinoline positively correlated with the

antiprotozoal activity, as shown in Table 1.

Table 1. In vitro antiplasmodial activity of compounds (6a-6k) and (7a-7c).

Compound n R R’ Antimalarial Cytotoxicity Selective

No ICso  SD ICso  SD Index
(LM) (LM)

6a p 4-H 4-H 7.50 1.49 nd nd nd
6b 4 4-Me 4-Cl 9.49 1.12 nd nd nd
6C p 4-Me 4-Cl 13.12 1.28 nd nd nd
6d 2 4-Me 4-MeO  4.30 1.01 nd nd nd
6e 3 4-Me 4-MeO 2.71 1.22 nd nd nd
6f p 4-Me 4-MeO 2.63 1.28 nd nd nd
69 4 4-MeO 4-MeO  83.01 1.46 nd nd nd
6h p 4-MeO 4-MeO 7.69 1.42 nd nd nd
6i 4 34-MeO 4-MeO 261 1.00 nd nd nd
6j p 34-MeO 4-MeO 1781 1.18 nd nd nd
6k p 3,4-MeO 3,4-MeO 6.17 1.22 nd nd nd
7a 4  4-OH 4-OH 0.32 0.06 3.16 0.75 9.79
7b 4 3,4-OH 4-OH 1.62 1.14 nd nd nd
7c p 3,4-OH 4-OH 2.66 1.04 nd nd nd
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Quinine 0.108  0.003 134.35 1.45 1243.98
Chloroquine 0.012  0.002 101.19 25.72 8432.50
Camptothecin nd nd nd 0.20 0.01

ICs0: Concentration at 50% inhibition of the parasite's growth
Selective Index: ICso values of cytotoxic activity/ICsg values of antimalarial activity

nd: not determined

p: Piperazine

SD: Standard Derivative

From the screened compounds, only compounds 7a showed substantial plasmodial inhibitory
activity with 1Cso=0.32 £ 0.06 uM, while the other six promising hybrids, namely compounds 6d,
6e, 6f, 6i, 7b and 7c portrayed moderate activity with ICso ranging from 0.50 to 4.30 uM (Table
1). The remaining compounds (6a, 6b, 6¢, 6g, 6h, 6j and 6k) displaying 1Cso values > 5 uM were
considered inactive. Compound 6i had a moderate activity with an ICsg value of 2.61 = 1.00 pM,
and compounds 6g and 6j appraised inactive with ICsp values of 83.01 + 1.46 pM and 17.81 + 1.18
UM, respectively. However, demethylation of the methoxy groups from these compounds resulted
in improved aqua solubility that consequently increased the antiplasmodial activity of 7a, 7b and
7¢ with ICsp values of 0.32 £ 0.06 puM, 1.62 + 1.14 pM and 2.66 + 1.04 uM, respectively of which

compound 7a had the most prominent activity.

Diamino alkane linker based derivatives Piperazine linker based derivatives
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6b n=4, R=4-Me, R'=4-Cl 6a R=4-H, R'=4-H
6d n=2, R=4-Me, R'=4-MeO 6c R =4-Me, R'=4-Cl
6e n=3, R=4-Me, R'=4-MeO 6f R =4-Me, R'=4-MeO
6g n=4, R=4-MeO, R'=4-MeO 6h R =4-MeO, R'=4-MeO
6i n=4, R=4-MeO, R'=234-MecO 6j R=4-MeO, R'=34-MeO
7a n=4, R=4-OH, R'=4-OH 6k R =3,4-MecO, R'=3,4-McO
7b n=4, R=4-OH, R'=3,4-OH 7¢ R =4-OH, R'"=3,4-OH

Figure 3.4. Structures of the final compounds 6 (a-k) and 7 (a-c).
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As observed, compounds 6a, 6¢, 6h and 6k owning a piperazine linker were considered inactive
with 1Cso values > 5 uM. However, compounds 6g and 7c with piperazine linker revealed moderate
activity with 1Cso values of 2.63 £ 1.28 uM and 2.66 + 1.04 pM, respectively. It can be suggested
that the piperazine linker could have been significant, and the difference in activity could allude
to bioisosteric replacements at phenyl groups of the 4,6-diphenylpyrimidine core. Of the
piperazine linker-based compounds, 6j had the least activity with an ICsg value of 17.81 + 1.18
MM, but its demethylation boosted the activity by almost seven-fold as illustrated by compound 7c
with ICso of 2.66 + 1.04 uM. In addition, substituting chloro with a methoxy group of the 4-(4-
chlorophenyl)-6-(p-tolyl)pyrimidine core of compound 6c yielded improved activity four-fold as
illustrated by compound 6f. Insignificant variation in activity is observed as more methoxy groups
are added as shown by compound 6h and 6k with ICso values of 7.69 =+ 1.42 uM and 6.17 + 1.22
MM individually. Compounds 6d and 6e respectively bearing 1,3-diamino propane and 1,2-
diamino ethane, and both containing a 4-(4-methoxyphenyl)-6-(p-tolyl)pyrimidine motif only
displayed moderate activity with 1Cso values of 4.30 = 1.01 uM and 2.71+ 1.22 uM. Compounds
6b, 6g, 6i, 7a and 7b having a 1,4-diamino butane linker presented a broader variation in the
activity. Note that compound 6g bearing two methoxy substituents on fourth positions of the
phenyl groups of the 4,6-diphenylpyrimidine core had the least activity (Table 1). Adding an extra
methoxy group to the third position increased the activity by nine-fold as defined by compound 6i
(ICs0 = 2.61 = 1.00 puM). Compound 6b housing methyl and chloro substituents on 4-(4-
chlorophenyl)-6-(p-tolyl)pyrimidine core was nine times more active than compound 6g, though
four times less active than 6i despite both having methoxy substituents on the 4,6-
diphenypyrimindine nucleus. The demethylation of methoxy groups of 4,6-bis(4-
methoxyphenyl)pyrimidine of compound 6g core heightened the activity by over two hundred-
fold as demonstrated by 7a, the most active compound. Although compound 6i showed moderate
activity, demethylation of the methoxy groups of the 4-(3,4-dimethoxyphenyl)-6-(4-
methoxyphenyl)pyrimidine core compounds only mildly improved the activity of compound 7b
(2.61 vs 1.62 uM).
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Figure 3.5. Structure Activity Relationship (SAR) for quinoline-pyrimidine derivatives.

It should be noted that, in contrast to other substituents such as methyl, chlorine and methoxy, the
hydroxyl significantly influenced the antiplasmodial activity as defined in the activity of
compounds 6b, 6g, 6i, 7a and 7b analogues with the same 1,4-diamino butane linker (Figure 3.5).
Given the above, it can be concluded that diamino alkane linkers, particularly 1,4-diamino butane
and piperazine were crucial for the activity. Also, substituting phenyl groups of 4, 6-
diphenylprimidine core with electron-donating groups, particularly hydroxyl groups, positively

correlated with antiplasmodial activity.

Pyrimidinones have previously been shown to possess the antiplasmodial activity and target the
essential parasite protein folding pathway of P. falciparum Hsp70 [19]. As such, we investigated
the binding affinities of these compounds against the recombinant forms of two essential cytosolic
P. falciparum Hsp70s; PfHsp70-1 and PfHsp70-z [18]. To determine binding Kinetics, we
employed surface plasmon resonance (SPR) analysis, as previously conducted [20, 21]. The SPR
sensorgrams generated (Figure 3.6) were fitted to a simple 1:1 Langmuir kinetic binding model
(Table 2). Generally, both parasite Hsp70s interacted with the four molecules in a concentration-
dependent manner (Figure 3.6). The rates of dissociation were comparable for all the molecules.

Estimated Kp values were within the lower micromolar to the upper nanomolar range, suggesting
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a fairly high affinity of the compounds for the two essential cytosol localized P. falciparum Hsp70s
(Table 2). Interestingly, PfHsp70-1 exhibited higher binding affinity (Kp values within lower
nanomolar range) for compounds 6h and 6k compared to PfHsp70-z, which exhibited a four and
two orders of magnitude reduction in affinity for the same compounds, respectively (Table 2).
Compound 7a exhibited a higher binding affinity for PfHsp70-z with one order of magnitude
difference in comparison to its affinity for PfHsp70-1 (Table 2). On the other hand, compound 7b
had a lower affinity (Kp= 0.281 puM) for PfHsp70-1; and higher affinity (Kp=4.75 uM) for
PfHsp70-z, respectively. Altogether, this suggests that compound 7a showed the highest
propensity to recognize both proteins. Notably, the observed varied preference of some of the
compounds for the two PfHsp70 proteins highlights that despite their apparent sequence

conservation, PfHsp70s possess unique motifs for selective targeting.
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Figure 3.6. Selected synthetic compounds bind P. falciparum Hsp70s directly. Plots represent
interaction of PfHsp70-1 or PfHsp70-z) as investigated against varying levels of the selected
compounds (6h, 6k, 7a or 7b).

Shown in Figure 3.6 are the representative SPR sensorgrams representing direct protein-
compound interaction. The sensorgrams were analysed to generate the kinetics in Table 2. Binding
affinity was evaluated as follows: (A) PfHsp70-1-6h (Kp= 2.19 nM) and PfHsp70-z-6h (Kp=
0.137 uM); (B) PfHsp70-1-6k (Kp= 0.261 nM) and PfHsp70-z-6k (Kp=2.05 uM); (C) PfHsp70-
1-7a (Kp= 0.114 nM) and PfHsp70-z-7a (Kp=4.43 nM); (D) PfHsp70-1-7b (Kp=0.281 pM) and
PfHsp70-z-7b (Kp=4.75 uM), respectively.
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Table 8. Kinetics data for the interaction of molecules with P. falciparum recombinant Hsp70

proteins.
Analyte | Ligand Ka (1/(M*s)) +est. | Kqg (1/s) * est. Kp (M) * est. X?
error error error

6h PfHsp70-1 | 3.30 (+0.67) e*% 1.32 (+0.12) €92 [ 2.19 (+0.70) e [ 1.1
PfHsp70-z | 5.99 (+0.90) e*® 8.24 (+0.76) €92 | 1.37 (+0.89) &% | 7.1

6k PfHsp70-1 | 2.68 (+0.68) e*% 7.00 (+0.11) €9 [ 2.61 (+0.57) e® | 2.4
PfHsp70-z | 1.34 (+0.99) e*0 7.48 (+0.60) €92 | 2.05 (+0.59) e | 6.9

7a PfHsp70-1 | 7.73 (+0.54) e*0 8.81 (+0.24) €92 [ 1.14 (+0.44) e |47
PfHsp70-z | 2.70 (+0.53) e*%’ 1.20 (£0.44) 91 [ 4.43(x0.92) e [ 3.2

7b PfHsp70-1 | 2.79 (0.67) e*%5 7.84 (+0.92)e%2 [ 2.81 (+0.35) e’ | 8.8
PfHsp70-z | 1.91 (+0.77) ¢*% 9.06 (+0.83)e | 4.75 (x0.55) e® | 7.9

SPR based kinetics for the direct interaction of PfHsp70-1 and Hsp70-z with the various
compounds are represented by the rate of association (Ka), rate of dissociation (Kd) and the steady-
state affinity (Kp), respectively. The ligand represents the respective immobilised protein on the
CMD 3D 500L chip surface to which the analyte was injected at a flow rate of 50 pl/min in
triplicate. Data was analysed after double referencing (refractive index changes on-chip surface
without protein immobilised and for buffer injected without analyte) as a baseline. Data are
represented as mean + standard error of measurement. Chi-square (y?) values show the 1:1

Langmuir curve fitting residuals.

Furthermore, the cytotoxicity screening of the most potent molecule, 7a, against human embryonic
kidney epithelial (HEK-293) cells was studied (Table 1). The selective index (SI) of 9.79 was
calculated for the most potent compound by dividing the ICso value of the cytotoxic activity
divided by the 1Cso value of the antimalarial activity. The observed activity suggests that while
selectively killing the parasite, compound 7a has a limited cytotoxic effect against mammalian

cells at therapeutic dosages, where a safety index of 10 is regarded as safe.

Francis Kayamba 86 UKZN-2021



Chapter 3

3.3.3 Molecular docking scores

To measure the compounds' fitness at the active catalytic sites of the two enzymes, a molecular
docking analysis was performed. The four compounds were docked into the ATPase active sites
of the enzymes (PfHsp70-1 and PfHsp70-z) to calculate and examine the fitness/affinity of the
compounds. Based on the computational data, it is likely that the compounds bind to the ATPase
domain for both proteins in a similar fashion to ATP binding. Suggesting that they could be
competitive inhibitors to ATP binding for PfHsp70-1 and PfHsp70-z. Table 2. represents the
binding modes and docking results of the compounds for each enzyme. Notably, the four
compounds showed relatively good binding scores for PfHsp70-1. Compounds 7a and 6k showed
the highest and lowest binding scores of -9.8 kcal/mol and -8.7 kcal/mol, respectively. The docking
result for PfHsp70-z revealed that compound 7b exhibited the highest docking score of -8.9
kcal/mol; while, compounds 7a and 6k showed the lowest values of -8.1 kcal/mol. The results
suggest that the four compounds exhibited better fitness in PfHsp70-1 than PfHsp70-z. To better
understand the binding affinity and structural mechanisms of inhibition of the four compounds
against the two enzymes, molecular dynamics study on the compounds' best binding modes to the

enzymes were investigated since molecular docking scores might give false-positive results.

3331 Binding energies/affinities of the molecules to PfHsp70-1 and PfHsp70-z
To calculate the binding free energies of all the finals compounds to the enzymes, the Molecular
Mechanics/Generalized Born Surface Area (MMGBSA) computational technique was employed.
Table 3 shows the results of the thermodynamic binding free energy profiles for the compounds to
the two enzymes. All the compounds showed high binding energies/affinity for PfHsp70-1,
ranging from -46.752 to -56.270 kcal/mol, with compounds 7a and 7b having the highest free
energies of -56.270 kcal/mol and -53.968 kcal/mol, respectively. Compound 6k exhibited higher
binding energy (-49.182 kcal/mol) than 6h (-46.752 kcal/mol). This result is in consistent with the
docking results indicating that compounds 7a and 7b had the highest docking score for PfHsp70-
1. In the PfHsp70-z systems, compounds 7b and 6k showed the highest binding affinities of -
52.097 kcal/mol and -49.122 kcal/mol. This is also in consistent with the docking result that

showed compound 7b to have the highest docking score.
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Figure 3.7. Binding modes and docking scores of the molecules to PfHsp70-1 and PfHsp70-z.

Furthermore, as shown in Table 3, compounds 6k and 7b showed no difference in their binding

affinities for the two enzymes. Generally, PfHsp70-1 showed strong binding energies for

compounds, 6h, 6k, 7a and 7b, than PfHsp70-z. The high binding affinities recorded suggest

possible inhibitory activities of compounds (6h, 6k, 7a and 7b) against the protein folding role of

PfHsp70-1.

Table 3. Thermodynamic binding free energy profiles for the compounds.

Energy Components (kcal/mol)

Complex A Evaw AEelec AGgas AGsolv AGbind
PfHsp70-1
6a -48.805+4.167 -10.005+3.324 -46.179+8.117 20.574+1.104 -41.485+7.544
6b -33.255+4.705 -8.775+2.751 -39.685+2.216 15.111+2.212  -37.323+4.245
6C -37.742+4.235 -9.155+1.545 -41.331+4.114 17.008+2.101  -40.137%3.038
6d -38.188+7.884 -9.288+6.002 -42.078+4.555 21.000+2.414  -36.685%5.422
6e -42.131+7.134  -38.322+10.231 64.111+9.313 40.120+4.223  -47.363+4.205
6f -35.777+6.155 -19.578+3.688 -58.124+4.574 25.435+2.585  -34.898+5.985
69 -37.903+3.241 -21.588+2.411 -60.004+2.660 27.747+2.575  -35.999+4.257
6h -58.681+4.387 -8.298+6.244 -66.978+7.441 20.226+4.431  -46.752+5.806
6i -35.113+4.585 -22.200£3.471 -51.745+3.747 24.155+3.886  -33.219+3.888
6j -35.989+5.100 -24.681+3.812 -57.818+5.558 24.988+4.515 -34.910+4.378
6k -59.352+5.864 -21.389+6.159 -80.741+7.015 31.559+£5.613  -49.182+6.582
7a -65.317+4.753  -36.744+10.146  -102.061+12.488  45.791+£5.010 -56.270+9.413
7b -58.507+4.406  -42.327+13.445  100.834+12.429 46.867+6.614 -53.968+7.005
7c -60.688+3.181 -31.581+8.435 -87.481+7.700 39.928+6.781 -42.823+7.880
PfHsp70-z
6a -40.243+2.723 -23.212+3.104 -72.126+4.332 31.432+3.424  -32.073x3.023
6b -34.123+4.111 -14.423+3.933 -44.133+2.811 21.3314£5.121  -30.332+1.932
6C -41.272+3.928 -23.092+7.834 -73.023+4.933 34.42245.474  -41.324+3.339
6d -37.223£3.983 -21.223+7.215 -51.443+4.113 30.551+5.441  -37.525+5.251
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6e -35.245+4.145  -23.254+5.444 -47.982+2.254 32.268+4.141  -33.125+3.331
o6f -21.113+3.112  -17.723+2.863 -32.141+4.223 19.321+2.113  -29.222+3.432
69 -22.343+4.422  -19.424+2.128 -28.321+3.252 20.441+3.938 -26.234+2.224
6h -47.397+3.501  -16.487+5.949 -63.884+7.430 28.353+5.285  -35.531+4.910
6i -23.111+2.165  -22.214+3.819 -19.231+4.122 17.654+4.525 -24.212+2.333
6j -42.785+3.423  -18.447+4.551 -55.957+5.541 25.415£5.998 -31.258+4.233
6k -61.985+4.948  -23.126+9.433 -85.111+11.737  35.99048.178  -49.122+6.131
7a -48.129+4.947  -28.574+12.986  -76.703+14.429  41.877+7.891 -34.826+9.645
7b -60.543+3.675  -33.094+9.310 -93.636+8.713 41.539+5.474  -52.097+5.016
7c -29.105+5.500  -20.117+2.234 -45.777+424 23.425+4.646  -30.411+4.008

AEele electrostatic energy, AEvdW van der Waals energy, AGbind total binding free energy,
AGsol solvation free energy, AEgas gas-phase free energy

3.3.3.2

The receptor-ligand interaction plots examined the molecular interactions between the bound

Ligand-receptor interaction profiles of the molecules

compounds and the amino acid residues at the active sites of an enzyme [1]. To examine the
mechanistic inhibitory characteristics of the four compounds, the interaction between the
compounds and the active site amino residues of the enzymes were assessed. Figure 3.8 and
Figure 3.9 shows the 2D representation of the interactions plots between the compounds and the
different amino acid residues of PfHsp70-1 and PfHsp70-z, respectively. Van der Waals, H-bond,
pi-anion and pi-alkyl are the interactions observed in the PfHsp70-1 complexes. Structurally
related compounds 6k and 6h showed pi-anion interactions with cysteine residues, Cys206 and

Cys77, respectively (Figure 3.8).
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Figure 3.8. A depiction of protein-ligand interactions plots with different amino acid residues.

While compound 7a had pi-anion interaction with Asp5, however, compound 6h showed no pi-
anion interaction but had a pi-sigma interaction with Cys206. These data revealed that binding
energies are proportional to the number of H-bond and the total number of interactions observed
in the four compounds, where compounds 7a, 7b, 6k and 6h have total interaction numbers of 29,
23, 17 and 15, respectively. A slightly different interaction was observed in PfHsp70-z complexes.
Unlike the pi-anion interaction observed in PfHsp70-1, a pi-cation interaction was observed in
PfHsp70-z. Furthermore, pi-pi stacked and donor-donor interactions were also observed. All the
compounds showed a significant number of H-bond interactions required for stability. A donor-
donor interaction was only observed in compound 7b. The difference in the number and type of
interactions observed for the two proteins (PfHsp70-1 and PfHsp70-z) could explain the higher
binding energies observed in the PfHsp70-1 complexes.
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Figure 3.9. A depiction of protein-ligand interactions plots with different amino acid residues.

3.3.33 Stability and Flexibility of the Enzymes bound Complexes
To examine the stability and dynamics of enzyme-ligand complexes, 100 ns molecular dynamic
(MD) simulations were performed. Root means square deviation (RMSD), a radius of gyration
(RoG), root means square fluctuation (RMSF) and solvent accessible surface area (SASA) of alpha
carbon (Ca) atoms were monitored and analyzed along with the entire duration of 100 ns of the
MD simulation for the unbound and bound enzyme systems. For PfHsp70-1, the RoG plots
revealed the binding of the four compounds lowers the mean RoG values of the four compounds
(7a; 35.243 A, 7b; 34.553 A, 6h; 34.183 A, 6k; 31.432 A) when compared to the unbound
PfHsp70-1 systems; 35.973 A (Figure 3.10-1a). A similar reduction in average RoG values after
the binding of the Brath goo compounds (7a; 28.272 A, 7b; 28.231 A, 6h; 28.354 A, 6k; 27.642
A) was also observed in PfHsp70-z complexes when compared with the average value of the
unbound PfHsp70-z system, 28.321 A (Figure 3.10-1). This finding suggests the binding of the

compounds stabilizes the enzymes.
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Figure 3.10-1. Plots of alpha C atoms of the PfHsp70-1, 7a, 7b, 6h and 6k, a) RoG plots b)
RMSD, c) RMSF and d) SASA plots systems calculated throughout 100 ns MD simulations.

Figure 3.10-2 shows the plot of the RMSD values, which is a measurement of the enzyme
complexes' convergence and stability [23]. The plot shows that all the four compounds and the
unbound systems reach convergence after about 8 ns. The RMSD plots for the complexes revealed
that the four complexes are more stable (lower RMSD values) than the unbound systems of
PfHsp70-1 and PfHsp70-z. This also suggests that the alpha carbon fluctuation of the compounds
converged well during MD simulation. Likewise, the RMSF of the complexes were studied to
examine the flexibility and stability of individual amino residues of the proteins. RMSF monitors
the behaviour of the active residues of a protein. Higher and lower fluctuation values indicated
more and less flexible movements, respectively. As shown in Figure 3.10-2, c, residues 200 - 300,
305 - 345 and 5525 - 600 fluctuate more in all the four compounds and the unbound PfHsp70-1
systems. While most of the residues (150 - 250) involved in ligand binding fluctuate less. The plot
further revealed that the average RMSF values of the compounds (7b (3.743 A), 7a (3.771 A), 6h
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(3.989 A) and 6k (4.023 A)) were lower (less fluctuation) than the unbound system with average
RMSF value of 4.212 A. For the PfHsp70-z systems, more flexibility was observed at residues 230
— 260, 375 — 400 and 450 — 475. Unlike the PfHsp70-1 system, compounds 7a and 7b exhibited
higher average RMSF values (2.942 A and 2.729 A, respectively) than registered by unbound
PfHsp70-1 (2.547 A). Compounds 6h and 6k exhibited less fluctuation than the unbound enzyme,
with average values of 2.4675 A and 2.501 A, respectively.
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Figure 3.10-2. Plots of alpha C atoms of the PfHsp70-z, 7a, 7b, 6h and 6k, a) RoG plots b)
RMSD, c) RMSF and d) SASA plots systems calculated throughout 100 ns MD simulations.

SASA is another parameter to quantify the enzymes' exposure to the solvent environment [24].
The four compounds exhibited an increase in the exposure of the enzyme to solvent molecules, as
their respective bindings raised the average SASA values compared to the unbound PfHsp70-1
(Figure 3.10-2, d). SASA mean values of 35100 A?, 34200 A?, 34550 A?, 33800 A? and 33700
A% were recorded for compounds 7a, 7b, 6h, 6k, and unbound PfHsp70-1. The average SASA
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values for compounds 7a, 7b, 6h, 6k and the unbound PfHsp70-z systems are 25900 A?, 25100
AZ, 25600 A?, 24700 A% and 24800 A? (Figure 3.10-2. d). The increased SASA values reported
for the compounds showed the binding of the compounds further exposed the enzyme to a solvent
molecule. This suggests that the structural integrity of the enzyme was not distorted after 100 ns.

3.3.34 Assessing the drug-likeness of the compounds
Pharmacokinetic properties of the compounds were predicted using the SwisSADME serve [25].
Lipinski's rule of five is a set of rules that assess both the physical and chemical properties of
potential drugs to ascertain their safety as an orally active drug [26]. As shown in Table 5, the four
compounds (6h, 6k, 7a and 7b) had no more than 5 hydrogen bond donors, no more than 10
hydrogen bond acceptors, thus passed the drug-likeness test and are poorly soluble in water. The
result showed that the four compounds' partition coefficients (log P) are around 5. Greater logP
usually indicates the probability of a drug to permeate the lipid membrane is low [27]. Compounds
7a and 7b were predicted to be poorly absorbed in the gastrointestinal tract (GIT), while
compounds 6h and 6k were predicted to be highly absorbed. This suggests that the highly absorbed
compounds would attain optimal concentrations in the systemic circulation than the lowly
absorbed compounds. The blood-brain barrier (BBB) is a protective gate that prevents the passage
of toxic compounds into the brain or the central nervous system [25]. For the four test compounds
(6h, 6j, 7a and 7b), the number of hydrogen donors ranged between O to 5 while hydrogen
acceptors 5 to 7. Thus, indicating that all the test compounds could be considered orally active.
None of the four compounds were predicted to permeate the BBB. Bioavailability score is a
measurement of the rate of absorption and quantity of a given amount of unchanged drug that goes
to the systemic circulation [28]. The four compounds showed a relatively high score of 0.55, which
suggests they all might reach their sites of activity with higher concentrations required for

therapeutic effect.

Table 4. Pharmacokinetic and physicochemical properties of the molecules.

Com M. M. H- H- | Lipophi | Water | GIT | BBB | Bioavalil Drug

p Formula | Weig | bon | bond | licity | Solub | Abs | Perm | ability | likeness
ht d |accep | (iLOG ility | orpti | eabilit | Score | (Lipinski
(9/mo | don | tor P) on y )
)] or

7a C29H562C'N5 M201 4 15 | 503 | Poor |Low| No | 055 Yes
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7b C29H563C'N5 5230 > 0 469 | Poor | Low | No 0.55 Yes
6h C31H582(3'N5 SBOL O 1> | 520 | Poor |High| No | 055 Yes
6k C33H5iC'N5 0010 1T | 516 | Poor |High| No | 055 Yes

3.4  Conclusion

In summary, pyrimidine-quinoline analogy inspired chloroquine and pyrimethamine antimalarial
drugs were designed, synthesised by molecular hybridisation approach and screened for their
antiplasmodial activity. The facile preparation with excellent yields of these compounds makes the
synthetic pathway attractive and versatile. Among the tested compounds, only compound 7a
displayed the best antiplasmodial activity (ICso =0.32 £ 0.06 uM), with a selectivity index of 9.79,
which is considered safe. Interestingly, compound 7a bound to both parasite Hsp70 chaperones
with significant affinity, suggesting that one possible mechanism of action of this compound could
be to abrogate the protein folding pathway of the parasite. This hypothesis was further supported
by the observed molecular docking scores. Brief SAR studies revealed that strong activating or
electron-donating groups on the meta and para position of the aromatic group enhanced the
activity. Similarly, piperazine or 1,4-diamino butane linkers were essential for the activity. The
authors believe that the outcome or observation of this research work would assist the researchers

in designing potent antimalarial agents.
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3.5  Experimental

3.5.1 Chemistry protocol

All the chemicals used in this research work were purchased from Sigma-Aldrich and Merck
Millipore, South Africa. The commercially available chemicals benzaldehyde and acetophenone
were purchased from Sigma-Aldrich (South Africa). All the solvents, except those of laboratory-
reagent grade, were dried and purified when necessary according to previously published methods.
The progress of the reactions and the purity of the compounds were monitored by thin-layer
chromatography (TLC) on pre-coated silica gel plates procured from E. Merck and Co.
(Darmstadt, Germany) using 36% ethyl acetate in n-hexane as the mobile phase and iodine vapour
as the visualising agent.

The melting points of the synthesised compounds were determined using a Thermo Fisher
Scientific (IA9000, UK) digital melting point apparatus and are uncorrected. The IR spectra were
recorded on a Bruker Alpha FT-IR spectrometer (Billerica, MA, USA) using the ATR technique.
The 'H NMR and 3C NMR spectra were recorded on a Bruker AVANCE 400 and 600 MHz
(Bruker, Rheinstetten/Karlsruhe, Germany) spectrometers using CDCls and DMSO-d6. The
chemical shifts are reported in units with respect to TMS as an internal standard. HRMS spectra

were recorded on an Autospec mass spectrometer with electron impact at 70 eV.

35.1.1 A typical procedure for the synthesis of (E) chalcone (1b-1f)
o 1b R =4-Me, R'=4-CI
A _ le R =4-Me, R'=4-MeO
IR 1d R=4-MeO, R'=4-MeO
le R =34-MeO, R'=4-McO
1f R =34-MeO, R'=34-MeO,

To a stirring solution of acetophenone (5 g, 32.34 mmol) in EtOH (30 ml), a 60% NaOH solution
(12 g NaOH/ H2O (20 mL)) was added. The reaction was stirred at room temperature for 30
minutes. Benzaldehyde (4.7 g, 38.81 mmol) was then added, and the reaction was sonicated for 1
hour at 35°C. The progression of the reaction was monitored by TLC. Excess ethanol was removed
under vacuum, and the reaction mixture was added into 100 g of ice and stirred. The precipitates
formed were filtered, washed with excess water and dried under vacuum. The crude product was

purified by recrystallisation in EtOH to obtain the following pure compounds in good yield.
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(E)-1-(4-chlorophenyl)-3-(p-tolyl)prop-2-en-1-one (1b): Yellow solid, yield: 90 %, mp = 162-164
°C; 'H NMR (400 MHz, CDCls, 8, ppm): 7.96 (d, J = 8.57 Hz, 2H, ArH), 7.78 (d, J = 15.65 Hz,
1H, ph,-CH=CH), 7.54 (d, J = 8.08 Hz, 2H, ArH), 7.47 (d, J = 8.36 Hz, 2H, ArH), 7.46-7.42 (d, J
= 15.65 Hz, 1H, ph,-CH=CH), 7.23 (d, J = 7.96 Hz, 2H ArH), 2.40 (s, 3H, CH3); 3*C NMR (400
MHz, CDCls, ¢, ppm): 189.28, 145.48, 141.38, 139.09, 136.09, 136.65, 131.96, 129.90, 129.77,
128.92, 128.58, 120.46, 21.59 (CHs).

(E)-1-(4-methoxyphenyl)-3-(p-tolyl)prop-2-en-1-one (1c): Yellow solid, yield: 96.3%, mp = 125-
128 °C; *H NMR (400 MHz, CDCls, 6, ppm): 8.04 (d, J = 8.76 Hz, 2H, ArH), 7.89 (d, J =15.60
Hz, 1H, ph-CH=CH), 7.54 (d, J = 7.95 Hz, 2H, ArH), 7.51 (d, J = 15.63 Hz, 1H, ph-CH=CH),
7.22(d,J=7.97,Hz,, 2H ArH), 6.98 (d, J=8.77 Hz, 2H, ArH), 3.88 (s,3H, CH3), 2.39 (s, 3H,CH?3);
13C NMR (400 MHz, CDCls, §, ppm): 189.43, 163.92, 144.64, 141.40, 132.92, 131.81, 131.34,
130.24, 128.96, 121.46, 114.39, 56.06(OCH?a), 22.09 (CHs).

(E)-1,3-bis(4-methoxyphenyl)prop-2-en-1-one (1d): Yellow solid, yield: 85.7%, mp = 102-104 °C;
'H NMR (400 MHz, CDCls, 6, ppm): 8.03 (d, J = 8.75 Hz, 2H, ArH), 7.78 (d, J = 15.58 Hz, 1H,
ph-CH=CH), 7.60 (d, J = 8.66 Hz, 2H, ArH), 7.43 (d, J = 15.58 Hz, 1H, ph-CH=CH), 6.96 (dd, J
=17.58, 8.72 Hz, 4H, ArH), 3.89 (s,3H, OCHs), 3.85 (s, 3H, OCHz); 3C NMR (400 MHz, CDCls,
o, ppm): 189.39, 163.84, 162.09, 162.09, 144.39, 131.95, 131.28, 130.67, 128.40, 120.15, 114.96,
114.36, 56.05 (OCHs), 55.98 (OCHy3).

(E)-3-(3,4-dimethoxyphenyl)-1-(4-methoxyphenyl)prop-2-en-1-one (1le): Yellow solid, yield:
80.6%, mp = 92-94 °C; *H NMR (400 MHz, CDCls, J, ppm): 8.03 (d, J = 8.81 Hz, 2H, ArH), 7.75
(d, J = 15.56 Hz, 1H, ph-CH=CH), 7.40 (d, J = 15.56 Hz, 1H, ph-CH=CH), 7.23 (dd, J = 8.31,
1.64 Hz, 1H, ArH), 7.16 (s, 1H, ArH), 6.98 (d, J =8.81 Hz, 1H, ArH), 6.89 (d, J = 8.27 Hz, 1H,
ArH), 3.94 (s, 3H, OCHs), 3.92 (s, 3H, OCHj3), 3.88 (s, 3H, OCHs); *C NMR (400 MHz, CDCls,
0, ppm): 189.37, 163.86, 151.83, 149.80, 144.71, 131.89, 131.29, 128.65, 123.53, 120.42, 114.36,
111.70, 110.68, 56.56 (OCHa), 56.54 (OCHzs), 56.05 (OCHs).

(E)-1,3-bis(3,4-dimethoxyphenyl)prop-2-en-1-one (1f): Yellow solid, yield: 99%, mp = 109-
111°C; 'H NMR (400 MHz, CDCls, 8, ppm): 7.76 (d, J = 15.54 Hz, 1H, ph-CH=CH), 7.69 (d, J =
8.36 Hz, 1H, ArH), 7.62 (s, 1H, ArH) 7.41 (d, J = 15.54 Hz, 1H, ph-CH=CH), 7.24 (d, J = 8.44
Hz, 1H, ArH), 7.16 (s, 1H, ArH), 6.92 (dd, J = 11.73, 8.31 Hz, 2H, ArH), 3.89-3.95 (m, 9H, CH3),
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3.92 (s, 3H, CHs); *C NMR (400 MHz, CDCls, 8, ppm): 189.26, 153.70, 151.86, 149.81, 144.73,
132.13, 128.64, 123.46, 123.43, 120.25, 111.72, 111.43, 110.81, 110.50, 56.65 (20CH3), 56.57
(20CHa).

35.1.2 A typical procedure for the synthesis of 4,6-diphenylpyrimidin-2-amine(2a-
2f)
2 R =4-H, R'=4-H
NH, 2b R =4-Me, R'=4-Cl
NN 2¢c R=4-Me, R'=4-McO

2d R=4-MeO, R'=4-MeO
2¢ R =34-MeO, R'=4-MeO
2f R =3,4-MeO, R'=3,4-MeO,

The reaction mixture of (E)-chalcone (1) (8 g, 31.16 mmol), guanidine hydrochloride (4.8 g, 49.
86 mmol) and 60% NaOH (12 g NaOH/H20 (20 mL)) in EtOH (30 mL) was refluxed for 24 hours.
The progression of the reaction was monitored using TLC. Excess ethanol was removed under
vacuum using rotavapor, and the reaction mixture was then added in 100 g ice water. The
precipitate formed was filtered, washed with excess water and dried. The crude compound was
purified by column chromatography using EtOAc/hexane (1:4) eluent to obtain the following pure

compounds.

4,6-diphenylpyrimidin-2-amine (2a): Yellow solid, yield: 65 %, mp = 136-138°C; 'H NMR (400
MHz, CDCl3, ¢, ppm): 8.07-8.05 (m, 4H, ArH), 7.51-7.49 (m, 6H, ArH), 7.46 (s, 1H, ArH), 5.35
(s, 2H, NH>).

4-(4-chlorophenyl)-6-(p-tolyl)pyrimidin-2-amine (2b): Yellow solid, yield: 62%, mp = 162-
165°C; *H NMR (400 MHz, CDCls, 6, ppm): 8.00 (d, J = 8.36 Hz, 2H, ArH), 7.95 (d, J = 7.96 Hz,
2H, ArH), 7.46 (d, J = 8.36 Hz, 2H, ArH), 7.37 (s, 1H, ArH), 7.30 (d, J = 7.38 Hz, 2H, ArH), 5.31
(s, 2H , NHy), 2.43 (s, 3H, CH3) ; 3C NMR (400 MHz, CDCls, ¢, ppm): 166.40, 164.76, 163.63,
140.93, 136.52, 136.25, 134.74, 129.53, 128.95, 128.42, 127.04, 103.64, 21.44 (CHy).

4-(4-methoxyphenyl)-6-(p-tolyl)pyrimidin-2-amine (2c): Yellow solid, yield: 58%, mp = 127-
129°C; 8.03 (d, J = 8.64 Hz, 2H, ArH), 8.00 ( d, J = 8.36 Hz, 2H, ArH), 7.46 (d, J =8.36 Hz, 2H,
ArH), 7.37 (s, 1H, Pyr-H), 7.00 (d, J = 8.56 Hz, 2H, ArH) 5.20 (s, 2H, NH>), 3.88 (s, 3H, CHj);
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13C NMR (400 MHz, CDCls, 6, ppm): 165.88, 164.64, 163.55, 161.76, 136.47, 136.47, 129.91,
128.96, 128.64, 128.40, 114.14, 103.18, 55.43 (OCHj3).

4,6-bis(4-methoxyphenyl) pyrimidin-2-amine (2d); Yellow solid, yield: 65 %, mp = 171-173 °C;
'H NMR (400 MHz, CDCls, 6, ppm): 8.04 (d, J = 8.66 Hz, 4H, ArH), 7.36 (s, 1H, Pyr-H) 7.00 (d,
J = 8.69 Hz,4H, ArH), 5.36 (s, 2H, NH,), 3.87 (s, 6H, 2CHs); 3C NMR (400 MHz, CDCls, 4,
ppm): 165.19, 162.97, 161.77, 129.78, 128.69, 114.15, 102.64, 55.43 (OCHj).

4-(3,4-dimethoxyphenyl)-6-(4-methoxyphenyl) pyrimidin-2-amine (2¢) : Yellow solid, yield: 61 %,
mp = 157-159 °C; *H NMR (400 MHz, CDCls, J, ppm): 8.04 (d, J = 8.86 Hz, 2H, ArH), 7.71 (d,
J=1.92 Hz, 1H, ArH), 7.63 (dd, J = 8.55, 2.0 Hz,1H, ArH), 7.36 (s, 1H, Pyr-H), 7.00 (d, J = 8.84
Hz, 1H, ArH), 6.96 (d, J = 8.45 Hz, 1H, ArH), 5.35 (s, 2H, NH>), 4.00 (s, 3H, CHs3), 3.95 (s, 3H,
CHs3), 3.87 (s, 3H, CHa).

4,6-bis(3,4-dimethoxyphenyl)pyrimidin-2-amine (2f): Yellow solid, yield: 67 %, *H NMR (400
MHz, CDCls, d, ppm): 7.71 (s, 2H, ArH), 7.62 (dd, J = 8.45, 1.69 Hz, 2H, ArH), 7.37 (s, 1H, Pyr-
H), 6.96 (d, J = 8.40 Hz, 1H, ArH), 5.25 (s, 2H, NH>), 4.00 (s, 6H, 2CHs3), 3.95 (s, 6H, 2CHj3).

3.5.1.3 A typical procedure for the synthesis of 4,6-diphenylpyrimidin-2-ol (3a-3f)

3a R=4H, R'=4-H
OH 3b R=4-Me, R =4Cl

N*\N 3¢ R=4-Me, R =4-MeO
- 3d R=4-MeO, R'=4-McO

3¢ R=34-MeO, R'=4-MeO
3f R=3,4-MeO, R'=3,4-MeO,

4,6-Diphenylpyrimidin-2-amine (2) (4 g, 12.76 mmol) was dissolved in acetic acid (100 mL), and
whilst stirring a solution of 10 eq NaNO: dissolved in H.O (50 ml) was slowly added at room
temperature. The reaction mixture was further stirred for 3 hours. The progression of the reaction
was monitored using TLC. The precipitate formed was filtered and washed with excess water and
dried under a vacuum. The crude product was recrystallized in EtOH to obtain the following pure

compounds in good yield.
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4,6-diphenylpyrimidin-2-ol (3a): Yellow solid, yield: 85 %, mp = 231-234 °C; *H NMR (400
MHz, DMSO-ds, J, ppm): 11.96 (s, 1H, Pyr-OH), 8.17(d, J = 6.56 Hz, 4H, ArH), 7.57-7.55 (m,
7H, ArH); 3C NMR (400 MHz, DMSO-ds, J, ppm): 134.78, 131.42, 128.79, 127.54, 100.40.

4-(4-chlorophenyl)-6-(p-tolyl)pyrimidin-2-ol (3b): Yellow solid, yield: 89 %, mp = <300 °C; H
NMR (400 MHz, DMSO-ds, 8, ppm): 11.83 (s, 1H, Pyr-OH), 8.14 (d, J = 8.56 Hz, 1H, ArH), 8.13
(d, J = 8.76 Hz, 2H, ArH), 7.79-7.77 (m, 1H, ArH), 7.69 (d, J = 1.56 Hz, 2H, ArH), 7.08 (d, J =
8.84 Hz, 2H, ArH), 3.88 (s, 3H, OCHz3), 3.85 (s, 6H, 20CH3).

4-(4-methoxyphenyl)-6-(p-tolyl)pyrimidin-2-ol (3d): Yellow solid, yield: 91 %, mp = 235-237 °C;,
'H NMR (400 MHz, DMSO-ds, 8, ppm): 11.85 (s, 1H, Pyr-OH), 8.16 (d, J = 8.74 Hz, 2H, ArH),
8.04 (d, J =7.97 Hz, 2H, ArH), 7.44 (s, 1H, pyr-H), 7.35 (d, J = 7.98 Hz, 2H, ArH), 7.09 (d, J =
8.97 Hz, 2H, ArH), 3.85 (s, 3H, OCHjs), 2.39(s, 3H, CHs); 3C NMR (400 MHz, DMSO-ds, 4,
ppm): 162.05, 141.51, 129.39, 129.35, 127.46, 114.18, 55.46 (OCHj3), 55.99 (CHj3).

4,6-bis(4-methoxyphenyl)pyrimidin-2-ol (3d): Yellow solid, yield: 90 %, mp = <300 °C; *H NMR
(400 MHz, DMSO-ds, J, ppm): 11.82 (s, 1H, Pyr-OH), 8.14 (d, J = 8.53 Hz, 2H, ArH), 7.41 (s,
1H, pyr-H), 7.09 (d, J = 8.91 Hz, 2H, ArH), 3.85 (s, 6H, 20CHj3), 1*C NMR (400 MHz, DMSO-
ds, J, ppm): 162.00, 129.32, 114.18, 55.46 (20CHj3).

4-(3,4-dimethoxyphenyl)-6-(4-methoxyphenyl)pyrimidin-2-ol (3e): Yellow solid, yield: 89 %, mp
= 235-237 °C; 'H NMR (400 MHz, DMSO-ds, 6, ppm): 11.83 (s, 1H, Pyr-OH), 7.79 (d, J = 7.29
Hz, 2H, ArH), 7.70 (d, J = 7.71 Hz, 2H, ArH), 7.41 (s, 1H, ArH), 7.10 (d, J = 8.2 Hz, 2H, ArH),
3.88 (s, 3H, OCH3), 3.85(s, 3H, OCHzs); 3C NMR (400 MHz, DMSO-ds, 6, ppm): 162.00, 151.74,
148.77,129.37, 129.31, 121.10, 114.7, 111.47, 110.43, 97.91, 55.71 (OCHj3), 55.45 (20CH3).

4,6-bis(3,4-dimethoxyphenyl)pyrimidin-2-ol (3f): Yellow solid, yield: 93 %, mp = <300°C; 'H
NMR (400 MHz, DMSO-ds, 6, ppm): 11.83 (s, 1H, Pyr-OH), 7.79 (d, J = 7.29 Hz, 2H, ArH), 7.70
(d, J=7.71 Hz, 2H, ArH), 7.41 (s, 1H, ArH), 7.10 (d, J = 8.2 Hz, 2H, ArH), 3.88 (s, 6H, 20CH3),
3.85(s, 6H, 20CHs3); *C NMR (400 MHz, DMSO-ds, 6, ppm): 151.73, 148.72, 121.18, 111.42,
110.43, 55.66 (40CHz3); HRMS (ESI, m/z) [M+Na] calculated for C20H20N20s, 391.1270; found
391.1279.
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35.1.4 A typical procedure for the synthesis of 2-chloro-4,6-diphenylpyrimidine

4a R =4-H, R'=4-H
Cl 4b R =4-Me, R'=4-Cl
N*\N 4c R =4-Me, R' = 4-MeO

@/'\/\@ 44 R=4MeO, R'=4-MeO
Ry N 4e R=34-Me0, R=4-MeO

4f R =3,4-MeO, R'=3,4-MecO
A solution of 4,6-diphenylpyrimidin-2-ol (4g, 16.11 mmol) and 0.4 mL DMF in POCIs (20 mL)
was refluxed for 6 hours. The reaction completion was monitored by TLC. The reaction was added
into ice water, and the precipitate formed was filtered, washed with water and dried under vacuum.
The crude compound was purified by column chromatography using EtOAc/hexane (1:9) eluent
to obtain pure compounds.
2-chloro-4,6-diphenylpyrimidine (4a): Yellow solid, yield: 93 %, mp = 115-116 °C; *H NMR (400
MHz, CDCls, d, ppm): 8.07-8.05 (m, 4H, ArH), 7.51-7.49 (m, 6H, ArH), 7.46 (s, 1H, ArH), 5.35
(s, 2H, NH>).

2-chloro-4-(4-chlorophenyl)-6-(p-tolyl)pyrimidine (4b): Yellow solid, yield: 89%, *H NMR (400
MHz, CDCls, 6, ppm): 8.09 (d, J = 8.52 Hz, 2H, ArH), 8.04 (d, J = 8.16 Hz, 2H, ArH), 7.94 (s,
1H, Pyr-H), 7.50 (d, J = 8.52 Hz, 2H, ArH), 7.33 (d, J = 8.00 Hz, 2H, ArH), 2.44 (s, 3H, CH3); *C
NMR (400 MHz, CDCls, ¢, ppm): 166.77, 165.13, 161.05, 141.46, 136.88, 133.16, 131.65, 128.83,
128.30, 127.68, 126.37, 109.20, 20.51(CH3).

2-chloro-4-(4-chlorophenyl)-6-(4-methoxyphenyl)pyrimidine (4c): Yellow solid, yield: 95%, 'H
NMR (400 MHz, CDCls, ¢, ppm): 8.11 (d, J = 8.84 Hz, 2H, ArH), 8.07 (d, J = 8.56 Hz, 2H, ArH),
7.88 (s, 1H, Pyr-H), 7.49 (d, J = 8.68 Hz, 2H, ArH), 7.02 (d, J = 8.92 Hz, 2H, ArH), 3.89 (s, 3H,
OCHs); *C NMR (400 MHz, CDCls, 6, ppm): 167.27, 165.95, 162.75, 162.02, 137.82, 134.25,
129.30, 129.16, 128.67, 127.81, 114.46, 109.62, 55.50 (OCHj3).

2-chloro-4,6-bis(4-methoxyphenyl)pyrimidine (4d): Yellow solid, yield: 93%, mp = 187-190°C;
'H NMR (400 MHz, CDCls, ¢, ppm): 8.10 (d, J = 8.48 Hz, 3H, ArH), 7.87 (d, J = 8.84 Hz, 1H,
ArH), 7.85 (s, 1H, Pyr-H), 7.01 (dd, J = 8.50 Hz, 1.74 Hz, 4H, ArH), 3.88 (s, 6H, 20CHs3); *C
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NMR (400 MHz, CDCls, 6, ppm): 166.74, 166.52, 162.51, 161.84, 161.58, 131.61, 129.10, 128.19,
127.90, 114.39,113.67, 109.01, 55.49(0OCHpg), 55.44 (OCH3).

2-chloro-4,6-bis(4-methoxyphenyl)pyrimidine (4e): Yellow solid, yield: 93 %, mp = 187-190°C;
'H NMR (400 MHz, CDCls, ¢, ppm): 8.10 (d, J = 8.48 Hz, 3H, ArH), 7.87 (d, J = 8.84 Hz, 1H,
ArH), 7.85 (s, 1H, Pyr-H), 7.01 (dd, J = 8.50 Hz, 1.74 Hz, 4H, ArH), 3.88 (s, 6H, 20CH3); 1°C
NMR (400 MHz, CDCls, o, ppm): 166.74, 166.52, 162.51, 161.84, 161.58, 131.61, 129.10, 128.19,
127.90, 114.39, 113.67, 109.01, 55.49(OCHj3), 55.44 (OCHpa).

