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ABSTRACT

Malaria is a disease that is caused by various Plasmodium species, with Plasmodium
falciparum and vivax being the most prevalent. The disease is usually mostly severe in
pregnant women and children under the age of five. The 2020 World Malaria Report from
WHO estimated 241 million new malaria cases and 627000 malaria deaths globally. In
comparison to 2019, there has been an increase of approximately 14 million new cases
and 69000 deaths. Approximately 47000 of these additional deaths were caused by
interruptions in malaria diagnosis, prevention, and treatment during the COVID-19
pandemic. Emergence of resistance towards previously effective anti-malarial drugs, has

resulted in an urgent need for the development of new drugs with new modes of action.

A series of imidazopyridazine and pyrazolopyrimidine derivatives have been reported to
be potent against sensitive (NF54) strain of the human malaria parasite Plasmodium
falciparum. In this study we focused on synthesizing a new library of imidazopyridazine
and pyrazolopyrimidine derivatives, with substituents at 3- & 6- positions and 3- & 5-
positions respectively. The compounds were successfully synthesized and characterized
by NMR and HRMS. The imidazopyridazine derivatives percentage yields ranged from
38% to 70%, whereas the percentage yields for the pyrazolopyrimidine derivatives ranged
from 41% to 75%. All the imidazopyridazine compounds were evaluated for their in vitro
antiplasmodial activities against NF54 strain and inhibitory activity against Plasmodium
falciparum cGMP-dependent protein kinase (PfPKG) and Plasmodium vivax
phosphatidylinositoil 4-kinase type Il beta (PvPI4KB). The pyrazolopyrimidine
compounds were only evaluated for their in vitro antiplasmodial activity against the NF54

strain.

Imidazopyridazine compounds 20B, 20D, 20E, 20F, 20M and 200 demonstrated in vitro
antiplasmodial activity of below 6 M against NF54 strain, which was used as a cutoff to
determine good activity versus moderate activity. Imidazopyridazine compounds 20A,
20C, 20G, 20H, 20I, 20J, 20K, 20L and 20N demonstrated a moderate activity of greater
than 6 uM against NF54 strain. Imidazopyridazine compounds 20H, 20K, 20L and 20N
demonstrated good activity against both PfPKG and PvPI4Kp with ICso values ranging
from 0.96 uM to 5.04 uM and 0.006 uM to 0.071 uM, respectively. Imidazopyridazine

X



compounds 20A, 20B, 20C, 20D, 20E, 20F, 20G, 20I, 20J, 20M and 200 demonstrated
moderate activity of greater than 10 uM against PfPKG and good activity against PvPI14K[3
with 1Cso values ranging from 0.006 uM to 0.643 uM.

From the pyrazolopyrimidine scaffold, compounds 39A (0.013 uM) and 39E (0.009 uM)
demonstrated the highest activities against the NF54 strain. The reduction of the
pyrazolopyrimidine scaffold did not improve the potency, as it was seen with compounds
39A (0.013 uM) reduced to 40A (0.197 uM), compound 39B (0.190 uM) reduced to 40B
(2.056 uM) and compound 39C (1.504 uM) reduced to 40C (2.113 uM). 3-(Methylsulfonyl)
phenyl was a better substituent to have on the left-hand side of the pyrazolopyrimidine
core scaffold than 4-(methylsulfonyl) phenyl substituent. Pyrazolopyrimidine compounds
demonstrated very good in vitro antiplasmodial activity against the sensitive (NF54) strain
as compared to the imidazopyridazine compounds. Therefore, pyrazolopyrimidine is a
better scaffold to explore to eradicate malaria. Compounds 38A, 38A, 39B, 39D and 39E
have a selectivity index of more than 100, therefore they will be progressed further for

solubility, chemical stability, microsomal stability (m,r,h) and in vitro PfK1, Dd2 assays.
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CHAPTER 1: LITERATURE REVIEW

1.1. MALARIA

Malaria is a very dangerous and fatal disease that is caused by a Plasmodium parasite
that a mosquito carries [1]. The Plasmodium species which cause the disease are P.
falciparum, P. vivax, P. malariae, P. ovale and P. knowlesi [2]. Among the five
Plasmodium species that cause malaria, the Plasmodium falciparum is the most prevalent
cause of malaria and the deadliest species [3], and it was responsible for about 500
thousand deaths in 2018 and over 220 million clinical cases, with pregnant women and
young children under the age of five being the most affected. Plasmodium vivax is the
next prevalent cause of malaria, and it was responsible for 64% of malaria cases in the
Americas and 30% of the cases in Southeast Asia [4]. The World Health Organization

(WHO) 2019 report has recorded above 90% malaria cases in Sub-Saharan Africa alone
[5].

The 2020 World Malaria Report from WHO estimated 241 million new malaria cases and
627,000 malaria deaths globally. In comparison to 2019, there has been an increase of
approximately 14 million new cases and 69,000 deaths. The interruptions in malaria
diagnosis, prevention, and treatment during the COVID-19 pandemic have resulted in
approximately 47,000 of these additional deaths [6]. Symptoms of malaria are usually not
specific and commonly include high fever, shaking chills, headache, cough, back pain,
weakness, malaise, gastrointestinal distress (vomiting, diarrhea, nausea), flu-like illness,
neurologic complaints (coma, confusion, dizziness, disorientation) and complications that
can lead to death [7]. Fortunately, indoor spraying with insecticides, the use of insecticide-
impregnated bed-nets, appropriate drug therapies, vaccines, and global health
investments have reduced the mortality rate of malaria by more than 60% between 2000
and 2016 [8].

Resistance to mostly used anti-malarial drugs, most notably chloroquine 1, mefloquine 2,
and quinine 3, has been observed in P. falciparum, the most dangerous parasite species.
Resistance is a problem mostly in Africa and Southeast Asia. For example, chloroquine’s
treatment failure rates of 70%—-80% have been stated, which was previously the most

affordable and widely accessible anti-malarial drug [9].
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Monotherapy is no longer utilized to treat malaria since Plasmodium falciparum has a
high level of parasite resistance to most medications. Thus, the World Health
Organization (WHO) recommends the use of artemisinin-based combination therapies
(ACTs) [10], which are based on the concurrent use of medications with several
mechanisms of action to avoid recurrence and delay the emergence of parasite
resistance [11]. Despite the efforts that people take to control or prevent malaria, parasite
resistance to antimalarial drugs and mosquito resistance to insecticides, has resulted in
urgent need for the development and synthesis of new antimalarial drugs with the new

mechanism of action [12].
1.1.1. Plasmodium life cycle

Malarial Infection commences when an infected female anopheles mosquito injects
Plasmodium sporozoite when it bites a human being, where they reach the blood stream.
The sporozoite will then travel to the liver within 10-15 minutes via blood and take up
residence in the liver cells and infect hepatocytes [13]. In the liver, the sporozoites multiply
asexually and become merozoites which are collectively known as schizont. The liver
cells will then burst, releasing merozoites into the bloodstream. Following erythrocytes
invasion, merozoites transform into rings, trophozoites and schizonts, each of which

release up to 32 merozoites [8].

Clinical malarial symptoms result after this asexual blood phase. A certain portion of the
merozoites develop into gametocytes, which can reach a mosquito after a period of
maturation which lasts for 10 days following a blood meal [8]. Once in the mosquito, the
gametocytes develop into male and female gametes which will in turn fuse to form a
zygote, the zygote will then form an ookinete and finally the oocyst. Multiple asexual
replications take place in the oocyst with sporozoites until the oocyst ruptures and
releases the sporozoites into the salivary glands of the mosquito, which will in turn be
transmitted to the human host during another blood meal, hence completing the cycle as
shown in Figure 1 [14] [15].
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1.2. THERAPY

Malaria is a serious, potentially fatal disease that should be treated as soon as possible,
more especially when caused by Plasmodium falciparum. Malaria treatment should
ideally not begin until the diagnosis has been confirmed with laboratory assay results.
Once malaria has been diagnosed, appropriate antimalarial treatment must be started
immediately [15]. The patient’s clinical status, the type of Plasmodium species causing
infection, the area in which the infection was acquired, pregnancy status, the age of a
patient, drug resistance status, and the patient’s history of drug allergies are used to
determine the drug regime used to treat patients with malaria [16]. Centers for Disease
Control and Prevention (CDC) recommends the use of chemoprophylaxis, which involve
antimalarial medications, that are taken before, during and after travel to an area or

country affected with malaria [16].