2-chloro-4-(3,4-dimethoxyphenyl)-6-(4-methoxyphenyl)pyrimidine (4f): Yellow solid, yield: 89
%, mp = 138-141°C; 'H NMR (400 MHz, CDCls, 8, ppm): 8.12 (d, J = 8.88 Hz, 2H, ArH), 7.87
(d, J=8.84 Hz, 1H, ArH), 7.85 (s, 1H, Pyr-H), 7.01 (d, J = 8.88, 2H, ArH), 6.96 (d, J = 8.36, 1H,
ArH), 4.00 (s, 3H, OCHs), 3.95 (s, 3H, OCHs), 3.88 (s, 3H, OCH3); *C NMR (400 MHz, CDCls,
d, ppm): 164.28, 164.24, 162.78, 161.40, 150.90, 149.06, 131.44, 131.04, 120.01, 113.92, 110.87,
110.05, 99.65, 56.00 (OCHs), 55.95 (OCHs), 55.39 (OCHa).

2-chloro-4,6-bis(3,4-dimethoxyphenyl)pyrimidine (4g): Yellow solid, yield: 78 %, mp = 180-
183°C; 'H NMR (400 MHz, CDCls, d, ppm): 7.86 (s, 1H, ArH), 7.74 (s, 2H, ArH), 7.69 (d, J =
7.12 Hz, 2H, ArH), 6.97 (d, J = 7.76 Hz, 2H, ArH), 4.00 (s, 6H, 20CHs), 3.96 (s, 6H, 20CHj).

3.5.15 A typical procedure for the synthesis of 4,6-diphenyl-2-(piperazin-1-

yl)pyrimidine
Cl N S5a R = ethane-1,2-diamine
m 3d R = propane-1,3-diamine
R Sc R = butane-1,4-diamine

5d R = piperazin-1-yl

A reaction mixture of 2-chloro-4,6-diphenylpyrimidine (4.0 g, 15 mmol) and piperazine (13.92 g,
150 mmol) in isopropanol (20 mL) was refluxed for 20 hours. The progression of the reaction was
monitored by TLC. The reaction mixture was added to 2 M NaOH (100 mL) solution, and the
precipitate formed was filtered, washed with water and diethyl ether, and dried under vacuum. The

crude product was purified by recrystallised in EtOAc to obtain the following pure compounds.
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N*-(7-chloroquinolin-4-yl)ethane-1,2-diamine (5a): Yellow solid, yield: 97 %, mp = 137-139 °C;
'H NMR (400 MHz, DMSO-ds, 5, ppm): 8.33 (d, J =5.48 Hz, 1H, ArH), 8.20 (d, J = 9.01 Hz, 1H,
ArH), 7.76 (d, J = 1.84 Hz, 1H, ArH), 7.40 (dd, J = 9.00 Hz, 1.85 Hz, 1H, ArH), 7.26 (s, 1H, -
NH), 6.50 (d, J = 5.56 Hz, 1H, ArH), 3.27 (br.s, 2H, CH,), 2.79 (t, J = 6.38 Hz, 2H, CHy); 3C
NMR (400 MHz, DMSO-ds, 0, ppm): 152.35, 152.27, 150.06, 149.02, 134.24, 127.41, 124.78,
117.80, 99.25, 45.58.

N*-(7-chloroquinolin-4-yl)propane-1,3-diamine (5b): Yellow solid, yield: 98 %, mp = 88-90°C;
'H NMR (400 MHz, DMSO-ds, 5, ppm): 8.32 (d, J =5.06 Hz, 1H, ArH), 8.17 (d, J = 8.92 Hz, 1H,
ArH), 7.75 (d, J = 4.92Hz, 1H, ArH), 7.68 (br.s, 1H, -NH), 7.40 (d, J = 7.20 Hz, 1H, ArH), 6.48
(d, J = 5.54 Hz, 1H, ArH), 3.30 (t, J = 6.90Hz, 2H, ArH), 2.66 (t, J = 6.60 Hz, 2H, CH), 1.74 (q,
J=6.75 Hz, 2H, CH>), 3C NMR (400 MHz, DMSO-ds, 6, ppm): 151.83, 151.70, 150.36,148.45,
133.64, 126.84, 126.84, 124.22, 123.89, 122.04, 98.61, 40.20.

N2-(7-chloroquinolin-4-yl)butane-1,4-diamine (5c): White solid, yield: 99 %, mp = 121-124 °C;
'H NMR (400 MHz, DMSO-ds, J, ppm): 8.32 (d, J = 5.48 Hz, 1H, ArH), 8.19 (d, J = 9.01 Hz, 1H,
ArH), 7.76 (d, J = 1.64 Hz, 1H, ArH), 7.39 (dd, J = 8.94, 1.64, Hz, 1H, ArH), 7.36 (br.s, 1H, -
NH), 6.44 (d, J = 5.56 Hz, 1H, ArH), 3.23 (t, J = 6.90 Hz, 2H, CHy), 2.54 (t, J = 6.98 Hz, 2H,
CH), 1.62 (g, J =6.98 Hz, 2H, CH>), 1.44 (p, J = 7.35 Hz, 2H, CH>); **C NMR (400 MHz, DMSO-
de, 0, ppm): 151.25, 149.91, 148.02, 133.19, 126.38, 123.72, 123.43, 116.77, 98.13, 41.79(CH>),
40.88 (CH>), 29.49 (CH2), 24.67 (CH>).

7-chloro-4-(piperazin-1-yl)quinoline (5d): Yellow solid, yield: 100 %, mp = 113-115 °C;'H NMR
(400 MHz, DMSO-ds, o, ppm): 8.68 (d, J = 5.00 Hz, 1H, ArH), 8.01 (d, J = 9.00 Hz, 1H, ArH),
7.96 (d, J = 2.16 Hz, 1H, ArH), 7.53 (dd. J = 8.98 Hz, 2.26 Hz, 1H, ArH), 3.09-3.07 (m, 4H,
2CHy), 2.97-2.94 (m, 4H, 2CH,); C NMR (400 MHz, DMSO-ds, 6, ppm): 156.42, 151.17,
151.88, 149.61, 148.78, 141.29, 135.36, 133.53, 128.69, 128.11, 128.02, 126.04, 125.80, 125.69,
124.25, 122.03, 121.31, 109.37, 109.37, 51.86, 44.69.
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3.5.1.6 A typical procedure for the synthesis of N-(7-chloroquinolin-4-yl)-N2-(4,6-
diphenylpyrimidin-2-yl) ethane-1,2-diamine
Cl Ny

=

HN
Cl N 1
Cl K,CO; NH
m + NJ\ N NPN
HNI ) DMF, MW "
40 mi
A solution of 2-chloro-4,6-diphenylpyrimidine (6) (120.65 mg, 0.45 mmol), N*-(7-chloroquinolin-

4-yl) ethane-1,2-diamine (5) (100 mg, 0.45 mmol) and K2CO3(125.03 mg, 0.91 mmol) in DMF (2

mL) was discharged to a microwave at temperature 120 °C, pressure 150 Psi and power 150 Watts

for 40 minutes. The progression of the reaction was monitored using TLC. The reaction mixture
was added to ice water. The precipitate formed was filtered, washed with water and dried under
vacuum. The compound was purified using silica gel in a chromatographic column with eluent 1%

MeOH in DCM to afford the following pure compounds.

7-chloro-4-(4-(4,6-diphenylpyrimidin-2-yl)piperazin-1-yl)quinoline (6a): Yellow solid, yield: 65
% , mp = 169-172 °C; *H NMR (400 MHz, CDCls, J, ppm): 8.76 (d, J = 4.35 Hz, 1H, ArH), 8.14
(d, 3 =3.63 Hz, 3H, ArH), 8.08-8.07 (m, 2H, ArH), 7.82 (d, J = 3.44 Hz, 1H, ArH), 7.51-7.48 (m,
8H, ArH), 6.89 (d, J = 8.45 Hz, 1H, ArH), 4.33-4.19 (m, 4H, 2CH>), 3.36-3.29 (m, 4H, 2CH,); °C
NMR (400 MHz, CDCls, 6, ppm): 163.76, 157.09, 151.13, 150.64, 141.49, 134.83, 129.77, 129.11,
127.48, 127.28, 126.89, 124.60, 123.09, 122.09, 111.96, 103.09, 98.16, 56.37, 40.20, 21.47.

N*-(4-(4-chlorophenyl)-6-(p-tolyl)pyrimidin-2-yl)-N*-(7-chloroquinolin-4-yl)butane-1,4-diamine
(6b): Yellow solid, yield: 84 %, mp = 192-194 °C; *H NMR (400 MHz, CDCls, 6, ppm): 8.50 (d,
J=5.32 Hz, 1H, ArH), 7.94 (d, J = 1.99 Hz, 1H, ArH), 7.70 (d, J =8.43 Hz, 2H, ArH), 7.65 (d, J
=7.97 Hz, 2H, ArH), 7.54 (d, J = 8.96 Hz, 1H, ArH), 7.41 (d, J = 8.44 Hz, 2H, ArH), 7.29 (dd, J
=8.92, 2.07 Hz, 1H, ArH), 7.24 (d, J = 8.24 Hz, 3H, ArH), 6.36 (d, J = 5.34 Hz, 1H, ArH), 5.36
(t, J =5.95 Hz, 1H, NH), 5.03 (br.s, 1H, NH), 3.55 (q, J = 3.55 Hz, 2H, CH>), 3.55 (g, J = 5.55
Hz, 2H, CH>), 2.40 (s, 3H, CH3), 1.85-1.79 (m, 4H, 2CH>); 3C NMR (400 MHz, CDCls, 5, ppm):
160.03, 151.87, 149.66, 148.95, 139.99, 135.92, 135.76, 134.91, 134.46, 130.69, 129.15, 128.76,
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128.29, 125.81, 117.08, 114.71, 99.03, 42.98(CH2), 41.16(CH2), 27.45(CH2), 25.93 (CH2), 21.44
(CHa).

7-chloro-4-(4-(4-(4-chlorophenyl)-6-(p-tolyl)pyrimidin-2-yl)piperazin-1-yl)quinoline (6¢):
Yellow solid, yield: 82%, mp = 215-217 °C; *H NMR (400 MHz, CDCls, J, ppm): 8.74 (d, J =
4.90 Hz, 1H, ArH), 8.07 (m, 4H, ArH), 8.01 -8.06 (d, J = 8.16 Hz, 2H, ArH), 7.47 (d, J = 8.49 Hz,
3H, ArH), 7.40 (s, 1H, ArH), 7.31 (d, J = 8.04 Hz, 2H, ArH), 6.88 (d, J = 5.00 Hz, 1H, ArH), 4.31
(t, J = 4.58 Hz, 4H, 2CH,), 3.35(t, J = 4.86 Hz, 4H, 2CH>), 2.44 (s, 3H, CHs); *C NMR (400
MHz, CDCls, o, ppm): 163.96, 162.21, 157.09, 151.99, 150.21, 140.96, 136.56, 136.49, 135.05,
129.47, 128.98, 128.39, 127.03, 126.35, 125.15, 122.02, 1032.16, 101.90, 52.33, 44.00, 21.46.

N*-(7-chloroquinolin-4-yl)-N2-(4-(4-methoxyphenyl)-6-(p-tolyl)pyrimidin-2-yl)ethane-1,2-
diamine (6d): Yellow solid, yield: 88%, mp = 154-157 °C; *H NMR (400 MHz, CDCls, 6, ppm):
8.43 (d, J = 3.67 Hz, 1H, ArH), 8.15 (s, 1H, ArH), 8.01 (br s, 4H, ArH), 7.81 (s, 1H, ArH), 7.40
(s, 1H, ArH), 7.34 (d, J = 7.09 Hz, 3H, ArH), 7.11-7.02 (m, 3H, ArH), 6.46 (br, s, 1H, NH), 6.30
(d. J=5.28 Hz, 1H, ArH), 5.90 (br s, 1H, NH), 4.05-4.04 (m, 2H, CH), 3.97 (s, 3H, CH3), 3.51-
3.50 (m, 2H, CHy), 2.46 (s, 3H, CHs); *C NMR (400 MHz, CDCls, 6, ppm): 163.89, 157.23,
151.26, 150.77, 134.97, 129.90, 129.24, 127.62, 127.42, 127.02, 124.74, 112.10, 103.23, 98.29,
56.50, 40.33, 21.60, 14.25.

N*-(7-chloroquinolin-4-yl)-N3-(4-(4-methoxyphenyl)-6-(p-tolyl)pyrimidin-2-yl)propane-1,3-
diamine (6e): Yellow solid, yield: 76%, mp = 97-99 °C; *H NMR (400 MHz, CDCls, J, ppm): 8.42
(s, 1H, ArH), 8.09 (d, J = 1.99 Hz, 1H, ArH), 7.91 (t, J = 16.44 Hz, 5H, ArH), 7.42 (d, J = 8.73
Hz, 1H, ArH), 7.28 (s, 2H, ArH), 7.00-6.94 (m, 2H, ArH), 6.37 (d, J = 4.89 Hz, 1H, ArH), 5.69
(br.s, 1H, -NH), 5.48 (t, J = 4.89 Hz, 1H, -NH), 3.96 (s, 3H, OCH3), 3.81 (q, J = 6.16 Hz, 2H,
CHy), 3.52-3.48 (m, 2H, ArH), 2.44 (s, 3H, CHs), 2.10 (g, J = 6.09 Hz, 2H, CH,); *C NMR (400
MHz, CDCls, ¢, ppm): 166.06, 164.01, 163.17, 156.82, 140.94, 135.07, 129.58, 128.99, 127.06,
126.68, 125.26, 122.97, 121.37, 111.83, 102.59, 56.32 (OCH?3), 40.59 (C-NH>) , 38.75(C-NH>) ,
28.89(CH>), 21.44 (CHg).

7-chloro-4-(4-(4-(4-methoxyphenyl)-6-(p-tolyl)pyrimidin-2-yl)piperazin-1-yl)quinoline (67):
Yellow solid, yield: 83 %, mp = 191-193 °C; FTIR (ATR, Vmax, cm-1): 3038 (C-H), 2998 (C-H
of CHs), 2956 (C-H of CHs), 1438-1565 (C=C of Ar), 1237 (C-0), 773 (C-Cl), *H NMR (400
MHz, CDCls, 6, ppm): 8.74 (d, J = 4.96 Hz, 1H, ArH), 8.12 (d, J = 8.80 Hz, 2H, ArH), 8.08 (s,
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1H, ArH), 8.06 (d, J = 5.69 Hz, 1H, ArH), 8.04 (d, J = 8.09 Hz, 3H, ArH) 7.47 (dd, J = 8.99, 1.99
Hz, 1H, ArH), 7.40 (s, 2H, CH,), 7.30 (d, J = 8.04 Hz, 2H, ArH), 7.01 (d, J = 8.79 Hz, 2H, ArH),
6.88 (d, J = 5.02 Hz, 1H, ArH), 4.31-4.29 (m, 4H, 2CHy), 3.89 (s, 3H, OCH3), 3.35 (t, q =4.83
Hz,4H, 2CHs) 2.43 (s, 3H, CH3); 13C NMR (400 MHz, CDCls, J, ppm): 164.71, 162.12, 157.13,
151.96, 151.25, 150.17, 149.17, 135.06, 130.93, 128.94, 126.35, 125.19, 122.00, 120.24, 110.96,
110.13, 109.14, 101.48, 56.11(20Me), 56.04 (20Me), 52.38 (2CH2), 44.03 (2CHy), 21.44 (CHs).

N*-(4,6-bis(4-methoxyphenyl)pyrimidin-2-yl)-N*-(7-chloroquinolin-4-yl)butane-1,4-diamine
(69): Yellow solid, yield: 83 %, mp = 144-145 °C; FTIR (ATR, Vmax, cm-1): 3256 (N-H), 3069,
2932 (C-H, CHa), 1573-1450 (C=C, Ar) 1239 (C-0), 763 (C-Cl); *H NMR (400 MHz, CDCls, 6,
ppm): 8.38 (d, J = 5.57 Hz, 1H, ArH), ), 8.03 (d, J = 8.81 Hz, 3H, ArH), 7.91 (d, J = 2.10 Hz, 1H,
ArH), 7.76 (d, J =8.69 Hz, 1H, ArH), 7.62 (d, J = 8.97 Hz, 1H, ArH), 7.30 (s, 1H, ArH), 7.21 (dd,
J=7.20, 2.04 Hz, 1H, ArH) 6.96 (d, J = 8.72 Hz, 5H, ArH), 6.35 (d, J = 5.61 Hz, 1H, ArH), 5.55
(br.s, 1H, NH), 5.40 (t, J = 6.01Hz, 1H, NH), 3.85 (s, 6H, 20CH>), 3.66 (m, 1H, NH), ), 5.56- 5.48
(m, 1H, NH), 3.19 (s, 6H, 2CH3), 3.81-3.60 (m, 2H, CHz>), 3.51 (q, J = 6.27 Hz, 2H, CH>), 3.51 (q,
J =6.10 Hz, 2H, CH), 1.91-1.82 (m, 4H, 2CH>); *3C NMR (400 MHz, CDCls, 6, ppm): 164.91,
162.99, 161.58, 150.40, 135.35, 130.97, 130.41, 128.45, 127.51, 125.47, 121.41, 116.86, 114.03,
113.37, 101.53, 99.89, 55.40 2(OCHps), 42.99 (C-NH), 40.84 (C-NH), 27.42 (CHy2), 25.96 (CH>);
HRMS (ESI, m/z) [M+Na]*; calculated for C31H30CINsO2, 562.1972, found 562.1986.

4-(4-(4,6-bis(4-methoxyphenyl)pyrimidin-2-yl)piperazin-1-yl)-7-chloroquinoline  (6h): Yellow
solid, yield: 87 %, mp = 191-195 °C; FTIR (ATR, Vmax, cm-1): 3037, 2996 (C-H, CHz), 1604-
1419 (C=C, Ar) 1242 (C-0), 812 (C-CI); 'H NMR (400 MHz, CDCls, ¢, ppm): 8.74 (d, J = 4.98
Hz, 1H, ArH), 8.11 (d, J = 8.85 Hz, 3H, ArH), 8.13-8.01 (m, 2H, ArH), 7.86 (d, J = 8.84 Hz, 1H,
ArH), 7.47 (dd, J = 9.05, 2.01 Hz, 1H, ArH), 7.37 (s, 1H, ArH), 7.01 (d, J = 8.81 Hz, 4H, ArH),
6.88 (d, J =5.03 Hz, 1H, ArH), 4.31-4.29 (m, 4H, 2CH.), 3.88 (s, 6H, 2CH3), 3.35 (t, J = 4.88 Hz,
4H, 2CHs), 1.29 (s, 3H, CHs); **C NMR (400 MHz, CDCls, 6, ppm): 164.71, 162.12, 157.13,
151.96, 151.25, 150.17, 149.17, 135.06, 130.93, 128.94, 126.35, 125.19, 122.00, 120.24, 110.96,
110.13, 109.14, 101.48, 56.11(20Me), 56.04 (20Me), 52.38 (2CH>), 44.03 (2CH); HRMS (ESI,
m/z) [M+H]"; calculated for Cs1H28CINsO2, 538.2010, found 538.2030.

N1-(7-chloroquinolin-4-yl)-N4-(4-(3,4-dimethoxyphenyl)-6-(4-methoxyphenyl)pyrimidin-2-
yl)butane-1,4-diamine (6i); Yellow solid, yield: 93% mp = 130-132 °C; FTIR (ATR, Vmax, cm’
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1): 3080 (C-H), 2935 (C-H of CHs), 2956 (C-H of CHs), 1438-1601 (C=C of Ar), 1179, 1260 (C-
0), 773 (C-Cl), *H NMR (400 MHz, CDCls, &, ppm): 8.39 (d, J = 5.52 Hz, 1H, ArH), 7.99 (d, J =
8.77 Hz, 3H, ArH), 7.89 (brs.1H, ArH), 7.73 (d, J = 8.72 Hz, 1H, ArH), 7.46-7.42 (m, 1H, ArH),
7.28 (s, 1H, ArH), 6.96 (d, J = 8.80 Hz, 1H, ArH), 6.35 (t, J = 4.47 Hz, 1H, ARH), 5.83-5.76 (m,
1H, NH), 5.56-5.49 (m, 1H, NH), 3.87 (s, 6H, 20CHs), 3.85 (s, 3H, OCHz), 3.78 (t, J = 5.76 Hz,
2H, 2CHy), 3.48 (t, J = 5.81 Hz, 2H, CH2), 2.07 (g, J = 5.81 Hz, 2H, CH>); *C NMR (400 MHz,
CDCls, 6, ppm): 164.71, 162.13, 157.13, 151.96, 151.25, 150.17, 149.17, 135.06, 130.93, 128.94,
126.35, 125.19, 122.00, 120.24, 110.96, 110.13, 109.14, 101.48, 56.11 (20Me), 56.04 (OMe),
52.38 (2CHy), 44.03 (2CHy).

7-chloro-4-(4-(4-(3,4-dimethoxyphenyl)-6-(4-methoxyphenyl)pyrimidin-2-yl)piperazin-1-
yhquinoline (6j): Yellow solid, yield: 79 % mp = 201-204 °C; FTIR (ATR, Vmax, cm-1): 3276
(C-N), 3073, 2839 (C-H of CHa), 1572-1430 (C=C Ar) 1298 (C-0), 763 (C-Cl), *H NMR (400
MHz, CDCls, ¢, ppm): 8.74 (d, J = 4.97 Hz, 1H, ArH), 8.12 (d, J = 8.81 Hz, 2H, ArH), 8.02-8.10
(m, 2H, ArH), 7.74-7.70 (m, 2H, ArH), 7.47 (dd, J = 9.01, 1.99 Hz, 1H, ArH), 7.36 (s, 1H, ArH),
7.02 (d, J = 8.77 Hz, 2H, ArH), 6.98 (d, J = 8.27 Hz, 1H, ArH), 6.89 (d, J = 5.02 Hz, 1H, ArH),
4.31 (t,J = 4.40 Hz, 4H, 2CH>), 4.01 (s, 3H, CHa), 3.96 (s, 3H, CH3), 3.89 (s, 3H, CHs), 3.36 (t, J
= 4.40 Hz, 4H, 2CH>); **C NMR (400 MHz, CDCls, §, ppm): 161.64, 157.15, 151.98, 151.19,
150.20, 149.15, 135.04, 130.99, 130.56, 128.95, 128.58, 126.33, 125.20, 122.03, 120.22, 114.04,
110.96, 110.07, 109.15, 101.25, 56.08, 56.04, 52.38, 44.03.

4-(4-(4,6-bis(3,4-dimethoxyphenyl)pyrimidin-2-yl)piperazin-1-yl)-7-chloroquinoline (6k):
Yellow solid, yield: 88 %, mp = 249-251 °C; FTIR (ATR, Vmax, cm-1): 3080 (C-H), 2935 (C-H
of CHs), 2956 (C-H of CHjs), 1438-1601 (C=C of Ar), 1179, 1260 (C-0), 773 (C-Cl), *H NMR
(400 MHz, CDCls, ¢, ppm): 8.74 (d, J = 4.96 Hz, 1H, ArH), 8.08 (m, 2H, ArH), 7.75-7.70 (m, 4H,
ArH) 7.47 (dd, J = 9.01, 1.99 Hz, 1H, ArH), 7.36 (s, 1H, ArH), 6.98 (d, J = 8.40 Hz, 2H, ArH),
6.89 (d, J =5.01 Hz, 1H, ArH), 4.30 (t, J = 4.10Hz, 4H, 2CH>), 4.01 (s, 6H, 20CHj3), 3.96 (s, 6H,
20CHs3), 3.36 (t, J = 4.73 Hz, 4H, 2CH>); 1*C NMR (400 MHz, CDCls, 6, ppm): 164.71, 162.13,
157.13, 151.96, 151.25, 150.17, 149.17, 135.06, 130.93, 128.94, 126.35, 125.19, 122.00, 120.24,
110.96, 110.13, 109.14, 101.48, 56.11(20Me), 56.04 (20Me), 52.38 (2CH>), 44.03 (2CH>).
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3.5.1.7 A typical procedure for the synthesis of 4-(2-(4-(7-chloroquinolin-4-
yl)piperazin-1-yl)-6-(4-hydroxyphenyl)pyrimidin-4-yl)benzene-1,2-diol

Cl Ny Cl Ny
N 48% HBr in aq N
) - )

B\I\ MW, 40 min, 100°C B\I\

NN NN
YT 0L
e 0~ HO OH

6j 7a

7a (50 mg, 0.10 mmol) in 48% aqueous HBr (2 mL) was discharged into a microwave and radiated
at temperature 100 °C, pressure 300 PSI and power 300 watts for 40 minutes. Using TLC, the
development of the product was monitored. The precipitate formed was filtered and washed with
water and diethyl ether. The crude product was recrystallized in ethanol to afford the following

pure compounds in good yield.

4,4'-(2-((4-((7-chloroquinolin-4-yl)amino)butyl)amino)pyrimidine-4,6-diyl)diphenol (7a); Yellow
solid, yield: 93 %, mp = 214-216 °C; FTIR (ATR, Vmax, cm™): 3351 (O-H), 3256 (N-H), 3061,
2944 (C-H, CHa), 1443-1576 (C=C, Ar), 1281 (C-0), 791 (C-Cl);'H NMR (400 MHz, CDCls, 6,
ppm): 13.06 (s, 1H, ph-OH), 10.37 (br, s, 1H, ph-OH), 9.39-9.37 (m, 1H, NH), 8.55 (d, J = 9.21
Hz, ArH), 8.52 (br, s, 1H, NH), 8.24-8.05 (m, 4H, ArH), 7.90 (d, J = 2.05 Hz, 1H, ArH), 7.71 (dd,
J=9.08, 2.07 Hz, 1H, ArH), 7.66 (s, 1H, ArH), 7.30-7.23 (m, 4H, ArH), 6.36 (d, J =5.32 Hz, 1H,
ArH), 5.36 (t, J = 5.94 Hz, 1H, ArH), 6.93 (d, J = 7.16Hz, 5H, ArH), 5.62-2.61(m, 4H, 2CH>),
1.83 -1.80 (m, 4H, 2CH>); *C NMR (400 MHz, CDCls, ¢, ppm): 160.68, 158.96, 155.90, 143.31,
138.84, 138.55, 134.17, 131.27, 129.70, 127.36, 127.33, 126.01, 119.51, 116.74, 115.83, 115.03,
114.89, 102.66, 100.54, 99.19, 99.13, 43.45, 40.95, 26.55, 25.43; HRMS (ESI, m/z) [M+H]";
calculated for C29H26CINsO2, 512.1853; found 512.1844.

4-(2-((4-((7-chloroquinolin-4-yl)amino)butyl)amino)-6-(4-hydroxyphenyl)pyrimidin-4-

yl)benzene-1,2-diol (7b): Yellow solid, yield: 89 %, mp = 221 -223 °C;FTIR (ATR, Vmax, cm™):
3418 (O-H), 3228 (N-H), 2927 (C-H of CHa), 1439-1568 (C=C of Ar), 1273 (C-0O), 759 (C-Cl);
'H NMR (400 MHz, CDCls, 6, ppm): 9.90 (br.s, 2H, 2ph-OH), 8.80 (br, s, 1H, ph-OH), 8.50 (d, J
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= 9.13 Hz, 1H, ArH), 8.41 (d, J = 6.64 Hz, 1H, ArH), 8.03 (d, J = 8.66 Hz, 4H, ArH), 8.24-8.05
(m, 4H, ArH), 7.87 (d, J = 1.96 Hz, 1H, ArH), 7.64 (dd, J = 9.12, 2.12 Hz, 1H, ArH), 7.44 (s, 1H,
ArH), 7.09 (t, J = 5.87 Hz, 1H, NH), 6.82 (br s, 4H, (INH, 3ArH), 6.76 (d, J = 6.66 Hz, 1H, ArH),
3.59-3.194 (M, 6H, 2CH>), 2.06 (t, J = 6.60 Hz, 2H, ArH); 13C NMR (400 MHz, CDCls, &, ppm):
163.08, 160.17, 154.32, 145.95, 137.11, 128.97, 128.78, 126.47, 125.67, 122.67, 116.60, 115.78,
114.92, 99.91, 99.15, 41.49, 40.61, 38.98, 28.23.

4-(2-(4-(7-chloroquinolin-4-yl)piperazin-1-yl)-6-(4-hydroxyphenyl)pyrimidin-4-yl)benzene-1,2-
diol (7c): Yellow solid, yield: 94 %, mp = < 300 °C; FTIR (ATR, Vmax, cm™): 3418 (O-H), 3228
(N-H), 2927 (C-H of CH3), 1439-1568 (C=C of Ar), 1273 (C-0), 759 (C-Cl); *H NMR (400 MHz,
CDCl3, 6, ppm): 9.93 (s, H, ph-OH), 9.43 (br s, 1H, ph-OH), 9.08 (s, H, 2ph-OH), 8.73 (d, J = 4.96
Hz, 1H, ArH), 8.20 (d, J = 9.00 Hz, 1H, ArH), 8.13 (d, J = 8.55 Hz, 2H, ArH), 8.01(d, J = 1.97
Hz, 1H, ArH), 7.73 (d, J = 2.04 Hz, 1H, ArH), 7.62-7.56 (m, 2H, ArH), 7.53 (s, 1H, ArH), 7.10
(d, J =5.12 Hz, 1H, ArH), 6.90 (d, J = 8.56 Hz, 2H, ArH), 6.87 (d, J = 8.28 Hz, 1H, ArH), 4.19
(br.s, 4H, 2CH>); 3C NMR (400 MHz, CDCls, §, ppm): 164.63, 164.30, 162.03, 160.36, 157.13,
148.64, 145.95, 134.42, 129.81, 129.30, 129.13, 128.01, 126.86, 128.01, 126.86, 126.37, 121.73,
119.50, 116.06, 116.00, 115.89, 115.24, 114.85, 109.92, 100.28, 52.22, 43.99, 40.53.

3.6  Pharmacological evaluation

3.6.1 Antiplasmodial activity

The chloroquine-sensitive strain of P. falciparum (NF54) was maintained continuously in vitro in
supplemented RPMI-1640 culture media at 37 °C and gassed with a mixture of 5% CO», 3% O-
and 92% N [29]. 5% D-sorbitol was used to synchronise the culture in the ring stage [30]. To
determine the antimalarial activity of the compounds, the synchronised ring-stage parasites were
adjusted to a final parasitaemia of 2% and 2% haematocrit, to which serial dilutions of the
compounds and positive control, quinine were added after a 24 hours incubation. Negative controls
included uninfected erythrocytes and drug-free parasitised erythrocytes. Following a further 48 h
incubation period, the plates were frozen at -70 °C for 1 hour and thawed for 1 hour. Lysate (25
pl) were transferred to a second plate, to which 100 uL Malstat™ and 20 pL nitroblue tetrazolium-
phenazine ethosulphate (1:1) mixture was added to each well and incubated for 40 min at 37 °C to
quantify the parasite lactate dehydrogenase (pLDH) activity [31]. Thereafter, 5% acetic acid was

added to each well, and the absorbance of the formazan products read at 620 nm as an indicator of
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parasite viability. The percentage parasite growth, taking the appropriate controls into account,
were calculated and used to determine the concentration required to inhibit parasite growth by 50%
(ICso value) from log sigmoid dose-response curves using the GraphPad Prism® 5.0.0 software.
Each experiment was repeated in triplicate [32, 33].

3.6.2 Toxicity assays
3.6.2.1 Cell viability assay

Human embryonic kidney epithelial (HEK-293) cells were maintained at 37 °C in a humidified
environment with a 5% CO- as a monolayer in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% fetal bovine serum, 100 1U/ml penicillin and 100 pg/ml streptomycin. A
cell suspension (10 000 cells/well) was incubated at 37 °C for 48 hours with serial dilutions of
compounds/positive control. A final concentration of less than 1% DMSO had no effect on the
viability of the cells. Thereafter, 40 uL of (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium
bromide (MTT; 5mg/ml in phosphate buffer saline (pH 7.3)) was added to each well and incubated
for a further 2 hours. DMSO was used to dissolve the formazan crystals and then quantified
spectrophotometrically at an absorbance of 540 nm with a reference wavelength of 690 nm
(Labsystems Multiskan RC) [34]. Percent cellular viability was determined using the appropriate
controls and used to calculate the ICso values which were compared to the positive control,

camptothecin. The experiment was repeated in triplicate [35, 36].

3.6.2.2 Determination of binding affinity of select synthetic compounds to P.

falciparum Hsp70
Recombinant forms of two essential cytosol localized P. falciparum Hsp70s; PfHsp70-1 and
PfHsp70-z were expressed in E. coli and purified using nickel affinity chromatography following
a previously described approach [21]. The binding affinities of the proteins for four selected
compounds were determined by SPR analysis using the BioNavis™ 420A ILVES MP-SPR
(BioNavis, Tampere, Finland) at 25 °C as previously described [21]. A running buffer, degassed
PBS Tween 20 (4.3 mM NaxHPOs, 1.4 mM KH2PO4, 137 mM NaCl, 3 mM KCI, 0.005 % (v/v)
Tween 20, and 20 MM EDTA,; pH 7.4) was used. The recombinant proteins were immobilised as
ligands at 0.5 pg/ml onto functionalized 3D carboxymethyl dextran sensors (CMD 3D 500L;
BioNavis, Tampere, Finland). Immobilization of ligands was achieved through amine coupling

after 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) [Sigma Aldrich, Germany] and N-
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hydroxy-succinimide (NHS) [Sigma Aldrich, Germany] activation following a protocol provided
by the manufacturer (BioNavis, Tampere, Finland) to achieve <200 RUs. A reference channel
without immobilized protein served as a control for non-specific binding and changes in refractive
index. As analyte, compounds (6h, 6k, 7a, and 7b) were prepared into aliquots of 0, 1.25, 2.5, 5
and 10 nM injected three times at a flow rate of 50 uL/min into each flow cell. Injections with
buffer only were used as controls. Association between ligand and analyte was allowed for 3 min,
and dissociation was monitored for a total of 10 min. Kinetics steady-state equilibrium constant
data was processed after double referencing of the sensorgrams and concatenating the responses
of all five analyte concentrations by global fitting using TraceDrawer software version 1.8

(Ridgeview Instruments, Sweden).

3.7 Molecular docking

The molecular docking software utilized in this study was the Autodock Vina Plugin available on
Chimera [37], with default docking parameters. Homology model of PfHsp70-1 (PlasmoDB
accession number: PF3D7_0818900) and PfHsp70-z (PlasmoDB accession number:
PF3D7_0708800.1) were also built using chimera software [38]. Gasteiger charges were added to
the compounds, and the non-polar hydrogen atoms were merged to carbon atoms. The PCs were
then docked into the active site pocket of PfHsp70-1 and PfHsp70-z (by defining the grid box with
a spacing of 1 A and size of 35 x 43 x 45 and 43 x 40 x 32 pointing in x, y and z directions,
respectively). The four compounds’ systems were then subjected to molecular dynamics

simulations.

3.7.1.1 Molecular Dynamic (MD) Simulations
The MD simulation was performed as described by Idowu et al. (2019) with little modification.
The simulations were performed using the GPU version provided with the AMBER package
(AMBER 18), in which the FF18SB variant of the AMBER force field [39] was used to describe

the systems.

ANTECHAMBER was used to generate atomic partial charges for the compounds by utilizing the
Restrained Electrostatic Potential (RESP) and the General Amber Force Field (GAFF) procedures.
The Leap module of AMBER 18 allowed for the addition of hydrogen atoms, as well as Na*
counter ions for neutralization of all (both PfHsp70-1 and PfHsp70-z) systems. The amino acids

were numbered, numbering residues 1-658 for PfHsp70-1 and 1-567 for PfHsp70-z. The systems
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were then suspended implicitly within an orthorhombic box of TIP3P water molecules such that

all atoms were within 8A of any box edge [40].

An initial minimization of 2000 steps were carried out with an applied restraint potential of 500
kcal/mol for both solutes, were performed for 1000 steps using the steepest descent method
followed by 1000 steps of conjugate gradients. An additional full minimization of 1000 steps were
further carried out using the conjugate gradient algorithm without restraint. A gradual heating MD
simulation from 0 K to 300 K was executed for 50 ps, such that the systems maintained a fixed
number of atoms and fixed volume. The solutes within the systems were imposed with a potential
harmonic restraint of 10 kcal/mol and collision frequency of 1.0 ps. Following heating, an
equilibration estimating 500 ps of each system was conducted; the operating temperature was kept
constant at 300 K. Additional features such as several atoms and pressure were also kept constant,
mimicking an isobaric-isothermal ensemble. The system's pressure was maintained at 1 bar using
the Berendsen barostat [41, 42].

The total time for the MD simulations conducted were 100 ns. In each simulation, the SHAKE
algorithm was employed to constrict the bonds of hydrogen atoms [43]. The step size of each
simulation was 2 fs, and an SPFP precision model was used. The simulations coincided with the
isobaric-isothermal ensemble (NPT), with randomized seeding, the constant pressure of 1 bar
maintained by the Berendsen barostat [42], a pressure-coupling constant of 2 ps, a temperature of

300 K and Langevin thermostat 44] with a collision frequency of 1.0 ps.

3.7.12 Post-Dynamic Analysis
Analysis of Root Mean Square Deviation (RMSD), Root Means Square Fluctuation (RMSF),
Solvent accessible surface area (SASA) and Radius of Gyration (RoG) was done using the
CPPTRAJ module employed in the AMBER 18 suit. All raw data plots were generated using the
Origin data analysis software [45].

3.7.1.3 Binding Free Energy Calculations
To estimate and compare the binding affinity of the systems, the free binding energy was calculated
using the Molecular Mechanics/GB Surface Area method (MM/GBSA) (Y lilauri, M., Pentikdinen,
2013). Binding free energy was averaged over 100000 snapshots extracted from the 100 ns
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trajectory. The free binding energy (AG) computed by this method for each molecular species

(complex, ligand, and receptor) can be represented as:

AGping = Geomplex — Greceptor — Giigand (1)
AGping = Egas + Gso1 — TS (2)
Egas = Eint + Evaw t+ Eele (3)
Gsol = Ggp + Gsa (4)
Gsa = YSASA (5)

The term Egas denotes the gas-phase energy, which consists of the internal energy Ein;; Coulomb
energy Eele and the van der Waals energies Evaw. The Egas Was directly estimated from the FF14SB
force field terms. Solvation free energy, Gsol, was estimated from the energy contribution from the
polar states, GGB, and non-polar states, G. The non-polar solvation energy, SA. GSA, was
determined from the solvent-accessible surface area (SASA), using a water probe radius of 1.4 A.
In contrast, the polar solvation, GGB, the contribution was estimated by solving the GB equation.
S and T denote the total entropy of the solute and temperature, respectively.
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Promising class of antiplasmodial agents: Design and synthesis of novel Pyrimidine-

Cinnamoyl hybrids

Graphical Abstract

Molecular
Hybridization

Molecular Design

Compound 8¢ (R = H)

Antiplasmodial activity (ICs; = 0.18+ 0.02 pM)
Enzyme activity (P{Hsp70-1; Kp= 1.57 nM and
PfHsp70-z, Kp=9.69 nM)

Selective Index =18.59

Compound 81 (R” = 4-MeQ)

Antiplasmodial activity (ICs;=0.21 + 0.00 uM)
Enzyme activity (PfHsp70-1; Ky =15.7 nM and
PfHsp70-z, Kp=10.8 nM)

Selective Index = 16.75

cinnamoyl-pyrimidine as antiplasmodial scaffold
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Abstract

Malaria remains a challenge in epidemic areas owing to the emergence of resistance against
artemisinin-based combination therapy (ACT), presently the first-line drugs. This necessitates the
urgent need for an alternative and new affordable antimalarial drug for treatment. In line with our
ongoing research, we present an efficacious novel class of antiplasmodial molecular hybrids; (E)-
1-(4-(4,6-diphenylpyrimidin-2-yl)piperazin-1-yl)-3-phenyl prop-2-en-1-one derivatives (8a-n). In
vitro antimalarial inhibitory activity of the synthesized compounds was evaluated against the NF54
chloroquine-sensitive strain. From the antiprotozoal screening, thirteen compounds presented
active to promising activity with half-maximal inhibitory concentration (ICso) values ranging from
0.18 to 4.09 uM, using quinine and chloroquine as standard drugs. Compound 8o and 8l emerged
as the most active compounds with 1Cso values of 0.18 + 0.02 uM and 0.21 + 0.001 puM with an
associated good safety index of 18.59 and 16.75 to human kidney epithelial (HEK293) cells,
respectively. We further evaluated the binding affinities of the molecules to two essential cytosolic
P. falciparum heat shock protein 70 homologues; PfHsp70-1 and PfHsp70-z. Compounds 8o and
8l exhibited an excellent binding affinity for both PfHsp70s with Kp in a lower nanomolar range
(1.57 -15.7 nM and 9.69-10.8 nM). Therefore, we envisioned that PfHsp 70-1 is one of the targets
of these inhibitors. The synthesized analogues present a new chemical architecture which is
structurally unrelated to the current regime of antimalarial drugs representing a valid strategy to
combat resistance in P. falciparum species to currently available drugs. The presence of activating
or electron-donating groups at a para position on the phenyl ring of 4,6-diphenylpyrimidine moiety
and cinnamoyl group had a positive correlation for biological activity, suggesting the importance
of molecular hybridisation approach for the development of newer cinnamoyl clubbed with 4,6-

diphenyl pyrimidine hybrids as potential antiprotozoal agents.

Keywords: PfHsp-70, Antiplasmodial activity, Malaria, Pyrimidine, Cinnamoyl, resistance
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4.1 Introduction

The emergence of plasmodial resistance on the mainstay drugs, for example, artemisinin-based
combination therapy (ACT) and chloroquine (CQ), remains a challenge for the global health unit
[1, 2]. AWHO 2019 report on malaria indicated that malaria infected about 228 million people by
2018. About 405 000 people died, 94% of whom were from Sub Saharan Africa, and about [3, 4]
3.2 billion people continue to be at risk of contracting the disease. Likewise, in Saharan Africa,
about 11 million pregnant women were affected by malaria, at least causing about 900 000 low
birthweights. Children under 5 were the most prone, with deaths of 272 000 accounting for 67%
globally [4]. Acute malaria is deadly, continuing to claim millions of lives unless it is diagnosed
and treated in good time [1, 5]. The absence of an antimalarial vaccine leaves drug treatment as
the only option for therapy [6-8]. Malaria continues to exacerbate in pestilence areas with the
emergence of resistance and lack of vaccines, thus necessitates an urgent need for an alternative

and efficient drug.

A medicinal chemistry pharmacophore [9] audit reviewed that curcumin (1), a natural product
obtained from Curcuma longa roots, has huge promising pharmacological properties such as
antimicrobial [10, 11], anti-inflammatory, antioxidant [12], antiproliferative and antiangiogenic
activities. [13-15]. Structurally, it possesses a cinnamoyl moiety with enone conjugate, which has
been identified to be crucial for bioactivity [16]. Additionally, curcumin has exhibited antimalarial
activity against the blood form CQ-resistance plasmodial strain with ICso of 5 uM [11].
Additionally, a series of curcumin analogues earned patents for anti-plasmodium properties [17,
18]. Licochalcone A (2), another natural compound with cinnamoyl moiety, likewise displayed
good antiplasmodial activity [17]. Chemosensitizer containing cinnamoyl moiety have been used
with CQ to evade resistance by enabling CQ by-pass P. falciparum-chloroquine resistance
transporter, a key efflux enzyme responsible for resistance [18]. The enone conjugate in chalcone
(cinnamoyl moiety) was crucial in inhibiting cysteine protease, [19] an enzyme required for
haemoglobin degradation as a source of amino acids needed for parasite biochemical pathways
[20, 21].

Francis Kayamba 123 UKZN-2021


https://www.malariaconsortium.org/pages/112.htm
https://www.malariaconsortium.org/pages/112.htm

Chapter 4

O OH 0 g
e
HO OH 0~

1 2

Curcumin Licochalcone A

Rifampicin analog Pyrimethamine

Figure 4.1. Commercial drugs and natural products that have antimalarial properties.

A commercial drug such as rifampin (3), an antibiotic drug, has displayed significant antimalarial
activity against the CQ resistance and sensitive strains with 1Cso of 3.2 pM and 1.3 pM,
respectively [22]. Rifampin house a cinnamoyl motif which essentially improved its antibiotic
activity by 10-fold [23]. Also, when administered in combination with amodiaquine and
artemisinin, for antimalarial, the activity of rifampicin against CQ-resistance strain of P.
falciparum improved tremendously and, in another instance, it enhanced the sensitivity of CQ for
antimalarial activity due to its high tolerance level [24, 25].

Pyrimidine is an important biologically active nucleus with a significant range of activities,
including antimalarial [22, 24-27]. For instance, pyrimethamine (4), a malaria drug, house a
pyrimidine core that inhibits dihydrofolate reductase (DHFR), preventing deoxyribonucleic acid
(DNA) biosynthesis and thereby killing the Plasmodium parasite [27]. Several compounds with
pyrimidine and cinnamoyl nuclei that shown significant antimalarial compounds are listed in

Figure 4.2.
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Figure 4.2. Rational design of the molecular hybrid based on pyrimidine and cinnamoy! motif

linked by piperazine.

In addition, other pyrimidine antimalarial derivatives revealed that a cyclohexyl (piperazine) at the
second position of the pyrimidine nucleus was crucial for antimalarial activity [26-29]. Also,
piperazine primarily enhanced the antimalarial activity by 3-fold of 7 quinoline-pyrimidine hybrids
compared to CQ than an alkylene diamine aliphatic as a linker against CQ-resistant Dd2 strain,
signifying it as a significant antimalarial pharmacophore [30]. This is in line with our recently
published manuscript, Karpoormath et al. (2021), a pyrimidine-based moiety (4,6-
diphenylpyrimidine) proved to be key in the antimalarial activity [31].

Given the facts and as per our ongoing research, we employed the molecular hybridization strategy
to present compounds speculated to have DHFR and protease cysteine inhibitory properties. We
perceived that the hybrid molecule of cinnamoyl and pyrimidine motifs linked by piperazine could
lead to evasion of plasmodial resistance and give a feasible approach for discovering new
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antimalarial therapies. Therefore, our quest anticipates delivering a single molecule with dual

therapeutic action with enhanced efficacy and bioavailability [29].

4.2  Chemistry

The multi-step synthetic route and structural elucidation of 2-chloro-4,6-diphenylpyrimidine
derivatives were accomplished as reported in our previous work in the chapter 3 section. Synthesis
of a library of intermediates and novel cinnamoyl-pyrimidine hybrids 8 (a-r) was performed using
expedient multi-step organic synthetic routes described in Schemes 1 and 2. The (E) chalcones (1)
were synthesized using assorted commercially available benzaldehyde and acetophenone by a
simple Aldol condensation reaction in NaOH ethanolic basic conditions as per reported protocol
[2]. The cyclisation of assorted (E) chalcones using guanidine. HCI, via NaOH basic catalyzed
reaction, afforded a series of 4,6-diphenylpyrimidin-2-amines derivatives (2). 2-Aminepyrimidine
derivatives (2) were then oxidized to 4,6-diphenylpyrimidin-2-ol (3) by diazonium salt
intermediate formation using sodium nitrate in acetic acid. Chlorination of 3 to obtain 2-chloro-
4,6-diphenylpyrimidines (4) was completed using POCIs with catalytic DMF. Refluxing of 4 with
excess piperazine in IPA yielded a series of 4,6-diphenyl-2-(piperazine-1-yl) pyrimidine (5), as

shown in scheme 1.

Scheme 3
NH2
(1) 0 (11)
o~ EREPENFN ‘
1(a-f) 2(a-f)
(1i1)
H
N
[ ] . OH
N (V) (iv) N%N
% O/\/\O N NN A
= Ry Pz N TR
S(a-f) 4(a-f) 3(a-f)
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Reaction conditions: (i) NaOH, EtOH, rt, 2 hours (ii) GdnHCI, NaOH, reflux, 16 hours (iii)
NaNOg, Acetic acid, rt, 3 hours (iv) POCls, DMF, reflux, 6 hours. (v) Piperazine, isopropyl
alcohol (IPA), reflux, 16 hours.