Plasmodium drug resistance has emerged, and it is growing worldwide, more especially
in endemic areas. Resistance to atovaquone 4, proguanil 5, mefloquine 2 and
combination therapy with artemisinin has been reported in addition to quinine 3 and
chloroquine 1 (Figure 2), which were previously effective antimalarial drugs [6]. The two
most important aspects of malaria control and elimination are early diagnosis and timely
treatment with effective antimalarial drugs [17]. Various antimalarial drugs have been
used to treat and control malarial. Here we will discuss the classification of antimalarials
based on their anti-plasmodial activity on the Plasmodium lifecycle and chemical
structure. We will also discuss artemisinin-based combination therapies (ACTs) which are

currently recommended by the World Health Organization (WHO).

1.2.1. Classification of antimalarial drugs

1.2.1.1. Classification of antimalarial agents according to their anti-plasmodial
activity.

Antimalarial drugs are categorized into gametocidal, blood schizonticides, prophylaxis,

sporontocides and tissue schizonticides with respect to their anti-plasmodial activity as

shown on Figure 2 [18].

Gametocidal are used to prevent the spread of malaria from an infected person to an

uninfected female Anopheles mosquito. They Kkill the parasite's female and male



gametocytes in the blood stage of the malaria parasite lifecycle. Artemisinin 6 and
chloroquine 1 are two examples of gametocidal.

Blood schizonticides are administered to disrupt asexual red blood cell forms of

Plasmodium parasites and cease early malaria symptoms. Halofantrine 7, sulfadoxine 8,

mefloquine 2, and quinine 3 (Figure 2) are examples of blood schizonticides.

Prophylactic antimalarial bioactives are used to prevent malaria infections in people

traveling from nonmalaria countries to malaria-endemic countries, particularly those with
weakened immune systems. Pyrimethamine 9, proguanil 5, and primaquine 10 (Figure

2) are examples of preventative medications.

Sporontocidal antimalarial drugs prevent the development of oocytes in Plasmodium

parasites during the mosquito stage of the Plasmodium life cycle, thereby preventing
disease transmission. Primaquine 10 and pyrimethamine 9 are examples of sporontocidal

drugs.

Tissue schizonticides are used to avoid the relapse of P. ovale and P. vivax parasites

caused by hypnozoites in the Plasmodium life cycle's liver stage. Tissue schizonticides

include pyrimethamine 9 and primaquine 10.

1.2.1.2. Classification of antimalarial drugs according to their chemical structure
Classes of antimalarials are categorized based on their chemical structure as shown on
Figure 2. They are categorized into 4-aminoquinolines (amodiaquine 11 and chloroquine
1), hydroxynaphthoquinones (atovaquone 4), sulfonamides (sulfadoxine 8),
diaminopyrimidines (pyrimethamine 9), 8-aminoquinolines (primaquine 10), biguanides
(proguanil 5 and chloroproguanil 14), 4-quinolinemethanols (mefloquine 2), artemisinin
derivatives (Artemether 12a and artesunate 12b) and quinoline-based cinchona alkaloids
(quinine 3 and quinidine 13) [18].
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1.2.2. Artemisinin

Artemisinin 6, also known as sweet wormwood, is an antimalarial drug derived from the
plant Artemisia annua L [19]. The semi-synthetic derivatives of artemisinin are
artemether, artesunate and dihydroartemisinin and are potent drugs recognized for their
ability to rapidly decrease the number of Plasmodium parasites in the blood of malaria
patients [20]. Professor Tu Youyou made the discovery in 1972, for which she was
awarded the Nobel Prize in Physiology or Medicine in the year 2015 for her contribution
to artemisinin extraction, purification, and testing [21]. Artemisinin has been used in
traditional Chinese medicine as an antimalarial treatment and to reduce fever, among

other things, and this led to Professor Tu Youyou'’s discovery [22].

The synthesis process of artemisinin is complicated and costly, and the compound's
primary commercial source remains the extraction, isolation, and purification of Artemisia
annua leaves [21]. Artemisinins are unique in that they clear parasitemia faster than any
other antimalarial, including quinine. Their effectiveness can be attributed to the fact that
these substances target both the early and late erythrocytic parasite stages, in contrast
to most antimalarial medications. They enable the parasites to be taken out of the host’s
red blood cells, thus, eliminating them from blood circulation and avoiding these parasite

stages from growing and sequestering in the vessels [20].

1.2.2.1. Artemisinin-based Combination Therapies (ACTS)

The World Health Organization (WHO) recommends that malaria be diagnosed using
microscopic or biochemical tests before beginning treatment. In 2016, approximately 409
million ACT treatment courses were administered. ACTs were administered to 70% of the
patients [4]. In most endemic countries, ACT which combines artemisinin or its derivatives
with other antimalarial drugs which are referred to as partner drugs, is currently used as
first and second line treatment for uncomplicated Plasmodium falciparum malaria as well
as for Plasmodium vivax malaria resistant to chloroquine [23], [24]. Although both agents
are required for the ACT to be effective, artemisinin is important for minimizing parasite
biomass in the first 3 days of treatment. The companion drug then aids in the elimination
(cure) of the remaining parasitic infections [25]. As a result, two agents collaborate to

achieve effective clinical and parasitological cures and are thought to protect each other



from resistance development. The two agents can be administered together either as a
single capsule or co-administered in separate capsules [24].

The World Health Organization (WHO) currently recommends five ACTs for children and
adults with uncomplicated falciparum malarial from the 2015 and 2021 malaria guideline
[26]: Artemether + lumefantrine (AL), artesunate + amodiaquine (ASAQ), artesunate +
mefloquine (ASMQ), dihydroartemisinin + piperaquine (DP), artesunate + sulfadoxine-
pyrimethamine (ASSP). Artesunate-pyronaridine (ASPY), a sixth ACT, was just added to
the 2021 guideline under strict conditions [26]. The introduction of ACTs has been
essential in lowering the prevalence of malaria and deaths associated with it over the past
ten years, particularly in sub-Saharan Africa, which carries most of the burden of the
global malaria burden. This is in addition to widespread distribution of insecticide-treated
bed nets and chemoprevention in pregnant women and children [27].

1.2.2.2. Triple Artemisinin-based Combination Therapies (TACTS)

Triple Artemisinin-based Combination Therapies (TACTs) are being developed to
address the growing issue of P. falciparum resistance to artemisinin and their partner
drugs in artemisinin combination therapies (ACTs) [28]. TACTs combine approved
artemisinin-based combination therapies (ACTs) with a third commonly utilized
antimalarial drug, such as mefloquine and amodiaquine. The primary objective is that
incorporating the artemisinin derivative with two different partner drugs that have
opposing resistance mechanisms will increase the therapeutic lifetime of drug
combinations, since the two partner drugs offers mutual protection against the emergence

of resistance [29].

TACTs are potent, well tolerated, safe, efficacious and are available as an alternative to
ACT and other antimalarial drugs. TACTs are readily accessible as a new option for
uncomplicated falciparum malaria treatment. They could potentially improve treatment
outcomes in areas like the Greater Mekong Subregion where resistance to artemisinin
and partner drugs have been reported. TACTs deployment may delay the development
and spread of resistance in areas where such resistance has not yet emerged [30]. The
efficacy and safety of Dihydroartemisinin-piperaquine plus mefloquine and artemether-

lumefantrine plus amodiaquine have been studied from seventeen sites in Asia and one



site in Africa [31]. These combinations also made use of the counteracting resistance
mechanisms between piperaquine versus mefloquine and lumefantrine versus
amodiaquine that were discovered in field and laboratory research. Dihydroartemisinin-
piperaquine plus mefloquine was 98 percent successful in Thailand, Cambodia, and
Vietnam [22].