The cinnamoyl chloride (7) analogues were synthesised by chlorination using versatile reagents
such as oxalyl dichloride with catalytic DMF in DCM as previously reported procedure [3]. A
library of the final compounds 8(a-r) in good yield (73- 93%) was afforded by amidification
coupling of assorted cinnamoyl chlorides derivatives (7) and 4,6-diphenyl-2-(piperazin-1-

ylhpyrimidine (5) using triethylamine catalyst in DCM as illustrated in Scheme 2.

Scheme 4
H
)
N
0 "L‘“I\
K ©AO+ HD)J\/LL‘OH R —ref P R
G(a-e) T(a-€) 5(a-f)
(i)
.--’I "
O A IR
)
RMR‘
(a1

Reaction conditions: (i) Pyridine, piperidine, reflux, 16 hours (ii) DMF, DCM, 0°C- rt, 1hour (iii)
EtsN, DCM, 0°C —rt, 3 hours.
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4.3 Results and discussion

4.3.1 Synthesis and spectral studies

The designed molecular structures of the final compounds coincided with the IR, *H-NMR and
13C- NMR spectral data obtained and HRMS for verification. The *H NMR of compound 1b
presented two discrete doublets (d) signals at 6 7.78 ppm (Ph-CH=CH) and 7.50 ppm (Ph-CH=CH)
with J = 15.62 Hz and 15.61 Hz respectively, signifying the formation of an olefin with a trans
conformation. The spectrum also exhibited two singlets at about 6 3.89 and 2.39 ppm, indicating
methoxy and methyl substituents on the diphenyl group of the (E)-Chalcone. *H NMR spectrum
of compound 2 presents the appearance of two typical signals at ¢ 7.34 ppm and 5.22 ppm
signifying a pyrimidine aromatic proton (Pyr-H) and 2-amino group (Pyr-NH>) of pyrimidine core
and the disappearance of the olefin signals. The formation of a 2-hydroxyl pyrimidine derivative
(3) is indicated by the disappearance of the amino signal at 6 5.22 ppm and the presence of a broad
singlet (br.s) signal at 11.85 ppm. The proton spectrum of 2-chloropyrimidine is characterized by
the disappearance of hydroxyl (OH) signal, and minor shifts were noted of Pyr-H at 6 7.35 ppm to
7.60 ppm. 4,6-Diphenyl-2-(piperazin-1-yl) pyrimidine (5) *H NMR spectrum had two distinctive
peaks; a broad singlet (s) at 3.93 ppm and quartet (q) at 2.57ppm (J = 4.42 Hz), accounting for all
the four methylene protons of piperazinyl group. Cinnamic acid (6) *H NMR was defined by three
distinctive signals; two doublets (d) at resonating & 7.58 ppm (d, J = 16.05 Hz) and ¢ 6.55 ppm (d,
J = 16.04 Hz) signifying an (E) olefinic conformation and, broad singlet(s) at ¢ 12.46 ppm for
carboxylic hydroxyl (OH). The *H NMR (400 and 600 MHz, DMSO-ds) of the final compound 8c
is defined by two definite doublets (d) peaks at 6 7.74 ppm (J = 15.45) and 6.96 ppm (J = 15.41
Hz), indicating the formation of (E) olefinic cinnamoyl group. The presence of two broad singlets
(br.s) signals at 0 3.98 ppm and 3.85/3.74 ppm account for the four methylene' of piperazinyl
linker, and likewise, a sharp singlet (s) signal at ¢ 3.85 ppm and 2.34 ppm accounting for a methoxy
and methyl groups on fourth positions of diphenyl group on the pyrimidine. The outstanding
protons of the aromatic group appear as diverse signals as singlets, doublets or multiple in the
aromatic region (8.27 ppm -7.08 ppm). The *H NMR data of the respective compounds concurred
with their corresponding *C NMR data. The most noteworthy signals resonated at § 43.80-53.13,
55.39 and 21.44 ppm accounting for the four methylene of piperazinyl, methoxy and methyl
carbons, respectively. A distinctive signal is also observed resonating at 100 ppm, indicating a
(Pyr-H) carbon. Further, the characteristic signals resonated at ¢ 140.46 ppm and 120.76 ppm
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accounted for olefinic carbons, while signals at 6 164.92- 164.55 ppm and 162.12-161.54 ppm
accounted for aromatic carbon attached methoxy and (C-N). Signal resonating at 123.49-137.44

ppm accounted for the remaining aromatic carbon.
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Figure 4.3. 'H-NMR for intermediates derivative: chalcone (A), 4,6-diphenylpyriidin-2-amine (B), 4,6-diphenylpyrimidin-2-ol (C), 2-

chloro-4,6-diphenylpyrimidine (D), 4,6-diphenyl-2-(piperazin-1-yl)pyrimidine (E),

'H NMR, HMBC and HSQC (8d); (E)-3-(4-

chlorophenyl)-1-(4-(4-(4-methoxyphenyl)-6-(p-tolyl)pyrimidin-2-yl)piperazin-1-yl)prop-2-en-1-one (8d) (F and G). HRMS of final

product compound 8c (H).
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4.3.2 Antimalarial activity

The synthesized analogues (8a-8r) were evaluated for potent activity against NF54 CQ-sensitive
strain of Plasmodium falciparum (P. falciparum) as per the earlier reported method, and the
conditions of the assay are cited in the supporting information. All the hybrid analogues inhibited
the plasmodial species, and the data obtained for 5b and 8(a-r) and CQ and quinine (standard
reference drugs) is depicted in Table 1. Thirteen analogues displayed good to promising activity
in micromolar level against the NF54 CQ-sensitive strain assay. The ICso of these compounds were

calculated from concentration-response plots using GraphPad Prism 5.0.0 software.

Table 1. In vitro antimalarial activity of compounds

Compound Antimalarial Cytotoxicity Selective Index
ID ICs0 (LM) SD ICs0 (UM) SD
5b 5-50 nd nd nd nd
8a 6.02 1.72 nd nd nd
8b 2.72 1.10 nd nd nd
8c 1.72 1.15 nd nd nd
8d 2.33 1.12 nd nd nd
8e 0.60 0.19 0.93 0.36 1.54
8f 4.09 1.39 nd nd nd
8¢ 2.71 1.12 nd nd nd
8h 3.58 1.32 nd nd nd
8i 5-50 nd nd nd nd
8j 5-50 nd nd nd nd
8k 7.43 0.23 3.69 0.45 0.50
8l 0.21 0.00 3.55 0.16 16.75
8m 0.20 0.04 0.87 0.11 4.34
8n 1.56 1.08 nd nd nd
80 0.18 0.02 3.36 0.31 18.59
8p 0.72 1.01 nd nd nd
8q 3.67 1.35 nd nd nd
8r 5-50 nd nd nd nd
Quinine 0.11 0.003 134.35 1.45 1243.98
Chloroquine 0.01 0.002 101.19 25.72 8432.50
Camptothecin nd nd 0.2 0.01 nd

ICso: Concentration at 50% inhibition of the parasite's growth
Selective Index: ICso values of cytotoxic activity/ICsg values of antimalarial activity
nd: not done.
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SD: Standard Deviation

Out of all the evaluated compounds, 8I, 8m and 8o showed the most significant antiprotozoal
inhibition, with ICso values below 0.5 uM corresponding to 0.21 + 0.00 uM, 0.20 = 0.04 uM and
0.18 + 0.02 uM respectively, with 8o being the most prominent. Nine compounds (8b, 8c, 8d, 8e,
8f, 89, 8h, 8p and 8q) displayed moderate activity with ICso (0.50 to 5.0 uM) while the activity of
the remaining five compounds (8a, 8i, 8], 8k and 8r) were considered inactive with ICsq greater
than 5 uM. Quinine and chloroquine, respectively, were two and eighteen times more active than
the most potent compounds (80). This highlights the potential of these hybrids as antimalarials.
Three pyrimidine-cinnamoy! of the compound class were considered potent, with the most active
ICso values as low as 0.18 pM, two-fold more active than our last reported compounds [31]. This
indicates that a cinnamoyl amalgamated pyrimidine demonstrated to be more promising and shows
how versatile a pyrimidine is as an antimalarial pharmacophore as it can be observed by other
reported activity. Also, as noted by the improved activity of these hybrids, it shows how a

cinnamoyl core is significant to the antimalarial activity in line with Bianca et al. report [31, 39].
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Figure 4.4. The structures of the pyrimidine-cinnamoyl derivatives 8(a-q).

Since a substantial number of hybrid analogues were evaluated for activity, a purposeful SAR to
determine the members that significantly impact the activity of the synthesized series was
established. The bioisosteric substitution on the phenyl groups on the 4,6-diphenylprimidine and
cinnamoy| motifs positively correlated with the antiprotozoal activity. The compounds housing a
4-(3,4-dimethoxyphenyl)-6-(4-ethylphenyl)pyrimidine motif showed promising results ranging
from 0.18 to 1.56 pM. Compounds 80, 8i and 8m were the most active with ICs less than 0.5 uM
(Table 1), while compounds 8n and 8p showed moderate activity with 1Cso values of 0.72 and
1.56 uM, respectively. Bioisosteric replacement on the cinnamoyl motif afforded a variation in the
activity. An activating and a mild withdrawing group such as methoxy and chloro respectively at

position four of the phenyl group showed the most activity illustrated by compounds 8m and 8o.

Similarly, there was no observed significant difference for unsubstituted phenyl on the cinnamoyl
group of compound 8l compared to 8m and 8o. However, replacing the phenyl with a

heteroaromatic group such as pyrrole reduced the activity three-fold, as demonstrated by 8h and
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8p. For compounds with 4,6-bis(4-methoxyphenyl) pyrimidine core, they displayed moderate to
inactive with 1Cso ranging 2.71 to 7.43 puM. Here also, the bioisosteric replacements on the
cinnamoyl motif presented a difference in the activity. Compounds 8f, 8g and 8h displayed
moderate activity with 1Csg 2.71 to 4.09 uM. Mild activating and withdrawal groups such as methyl
and chloro induced moderate activity. Unsubstituted phenyl on the cinnamoyl also showed
moderate activity with 1Cso 4.09 uM, however, substituting the phenyl group with the pyrrole
group reduced the activity by about two-fold depicted by compound 8f and 8k. The antimalarial
action was centred on the cinnamoyl and pyrimidine cores joined by a piperazine linker. The
antimalarial activity was further increased by bioisosteric substitution on the phenyl group of
cinnamoyl and the 4,6-diphenylpyrimidine motif, which was crucial in identifying the potent

candidate linked with activity.

Cinnamoyl moiety, a

phenyl group was more R”: Activating or electron dnnaﬁpg
favorahle than a pyrrole groups such methoxy at para position
were more favorable as compared to
1 mild activating group. Electron-
R: Activating or electron donating o » withdrawing Broups displayed rmld
sroups such as methoxy at para and 0. s Ax 0 actrty.
trieta posttion were more favorable as {_ o
cumpared to nnld aciwvating SR r j #4— Piperazine at the second
Electron withdrawing groups drastically N position of pyrimidine was

decreased the activity. Also a phenyl was significant for the activity

V’Jth“l\'
favored compared to pyridine I
Nispael
'_' = = v —
1 R': Mild activating or electron

Pyrimidine moiety dnnappg groups such ethyl at para

PEDHFR, inhibitor position Were more favorahle as

“““““““ compared to achvating group such
methoxzy. Electron withdrawing groups

drastically decreased the actiwity

Figure 4.5. Structure Activity Relationship of Cinnamoyl -pyrimidine compounds.

Compounds bearing a 4-(4-methoxyphenyl)-6-(p-tolyl)pyrimidine nucleus had 1Csg values ranging
from 0.60 to 9.02 uM. Activating and mild electron-withdrawing groups on the phenyl group of
cinnamoy!| core portrayed moderate activity with ICsp values ranging from 0.6 to 2.33 as illustrated
by compounds 8c, 8d and 8e. A non-substituted phenyl of the cinnamoyl group (8b) showed
moderate activity (2.72 uM), still, the substitution of a methyl group at the fourth position reduced
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activity by about two-fold while dimethoxy substitution at the third and fourth position enhanced
the activity about five-times. Substitution of a mild activating group such as methyl at the fourth
position was inactive. Replacing the phenyl with heteroaromatic compounds such as pyridine on
the fourth position of diphenylpyrimidine core did not affect the activity as demonstrated by
compounds (8a and 8q). It can be deduced that substitution on the phenyl of the diphenyl

pyrimidine and cinnamoyl were crucial to the antiprotozoal activity.

Additionally, the cytotoxicity screening of the most potent molecules 8k, 8, 8m, 8o against
mammalian cells has been studied, and the results are shown in Table 1. The selective index (SI)
of the most potent compound was determined using the ICso value of the cytotoxic activity divided
by 1Cso values of antimalarial activity formulae, was obtained to be 0.50, 16.75, 4.34 and 18.59
corresponding to 8k, 8l, 8m and 8o. Quinine and Chloroquine had a safe index of approximately
seventy and 400-times, respectively, compared to the most active compound 8o. Compound 80
and compound 8l have a good safety index that can selectively kill the parasite tenfold with limited

cytotoxic effect against mammalian cells at therapeutic dosages.

4.4  In-vitro binding affinity studies

The direct protein-small molecule binding affinities to determine the direct binding of the
compounds 8o and 8l to the P. falciparum Hsp70s (PfHsp70-1 and PfHsp70-z) were determined
using SPR. Based on the sensorgrams generated it was observed that the compounds 8o and 8l
bound to both proteins in a concentration dependent manner (Table 2). The steady-state binding
affinities in the lower nanomolar ranger to PfHsp70-1 and higher to PfHsp70-z (Table 2). The
compounds 8o and 8l are both bound to PfHsp70-1 with high affinity in the lower nanomolar range
compared to one order of magnitude difference in their binding affinities to the PfHsp70-z
counterpart. This suggests that these compounds prefer PfHsp70-1 binding.

Table 29. Relative affinities for association of PfHsp70-1/PfHsp70-z with compounds 8o and 8.

Ligand Analyte | Ka (1/M*s) Kd (1/s) Kb (M) X?
PfHsp70-1 | 80 592 (x0.02)¢® | 9.29 (x0.21)e? | 157 (x0.7)e® |12

8l 7.97 (20.1) €° 772(x0.7)e? | 9.69 (x0.5)e® |20
PfHsp70-z | 80 6.24 (£0.4) €6 9.79 (£0.8) e-2 | 157 (x0.8)e-8 | 1.0

Francis Kayamba 136 UKZN-2021



Chapter 4

8l 8.28 (£0.2) €6 8.97(x0.07)e-2 | 1.08 (x0.2)e-8 |21

Standard errors of measurement are shown in parenthesis.

45  Conclusion

In summary, we here present a library of novel pyrimidine-cinnamoyl hybrids merged by
piperazine and their associated antiplasmodial activity. The readily available chemical reagents
and reactants, and excellent yields (80-90%) make this synthetic strategy attractive and
methodical. Compounds 8l and 8o, in particular, showed the most prominent antimalarial activity,
with ICspvalues 0.18 £ 0.02 uM and 0.21 £ 0.00 pM, respectively, and a favourable selective index
of 16.75 and 18.59. Furthermore, compounds 8o and 8l had a high affinity for both parasites
Hsp70-1 and Hsp70-z, signifying that one of the compounds' potential modes of action is to disrupt
the parasite's protein folding pathway. The findings of this study propose how beneficial it is to
incorporate a piperazine linker to amalgamate the fragments of pyrimidine and cinnamoyl moiety
and of the designed compounds, thus laying a good foundation for further lead optimization. The
antimalarial activity can be improved by the variation of the phenyl substituents and or

comprehensive supplemental functionalism, which promise an investigation.
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46  Chemistry section

4.6.1 Chemical protocols

All the chemicals reagents utilized in this research work were acquired from Sigma-Aldrich and
Merck Millipore, South Africa. The commercially accessible chemicals benzaldehyde and
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acetophenone were obtained from Sigma- Aldrich (South Africa). All and sundry of the solvents,
except those of laboratory-reagent grade, were dried and purified when required following
previously published procedures. The chemical reactions' progression and the compounds' purity
were monitored by thin-layer chromatography (TLC) on pre-coated silica gel plates secured from
E. Merck and Co. (Darmstadt, Germany) using 36% ethyl acetate in n-hexane as the mobile phase
and iodine vapour as the visualizing agent.

The melting points of the synthesized compounds were measured by a Thermo Fisher Scientific
(IA9000, UK) digital melting point apparatus and are uncorrected. The IR spectra were recorded
on a Bruker Alpha FT-IR spectrometer (Billerica, MA, USA) using the ATR technique. The *H
NMR and *C NMR spectra were recorded on a Bruker AVANCE 400 and 600 MHz (Bruker,
Rheinstetten/Karlsruhe, Germany) spectrometers using CDClz and DMSO-d6. The chemical shifts
are reported in & ppm units using TMS, an internal standard. HRMS spectra were recorded on an

Autospec mass spectrometer with electron impact at 70 eV.

4.6.1.1 A typical procedure for the synthesis of (E) chalcones.

la R=4-Cl, R'=4-MeO
O 1b R =4-Me, R'=4-MeO
X lc R =4-MeO, R'=4-MeO

LN 0 pr
Ry R 14 R=34-diMeO, R'=4-Et

X =
= N
To astirring solution of acetophenone (5 gm, 32.34 mmol) in EtOH (30 ml) was added 60% NaOH
solution (12 g NaOH/ H20 (20 mL). The reaction was stirred at room temperature for 30 minutes,
after which benzaldehyde (4.7 g, 38.81 mmol) was added, and the reaction mixture sonicated for
1 hour at 35°C. The development of the product was monitored by TLC. Excess ethanol was
removed under vacuum, and the reaction mixture was added into 100 g of ice and stirred. The
precipitates formed were filtered, washed with excess cold water and dried. The crude product was

purified by recrystallisation in EtOH to obtain the pure following compounds.

(E)-3-(4-chlorophenyl)-1-(4-methoxyphenyl) prop-2-en-1-one (1a): Yellow solid, yield: 96%, mp
= 130-133 °C; 'H NMR (400 MHz, CDCls, 6, ppm): 8.03 (d, J = 8.85 Hz, 2H, ArH), 7.74 (d, J =
15.65 Hz, 1H, Ph-CH=CH), 7.57 (d, J = 8.49 Hz, 2H, ArH), 7.51 (d, J = 15.63 Hz, 1H, Ph-
CH=CH), 7.38 (d, J = 8.49, Hz, 2H ArH), 6.98 (d, J = 8.84, Hz, 2H ArH), 3.89 (s, 3H, OCHj3); 1*C
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NMR (100 MHz, CDCls, & ppm): 188.40, 163.55, 142.47, 136.18, 133.58, 130.91, 122.27, 113.91,
55.53 (OCHs).

(E)-1-(4-methoxyphenyl)-3-(p-tolyl)prop-2-en-1-one (1b): Yellow solid. yield: 98%, mp = 125-
128 °C; *H NMR (400 MHz, CDCls, J, ppm): 8.04 (d, J = 8.76 Hz, 2H, ArH), 7.89 (d, J =15.60
Hz, 1H, Ph-CH=CH), 7.54 (d, J = 7.95 Hz, 2H, ArH), 7.51 (d, J = 15.63 Hz, 1H, Ph-CH=CH),
7.22(d,J=7.97,Hz,2H ArH), 6.98 (d, J =8.77 Hz, 2H, ArH), 3.88 (s, 3H, CH3), 2.39 (s, 3H,CH?3);
13C NMR (100 MHz, CDCls, 6 ppm): 189.43 (C=0), 163.92, 144.64, 141..40, 132.92, 131.81,
131.34, 130.24, 128.96, 121.46, 114.39, 56.06(OCHz), 22.09 (CHa).

(E)-1,3-bis(4-methoxyphenyl)prop-2-en-1-one (1c): Yellow solid, yield: 86%, mp = 102-104 °C;
!H NMR (400 MHz, CDCls, 6, ppm): 8.03 (d, J = 8.75 Hz, 2H, ArH), 7.78 (d, J = 15.58 Hz, 1H,
Ph-CH=CH), 7.60 (d, J = 8.66 Hz, 2H, ArH), 7.43 (d, J = 15.58 Hz, 1H, Ph-CH=CH), 6.96 (dd, J
=17.58, 8.72 Hz, 4H, ArH), 3.89 (s,3H, OCHj3), 3.85 (s, 3H, OCH3); 1*C NMR (100 MHz, CDCls,
o ppm): 189.39 (C=0), 163.84, 162.09, 144.39, 131.95, 131.28, 130.67, 128.40, 120.15, 114.96,
114.36, 56.05 (OCHjs), 55.98 (OCHa).

(E)-3-(3,4-dimethoxyphenyl)-1-(4-methoxyphenyl)prop-2-en-1-one (1f): Yellow solid, yield: 81%,
mp = 80-83 °C; 'H NMR (400 MHz, CDCls, 6, ppm): 8.03 (d, J = 8.81 Hz, 2H, ArH), 7.75 (d, J =
15.56 Hz, 1H, Ph-CH=CH), 7.40 (d, J = 15.56 Hz, 1H, Ph-CH=CH), 7.23 (dd, J = 8.31, 1.64 Hz,
1H, ArH), 7.16 (s, 1H, ArH), 6.98 (d, J =8.81 Hz, 1H, ArH), 6.89 (d, J = 8.27 Hz, 1H, ArH), 3.94
(s, 3H, OCHs), 3.92 (s, 3H, OCHj3), 3.88 (s, 3H, OCHs); *C NMR (100 MHz, CDCls, 6 ppm):
189.37 (C=0), 163.86, 151.83, 149.80, 144.71, 131.89, 131.29, 128.65, 123.53, 120.42, 114.36,
111.70, 110.68, 56.56 (OCHa), 56.54 (OCH3), 56.05 (OCH3).

4.6.1.2 A typical procedure for the synthesis of 4,6-diphenylpyrimidin-2-amine.

EHz 2a R=4-Cl, R'=4-MeO

N™'N 2b R =4-Me, R'=4-MeO

NN 2¢ R=4-MeO, R'=4-MeO
R R 2d R=34-diMeO, R'=4-Et

The reaction mixture of (E) chalcone (8 g, 31.16 mmol), Guanidine.HCI (4.8 g, 49. 86 mmol) and
60% NaOH (12 g NaOH/H20 (20 mL)) in EtOH (30 mL) was refluxed for 24 hours. The
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development of the product was monitored using TLC. Excess ethanol was removed under vacuum
using rotavapor. The reaction mixture was then added in 100 g ice water, and the precipitate formed
was filtered, washed with excess cold water and dried. The crude compound was purified by
column chromatography using EtOAc/Hexane (1:4) eluent to obtain the following pure

compounds.

4-(4-chlorophenyl)-6-(4-methoxyphenyl)pyrimidin-2-amine (2a): Yellow solid, yield: 58%, mp =
127-129°C; *H NMR (400 MHz, CDCls, 5, ppm): 8.03 (d, J = 8.78 Hz, 2H, ArH), 7.95 (d, J = 8.06
Hz, 2H, ArH), 7.39 (s, 1H, Pyr-H), 7.29 (d, J = 7.98 Hz, 2H, ArH), 7.00 (d, J = 8.76 Hz, 2H, ArH),
5.15 (s, 2H, NHy), 3.88 (s, 3H, CHa), 2.42 (s, 3H, CHs3); *C NMR (100 MHz, CDCls, 6 ppm):
189.43, 163.92, 144.64, 141.40, 132.92, 131.34, 130.24, 128.96, 121.46, 114.39, 56.06 (OCHj3),
22.89 (CHy).

4-(4-methoxyphenyl)-6-(p-tolyl)pyrimidin-2-amine (2b): Yellow solid, yield: 64%, mp = 127-
129°C; *H NMR (400 MHz, CDCls, 6, ppm): 8.03 (d, J = 8.64 Hz, 2H, ArH), 8.00 (d, J = 8.36 Hz,
2h, ArH), 7.46 (d, J =8.36 Hz, 2H, ArH), 7.37 (s, 1H, Pyr-H), 7.00 (d, J = 8.56 Hz, 2H, ArH) 5.20
(s, 2H, NH>), 3.88 (s, 3H, CHs); 3C NMR (100 MHz, CDCls, § ppm): 165.88, 164.64, 163.55,
161.76, 136.47, 136.47, 129.91, 128.96, 128.64, 128.40, 114.14, 103.18, 55.43 (OCHj3).

4,6-bis(4-methoxyphenyl) pyrimidin-2-amine (2c): Yellow solid, yield: 65%, mp = 171-173 °C; 'H
NMR (400 MHz, CDCls, 6, ppm): 8.04 (d, J = 8.66 Hz, 4H, ArH), 7.36 (s, 1H, Pyr-H), 7.00 (d, J
=8.69 Hz,4H, ArH), 5.36 (s, 2H, NH>), 3.87 (s, 6H, 2CHs); *C NMR (100 MHz, CDCls, 6 ppm):
165.19, 162.97, 161.77, 129.78, 128.69, 114.15, 102.64, 55.43 (OCH3).

4-(3,4-dimethoxyphenyl)-6-(4-ethylphenyl)pyrimidin-2-amine (2d): Yellow solid, yield: 61%; 'H
NMR (400 MHz, CDCls, ¢, ppm): 8.26 (d, J = 8.23 Hz, 2H, ArH), 7.97 (dd, J = 7.98 Hz,1.94 Hz,
1H, ArH), 7.89 (s, 1H, Pyr-H), 7.88 (d, J = 8.20 Hz, 1H, ArH), 7.38 (d, J = 8.26 Hz, 2H, ArH),
7.10 (d, J=8.59 Hz, 1H, ArH), 3.92 (s, 3H, OCH3), 3.86 (s, 3H, OCHs3), 2.70 (g, J = 5.68 Hz, 2H,
2CHy), 1.23 (t, J = 7.58 Hz, 3H CHs); ¥*C NMR (100 MHz, CDCls, § ppm): 165.07, 164.63,
162.12, 151.08, 149.11, 146.83, 135.80, 131.15, 128.18, 127.11, 120.94, 110.10, 101.30,
56.04(OCHgs), 56.02 (OCHs), 28.81 (CHz2), 15.52 (CHa).

4-(furan-2-yl)-6-(pyridin-3-yl)pyrimidin-2-amine (2f): Yellow solid, yield: 65%; *H NMR (400
MHz, DMSO-ds, o, ppm): 8.36 (s, 1H, ArH) 8.75 (d, J = 3.92 Hz, 1H, ArH), 8.52 (d, J = 8.00 Hz,
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1H, ArH), 8.24 (d, J = 8.52 Hz, 2H, ArH), 7.82 (s, 1H, Pyr-H), 7.63 (d, J = 8.60 Hz, 2H, ArH),
7.59 (dd, J = 7.96 Hz, 4.80 Hz, 1H, ArH); 13C NMR (100 MHz, DMSO-ds, § ppm): 151.93, 148.61,
136.43, 135.02, 129.41, 128.91, 123.78.

4.6.1.3 A typical procedure for the synthesis of 4,6-diphenylpyrimidin-2-ol

EH 3a R =4-Cl, R' = 4-MeO

N™ N 3b R =4-Me, R'=4-MeO
RIS L 3¢ R=4-MeO, R'=4-MeO
(- < R 3d R=34-diMeO, R'=4-Et

4-(4-chlorophenyl)-6-(4-methoxyphenyl)pyrimidin-2-ol (3a): Yellow solid, yield: 83%, mp = 235-
237 °C; 'H NMR (400 MHz, DMSO-ds, 8, ppm): 11.94 (s, 1H, Pyr-OH), 8.18 (dd, J = 18.36 Hz,
8.53Hz, 4H, ArH), 7.62 (d, J = 8.60 Hz, 2H, ArH), 7.56 (s, 1H, Pyr-H), 7.10 (d, J = 8.89 Hz, 2H,
ArH), 3.85 (s, 3H, OCHa); *C NMR (100 MHz, DMSO-ds, § ppm): 162.11, 136.20, 129.37,
128.81, 127.49, 114.23, 55.48 (OCHy).

4-(4-methoxyphenyl)-6-(p-tolyl)pyrimidin-2-ol (3b): Yellow solid, yield: 88%, mp = 235-237 °C;
'H NMR (400 MHz, DMSO-ds, &, ppm): 11.85 (s, 1H, Pyr-OH), 8.16 (d, J = 8.74 Hz, 2H, ArH),
8.04 (d, J = 7.97 Hz, 2H, ArH), 7.44 (s, 1H, Pyr-H), 7.35 (d, J = 7.98 Hz, 2H, ArH), 7.09 (d, J =
8.97 Hz, 2H, ArH), 3.85 (s, 3H, OCHz3), 2.39 (s, 3H, CH3); *3C NMR (100 MHz, DMSO-ds, ¢
ppm): 162.05, 141.51, 129.39, 129.35, 127.46, 114.18, 55.46 (OCHj3), 55.99 (CH3).

4,6-bis(4-methoxyphenyl)pyrimidin-2-ol (3c): Yellow solid, yield: 79%; *H NMR (400 MHz,
DMSO-ds, d, ppm): 11.82 (s, 1H, Pyr-OH), 8.14 (d, J = 8.53 Hz, 2H, ArH), 7.41 (s, 1H, Pyr-H),
7.09 (d, J = 8.91 Hz, 2H, ArH), 3.85 (s, 6H, 20CHs); **C NMR (100 MHz, DMSO-ds, 6 ppm):
162.00, 129.32, 114.18, 55.46 (20CHs).

4-(3,4-dimethoxyphenyl)-6-(4-ethylphenyl)pyrimidin-2-ol (3d): Yellow solid, yield: 93%; H
NMR (400 MHz, DMSO-de, &, ppm): 12.02 (s, 1H, Pyr-OH), 8.26 (d, J = 8.23 Hz, 2H, ArH), 7.97
(dd, J =7.98 Hz,1.94 Hz, 1H, ArH), 7.89 (s, 1H, Pyr-H), 7.88 (d, J = 8.20 Hz, 1H, ArH), 7.38 (d,
J =8.26 Hz, 2H, ArH), 7.10 (d, J = 8.59 Hz, 1H, ArH), 3.92 (s, 3H, OCH?3), 3.86 (s, 3H, OCH3),
2.70 (g, J = 5.68 Hz, 2H, 2CHy), 1.23 (t, J = 7.58 Hz, 3H CHs3); 1*C NMR (100 MHz, DMSO-ds,
o ppm): 165.07, 164.63, 162.12, 151.08, 149.11, 146.83, 135.80, 131.15, 128.18, 127.11, 120.94,
110.10, 101.30, 56.04(OCHzs), 56.02 (OCHs3), 28.81 (CH2), 15.52 (CH3).
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4-(furan-2-yl)-6-(pyridin-3-yl)pyrimidin-2-ol (3f): Yellow solid, yield: 90%; *H NMR (400 MHz,
DMSO-ds, 6, ppm), 12.21 (s, 1H, Pyr-OH), 9.36 (s, 1H, ArH) 8.75 (d, J = 3.92 Hz, 1H, ArH), 8.52
(d, J = 8.00 Hz, 1H, ArH), 8.24 (d, J = 8.52 Hz, 2H, ArH), 7.82 (s, 1H, Pyr-H), 7.63 (d, J = 8.60
Hz, 2H, ArH), 7.59 (dd, J = 7.96 Hz, 4.80 Hz, 1H, ArH); 3C NMR (100 MHz, DMSO-ds, 5 ppm):
151.93, 148.61, 136.43, 135.02, 129.41, 128.91, 123.78.

A solution of 10 eq NaNO; in H2O (50 mL) was slowly added to a stirring solution of 4,6-
diphenylpyrimidin-2-amine (4 g, 12.76 mmol) in acetic acid (50 mL) ) at room temperature. The
reaction mixture was further stirred for 3 hours. The formation of the product was monitored using
TLC. The precipitate formed was filtered, washed with excess cold water and dried. The crude

product was recrystallised in EtOH to obtain the following pure compounds.

4.6.1.4 A typical procedure for the synthesis of 2-chloro-4,6-diphenylpyrimidine
Cl ,
L 4a R =4-Cl, R'=4-MeO
N™'N 4b R =4-Me, R'=4-MeO

|
R XX N ., 4¢ R =4-MeO, R'=4-MeO
L IR 44 R=34-diMeO, R'=4-Et

A reaction mixture of 4,6-diphenylpyrimidin-2-ol (4gm, 16.11 mmol) and 0.4 mL DMF in POCl3
(20 mL) was refluxed for 6 hours. The development of the product was monitored using TLC. The
reaction mixture was added into 100 gm ice, and the precipitate formed was filtered, washed with
water and dried. The crude compound was purified by column chromatography using
EtOAc/Hexane (1:9) eluent to obtain the following pure compounds.

2-chloro-4-(4-chlorophenyl)-6-(p-tolyl)pyrimidine (4b): Yellow solid, yield: 88% ; *H NMR (400
MHz, CDCls, 6, ppm): 8.09 (d, J = 8.52 Hz, 2H, ArH), 8.04 (d, J = 8.16 Hz, 2H, ArH), 7.94 (s,
1H, Pyr-H), 7.50 (d, J = 8.52 Hz,2H, ArH), 7.33 (d, J = 8.00 Hz, 2H, ArH), 2.44 (s, 3H, CHs); *C
NMR (100 MHz, CDCls, 6 ppm): 166.77, 165.13, 161.05, 141.46, 136.88, 133.16, 131.65, 128.83,
128.30, 127.68, 126.37, 109.20, 20.51(CH3).

2-chloro-4-(4-chlorophenyl)-6-(4-methoxyphenyl)pyrimidine (4c): Yellow solid, yield: 95%; *H
NMR (400 MHz, CDCls, ¢, ppm): 8.11 (d, J = 8.84 Hz, 2H, ArH), 8.07 (d, J = 8.56 Hz, 2H, ArH),
7.88 (s, 1H, Pyr-H), 7.49 (d, J = 8.68 Hz, 2H, ArH), 7.02 (d, J = 8.92 Hz, 2H, ArH), 3.89 (s, 3H,

Francis Kayamba 142 UKZN-2021



Chapter 4

OCHs); 3C NMR (100 MHz, CDCls, § ppm): 167.27, 165.95, 162.75, 162.02, 137.82, 134.25,
129.30, 129.16, 128.67, 127.81, 114.46, 109.62, 55.50 (OCHs).

2-chloro-4,6-bis(4-methoxyphenyl)pyrimidine (4e): Yellow solid, yield: 93%, mp = 187-190°C;
'H NMR (400 MHz, CDCls, 6, ppm): 8.10 (d, J = 8.48 Hz, 3H, ArH), 7.87 (d, J = 8.84 Hz, 1H,
ArH), 7.85 (s, 1H, Pyr-H), 7.01 (dd, J = 8.50 Hz, 1.74 Hz, 4H, ArH), 3.88 (s, 6H, 20CH3); 1°C
NMR (100 MHz, CDClgz, 0 ppm): 166.74, 166.52, 162.51, 161.84, 161.58, 131.61, 129.10, 128.19,
127.90, 114.39, 113.67, 109.01, 55.49 (OCH3), 55.44 (OCHj).

2-chloro-4-(3,4-dimethoxyphenyl)-6-(4-methoxyphenyl)pyrimidine (4f): Yellow solid, yield: 89%,
mp = 138-141°C; *H NMR (400 MHz, CDCls, d, ppm): 8.12 (d, J = 8.88 Hz, 2H, ArH), 7.87 (d, J
= 8.84 Hz, 1H, ArH), 7.85 (s, 1H, Pyr-H), 7.01 (d, J = 8.88 Hz, 2H, ArH), 6.96 (d, J = 8.36 Hz,
1H, ArH), 4.00 (s, 3H, OCHs), 3.95 (s, 3H, OCHj3), 3.88 (s, 3H, OCHjs); *C NMR (100 MHz,
CDCls, ¢ ppm): 164.28, 164.24, 162.78, 161.40, 150.90, 149.06, 131.44, 131.04, 120.01, 113.92,
110.87, 110.05, 99.65, 56.00 (OCHs), 55.95(OCHj3), 55.39(OCHp).

2-chloro-4,6-bis(3,4-dimethoxyphenyl)pyrimidine (4g): Yellow solid, yield: 78%, mp = 180-
183°C; 'H NMR (400 MHz, CDCls, d, ppm): 7.86 (s, 1H, ArH), 7.74 (s, 2H, ArH), 7.69 (d, J =
7.12 Hz, 2H, ArH), 6.97 (d, J = 7.76 Hz, 2H, ArH), 4.00 (s, 6H, 20CHs), 3.96 (s, 6H, 20CHj).

46.1.5 A typical procedure for the synthesis of 4,6-diphenyl-2-(piperazin-1-
yl)pyrimidine

5a R=4-C], R'=4-MeO
N 5b R =4-Me, R'=4-MeO

N
AN NN 5¢ R=4-MeO, R'=4-MeO
Ry « TR 54 R=34-MecO, R' = 4-Ft

A reaction mixture of 2-chloro-4,6-diphenylpyrimidine (4.0 g, 15 mmol) and piperazine (13.92 g,

)~z 2T

150 mmol) in isopropanol (20 mL) was refluxed for 20 hours. Using TLC, the progression of the
reaction was monitored. The reaction mixture was added to 2 M NaOH (100 mL), the precipitate
formed was filtered, washed with water/diethyl ether and dried under vacuum. The product was

purified by recrystallisation in EtOAc to afford the following pure compound(s).

Francis Kayamba 143 UKZN-2021



Chapter 4

4-(4-chlorophenyl)-6-(4-methoxyphenyl)-2-(piperazin-1-yl)pyrimidine (5a): Yellow solid, yield:
98%; *H NMR (400 MHz, CDCls, 6, ppm): 8.25 (d, J = 8.76 Hz, 2H, ArH), 8.17 (d, J = 8.08 Hz,
1H, ArH), 7.70 (s, 1H, Pyr-H), 7.33 (d, J = 8.04 Hz, 2H, ArH), 3.93 (br s, 4H, 2CHy), 3.84 (s, 3H,
OCHa), 2.57 (g, J = 4.42 Hz, 4H, 2CH>).

4-(4-methoxyphenyl)-2-(piperazin-1-yl)-6-(p-tolyl)pyrimidine (5b): Yellow solid, yield: 98%; 'H
NMR (400 MHz, CDCls, ¢, ppm): 8.26 (d, J = 8.79 Hz, 2H, ArH), 8.18 (d, J = 8.09 Hz, 2H, ArH),
7.70 (s, 2H, Pyr-H), 7.33 (d, J = 8.04 Hz, 2H, ArH), 7.07 (d, J = 8.79 Hz, 2H, ArH), 3.94 (br s,
4H, 2CH,), 3.85 (s, 3H, OCHj3), 2.58 (br s, 4H, 2CH>), 2.38 (s, 3H, CH3); **C NMR (100 MHz,
DSMO-ds, 0 ppm): 164.90, 164.23, 164.09, 161.57, 161.50, 141.76, 140.55, 139.46, 134.58,
132.46, 129.60, 129.47, 128.77, 128.29, 128.09, 127.05, 117.15, 114.11, 113.48, 100.68, 55.42
(OCHs3), 21.05, 21.03 (CH3); HRMS (ESI, m/z) [M+H]"; calculated for C22H24N4O, 361.2028;
Found 361.2067.

4,6-bis(4-methoxyphenyl)-2-(piperazin-1-yl)pyrimidine (5¢): Brown solid, yield: 86%, mp =151-
153 °C; FTIR (ATR, Vmax, cm™): 3277 (N-H of NH), 2926-2845 (C-H of CH3), 1172-1094 (C-N
of pyr), 1256 (C-O of OCHj3),1563 (C=N of pyr), 1605(C=C of Ar); *H NMR (400 MHz, DSMO-
ds, 6, ppm): 8.25 (d, J = 8.37 Hz, 4H, ArH), 7.67 (s, 1H, Pyr-H), 7.06 ( d, J = 8.38 Hz, 4H ArH),
3.93 (br s, 4H, 2CHy>), 3.84(s, 6H, 20CH3), 3.37 (s, 2H, CH>), 2.18 (s, 1H, CH), 2.60 (br s, 4H,
2CH,); *C NMR (100 MHz, CDCls, 6 ppm): 163.70, 161.48, 161.28, 129.65, 128.58, 122.28,
113.92, 99.88, 55.28 (20CHp3), 51.03 (CH>), 46.11(2CH>), 43.26 (2CH>).

4-(3,4-dimethoxyphenyl)-6-(4-ethylphenyl)-2-(piperazin-1-yl)pyrimidine  (5d): Yellow solid,
yield: 95%, mp = 130-133°C; *H NMR (400 MHz, CDCls, 6, ppm): 8.25 (d, J = 8.23 Hz, 2H,
ArH), 7.96 (d, J = 7.98, 1.94 Hz, 1H, ArH), 7.88 (s, 1H, Pyr-H), 7.86 (d, J = 8.20 Hz, 2H, ArH),
7.28 (d, J=8.26 Hz, 2H, ArH), 7.09 (d, J = 8.59 Hz, 1H, ArH), 4.33 (br s, 4H, 2CHy), 3.91 (s, 3H,
OCHs), 3.85 (s, 3H, OCH3), 3.76 (br s, 4H, 2CH2), 2.70 (q, J = 7.57, 2H, CH), 1.23 (q, J = 7.58Hz,
3H, CHa3); *C NMR (100 MHz, DMSO-ds, 0 ppm): 164.38, 164.28,160.92, 151.37, 148.83,
146.95, 134.44, 129.28, 128.08, 127.42, 127.28, 120.58, 111.48, 110.39, 101.95, 56.79,
55.79(0OCHpg), 55.65 (OCHs), 49.38 (2CH2), 37.29 (2CHz2), 28.06 (CH2), 15.46 (CHs).

4-(furan-2-yl)-2-(piperazin-1-yl)-6-(pyridin-3-yl)pyrimidine (5e): Yellow solid, yield: 93 %; H
NMR (400 MHz, CDCls, 0, ppm): 8.75 (d, J = 3.94 Hz, 2H, ArH), 8.52 (d, J = 8.06 Hz, 1H, ArH),
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8.24 (d, J = 8.55 Hz, 2H, ArH), 7.82 (s, 1H, Pyr-H), 7.63 (d, J = 8.61 Hz, 2H, ArH), 7.68 (d, J =
7.98 Hz, 1H, ArH), 3.93 (br s, 4H, 2CH,), 2.56 (br s, 4H, 2CHy).

4.6.1.6 A typical procedure for the synthesis of cinnamic acid

o NS0 0O O Piperidine LN ol
I + )J\/U\ ————-—> R'y
Z HO OH Pyridine =

reflux on 100°C

Benzaldehyde (2.0 g, 14.22 mmol), malonic acid (3.3g, 31.30 mmol) and piperidine (1.5 g, 17.07
mmol) in pyridine (30 mL) was reflux for 24 hours. The progression of the reaction was tracked
by TLC. The crude was then added to a 2 M HCI solution. The precipitate formed was filtered,

washed with water and dried to obtain the following pure compounds. No purification was needed.

(E)-3-(p-tolyl)acrylic acid (6a): yield: 98%, Creamy white fluffy solid, mp = 195-198 °C; *H NMR
(400 MHz, DMSO-d6, 5, ppm): 12.31 (s, 1H, OH), 7.58-7.54 (m, 3H, ArH), 7.23 (d, J = 7.67 Hz,
2H, ArH), 6.46 (d, J = 16.01 Hz, 1H, Ph-CH=CH), 2.33 (s, 3H, CH3); 3C NMR (100 MHz,
DMSO-d6, 6 ppm):144.38, 140.59, 140.43, 131.98, 129.97, 128.65, 118.57, 21.46.

(E)-3-(4-chlorophenyl)acrylic acid (6b): Creamy white fluffy solid, yield: 97%, mp = 140-143 °C
; TH NMR (400 MHz, DMSO-d6, 6, ppm): 12.46 (s, 1H, OH), 7.72 (d, J = 8.51 Hz, 2H, ArH), 7.58
(d, J = 16.05 Hz, 1H, Ph-CH=CH), 7.46 (d, J = 8.48 Hz, 2H, ArH), 6.55 (d, J = 16.04 Hz, 1H, Ph-
CH=CH); *C NMR (100 MHz, DMSO-d6, § ppm): 167.88, 142.97, 135.17, 133.74, 130.40,
129.39, 120.56.

(E)-3-(furan-2-yl)acrylic acid (6¢):Yellow solid, yield: 89%, mp =142-144 °C; *H NMR (400
MHz, DMSO-d6, 6, ppm): 12.40 (s, 1H), 7.83 (s, 1H), 7.38 (d, J =16 Hz, 1H), 6.93 (d, J = 3.5 Hz,
1H), 6.62 ppm (t, J = 3.5 Hz, 1H), 6.15 (d, J = 16 Hz, 1H); *C NMR (100 MHz, DMSO-d6, 3,
ppm): 167.7, 150.7, 146.1, 131.2, 116.3, 115.9, 113.1.

46.1.7 A typical procedure for the synthesis of cinnamoyl chloride

(@] (@]
(0] Cl
R N XN \S \ DCM/DMF Rﬂ—'(j/\)J\CI
N cl 0 0°Ctort, lhr L~
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To a stirring solution of cinnamic acid (0.2 g, 1.10 mmol) and 2 drops DMF in anhydrous
dichloromethane (DCM, 5 mL), oxalyl chloride (0.21g, 1.6 mmol) was added at 0°C in an ice bath
under N2. After 10 mins, the reaction was stirred at room temperature for 50 mins. The progression
of the reaction was tracked by TLC. The crude product was dried under vacuum on rotavapor

under N2. The crude product was used for the next step without further purification.

4.6.1.8 A typical procedure for the synthesis of (E)-1-(4-(4-(4-methoxyphenyl)-6-(p-
tolyl) pyrimidine-2-yl)piperazin-1-yl)-3-phenylprop-2-en-1-one

N e E;;N N
N ~ = DCM, 0°C-rt, 3 hr N~

| |
B X AN -, RN A
R \TR R—./ \.—R'

4,6-Diphenyl-2-(piperazin-1-yl) pyrimidine (0.2 g, 0.63 mmol) dissolved in DCM (3 mL) was
added to a stirring solution of cinnamoy! chloride (0.16 g, 0.95 mmol) and EtsN (0.25 mL) in DCM

(5 mL) at 0°C under N2. After 10 mins, the reaction mixture was allowed to stir for 3 hours at room
temperature under N2. The progression of the reaction was tracked using TLC. DCM and EtsN
were removed under rotavapor. The crude compound was purified by column chromatography

using DCM (100%) as an eluent to obtain the following pure compounds.

Spectra Data for compound 8 (a-r)
(E)-1-(4-(4-(4-chlorophenyl)-6-(4-methoxyphenyl)pyrimidin-2-yl)piperazin-1-yl)-3-phenylprop-
2-en-1-one (8a): Yellow solid, yield: 86%, mp = 216-219 °C; IR (ATR-FTIR, vmax, cm?): v =
2950-2840 (C-H, CH3), 1676-1624 (C=C, olefin), 1282 (C-O, OCHjs), 983 (C=C, alkene), *H NMR
(400 MHz, CDCl3, o, ppm): 8.32 (d, J =8.58 Hz, 2H, ArH), 8.28 (d, J = 8.81 Hz, 2H, ArH), 7.80
(s, 1H, ArH), 7.69 (d, J =8.57 Hz, 2H, ArH), 7.56 (d, J =15.44 Hz, 1H, Ph-CH=CH), 7.44-7.40
(m, 3H, ArH), 7.34 (d, J = 15.40 Hz, 1H, Ph-CH=CH), 7.08 (d, J =8.84 Hz, 2H, ArH), 3.98 (br s,
4H, 2CH,), 3.85 (s, 3H, OCHs3), 3.85-3.74 (m. 3H, 2CH>); 3C NMR (100 MHz, DSMO-dg, § ppm):
164.63, 164.35, 162.91, 161.54, 161.43, 141.61, 136.12, 135.37, 135.14, 129.54, 129.34, 128.82,
128.75, 128.67, 128.01, 118.26, 114.02, 100.90, 55.35 (OCHs).
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(E)-1-(4-(4-(4-methoxyphenyl)-6-(p-tolyl)pyrimidin-2-yl)piperazin-1-yl)-3-phenylprop-2-en-1-
one (8b): Creamy white solid, yield: 90%, mp = 185-187 °C; IR (ATR-FTIR, vmax, cm™): v =3010
(C-H of Olefin), 2997-2840 (C-H of CHs3), 1643-1605 (C=C OF Ar), 1251 (C-O, OCHz), 980 (C-
H of Olefin); 'H NMR (400 MHz, CDCls, 8, ppm): 8.10 (d, J = 8.90 Hz, 2H, ArH), 8.02 (d, J =
8.19 Hz, 2H, ArH), 7.73 (d, J = 15.43 Hz, 1H, Ph-CH=CH), 7.57-7.55 (m, 1H, ArH), 7.40-7.38
(m, 4H, ArH), 7.30 (d, J = 7.99 Hz, 2H, ArH), 7.01 (d, J = 8.89 Hz, 2H, ArH), 6.96 (d, J = 15.43
Hz, 1H, Ph-CH=CH), 4.10 (br s, 4H, 2CH>), 3.89 (s, 3H, OCHs), 2.43 (s, 3H, CHs); *C NMR
(100 MHz, DSMO-dg, ¢ ppm): 164.61, 164.11, 163.98, 161.47, 161.41, 141.60, 140.44, 135.14,
134.50, 129.55, 129.51, 129.03, 128.76, 128.76, 128.68, 128.53, 128.02, 126.97, 118.26, 114.00,
100.61, 55.34(OCHzs), 20.98 (CH3); HRMS (ESI, m/z) [M+H]"; calculated for CsiHzoN4O2,
513.2267; Found 513.2272.

(E)-3-(4-chlorophenyl)-1-(4-(4-(4-methoxyphenyl)-6-(p-tolyl)pyrimidin-2-yl)piperazin-1-yl)prop-
2-en-1-one (8c): Brown solid, yield: 71%, mp = 169-172 °C; IR (ATR-FTIR, Vmax, cm™): v =3128
(C-C, Olefin), 2938-2840 (C-H, CHg), 1607 ( C=C, olefin), 1212.33-1236.35 (C-O, OCHz), 980
(C-C, Olefin); *H NMR (400 MHz, CDCls, , ppm): 8.10 (d, J = 8.90 Hz, 2H, ArH), 8.01 (d, J =
8.18 Hz, 2H, ArH), 7.67 (d, J = 15.43 Hz, 1H, Ph-CH=CH), 7.48 (d, J = 8.46 Hz, 2H, ArH), 7.38-
7.35 (m, 3H, ArH), 7.30 (d, J =7.96 Hz, 2H, ArH), 7.01 (d, J = 8.89 Hz, 2H, ArH), 6.92 (d, J =
15.43 Hz, 1H, Ph-CH=CH), 4.10 (br s, 4H, 2CHy), 3.88 (s, 3H, CH3), 3.80 (br s, 4H, 2CHy), 2.43
(s, 3H, CHs); *C NMR (100 MHz, CDCls, § ppm): 165.06, 164.43, 164.70, 161.99, 161.65,
141.61, 140.69, 135.50, 135.29, 133.21, 131.48, 129.42, 129.10, 128.99, 128.88, 128.68, 128.58,
126.58, 117.69, 114.04, 113.35, 101.54, 55.43(OCHp3), 21.45 (CHs).

(E)-1-(4-(4-(4-chlorophenyl)-6-(4-methoxyphenyl)pyrimidin-2-yl)piperazin-1-yl)-3-(p-tolyl)prop-
2-en-1-one (8d): Yellow solid, yield: 88%, mp = 207-209 °C; IR (ATR-FTIR, vmax, cm™): v
=2994.33 (C-H, olefin), 2916.03, 2834.98 (C-H, CH3), 1649.56 (C=C, olefin), 783.05 (C-Cl). 'H
NMR (400 MHz, CDCls, o, ppm): 8.07 (dd, J = 15.64 Hz, 8.77 Hz, 4H, ArH), 7.71 (d, J =15.91
Hz, 1H, Ph-CH=CH), 7.47-7.44 (m, 4H, ArH), 7.35 (s, 1H, ArH), 7.20 (d, J = 7.94 Hz, 2H, ArH),
7.01 (d, J = 8.89 Hz, 2H, ArH), 6.90 (d, J = 15.40 Hz, 1H, Ph-CH=CH), 4.09 (br s, 4H, 2CH>),
3.88 (s, 3H, OCHa), 3.80 (br s, 4H, 2CH>), 2.38 (s, 3H, CH3); *C NMR (100 MHz, CDCls, §
ppm): 164.96, 164.73, 164.59, 161.95, 151.70, 149.32, 147.13, 140.66, 135.37, 134.06, 134.05,
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130.27, 130.22, 129.25, 128.52, 127.63, 120.85, 119.69, 112.04, 110.89, 101.45, 56.20 (OCHs),
28.55 (CHa).

(E)-3-(3,4-dimethoxyphenyl)-1-(4-(4-(4-methoxyphenyl)-6-(p-tolyl)pyrimidin-2-yl)piperazin-1-
yl)prop-2-en-1-one (8e): Creamy white solid, yield: 93%, mp = 124-128 °C; IR (ATR-FTIR, vmax,
cm™): v = 2996.75 (C-H, olefin), 2911.69-2836.59 (C-H, CH3), 1723.52, 1643.39 (C=C, olefin),
1237.32 (C-0O, OCHj3); *H NMR (400 MHz, CDCls, 6, ppm): 8.10 (d, J = 8.90 Hz, 2H, ArH), 8.01
(d, J=8.19 Hz, 2H, ArH), 7.68 (d, J = 15.32 Hz, 1H, Ph-CH=CH), 7.38 (s, 1H, ArH), 7.30 (d, J
=7.99 Hz, 2H, ArH), 7.15-7.13 (m, 2H, ArH), 7.06 (d, J = 1.89 Hz, 1H, ArH), 7.00 (d, J = 8.87
Hz, 2H, ArH), 6.88 (d, J =8.33 Hz, 1H, ArH), 6.81 (d, J = 15.32 Hz, 1H, Ph-CH=CH), 4.10 (br s,
4H, 2CH?y), 3.94 (s, 3H, OCHj3), 3.92 (s, 3H, OCHs3), 3.88 (s, 3H, OCHBa), 3.83 (br s, 4H, 2CH>),
2.43(s, 3H, CHa).

(E)-1-(4-(4,6-bis(4-methoxyphenyl)pyrimidin-2-yl)piperazin-1-yl)-3-phenylprop-2-en-1-one (8f):
Creamy white solid, yield: 86%, mp = 170-172 °C; IR (ATR-FTIR,Jvmax, cm™ ): 3005 (C-H,
olefin), 2929-2940 (C-H, CHz), 1646-1606 (C=C, olefin), 1265 (C-O, OCHzs), 983 (C-C, Olefin);
'H NMR (400 MHz, CDCls, 6, ppm): 8.10 (d, J = 8.88 Hz, 4H, ArH), 7.74 (d, J = 15.45 Hz, 1H,
Ph-CH=CH), 7.56-7.55 (m, 1H, ArH), 7.40-7.35 (m, 3H, ArH), 7.01 (d, J = 8.92 Hz, 4H, ArH),
6.96 (d, J = 15.41 Hz, 1H, Ph-CH=CH), 4.10 (br s, 4H, 2CH>), 3.88 (s, 6H, OCHB3), 3.80 (br s, 4H,
2CH>); BC NMR (100 MHz, CDCls, § ppm): 165.77, 164.58, 161.97, 161.61, 143.03, 135.29,
130.55, 129.70, 128.85, 128.56, 127.82, 117.12, 114.03, 101.04, 55.43 (20CHjs).

(E)-1-(4-(4,6-bis(4-methoxyphenyl)pyrimidin-2-yl)piperazin-1-yl)-3-(4-chlorophenyl)prop-2-en-

1-one (8g): Yellow solid, yield: 89%, mp = 169-172 °C; IR (ATR-FTIR, vmax, cm™): v = 3003.37
(C-H, Olefin), 2931- 2840 (C-H, CHz3), 1714 (C=0), 1650 (C=C, Ar), 1254, 1236 (C-O, OCHj3),
784 (C-Cl).'"H NMR (400 MHz, CDCls, 6, ppm): 8.27 (d, J = 8.36 Hz, 4H, ArH), 7.81-7.78 (m,
2H, ArH), 7.72 (s, 1H, ArH), 7.56-7.48 (m, 3H, ArH), 7.38 (d, J = 15.42 Hz, 1H, Ph-CH=CH),
7.08 (d, J =8.36 Hz, 4H, ArH), 3.98 (br s, 4H, 2CH>), 3.85 (s, 6H, 2CH3), 3.75 (br s, 4H, 2CH>);
13C NMR (100 MHz, CDCls, § ppm): 164.46, 163.83, 161.47, 161.40, 140.22, 134.16, 134.01,
130.07, 129.78, 128.80, 128.68, 119.19, 114.02, 100.23, 55.36 (OCH?3).

(E)-1-(4-(4,6-bis(4-methoxyphenyl)pyrimidin-2-yl)piperazin-1-yl)-3-(p-tolyl)prop-2-en-1-one
(8h): Creamy white solid, yield: 74%, mp = 172-174 °C; IR (ATR-FTIR, Vmax, cm™): v = 2995-
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2840 (C-H, CHs), 1643-1606 (C=C, olefin), 1234 (C-O, OCHs), 980 (C-C, Olefin); 'H NMR (400
MHz, CDCls, J, ppm): 8.27 (d, J = 8.66 Hz, 4H, ArH), 7.72 (s, 1H, ArH), 7.64 (d, J = 7.85 Hz,
2H, Ar), 7.52 (d, J = 15.34 Hz, 1H, Ph-CH=CH), 7.30 (s, 1H, ArH), 7.26-7.22 (m, 2H, ArH), 7.08
(d, J = 8.74 Hz, 4H, ArH), 3.97 (br s, 4H, 2CHy), 3.85 (s, 6H, 20CHs), 3.74-3.64 (m, 4H, 2CH>);
13C NMR (100 MHz, CDCls, § ppm): 164.74, 163.80, 161.44, 161.38, 141.64, 139.33, 132.42,
129.37, 129.12, 128.66, 128.23, 128.03, 117.11, 114.00, 100.19, 55.35 (OCHs), 20.97 (CHs).

(E)-1-(4-(4,6-bis(4-methoxyphenyl)pyrimidin-2-yl)piperazin-1-yl)-3-(4-methoxyphenyl)prop-2-
en-1-one (8i): Brown solid, yield: 71%, IR (ATR-FTIR, vmax, cm™): v = 3127 (C-C, olefin), 2930-
2848 (C-H, CHg3), 1653 ( C=C, olefin), 1258 (C-O, OCHj3), 986(C-C, olefin); *H NMR (400 MHz,
CDCls, d, ppm): 8.09 (d, J = 8.87 Hz, 4H, ArH), 7.72-7.68 (d, J = 15.35 Hz, 1H, Ph-CH=CH),
7.52-7.49 (d, J = 8.70 Hz, 2H, ArH), 7.34 (s, 1H, ArH), 7.02-6.70 (d, J =8.87 Hz, 4H, ArH), 6.92-
6.90 (d, J = 8.73 Hz, 2H, ArH), 6.84-6.80 (d, J = 15.35 Hz, 1H, Ph-CH=CH), 4.09 (br s, 4H,
2CH>), 3.88 (s, 6H, 20CH3), 3.84 (s, 3H, OCHs3), 3.81 (br s, 4H, 2CH>); *C NMR (100 MHz,
CDCl3, ¢ ppm): 166.03, 164.57, 161.60, 142.72, 130.58, 129.39, 128.88, 128.03, 114.59, 114.27,
114.02, 101.00, 55.43 (20CHp3), 55.38 (OCHj).

(E)-1-(4-(4,6-bis(4-methoxyphenyl)pyrimidin-2-yl)piperazin-1-yl)-3-(3,4-dimethoxyphenyl)prop-
2-en-1-one (8j): Yellow solid, yield: 81%, mp = 116-118 °C; IR (ATR-FTIR, vmax, cm™?): v =2998
(C-H, Olefin), 2929-2836 (C-H, CHa), 1643 (C=C, of Ar), 1234 ( C-O, OCHa); *H NMR (400
MHz, CDClg, ¢, ppm): 8.27 (d, J = 8.38 Hz, 4H, ArH), 7.73 (s, 1H, ArH), 7.50 (d, J = 15.22 Hz,
1H, Ph-CH=CH), 7.40 (s, 1H, ArH), 7.24-7.19 (m, 2H, ArH), 7.08 (d, J = 8.80 Hz, 4H, ArH), 6.98
(d, J=8.28 Hz, 1H, ArH), 3.98 (br s, 4H, 2CH,), 3.85-3.72 (m, 16H, 2CHs, 4CHs); *C NMR (100
MHz, CDCls, ¢ ppm): 167.11, 164.91, 163.81, 161.40, 150.32, 142.01, 129.61, 129.54, 128.68,
127.98, 122.47, 121.51, 115.55, 114.01, 111.61, 110.24, 100.17, 55.69 (OCHs), 55.55(0OCHjs),
55.44 (OCHjs), 55.36(0OCH3).

(E)-1-(4-(4,6-bis(4-methoxyphenyl)pyrimidin-2-yl)piperazin-1-yl)-3-(furan-2-yl)prop-2-en-1-

one (8k): Yellow solid, yield: 91%, mp = 176-178 °C; IR (ATR-FTIR, vmax, cm™): v = 3060 (C-
H, olefin), 2935-2842(C-H, CHs), 1658 (C=C, olefin), 1260 (C-O, OCHs), 988 (C-C, Olefin); H
NMR (400 MHz, CDCls, , ppm): 8.09 (d, J =8.85 Hz, 4H, ArH), 7.52 (d, J =15.08 Hz, 1H, Ph-
CH=CH), 7.47 (s, 1H, ArH), 7.34 (s, 1H, ArH), 7.01 (d, J = 8.86 Hz, 4H, ArH), 7.94 (d, J =15.91
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Hz, 1H, Ph-CH=CH), 7.81(d, J =8.48Hz, 2H, ArH), 6.88 (d, J = 15.08 Hz, 1H, Ph-CH=CH), 6.57
(d, J = 3.32 Hz, 1H, ArH), 6.47 (dd, J = 1.72 Hz, 1H, ArH), 4.08 (s, 4H, 2CH>), 3.88 (s, 6H,
OCHs), 3.79 (br s, 4H, 2CH>); 3C NMR (100 MHz, CDCls, § ppm):165.47, 164.57, 161.97,
161.60, 151.71, 143.95, 130.56, 129.82, 128.55, 114.53, 114.02, 113.92, 112.23, 101.00, 55.42
(20CHa); HRMS (ESI, m/z) [M+Na]*; calculated for C31H29CIN4O3, 519.009; Found 519.2008.

(E)-1-(4-(4-(3,4-dimethoxyphenyl)-6-(4-ethylphenyl)pyrimidin-2-yl)piperazin-1-yl)-3-
phenylprop-2-en-1-one (81): Creamy white solid, yield: 92%, mp =174-176 °C; *H FTIR (ATR,
Vmax, cm™): 2997-2856 (C-H, CHs), 1646 (C=C, olefin), 1264 (C-O, OCHjs), 982 (C-C, Olefin),
NMR (400 MHz, CDCls, ¢, ppm): 8.20 (d, J =7.91 Hz, 2H, ArH), 7.90 (d, J = 8.49 Hz, 1H, ArH),
7.84 (s, 1H, ArH), 7.75-7.74 (m, 3H, ArH), 7.55 (d, J = 15.34 Hz, 1H, Ph-CH=CH), 7.43-7.33 (
m, 6H, ArH), 7.08 (d, J = 8.44 Hz, 1H, ArH), 3.99 (br s, 4H, 2CH>), 3.90 (s, 3H, CH3), 3.85 (s,
3H, CHsa), 3.85-3.76 (m, 4H, 2CHy), 2.68 (qt, J = 7.58 Hz, 2H, CH»), 1.23( t, J = 7.59 Hz, 3H,
CHz3); C NMR (100 MHz, CDCls, § ppm): 165.17, 164.74, 164.60(C=0), 151.71, 149.32, 147.13,
142.09, 135.67, 135.38, 130.28, 130.02, 129.24, 128.52, 128.50, 127.63, 120.86, 118.81, 112.05,
110.91, 101.44, 56.26(2CHy), 28.56(CH2), 15.91(CH2), 2(OCHj).

(E)-3-(4-chlorophenyl)-1-(4-(4-(3,4-dimethoxyphenyl)-6-(4-ethylphenyl)pyrimidin-2-
ylpiperazin-1-yl)prop-2-en-1-one (8m): Creamy white fluffy solid, yield: 79%, mp = 109- 110
°C; IR (ATR-FTIR, Vmax, cm™): v =2965-2836 (C-H, CH3), 1649-1613 (C=C, olefin), 1260 (C-O,
OCHj3), 982 (C=C, alkene); *H NMR (400 MHz, CDCls, §, ppm): 8.21 (d, J =8.25 Hz, 2H, ArH),
7.93-7.90 (dd, J =8.47Hz, 1.97 Hz, 1H, ArH), 7.79 (d, J =8.54 Hz, 2H, ArH), 7.75 (s, 1H, ArH),
7.54 (d, J = 15.39 Hz, 1H, Ph-CH=CH), 7.48 (d, J =8.51 Hz, 2H, ArH), 7.40 (s, 1H, ArH), 7.37
(d, J=8.00 Hz, 2H, ArH), 7.09 (d, J =8.54 Hz, 1H, ArH), 3.98 (br s, 4H, 2CH>), 3.90 (s, 3H, CH3),
3.85 (s, 3H, CHg), 3.75 (br s, 4H, 2CH>), 2.69 (q, J = 7.56 Hz, 2H, CH>), 1.22 (t, J = 7.61 Hz, 3H,
CHs); *C NMR (100 MHz, DMSO-ds, 6 ppm):164.44, 164.21, 164.08, 161.44, 151.17, 148.79,
146.66, 140.21, 134.84, 134.15, 133.99, 129.77, 129.71, 128.77, 128.06, 127.15, 120.35, 119.17,
111.49, 110.29, 100.94, 55.68 (OCHg), 55.62(OCH3), 28.07 (CH2), 15.47 (CH3).

(E)-1-(4-(4-(3,4-dimethoxyphenyl)-6-(4-ethylphenyl)pyrimidin-2-yl)piperazin-1-yl)-3-(p-
tolyl)prop-2-en-1-one (8n): Creamy white solid, yield: 87%, mp = 159-161°C; IR (ATR-FTIR,
vmax, €M1): 3080 (C-H, olefin), 3003-2835 (C-H, CHs), 1771-1712 (C=0), 1652 1606 (C=C,
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olefin), 1257 (C-O, OCHs), 981 (C-C, Olefin); *H NMR (400 MHz, CDCls, &, ppm): 8.04 (d, J =
8.16 Hz, 2H, ArH), 7.73-7.69 (m, 3H, ArH), 7.45 (d, J = 8.05 Hz, 1H, ArH), 7.33 (d, J = 8.12 Hz,
2H, ArH), 7.20 (d, J = 7.95 Hz, 2H, ArH), 6.98 (d, J = 8.35 Hz, 1H, ArH), 6.91 (d, J = 15.36 Hz,
1H, Ph-CH=CH), 4.10 (br s, 4H, 2CH>), 4.01 ( s, 3H, OCHs3), 3.96 ( s, 3H, OCH?3), 3.80 (brs, 4H,
2CHy), 2.68(qt, J = 7.59 Hz, 2H, CH2), 1.22( t, J = 7.58 Hz, 3H, CHs); *C NMR (100 MHz,
DMSO-ds, 0 ppm):164.75, 164.21, 164.08, 161.44, 151.17, 148.79, 146.65, 141.66, 139.32,
134.86, 132.42, 129.73, 129.36, 128.03, 127.15, 120.35, 117.10, 111.49, 110.30, 100.92, 55.68
(OCHj3), 55.61 (OCHg), 28.89 (CHy), 20.96 (CH>), 15.47 (CHs).

(E)-1-(4-(4-(3,4-dimethoxyphenyl)-6-(4-ethylphenyl)pyrimidin-2-yl)piperazin-1-yl)-3-(4-
methoxyphenyl)prop-2-en-1-one (80): Creamy white fluffy solid, yield: 89%, mp = 114-116 °C;
IR (ATR-FTIR, vmax, cm™): v= 3080 (C-C, Olefin), 2934-3840 (C-H, CHj3), 1603 (C=C, of Ar),
1259 (C-0, OCH3), 980 (C-C, Olefin); *H NMR (400 MHz, CDCls, 6, ppm): 8.20 (d, J = 7.57 Hz,
2H, ArH), 7.90 (d, J = 8.37 Hz, 1H, ArH), 7.86 (s, 1H, ArH), 7.74 (s, 1H, ArH), 7.69 (d, J = 8.02
Hz, 2H, ArH), 7.51 (d, J = 15.25 Hz, 1H, Ph-CH=CH), 7.36 (d, J = 7.59 Hz, 2H, ArH), 7.18 (d, J
=15.32 Hz, 1H, Ph-CH=CH), 7.09 (d, J = 8.69Hz, 1H, ArH), 6.97 (d, J = 7.69 Hz, 2H, ArH), 3.98
('s,br, 4H, 2CHy), 3.90 (s, 3H, OCHj3), 3.85(s, 3H, OCHBz), 3.80 (s, 3H, OCHj3), 3.75-3.71(m, 4H,
2CHy), 2.69 (g, J = 7.47 Hz, 2H, CHy), 1.23('t, J = 7.53 Hz, 3H, CH3); *C NMR (100 MHz,
CDCls, 6 ppm): 164.89, 164.20, 164.07, 161.44,160.42, 151.17, 148.79, 146.61, 141.43, 134.85,
129.75, 129.63, 129.19, 128.00, 127.77, 127.32, 127.10, 120.33, 115.58, 114.17, 111.52, 110.37,
100.90, 55.69 (OCHj3), 55.60 (OCHBg), 55.23 (OCH3), 15.39 (CHz2), 15.36 (CHa).

(E)-1-(4-(4-(3,4-dimethoxyphenyl)-6-(4-ethylphenyl)pyrimidin-2-yl)piperazin-1-yl)-3-(furan-2-

yl)prop-2-en-1-one (8p): Creamy white fluffy solid, yield: 86%, mp = 179-182 °C; IR (ATR-FTIR,
vmax, cM™): v = 2938-2840 (C-H, CHs), 1256 (C-0), 984 (C-C, Olefin); *H NMR (400 MHz,
CDCls, ¢, ppm): 8.20 (d, J =8.24 Hz, 2H, ArH), 7.91 (dd, J =8.49 Hz, 1.91 Hz, 1H, ArH), 7.82
(dd, J = 10.40 Hz, 1.93 Hz, 1H, ArH), 7.75 (s, 2H, ArH), 7.41 -7.36 (m, 3H, ArH), 7.09 (d, J =8.54
Hz, 1H, ArH), 7.00 (d, J =15.24 Hz, 1H, Ph-CH=CH), 6.88 (d, J = 3.32 Hz, 1H, ArH), 6.62 (dd, J
= 1.71 Hz, 1H, ArH), 3.97(br s, 4H, 2CH>), 3.90 (s. 3H, OCHz), 3.84 (s. 3H, OCHj3), 3.84 (br s,
4H, 2CHy), 2.69 (g, J = 7.54 Hz, 2H, CH_), 1.23 (t, J = 7.57 Hz, 3H, CH3); 3C NMR (100 MHz,
CDCls, 0 ppm):165.75,, 165.49, 165.18, 164.74, 162.01, 151.69, 151.22, 149.16, 147.04, 143.95,
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143.03, 135.56, 130.88, 129.85, 128.84, 128.25, 127.81, 127.123, 120.22, 114.49, 113.96, 112.24,
110.97, 110.04, 101.77, 55.04, 25.82, 15.51.

(E)-1-(4-(4-(4-chlorophenyl)-6-(pyridin-3-yl)pyrimidin-2-yl)piperazin-1-yl)-3-(p-tolyl)prop-2-
en-1-one (8q): Yellow solid, yield: 84%, mp = 172-174 °C; IR (ATR-FTIR, vmax, cm? ): v
=3080.95 ( C-H, olefin), 2997-2859(C-H, CHs), 1640 (C=0), 1242 (C-0O), 982 (C-C, Olefin),
783(C-Cl, ArCl); *H NMR (400 MHz, CDCls, &, ppm): 9.46 (s, 1H, ArH), 8.72 (d, J = 4.08 Hz,
1H, ArH), 8.62 (d, J =7.89 Hz, 1H, ArH), 8.33 (d, J =8.37 Hz, 2H, ArH), 7.94 (s, 1H, ArH), 7.63-
7.55 (m, 5H, ArH), 7.51 (d, J = 15.34 Hz, 1H, Ph-CH=CH), 7.27 (d, J = 15.68 Hz, 1H, Ph-
CH=CH), 7.22 (d, J = 7.69 Hz, 2H, ArH), 3.98 (br s, 4H, 2CH>), 3.87-3.74 (m, 4H, 2CH>), 2.33
(s, 3H, CHs); 3C NMR (100 MHz, DSMO-ds, 6 ppm): 164.79, 163.59, 162.79, 161.45, 151.44,
148.44, 141.69, 139.36, 135.75, 135.73, 134.57, 132.55, 132.40, 129.49, 129.38, 129.12, 128.17,
128.02, 123.75, 118.07, 117.07, 101.89, 20.96 (CHz); HRMS (ESI, m/z) [M+H]"; calculated for
C29H26CIN50, 496.1904; Found 496.2116.

(E)-1-(4-(4-(furan-3-yl)-6-(pyridin-3-yl)pyrimidin-2-yl)piperazin-1-yl)-3-phenylprop-2-en-1-one
(8r): Yellow solid, yield: 89%, mp = 163-165 °C; IR (ATR-FTIR, vmax, cm™): v = 3077 (C-C,
Olefin), 2932.13-2840 (C-H, CHs), 1660 ( C=C, olefin), 1259 (C-O, OCHzs); *H NMR (400 MHz,
CDCls, 6, ppm): 9.30 (s, 1H, ArH), 8.73 (s, 1H, ArH), 8.39 (d, J = 7.97Hz, 2H, ArH), 8.06 (d, J
=8.57 Hz, 2H, ArH), 7.74 (d, J = 15.41 Hz, 1H, Ph-CH=CH), 7.56-7.54 (m, 2H, ArH), 7.48 (d, J
= 8.57 Hz, 2H, ArH), 7.39 (d, J = 8.73 Hz, 4H, ArH), 6.95 (d, J = 15.42 Hz, 1H, Ph-CH=CH),
4.10 (s,br, 4H, 2CHy), 3.90-3.83 (m, 4H, 2CH>); *C NMR (100 MHz, CDCls, § ppm): 165.76,
164.58, 163.22, 161.98, 151.33, 148.37, 143.24, 136.92, 136.01, 135.20, 134.51, 129.78, 129.03,
128.87, 128.43, 127.83, 123.59, 116.91, 102.02.

4.7  Pharmacological Evaluation

4.7.1 Antimalarial activity

The chloroquine-sensitive strain of P. falciparum (NF54) was maintained continuously in vitro in
supplemented RPMI-1640 culture media at 37 °C and gassed with a mixture of 5% CO2, 3% O>
and 92% N [36]. 5% D-sorbitol was used to synchronise the culture in the ring stage [37].
Determination of the antimalarial activity of different compounds, the synchronised ring-stage

parasites were adjusted to a final parasitaemia of 2% and 2% haematocrit, to which serial dilutions
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of the derivatives and positive control, quinine were added after 24-hour incubation. Negative
controls included uninfected erythrocytes and drug-free parasitised erythrocytes. Following a
further 48 h incubation period, the plates were frozen at -70°C for 1 hour and thawed for 2 hours.
Twenty-five microliters of lysate was transferred to a non-sterile plate, to which 100 pL Malstat™
and 20 pL nitroblue tetrazolium and phenazine ethosulphate (1:1) mixture was added to each well
and incubated for 40 min at 37 °C to quantify the parasite lactate dehydrogenase (pLDH) activity
[38]. Thereafter, 5% acetic acid was added to each well, and the absorbance of the formazan
products read at 620 nm, as an indicator of parasite viability. The percentage parasite growth,
taking the appropriate controls into account were calculated and used to determine the
concentration required to inhibit parasite growth by 50% (ICso value) from log sigmoid dose-
response curves using the GraphPad Prism® 5.0.0 software. Each experiment was repeated in
triplicate [39, 40].

4.7.2  Toxicity assays

4.7.2.1 Cell viability assay
Human embryonic kidney epithelial (HEK-293) cells were maintained at 37 °C in a humidified
chamber with a 5% CO, as a monolayer in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% of fetal bovine serum, 100 IU mL™ penicillin and 100 pg mL*
streptomycin. A cell suspension (10 000 cells per well) was incubated at 37 °C for 48 h with serial
dilutions of compounds/positive control. A final concentration of less than 1% DMSO had no
effect on the viability of the cells. Thereafter, 40 pL of (3-(4, 5-dimethylthiazolyl-2)-2, 5-
diphenyltetrazolium bromide (MTT; 5mg mL in phosphate buffer saline (pH 7.3)) was added to
each well and incubated for a further 2 hours. DMSO was used to dissolve the formazan crystals
and then quantified by reading the absorbance at 540 nm with a reference wavelength of 690 nm
(Labsystems Multiskan RC) [41]. Percent cellular viability was determined using the appropriate
controls and used to calculate the ICso values which were compared to the positive control,

camptothecin. The experiment was repeated in triplicate [42, 43].

4.7.2.2 Binding affinity assays using select synthetic compounds to P. falciparum
Hsp70
Ligand-compound interaction studies were undertaken to define a possible antiplasmodial

mechanism of action. Heat shock proteins are essential to parasite survival, in this study, we
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investigated the P. falciparum heat shock protein 70’s; PfHsp70-1 and PfHsp70-z, as possible
antiplasmodial “protein-compound” interactive partners. Recombinant PfHsp70-1 and PfHsp70-z
were produced in E. coli with a 6x Histidine tag and purified using a nickel affinity protein
purification using a previously described method [44]. Binding affinities between the ligand and
selected compound were investigated by SPR analysis using the BioNavis™ 420A ILVES MP-
SPR (BioNavis, Tampere, Finland) [45]. Degassed PBS Tween 20 (4.3 mM Na;HPOQO4, 1.4 mM
KH2PO4, 137 mM NaCl, 3 mM KClI, 0.005 % (v/v) Tween 20, and 20 mM EDTA; pH 7.4) was
used as a system running buffer. PfHsp70-1 and PfHsp70-z were immobilized as ligands at 0.5
ug/mL onto functionalized 3D carboxymethyl dextran sensors chips (CMD 3D 500L; BioNavis,
Tampere, Finland). Immobilization of ligands was achieved through amine coupling after 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC) [Sigma Aldrich, Germany] and N-hydroxy-
succinimide (NHS) [Sigma Aldrich, Germany] activation following a protocol provided by the
manufacturer (BioNavis, Tampere, Finland) to achieve < 200 RUs. A reference channel without
immobilized protein served as a control for non-specific binding and changes in refractive index.
As analytes, compounds (Compound 8o and 8l) were prepared into aliquots of 0, 1.25, 2.5, 5 and
10 nM injected three times at a flow rate of 50 pL/min into each flow cell. Injections with buffer
only were used as controls. Association between ligand and compounds was allowed for 3 min,
and dissociation was monitored for a total of 10 min. Kinetics steady-state equilibrium constant
data was processed after double referencing of the sensorgrams and concatenating the responses
of all five analyte concentrations by global fitting using TraceDrawer software version 1.8

(Ridgeview Instruments, Sweden).
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Synthesis and antimalarial activity of novel 1,2,3-triazole-pyrimidine hybrids

Graphical Abstract
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Abstract

To provide an optimized lead antimalarial candidate to address the emergence of resistance in the
mainstay drugs, including the Artemisinin combination therapy (ACT), this studies endeavoured
to develop and synthesize a novel class of 2-(4-((3H-pyrazol-5-yl)methyl)piperazin-1-yl)-4,6-
diphenylpyrimidine hybrids (8a-t). In vitro, antimalarial evaluation of the synthesized compounds
yielded a half-maximal inhibitory concentration (ICso) range from 0.18 to 2.41 puM. Seven
compounds were active (ICso value < 0.5 pM) with compound 8p having ICsp values as low as
0.04 £ 2.23 yuM. In particular, three compounds 8c, 8e and 8t equally displaying prominent activity
with ICso 0f 0.18 + 0.03 uM, 0.22 £ 0.02 uM and 0.29 + 0.01 pM had safety profile of 13.40, 9.11
and 61.15 respectively to human kidney epithelial (HEK293) cells. The remaining compounds
showed promising activity with ICsg values ranging from 0.59 to 2.41 pM. The molecules' binding
affinities to two vital cytosolic P. falciparum heat shock protein 70 homologues, PfHsp70-1 and
PfHsp70-z, were also studied. Compound 8e displayed the highest binding affinity for both
PfHsp70s with Kp in a lower nanomolar range (10-11.3 nM). A constructive link between the
antimalarial activity and variation on the phenyl group with activating groups on 4,6-
diphenypyrimidine and deactivating groups on 1,2,3-triazole of the hybrid analogues was
suggested through structure-activity relationship (SAR) studies. These 1,2,3-triazole-pyrimidine
derivatives have the potential to be considered for further evaluation as the starting point for the

development of new antimalarial candidates.

Keywords: Malaria, pyrimidine, 1,2,3-triazoles, molecular hybridization, PfHsp70,

antiplasmodial, hybrids
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5.1 Introduction

Almost all antimalarial frontline drugs developed resistance against P. falciparum[1,2], hence,
resulting in malaria being a global health threat costing millions of United States dollars in
management and treatment [3-6]. As per the WHO recent report in 2019, approximately 229
million people were infected with malaria, with more than 409 000 deaths, 93% of which were
from sub-Sahara Africa. Malaria consequences mostly impact pregnant women and children less
than five years in endemic areas. About 200 million people still live in abject fear of the malady
[7-9]. Since no effective vaccine has yet been developed, therefore the management of malaria
exclusively relies on drug therapy [7,10-12].

1,2,3-Triazole scaffold has received considerable attention in drug design, such as antimicrobial
[13,14], anticancer [15] and antitubercular agent [16,17]. It also played a crucial role as a
recognition cap group in inhibiting histone deacetylase (HDAC), a promising anticancer target
[18]. 1,2,3-Triazole was an essential motif of B-lactam-triazole derivatives (4) and compound (1)
that was active against the CQ resistance and sensitive strains with a good toxicity profile (Figure
5.1) [1,19]. Other triazole derivatives displayed promising antimalarial activity and toxicity profile
against HepG2 cells [20]. Furthermore, studies by Walter et al. indicated that 1,2,3-triazole is a

potential heme inhibitor that allegedly enhances antimalarial activity [21,22].
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Figure 5.1. Rational design of novel 1,2,3-triazole—pyrimidine hybrids.

Antimalarials with good antimalarial activity, such as pyrimethamine (6) and P218 (7), have
pyrimidine as a key scaffold [23-27]. Such antimalarials are noted for inhibiting the enzyme
Plasmodium falciparum dihydrofolate reductase (P. falciparum-DHFR), impeding the plasmodial
folic acid process crucial to the de novo synthesis of purines and pyrimidine needed for the
deoxyribonucleic acid (DNA) biosynthesis. This process is important for the survival and growth
of the malaria parasite; otherwise, halting it would be lethal to the parasite [23,28,29]. In other
pyrimidine-based antimalarial compounds such as 5, substituting a cyclohexyl(piperazine) at
position two on the pyrimidine nucleus was crucial for the activity [23,24,30]. Also, we recently
demonstrated that a 4,6-diphenylpyrimidine nucleus was essential for antimalarial activity, which

we endeavoured to incorporate as part of our ongoing research to develop a library of antimalarial
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compounds [31]. In addition, a piperazine linker enhanced the antimalarial activity of 7-quinoline-
pyrimidine hybrids by 3-fold against CQ-resistant Dd2 strain compared to the hybrids that had the
alkane diamine aliphatic linker indicating how crucial it is as antimalarial pharmacophore [32].

Given the facts and as per our ongoing research, we aimed to apply modern concepts of molecular
hybridization to design a library of novel hybrids bearing 1,2,3-triazole and 4,6-
diphenylpyrimidine as modified motif using piperazine as a linker. In line with this, we anticipated
to provide a single molecule with dual therapeutic action with improved antimalarial efficacy and

bioavailability against both liver and blood stages [30].

52  Chemistry

The preparation of a library of novel 2-(4-((3H-pyrazol-5-yl)methyl)piperazin-1-yl)-4,6-
diphenylpyrimidine hybrids 8(a-t) was executed using the efficient and versatile synthetic route as
described in Scheme 1 and 2. The synthesis of the starting material, (E) chalcones (1) was achieved
utilizing different commercially accessible benzaldehyde and acetophenone by an easy aldol
condensation reaction in sodium hydroxide ethanolic basic conditions as per stated methods [33—
35]. Different (E) chalcones were cyclized to produce 4,6-diphenylpyrimidin-2-amines derivatives
(2) through NaOH basic catalyzed using guanidine hydrochloride reaction. Sandmeyer reaction
was applied to oxidize the amino pyrimidine (compound 2) to hydroxyl (4,6-diphenylpyrimidin-
2-ol 3(a-e) which was initiated through the formation of diazonium salt intermediate using sodium
nitrate in acetic acid and then substitution of diazo salt with water. Assorted compounds (3) were
utilized to afford analogues of 2-chloro-4,6-diphenylpyrimidines 4(a-e) using POCls with catalytic
DMF in a 90% vyield. 4,6-diphenyl-2-(piperazine-1-yl) pyrimidines 5(a-e) were obtained by
refluxing various 4 with excess piperazine in IPA. Analogues of 4,6-diphenyl-2-(4-(prop-2-yn-1-
yl) piperazin-1-yl) pyrimidine (6) derivatives were synthesized using propargyl bromide and EtzN

catalyst in DMF from compound (5) derivatives showed in Scheme 1.
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Reaction Conditions: (i) NaOH, EtOH, rt, 2 hours; (ii) Guanidine hydrochloride, NaOH, reflux,
16 hours; (iii) NaNO., AcOH, rt, 3 hours; (iv) POClz, DMF, reflux, 6 hours; (v) Piperazine, IPA,
reflux, 16 hours; (vi) Propargyl bromide, EtsN, DMF, 0°C- rt, 3 hours.

Different acyl azides were prepared from various commercially available aniline via diazonium
salt formation using sodium nitrite and sodium azide in HCI/H20. These were immediately used
in the second step. Finally, through copper-catalyzed azide-alkyne cycloaddition of variety acyl
azides and compound 6 derivatives using click reaction were the final compounds:4,6-diphenyl-2-
(4-((1-phenyl-1H-1,2,3-triazol-4-yl)methyl)piperazin-1-yl)pyrimidine derivatives (8) prepared as
illustrated in Scheme 2 [36].
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Scheme 5

ﬁ (i) l\/}‘" N ( i \
H,N Z A [Nj

8(a-e)

Reaction Conditions: (i) NaNO2, HCI: H.O, NaNs, O°C, 1 hour; (ii) CuSO4.5H20, sodium
ascorbate, H20:t-BuOH, K>COs, rt, 4 hours.

5.3 Results and discussion

5.3.1 Synthesis and Spectral studies

Structural elucidation of the final compounds was accomplished using spectral data IR, *H NMR
and 3C NMR and further ascertain using HRMS. The *H NMR spectrum of starting material 1c
had two distinct doublets (d) peaks at 67.74 ppm (Ph-CH=CH) and 7.51 ppm (Ph-CH=CH) with J
= 15.65 Hz and 15.63 Hz, respectively indicating the formation of the trans olefin. Also present
were a definite singlet(s) signal at 3.89 ppm for methoxy protons, and various residual peaks viz;
singlets(s) and doublets (d) lay in the aromatic region 8.04 ppm - 6.97 ppm accounting for phenyl
protons. In the *H NMR spectrum of compound 2d, the olefinic peak vanishes, and two
characteristic singlets appeared at 6 7.39 ppm and 5.15 ppm signifying a pyrimidine aromatic
proton (pyr-H) and 2-amino group (pyr-NH2) of pyrimidine core. The disappearance of amino
peak at 5.15 ppm and the appearance of singlet(s) signal at 11.85 ppm ascertain the formation of a
hydroxyl group (OH) of 4,6-diphenylpyrimidin-2-ol derivative (3). The formation of 2-chloro-4,6-
diphenylpyrimidine derivative (4) was characterized by the vanishing of OH peak and a small shift
of (pyr-H) from & 7.39 ppm to 7.62 ppm. 4,6-Diphenyl-2-(piperazin-1-yl) pyrimidine (5) *H NMR
spectrum was presented by two new distinctive peaks; a broad singlet (br s) at 3.93 ppm and quartet

(q) at 2.57ppm (J = 4.42 Hz) corresponding to the four methylene protons of piperazinyl group.4,6-
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diphenyl-2-(4-(prop-2-yn-1-yl) piperazin-1-yl) pyrimidine *H NMR spectrum was characterized
by the appearance of two new discrete peaks at ¢ 3.36 ppm and 3.17 ppm signifying for two
methylene (-CH-) and alkyne (-C=CH) protons respectively. The *H NMR (400 and 600 MHz,
DMSO-ds) of the final compound 8m is distinguished by disappearance alkyne (-C=CH) proton
and appearance of a new prominent triazole peak at 6 8.76 ppm signifying the formation of 1,2,3-
triazole. Other notable peaks as aforementioned are presented by two broad singlets(br s) signals
resonating at ¢ 4.10 ppm and 3.80 ppm affirming the presence of four methylene protons of
piperazinyl linker. Also, a sharp singlet(s) signal at ¢ 3.88 ppm accounting for 4-methoxy
substituted phenyl on 4-phenylpyrimidine was observed. The outstanding protons of the aromatic
group appear as mixed signals as singlets, doublets or multiplets in the aromatic region (8.27 ppm
-7.08 ppm). The *H NMR data of the individual compounds agreed with their matching 3C NMR
data. The most notable signals resonated at ¢ 43.79-53.09 ppm, 53.46 ppm and 55.41 ppm
conforming to the four piperazinyl methylene, methylene(-CH>-) and 4-methoxy of a substituted
phenyl, respectively. Furthermore, the remaining signal resonating at 100.92-164.92 ppm

accounted for the aromatic carbons.
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Elemental Composition Report Page 1

Single Mass Analysis
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Figure 5.2. *H-NMR for intermediates derivative: chalcone (A), 4,6-diphenylpyriidin-2-amine (B), 4,6-diphenylpyrimidin-2-ol (C), 2-
chloro-4,6-diphenylpyrimidine (D), 4,6-diphenyl-2-(piperazin-1-yl)pyrimidine (E) and 4,6-diphenyl-2-(4-prop-2-yn-1-yl)piperazin-1-
yDpyrimidine(F). 1 HMNR , HMBE and HSQC for final compound ; 2-(4-((1-(4-fluorophenyl)-1H-1,2,3-triazol-4-
yl)methyl)piperazin-1-yl)-4-(4-methoxyphenyl)-6-(p-tolyl)pyrimidine (8h) (G and H). HRMS for compound 8m (I).
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A new library of the synthesized compounds (8a-8t) were screened in vitro for potential
antimalarial activity against NF54 CQ-sensitive strain of P. falciparum according to a formerly
reported procedure, and the method and conditions of the biological assay are described in the
supporting information. All the hybrid molecules displayed significant antimalarial activity, and
the vital data of the individual molecule (8a-8t) with corresponding activity plus standard reference
drugs (CQ and Quinine) are presented in Table 1. All the hybrid molecules showed promising to
moderate action in micromolar against NF54 CQ-sensitive strain assay. The 1Csp values of these
hybrid molecules were determined using a dose response-inhibition plot on a GraphPad Prism
5.0.0 software (Table 1). A brief SAR was conducted to establish group(s) that were significant to
the antimalarial activity from the hybrid analogues that were evaluated. Notably, the variation in
substituents on the phenyl aromatic rings of the final compounds had a positive connection with
the inhibition action against the antiplasmodial activity.

Table 1. Antimalarial and cytotoxicity screening of the synthesized compounds.

Compound ID  Antimalarial Cytotoxicity Selective Index
(ICs0 pM) SD (ICs0 pM) SD
8a 1.58 1.15 nd nd nd
8b 0.32 1.13 nd nd nd
8c 0.18 0.03 2.43 0.75 13.40
8d 0.59 1.03 nd nd nd
8e 0.23 0.02 2.05 1.11 9.11
8f 1.14 1.03 nd nd nd
8¢ 2.41 1.26 nd nd nd
8h 0.64 1.05 nd nd nd
8i 0.60 1.05 nd nd nd
8j 0.65 1.06 nd nd nd
8k 0.70 1.09 nd nd nd
8l 0.75 1.02 nd nd nd
8m 0.93 1.08 nd nd nd
8n 0.09 1.96 nd nd nd
80 0.07 1.52 nd nd nd
8p 0.04 2.23 nd nd nd
89 0.91 1.17 nd nd nd
8r 2.06 0.10 5.19 0.91 251
8s 0.72 1.23 nd nd nd
8t 0.29 0.01 17.00 4.50 61.15
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Quinine 0.11 0.003 134.35 1.45 1243.98
Chloroquine 0.01 0.002 101.19 25.72 8432.50
Camptothecin nd nd 0.02 0.01 nd

ICs0: Concentration at 50% inhibition of the parasite's growth
Selective Index: ICso values of cytotoxic activity/ICsg values of antimalarial activity
nd: not done

SD: Standard Deviation
From the antimalarial evaluation, seven compounds (8b, 8c, 8e, 8n, 80, 8p and 8t) displayed good

activity with 1Cso values low than 0.5 uM, ranging from 0.04 uM to 0.32 uM (Table 1). Compound
80, 8p and 8n emerged as the more prominent with I1Cso values corresponding to 0.07 + 1.52 pM,
0.04 £ 2.23 uM and 0.09 £ 1.96 uM. The rest of the hybrids equally displayed promising activity
with ICsg between 0.59 to 2.41 pM. The activity of most active compounds (8o) was two-fold and
eighteen-fold less active than that of reference drugs: Quinine and Chloroquine, respectively. This
demonstrates how promising these candidates are as antimalarial compounds. Five pyrimidine-
1,2,3-triazole compound class were considered potent, with the most active 1Csg values as low as
0.18 uM, two-fold more active than our last reported compounds [31]. This indicates that a 1,3,-
triazole fused with pyrimidine demonstrated to be more auspicious and shows how versatile a
pyrimidine is as an antimalarial pharmacophore as it can be observed by other reported activity
[31, 34]. Also, as noted by the improved activity of these hybrids, it shows how a 1,2,3-triazole
core is significant to the antimalarial activity in line with Royo et al. report [17].
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8h R=4-Me R’=4-MeQ R>=4-Cl 8m R=4-MeQ R’=4-MeQ R”=H
8¢ R=4-Me R’=4-MeO R”=4.F 8n R=4-MeO R’=4-MeO R”=4-Cl
8d R=4-Me R’=4-MeO R”=4-NO, 80 R=4-MeQ R’=4-MeO R”>=4-F
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8¢ R=4-Cl R’=4-Me0 R»=H 8¢ R=4-MeO R’=4-MeO R”=3-CF,
8h R=4-Cl R’=4-MeQ R>=4-Cl 8r R =3,4-MeQ R°=4-MeQ R®=H
8i R=4-Cl R’=4-MeO R”=4.F 8§ R=3,4-MeO R’=4-MeQ R”=4-Cl
8j R=4-C1 R’=4-MeO R”=4-NO, 8t R=3,4-MeO R’=4-MeO R”=3,5-diF

Figure 5.3. Structure of the pyrimidine-1,2,3-triazole compound 8(a-t).

The most active hybrids constituting the 4,6-bis(4-methoxyphenyl)pyrimidine motif showed minor
variation with the bioisosteric replacement on the phenyl group of the 1-phenyl-1H-1,2,3-triazole
core. Substitution with a strong deactivating group, for instance, a nitro (NO3) at the para position,
emerged as the most prominently active compound with ICso = 0.04 £ 2.24 uM as presented by
8p. Similarly, a strong and mild deactivating such as fluoro (F) and chloro (CI) displayed good
activity with 1Cso 0.07 £ 1.96 pM and 0.09 £ 1.52 pM corresponding to 8o and 8n respectively
(Figure 3). The non-substituted phenyl of 1-phenyl-1H-1,2,3-triazole (8m) nucleus is about
twenty-three-fold less active than the most active compounds (8p), signifying how essential the
substitutions on this motif are to the activity. Hybrids possessing the 4-(p-tolyl)-6-(4-
methoxyphenyl)pyrimidine equally displayed the array of activity with different substitutions on
the 1-phenyl-1H-1,2,3-triazole core. In this group of compounds, 8b, 8c and 8e had activity below

0.5 uM with 8c with a strong deactivating group (F) exhibited the promising antimalarial activity
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with ICsp = 0.18 £ 0.03 uM. Other important groups on the 1-phenyl-1H-1,2,3-triazole core were
Cl and trifluoromethane (CFs), which equally had activity less than 0.5 uM. Minor difference in
the activity is noted with either phenyl (8a) or cyclohexyl (8f) on the triazole core. However,
substitution on the phenyl of the 1-phenyl-1H-1,2,3-triazole core with F increased the activity nine
times compared to a non-substituted phenyl. A strong deactivating group such as NO2 only showed
moderate activity, as illustrated by 8d. In addition, 8c displayed a good safety profile of 13.40,
where it is 10-fold more active as an antimalarial agent against human cell line. The rest of the
compounds displayed activity ranging from 1Cso values 0.59 to 2.41uM.

Both phenyl and
cyclohexyl group
was favorable for the

R: Strong as well as mild
activity -> 8

deactivating groups such as CF;
NO,, F, ClI at the meta and para

1,2,3-triazole N position were ideal for the
potential N activity
antiplasmodial N
)
X
NN
o

| p— ‘ . _
R: Mild activating and .7' _. =% R:Mild activating group
deactivating groups such Me, 1 such MeO at the para
MeO and Cl groups at the i ] position were preferred for
para position were favorable Pyrlml. ine moiety the activity
for the activity potential PFDHFR
inhibitor

Figure 5.4. Structure-Activity Relationship (SAR) of 1,2,3-triazole-pyrimidine hybrids.

All compounds housing a 4-(4-methoxyphenyl)-6-(p-tolyl)pyrimidine core and 1-phenyl-1H-
1,2,3-triazole only showed promising activity with 1Cso ranging from 0.60 to 2.41 uM. A
cyclohexyl on the first position of triazole (8l) was three-fold more active than the phenyl group
(8g), however strong deactivating (F) substituents on the phenyl group (8i) enhanced the activity
four- times. The analogues with the 4-(3,4-dimethoxyphenyl)-6-(4-ethylphenyl)pyrimidine core
displayed varied activity for phenyl substituents on the 1,2,3-triazole nucleus. Notably, a
compound possessing 3,5-difluoro (diF) on the phenyl group of 1,2,3-triazole core displayed
promising activity with 0.29 £ 0.01 uM corresponding to compound 8t. While a non-substituted
benzyl group and p-chloro substituent equally showed moderate activity with I1Cso 2.06 + 0.10 uM
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and 0.72 £ 1.23 uM agreeing with 8r and 8s respectively. In view of the presented results, it can
be deduced that both a phenyl group and its substitutions and aliphatic cycloalkyl group on 1,2,3-
triazole moiety were essential for the antiplasmodial activity. Strong deactivating groups such as
F, NO2, CF3, and mild activating like CI were significant for the activity on the phenyl group of
the 1-phenyl-1H-1,2,3-triazole moiety. An activating group such a methoxy, particularly on the
para position, was suitable for the activity. Although other substitutions on the phenyl(s) of the
4,6-diphenylpyrimidine core were vital, p-methyl/ p-methoxy and p-methoxy were the most
significant and displayed the most activity.

Furthermore, some active compounds were evaluated against human embryonic kidney epithelial
(HEK-293) cells (Table 1). The selective index (SI) of compounds 8c, 8e and 8t were calculated
to be 13.40, 9.11 and 61.15 by dividing the 1Cso value of the cytotoxic activity by the 1Csg value
of the antimalarial activity. The safe index of Quinine and Chloroquine was about ninety-fold and
six hundred-fold than that of the most potent compound. 8c, respectively. The observed activity
suggests that while selectively killing the parasite, compound 8c, 8e and 8t has a limited cytotoxic
effect against mammalian cells at therapeutic dosages; where a safety index of 10 is regarded as
safe. It can be deduced that the 1,2,3-triazole and pyrimidine core linked through a piperazine
linker are central to the antimalarial activity. Bioisoteric replacement on the phenyl group of 1,2,3-
triazole and 4,6-diphenylpyrimidine motif further enhanced the antimalarial activity which

important in identify the potent candidate associated with activity.

5.4 In-vitro binding affinity studies

The analysis of the direct protein-compound binding affinities was conducted using SPR. The
steady-state affinity of the compounds 8c, 8e and 8t on the recombinant P. falciparum Hsp70-1
and Hsp70-z were in the lower nanomolar range (Table 2). Both compounds 8e and 8t had
marginally higher binding affinities to both PfHsp70-1 and PfHsp70-z. However, compound 8c
had lower binding affinities to both recombinant proteins. This suggests that compound 8c had the

least specificity among these compounds.

Table 2. Steady-state binding affinities for the association of PfHsp70-1/PfHsp70-z with
compounds.
Ligand Analyte | Ka (1/M*s) Kd (1/s) Ko (M) X2
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PfHsp70-1 | 8¢ 7.84 (x0.04) ¢ | 6.31(x0.20) e | 8.04 (x0.9)e® |89
8e 6.36 (£0.30) ¢ | 7.17 (x0.1)e? | 1.13(x05)e® |45
8t 2.22 (+0.05) ¢° | 4.26 (0.30) 2 | 1.92 (x0.30) e® | 4.2
PfHsp70-z | 8¢ 8.2 (£0.40) €° 7.38 (x0.80) e2 | 9.0 (x0.80)e® | 1.0
8e 9.52 (x0.20) ¢° | 9.54 (x0.70) 2 | 1.00 (x0.2) e® | 4.3
8t 3.30 (£0.30) &® | 5.64 (x0.04) e | 1.71 (x0.30) e® | 5.9

The standard error of measurement is shown in parenthesis.

55  Conclusion

1,2,3-triazole-pyrimidine hybrids through a piperazine linker present a novel series of promising
antimalarial candidates. The hybrids were synthesized in high yields (70-100%) using a simple
and striking approach involving easily available chemical reagents and reactants. Particularly,
compound 8p emerged as the most promising hit exhibiting good antimalarial activity against ICso
0.04 £ 2.24 pM. Selected cytotoxicity screening of other active compounds performed revealed
that compounds 8c, 8e and 8t with 1Cso values with 1Cso= 0.18 + 0.03 puM, 0.23 + 0.02 puM and
ICs0 0.29 £ 0.01 uM had a safety profile of 13.40, 9.11 and 61.151. The findings of this study
propose the benefits of how a piperazine linker was essential in the amalgamation of 1,2,3-triazole
and pyrimidine fragments sprung as novel antiplasmodial molecular hybrids. As evidenced by the
study, a further variation of the phenyl substituents with other activating or deactivating groups on
both 1-phenyl-1H-1,2,3-triazole and 4,6-diphenypyrimidine core could guarantee improved

antimalarial activity.
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5.6  Experimental section

5.6.1 Chemical protocols

All the chemicals’ reagents utilized in this research work were acquired from Sigma-Aldrich and
Merck Millipore, South Africa. The commercially accessible chemicals Benzaldehyde and
acetophenone were obtained from Sigma- Aldrich (South Africa). All and sundry of the solvents,
except laboratory-reagent grade, were dried and purified when required as per formerly published
procedures. The progression of the chemical reactions and the compounds' purity were monitored
by thin-layer chromatography (TLC) on pre-coated silica gel plates secured from E. Merck and
Co. (Darmstadt, Germany) using 36% ethyl acetate in n-hexane as the mobile phase and iodine
vapour as the visualizing agent.

The synthesised compounds' melting points were resolved by a Thermo Fisher Scientific (1A9000,
UK) digital melting point apparatus. The IR spectra were recorded on a Bruker Alpha FT-IR
spectrometer (Billerica, MA, USA) using the ATR technique. The *H NMR and *C NMR spectra
were recorded on a Bruker AVANCE 400 and 600 MHz (Bruker, Rheinstetten/Karlsruhe,
Germany) spectrometers using CDCls and DMSO-d6. The chemical shifts were reported in 6 ppm
units using TMS, an internal standard. HRMS spectra were recorded on an Autospec mass

spectrometer with electron impact at 70 eV.

5.6.1.1 A typical procedure for the synthesis of (E) chalcones 1(a-d)

l1a R =4-C], R'=4-MeO

o)
NN, Ib R=4-Me,  R'=4-MeO
Ry P lc R=4-MeO, R'=4-MeO

1d R =3,4-MeO, R'=4-Et

To a stirring solution of acetophenone (5 g, 32.34 mmol) in EtOH (30 ml) was added 60% NaOH
solution (12 g NaOH/ H20 (20 mL)). The reaction was stirred at room temperature for 30 minutes,
after which benzaldehyde (4.7 g, 38.81 mmol) was added, and the reaction mixture sonicated for
1 hour at 35°C. The development of the product was monitored by TLC. Excess ethanol was

removed under vacuum, and the reaction mixture was added into 100 gm of ice and stirred. The
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precipitates formed were filtered, washed with excess water and dried. The crude product was

purified by recrystallisation in EtOH to obtain the pure following compounds.

(E)-3-(4-chlorophenyl)-1-(4-methoxyphenyl) prop-2-en-1-one (1a): Yellow solid, yield: 96%, mp
= 130-133 °C; 'H NMR (400 MHz, CDCl3, 6, ppm): 8.03 (d, J = 8.85 Hz, 2H, ArH), 7.74 (d, J =
15.65 Hz, 1H, Ph-CH=CH), 7.57 (d, J = 8.49 Hz, 2H, ArH), 7.51 (d, J = 15.63 Hz, 1H, Ph-
CH=CH), 7.38 (d, J = 8.49, Hz, 2H ArH), 6.98 (d, J = 8.84, Hz, 2H ArH), 3.89 (s, 3H, OCHs); *°C
NMR (400 MHz, CDCls, ¢, ppm): 188.40, 163.55, 142.47, 136.18, 136.18, 133.58, 130.91, 122.27,
113.91, 55.53 (OCHya).

(E)-1-(4-methoxyphenyl)-3-(p-tolyl)prop-2-en-1-one (1b): Yellow solid. yield: 98%. mp = 125-
128 °C; 'H NMR (400 MHz, CDCls, 6, ppm): 8.04 (d, J = 8.76 Hz, 2H, ArH), 7.89 (d, J=15.60
Hz, 1H, Ph-CH=CH), 7.54 (d, J=7.95 Hz, 2H, ArH), 7.51 (d, J= 15.63 Hz, 1H, Ph-CH=CH), 7.22
(d, J=7.97, Hz, 2H ArH), 6.98 ( d, J=8.77 Hz, 2H, ArH), 3.88 (s,3H, CH3), 2.39 (s, 3H,CHj3); *C
NMR (400 MHz, CDCls, ¢, ppm): 189.43 (C=0), 163.92, 144.64, 141.40, 132.92, 131.81, 131.34,
130.24, 128.96, 121.46, 114.39, 56.06 (OCHj3), 22.09 (CH3).

(E)-1,3-bis(4-methoxyphenyl)prop-2-en-1-one (1c): Yellow solid, yield: 100 %. mp = 102-104 °C;
'H NMR (400 MHz, CDCls, §, ppm): 8.03 (d, J = 8.75 Hz, 2H, ArH), 7.78 (d, J=15.58 Hz, 1H,
Ph-CH=CH), 7.60 (d, J = 8.66 Hz, 2H, ArH) 7.43 (d, J=15.58 Hz, 1H, Ph-CH=CH), 6.96 (dd, J=
17.58, 8.72 Hz, 4H, ArH), 3.89 (s,3H, OCHs3), 3.85 (s, 3H, OCHj3); *C NMR (400 MHz, CDCls,
0, ppm): 189.39 (C=0), 163.84, 162.09, 162.09, 144.39,131.95,131.28, 130.67, 128.40, 120.15,
114.96, 114.36, 56.05 (OCHpz), 55.98 (OCH3).

5.6.1.2 A typical procedure for the synthesis of 4,6-diphenylprimidin-2-amine.

NH, 2a R =4-Cl, R' = 4-MeO
N*\N 2b R =4-Me, R'=4-MeO

N NN 2¢ R=4-MeO, R'=4-MeO
IS « IR 2d R=34-MeO, R' = 4-Et

The reaction mixture of (E) chalcone (8 gm, 31.16 mmol), Guanidine.HCI (4.8 g, 49. 86 mmol)
and 60% NaOH (12 g NaOH/H20O (20 mL) in EtOH (30 mL) was refluxed for 24 hours. The

development of the product was monitored using TLC. Excess ethanol was removed under vacuum
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using rotavapor. The reaction mixture was then added in 100 g ice water, and the precipitate formed
was filtered, washed with excess cold water and dried. The crude compound was purified by
column chromatography using EtOAc/Hexane (1:4) eluent to obtain the following pure

compounds.

4-(4-chlorophenyl)-6-(4-methoxyphenyl)pyrimidin-2-amine (2a): Yellow solid, yield: 56 %, mp =
127-129 °C; *H NMR (400 MHz, CDCls, 6, ppm): 8.03 (d, J = 8.78 Hz, 2H, ArH), 7.95 (d, J =
8.06 Hz, 2H, ArH), 7.39 (s, 1H, Pyr-H), 7.29 (d, J = 7.98 Hz, 2H, ArH), 7.00 (d, J = 8.76 Hz, 2H,
ArH), 5.15 (s, 2H, NH>), 3.88 (s, 3H, CHj3), 2.42 (s, 3H, CHa3). *C NMR (100 MHz, CDCls, 4,
ppm): 189.43, 163.92, 144.64, 141.40, 132.92, 131.34, 130.24, 128.96, 121.46, 114.39, 56.06
(OCHpg), 22.89 (CHa).

4-(4-methoxyphenyl)-6-(p-tolyl)pyrimidin-2-amine (2b): Yellow solid, yield 63% mp = 127-129
°C; 'H NMR (400 MHz, CDCls, 8, ppm): 8.03 (d, J = 8.64Hz, 2H, ArH), 8.00 ( d, J = 8.36 Hz,
2H, ArH), 7.46 (d, J =8.36 Hz, 2H, ArH), 7.37 (s, 1H, Pyr-H), 7.00 (d, J = 8.56 Hz, 2H, ArH) 5.20
(s, 2H, NH,), 3.88 (s, 3H, CH3). 3C NMR (100 MHz, CDCls, 6, ppm): 165.88, 164.64, 163.55,
161.76, 136.47, 129.91, 128.96, 128.64, 128.40, 114.14, 103.18, 55.43 (OCHpy).

4,6-bis(4-methoxyphenyl) pyrimidin-2-amine (2c); Yellow solid, yield: 61 % mp = 171-173 °C; *
H NMR (400 MHz, CDCls, ¢, ppm): 8.04 (d, J = 8.66 Hz, 4H, ArH), 7.36 (s, 1H, Pyr-H), 7.00 (d,
J = 8.69 Hz, 4H, ArH), 5.36 (s, 2H, NHy), 3.87 (s, 6H, 2CHs); 3C NMR (100 MHz, CDCls, 4,
ppm): 165.19, 162.97, 161.77, 129.78, 128.69, 114.15, 102.64, 55.43 (OCHpa).

4-(3,4-dimethoxyphenyl)-6-(4-ethylphenyl)pyrimidin-2-amine (2d): Yellow solid, yield: 59 % , *H
NMR (400 MHz, CDCls, 8, ppm): 8.26 (d, J = 8.23 Hz, 2H, ArH), 7.97 (dd, J = 7.98 Hz,1.94 Hz,
1H, ArH), 7.89 (s, 1H, pyr-H), 7.88 (d, J = 8.20 Hz, 1H, ArH), 7.38 (d, J = 8.26 Hz, 2H, ArH),
7.10 (d, J = 8.59 Hz, 1H, ArH), 3.92 (s, 3H, OCHBg), 3.86 (s, 3H, OCH3), 2.70 (q, J = 5.68 Hz, 2H,
2CHy), 1.23 (t, J = 7.58 Hz, 3H CHa); *C NMR (100 MHz, CDCls, 6, ppm): 165.07, 164.63,
162.12, 151.08, 149.11, 146.83, 135.80, 131.15, 128.18, 127.11, 120.94, 110.10, 101.30, 56.04
(OCHg), 56.02 (OCH3), 28.81 (CH2), 15.52 (CHsa).
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5.6.1.3 A typical procedure for the synthesis of 4,6-diphenylpyrimidin-2-ols.

OH 3a R=4-Cl, R'=4-MeO
N)QN 3b R =4-Me, R'=4-MeO
oA 3¢ R=4-MeO, R'=4-MeO

RT « TR 3d R=34-MecO, R = 4-Et

To the stirring solution of 4,6-diphenylpyrimidin-2-amine (4 g, 12.76 mmol) in acetic acid (50
mL) was slowly added a solution of 10 eq NaNO2 in H20 (50 mL) at room temperature. The
reaction mixture was further stirred for 3 hours. The development of the product was monitored
using TLC. The precipitate formed was filtered, washed with excess water and dried. The crude

product was recrystallized in EtOH to obtain the following pure compounds.

4-(4-chlorophenyl)-6-(4-methoxyphenyl)pyrimidin-2-ol (3a): Yellow solid, yield: 97%, mp = 235-
237 °C; *H NMR (400 MHz, DMSO-ds, &, ppm): 11.94 (s, 1H, Pyr-OH), 8.18 (dd, J = 18.36 Hz,
8.53Hz, 4H, ArH), 7.62 (d, J = 8.60 Hz, 2H, ArH), 7.56 (s, 1H, pyr-H), 7.10 (d, J = 8.89 Hz, 2H,
ArH), 3.85 (s, 3H, OCHzs); *C NMR (100 MHz, DMSO-ds, 6, ppm): 162.11, 136.20, 129.37,
128.81, 127.49, 114.23, 55.48 (OCHy).

4-(4-methoxyphenyl)-6-(p-tolyl)pyrimidin-2-ol (3b): Yellow solid, yield: 95%, mp = 235-237 °C;
'H NMR (400 MHz, DMSO-ds, J, ppm): 11.85 (s, 1H, Pyr-OH), 8.16 (d, J = 8.74 Hz, 2H, ArH),
8.04 (d, J =7.97 Hz, 2H, ArH), 7.44 (s, 1H, pyr-H), 7.35 (d, J = 7.98 Hz, 2H, ArH), 7.09 (d, J =
8.97 Hz, 2H, ArH), 3.85 (s, 3H, OCH3), 2.39 (s, 3H, CHs); 3C NMR (100 MHz, DMSO-ds, 4,
ppm): 162.05, 141.51, 129.39, 129.35, 127.46, 114.18, 55.46 (OCHs), 55.99 (CHj).

4,6-bis(4-methoxyphenyl)pyrimidin-2-ol (3c): Yellow solid, yield: 100%, mp = °C; *H NMR (400
MHz, DMSO-ds, J, ppm): 11.82 (s, 1H, Pyr-OH), 8.14 (d, J = 8.53 Hz, 2H, ArH), 7.41 (s, 1H,
pyr-H), 7.09 (d, J = 8.91 Hz, 2H, ArH), 3.85 (s, 6H, 20CH3); 3C NMR (100 MHz, DMSO-ds, 6,
ppm): 165.19, 162.00, 161.77, 129.32, 128.69, 114.18, 102.64, 55.46 (20CHy).

4-(3,4-dimethoxyphenyl)-6-(4-ethylphenyl)pyrimidin-2-ol (3d): Yellow solid, yield: 100% , !
HNMR (400 MHz, DMSO-ds, 6, ppm): 12.02 (s, 1H, Pyr-OH), 8.26 (d, J = 8.23 Hz, 2H, ArH),
7.97 (dd, J = 7.98 Hz, 1.94 Hz, 1H, ArH), 7.89 (s, 1H, pyr-H), 7.88 (d, J = 8.20 Hz, 1H, ArH),
7.38 (d, J = 8.26 Hz, 2H, ArH), 7.10 (d, J = 8.59 Hz, 1H, ArH), 3.92 (s, 3H, OCH?3), 3.86 (s, 3H,
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OCHa), 2.70 (g, J = 5.68 Hz, 2H, 2CH,), 1.23 (t, J = 7.58 Hz, 3H CHa); *C NMR (100 MHz,
DMSO-ds, J, ppm): 165.07, 164.63, 162.12, 151.08, 149.11, 146.83, 135.80, 131.15, 128.18,
127.11, 120.94, 110.10, 101.30, 56.04 (OCHj3), 56.02 (OCHs), 28.81 (CH>), 15.52 (CHs).

5.6.1.4 A typical procedure for the synthesis of 2-chloro-4,6-diphenylpyrimidines.

)C\l 4a R =4-Cl, R'=4-MeO
NN 4b R =4-Me, R'=4-MeO
l 4c R=4-MeO, R'=4-MeO

2 ,
 JR" 44 R=3,4-MeO, R'=4-Et

A solution of 4,6-diphenylpyrimidin-2-ol (4 g, 16.11 mmol) and 0.4 mL DMF in POCIl3 (20 mL)
was refluxed for 6 hours. The development of the product was monitored using TLC. The reaction
mixture was added into 100 g ice, and the precipitate formed was filtered, washed with water and
dried. The crude compound was purified by column chromatography using EtOAc/Hexane (1:9)
eluent to obtain the following pure compounds.

2-chloro-4-(4-chlorophenyl)-6-(4-methoxyphenyl)pyrimidine (4a): Yellow solid, yield: 98 %, ; *H
NMR (400 MHz, CDCls, ¢, ppm): 8.11 (d, J = 8.84 Hz, 2H, ArH), 8.07 (d, J = 8.56 Hz, 2H, ArH),
7.88 (s, 1H, Pyr-H), 7.49 (d, J = 8.68 Hz, 2H, ArH), 7.02 (d, J = 8.92 Hz, 2H, ArH), 3.89 (s, 3H,
OCHs); *C NMR (400 MHz, CDCls, 6, ppm): 167.27, 165.95, 162.75, 162.02, 137.82, 134.25,
129.30, 129.16, 128.67, 127.81, 114.46, 109.62, 55.50 (OCH?3); HRMS (ESI, m/z).

2-chloro-4-(4-chlorophenyl)-6-(p-tolyl)pyrimidine (4b): Yellow solid, yield: 97 %; *H NMR (400
MHz, CDCls, o, ppm): 8.09 (d, J = 8.52 Hz, 2H, ArH), 8.04 (d, J = 8.16 Hz, 2H, ArH), 7.94 (s,
1H, Pyr-H), 7.50 (d, J = 8.52 Hz, 2H, ArH), 7.33 (d, J = 8.00 Hz, 2H, ArH), 2.44 (s, 3H, CHs); 13C
NMR (100 MHz, CDCls, o, ppm): 166.77, 165.13, 161.05, 141.46, 136.88, 133.16, 131.65, 128.83,
128.30, 127.68, 126.37, 109.20, 20.51 (CHs).

2-chloro-4,6-bis(4-methoxyphenyl)pyrimidine (4c): Yellow solid, yield: 100 % mp = 187-190 °C;
'H NMR (400 MHz, CDCls, J, ppm): 8.10 (d, J = 8.48 Hz, 3H, ArH), 7.87 (d, J = 8.84 Hz, 1H,
ArH), 7.85 (s, 1H, Pyr-H), 7.01 (dd, J = 8.50 Hz, 1.74 Hz, 4H, ArH), 3.88 (s, 6H, 20CHs); 3C
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NMR (400 MHz, CDCls, 6, ppm): 166.74, 166.52, 162.51, 161.84, 161.58, 131.61, 129.10, 128.19,
127.90, 114.39, 113.67, 109.01, 55.49 (OCHgs), 55.44 (OCH3).

2-chloro-4-(3,4-dimethoxyphenyl)-6-(4-ethylphenyl)pyrimidine (4d): Yellow solid, yield: 98%,
mp = 138-141 °C; *H NMR (400 MHz, CDCls, 6, ppm): 8.12 (d, J = 8.88 Hz, 2H, ArH), 7.87 (d,
J = 8.84 Hz, 1H, ArH), 7.85 (s, 1H, Pyr-H), 7.01 (d, J = 8.88, 2H, ArH), 6.96 (d, J = 8.36, 1H,
ArH), 3.95 (s, 3H, OCHg), 3.88 (s, 3H, OCHs3), 2.70 (g, J = 5.68 Hz, 2H, 2CH>), 1.23 (t, J = 7.58
Hz, 3H CHs); *C NMR (100 MHz, CDCls, §, ppm): 164.28, 164.24, 162.78, 161.40, 150.90,
149.06, 131.44, 131.04, 120.01, 113.92, 110.87, 110.05, 99.65, 56.04 (OCHs), 56.02 (OCHj3),
28.81 (CHy), 15.52 (CHs).

56.1.5 A typical procedure for the synthesis of 4,6-diphenyl-2-(piperazin-1-
yl)pyrimidines.

N 5a R =4-C], R'=4-MeO

NN 5b R =4-Me, R'=4-MeO

N '/ N 5¢ R =4-MeO, R'=4-MeO
IS « UR 5d R =3,4-MeO, R'=4-Et

A reaction mixture of 2-chloro-4,6-diphenylpyrimidine (4.0 g, 15 mmol) and piperazine (13.92 g,
150 mmol) in isopropanol (20 mL) was refluxed for 20 hours. Using TLC, the progression of the
reaction was monitored. The reaction mixture was added to 2 M NaOH (100 mL), the precipitate
formed filtered, washed with water/diethyl ether and dried under vacuum. The product was

purified by recrystallisation in EtOAc to afford the following pure compound(s).

4-(4-chlorophenyl)-6-(4-methoxyphenyl)-2-(piperazin-1-yl)pyrimidine (5a): Yellow solid, yield:
100 %, ! H NMR (400 MHz, CDCls, 6, ppm): 8.25 (d, J = 8.76 Hz, 2H, ArH), 8.17 (d, J = 8.08
Hz, 1H, ArH), 7.70 (s, 1H, pyr-H), 7.33 (d, J = 8.04 Hz, 2H, ArH), 3.93 (br s, 4H, 2CH>), 3.84 (s,
3H, OCHs3), 2.57 (g, J = 4.42 Hz, 4H, 2CH>).

4-(4-methoxyphenyl)-2-(piperazin-1-yl)-6-(p-tolyl)pyrimidine (5b): Yellow solid, yield: 100%; H
NMR (400 MHz, CDCls, ¢, ppm): 8.26 (d, J = 8.79 Hz, 2H, ArH), 8.18 (d, J = 8.09 Hz, 2H, ArH),
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7.70 (s, 2H, pyr-H), 7.33 (d, J = 8.04 Hz, 2H, ArH), 7.07 (d, J = 8.79 Hz, 2H, ArH), 3.94 (br s,
4H, 2CHy), 3.85 (s, 3H, OCHs), 2.58 (br s, 4H, 2CHy), 2.38 (s, 3H, CHa).

4,6-bis(4-methoxyphenyl)-2-(piperazin-1-yl)pyrimidine (5¢): Brown solid, yield: 100%, mp = 151-
153 °C; FTIR (ATR, vmax, cm™): 3277 (N-H of NH), 2926-2845 (C-H of CHs), 1172-1094 (C-N
of pyr), 1256 (C-O of OCHj3), 1563 (C=N of pyr), 1605 (C=C of Ar), 1 H NMR (400 MHz, DSMO-
ds, 6, ppm): 8.25 (d, J = 8.37 Hz, 4H, ArH), 7.67 (s, 1H, Pyr-H), 7.06 (d, J = 8.38 Hz, 4H ArH),
3.93 (br s, 4H, 2CHy), 3.84 (s, 6H, 20CH3), 3.37 (s, 2H, CH»), 2.18 (s, 1H, CH), 2.60 (br s, 4H,
2CH,); ¥*C NMR (100 MHz, CDCls, 4, ppm): 163.70, 161.48, 161.28, 129.65, 128.58, 122.28,
113.92, 99.88, 55.28 (20CHp3), 51.03 (CH>), 46.11(2CH>), 43.26 (2CH>).

4-(3,4-dimethoxyphenyl)-6-(4-ethylphenyl)-2-(piperazin-1-yl)pyrimidine  (5d): Yellow solid,
yield: 100%, mp = 130-133 °C; 'H NMR (400 MHz, CDCls, 6, ppm): 8.25 (d, J = 8.23 Hz, 2H,
ArH), 7.96 (d, J = 7.98, 1.94 Hz, 1H, ArH), 7.88 (s, 1H, pyr-H), 7.86 (d, J = 8.20 Hz, 2H, ArH),
7.28 (d, J=8.26 Hz, 2H, ArH), 7.09 (d, J = 8.59 Hz, 1H, ArH), 4.33 (br s, 4H, 2CH>), 3.91 (s, 3H,
OCHs), 3.85 (s, 3H, OCH3), 3.76 (br s, 4H, 2CH>), 2.70 (q, J = 7.57, 2H, CH>), 1.23 (9, = 7.58Hz,
3H, CHs); *C NMR (100 MHz, DMSO-ds, 6, ppm): 164.38, 164.28,160.92, 151.37, 148.83,
146.95, 134.44, 129.28, 128.08, 127.42, 127.28, 120.58, 111.48, 110.39, 101.95, 56.79, 55.79
(OCHpg), 55.65 (OCHs3), 49.38 (2CH?>), 37.29 (2CH>), 28.06 (CH2), 15.46 (CHa).

5.6.1.6 Typical procedure for synthesis of 4,6-diphenyl-2-(4-(prop-2-yn-1-
yl)piperazin-1-yl)pyrimidines.

-~
EN]

N 6a R =4-Cl, R'=4-MeO
N ™ 6b R =4-Me, R'=4-MeO

. L | 6c R=4-MeO, R'=4-MeO
RE _ “ IR 6a R- 3,4-MeO, R' = 4-Et

To a stirring solution of 4,6-bis(4-methoxyphenyl)-2-(piperazin-1-yl)pyrimidine (2 g, 5.32 mmol)
in DMF (20 mL) was added propargyl bromide (0.69 g, 5.85 mmol) and EtsN (1.1 g, 10.63 mmol)
at 0°C. The reaction was further stirred at room temperature for 3 hours, and, using the TLC, the

progression of the reaction was monitored. The reaction mixture was then added to 100 g ice,
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stirred, and the precipitate formed was filtered under vacuum, washed with water and dried. The

compound was purified by recrystallization using EtOH to obtain the following compound(s).

4-(4-chlorophenyl)-6-(4-methoxyphenyl)-2-(4-(prop-2-yn-1-yl)piperazin-1-yl)pyrimidine  (6a).
Yellow solid, yield: 100%, mp = 148-151°C; *H NMR (400 MHz, CDCls, 6, ppm): 8.26 (d, J =
8.79 Hz, 2H, ArH), 8.18 (d, J = 8.09 Hz, 2H, ArH), 7.70 (s, 1H, pyr-H), 7.33 (d, J = 8.04 Hz, 2H,
ArH), 7.07 (d, J = 8.79 Hz, 2H, ArH), 3.94 (br s, 4H, 2CH>), 3.85 (s, 3H, OCH3), 3.36 (s, 2H,
CHy), 3.17 (s, 1H, CH), 2.58 (br s, 2H, 2CH>).

4-(4-methoxyphenyl)-2-(4-(prop-2-yn-1-yl)piperazin-1-yl)-6-(p-tolyl)pyrimidine  (6b): Yellow
solid, Yield: 98 %; 'H NMR (400 MHz, DMSO-ds, 6, ppm): 8.25 (d, J = 8.76 Hz, 2H, ArH), 8.17
(d, J = 8.08 Hz, 2H, ArH), 7.70 (s, 1H, pyr-H), 7.33 (d, J = 8.04 Hz, 2H, ArH), 7.07 (d, J = 8.80
Hz, 2H, ArH), 3.94 (br s, 4H, 2CH>), 3.85 (s, 3H, OCHj3), , 3.86 (s, 3H, OCH3), 3.36 (d, J = 1.76
Hz, 2H, CH,),3.17 (s, 1H, CH), 2.58 (t, J = 4.42 Hz, 4H, 2CH>), 2.39 (s, 3H, CH3); 3C NMR (100
MHz, DMSO-de, J, ppm): 164.88, 164.78, 161.41, 151.86, 149.33, 147.45, 134.93, 128.57, 127.77,
121.07, 111.97, 110.89, 102.44, 56.28 (20CHj3), 56.14 (OCHpa).

4,6-bis(4-methoxyphenyl)-2-(4-(prop-2-yn-1-yl)piperazin-1-yl)pyrimidine (6¢): Yellow solid,
yield: 100%; '"H NMR (400 MHz, CDCls, 6, ppm): 8.14 (d, J = 8.52 Hz, 4H, ArH), 7.40 (s, 1H,
pyr-H), 7.97 (dd, J = 7.98,1.94 Hz, 1H, ArH), 7.89 (s, 1H, pyr-H), 7.88 (d, J = 8.20 Hz, 1H, ArH),
7.39 (d, J=8.26 Hz, 2H, ArH), 7.10 (d, J = 8.59 Hz, 1H, ArH), 3.94 (br s, 4H, 2CHy), 3.92 (s, 3H,
OCHpg), 3.86 (s, 3H, OCHs), 3.80 (br s, 4H, 2CHz), 3.36 (s, 2H, CH2), 3.17 (s, 1H, CH), 2.70 (q, J
=5.68 Hz, 2H, 2CH?>), 1.23 (t, J = 7.58 Hz, 3H CHj3).

4-(3,4-dimethoxyphenyl)-6-(4-ethylphenyl)-2-(4-(prop-2-yn-1-yl)piperazin-1-yl)pyrimidine (6d):
Yellow solid, yield: 96%, mp = 133-136 °C; 'H NMR (400 MHz, CDCls, J, ppm): 8.26 (d, J =
8.23 Hz, 2H, ArH), 7.97 (dd, J = 7.98 Hz, 1.94 Hz, 1H, ArH), 7.89 (s, 1H, pyr-H), 7.88 (d, J =
8.20 Hz, 1H, ArH), 7.38 (d, J = 8.26 Hz, 2H, ArH), 7.10 (d, J = 8.59 Hz, 1H, ArH), 3.94 (br s, 4H,
2CHz2), 3.92 (s, 3H, OCHpg), 3.86 (s, 3H, OCHg), 3.83 (br s, 4H, 2CHy), 3.36 (s, 2H, CH>), 3.17 (s,
1H, CH), 2.70 (g, J = 5.68 Hz, 2H, 2CH>), 1.23 (t, J = 7.58 Hz, 3H CHs); *C NMR (100 MHz,
CDCls, 9, ppm): 165.07, 164.63, 162.12, 151.08, 149.11, 146.83, 135.80, 131.15, 128.18, 127.11,
120.94, 110.10, 101.30, 56.04, 56.02, 51.99, 47.14, 43.75, 29.70, 28.81, 15.52.
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5.6.1.7 A typical procedure for the synthesis of azidobenzenes.
R"=3-NO,
=4-F
GRH —4-Cl
N = 3, 5- difluoro
= 4 - CF3

A solution of NaNO3 (1.84 g, 26.65 mmol) in H20 (5.5 mL) was slowly added to a stirring solution
of aniline (2.0 g, 15.68 mmol) in 4 HCI (30 mL) at 0°C. The reaction mixture was further stirred
for 30 mins at 0°C, after which an aqueous solution of NaN3 (1.73 g, 26.65 mmol) in H20 (5 mL)
was added over 5 mins. The reaction mixture was stirred at room temperature for 30 mins. The
reaction completion was monitored by TLC. The crude compound was extracted in Et,O (2 x20
mL), and the collected organic layer was dried using Na>SO4. Et,O was removed under rotavapor
to obtain the azidobenzenes compounds.

5.6.1.8 Typical procedure for synthesis of 4,6-diphenyl-2-(4-((1-phenyl-1H-1,2,3-
triazol-4-yl)methyl)piperazin-1-yl)pyrimidine derivatives

N=N
Bt es:

= |
R
§

A reaction mixture of 4,6-diphenyl-2-(4-(prop-2-yn-1-yl) piperazin-1-yl)pyrimidine (0.25 g, 0.60
mmol), excess sodium azide, CuSO4.5H20( 24 mg, 0.15 mmol) and sodium ascorbate (29 mg, 0.15
mmol) in (H2O/t-BuOH; =>1:2) (4mL) is stirred at room temperature for 6 hours. Reaction
progression monitored by TLC. The reaction mixture is added into 100 g of ice water, stirred, and
the precipitate formed is filtered, washed with water and diethyl ether. The compound is purified

using column chromatography .1:9.9 => MeOH and DCM.

4-(4-chlorophenyl)-6-(4-methoxyphenyl)-2-(4-((1-phenyl-1H-1,2,3-triazol-4-yl)methyl)piperazin-
1-yl)pyrimidine (8a): Yellow solid, yield: 83%, mp = 187-189 °C; FTIR (ATR, Vmax, cm™): 2997-
2836 (C-H of CHs3), 1123-1141 (C-N of pyr), 1252-1235 (C-O of OCHz), 1564 (C=N of pyr),
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1695-1602 (C=C of Ar), 811 (C-Cl); *H NMR (400 MHz, DMSO, J, ppm): 8.76 (s, 1H, ArH), 8.27
(dd, J =17.44 Hz, 8.51 Hz, 4H, ArH),7.93 (d, J =7.95 Hz, 2H, ArH), 7.75 (s, 1H, ArH), 7.61-7.56
(m, 4H, ArH), 7.48 (t, J = 7.34 Hz, 1H, ArH), 7.06 (d, J = 8.59 Hz, 2H ArH), 3.94 (br s, 4H, 2CH>),
3.84 (s, 3H, OCHj3), 3.74(s, 2H, CHy), 2.60 (br s, 4H, 2CH,); *C NMR (400 MHz, DMSO, J,
ppm): 164.24, 162.80, 161.46, 161.44, 144.39, 136.70, 136.17, 135.25, 129.79, 129.39, 128.76,
128.69, 128.62, 128.43, 122.02, 119.90, 113.96, 100.50, 55.31 (OCH3), 52.56 (CHx), 52.20.

4-(4-chlorophenyl)-2-(4-((1-(4-fluorophenyl)-1H-1,2,3-triazol-4-yl)methyl)piperazin-1-yl)-6-(4-
methoxyphenyl)pyrimidine (8b): Yellow solid, yield: 86%, mp = 164-167 °C; FTIR (ATR, Vmax,
cm™): 2997-2856 (C-H of CH3), 1264 (C-O of OCHs), 1576 (C=N of pyr), 1645 (C=C of Ar),
1028, (C-F), 804 (C-Cl); *H NMR (400 MHz, CDCls, 6, ppm): 8.73 (s, 1H, ArH), 8.29 (d, J =7.58
Hz, 2H, ArH), 8.25 (d, J =7.75 Hz, 2H, ArH), 7.97 (br s, 2H, ArH), 7.74 (s, 1H, ArH), 7.57 (d, J
=7.24 Hz, 2H, ArH), 7.44 (br s, 1H, ArH), 7.07 (d, J = 7.54 Hz, 2H ArH), 3.93 (br s, 4H, 2CH>),
3.84 (s, 3H, OCHa), 3.74 (s, 2H, CH>), 2.60 (br s, 4H, 2CH>); *C NMR (100 MHz, DMSO, 4,
ppm): 164.23, 162.79, 161.44, 160.26, 144.42, 136.16, 135.25, 133.26, 129.39, 128.75, 128.61,
122.26, 122.17, 116.72, 116.49, 113.95, 100.49, 55.30 (OCHBg), 52.53 (CH>), 52.18 (2CH>), 43.41
(2CHa).

4-(4-chlorophenyl)-2-(4-((1-(4-chlorophenyl)-1H-1,2,3-triazol-4-yl)methyl)piperazin-1-yl)-6-(4-
methoxyphenyl)pyrimidine (8c): Creamy white solid, yield: 96%, mp = 211-213 °C; 3386 (N-H of
N2), 2937-2841 (C-H of CHs), 1604 (C=C of Ar), 1254 (C-O of OCHs), 803.4 (C-Cl); *H NMR
(400 MHz, CDCls, 6, ppm): 8.05 (d, J = 8.52 Hz, 2H, ArH), 8.01 (d, J = 8.28 Hz, 2H, ArH), 7.72
(d, J=7.80 Hz, 2H, ArH), 7.48 (d, J = 7.87 Hz, 2H, ArH), 7.42 (d, J = 8.10 Hz, 2H, ArH), 7.28
(s, 1H, ArH), 6.98 (d, J = 8.32 Hz, 2H, ArH), 4.11 (br s, 4H, ArH), 3.95 (s, 3H, OCH3), 3.87 (s,
CHz, CHy), 2.80 (br s, 4H, 2CH,); **C NMR (100 MHz, CDCls, 6, ppm): 165.05, 163.82, 162.05,
161.80, 136.76, 136.42, 134.63, 130.42, 130.06, 128.93, 128.68, 128.45, 121.76, 114.13, 101.20,
55.53 (OCHj3), 53.00 (2CH>), 43.37 (2CH>).

4-(4-((4-(4-(4-chlorophenyl)-6-(4-methoxyphenyl)pyrimidin-2-yl)piperazin-1-yl)methyl)-1H-

1,2,3-triazol-1-yl)phenyl nitrate (8d): Brick red solid, yield: 97%, mp = 146-149 °C; FTIR (ATR,
Vmax, €M1): 3373 (N-H of NH,), 2932-2843 (C-H of CHj), 1656 (C=C of Ar), 1505-1536 (N-O of
NOs), 1258 (C-O of OCHs), 803 (C-Cl); *H NMR (400 MHz, DMSO, 6, ppm): 8.96 (s, 1H, ArH),
8.43 (d, J = 7.92 Hz, 2H, ArH), 8.29-8.23 (m, 6H ArH), 7.73 (s, 1H, ArH), 7.56 (d, J = 7.52 Hz,
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2H, ArH), 7.05 ( d, J= 7.71 Hz, 2H ArH), 3.93 (br s, 4H, 2CH,), 3.83 (s, 6H, 2CHs), 3.77 (s, 2H,
CHy), 2.61 (br's, 4H, 2CH2); 13C NMR (100 MHz, CDCls, , ppm): 164.23, 162.79, 161.45, 146.51,
140.94, 136.14, 135.27, 129.38, 128.76, 128.69, 128.67, 128.62, 125.48, 120.40, 120.05, 113.96,
100.50, 55.31 (OCHs), 52.24 (2CHy), 52.13 (2CHy), 43.44 (2CHs).

4-(4-chlorophenyl)-6-(4-methoxyphenyl)-2-(4-((1-(3-(trifluoromethyl)phenyl)-1H-1,2,3-triazol-4-
yhmethyl)piperazin-1-yl)pyrimidine (8e): Yellow solid, yield: 89%, mp = 155-157 °C; FTIR
(ATR, Vmax, cm™): 3370 (N-H of NH,), 2965-2843 (C-H of CH3), 1508-1538 (N-O of NO3), 1234
(C-O of OCHgs), 1032 (C-F), 817 (C-Cl); *H NMR (400 MHz, CDCls, 6, ppm): 8.08-7.98 (m, 7H,
ArH), 7.72-7.66 (m, 2H, ArH), 7.44 (d, J = 8.51 Hz, 2H, ArH), 7.29 (s. 1H, ArH), 6.99 (d, J =8.75
Hz, 2H, ArH), 4.06 (br s, 4H, 2CH>), 3.87 (s, 3H, OCHs3), 3.86 (s, 2H, CH?>), 2.70 (br s, 4H, 2CH>);
13C NMR (100 MHz, CDCls, §, ppm): 165.09, 163.89, 162.24, 161.83, 146.01, 137.61, 136.96,
136.43, 132.80, 130.75, 130.63, 128.99, 128.74, 128.53, 125.49, 125.45, 123.69, 120.90, 117.54,
117.50, 114.18, 101.20, 55.59 (OCH?3), 53.63 (CH>), 53.26 (2CHy>), 43.97 (2CH) (CHy).

4-(4-chlorophenyl)-2-(4-((1-cyclohexyl-1H-1,2,3-triazol-4-yl)methyl)piperazin-1-yl)-6-(4-
methoxyphenyl)pyrimidine (8f): Creamy white solid, yield: 70%, mp = 207-209 °C; FTIR (ATR,
Vmax, €M™1): 3391 (N-H of NH>), 2931-2842 (C-H of CHg), 1651 (C=C of Ar), 1259 (C-O of OCHj3),
805 (C-Cl); *H NMR (400 MHz, CDCls, ¢, ppm): 8.07 (d, J = 8.12Hz, 2H, ArH), 8.03 (d, J =8.12
Hz, 2H, ArH), 7.52 (s, 1H, ArH), 7.43 (d, J = 8.15 Hz, 2H, ArH), 7.28 (s, 1H, ArH), 6.99 (d, J =
8.41Hz, 2H, ArH), 4.45 (t, J = 11.6 Hz, 1H, CH), 4.03 (br s, 4H, 2CH>), 3.86 (s, 3H, OCH?3), 3.75
(s, 2H, CHy), 2.64 (br s, 4H, 2CH>), 2.22 (d, J = 8.15 Hz, 2H, CHy), 1.92 (d, J = 8.15 Hz, 2H,
CHy), 1.76 (qt, J = 12.57 Hz, 3H, CH, CH>), 1.46 (q, J = 12.83 Hz, 2H, CH>), 1.27 (g, J = 12.83
Hz, 2H, CH); *C NMR (100 MHz, CDCls, §, ppm): 164.98, 163.77, 162.19, 161.73, 136.91,
136.31, 130.57, 128.88, 128.66, 126.45, 114.09, 100.92, 60.17 (CH), 55.50 (OCH3), 53.77 (CH>),
53.11 (CHy), 43.87 (CHy), 33.70 (CH>), 25.29 (CHy).

4-(4-methoxyphenyl)-2-(4-((1-phenyl-1H-1,2,3-triazol-4-yl)methyl)piperazin-1-yl)-6-(p-

tolyl)pyrimidine (8g): Yellow solid, yield: 83%, mp = 185-187 °C; FTIR (ATR, vmax, cm™):
3465(C-N), 2963-2836 (C-H of CH3), 1127-1171 (C-N of pyr), 1260 (C-O of OCHj3), 1562 (C=N
of pyr), 1601 (C=C of Ar); *H NMR (400 MHz, DMSO, 4, ppm): 8.76 (s, 1H, ArH), 8.25 (d, J
=8.27 Hz, 2H, ArH), 8.16 (d, J =7.71 Hz, 2H, ArH), 7.93 (d, J =7.72 Hz, 2H, ArH), 7.69 (s, 1H,
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ArH), 7.59 (t, J = 7.56Hz, 2H, ArH), 7.48 (t, J = 7.14 Hz, 1H, ArH),7.31 (d, J = 7.67 Hz, 2H
ArH),7.05 (d, J = 8.35 Hz, 2H ArH), 3.94 (br s, 4H, 2CH>), 3.83 (s, 3H, OCHs), 3.74 (s, 2H, CHa),
2.60 (br s, 4H, 2CHy), 2.33 (s, 3H, CHs); **C NMR (100 MHz, DMSO, 5, ppm): 164.00, 163.38,
161.52, 161.32, 144.42, 136.71, 134.57, 129.79, 129.59, 129.18, 128.60, 128.43, 126.70, 122.02,
119.91, 113.94, 100.22, 55.28 (OCH3), 52.58 (CH2), 52.24 (2CH,), 43.42 (2CH3), 20.93 (CHs).

2-(4-((1-(4-fluorophenyl)-1H-1,2,3-triazol-4-yl)methyl)piperazin-1-yl)-4-(4-methoxyphenyl)-6-
(p-tolyl)pyrimidine (8h): Brown yellow solid, yield: 98%, mp = 186-188 °C; FTIR (ATR, vmax,
cm™): 3382 (N-H of Ny), 2930-2846 (C-H of CHs), 1656 (C=C of Ar), 1257 (C-O of OCHj),
803.85 (C-Cl); 'H NMR (400 MHz, CDCls, 6, ppm): 8.07 (d, J = 8.73 Hz, 2H, ArH), 7.99 (d, J =
8.07 Hz, 2H, ArH), 7.93 (s, 1H, ArH), 7.72 (dd, J = 4.31 Hz, 13.47 Hz, 2H, ArH), 7.32 (s, 1H,
ArH) 7.27 (d, J= 8.18 Hz, 2H, ArH), 7.21 (t, J = 8.48Hz, 2H, ArH), 6.98 (d, J = 8.78 Hz, 2H,
ArH), 4.06 (br s, 4H, ArH), 3.86 (s, 3H, OCH3), 3.84 (s, CH2, CH2), 2.69 (br s, 4H, 2CH>), 2.41
(s, 3H, CHs); C NMR (100 MHz, CDCls, 6, ppm): 165.02, 164.65, 163.72, 162.22, 161.60,
161.24, 145.48, 140.55, 135.63, 133.52, 130.84, 129.44, 128.64, 127.07, 122.60, 122.51, 121.14,
116.93, 116.70, 114.06, 101.08, 55.50 (OCHs), 53.61, 53.21, 43.90, 21.52 (CHa).

2-(4-((1-(4-chlorophenyl)-1H-1,2,3-triazol-4-yl)methyl)piperazin-1-yl)-4-(4-methoxyphenyl)-6-
(p-tolyDpyrimidine (8i): Yellow solid, yield: 95%, mp = 153-155 °C; FTIR (ATR, Vmax, cm™):
2997-2835 (C-H of CHj3), 1723-1603 (C=C of Ar), 1234 (C-O of OCHz), 814 (C-Cl); 'H NMR
(400 MHz, DMSO, ¢, ppm): 8.08 (d, J= 8.68 Hz, 2H, ArH), 8.00 (d, J= 8.03Hz, 2H, ArH), 7.95
(s, 1H, ArH), 7.70 (d, J = 8.73Hz, 2H, ArH), 7.50 (d, J = 8.70Hz, 2H, ArH), 7.32 (s, 1H, ArH),
7.28 (d, J = 8.12 Hz, 2H, ArH), 6.99 (d, J = 8.72 Hz, 2H, ArH), 4.06 (br s, 4H, ArH), 3.87 (s, 3H,
OCHa), 3.84 (s, CHz, CHy), 2.69 (br's, 4H, 2CHy), 2.41 (s, 3H, CHs); 3C NMR (400 MHz, DMSO,
0, ppm): 165.02, 164.65, 162.22, 161.61, 145.65, 140.56, 135.71, 135.63, 134.53, 130.84, 130.03,
129.44, 128.64, 127.08, 121.71, 120.84, 114.06, 101.08, 55.50 (OCHzs), 53.60 (CH.), 53.21
(2CHy), 43.91 (2CHy), 21.53 (CHs).

4-(4-methoxyphenyl)-2-(4-((1-(4-nitrophenyl)-1H-1,2,3-triazol-4-yl)methyl)piperazin-1-yl)-6-(p-
tolyl)pyrimidine (8j): Brick red solid, yield: 100%, mp = 203-205 °C; FTIR (ATR, vmax, cm™):
2929-2836 (C-H of CHs), 1644 (C=C of Ar), 1535-1505 (N-O of NO), 1254 (C-O of OCHj3); H
NMR (400 MHz, DMSO, &, ppm): 8.97 (s, 1H, ArH), 8.43(d, J = 6.91 Hz, 2H, ArH), 8.24 (br s,
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4H, ArH), 8.15 (d, J = 6.15 Hz, 2H, ArH), 7.67 (s, 1H, ArH), 7.67 (s, 2H, ArH), 7.05 (d, J = 6.79
Hz, 2H, ArH), 3.94 (br s, 4H, ArH), 3.83 (br s, 5H, CH>, OCH3), 2.62 (br s, 4H, 2CH>), 2.37 (s,
3H, CH3); *C NMR (100 MHz, DMSO, J, ppm): 165.05, 164.68, 162.22, 161.65, 147.28, 146.49,
141.35, 140.62, 135.61, 130.82, 129.47, 128.65, 127.08, 125.74, 125.67, 120.77, 120.50, 119.52,
114.09, 101.14, 55.53 (OCHs), 53.53, 53.26, 43.9221.54, (CHb).

4-(4-methoxyphenyl)-6-(p-tolyl)-2-(4-((1-(3-(trifluoromethyl)phenyl)-1H-1,2,3-triazol-4-

yhmethyl)piperazin-1-yl)pyrimidine (8Kk): Yellow solid, yield: 88%, mp = 169-171 °C; FTIR
(ATR, Vmax, cm™): 3347 (N-H of NH>), 2937-2812 (C-H of CHs), 1607 (C=C of Ar) 1253 (C-O of
OCHzs), 1032 (C-F); *H NMR (400 MHz, CDCls, 6, ppm): 8.07 (d, J = 8.04Hz, 2H, ArH), 8.04 (s,
2H, ArH), 7.99 (d, J = 7.89 Hz, 2H, ArH), 7.71-7.64 (m. 1H, ArH), 7.32 (s, 1H, ArH), 7.27 (d, J
=8.64 Hz, 2H, ArH), 4.07 (br s, 4H, ArH), 3.86 (s, 3H, OCH3), 3.85 (s, CHz, CH>), 2.70 (br s, 4H,
2CHy), 2.41 (s, 3H, CHa); *3C NMR (100 MHz, CDCls, ¢, ppm): 165.03, 164.66, 162.23, 161.61,
145.97, 140.56, 137.55, 135.63, 132.37, 130.84, 130.68, 129.45, 128.64, 127.08, 125.40, 125.36,
123.60, 120.86, 117.48, 114.07, 100.10, 55.50 (OCHs3), 53.59, 53.24, 43.81, 21.42 (CHa).

2-(4-((1-cyclohexyl-1H-1,2,3-triazol-4-yl)methyl)piperazin-1-yl)-4-(4-methoxyphenyl)-6-(p-
tolyl)pyrimidine (81): Cream white solid, yield: 90%, mp = 205-207 °C; FTIR (ATR, Vmax, cm™):
2960-2850 (C-H of CH3), 1653 (C=C of Ar), 1510-1546 (N-O of NOs), 1453 (C-H of CHa), 1216-
1259 (C-O of OCHa); *H NMR (400 MHz, CDCls, §, ppm): 8.07 (d, J = 8.76 Hz, 2H ArH), 7.99
(d, J=8.08 Hz, 2H, ArH), 7.52 (s, 1H, ArH), 7.31 (s, 1H, ArH), 7.27 (d, J = 8.45 Hz, 2H, ArH),
6.98 (d, J =8.76 Hz, 2H, ArH), 4.44 (t, J = 11.75 Hz, 1H, CH), 4.04 (br s, 4H, 2CH2), 3.86(s, 3H,
OCHs), 3.75 (s, 2H, CHy), 2.64 (br s, 4H, 2CH>), 2.41 (s, 3H, CHs), 2.22 (d, J = 11.05 Hz, 2H,
CHy), 1.92 (d, J = 13.53 Hz, 2H, CHy), 1.83-1.69 (m, 3H, CH, CH>), 1.46 (q, J =12.95 Hz, 2H,
CH), 1.30-0.25 (m, 1H, CH); C NMR (100 MHz, CDCls, J, ppm): 164.89, 164.52, 162.15,
161.47, 140.40, 135.56, 130.79, 129.32, 128.53, 126.97, 120.20, 113.94, 100.91, 60.05, 55.39,
53.71, 53.07, 43.79, 33.61, 25.20, 25.17, 21.42 (CH3); HRMS (ESI, m/z) [M+Na]"; calculated for
Ca1H37N70, 546.2957; found 546.2963.

4,6-bis(4-methoxyphenyl)-2-(4-((1-phenyl-1H-1,2,3-triazol-4-yl)methyl)piperazin-1-
yDpyrimidine (8m); Creamy white solid, yield: 100% , mp = 176-179 °C; FTIR (ATR, Vmax, M’
1): 3418(N-H of NHy), 2924-2772 (C-H of CHs), 11723-1141 (C-N of pyr), 1255-1234 (C-O of
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OCHy3), 1564 (C=N of pyr), 1605 (C=C of Ar); *H NMR (400 MHz, DMSO, §, ppm): 8.66 (s, 1H,
ArH), 8.14 (d, J =8.73 Hz, 4H, ArH),7.83 (d, J =7.83 Hz, 2H, ArH), 7.56 (s, 1H, ArH), 7.49 (t, J
= 7.78Hz, 2H, ArH), 7.38 (t, J =7.38 Hz, 1ArH), 6.96 (d, J = 8.76 Hz, 4H ArH), 3.83 (br s, 4H,
2CHy), 3.73 (s, 6H, 20CH3), 3.64 (s, 2H, CH2), 2.40 (br s, 4H, 2CH>); *C NMR (400 MHz,
DMSO, 6, ppm): 163.69, 161.49, 161.28, 144.46, 136.72, 129.81, 129.67, 128.58, 128.45, 122.06,
119.91, 113.93, 99.81, 55.29 (OCHs3), 52.61 (CHy), 52.27 (2CHy), 43.43.(2CHs); HRMS (ESI, m/z)
[M+Na]*; calculated for CaiH31N7O2Na", 556.2431; found 556.2442.

4-(4-((1-(4-fluorophenyl)-1H-1,2,3-triazol-4-yl)methyl)piperazin-1-yl)-4,6-bis(4-
methoxyphenyl)pyrimidine (8n):Brown solid, yield: 89%, mp =173-176 °C; FTIR (ATR, vmax, CM"
1): 3421 (N-H of NHz), 2963-2836 (C-H of CH3), 1170-1070 (C-N of pyr), 1258 (C-O of OCHj3),
1562 (C=N of pyr), 1603 (C=C of Ar); 'H NMR (400 MHz, DMSO, 6, ppm): 8.74 (s, 1H, ArH),
8.23 (d, J = 8.78 Hz, 4H, ArH), 7.99-7.96 (m, 2H ArH), 7.66 (s, 1H, ArH), 7.44(t, J = 8.77 Hz,
4H, ArH), 7.05 (d, J = 8.78 Hz, 4H ArH), 3.93 (br s, 4H, 2CH>), 3.83 (s, 6H, 20CH3), 3.74 (s,
2H, CHy), 2.60 (br s, 4H, 2CH>); 3C NMR (100 MHz, CDCls, J, ppm): 1*C NMR (400 MHz,
DMSO, ¢, ppm): 163.68, 162.71, 161.47, 161.27, 160.27, 133.29, 129.66, 128.57, 122.28, 122.19,
116.74,116.51, 113.92, 99.81, 55.28 (20CHa), 52.24 (CH.), 52.22(2CHz2), 43.41 (2CHy).

4,6-bis(4-methoxyphenyl)-2-(4-((1-(4-nitrophenyl)-1H-1,2,3-triazol-4-yl)methyl)piperazin-1-
yl)pyrimidine (80): Brown solid, yield: 91%, mp = 162-165 °C; FTIR (ATR, Vmax, cm™): 3376 (N-
H of NH,), 2930-2845 (C-H of CHs), 1508-1534 (N-O of NOs), 1257(C-O of OCHs); 'H NMR
(400 MHz, CDCls, ¢, ppm): 8.07 (d, J = 8.84Hz, 4H, ArH), 8.05 (s, 2H, ArH), 7.99 (d, J =7.38
Hz, 1H, ArH), 7.71-7.65 (m, 2H, ArH), 7.29 (s, 1H, ArH), 6.99 (d, J = 8.83 Hz, 4H, ArH), 4.07
(brs, 4H, 2CH>), 3.87 (s, 8H, CHz, 2CHs3), 2.70 (br s, 4H, 2CH>); *3C NMR (100 MHz, CDCls, 4,
ppm): 164.59, 162.23, 161.63, 137.59, 132.42, 131.35, 130.93, 130.73, 128.66, 125.45, 125.41,
123.65,117.53,117.49, 114.09, 113.42, 100.69, 55.54 (20CHj3), 53.61 (CH>), 53.27(2CH>), 43.94
(2CH>).

4,6-bis(4-methoxyphenyl)-2-(4-((1-(3-(trifluoromethyl)phenyl)-1H-1,2,3-triazol-4-

yl)methyl)piperazin-1-yl)pyrimidine (8p): Yellow solid, yield: 89%, mp = 140-143 °C; FTIR
(ATR, Vmax, cm): 3399 (N-H of NH,), 2934-2843 (C-H of CHs), 1172-1140 (C-N of pyr), 1255-
1233 (C-O of OCHj3),1563 (C=N of pyr), 1653(C=C of Ar); *H NMR (400 MHz, DSMO-ds, 4,
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ppm): 8.96 (s, 1H, ArH), 8.43 (d, J = 9.04 Hz, 2H, ArH), 8.25-8.21 (m, 6H ArH), 7.65 (s, 1H,
ArH), 7.05 (d, J = 8.79 Hz, 4H ArH), 3.93 (br s, 4H, 2CH,), 3.83 (s, 6H, 20CHs), 3.77(s, 2H,
CHy), 2.60 (br s, 4H, 2CH>); 13C NMR (100 MHz, DSMO-ds, 6, ppm): 163.69, 161.48, 161.29,
146.53, 145.13, 140.94, 130.90, 129.67, 128.58, 125.50, 122.55, 120.42, 113.93, 99.82, 55.30
(OCHs), 52.48 (CH2), 52.22 (2CH2), 43.42 (2CHy).

4-(3,4-dimethoxyphenyl)-6-(4-ethylphenyl)-2-(4-((1-phenyl-1H-1,2,3-triazol-4-
yl)methyl)piperazin-1-yl)pyrimidin (8q): Brown solid, yield: 98%, FTIR (ATR, vmax, cm™): 3376
(N-H, for NHs), 2930-2845 (C-H of CHj3), 1505-1534 (N-O of NO3), 1257(C-O of OCHz); H
NMR (400 MHz, DSMO-ds, o, ppm): 8.82 (s, 2H, ArH), 7.95 (d, J = 7.92 Hz, 2H, ArH), 7.62 (s,
2H, ArH), 7.38 (s, 1H, ArH), 7.28 (d, J = 7.92 Hz, 2H, ArH), 6.91 (d, J = 8.90 Hz, 2H, ArH), 6.85-
6.76 (m, 3H ArH), 4.42 (br s, 4H, 2CH), 3.97 (s, 3H, OCHs3), 3.91 (s, 3H, OCHs3), 3.82 (s, 2H,
CH>), 2.68 (g, J = 7.55 Hz, 2H, CHy), 2.31 (br s, 4H, 2CH>), 2.16 (s, 3H, CHz3), 1.25 (t, J = 7.61
Hz, CH3); C NMR (100 MHz, DSMO-ds, J, ppm): 165.27, 164.40, 162.37, 162.25, 161.10,
151.63, 149.35, 147.61, 135.37, 134.89, 132.20, 132.15, 130.17, 129.67, 128.46, 127.66, 127.324,
120.46, 117.70, 112.46, 112.24, 111.08, 109.98, 104.80, 104.65, 104.39, 109.39, 109.93, 56.37,
56.27, 56.520, 53.27, 14.73, 37.87, 28.92, 15.56.

2-(4-((1-(4-chlorophenyl)-1H-1,2,3-triazol-4-yl)methyl)piperazin-1-yl)-4-(3,4-dimethoxyphenyl)-
6-(4-ethylphenyl)pyrimidine (8r): Brown solid, yield: 99%, mp = 167 -170 °C; FTIR (ATR, Vmax,
cm™): 3377 (N-H of NHy), 2935-2842 (C-H of CHs), 1658 (C=C of Ar), 1505-1536 (N-O of NOs),
1230 (C-O of OCHs), 817 (C-Cl); *H NMR (400 MHz, DSMO-ds, 8, ppm): 8.79 (s, 1H, ArH),
8.18 (d, J = 8.02 Hz, 2H, ArH), 7.97 (d, J = 8.64 Hz, 2H ArH), 7.88 (d, J =8.46 Hz, 2H, ArH),
7.81 (s, 1H, ArH), 7.69 (s, 1H, ArH), 7.66 (d, J =8.64 Hz, 2H, ArH), 7.35(d, J= 7.98 Hz, 2H ArH),
7.07 (d, J =8.50 Hz, 1H, ArH), 3.94 (br s, 4H, 2CH>), 3.88 (s, 3H, OCHj3), 3.83 (s, 3H, OCH3),
3.75 (s, 2H, CHy), 2.70-2.62 (m, 6H, 3CH), 1.21 (t, J = 7.56 Hz, 3H, CHs); *C NMR (100 MHz,
DSMO-ds, J, ppm): 164.09, 163.97, 161.48, 151.06, 148.72, 146.52, 135.54, 134.90, 132.69,
129.77, 127.98, 127.07, 121.58, 120.90, 120.25, 111.43, 110.24, 100.56, 55.64 (OCHs), 55.57
(OCHpg), 28.02 (CHy), 15.43 (CHs3).

4-(3,4-dimethoxyphenyl)-6-(4-ethylphenyl)-2-(4-((1-(4-(trifluoromethyl)phenyl)-1H-1,2,3-
triazol-4-yl)methyl)piperazin-1-yl)pyrimidine (8s): Brown solid, yield: 100%, mp = FTIR (ATR,
Vmax, CM1): 2958-2836 (C-H of CHs), 1644-1603 (C=C of Ar), 1506-1536 (N-O of NOs), 1253 (C-
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O of OCHs), 1027 (C-F); 'H NMR (400 MHz, CDCls, 3, ppm): 8.95 (s, 1H, ArH), 8.31 (s, 1H,
ArH), 8.30-8.28 (m, 1H ArH), 8.18 (d, J = 8.17 Hz, 2H, ArH), 7.89-7.80 (m, 4H, ArH), 7.70 (s,
1H, ArH), 7.35 (d, J = 8.14 Hz, 2H, ArH), 7.07 (d, J = 8.57 Hz, 2H, ArH), 3.95 (br s, 4H, 2CHy),
3.88 (s, 3H, OCHs), 3.83 (s, 3H, OCHs), 3.77 (s, 2H, CH,),2.67 (q, J = 7.62 Hz, 2H, CHy), 2.62(br
s, 4H, 2CHy), 1.21 (t, J = 7.61 Hz, CHs); 13C NMR (100 MHz, DSMO-ds, 8, ppm): 164.10, 163.99,
161.49, 151.08, 148.73, 146.54, 137.19, 134.90, 131.24, 130.68, 130.35, 129.79, 127.99, 127.08,
124.98, 123.70, 120.26, 116.58, 116.54, 111.44, 110.25, 100.57, 55.65(0CHs), 55.57(OCHs),
52.27 (CHy), 43.45 (CHy), 28.04 (CHy), 15.44 (CHs).

2-(4-((2-(3,5-difluorophenyl)-1H-1,2,3-triazol-4-yl)methyl)piperazin-1-yl)-4-(3,4-
dimethoxyphenyl)-6-(4-ethylphenyl)pyrimidine (8t): Creamy white solid, yield: 100 %, mp = 176-
179 °C; FTIR (ATR, Vmax, cm™): 3422 (N-H of NHs), 2933-2856 (C-H of CH3), 1603 (C=C of Ar),
1506-1536 (N-O of NOs), 1453 (C-H of CHs), 1258 (C-O of OCHs), 1024 (C-F). 806 (C-Cl); *H
NMR (400 MHz, CDCls, 6, ppm): 8.18 (d, J = 6.84 Hz, 2H ArH), 7.88 (d, J = 7.32 Hz, 2H ArH),
7.81 (s, 1H, ArH), 7.69 (s, 1H, ArH), 7.36-7.31 (m, 6H, ArH), 7.07 (d, J = 7.88 Hz, 2H ArH), 3.88
(brs, 7H, 2CH2, OCHz3), 3.83 (br s, 5H, CH2, OCH3), 2.67 (d, J = 6.76 Hz, 6H, 3CH>),1.21 (s, 3H,
CHs); 3C NMR (100 MHz, CDCls, 6, ppm): 164.09, 163.98, 161.50, 151.07, 148.74, 146.53,
136.12, 134.91, 129.81, 128.71,128.03, 127.99, 127.83, 127.09, 120.27, 111.44, 110.27, 100.57,
55.67 (OCHs), 55.57 (CH>), 52.83 (OCHz3), 28.04(CH>), 15.46 (OCH3).

5.7  Pharmacological Evaluation

5.7.1 Antimalarial activity

The chloroquine-sensitive strain of P. falciparum (NF54) was maintained continuously in vitro in
supplemented RPMI-1640 culture media at 37 °C and gassed with a mixture of 5% CO2, 3% O>
and 92% N2 [37]. D-sorbitol was used to synchronize the culture in the ring stage [38].
Determination of the antimalarial activity of different compounds, the synchronized ring-stage
parasites were adjusted to a final parasitaemia of 2% and 2% haematocrit, to which serial dilutions
of the derivatives and positive control, quinine were added after a 24 hours incubation. Negative
controls included uninfected erythrocytes and drug-free parasitized erythrocytes. Following a
further 48 hours incubation period, the plates were frozen at -70°C for 1 hour and thawed for 2
hours. Twenty-five microlitres of lysate was transferred to a non-sterile plate, to which 100 pL
Malstat™ and 20 pL nitroblue tetrazolium and phenazine ethosulphate (1:1) mixture was added to
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each well and incubated for 40 min at 37 °C to quantify the parasite lactate dehydrogenase (pLDH)
activity [39]. Thereafter, 5% acetic acid was added to each well and the absorbance of the formazan
products read at 620 nm as an indicator of parasite viability. The percentage parasite growth, taking
the appropriate controls into account, were calculated and used to determine the concentration
required to inhibit parasite growth by 50% (ICso value) from log sigmoid dose-response curves

using the GraphPad Prism® 5.0 software. Each experiment was repeated in triplicate [40,41].

5.7.2 Toxicity assays
5721 Cell viability assay

Human embryonic kidney epithelial (HEK-293) cells were maintained at 37 °C in a humidified
environment with a 5% CO> as a monolayer in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% of fetal bovine serum, 100 IU mL™ penicillin and 100 pg mL*
streptomycin. A cell suspension (10 000 cells per well) was incubated at 37 °C for 48 h with serial
dilutions of compounds/positive control. A final concentration of less than 1% DMSO had no
effect on the viability of the cells. Thereafter, 40 uL of (3-(4, 5-dimethylthiazolyl-2)-2, 5-
diphenyltetrazolium bromide (MTT; 5 mg mL™ in phosphate buffer saline (pH 7.3) was added to
each well and incubated for a further 2 hours. DMSO was used to dissolve the formazan crystals
and then quantified by reading the absorbance at 540 nm with a reference wavelength of 690 nm
(Labsystems Multiskan RC) [42]. Percent cellular viability was determined using the appropriate
controls and used to calculate the 1Cso values compared to the positive control, camptothecin. The

experiment was repeated in triplicate [43,44].

5.7.2.2 Binding affinity assays using select synthetic compounds to P. falciparum

Hsp70
The direct protein compound binding studies were conducted using SPR. The recombinantly
produced PfHsp70-1 and PfHsp70-z [45-47] were immobilized on as ligands on CMD 3D 500L;
(BioNavis, Tampere, Finland) [48]. As controls, a channel without immobilized protein was used
to monitor nonspecific changes in refractive index. As analytes, compounds (Compound 8c, 8e
and 8t) were prepared into aliquots of 0, 1.25, 2.5, 5 and 10 nM that were injected at a flow rate
of 50 uL/min onto the immobilized protein in each flow cell. For double referencing, injections
with buffer only were also used as controls. The interaction was allowed for a total of 13 minutes

for association and dissociation events. The steady-state equilibrium constant data were processed
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from the generated sensorgrams using TraceDrawer software version 1.8 (Ridgeview Instruments,

Sweden).
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CHAPTER 6

6.1  Summary and conclusion

Malaria remains one of the world's leading causes of death and morbidity. P. falciparum and P.
vivax are the deadliest and most widespread malarial parasites, which cause the development of
severe malaria, thus attributing to the highest mortality rate worldwide. The spine for the treatment
of severe malaria is the immediate commencement of antimalarial treatment. But after a few doses
of the treatment, the emergence of resistance in patients becomes imminent. To avoid the
limitations, there is a need to focus on adherence to drug prescription, prompt and proper use of
medicines, fast-tracked drug discovery and development program, and to identify active molecules
that would be useful lead compounds.

This research work aimed to identify novel and potent antimalarial candidates motivated by
significant antimalarial compounds such as pyrimethamine and chalcones. Structure modification
of pyrimethamine and chalcones gave rise to 4,6-diphenylpyrimidine as a core motif. It was
amalgamated with other assorted antimalarial scaffolds, namely quinoline, cinnamoyl, and 1,2,3-
triazole, to afford a library of 53 novel hybrids analogue through molecular hybridization strategy.
These compounds were characterized using thin-layer chromatography (TLC) and structure
elucidation by Fourier-transform infrared spectroscopy (FT-IR), nuclear magnetic resonance
spectroscopy (*H, *3C, and 2D NMR) and high-resonance mass spectroscopy (HRMS). The
biological evaluation revealed that the synthesized compounds were active with encouraging
antimalarial activity, suggesting lead candidates, which would be a standpoint in drug discovery.

Chapter 2 deals with a literature review on lactate dehydrogenase (LDH) and Malate
dehydrogenase (MDH) as possible antiparasitic drug discovery targets. LDH is an oxidoreductase
enzyme found in a mitochondrion that facilitates the conversion of pyruvate to lactate,
simultaneous utilizing NADH as a cofactor. LDH is crucial for the energy generation of the
parasite, as it relies on this pathway for energy in the erythrocytes stage of the life cycle, and
impeding its activity leads to the death of the parasite. The therapeutic consequences of malate
hydrogenase (MDH), an analogue of LDH as potential parasitic targets, is also highlighted.
Therefore, LDH and MDH are validated as novel parasitic targets. The review explored the
physiological functions, and drug accessibility of LDH and MDH in Plasmodium, Trichomonas,

Toxoplasma Gondii, Schistosoma and Cryptosporidium parvum and the substantial outcome of
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this chapter has emerged as a mini-review manuscript under review in Bioorganic and medicinal

chemistry letter.

In chapter 3, following a literature audit, a modified 4,6-diphenylpyrimidine core inspired by
pyrimethamine and chalcone was fused with a quinoline scaffold through alkane diamine linker
by molecular hybridization approach. The analogues were synthesized in good vyield (61-85
percent) following a simple and more versatile synthetic path. The synthesis of the final
compounds N-(7-chloroquine in-4-yl)-N'-(4,6-diphenylpyrimidin-2-yl)methanediamine (6a-k and
7a-c) by amidification reaction of assorted 2-chloro-4,6-diphenylpyrimidine 4 (a-e) and N-(7-
chloro-4a,8a-dihydroquinolin-4-yl) alkane diamine 5(a-b) using K.CO3 in DMF as illustrated
in Scheme 2 of the third chapter. The final compounds were structurally elucidated by IR, *H and
13C NMR and HRMS. These compounds were screened preliminarily for antimalarial against
NF54 CQ-susceptible strain performed by the Pharmacology Division, Department of Pharmacy
and Pharmacology, Faculty of Health Sciences, University of Witwatersrand, Johannesburg, South
Africa. Compound 7c showed most activity with 1Cso = 0.33 £ 0.06 uM, with a favourable safety
profile of 9.79 to human kidney epithelial (HEK293) cells. The six compounds (6d, 6e, 6f, 6i, 7b
and 7c) displayed decent activity with 1Csp ranging from 0.50 to 4.30 UM, whereas the remaining
compounds (6a, 6b, 6¢, 6h, 6 and 6k) were considered to be inactive with ICsq > 5 uM. Also,
compound 7a exhibited the highest binding affinity with Kp in a lower nanomolar range (4.4-11.4
nM) and the highest and lowest binding scores of -9.8 kcal/mol for both PfHsp70s, thus speculated
that PfHsp70-1 is one of the targets of these inhibitors. This work was published in the journal
European Journal of Medicinal Chemistry, volume 217, page 113330 in 2021
(https://www.sciencedirect.com/science/article/abs/pii/S0223523421001793)

In chapter 4, on continuation with the effort to develop new antimalarial candidates. A 4,6-
diphenylpyrimidine motif was fused to cinnamoyl scaffold by a piperazine linker through various
4,6-diphenyl-2-(piperazine-1-yl)pyrimidine 5(a-e) intermediates to afford a library of final
compounds (E)-1-(4-(4,6-diphenylpyrimidin-2-yl)piperazine-1-yl)-3-phenylprop-2-en-1-one
hybrid analogues 8(a-t) in excellent yield of 70-90%. The synthesis was achieved through efficient
and adaptable synthetic pathways, as described in Scheme 1 and 2 in the fourth chapter. Structure
elucidation of these compounds was performed using IR, *H and **C NMR, 2D NMR, and HRMS.

In vitro antimalarial was performed using NF45 CQ-susceptible strain at Pharmacology Division,
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Department of Pharmacy and Pharmacology, Faculty of Health Sciences, University of
Witwatersrand, Johannesburg, South Africa. Of the active compounds, two had ICso values of 0.18
+0.02 pM and 0.21 £ 0.001 pM with an associated good safety index of 18.59 and 16.75 to human
kidney epithelial (HEK293) cells corresponding to 8o and 8l respectively. Compounds 8o and 8l
exhibited an excellent binding affinity for both PfHsp70s with Kp in a lower nanomolar range
(1.57 -15.7 nM and 9.69-10.8 nM). Also, this class of hybrids envisioned PfHsp 70-1 as one of
their targets. Nine compounds in this family demonstrated decent activity with ICs ranging from
0.5 to 5uM, and the remaining compounds were inactive with ICso > 5 uM. This work has been

written in manuscript format, and it is ready for communication.

Lastly, chapter 5 as per a continuation of the ongoing research, 4,6-diphenyl-2-(4-(prop-2-yn-1-
yl)piperazine-1-yl)pyrimidine 6(a-e) motif were further hybridized with 1,2,3-triazole scaffold to
afford a library of 2-(4-((1H-1,2,3-triazole-4-yl)methyl)piperazine-1-yl)-4,6-diphenylpyrimidine
8(a-t) analogues which were also characterized as aforementioned in chapter 3 and 4. In vitro
antimalarial screening against NF54 CQ susceptible were performed by Pharmacology Division,
Department of Pharmacy and Pharmacology, Faculty of Health Sciences, University of
Witwatersrand, Johannesburg, South Africa. Of the evaluated compounds, seven were active (ICso
value < 0.5 uM) with 8p having ICso values as low as 0.04 + 2.23 uM specifically 8c, 8e and 8t
also presenting prominent activity with 1Cso of 0.18 + 0.03 uM, 0.22 + 0.02 uM and 0.29 + 0.01
UM had a safety profile of 13.40, 9.11 and 61.15 respectively to human kidney epithelial (HEK293)
cells. The remaining thirteen compounds displayed moderate activity with ICso values ranging
from 0.59 to 2.41 pM. The molecular binding affinities of two vital cytosolic P. falciparum heat
shock protein 70 homologues, PfHsp70-1 and PfHsp70-z studies, indicated compound 8e to have
the highest binding affinity for both PfHsp70s with Kp in a lower nanomolar range (10-11.3 nM).
The finding of this research work shows the significance of molecular hybridization of 4,6-
diphenypyrimdine-1,2,3-triazole as a starting point for further lead optimization of antimalarial
candidates.

Three new libraries of pyrimidine hybrids amalgamated with quinoline, 1,2,3-triazole and
cinnamoyl, were presented, of which the 1,2,3-triazole based hybrids were the most potent. The
pyrimidine-1,2,3-triazole family was the more promising with nearly all compounds showed

activity with ICso values less than 5 uM and the active one as low as 0.18 uM. The Hsp70 (Hsp70-
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z and Hsp70-1) enzyme activity is also good, with activity as low as 11.3 nM. The cinnamoyl
series followed the 1,2,3-triazole series, showing promising activity with eight compounds that
had moderate activity. Three hybrids were more potent with 1Csg less than 0.5 uM and Hsp70
activity of 6.99 to 10 nM. Lastly, the quinoline had the least active library with only five
compounds with moderate activity and only one more potent; however, it had the highest activity
against the Hsp70 as low as 4.4 nM. Pyrimidine-1,2, 3 -triazole emerged as the most potent and
promising library of all. All the hybrids showed excellent activity, particularly those of pyrimidine-
1,2,3-triazole, which emerged the most potent, suggesting that the pyrimidine and 1,2,3-triazole
would serve as the most potent scaffold in the future formulation of new antimalarial compounds.
Compound with pyrimidine- quinoline will be a superb lead in targeting the activity Hsp70-z and
Hsp70-1.

This work has been written in manuscript format, and it is ready for communication.

6.2  Future work

Following the potential antimalarial activities demonstrated by the pyrimidine-based analogues,
computer stimulations, namely 3D QSAR (three-dimensional quantitative structure-activity
relationship) and 3D QSPR (three dimensional quantitively structure properties relationship) can
be employed for in silico optimization of the lead compounds to attain drug-like compounds with

improved activity, bioavailability and efficacy profiles.

Aligned to those described above, a promising antimalarial pharmacophore can be produced from
the available database of biologically active molecules using 3D QSAR. Further, virtual screening
of the database such as ZINC, Mobridge, Cambridge and NCL could be done to identify drug-like
ligands with more potent antimalarial properties that can be considered a new set of hit molecules

for chemical synthesis.

Also, together with the bioassay of Hsp70, the enzyme activity of the active compounds can be
performed Lactate dehydrogenase and malate dehydrogenase, which forms another class of
promising antimalarial targets in a quest to establish a mode of action of the compounds.

In addition, a comparative solution to identify and optimize antimalarial lead can also be achieved
through molecular docking studies (structure-based drug design) of the second (chapter 4) and

third (chapter) series. These will permit a comprehensive exploration into the interaction of drug-
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protein targets available in protein data bank (PDB). Nonetheless, the pyrimidine pharmacophore
has shown important biological properties, including antimalarial properties, which could further

be explored for prospective biological activity with the view to offering an antimalarial lead.

The current work will be significant in advancing, exploring, and developing a new class of
pyrimidine-based compounds as potential antimalarial candidates.
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Design and synthesis of quinoline-pyrimidine inspired hybrids as potential plasmodial
inhibitors
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APPENDIX-I Chapter 3
Representative NMR Spectrum for chalcone derivatives

(E)-1-(4-chlorophenyl)-3-(p-tolyl)prop-2-en-1-one (1b)
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E)-3-(3,4-dimethoxyphenyl)-1-(4-methoxyphenyl)prop-2-en-1-one (1e):
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Representative NMR Spectrums for 2 amino pyrimidine Derivatives

4-(4-methoxyphenyl)-6-(p-tolyl)pyrimidin-2-amine (2c):
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4-(3,4-dimethoxyphenyl)-6-(4-methoxyphenyl) pyrimidin-2-amine (2e)
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Representative NMR spectrum for 2-chloro-4, 6-pyrimidine derivatives

2-chloro-4,6-bis(4-methoxyphenyl)pyrimidine (4d):
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2-chloro-4-(3,4-dimethoxyphenyl)-6-(4-methoxyphenyl)pyrimidine (4f):

LOVNrOOWAITOMRVD - O ® N oL M
SR 2RRRRBERS8838S 83 %
T 5 ga-ah
Cl
A

|| N

T T T T
9 8 6 5 4 3 2 1 0 ppm

i @ i

IH NMR (400 MHz, CDCl3)

W T 0O O W < < — QNN D
NANT S TS Sooxg o v © TN owo o
St r-00 - Sowoo € Q. S 0 QB(%R
cCOooobmT OH® dArrr O NN~ © © 19 10 ~
SVZAVARRVIRRN VIR BRSNS S ~
El
N°N
_O ‘ L~ :
T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 ppm

13C NMR (100 MHz, CDCls)

Francis Kayamba 212 UKZN-2021



APPENDIX-I Chapter 3

Representative NMR spectrum for Quinoline diamine derivatives
N*-(7-chloroquinolin-4-yl)propane-1,3-diamine (5b):

BRUKER
OO ANDVODMNMrOWT~OMNIDDO WO W ™ v NOONANTOTTODMODNT ©O CX)
gaaaNNerreERENRROYOSES aaaeEosoabmhnRNGSG
CO 00 0 0 O0WOWOWOWOWOAWMNMNMNNMNINMNNMNNMNNS O OO DN OANANANANAN™ ™ v™or v v
Cl Ns
=
HNW\
NH,
uh o
I T T T T T T T T T
9 8 6 5 4 3 2 1 ppm

ek A

o)
BRUKER
(><

MO W <T<TAN
COMNMSTT ©WoOoNO o O QCOWTOAN NS
O W MOTA « N D7 O P 1) O ove N
DL ST OANANAN © O DD DOV XV VOO
RNV TRERRIEEES
Cl1 N
e
HNW\
NH,
T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 0 ppm

13C NMR (100 MHz, DMSO-de)

Francis Kayamba 213 UKZN-2021



Chapter 3

7-chloro-4-(piperazin-1-yl)quinoline (5d):
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Spectrums for final compounds (6(a-k) and 7(a-b))
7-chloro-4-(4-(4,6-diphenylpyrimidin-2-yl)piperazin-1-yl)quinoline (6a):
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7-chloro-4-(4-(4-(4-chlorophenyl)-6-(p-tolyl)pyrimidin-2-yl)piperazin-1-yl)quinoline (6c):
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N*-(7-chloroquinolin-4-yl)-N2-(4-(4-methoxyphenyl)-6-(p-tolyl)pyrimidin-2-yl)ethane-1,2-
diamine (6d):
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ppm

N*-(4,6-bis(4-methoxyphenyl)pyrimidin-2-yl)-N*-(7-chloroquinolin-4-yl)butane-1,4-diamine (6g)
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Single Mass Analysis
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7-chloro-4-(4-(4-(4-methoxyphenyl)-6-(p-tolyl)pyrimidin-2-yl)piperazin-1-yl)quinoline (6f):
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4-(4-(4,6-bis(3,4-dimethoxyphenyl)pyrimidin-2-yl)piperazin-1-yl)-7-chloroquinoline (6k):
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4-(2-(4-(7-chloroquinolin-4-yl)piperazin-1-yl)-6-(4-hydroxyphenyl)pyrimidin-4-yl)benzene-1,2-

diol (7c):
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APPENDIX-II

SUPPLEMENTARY INFORMATION

CHAPTER 4

Promising class of antiprotozoal agents; Design and synthesis of novel pyrimidine—

cinnamyl hybrids
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Chapter 4

Representative spectra 4,6-diphenyl-2-(piperazin-1-yl)pyrimidine derivative

4,6-bis(4-methoxyphenyl)-2-(piperazin-1-yl)pyrimidine (c)
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(E)-1-(4-(4-(4-chlorophenyl)-6-(4-methoxyphenyl)pyrimidin-2-yl)piperazin-1-yl)-3-(p-tolyl)prop-
2-en-1-one (8b):
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(E)-1-(4-(4-(4-methoxyphenyl)-6-(p-tolyl)pyrimidin-2-yl)piperazin-1-yl)-3-phenylprop-2-en-1-
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Single Mass Analysis

Tolerance = 5.0 PFPM / DBE: min =-1.5, max = 50.0
Element prediction; Off

Mumber of isotope peaks used for i-FIT =3

Monoisotopic Mass, Even Electron lons

13 formulaie) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
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(E)-1-(4-(4,6-bis(4-methoxyphenyl)pyrimidin-2-yl)piperazin-1-yl)-3-(4-chlorophenyl)prop-2-en-
1-one (89):
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(E)-1-(4-(4,6-bis(4-methoxyphenyl)pyrimidin-2-yl)piperazin-1-yl)-3-(4-methoxyphenyl)prop-2-

en-1-one (8i):
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(E)-1-(4-(4,6-bis(4-methoxyphenyl)pyrimidin-2-yl)piperazin-1-yl)-3-(furan-2-yl)prop-2-en-1-one
(8k):
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Elemental Composition Report Page 1

Single Mass Analysis

Tolerance =50 PPM / DBE: min =-1.5, max = 50.0
Element prediction: Off

Mumber of isctope peaks used for i-FIT =3

Monoisotopic Mass, Even Eleciron lons

13 formula(e) evaluated with 1 results within limits (all results {(up to 1000) for each mass)
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(E)-1-(4-(4-(3,4-dimethoxyphenyl)-6-(4-ethylphenyl)pyrimidin-2-yl)piperazin-1-yl)-3-

phenylprop-2-en-1-one (8l):
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(E)-1-(4-(4-(3,4-dimethoxyphenyl)-6-(4-ethylphenyl)pyrimidin-2-yl)piperazin-1-yl)-3-(p-

tolyl)prop-2-en-1-one (8n):
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4-(4-methoxyphenyl)-2-(4-(prop-2-yn-1-yl)piperazin-1-yl)-6-(p-tolyl)pyrimidine (6b)
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4-(3,4-dimethoxyphenyl)-6-(4-ethylphenyl)-2-(4-(prop-2-yn-1-yl)piperazin-1-yl)pyrimidine(6d)
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'H NMR (400 MHz, CDCI3)
Spectrums for final compounds 8(a-t)
4-(4-chlorophenyl)-2-(4-((1-(4-fluorophenyl)-1H-1,2,3-triazol-4-yl)methyl)piperazin-1-yl)-6-(4-
methoxyphenyl)pyrimidine (8b):
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4-(4-chlorophenyl)-6-(4-methoxyphenyl)-2-(4-((1-(4-nitrophenyl)-1H-1,2,3-triazol-4-
yDmethyl)piperazin-1-yl)pyrimidine (8e)
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4-(4-chlorophenyl)-2-(4-((1-cyclohexyl-1H-1,2,3-triazol-4-yl)methyl)piperazin-1-yl)-6-(4-
methoxyphenyl)pyrimidine (8f)
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methoxyphenyl)-6-(p-tolyl)pyrimidine (8h)

RNARSE85888383358883 SRS 3385
dddddw/ssssssss «)\T/n7 CN\T/tN

Chapter 5

o)
BRUKER

L
e i R e i e e v
f i -TTTTT-I EEEICE
IH NMR (400 MHz, DMSO-d)
G ENRERSEEEEEELENTEEEE e,
E‘q'ﬁq@qqnqqqéqq‘q-@tqhqqﬁgé §§§§ g BRUKER
e dddeiiddayid ity G B
F
o
&
N\/ I‘V
oTa,
N
L | ‘ ]
2(‘)0 1 éo 1 éO 1 1‘&0 1 éO 1 (I)O 8‘0 6‘0 4‘0 2'0 Cl) PPmMm
13C NMR (100 MHz, CDCI3)
Francis Kayamba 276 UKZN-2021



APPENDIX-111

Chapter 5

£
- &
W EEE E EHE R ”
S O — Y 8
=R, LT , !
:= 2 C. '''''' ‘ﬂh" I u‘ﬂﬂ 1
] ' . \ $
1 LI I $ -8
1 . -8
] g 4 F2 lppe]
HMBC/ HSQC Spectra

Transmittance [%)
60 65 70 75 80 85 90 95

Francis Kayamba

L L LIS
SSIOU SOIGO 2 5-00 QUIEIJ 1 SIU 0 1 DIDU 5 EIIO
Wavenumber cm-1
IR spectra
277 UKZN-2021



APPENDIX-111 Chapter 5

2-(4-((1-(4-chlorophenyl)-1H-1,2,3-triazol-4-yl)methyl)piperazin-1-yl)-4-(4-methoxyphenyl)-6-
(p-tolyl)pyrimidine (8i)
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4-(4-methoxyphenyl)-6-(p-tolyl)-2-(4-((1-(3-(trifluoromethyl)phenyl)-1H-1,2,3-triazol-4-
yDmethyl)piperazin-1-yl)pyrimidine (8Kk)
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4,6-bis(4-methoxyphenyl)-2-(4-((1-phenyl-1H-1,2,3-triazol-4-yl)methyl)piperazin-1-

yDpyrimidine (8m)
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4,6-bis(4-methoxyphenyl)-2-(4-((1-(4-nitrophenyl)-1H-1,2,3-triazol-4-yl)methyl)piperazin-1-
yDpyrimidine (80)
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4-(3,4-dimethoxyphenyl)-6-(4-ethylphenyl)-2-(4-((1-phenyl-1H-1,2,3-triazol-4-
yhmethyl)piperazin-1-yl)pyrimidin (8q)
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4-(3,4-dimethoxyphenyl)-6-(4-ethylphenyl)-2-(4-((1-(4-(trifluoromethyl)phenyl)-1H-1,2,3-
triazol-4-yl)methyl)piperazin-1-yl)pyrimidine (8s)
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ARTICLE INFO ABSTRACT
Article history: Presently, artemisinin-based combination therapy (ACT) is the first-line therapy of Plasmodium falcipa-
Received 29 October 2020 rum malaria. With the emergence of malaria parasites that are resistant to ACT, alternative antimalarial

Received in revised form therapies are urgently needed. In line with this, we designed and synthesised a series of novel N-(7-
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Available online 3 March 2021 their inhibitory activity against the NF54 chloroquine-susceptible strain as a promising class of anti-
malarial compounds. The antiplasmodial screening revealed that seven analogues showed promising to
good activity with half-maximal inhibitory concentration (ICsg) = 0.32 pM—4.30 pM. Compound 7a with

ﬁg?:?;f:’r hybrids 1,4-diamine bu_tyl linkel_' a_nd 4_—hydr0xyl phenyl on fourth and sixth_ position of pyrimidine core showed

Quinoline the most prominent activity with an ICsg value of 0.32 + 0.06 uM, with a favourable safety profile of 9.79

Pyrimidine to human kidney epithelial (HEK293) cells. The remaining six analogues showed moderate activity with

Antimalarial agents ICsq values ranging from 7.50 pM to 83.01 uM. We further investigated the binding affinities of the

Malaria molecules to two essential cytosolic P falciparum heat shock protein 70 homologues; PfHsp70-1 and

‘;P“PWFOZMI PfHsp70-z. Compound 7a exhibited the highest binding affinity for both PfHsp70s with Kp in a lower
1perazine

nanomolar range (4.4—11.4 nM). Furthermore, molecular docking revealed that compounds 6, 6k, 7b and
7a exhibited better fitness in PfHsp70-1 with compound 7a showing the highest and lowest binding
scores of —9.8 kcal/mol. Therefore, we speculate that PfHsp70-1 is one of the targets of these inhibitors.
The bioisoteric replacement of the groups at phenyl ring at the fourth and sixth position of the pyrim-
idine core had a constructive association with antiplasmodial activity. The promising antiplasmodial
activity of the synthesised analogues illustrates how crucial molecular hybridisation is as a strategy in the
development of quinoline-pyrimidine hybrids as prospective antiprotozoal agents.

© 2021 Elsevier Masson SAS. All rights reserved.

PfHsp70

1. Introduction a result of the advent of resistance on current treatment such as
artemisinin combination therapies (ACTs) and chloroquine (CQ) [1].

The evolution of Plasmodium strains has caused uncertainty in Malaria is predominately spread by P. falciparum which is more
the treatment of malaria, and thousands of people are still dying as prevalent in Africa. An estimate of 228 million people were infected
with malaria in 2018, killing approximately 405 000 people, of

* Corresponding author. which over 90% were in Sub-Saharan Africa. Children under the age
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of five and pregnant women are the major victims of the scourge,
especially those in poor tropical regions. About 3.2 billion people
remain at risk of the epidemic [2,3]. Thus, necessitating the need for
alternative therapy in the absence of an efficient antimalarial vac-
cine [4].

An audit of antimalarial pharmacophores revealed that, in
addition to other vast medicinal properties, the pyrimidine moiety
displayed admirable antimalarial properties. It has proven to be key
in some drugs and lead antimalarial candidates at an advanced
stage of clinical trials. Amongst the leading antimalarial pharma-
cophores are proguanil, pyrimethamine, P218 and WR9920. Most
antimalarial pyrimidine-based drugs hold prospects as prophylac-
tic agents. These compounds target P. falciparum dihydrofolate
reductase, which is implicated in the folic acid pathway that is
essential for DNA biosynthesis [5]. Chalcones are another class of
analogues well-known for excellent antimalarial therapy; where
for example, licochalcone, a natural flavonoid product was active
against CQ-susceptible (3D7) and CQ-resistance (Dd2) strains [6,7].
The phenyl groups of chalcone were important for antiplasmodial
activity as indicated by SAR studies, and as such, we tried to inte-
grate these pharmacophores into the modified potent molecule [8].
Given this context, we expected that a promising antiplasmodial
agent would be the combination of active pharmacophores
inspired by pyrimethamine and chalcone to produce a 4,6-
diphenylpyrimidine. Fig. 1 shows CQ and other potential antima-
larial compounds that were crucial in designing this novel series.

While antimalarial drugs, such as piperaquine and CQ, based on
a quinoline backbone are inexpensive with a robust therapeutic
index, they have lost efficacy as stand-alone drugs due to the
emergence of resistance [9,10] mediated by a mutated form of the
Plasmodium falciparum chloroquine resistance "transporter” [11,12].
Although prospects for CQ reapplication as an antimalarial remain
[13], itis its roles as an agent against avian influenza H5N1 and ZIKV

(£)-chalcone derivative

‘[CSU =0.59 H.M

European Journal of Medicinal Chemistry 217 (2021) 113330

viral infections that is gaining more attention [14—16]. SAR studies
of CQ revealed that the basic chain is crucial for antimalarial activity
by improving the drug’s lipophilic, which allows easy passage
through the malarial plasma membrane [2]. In light of this, the
incorporation of various linkers such as piperazine and different
alkyl diamine holds promise towards making effective antimalarial
agents. In view of the aforementioned, we synthesised a hybrid
molecule, as illustrated in Fig. 2, by a molecular hybridisation
approach using two robust moieties viz pyrimidine and quinoline,
with the aim of presenting a safer and alternative therapy for ma-
laria. We anticipated presenting an antimalarial candidate effective
against both the liver and blood-stages of Plasmodium; for potential
use for both treatment and prophylaxis.

2. Chemistry

The novel library of quinoline-pyrimidine hybrids 6(a-t) was
synthesised using a versatile synthetic pathway. The intermediate
(E)-chalcones 1(a—e) were prepared by aldol condensation reaction
as previously reported, using assorted commercially available
benzaldehydes and acetophenones using sodium hydroxide basic
condition in a good yield of 95% [17]. The cyclisation of chalcone
using guanidine hydrochloride and sodium hydroxide base affor-
ded numerous 4,6-diphenylpyrimidin-2-amine 2(a—e) analogues.
Known Sandmeyer reaction applies to the substitution of an aro-
matic amine of compound 2 to hydroxyl (4,6-diphenylpyrimidin-2-
ol 3(a—e) via diazonium salt intermediate formation. Sodium ni-
trate in acetic acid initiates the diazonium salt formation and then
substitution of diazo salt with water. 2-Chloro-4,6-
diphenylpyrimidine analogues 4(a—e) were synthesised from
assorted 3 analogues using POCl3 with catalytic DMF as illustrated
in Scheme 1.

Pyrimethamine

(E)-chalcone derivative

]C50 =3.18 LLM

Fig. 1. Marketed drugs and chalcone based potential antimalarial compounds.

Francis Kayamba

298 UKZN-2020



APPENDIX-IV

F. Kayamba, T. Malimabe, LK. Ademola et al.

. Pyrimethamine moiety
i P/DHFR inhibitor

European Journal of Medicinal Chemistry 217 (2021) 113330

\‘Ll_:"/
R' |_|
N
" Chloroquine moiety |
" heme inhibitor
C l \[;:'3“\1,.-.[\-_.\\
2 7
HNW
n
X
N™ N

R“_ - =y ..-J_!R'

Fig. 2. Rational design of pyrimidine-quinoline hybrid molecules.

The synthesis and characterisation of a series of quinoline-
diamine compounds 5(a—d) were as per reported methods [1].
Various 5(a—d) compounds were further coupled with various
4(a—e) compounds using K;COs; to afford a library of the targeted
pyrimidine-quinoline hybrids analogues (6a-7c). The methoxy
substituents on the phenyl group of final compounds 6g, 6i and 6j

=
-|=

4a R = 4-H, R' =4-H

4b R =4-Me, R' = 3.4-Cl

4c R =4-Me, R' =4-McO

4d R =4-MeO, R' = 4-MeO RO
4e R =4-McO, R' = 3.4-McO

4f R =34-MeO, R' =34-MeO

9 @ 0
@f\o N 7 g i =3
e ~ TR RT/ -~ TR

were further demethylated using HBr acid in a microwave to afford
compounds 7a, 7b and 7c, respectively, in good yield as depicted in
Scheme 2.

(i)

_— |

L(a-N

4(a-f) 3(a-h)

Scheme 1. Reaction conditions: (i) EtOH, NaOH, sonicate, 35 °C, 1 h; (ii) Guandine hydrochloride, NaOH, EtOH, reflux, 24 h; (iii) Acetic acid, NaNO,, H,0, rt, 3 h; (iv) POCl;, DMF,

100 °C, reflux, 6 h.
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Cl
Cl N.
Cl N . N/]*N
n (i) = |
L + HF,N{A}NH-; _— HN + I_\._ = ,
- - R| R
Cl ﬁ)n
NH,»
5(a-d) 4(a-f)
(ii)
= =
HNh)n (i) HN In
I)\J\H . EH
N~ ]I\J N~ ]I\l
S S am Y 2
R ] = . |_R R 1 P 2 |_R
7(a-c) 6(a-k)

Scheme 2. Reaction conditions: (i) Isopropanol (IPA), reflux, 100 °C, 16 h; (ii) K,CO,, Dimethylformamide (DMF), Microwave (MW, 120 °C, 40 min; (iii) HBr, MW, 100 °C, 20 min.

3. Results and discussion
3.1. Synthesis and spectral studies

Structural analysis based on proton nuclear magnetic resource
('H NMR) spectrum of compound 1b revealed two characteristic
doublets resonating at chemical shifts (6) 7.80—7.77 ppm (Ph-CH=
CH) and 7.52—7.49 ppm (Ph-CH=CH) with ] = 15.62 Hz and
15.61 Hz, respectively, signifying the formation of a trans-olefinic
conformation. Other resonating signals were observed on the
spectrum at 6 3.89 and 2.39 ppm representing methoxy and methyl
substituents on the phenyl groups of the (E)-chalcone. The two
doublet signals of the olefin disappear on the 'H NMR spectrum of
compound 2b, and two distinctive singlets at signal § 7.35 ppm
(pyr-H) in the aromatic region and the amino signal at 6 5.22 ppm
(pyr-NH2) appeared indicating the formation of a pyrimidine core.
The structure of 2-hydroxyl pyrimidine analogue is signified by the
vanishing of the amino signal and presence of hydroxyl (OH) signal
downfield at é 11.89 ppm on the H' NMR spectrum of compound 3.
The spectrum of the chlorinated compound 4 is characterised by
the disappearance of OH signal and minor shifts on pyr-H é from
7.35 ppm to 7.60 ppm. The 'H NMR spectrum (400 and 600 MHz,
DMSO0-dg) of the targeted compound(s), as presented by compound
7d, is characterised by the presence of two individual peaks; broad
singlet resonating at ¢ 5.04 ppm (-NH) and triplet at 5.55 ppm
(-NH) of an aliphatic alkane diamine linker signified coupling of
quinoline and pyrimidine motifs. Other distinctive peaks, as
aforementioned, included é 2.46 ppm, 3.52 ppm, 4.06 ppm and
4.07 ppm representing a methyl, methylene, methoxy and methy-
lene, respectively. The outstanding signals from 6.47 to 8.44 ppm
represent the aromatic protons for phenyl and piperazine moieties.
The spectral properties of the final compound 7g were confirmed
by 2D NMR and further supported by their respective >C NMR. The
most noticeable peak for *C NMR of the final compound for pyr-H
(C9) and methylene for diamine butane line resonate at signal
d ranging from 100.53 to 99.89 pm and 27.42—42.99 ppm,

Francis Kayampa
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respectively. The methoxy (MeQO) peak signal resonates at
55.40 ppm, and the remaining carbon signals correspond to the
aromatic carbon. Fig. 3 represents the structures of the final com-
pounds annotated as compound 6 (a-k) and 7 (a-c).

3.2. Antiplasmodial activity

The synthesised novel analogues of (6a-k and 7a-c) were
assessed for potency against the NF54 CQ-susceptible strain of
P. falciparum maintained in vitro at the blood stage. Table 1 presents
the antiplasmodial activity of the hybrid analogues (6a-k and 7a-c),
and standard reference drugs (CQ and quinine). Compound 7a
showed promising activity with ICsq values less than 0.5 pM, while
the remaining analogues displayed moderate activity in micro-
molar levels against this CQ-susceptible strain (NF54). The ICsq
values of the compounds were determined from log sigmoid dose-
response curves using GraphPad Prism® 5.0.0 (GraphPad Software,
Inc San Diego, CA). Given the antiplasmodial activity, we assessed a
reasonable number of analogues to establish a brief structure-
activity relationship (SAR) towards identifying the groups ac-
counting for the activity. The bioisosteric replacement on the
phenyl rings on the fourth and sixth position of pyrimidine core,
and linker coupling the pyrimidine and quinoline positively
correlated with the antiprotozoal activity as shown in Table 1.

From the screened compounds, only compounds 7a showed
substantial plasmodial inhibitory activity with IC5g = 0.32 + 0.06 uM,
while the other six promising hybrids namely compounds 6d, 6e, 6f,
6i, 7b and 7c portrayed moderate activity with ICsg ranging from
0.50 to 4.30 uM (Table 1). The remaining compounds (6a, 6b, 6c, 6g,
6h, 6j and 6Kk) displaying ICsq values < 5 pM were considered inac-
tive. Compound 6i had a moderate activity with [ICsp value of
261 + 100 pM, and compounds 6g and 6j appraised inactive with
IC50 values of 83.01 + 1.46 uM and 17.81 + 1.18 uM, respectively.
However, demethylation of the methoxy groups from these com-
pounds resulted into improved aqua solubility that consequently
increased the antiplasmodial activity of 7a, 7b and 7c¢ with ICsq

UKZLN-2UZU
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Diamino alkane linker based derivatives
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Piperazine linker based derivatives
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6b n=4, R=4-Me, R'=4-CI 6a R =4-H, R'=4-H

6d n=2, R=4-Me, R' = 4-MeO 6c R =4-Me, R'=4-Cl

6e n=3, R=4-Me,  R'=4-McO 6f R =4-Me, R' = 4-MeO

6g n=4, R=4-McO, R'=4-MeO 6h R =4-MeO, R'=4-MecO

6i n=4, R=4-MeO, R'=34-MeO 6j R=4-MeO,  R'=3,4-MeO

72 n=4, R=4-OH, R'=4-OH 6k R =34-MeO, R'=34-MeO

7b n=4, R=4-OH, R'=3,4-0OH 7c R =4-OH, R'=34-0H

Fig. 3. Structures of the final compounds 6 (a—k) and 7 (a—c).
Table 1
In vitro antiplasmodial activity of compounds (6a-6k) and (7a-7c).
Compound No n R R/ Antimalarial Cytotoxicity Selective Index
ICsg (M) sD IC5q (uM) sD

6a p 4-H 4-H 7.50 1.49 nd nd Nd
6b 4 4-Me 4-Cl 9.49 1.12 nd nd Nd
6c p 4-Me 4-Cl 13.12 1.28 nd nd Nd
6d 2 4-Me 4-MeO 4.30 1.01 nd nd Nd
Ge 3 4-Me 4-MeO 27 1.22 nd nd Nd
6f p 4-Me 4-MeO 263 1.28 nd nd Nd
6g 4 4-MeO 4-MeO 83.01 1.46 nd nd Nd
6h p 4-MeO 4-MeO 7.69 1.42 nd nd Nd
6i 4 3,4-MeO 4-MeO 261 1.00 nd nd Nd
6j p 3.4-MeO 4-MeO 17.81 1.18 nd nd Nd
6k p 3,4-MeO 3,4-Me0 6.17 1.22 nd nd Nd
7a 4 4-0H 4-0H 032 0.06 3.16 0.75 979
7b 4 3,4-0H 4-0H 1.62 1.14 nd nd Nd
7c p 3,4-0H 4-0H 2.66 1.04 nd nd Nd
Quinine 0.108 0.003 134.35 1.45 1243.98
Chloroquine 0.012 0.002 101.19 25.72 8432.50
Camptothecin nd nd nd 0.20 0.01

IC5: Concentration at 50% inhibition of the parasite's growth.

Selective Index: ICsy values of cytotoxic activity/ICsg values of antimalarial activity.
nd: not determined.

p: Piperazine.

values of 0.32 + 0.06 pM, 1.62 + 114 pM and 2.66 + 1.04 pM,
respectively of which compound 7a had the most prominent activity.

As observed, compound 6a, 6¢, 6h and 6k owning a piperazine
linker were considered inactive with ICsg values < 5 uM. However,
compounds 6g and 7c with piperazine linker revealed moderate
activity with 1Csp values of 2.63 + 1.28 uM and 2.66 + 1.04 uM,
respectively. It can be suggested that the piperazine linker could
have been significant and the difference in activity could allude to
bioisosteric replacements at phenyl groups of the 4,6-
diphenylpyrimidine core. Of the piperazine linker-based com-
pounds, 6j had the least activity with an [Csp value of
17.81 + 1.18 pM, but its demethylation boosted the activity by
almost seven-fold as illustrated by compound 7c¢ with ICsp of
2.66 + 1.04 pM. In addition, substituting chloro with a methoxy
group of the 4-(4-chlorophenyl)-6-(p-tolyl)pyrimidine core of

compound 6¢ yielded improved activity four-fold as illustrated by
compound 6f. Insignificant variation in activity is observed as more
methoxy groups are added as shown by compound 6h and 6k with
IC5p values of 7.69 + 142 uM and 6.17 + 1.22 puM individually.
Compounds 6d and 6e respectively bearing 1,3-diamino propane
and 1,2-diamino ethane, and both containing a 4-(4-
methoxyphenyl)-6-(p-tolyl)pyrimidine motif only displayed mod-
erate activity with ICsp values of 4.30 + 1.01 uM and 2.71 + 1.22 uM.
Compounds 6b, 6g, 6i, 7a and 7b having a 14-diamino butane
linker presented a broader variation in the activity. Note that
compound 6g bearing two methoxy substituents on fourth posi-
tions of the phenyl groups of the 4,6-diphenylpyrimidine core had
the least activity (Table 1). Adding an extra methoxy group on the
third position increased the activity by nine-fold as defined by
compound 6i (ICsg = 2.61 + 1.00 uM). Compound 6b housing a
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methyl and chloro substituents on 4-(4-chlorophenyl)-6-(p-tolyl)
pyrimidine core was nine times more active than compound 6g,
though four times less active than 6i despite both having methoxy
substituents on the 4,6-diphenypyrimindine nucleus. The deme-
thylation of methoxy groups of 4,6-bis(4-methoxyphenyl)pyrimi-
dine of compound 6g core heightened the activity by over two
hundred-fold as demonstrated by 7a, the most active compound.
Although compound 6i showed moderate activity, demethylation
of the methoxy groups of the 4-(3,4-dimethoxyphenyl)-6-(4-
methoxyphenyl)pyrimidine core compounds only mildly
improved the activity of compound 7b (2.61 vs 1.62 puM).

It should be noted that, in contrast to other substituents such as
methyl, chlorine and methoxy, the hydroxyl significantly influ-
enced the antiplasmodial activity as defined in the activity of
compounds 6b, 6g, 6i, 7a and 7b analogues with the same 14-
diamino butane linker (Fig. 4). Given the above, it can be
concluded that diamino alkane linkers, particularly 1,4-diamino
butane and piperazine were crucial for the activity. Also, substitu-
tion on the phenyl groups of 4, 6-diphenylprimidine core with
electron-donating groups, particularly hydroxyl groups, positively
correlated with antiplasmodial activity.

Pyrimidinones have previously been shown to possess the
antiplasmodial activity and target the essential parasite protein
folding pathway of P. falciparum Hsp70 [18]. As such, we investi-
gated the binding affinities of these compounds against the re-
combinant forms of two essential cytosolic P. falciparum Hsp70s;
PfHsp70-1 and PfHsp70-z [17]. To determine binding kinetics, we
employed surface plasmon resonance (SPR) analysis, as previously
conducted [19,20]. The SPR sensorgrams generated (Fig. 5), were
fitted to a simple 1:1 Langmuir kinetic binding model (Table 2).
Generally, both parasite Hsp70s interacted with the four molecules
in a concentration-dependent manner (Fig. 5). The rates of disso-
ciation were comparable for all the molecules. Estimated K values
were within the lower micromolar to the upper nanomolar range,
suggesting a fairly high affinity of the compounds for the two
essential cytosol localized P. falciparum Hsp70s (Table 2). Interest-
ingly, PfHsp70-1 exhibited higher binding affinity (Kp values within
lower nanomolar range) for compounds 6h and 6k compared to

European Journal of Medicinal Chemistry 217 (2021) 113330

PfHsp70-z, which exhibited a four and two orders of magnitude
reduction in affinity for the same compounds, respectively
(Table 2). Compound 7a exhibited higher binding affinity for
PfHsp70-z with one order of magnitude difference in comparison to
its affinity for PfHsp70-1 (Table 2). On the other hand, compound
7b had a lower affinity (Kp = 0.281 uM) for PfHsp70-1; and higher
affinity (Kp = 4.75 uM) for PfHsp70-z, respectively. Altogether, this
suggests that compound 7a showed the highest propensity to
recognize both proteins. Notably, the observed varied preference of
some of the compounds for the two PfHsp70 proteins highlights
that despite their apparent sequence conservation, PfHsp70s
possess unique motifs for selective targeting.

Shown in Fig. 5 are the representative SPR sensorgrams repre-
senting direct protein-compound interaction. The sensorgrams
were analysed to generate the kinetics in Table 2. Binding affinity
was evaluated as follows: (A) PfHsp70-1-6h (Kp = 2.19 nM) and
PfHsp70-z-6h (Kp = 0.137 uM); (B) PfHsp70-1-6k (Kp = 0.261 nM)
and PfHsp70-z-6k (Kp = 205 pM); (C) PfHsp70-1-7a
(Kp = 0.114 nM) and PfHsp70-z-7a (Kp = 4.43 nM); (D) PfHsp70-1-
7b (Kp = 0281 pM) and PfHsp70-z-7b (Kp = 4.75 pM); ,
respectively.

SPR based kinetics for the direct interaction of PfHsp70-1 and
Hsp70-z with the various compounds are represented by the rate of
association (Ka), rate of dissociation (Kd) and the steady-state af-
finity (Kp), respectively. The ligand represents the respective
immobilised protein on the CMD 3D 500L chip surface to which the
analyte was injected at a flow rate of 50 pl/min in triplicate. Data
was analysed after double referencing (refractive index changes on-
chip surface without protein immobilised and for buffer injected
without analyte) as a baseline. Data are represented as
mean + standard error of measurement. Chi-square (x°) values
show the 1:1 Langmuir curve fitting residuals.

Furthermore, the cytotoxicity screening of the most potent
molecule, 7a, against human embryonic kidney epithelial (HEK-
293) cells was studied (Table 1). The selective index (SI) of 9.79 was
calculated for the most potent compound by dividing the ICs5g value
of the cytotoxic activity divided by the ICsqg value of the antimalarial
activity. The observed activity suggests that while selectively killing
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Fig. 4. Structure Activity Relationship (SAR) for quinioline-pyrimidine derivatives.
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Fig. 5. Selected synthetic compounds bind P falciparum Hsp70s directly. Plots represent interaction of PfHsp70-1 or PfHsp70-z) as investigated against varying levels of the selected
compounds (6h, 6k, 7a or 7b).

the parasite, compound 7a has a limited cytotoxic effect against 4. Molecular docking scores
mammalian cells at therapeutic dosages; where a safety index of 10

is regarded as safe. To measure the compounds’ fitness at the active catalytic sites of

the two enzymes, molecular docking analysis was performed. The
four compounds were docked into the ATPase active sites of the

Table 2
Kinetics data for the interaction of molecules with P. falciparum recombinant Hsp70 proteins.
Analyte Ligand Kq (1/{M*s)) + est. error Ky (1/s) + est. error Kp (M) + est. error X2
6h PfHsp70-1 3.30 (+0.67) e*%® 1.32 (£0.12) ™2 219 (+0.70) e~* 1.1
PfHsp70-z 5.99 (+0.90) e*t%* 8.24 (+0.76) ™2 1.37 (+0.89) e~ 7.1
6k PfHsp70-1 2.68 (+0.68) et 7.00 (+0.11) ™2 261 (+0.57) e 24
PfHsp70-z 1.34 (+0.99) e 7.48 (+0.60) e™%2 2.05 (+£0.59) e 6.9
7a PfHsp70-1 7.73 (+0.54) e*% 8.81(+0.24) e~ 1.14 (+0.44) e~ 47
PMHsp70-z 2.70 (+0.53) e*%? 1.20 (+0.44) e 443 (+092) e~ 32
7b PfHsp70-1 2.79 (+0.67) e+%® 7.84 (+0.92)e~" 2.81 (£0.35) e~ 88
PfHsp70-z 1.91 (+0.77) e+t 9.06 (+0.83)e™ 475 (+0.55) e~ 7.9
7
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Molecules PfHsp70-1

7a

7b

6h

6k

-8.7 keal/mol \ -8.1 kcal/mol

Fig. 6. Binding modes and docking scores of the molecules to PfHsp70-1 and PfHsp70-z.
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enzymes (PfHsp70-1 and PfHsp70-z) to calculate and examine the
fitness/affinity of the compounds. Based on the computational data,
it is likely that the compounds bind to the ATPase domain for both
proteins in a similar fashion to ATP binding. Suggesting that they
could be competitive inhibitors to ATP binding for PfHsp70-1 and
PfHsp70-z. Fig. 6 represents the binding modes and docking results
of the compounds for each enzyme. Notably, the four compounds
showed relatively good binding scores for PfHsp70-1. Compounds
7a and 6k showed the highest and lowest binding scores
of —9.8 kcal/mol and —8.7 kcal/mol, respectively. The docking result
for PfHsp70-z revealed that compound 7b exhibited the highest
docking score of —8.9 kcal/mol; while, compounds 7a and 6k
showed the lowest values of —8.1 kcal/mol. The results suggest that
the four compounds exhibited better fitness in PfHsp70-1 than
PfHsp70-z. To better understand the binding affinity and structural
mechanisms of inhibition of the four compounds against the two
enzymes, molecular dynamics study on the compounds’ best
binding modes to the enzymes were investigated since molecular
docking scores might give a false positive results.

4.1. Binding energies/affinities of the molecules to PfHsp70-1 and
PfHsp70-z

To calculate the binding free energies of all the finals com-
pounds to the enzymes, Molecular Mechanics/Generalized Born
Surface Area (MMGBSA) computational technique was employed.
Table 3 shows the results of the thermodynamic binding free en-
ergy profiles for the compounds to the two enzymes. All the
compounds showed high binding energies/affinity for PfHsp70-1,
ranging from —46.752 to —56.270 kcal/mol, with compounds 7a
and 7b having the highest free energies of —56.270 kcal/mol
and —53.968 kcal/mol, respectively. Compound 6k exhibited higher

Table 3
Thermodynamic binding free energy profiles for the compounds.

European Journal of Medicinal Chemistry 217 (2021) 113330

binding energy (—49.182 kcal/mol) than 6h (—46.752 kcal/mol).
This result is in consistent with the docking results indicating that
compounds 7a and 7b had the highest docking score for PfHsp70-1.
In the PfHsp70-z systems, compounds 7b and 6k showed the
highest binding affinities of —52.097 kcal/mol and —49.122 kcal/
mol. This is also in consistent with the docking result that showed
compound 7b to have the highest docking score.

Furthermore, as shown in Table 3, compounds 6k and 7b
showed no difference in their binding affinities for the two en-
zymes. Generally PfHsp70-1 showed strong binding energies for
compounds, 6h, 6k, 7a and 7b, than PfHsp70-z. The high binding
affinities recorded suggest possible inhibitory activities of com-
pounds (6h, 6k, 7a and 7b) against the protein folding role of
PfHsp70-1.

4.2. Ligand-receptor interaction profiles of the molecules

The receptor-ligand interaction plots examined the molecular
interactions between the bound compounds and the amino acid
residues at the active sites of an enzyme [21]. To examine the
mechanistic inhibitory characteristics of the four compounds, the
interaction between the compounds and the active site amino
residues of the enzymes were assessed. Fig. 7 and Fig. 8 shows the
2D representation of the interactions plots between the com-
pounds and the different amino acid residues of PfHsp70-1 and
PfHsp70-z, respectively. Van der Waals, H-bond, pi-anion and pi-
akyl are the interactions observed in the PfHsp70-1 complexes.
Structurally related compounds 6k and 6h showed pi-anion in-
teractions with cysteine residues, Cys206 and Cys77, respectively
(Fig. 7).

While compound 7a had pi-anion interaction with Asp5, how-
ever, compound 6h showed no pi-anion interaction, but had a pi-

Energy Components (kcal/mol)

Complex A Evaw AEelec AGgas AGsoiw AGhind
PfHsp70-1
6a —48.805 + 4.167 —10.005 + 3.324 —46.179 + 8.117 20574 + 1.104 —41.485 + 7.544

6b —33.255 + 4.705 —8.775 + 2.751 —39.685 + 2.216 15.111 £ 2.212 —37.323 £ 4245
6c —37.742 + 4235 —9.155 + 1.545 —41.331 + 4114 17.008 + 2.101 —40.137 + 3.038
6d —38.188 + 7.884 —9.288 + 6.002 —42.078 + 4.555 21.000 + 2.414 —36.685 + 5.422
Ge —42.131 £ 7.134 —38.322 + 10.231 64.111 + 9.313 40.120 + 4.223 —47.363 + 4.205
6f —35.777 £ 6.155 —19578 + 3688 —58.124 + 4574 25435 + 2585 —34.898 + 5985
6g —37.903 = 3.241 —21.588 + 2411 —60.004 + 2.660 27.747 + 2.575 —35.999 + 4.257
6h —58.681 + 4.387 —8.298 + 6.244 —66.978 + 7.441 20226 + 4431 —46.752 + 5.806
6i —35.113 £ 4.585 —22.200 + 3471 —51.745 + 3.747 24,155 + 3.886 —33.219 + 3.888
6j —35.989 + 5.100 —24681 + 3812 —57.818 + 5.558 24988 + 4515 —34910 + 4378
6k —59.352 + 5.864 —21.389 £ 6.159 —80.741 + 7.015 31.559 + 5.613 —49.182 + 6.582
7a —65.317 + 4753 —36.744 + 10.146 —102.061 + 12.488 45.791 + 5.010 —56.270 + 9413
7b —58.507 + 4.406 —42.327 + 13.445 100.834 + 12429 46.867 + 6.614 —53.968 + 7.005
Tc —60.688 + 3.181 —31.581 + 8435 —87.481 + 7.700 39.928 + 6.781 —42.823 + 7.880
PfHsp70-z

Ga —40.243 + 2.723 -23.212 + 3.104 —72.126 + 4332 31432 + 3.424 —32.073 + 3.023
6b —34.123 + 4111 —14.423 + 3933 —44.133 + 2811 21331 £ 5121 —30332 + 1.932
6c —41.272 + 3.928 —23.092 + 7.834 —73.023 + 4933 34422 + 5474 —41.324 + 3.339
6d —37.223 + 3983 —21.223 + 7215 —51.443 + 4113 30551 + 5.441 —37525 £ 5251
Ge —35.245 + 4.145 —23.254 + 5444 —47.982 + 2.254 32.268 + 4.141 —33.125 £ 3331
6f —-21.113 + 3.112 —17.723 + 2.863 —32.141 + 4223 19321 + 2113 —29222 + 3432
6g —22.343 + 4422 —19.424 + 2,128 —28.321 + 3.252 20.441 £ 3.938 —26.234 £ 2.224
6h —47.397 + 3.501 —16.487 + 5.949 —63.884 + 7.430 28353 + 5.285 —35.531 + 4910
6i —23.111 £ 2.165 —22.214 £ 3.819 —19.231 + 4122 17.654 + 4.525 —24212 + 2333
6j —42.785 + 3.423 —18.447 + 4.551 —55.957 + 5.541 25415 + 5998 —31.258 + 4.233
6k —61.985 + 4.948 —23.126 + 9.433 —85.111 + 11.737 35990 + 8.178 —49.122 + 6.131
7a —48.129 + 4.947 —28.574 + 12.986 —76.703 + 14.429 41.877 + 7.891 —34.826 + 9.645
7b —60.543 + 3.675 —33.094 + 9310 —93636 + 8.713 41.539 + 5.474 —52.097 + 5.016
Tc —29.105 = 5.500 -20.117 £ 2.234 —45.777 + 424 23425 + 4.646 —30.411 + 4.008

AEele electrostatic energy, AEvdW van der Waals energy, AGbind total binding free energy, AGsol solvation free energy, AEgas gas-phase free energy.
9
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Fig. 7. A depiction of protein-ligand interactions plots with different amino acid residues.

sigma interaction with Cys206. These data revealed that binding
energies are proportional to the number of H-bond and the total
number of interactions observed in the four compounds, where
compounds 7a, 7b, 6k and 6h have total interaction numbers of 29,
23, 17 and 15, respectively. A slightly different interaction was
observed in PfHsp70-z complexes. Unlike the pi-anion interaction
observed in PfHsp70-1, a pi-cation interaction was observed in
PfHsp70-z. Furthermore, pi-pi stacked and donor-donor in-
teractions were also observed. All the compounds showed a sig-
nificant number of H-bond interactions required for stability. A
donor-donor interaction was only observed in compound 7b. The
difference in the number and type of interactions observed for the
two proteins (PfHsp70-1 and PfHsp70-z) could explain the higher
binding energies observed in the PfHsp70-1 complexes.

4.3. Stability and flexibility of the enzymes bound complexes

To examine the stability and dynamics of enzymes-ligand
complexes, 100 ns molecular dynamic (MD) simulations were
performed. Root means square deviation (RMSD), radius of gyration
(RoG), root means square fluctuation (RMSF) and solvent accessible
surface area (SASA) of alpha carbon (Ca) atoms were monitored and
analysed along with the entire duration of 100 ns of the MD
simulation for the unbound and bound enzyme systems. For
PfHsp70-1, the RoG plots revealed the binding of the four com-
pounds lowers the mean RoG values of the four compounds (7a;
35.243 A, 7b; 34.553 A, 6h; 34.183 A, 6k; 31.432 A) when compared
to the unbound PfHsp70-1 systems; 35.973 A (Fig. 9—1a). A similar

10

reduction in average RoG values after the binding of the Brath goo
compounds (7a; 28.272 A, 7b; 28.231 A, 6h; 28.354 A, 6k; 27.642 A)
was also observed in PfHsp70-z complexes when compared with
the average value of the unbound PfHsp70-z system, 28.321 A
(Fig. 9—1). This finding suggests the binding of the compounds
stabilizes the enzymes.

Fig. 9—2 shows the plot of the RMSD values, which is a mea-
surement of the enzyme complexes’ convergence and stability [22].
The plot shows that all the four compounds and the unbound
systems reach convergence after about 8 ns. The RMSD plots for the
complexes revealed that the four complexes are more stable (lower
RMSD values) than the unbound systems of PfHsp70-1 and
PfHsp70-z. This also suggests that the alpha carbon fluctuation of
the compounds converged well during MD simulation. Likewise,
the RMSF of the complexes were studied to examine the flexibility
and stability of individual amino residues of the proteins. RMSF
monitors the behaviour of the active residues of a protein. Higher
and lower fluctuation values indicated more and less flexible
movements, respectively. As shown in Fig. 9-2. ¢, residues
200-300, 305345 and 5525 - 600 fluctuate more in all the four
compounds and the unbound PfHsp70-1 systems. While most of
the residues (150—250) involved in ligand binding fluctuate less.
The plot further revealed that the average RMSF values of the
compounds (7b (3.743 A), 7a (3.771 A), 6h (3.989 A) and 6k
(4.023 A)) were lower (less fluctuation) than the unbound system
with average RMSF value of 4.212 A. For the PfHsp70-z systems,
more flexibility was observed at residues 230—260, 375—400 and
450—475. Unlike the PfHsp70-1 system, compounds 7a and 7b
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Fig. 8. A depiction of protein-ligand interactions plots with different amino acid residues.

exhibited higher average RMSF values (2.942 A and 2.729 A,
respectively) than registered by unbound PfHsp70-1 (2.547 A).
Compounds 6h and 6k exhibited less fluctuation than the unbound
enzyme with average values of 2.4675 A and 2.501 A, respectively.

SASA is another parameter to quantify the enzymes’ exposure to
the solvent environment [23]. The four compounds exhibited an
increase in the exposure of the enzyme to solvent molecules, as
their respective bindings raised the average SASA values when
compared to the unbound PfHsp70-1 (Fig. 9—2d). SASA mean
values of 35100 A2, 34200 A?, 34550 A2, 33800 A? and 33700 A?
were recorded for compounds 7a, 7b, 6h, 6k and unbound
PfHsp70-1. The average SASA values for compounds 7a, 7b, 6h, 6k
and the unbound PfHsp70-z systems are 25900 A2 25100 A2,
25600 A2, 24700 A? and 24800 A? (Fig. 9—2d). The increased SASA
values reported for the compounds showed the binding of the
compounds further exposed the enzyme to a solvent molecule. This
suggests that the structural integrity of the enzyme was not dis-
torted after 100 ns.

4.4. Assessing the drug-likeness of the compounds

Pharmacokinetic properties of the compounds were predicted
using the SwissADME serve [24]. The Lipinski’s rule of five is a set of
rules that assess both the physical and chemical properties of po-
tential drugs to ascertain its safety as an orally active drug [25]. As
shown in Table 4, the four compounds (6h, 6k, 7a and 7b) had no
more than 5 hydrogen bond donors, no more than 10 hydrogen
bond acceptors, thus passed the drug-likeness test and are poorly
soluble in water. The result showed that the four compounds’
partition coefficients (logP) are around 5. Greater logP usually in-
dicates the probability of a drug to permeate the lipid membrane is

11

low [26]. Compounds 7a and 7b were predicted to be lowly
absorbed in the gastrointestinal tract (GIT), while compounds 6h
and 6k were predicted to be highly absorbed. This suggests that the
highly absorbed compounds would attain optimal concentrations
in the systemic circulation than the lowly absorbed compounds.
The blood-brain barrier (BBB) is a protective gate that prevents the
passage of toxic compounds into the brain or the central nervous
system [24]. For the four test compounds (6h, 6j, 7a and 7b) the
number of hydrogen donors ranged between 0 and 5 while
hydrogen acceptors 5 to 7. Thus, indicating that all the test com-
pounds could be considered orally active. None of the four com-
pounds were predicted to permeate the BBB. Bioavailability score is
a measurement of the rate of absorption and quantity of a given
amount of unchanged drug that goes to the systemic circulation
[27]. The four compounds showed a relatively high score of 0.55,
which suggests they all might reach their sites of active with higher
concentrations required for therapeutic effect.

5. Conclusion

In summary, pyrimidine-quinoline analogy inspired chloro-
quine and pyrimethamine antimalarial drugs were designed, syn-
thesised by molecular hybridisation approach and screened for
their antiplasmodial activity. The facile preparation with excellent
yields of these compounds makes synthetic pathway attractive and
versatile. Among the tested compounds, only compound 7a dis-
played the best antiplasmodial activity (ICsp = 0.32 + 0.06 uM),
with a selectivity index of 9.79, which is considered safe. Interest-
ingly, compound 7a bound to both parasite Hsp70 chaperones with
significant affinity, suggesting that one possible mechanism of ac-
tion of this compound could be to abrogate the protein folding
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Fig. 9-1. Plots of alpha C atoms of the PfHsp70-1, 7a, 7b, 6h and 6k, a) RoG plots b) RMSD, c) RMSF and d) SASA plots systems calculated throughout 100 ns MD simulations.

pathway of the parasite. This hypothesis was further supported by
the observed molecular docking scores. Brief SAR studies revealed
that strong activating or electron-donating groups on the meta and
para position of the aromatic group enhanced the activity. Similarly
piperazine or 14-diamino butane linkers were essential for the
activity. The authors believe that the outcome or observation of this
research work would assist in the researchers in designing potent
antimalarial agents.

6. Experimental

All the chemicals used in this research work were purchased
from Sigma-Aldrich and Merck Millipore, South Africa. The
commercially available chemicals benzaldehyde and acetophenone
were purchased from Sigma-Aldrich (South Africa). All the solvents,
except those of laboratory-reagent grade, were dried and purified
when necessary according to previously published methods. The
progress of the reactions and the purity of the compounds were
monitored by thin-layer chromatography (TLC) on pre-coated silica
gel plates procured from E. Merck and Co. (Darmstadt, Germany)
using 36% ethyl acetate in n-hexane as the mobile phase and iodine
vapour as the visualising agent.

The melting points of the synthesised compounds were deter-
mined using a Thermo Fisher Scientific (IA9000, UK) digital melting
point apparatus and are uncorrected. The IR spectra were recorded
on a Bruker Alpha FT-IR spectrometer (Billerica, MA, USA) using the
ATR technique. The 'H NMR and *C NMR spectra were recorded on
a Bruker AVANCE 400 and 600 MHz (Bruker, Rheinstetten/Karls-
ruhe, Germany) spectrometers using CDCl3 and DMSO-ds. The
chemical shifts are reported in units with respect to TMS as an

12

internal standard. HRMS spectra were recorded on an Autospec
mass spectrometer with electron impact at 70 eV.

6.1. A typical procedure for the synthesis of (E) chalcone (1b-1f)

s Ib R=4-Me, R'=4-Cl
o e M lc R=4-Me, R'=4-MeO
RT IR 1d R=4-MeO, R'=4-MeO
le R=34-MeO, R'=4-MeO
If R=34-MeO, R =34-MeO,

To a stirring solution of acetophenone (5 g, 32.34 mmol) in EtOH
(30 ml), a 60% NaOH solution (12 g NaOH/H>0 (20 mL)) was added.
The reaction was stirred at room temperature for 30 min. Benzal-
dehyde (4.7 g, 38.81 mmol) was then added and the reaction
sonicated for 1 h at 35 °C. The progression of the reaction was
monitored by TLC. Excess ethanol was removed under vacuum, and
the reaction mixture was added into 100 g of ice and stirred. The
precipitates formed were filtered, washed with excess water and
dried under vacuum. The crude product was purified by recrystal-
lized in EtOH to obtain the following pure compounds in good
yield.

(E)-1-(4-chlorophenyl)-3-(p-tolyl)prop-2-en-1-one (1b): Yellow
solid, yield: 90%, mp = 162—164 °C; '"H NMR (400 MHz, CDCls, 4,
ppm): 7.96 (d, J = 8.57 Hz, 2H, ArH), 7.78 (d, ] = 15.65 Hz, 1H, ph.-
CH=CH), 7.54 (d, ] = 8.08 Hz, 2H, ArH), 7.47 (d, ] = 8.36 Hz, 2H,
ArH), 7.46-742 (d, ] = 15.65 Hz, 1H, ph-CH=CH), 7.23 (d,

Francis Kayamba

308

UKZN-2020



APPENDIX-IV

F. Kayamba, T. Malimabe, K. Ademola et al.

a e PfHsp70-z
PIHsp70-z + Ta
PMHsp70-z + 7b

——— PfHsp70-z + 6h

PHsp70.z + 6k

b —— PfHsp70.2

—— PIHspT70-z + Ta
PMHsp70-z+7b

———— PfHsp70-z + 6h
PfHsp70-z + 6k

European Journal of Medicinal Chemistry 217 (2021) 113330

<
2 b
(4 )}
M k s",‘ '
I
27.5 ‘rm‘ "‘
1
27.04
T T T T T T T T 1 o 1 L \J A \J A \J T T T 1
0 10 20 30 40 éo 60 0 80 20 100 0 10 20 40 50 70 80 20 100
TIME (ns) TIME (ns)
C 144 d
~——— PfHsp70-z ’
——— PfHsp70-z + 7a 26000 ms";g 4
12 4 PIHsp70-z + 7b sp70-z + 7a
~ PfHsp70-z + 6h PfHsp70-z + 7b
PIHsp70-z + 6k ~ PfHsp70-z + 6h
104 27000 PfHsp70-z + 6k
.
= L
< ! |
-] |
2°] |
44
i wMﬁMJ \Jv"m'i M A\J\ ’
J? 23000
° ' T T T T T T J T J 1
100 150 200 250 300 350 400 450 500 550 0 10 20 40 60 70 80 9 100

RESIDUES

Fig. 9-2. Plots of alpha C atoms of the PfHsp70-z, 7a, 7b, 6h and 6k, a) RoG plots b) RMSD, c¢) RMSF and d) SASA plots systems calculated throughout 100 ns MD simulations.

Table 4
Pharmacokinetic and physicochemical properties of the molecules.

Comp M. Formula

M. Weight (g/mol) H-bond donar H-bond acceptor Lipophilicity (iLOGP Water

GIT BBB Bioavailability Drug likeness (Lipinski)
Solubility Absorption Permeability Score

7a CyoHaeCINSO, 512.00 4 5 5.03
7b  CaeHasCINsO3 528.00 5 6 469
6h  C31HasCINSO, 538.04 0 5 520
6k  C33H3:CINsO4 598.09 0 7 5.16

Poor Low No 0.55 Yes
Poor Low No 0.55 Yes
Poor High No 0.55 Yes
Poor High No 0.55 Yes

] =7.96 Hz, 2H ArH), 2.40 (s, 3H, CH3); '*C NMR (400 MHz, CDCl3, 4,
ppm): 189.28, 145.48, 141.38, 139.09, 136.09, 136.65, 131.96, 129.90,
129.77,128.92, 128.58, 120.46, 21.59 (CH3).

(E)-1-(4-methoxyphenyl)-3-(p-tolyl)prop-2-en-1-one (1c): Yel-
low solid, yield: 96.3%, mp = 125—128 °C; 'H NMR (400 MHz,
CDCls, 6, ppm): 8.04 (d, ] = 8.76 Hz, 2H, ArH), 7.89 (d, ] = 15.60 Hz,
1H, ph-CH=CH), 7.54 (d, ] = 7.95 Hz, 2H, ArH), 7.51 (d, ] = 15.63 Hz,
1H, ph-CH=CH), 7.22 (d, ] = 7.97, Hz, 2H ArH), 6.98 (d, ] = 8.77 Hz,
2H, ArH), 3.88 (s,3H, CH3), 2.39 (s, 3H,CHs); '3C NMR (400 MHz,
CDCls, 6, ppm): 189.43,163.92, 144.64, 141.40,132.92,131.81,131.34,
130.24, 128.96, 121.46, 114.39, 56.06(0CH3), 22.09 (CH3).

(E)-1,3-bis(4-methoxyphenyl)prop-2-en-1-one (1d): yellow solid,
yield: 85.7%, mp = 102—104 °C; 'H NMR (400 MHz, CDCls, 6, ppm):
8.03 (d,J = 8.75 Hz, 2H, ArH), 7.78 (d, ] = 15.58 Hz, 1H, ph-CH=CH),
7.60 (d, ] = 8.66 Hz, 2H, ArH), 7.43 (d, ] = 15.58 Hz, 1H, ph-CH=CH),
6.96 (dd, ] = 17.58, 8.72 Hz, 4H, ArH), 3.89 (s,3H, OCHs), 3.85 (s, 3H,
OCH3); 13C NMR (400 MHz, CDCls, 6, ppm): 189.39, 163.84, 162.09,
162.09, 144.39, 131.95, 131.28, 130.67, 128.40, 120.15, 114.96, 114.36,
56.05 (OCH3), 55.98 (OCH3).

(E)-3-(3,4-dimethoxyphenyl)-1-(4-methoxyphenyl)prop-2-en-1-
one (1e): Yellow solid, yield: 80.6%, mp = 92-94 °C; 'H NMR
(400 MHz, CDCls, 6, ppm): 8.03 (d, J = 8.81 Hz, 2H, ArH), 7.75 (d,
J = 1556 Hz, 1H, ph,-CH=CH), 7.40 (d, ] = 15.56 Hz, 1H, ph-CH=
CH), 7.23 (dd, J = 8.31, 1.64 Hz, 1H, ArH), 7.16 (s, 1H, ArH,), 6.98 (d,
] = 8.81 Hz, 1H, ArH), 6.89 (d, ] = 8.27 Hz, 1H, ArH), 3.94 (s, 3H,
OCH3z), 3.92 (s, 3H, OCH3), 3.88 (s, 3H, OCH3); '*C NMR (400 MHz,
CDCl3, 6, ppm): 189.37, 163.86, 151.83, 149.80, 144.71, 131.89, 131.29,
128.65, 123.53, 120.42, 114.36, 111.70, 110.68, 56.56 (OCH3), 56.54
(OCH3), 56.05 (OCH3).

(E)-1,3-bis(3,4-dimethoxyphenyl)prop-2-en-1-one (1f): Yellow
solid, yield: 99%, mp = 109—111 °C; 'H NMR (400 MHz, CDCls, 4,
ppm): 7.76 (d, ] = 15.54 Hz, 1H, ph,-CH=CH), 7.69 (d, ] = 8.36 Hz,
1H, ArH), 7.62 (s, 1H, ArH) 7.41 (d, ] = 15.54 Hz, 1H, ph-CH=CH),
7.24 (d, ] = 8.44 Hz, 1H, ArH), 7.16 (s, 1H, ArH), 6.92 (dd, ] = 11.73,
8.31 Hz, 2H, ArH), 3.89-3.95 (m, 9H, CH3), 3.92 (s, 3H, CH3); 3C
NMR (400 MHz, CDCls, 6, ppm): 189.26, 153.70, 151.86, 149.81,
144.73, 132.13, 128.64, 123.46, 123.43, 120.25, 111.72, 111.43, 110.81,
110.50, 56.65 (20CH3), 56.57 (20CH3).
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6.2. A typical procedure for the synthesis of 4,6-diphenylpyrimidin-
2-amine(2a-2f)

2a R=4-H, R'=4-H
NH, 2b R =4-Me, R =4<C]
NN 2¢ R=4-Me, R'=4-MeO
i A~ e 2 R=4-MeO, R'=4-MeO
Lz S 2e R=34-Me0O, R'=4-MeO
2f  R=34-MeO, R'=34-MeO,

The reaction mixture of (E)-chalcone (1) (8 g, 31.16 mmol),
guanidine hydrochloride (4.8 g, 49. 86 mmol) and 60% NaOH (12 g
NaOH/H»0 (20 mL)) in EtOH (30 mL) was refluxed for 24 h. The
progression of the reaction was monitored using TLC. Excess
ethanol was removed under vacuum using rotavapor, and the re-
action mixture was then added in 100 g ice water. The precipitate
formed was filtered, washed with excess water and dried. The
crude compound was purified by column chromatography using
EtOAc/hexane (1:4) eluent to obtain the following pure
compounds.

4,6-diphenylpyrimidin-2-amine (2a): Yellow solid, yield: 65%,
mp = 136—138 °C; '"H NMR (400 MHz, CDCls, 4, ppm): 8.07-8.05 (m,
4H, ArH), 751-7.49 (m, 6H, ArH), 7.46 (s, 1H, ArH), 5.35 (s, 2H, NH5).

4-(4-chlorophenyl)-6-(p-tolyl)pyrimidin-2-amine (2b): Yellow
solid, yield: 62%, mp = 162—165 °C; 'H NMR (400 MHz, CDCls, 4,
ppm): 8.00 (d, J = 8.36 Hz, 2H, ArH), 7.95 (d, ] = 7.96 Hz, 2H, ArH),
7.46(d, J = 8.36 Hz, 2H, ArH), 7.369 (s, 1H, ArH), 7.30 (d, ] = 7.380 Hz,
2H, ArH), 5.31 (s, 2H, NH5), 2.43 (s, 3H, CHz); >C NMR (400 MHz,
CDCls, 6, ppm): 166.40, 164.76, 163.63, 140.93, 136.52, 136.25,
134.74, 129.53, 128.95, 128.42, 127.04, 103.64, 21.44 (CH3).

4-(4-methoxyphenyl)-6-(p-tolyl )pyrimidin-2-amine (2c): Yellow
solid, yield: 58%, mp = 127—129 °C; 8.03 (d, ] = 8.64 Hz, 2H, ArH),
8.00 (d,J = 8.36 Hz, 2h, ArH), 7.46 (d, | = 8.36 Hz, 2H, ArH), 7.37 (s,
1H, Pyr-H), 7.00 (d, ] = 8.56 Hz, 2H, ArH) 5.20 (s, 2H, NH>), 3.88 (s,
3H, CH;); 3C NMR (400 MHz, CDCl;, 6, ppm): 165.88, 164.64,
163.55, 161.76, 136.47, 136.47, 129.91, 128.96, 128.64, 128.40, 114.14,
103.18, 55.43 (OCH3).

4,6-bis(4-methoxyphenyl) pyrimidin-2-amine (2d); Yellow solid,
yield: 65%, mp = 171-173 °C; 'H NMR (400 MHz, CDCls, 4, ppm):
8.04 (d, ] = 866 Hz, 4H, ArH), 736 (s, 1H, Pyr-H) 7.00 (d,
J =8.69 Hz4H, ArH), 5.36 (s, 2H, NHy), 3.87 (s, GH, 2CH3); *C NMR
(400 MHz, CDCls, 4, ppm): 165.19, 162.97, 161.77, 129.78, 128.69,
114.15, 102.64, 55.43 (OCH3).

4-(3,4-dimethoxyphenyl)-6-(4-methoxyphenyl) pyrimidin-2-
amine (2e): Yellow solid, yield: 61%, mp = 157—159 °C; 'H NMR
(400 MHz, CDCl3, 6, ppm): 8.04 (d, | = 8.86 Hz, 2H, ArH), 7.71 (d,
] =1.92 Hz, 1H, ArH), 7.63 (dd, | = 8.55, 2.0 Hz,1H, ArH), 7.36 (s, 1H,
Pyr-H), 7.00 (d, | = 8.84 Hz, 1H, ArH), 6.96 (d, ] = 8.45 Hz, 1H, ArH),
5.35 (s, 2H, NH,), 4.00 (s, 3H, CHs), 3.95 (s, 3H, CHs), 3.87 (s, 3H,
CHs).

4,6-bis(3,4-dimethoxyphenyl)pyrimidin-2-amine (2f): Yellow
solid, yield: 67%, 'H NMR (400 MHz, CDCls, é, ppm): 7.71 (s, 2H,
ArH), 7.62 (dd, ] = 8.45,1.69 Hz, 2H, ArH), 7.37 (s, 1H, Pyr-H), 6.96 (d,
J = 8.40 Hz, 1H, ArH), 5.25 (s, 2H, NH5), 4.00 (s, 6H, 2CH3), 3.95 (s,
6H, 2CH3).

6.3. A typical procedure for the synthesis of 4,6-diphenylpyrimidin-
2-ol (3a-3f)

14
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32 R=4H, R'=4-H
OH 3b R=4Me, R =4Cl
NN 3c R=4-Me, R'=4-MeO
s A\~ Y, 3 R=4MeO, R'=4-MeO
\F S 3e R =34-MeO, R =4-MeO
3f  R=34-MeO, R =3.4-McO,

4,6-Diphenylpyrimidin-2-amine (2) (4 g, 12.76 mmol) was dis-
solved in acetic acid (100 mL), and whilst stirring a solution of 10 eq
NaNO; dissolved in H>0 (50 ml) was slowly added at room tem-
perature. The reaction mixture was further stirred for 3 h. The
progression of the reaction was monitored using TLC. The precipi-
tate formed was filtered and washed with excess water and dried
under vacuum. The crude product was recrystallized in EtOH to
obtain the following pure compounds in good yield.

4,6-diphenylpyrimidin-2-ol (3a): Yellow solid, yield: 85%,
mp = 231-234°C; , 'H NMR (400 MHz, DMSO-ds, 6, ppm): 11.96 (s,
1H, Pyr-OH), 8.17 (d, ] = 6.56 Hz, 4H, ArH), 7.57-7.55 (m, 7H, ArH);
13C NMR (400 MHz, DMSO-dg, 6, ppm): 134.78, 131.42, 128.79,
127.54, 100.40.

4-(4-chlorophenyl)-6-(p-tolyl)pyrimidin-2-ol (3b): Yellow solid,
yield: 89%, mp = <300 °C; 'H NMR (400 MHz, DMSO-dg, 6, ppm):
11.83 (s, 1H, Pyr-OH), 8.14 (d, ] = 8.56 Hz, 1H, ArH), 8.13 (d,
] =8.76 Hz, 2H, ArH), 7.79-7.77 (m, 1H, ArH), 7.69 (d, ] = 1.56 Hz, 2H,
ArH), 7.08 (d, ] = 8.84 Hz, 2H, ArH), 3.88 (s, 3H, OCHs), 3.85 (s, 6H,
20CH3).

4-(4-methoxyphenyl)-6-(p-tolyl )pyrimidin-2-ol  (3d):  Yellow
solid, yield: 91%, mp = 235—237 °C; , '"H NMR (400 MHz, DMSO-ds,
6, ppm): 11.85 (s, 1H, Pyr-OH), 8.16 (d, ] = 8.74 Hz, 2H, ArH), 8.04 (d,
J = 797 Hz, 2H, ArH), 744 (s, TH, pyr-H), 7.35 (d, ] = 7.98 Hz, 2H,
ArH), 7.09 (d, ] = 8.97 Hz, 2H, ArH), 3.85 (s, 3H, OCH3), 2.39 (s, 3H,
CH3); ®C NMR (400 MHz, DMSO-dg, 6, ppm): 162.05, 141.51,129.39,
129.35, 127.46, 114.18, 55.46 (OCH3), 55.99 (CH3).

4,6-bis(4-methoxyphenyl)pyrimidin-2-ol (3d): Yellow solid,
yield: 90%, mp = <300 °C; 'H NMR (400 MHz, DMSO-dg, 6, ppm):
11.82 (s, 1H, Pyr-OH), 8.14 (d, | = 8.53 Hz, 2H, ArH), 7.41 (s, 1H, pyr-
H), 709 (d, ] = 8.91 Hz, 2H, ArH), 3.85 (s, 6H, 20CH3), *C NMR
(400 MHz, DMSO-dg, 6, ppm): 162.00,129.32, 114.18, 55.46 (20CH3).

4-(3,4-dimethoxyphenyl)-6-(4-methoxyphenyl )pyrimidin-2-ol
(3e): Yellow solid, yield: 89% mp = 235-237 °C; 'H NMR
(400 MHz, DMSO-ds, 4, ppm): 11.83 (s, 1H, Pyr-OH), 7.79 (d,
J =729 Hz, 2H, ArH), 7.70 (d, ] = 7.71 Hz, 2H, ArH), 7.41 (s, 1H, ArH),
7.10 (d, ] = 8.2 Hz, 2H, ArH), 3.88 (s, 3H, OCH3), 3.85 (s, 3H, OCH3);
13C NMR (400 MHz, DMSO-dg, 4, ppm): 162.00, 151.74, 148.77,
129.37,129.31,121.10,114.7,111.47,110.43, 97.91, 55.71 (OCH3), 55.45
(20CH3).

4,6-bis(3,4-dimethoxyphenyl)pyrimidin-2-ol (3f): Yellow solid,
yield: 93%, mp = <300 °C; '"H NMR (400 MHz, DMSO-dg, 6, ppm):
11.83 (s, 1H, Pyr-OH), 7.79 (d, ] = 729 Hz, 2H, ArH), 7.70 (d,
J=7.71Hz, 2H, ArH), 7.41 (s, 1H, ArH), 710 (d, ] = 8.2 Hz, 2H, ArH),
3.88 (s, GH, 20CH3), 3.85 (s, GH, 20CH3); 3C NMR (400 MHz,
DMSO-dg, 6, ppm): 151.73, 148.72, 12118, 11142, 110.43, 55.66
(40CH3); HRMS (ESI, m/z) [M+Na] calculated for CzgHzgN30s,
391.1270; found 391.1279.

6.4. A typical procedure for the synthesis of 2-chloro-4,6-
diphenylpyrimidine
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42 R=4H, R'=4-H

cl 4b R=4-Me, R =4-Cl
NN 4 R=4-Me, R'=4-McO
@/K/\@ . 4d R=4MeO, R =4-McO
s s | (|l | et g Rt | o6 A

4f  R=34-McO, R =34-McO

A solution of 4,6-diphenylpyrimidin-2-ol (4g, 16.11 mmol) and
0.4 mL DMF in POCl3 (20 mL) was refluxed for 6 h. The reaction
completion was monitored by TLC. The reaction was added into ice
water, and the precipitate formed was filtered, washed with water
and dried under vacuum. The crude compound was purified by
column chromatography using EtOAc/hexane (1:9) eluent to obtain
pure compounds.

2-chloro-4,6-diphenylpyrimidine (4a): yellow solid, yield: 93%,
mp = 115—116 °C; 'H NMR (400 MHz, CDCls, 6, ppm): 8.07-8.05 (m,
4H, ArH), 7.51-7.49 (m, 6H, ArH), 7.46 (s, 1H, ArH), 5.35 (s, 2H, NH3).

2-chloro-4-(4-chlorophenyl)-6-(p-tolyl )pyrimidine (4b): Yellow
solid, yield: 89% 'H NMR (400 MHz, CDCls, 6, ppm): 8.09 (d,
] =8.52 Hz, 2H, ArH), 8.04 (d, ] = 8.16 Hz, 2H, ArH), 7.94 (s, 1H, Pyr-
H), 7.50 (d, ] = 8.52 Hz, 2H, ArH), 7.33 (d, ] = 8.00 Hz, 2H, ArH), 2.44
(s, 3H, CH3); *C NMR (400 MHz, CDCls, 8, ppm): 166.77, 165.13,
161.05, 141.46, 136.88, 133.16, 131.65, 128.83, 128.30, 127.68, 126.37,
109.20, 20.51(CHs).

2-chloro-4-(4-chlorophenyl)-6-(4-methoxyphenyl)pyrimidine
(4c): Yellow solid, yield: 95% 'H NMR (400 MHz, CDCl;, 4, ppm):
8.11 (d,J = 8.84 Hz, 2H, ArH), 8.07 (d, ] = 8.56 Hz, 2H, ArH), 7.88 (s,
1H, Pyr-H), 7.49 (d, | = 8.68 Hz, 2H, ArH), 7.02 (d, | = 8.92 Hz, 2H,
ArH), 3.89 (s, 3H, OCH3); 13C NMR (400 MHz, CDCls, 6, ppm): 167.27,
165.95, 162.75, 162.02, 137.82, 134.25, 129.30, 129.16, 128.67, 127.81,
114.46, 109.62, 55.50 (OCHjs).

2-chloro-4,6-bis(4-methoxyphenyl)pyrimidine (4d): Yellow solid,
yield: 93%, mp = 187—190 °C; 'H NMR (400 MHz, CDCls, 4, ppm):
8.10 (d, ] = 8.48 Hz, 3H, ArH), 7.87 (d, ] = 8.84 Hz, 1H, ArH), 7.85 (s,
1H, Pyr-H), 7.01 (dd, J = 8.50 Hz, 1.74 Hz, 4H, ArH), 3.88 (s, 6H,
20CH3); '3C NMR (400 MHz, CDCl3, 8, ppm): 166.74, 166.52, 162.51,
161.84, 161.58, 131.61, 129.10, 128.19, 127.90, 114.39,113.67, 109.01,
55.49(0CH3z), 55.44 (OCH3).

2-chloro-4,6-bis(4-methoxyphenyl)pyrimidine (4e): Yellow solid,
yield: 93%, mp = 187—190 °C; 'H NMR (400 MHz, CDCls, 8, ppm):
8.10 (d, ] = 8.48 Hz, 3H, ArH), 7.87 (d, ] = 8.84 Hz, 1H, ArH), 7.85 (s,
1H, Pyr-H), 7.01 (dd, ] = 8.50 Hz, 1.74 Hz, 4H, ArH), 3.88 (s, 6H,
20CHs); *C NMR (400 MHz, CDCl3, 6, ppm): 166.74, 166.52, 162.51,
161.84, 161.58, 131.61, 129.10, 128.19, 127.90, 114.39, 113.67, 109.01,
55.49(0CH3), 55.44 (OCH3).

2-chloro-4-(3,4-dimethoxyphenyl )-6-(4-methoxyphenyl)pyrimi-
dine (4f): Yellow solid, yield: 89%, mp = 138—141 °C; 'H NMR
(400 MHz, CDCls, 6, ppm): 8.12 (d, J = 8.88 Hz, 2H, ArH), 7.87 (d,
| = 8.84 Hz, 1H, ArH), 7.85 (s, 1H, Pyr-H), 7.01 (d, | = 8.88, 2H, ArH),
6.96 (d, | = 8.36, 1H, ArH), 4.00 (s, 3H, OCH3), 3.95 (s, 3H, OCHs),
3.88 (s, 3H, OCH3); *C NMR (400 MHz, CDCls, 6, ppm): 164.28,
164.24, 162.78, 161.40, 150.90, 149.06, 131.44, 131.04, 120.01, 113.92,
110.87, 110.05, 99.65, 56.00 (OCH3), 55.95 (OCH3), 55.39 (OCH3).

2-chloro-4,6-bis(3,4-dimethoxyphenyl)pyrimidine (4g): Yellow
solid, yield: 78% mp = 180—183 °C; 'H NMR (400 MHz, CDCl3, 4,
ppm): 7.86 (s, 1H, ArH), 7.74 (s, 2H, ArH), 7.69 (d, ] = 7.12 Hz, 2H,
ArH), 6.97 (d, ] = 7.76 Hz, 2H, ArH), 4.00 (s, 6H, 20CH3), 3.96 (s, GH,
20CH3).
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6.5. A typical procedure for the synthesis of 4,6-diphenyl-2-
(piperazin-1-yl)pyrimidine

Cl N 5a R = ethane-1,2-diamine
= 5d

5¢ R = butane-1,4-diamine

R = propane-1,3-diamine

5d R = piperazin-1-yl

A reaction mixture of 2-chloro-4,6-diphenylpyrimidine (4.0 g,
15 mmol) and piperazine (13.92 g, 150 mmol) in isopropanol
(20 mL) was refluxed for 20 h. The progression of the reaction was
monitored by TLC. The reaction mixture was added to 2 M NaOH
(100 ml) solution, and the precipitate formed was filtered, washed
with water and diethyl ether, and dried under vacuum. The crude
product was purified by recrystallized in EtOAc to obtain the
following pure compounds.

N'-(7-chloroquinolin-4-yl ethane-1,2-diamine (5a): Yellow solid,
yield: 97%, mp = 137—139 °C; 'H NMR (400 MHz, DMSO-dg, 8,
ppm): 8.33 (d, J = 5.48 Hz, 1H, ArH), 8.20 (d, ] = 9.01 Hz, 1H, ArH),
7.76 (d, ] = 1.84 Hz, 1H, ArH), 740 (dd, ] =, 9.00 Hz, 1.85 Hz, 1H,
ArH), 7.26 (s, 1H, -NH), 6.50 (d, ] = 5.56 Hz, 1H, ArH), 3.27 (brs, 2H,
CHy), 2.79 (t,] = 6.38 Hz, 2H, CHy); 3C NMR (400 MHz, DMSO-ds, 4,
ppm): 152.35, 152.27, 150.06, 149.02, 134.24, 12741, 124.78, 117.80,
99.25, 45.58.

N'-(7-chloroquinolin-4-yl )propane-1,3-diamine ~ (5b):  Yellow
solid, yield: 98%, mp = 88—90 °C; 'H NMR (400 MHz, DMSO-d, 6,
ppm): 8.32 (d, ] = 5.06 Hz, 1H, ArH), 8.17 (d, ] = 8.92 Hz, 1H, ArH),
7.75(d, ] = 492Hz, 1H, ArH), 7.68 (br.s, 1H, -NH), 7.40 (d, ] = 7.20 Hz,
1H, ArH), 6.48 (d, J = 5.54 Hz, 1H, ArH), 3.30 (t,] = 6.90Hz, 2H, ArH),
2.66 (t,] = 6,60 Hz, 2H, CH,), 1.74 (q, ] = 6.75 Hz, 2H, CH>), 3C NMR
(400 MHz, DMSO-ds, é, ppm): 151.83, 151.70, 150.36,148.45, 133.64,
126.84, 126.84, 124.22, 123.89, 122.04, 98.61, 40.20.

N'-(7-chloroquinolin-4-yl )butane-1,4-diamine (5¢): White solid,
yield: 99%, mp = 121-124 °C; 'H NMR (400 MHz, DMSO-ds, 4,
ppm): 8.32 (d, ] = 5.48 Hz, 1H, ArH), 8.19 (d, J = 9.01 Hz, 1H, ArH),
7.76 (d, ] = 1.64 Hz, 1H, ArH), 7.39 (dd, | = 8.94, 1.64, Hz, 1H, ArH),
7.36 (br.s, 1H, -NH), 6.44 (d, ] = 5.56 Hz, 1H, ArH), 3.23 (t, ] = 6.90 Hz,
2H, CH>), 2.54 (t, ] = 6.98 Hz, 2H, CH,), 1.62 (q, ] = 6.98 Hz, 2H, CH>),
144 (p, ] = 7.35 Hz, 2H, CH); >C NMR (400 MHz, DMSO-dg, 6,
ppm): 151.25, 149.91, 148.02, 133.19, 126.38, 123.72, 123.43, 116.77,
98.13, 41.79(CH,), 40.88 (CH3), 29.49 (CH3), 24.67 (CHa).

7-chloro-4-(piperazin-1-yl)quineline (5d): Yellow solid, yield:
100%, mp = 113—115 °C;'H NMR (400 MHz, DMSO-dg, 6, ppm): 8.68
(d, ] = 5.00 Hz, 1H, ArH), 8.01 (d, ] = 9.00 Hz, 1H, ArH), 7.96 (d,
| =216 Hz, TH, ArH), 7.53 (dd. ] = 8.98 Hz, 2.26 Hz, 1H, ArH), 3.09-
3.07 (m, 4H, 2CH,), 2.97-2.94 (m, 4H, 2CHy); *C NMR (400 MHz,
DMSO-dg, 6, ppm): 156.42, 151.17, 151.88, 149.61, 148.78, 141.29,
135.36,133.53,128.69, 128.11,128.02, 126.04, 125.80, 125.69, 124.25,
122.03, 121.31, 109.37, 109.37, 51.86, 44.69.

6.6. A typical procedure for the synthesis of N'-(7-chloroquinolin-
4-yl)-N2-(4,6-diphenylpyrimidin-2-yl) ethane-1,2-diamine
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Cl N

K,CO;,

Choa N,
o . X
H'N\L £ “\ I DMF,Mw ol

40 mins
NH,

A solution of 2-chloro-4,6-diphenylpyrimidine (6) (120.65 mg,
0.45 mmol), N'-(7-chloroquinolin-4-yl) ethane-1,2-diamine (5)
(100 mg, 0.45 mmol) and KCOs (125.03 mg, 0.91 mmol) in DMF
(2 mL) was discharged to a microwave at temperature 120 °C,
pressure 150 Psi and power 150 Watts for 40 min. The progression
of the reaction was monitored using TLC. The reaction mixture was
added to ice water. The precipitate formed was filtered, washed
with water and dried under vacuum. The compound was purified
using silica gel in a chromatographic column with eluent 1% MeOH
in DCM to afford the following pure compounds.

7-chloro-4-(4-(4,6-diphenylpyrimidin-2-yl)piperazin-1-yl)quino-
line (6a): Yellow solid, yield: 65% mp = 169—172 °C; 'H NMR
(400 MHz, CDCls, 6, ppm): 8.76 (d, | = 4.35 Hz, 1H, ArH), 8.14 (d,
| = 3.63 Hz, 3H, ArH), 8.08-8.07 (m, 2H, ArH), 7.82 (d, | = 3.44 Hz,
1H, ArH), 7.51-7.48 (m, 8H, ArH), 6.89 (d, | = 8.45 Hz, 1H, ArH), 4.33-
419 (m, 4H, 2CH>), 3.36-3.29 (m, 4H, 2CH>); °C NMR (400 MHz,
CDCls, 6, ppm): 163.76, 157.09, 151.13,150.64, 414.49, 134.83, 129.77,
129.11, 127.48, 127.28, 126.89, 124.60, 123.09, 122.09, 111.96, 103.09,
98.16, 56.37, 40.20, 21.47.

N'-(4-(4-chlorophenyl)-6-(p-tolyl)pyrimidin-2-yl)-N*-(7-
chloroquinolin-4-yl)butane-1,4-diamine (6b): Yellow solid, yield:
84%, mp = 192—194 °C; 'H NMR (400 MHz, CDCls, &, ppm): 8.50 (d,
] = 5.32 Hz, 1H, ArH), 794 (d, J = 1.99 Hz, 1H, ArH), 7.70 (d,
] = 8.43 Hz, 2H, ArH), 765 (d, ] = 7.97 Hz, 2H, ArH), 7.54 (d,
J=8.96 Hz, 1H, ArH), 7.41 (d, ] = 8.44 Hz, 2H, ArH), 7.29 (dd, ] = 8.92,
2.07 Hz, 1H, ArH), 7.24 (d, ] = 8.24 Hz, 3H, ArH), 6.36 (d, ] = 5.34 Hz,
1H, ArH), 5.36 (t, ] = 5.95 Hz, 1H, NH), 5.03 (br.s, 1H, NH), 3.55 (q,
| =3.55 Hz, 2H, CH,), 3.55 (q, ] = 5.55 Hz, 2H, CH3), 2.40 (s, 3H, CHs),
1.85-1.79 (m, 4H, 2CH,) >C NMR (400 MHz, CDCl5, 6, ppm): 160.03,
151.87, 149.66, 148.95, 139.99, 135.92, 135.76, 134.91, 134.46, 130.69,
129.15, 128.76, 128.29, 125.81, 117.08, 114.71, 99.03, 42.98(CH3),
41.16(CHz), 27.45(CH3), 25.93 (CHz), 21.44. (CH3).

7-chloro-4-(4-(4-(4-chlorophenyl)-6-(p-tolyl )pyrimidin-2-yl)
piperazin-1-yl)quinoline  (6¢): Yellow solid, vyield: 82%,
mp = 215—217 °C; 'H NMR (400 MHz, CDCls, é, ppm): 8.74 (d,
] = 4.90 Hz, 1H, ArH), 8.07 (m, 4H, ArH), 8.04 (d, J = 8.16 Hz, 2H,
ArH), 7.47 (d, ] = 8.49 Hz, 3H, ArH), 740 (s, 1H, ArH), 7.31 (d,
] = 8.04 Hz, 2H, ArH), 6.88 (d, ] = 5.00 Hz, 1H, ArH), 4.31 (t,
J = 4.58 Hz, 4H, 2CHy), 3.35 (t, ] = 4.86 Hz, 4H, 2CH;), 2.44 (s, 3H,
CH3); 3C NMR (400 MHz, CDCls, 6, ppm): 163.96, 162.21, 157.09,
151.99, 150.21, 140.96, 136.56, 136.49, 135.05, 129.47, 128.98, 128.39,
127.03, 126.35, 125.15, 122.02, 1032.16, 101.90, 52.33, 44.00, 21.46.

N'-(7-chloroquinolin-4-yl)-N-(4-(4-methoxyphenyl)-6-(p-tolyl)
pyrimidin-2-yl)ethane-1,2-diamine (6d): Yellow solid, yield: 88%,
mp = 154-157 °C; 'H NMR (400 MHz, CDCls, , ppm): 8.43 (d,
J=3.67 Hz, 1H, ArH), 8.15 (s, 1H, ArH), 8.01 (br, s, 4H, ArH), 7.81 (s,
1H, ArH), 7.40 (s, 1H, ArH), 7.34 (d, ] = 7.09 Hgz, 3H, ArH), 7.11-7.02
(m, 3H, ArH), 6.46 (br, s, 1H, NH), 6.30 (d. J = 5.28 Hz, 1H, ArH), 5.90
(s.br, 1H, NH), 4.05-4.04 (m, 2H, CHy), 3.97 (s, 3H, CHs), 3.51-3.50
(m, 2H, CHa), 2.46 (s, 3H, CH3); '3C NMR (400 MHz, CDCls, 3, ppm):
163.89, 157.23, 151.26, 150.77, 134.97,129.90, 129.24,127.62,127 42,
127.02, 124.74, 112.10, 103.23, 98.29, 56.50, 40.33, 21.60, 14.25.

N'-(7-chloroquinolin-4-y1)-N*-(4-(4-methoxyphenyl)-6-(p-tolyl)
pyrimidin-2-yl)propane-1,3-diamine (6e): Yellow solid, yield: 76%,
mp = 97—99 °C; 'H NMR (400 MHz, CDCls, 4, ppm): 8.42 (s, 1H,
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ArH), 8.09 (d, J = 1.99 Hz, 1H, ArH), 7.91 (t, ] = 16.44 Hz, 5H, ArH),
742 (d, ] = 8.73 Hz, 1H, ArH), 7.28 (s, 2H, ArH), 7.00-6.94 (m, 2H,
ArH), 6.37 (d, ] = 4.89 Hz, 1H, ArH), 5.69 (brs, 1H, -NH), 5.48 (t,
J = 4.89 Hz, 1H, -NH), 3.96 (s, 3H, OCH3), 3.81 (q, ] = 6.16 Hz, 2H,
CH3), 3.52-3.48 (m, 2H, ArH), 2.44 (s, 3H, CH3), 2.10 (q, ] = 6.09 Hz,
2H, CH3); 13C NMR (400 MHz, CDCls, 6, ppm): 166.06, 164.01, 163.17,
156.82,140.94,135.07,129.58, 128.99,127.06, 126.68, 125.26, 122.97,
121.37,111.83, 102.59, 56.32 (OCH3), 40.59 (C—NH>), 38.75(C—NH2y),
28.89(CH>), 21.44 (CH3).
7-chloro-4-(4-(4-(4-methoxyphenyl)-6-( p-tolyl)pyrimidin-2-
yl)piperazin-1-yl)quinoline (6f): Yellow solid, vyield: 83%,
mp = 191-193 °C; FTIR (ATR, vmax, cm-1): 3038 (C—H), 2998 (C—H
of CH3), 2956 (C—H of CHz), 1438—1565 (C=C of Ar), 1237 (C-0),
773 (C—Cl), 'H NMR (400 MHz, CDCl3, 6, ppm): 8.74 (d, ] = 4.96 Hz,
1H, ArH),), 812 (d, ] = 8.80 Hz, 2H, ArH), 8.08 (s, 1H, ArH), 8.06 (d.
J=5.69 Hz, 1H, ArH), 8.04 (d,J = 8.09 Hz, 3H, ArH) 7.47 (dd, ] = 8.99,
1.99 Hz, 1H, ArH), 740 (s, 2H, CH3), 7.30 (d, ] = 8.04 Hz, 2H, ArH),
7.01 (d, ] = 8.79 Hz, 2H, ArH), 6.88 (d, ] = 5.02 Hz, 1H, ArH), 4.31-
4.29 (m, 4H, 2CH,), 3.89 (s, 3H, OCH3), 3.35 (t, = 4.83 Hz,4H, 2CH>)
2.43 (s, 3H, CH3); '3C NMR (400 MHz, CDCl3, 8, ppm): 164.71,162.12,
157.13, 151.96, 151.25, 150.17, 149.17, 135.06, 130.93, 128.94, 126.35,
125.19, 122.00, 120.24, 110.96, 110.13, 109.14, 101.48, 56.11(20Me),
56.04 (20Me), 52.38 (2CH3y), 44.03 (2CHa), 21.44 (CH3).
N'-(4,6-bis(4-methoxyphenyl)pyrimidin-2-y1)-N*-(7-
chloroquinolin-4-yl)butane-1,4-diamine (6g): Yellow solid, yield:
83%, mp = 144145 °C; FTIR (ATR, vmax, cm-1): 3256 (N—H), 3069,
2932 (C—H, CHs), 1573-1450 (C=C, Ar) 1239 (C—-0), 763 (C—Cl); 'H
NMR (400 MHz, CDCls, 6, ppm): 8.38 (d, ] = 5.57 Hz, 1H, ArH),), 8.03
(d, J = 8.81 Hz, 3H, ArH), 791 (d, J = 2.10 Hz, 1H, ArH), 7.76 (d,
J=8.69Hz, 1H, ArH), 7.62 (d,] = 8.97 Hz, 1H, ArH), 7.30 (s, 1H, ArH),
7.21 (dd, J = 7.20, 2.04 Hz, 1H, ArH) 6.96 (d, ] = 8.72 Hz, 5H, ArH),
6.35 (d,] = 5.61 Hz, 1H, ArH), 5.55 (brss, TH, NH), 5.40 (t, ] = 6.01Hz,
1H, NH), 3.85 (s, 6H, 20CH,), 3.66 (m, 1H, NH),), 5.56- 5.48 (m, 1H,
NH), 3.19 (s, 6H, 2CH3), 3.81-3.60 (m, 2H, CH3), 3.51 (q, ] = 6.27 Hz,
2H, CH>), 3.51 (q, ] = 6.10 Hz, 2H, CH5), 1.91-1.82 (m, 4H, 2CH,); 13C
NMR (400 MHz, CDCl3, 4, ppm): 164.91, 162.99, 161.58, 150.40,
135.35, 130.97, 130.41, 128.45, 127.51, 125.47, 212.41, 116.86, 114.03,
113.37, 101.53, 99.89, 55.40 2(0OCH3s), 42.99 (C—NH), 40.84 (C—NH),
27.42 (CHy), 25.96 (CH>); HRMS (ESI, m/z) [M+Na]™; calculated for
C31H30CIN503, 562.1972, found 562.1986.
4-(4-(4,6-bis(4-methoxyphenyl)pyrimidin-2-yl )piperazin-1-yl )-
7-chloroquinoline (6h): Yellow solid, yield: 87%, mp = 191195 °C;
FTIR (ATR, vmax, cm-1): 3037, 2996 (C—H, CH3), 1604-1419 (C=C,
Ar) 1242 (C—-0), 812. (C—Cl); 'H NMR (400 MHz, CDCls, é, ppm):
8.74(d,] = 4.98 Hz, 1H, ArH), 8.11 (d, ] = 8.85 Hz, 3H, ArH), 8.13-8.01
(m, 2H, ArH), 7.86 (d, ] = 8.84 Hz, 1H, ArH) 7.47 (dd, ] = 9.05, 2.01 Hz,
1H, ArH), 7.37 (s, 1H, ArH), 7.01 (d, ] = 8.81 Hz, 4H, ArH), 6.88 (d,
J = 5.03 Hz, 1H, ArH), 4.31-4.29 (m, 4H, 2CH>), 3.88 (s, 6H, 2CH3),
3.35 (t,J = 4.88 Hz, 4H, 2CH3), 1.29 (s, 3H, CH3); 13C NMR (400 MHz,
CDCl3, 6, ppm): 164.71, 162.12, 157.13, 151.96, 151.25, 150.17, 149.17,
135.06, 130.93, 128.94, 126.35, 125.19, 122.00, 120.24, 110.96, 110.13,
109.14, 101.48, 56.11(20Me), 56.04 (20Me),52.38 (2CHy), 44.03
(2CH3); HRMS (ESI, m/z) [M+H]"; calculated for C3yH3CIN5O,,
538.2010, found 538.2030.
N1-(7-chloroquinolin-4-yl)-N4-(4-(3,4-dimethoxyphenyl)-6-(4-
methoxyphenyl)pyrimidin-2-yl)butane-1,4-diamine (6i); Yellow
solid, yield: 93% mp = 130—132 °C; FTIR (ATR, vmax, cm~'): 3080
(C—H), 2935 (C—H of CH3), 2956 (C—H of CH3), 1438—1601 (C=C of
Ar), 1179, 1260 (C—0), 773 (C—Cl), '"H NMR (400 MHz, CDCls, 4,
ppm): 8.39 (d, J = 5.52 Hz, 1H, ArH), 7.99 (d, ] = 8.77 Hz, 3H, ArH),
7.89 (brs.1H, ArH), 7.73 (d, J = 8.72 Hz, 1H, ArH), 7.46-7.42 (m, 1H,
ArH), 7.28 (s, 1H, ArH) 6.96 (d, ] = 8.80 Hz, 1H, ArH), 635 (t,
J=4.47 Hz, 1H, ARH), 5.83-5.76 (m, 1H, NH), 5.56-5.49 (m, 1H, NH),
3.87 (s, 6H, 20CHs3), 3.85 (s, 3H, OCH3), 3.78 (t, ] = 5.76 Hz, 2H,
2CH3), 3.48 (t, ] = 5.81 Hz, 2H, CH,), 2.07 (q, ] = 5.81 Hz, 2H, CH>);
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13C NMR (400 MHz, CDCl5, 6, ppm): 164.71, 162.13, 157.13, 151.96,
151.25, 150.17, 149.17, 135.06, 130.93, 128.94, 126.35, 125.19, 122.00,
120.24, 110.96, 110.13, 109.14, 101.48, 56.11 (20Me), 56.04 (OMe),
52.38 (2CH3), 44.03 (2CH>).

7-chloro-4-(4-(4-(3,4-dimethoxyphenyl)-6-(4-methoxyphenyl)
pyrimidin-2-yl)piperazin-1-yl)quinoline (6j): Yellow solid, yield:
79% mp = 201204 °C; FTIR (ATR, vmax, cm-1): 3276 (C—N), 3073,
2839 (C—H of CH3), 1572-1430 (C=C Ar) 1298 (C—0), 763 (C—Cl), 'H
NMR (400 MHz, CDCls, 8, ppm): 8.74 (d, ] = 4.97 Hz, 1H, ArH), 8.12
(d,] = 8.81 Hz, 2H, ArH), 8.08 (m, 2H, ArH), 7.74-7.70. (m, 2H, ArH),
747 (dd. ] = 9.01, 1.99 Hz, 1H, ArH), 7.36 (s, 1H, ArH), 7.02 (d,
J = 877 Hz, 2H, ArH), 698 (d, ] = 8.27 Hz, 1H, ArH), 6.89 (d,
| = 5.02 Hz, 1H, ArH), 4.31 (t, ] = 4.40 Hz, 4H, 2CH>), 4.01 (s, 3H,
CH3), 3.96 (s, 3H, CHz), 3.89 (s, 3H, CHz), 3.36 (t, J = 4.40 Hz, 4H,
2CH>); 3C NMR (400 MHz, CDCls, 6, ppm): 161.64, 157.15, 151.98,
151.19,150.20, 149.15, 135.04, 130.99, 130.56, 128.95, 128.58, 126.33,
125.20, 122.03, 120.22, 114.04, 110.96, 110.07, 109.15, 101.25, 56.08,
56.04, 52.38, 44.03.

4-(4-(4,6-bis(3,4-dimethoxyphenyl)pyrimidin-2-yl)piperazin-1-
yl)-7-chloroquinoline  (6k):  Yellow solid, vyield: 88%,
mp = 249—251 °C; FTIR (ATR, vimax, cm-1): 3080 (C—H), 2935 (C—H
of CHs3), 2956 (C—H of CH3), 1438—1601 (C=C of Ar), 1179, 1260
(C—0), 773 (C—CI), '"H NMR (400 MHz, CDCl3, &, ppm): 8.74 (d,
| =4.96 Hz, 1H, ArH), 8.08 (m, 2H, ArH), 7.75-7.70 (m, 4H, ArH) 7.47
(dd, J = 9.01, .99 Hz, 1H, ArH), 7.36 (s, 1H, ArH), 6.98 (d, | = 8.40 Hz,
2H, ArH), 6.89 (d, ] = 5.01 Hz, 1H, ArH), 4.30 (t,] = 410Hz, 4H, 2CH2),
401 (s, 6H, 20CH3), 3.96 (s, 6H, 20CH3), 3.36 (t, ] = 4.73 Hz, 4H,
2CH>); *C NMR (400 MHz, CDCls, 6, ppm): 164.71, 162.13, 157.13,
151.96, 151.25, 150.17, 149.17, 135.06, 130.93, 128.94, 126.35, 125.19,
122.00, 120.24, 110.96, 110.13, 109.14, 101.48, 56.11(20Me), 56.04
(20Me), 52.38 (2CH3), 44.03 (2CH>).

6.7. A typical procedure for the synthesis of 4-(2-(4-(7-
chloroquinolin-4-yl)piperazin-1-yl)-6-(4-hydroxyphenyl)
pyrimidin-4-yl)benzene-1,2-diol

Cl N, cl N,
i [IE
N. 48% HBr inaq N
) ORI i )
,NL MW, 40 min, 100°C E
NN NN
i il
~0 o gl HO OH
Ta 8a

7a (50 mg, 0.10 mmol) in 48% aqueous HBr (2 mL) was dis-
charged into a microwave and radiated at temperature 100 °C,
pressure 300 PSI and power 300 W for 40 min. Using TLC, the
development of the product was monitored. The precipitate formed
was filtered and washed with water and diethyl ether. The crude
product was recrystallized in ethanol to afford the following pure
compounds in good yield.

4,4’-(2-((4-((7-chloroquinolin-4-yl Jamino )butyl Jamino )pyrimi-
dine-4,6-diyl)diphenol  (7a); Yellow solid, yield: 93%,
mp = 214—216 °C; FTIR (ATR, Vimax, cm™'): 3351 (0—H), 3256 (N—H),
3061, 2944 (C—H, CHs), 1443—1576 (C=C, Ar), 1281 (C—0), 791
(C—CI):"H NMR (400 MHz, CDCls, é, ppm): 13.06 (s, 1H, ph-OH),
1037 (br, s, 1H, ph-OH), 9.39-9.37 (m, 1H, NH), 8.55 (d, ] = 9.21 Hz,
ArH), 8.52 (br, s, 1H, NH), 8.24-8.05 (m, 4H, ArH), 7.90 (d, ] = 2.05 Hz,
1H, ArH) 7.71 (dd, ] = 9.08, 2.07 Hz, 1H, ArH), 7.66 (s, 1H, ArH), 7.30-
7.23 (m, 4H, ArH), 6.36 (d,] = 5.32 Hz, 1H, ArH), 5.36 (t,] = 5.94 Hz,
1H, ArH), 6.93 (d,J = 7.16Hz, 5H, ArH), 5.62-2.61 (m, 4H, 2CH,), 1.83
-1.80 (m, 4H, 2CH,); *C NMR (400 MHz, CDCl3, 6, ppm): 160.68,
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158.96, 155.90, 143.31, 138.84, 138.55, 134.17, 131.27, 129.70, 127.36,
127.33, 126.01, 119.51, 116.74, 115.83, 115.03, 114.89, 102.66, 100.54,
99.19, 99.13, 43.45, 40.95, 26.55, 25.43; HRMS (ESI, m/z) [M+H]™;
calculated for CogH35CIN505, 512.1853; found 512.1844.

4-(2-((4-((7-chloroquinolin-4-yl Jamino )butyl)amino )-6-(4-
hydroxyphenyl)pyrimidin-4-yl )benzene-1,2-diol (7b): Yellow solid,
yield: 89%, mp = 221—223 °C; FTIR (ATR, vinax, cm™): 3418 (O—H),
3228 (N—H), 2927 (C—H of CH3), 1439—1568 (C=C of Ar), 1273
(C—0), 759 (C—Cl); 'H NMR (400 MHz, CDCls, 5, ppm): 9.90 (brs,
2H, 2ph-OH), 8.80 (br, s, 1H, ph-OH) 8.50 (d, J = 9.13 Hz, 1H, ArH),
8.41 (d, ] = 6.64 Hz, 1H, ArH), 8.03 (d, J = 8.66 Hz, 4H, ArH), 8.24-
8.05 (m, 4H, ArH), 7.87 (d, ] = 1.96 Hz, 1H, ArH), 7.64 (dd, ] = 9.12,
2.12 Hz, 1H, ArH), 7.44 (s, 1H, ArH), 7.09 (t, ] = 5.87 Hz, 1H, NH), 6.82
(br, s, 4H, (1INH, 3ArH)), 6.76 (d, | = 6.66 Hz, 1H, ArH), 3.59-3.194 (m,
6H, 2CH>), 2.06 (t, ] = 6.60 Hz, 2H, ArH); 13C NMR (400 MHz, CDCls,
6, ppm): 163.08,160.17,154.32,145.95,137.11,128.97,128.78,126 .47,
125.67, 122.67, 116.60, 115.78, 114.92, 99.91, 99.15, 4149, 40.61,
38.98, 28.23.

4-(2-(4-(7-chloroquinolin-4-yl)piperazin-1-yl)-6-(4-
hydroxyphenyl )pyrimidin-4-yl )benzene-1,2-diol (7c): Yellow solid,
yield: 94%, mp = < 300 °C; FTIR (ATR, vmax, cm™!): 3418 (O—H),
3228 (N—H), 2927 (C—H of CHz), 1439-1568 (C=C of Ar), 1273
(C—0), 759 (C—Cl); 'H NMR (400 MHz, CDCls, 4, ppm): 9.93 (s, H,
ph-OH), 9.43 (br, s, 1H, ph-OH),), 9.08 (s, H, 2ph-OH), 8.73 (d,
J = 496 Hz, 1H, ArH), 820 (d, /| = 9.00 Hz, 1H, ArH), 8.13 (d,
J = 855 Hz, 2H, ArH), 8.01 (d, J = 1.97 Hz, 1H, ArH), 7.73 (d,
] = 2.04 Hz, 1H, ArH), 7.62-7.56 (m, 2H, ArH), 7.53 (s, 1H, ArH), 7.10
(d, J = 5.12 Hz, 1H, ArH), 6.90 (d, ] = 8.56 Hz, 2H, ArH), 6.87 (d,
J = 8.28 Hz, TH, ArH), 4.19 (brs, 4H, 2CH;); *C NMR (400 MHz,
CDCl3, 4, ppm): 164.63, 164.30, 162.03, 160.36, 157.13, 148.64,
145.95, 134.42,129.81, 129.30, 129.13, 128.01, 126.86, 128.01, 126.86,
126.37, 121.73, 119.50, 116.06, 116.00, 115.89, 115.24, 114.85, 109.92,
100.28, 52.22, 43.99, 40.53.

7. Pharmacological evaluation
7.1. Antiplasmodial activity

The chloroquine-sensitive strain of P. falciparum (NF54) was
maintained continuously in vitro in supplemented RPMI-1640
culture media at 37 °C and gassed with a mixture of 5% CO;, 3%
0> and 92% Ny [28]. 5% D-sorbitol was used to synchronise the
culture in the ring stage [29]. To determine the antimalarial activity
of the compounds, the synchronised ring-stage parasites were
adjusted to a final parasitaemia of 2% and 2% haematocrit, to which
serial dilutions of the compounds and positive control, quinine
were added after a 24 h incubation. Negative controls included
uninfected erythrocytes and drug-free parasitised erythrocytes.
Following a further 48 h incubation period, the plates were frozen
at —70°Cfor 1 h and thawed for 1 h. Lysate (25 pl) were transferred
to a second plate, to which 100 pl Malstat™ and 20 pl nitroblue
tetrazolium-phenazine ethosulphate (1:1) mixture was added to
each well and incubated for 40 min at 37 °C to quantify the parasite
lactate dehydrogenase (pLDH) activity [30]. Thereafter, 5% acetic
acid was added to each well, and the absorbance of the formazan
products read at 620 nm, as an indicator of parasite viability. The
percentage parasite growth, taking the appropriate controls into
account, were calculated and used to determine the concentration
required to inhibit parasite growth by 50% (ICso value) from log
sigmoid dose-response curves using the GraphPad Prism® 5.0.0
software. Each experiment was repeated in triplicate [31,32].
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8. Toxicity assays
8.1. Cell viability assay

Human embryonic kidney epithelial (HEK-293) cells were
maintained at 37 °C in a humidified environment with a 5% CO2 as a
monolayer in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum, 100 IU/ml penicillin and
100 pg/ml streptomycin. A cell suspension (10 000 cells/well) was
incubated at 37 °C for 48 h with serial dilutions of compounds/
positive control. A final concentration of less than 1% DMSO had no
effect on the viability of the cells. Thereafter, 40 pul of (3-(4, 5-
dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT;
5 mg/ml in phosphate buffer saline (pH 7.3)) was added to each well
and incubated for a further 2 h. DMSO was used to dissolve the
formazan crystals and then quantified spectrophotometrically at an
absorbance of 540 nm with a reference wavelength of 690 nm
(Labsystems Multiskan RC) [33]. Percent cellular viability was
determined using the appropriate controls and used to calculate
the ICsp values which were compared to the positive control,
camptothecin. The experiment was repeated in triplicate [34,35].

8.2. Determination of binding affinity of select synthetic compounds
to P. falciparum Hsp70

Recombinant forms of two essential cytosol localized
P. falciparum Hsp70s; PfHsp70-1 and PfHsp70-z were expressed in
E. coli and purified using nickel affinity chromatography following a
previously described approach [20]. The binding affinities of the
proteins for four selected compounds were determined by SPR
analysis using the BioNavis™ 420A ILVES MP-SPR (BioNavis, Tam-
pere, Finland) at 25 °C as previously described [20]. A running
buffer, degassed PBS Tween 20 (4.3 mM Na,HPO,, 1.4 mM KH,PO,,
137 mM NaCl, 3 mM KCl, 0.005% (v/v) Tween 20, and 20 mM EDTA;
pH 7.4) was used. The recombinant proteins were immobilised as
ligands at 0.5 pg/ml onto functionalized 3D carboxymethyl dextran
sensors (CMD 3D 500L; BioNavis, Tampere, Finland). Immobiliza-
tion of ligands was achieved through amine coupling after 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC) [Sigma Aldrich,
Germany] and N-hydroxy-succinimide (NHS) [Sigma Aldrich, Ger-
many]| activation following a protocol provided by the manufac-
turer (BioNavis, Tampere, Finland) to achieve <200 RUs. A reference
channel without immobilised protein served as a control for non-
specific binding and changes in refractive index. As analyte, com-
pounds (6h, 6k, 7a, and 7b) were prepared into aliquots of 0, 1.25,
2.5,5 and 10 nM injected three times at a flow rate of 50 ul/min into
each flow cell. Injections with buffer only were used as controls.
Association between ligand and analyte was allowed for 3 min, and
dissociation was monitored for a total of 10 min. Kinetics steady-
state equilibrium constant data was processed after double refer-
encing of the sensorgrams and concatenating the responses of all
five analyte concentrations by global fitting using TraceDrawer
software version 1.8 (Ridgeview Instruments, Sweden).

8.3. Molecular docking

The molecular docking software utilized in this study was the
Autodock Vina Plugin available on Chimera [36], with default
docking parameters. Homology model of PfHsp70-1 (PlasmoDB
accession number: PF3D7_0818900) and PfHsp70-z (PlasmoDB
accession number: PF3D7_0708800.1) were also built using
chimera software [37]. Gasteiger charges were added to the com-
pounds, and the non-polar hydrogen atoms were merged to carbon
atoms. The PCs were then docked into the active site pocket of
PfHsp70-1 and PfHsp70-z (by defining the grid box with a spacing
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of 1 A and size 0f 35 x 43 x 45 and 43 x 40 x 32 pointing in x, y and z
directions respectively). The four compounds’ systems were then
subjected to molecular dynamics simulations.

8.4. Molecular dynamic (MD) simulations

The MD simulation was performed as described by Idowu et al.
(2019) with little modification. The simulations were performed
using the GPU version provided with the AMBER package (AMBER
18), in which the FF18SB variant of the AMBER force field [38] was
used to describe the systems.

ANTECHAMBER was used to generate atomic partial charges for
the compounds by utilizing the Restrained Electrostatic Potential
(RESP) and the General Amber Force Field (GAFF) procedures. The
Leap module of AMBER 18 allowed for the addition of hydrogen
atoms, as well as Na™ counter ions for neutralization all (both
PfHsp70-1 and PfHsp70-z) systems. The amino acids were
numbered, numbering residues 1—658 for PfHsp70-1 and 1-567
for PfHsp70-z. The systems were then suspended implicitly within
an orthorhombic box of TIP3P water molecules such that all atoms
were within 8 A of any box edge [39].

An initial minimization of 2000 steps were carried out with an
applied restraint potential of 500 kcal/mol for both solutes, were
performed for 1000 steps using the steepest descent method fol-
lowed by 1000 steps of conjugate gradients. An additional full
minimization of 1000 steps were further carried out using the
conjugate gradient algorithm without restraint. A gradual heating
MD simulation from 0 K to 300 K was executed for 50 ps, such that
the systems maintained a fixed number of atoms and fixed volume.
The solutes within the systems were imposed with a potential
harmonic restraint of 10 kcal/mol and collision frequency of 1.0 ps.
Following heating, an equilibration estimating 500 ps of each sys-
tem was conducted; the operating temperature was kept constant
at 300 K. Additional features such as several atoms and pressure
were also kept constant mimicking an isobaric-isothermal
ensemble. The system’s pressure was maintained at 1 bar using
the Berendsen barostat [40,41].

The total time for the MD simulations conducted were 100 ns. In
each simulation, the SHAKE algorithm was employed to constrict
the bonds of hydrogen atoms [42]. The step size of each simulation
was 2 fs, and an SPFP precision model was used. The simulations
coincided with the isobaric-isothermal ensemble (NPT), with ran-
domized seeding, the constant pressure of 1 bar maintained by the
Berendsen barostat [40], a pressure-coupling constant of 2 ps, a
temperature of 300 K and Langevin thermostat [43] with a collision
frequency of 1.0 ps.

8.5. Post-dynamic analysis

Analysis of Root Mean Square Deviation (RMSD), Root Means
Square Fluctuation (RMSF), Solvent accessible surface area (SASA)
and Radius of Gyration (RoG) was done using the CPPTRAJ module
employed in the AMBER 18 suit. All raw data plots were generated
using the Origin data analysis software [44].

8.6. Binding free energy calculations

To estimate and compare the binding affinity of the systems, the
free binding energy was calculated using the Molecular Mechanics/
GB Surface Area method (MM/GBSA) (Ylilauri, M., Pentikdinen,
2013). Binding free energy was averaged over 100000 snapshots
extracted from the 100 ns trajectory. The free binding energy (AG)
computed by this method for each molecular species (complex,
ligand, and receptor) can be represented as:
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AGpind = Geomplex — Greceptor — Giigand (1)
AGping = Egas + Ggo) = TS (2)
Egas =Eint + Eyaw + Eele (3)
Gsol =Ggp + Gsa (4)
Gsa = YSASA (5)

The term Egas denotes the gas-phase energy, which consists of
the internal energy Einy; Coulomb energy Eeje and the van der Waals
energies Eyaw. The Egas was directly estimated from the FF14SB
force field terms. Solvation free energy, G, Was estimated from
the energy contribution from the polar states, GGB, and non-polar
states, G. The non-polar solvation energy, SA. GSA, was determined
from the solvent-accessible surface area (SASA), using a water
probe radius of 1.4 A. In contrast, the polar solvation, GGB, the
contribution was estimated by solving the GB equation. S and T
denote the total entropy of the solute and temperature,
respectively.
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