In an area with multidrug-resistant parasites, the triple ACT artemether-lumefantrine plus
amodiaquine is a well-tolerated and successful therapy for uncomplicated Plasmodium
falciparum malaria. Adding amodiaquine to artemether-lumefantrine roughly halves the
risk of reemergence, and this might be the recommended treatment in areas where
artemisinin resistance exists. Artemether-lumefantrine plus amodiaquine offers an
alternative first-line treatment for Plasmodium falciparum malaria in the Southeast of Asia,
with an anticipated longer beneficial therapeutic lifetime than currently prescribed ACTs
[23].

1.3. KINASES

Protein and lipid kinase are two classes of molecular drug targets that have been
extensively studied in a variety of disease areas [9]. Protein kinases catalyze the
phosphorylation of amino acids like tyrosine (Y), Serine (S) and Threonine (T) in protein
substrates. Protein kinases play an important role in signal transduction pathways in cells
[32]. Lipid phosphoinositides are universal signaling molecules that are involved in nearly
every aspect of cellular function, which include cell division, growth, membrane trafficking
and organelle identity of the parasite [9].

1.3.1. Plasmodium kinases

Plasmodium kinases have been reported as viable targets for the new antimalarial
generation, due to their involvement in several critical stages in the parasite life cycle and
have surfaced as promising antimalarial drug targets [1]. The two targets that have
recently received a lot of attention are cyclic guanidine monophosphate (cGMP)-
dependent protein kinase (PKG) [12] and phosphatidylinositol-4-kinase (PI14K) [1].
Plasmodium PI4K and PKG inhibitors have demonstrated the potential to block
transmission and to offer liver stage protection in addition to asexual blood-stage activity.

For example, MMV390048 15, which targets Plasmodium PI14K was the first Plasmodium
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kinase inhibitor to enter clinical development for malaria treatment [33]. PI4K inhibitors
include KDUG91 16 and PKG inhibitors include ML10 17 and trisubstituted pyrimidine 18
(Figure 3) [9].
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Figure 3: Plasmodium kinases inhibitors.
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1.3.1.1. PKG

PKG is a serine/threonine protein kinase that is activated by the cyclic GMP (cGMP) and
has been identified as a potential chemotherapeutic target in Plasmodium and related
parasites such as Eimeria tenella and Toxoplasma gondii [34] [35]. Plasmodium
falciparum PKG (PfPKG) activities are critical in various parasite lifecycle stages, where
they regulate various biological processes such as merozoite invasion and egress, the

liver cell invasion, gametogenesis, ookinete motility and sporozoite motility [36].

In accordance with their activities, inhibiting PfPKG prevents parasite pathogenicity and
development at various stages of the parasite lifecycle. When compared to human PKG
(hPKG), PfPKG has a significant different ATP-binding pocket, which can provide
selectivity. A threonine (Thr618) occupies the gatekeeper position in PfPKG, this
threonine has a shorter side chain as compared to methionine, which occupies the same
space in hPKG. Therefore, it is projected that the gatekeeper pocket next to the ATP
binding pocket will be more accessible in PfPKG than in hPKG. Thus, Plasmodium
falciparum PKG (PfPKG) inhibitors that can safely cure and/or prevent infection have
been developed because of these properties [34]. A series of various compounds which
inhibit Plasmodium falciparum PKG (PfPKG) as a drug target have been reported in
recent years. A library of thiazoles [36], imidazo[4,5-b]pyridines [36], imidazopyridines
[8], MMV030084 [37], imidazopyridazine [38] and pyrazolopyridines [11] are amongst
compounds that showed potency against PfPKG.

1.3.1.2. Phosphoinositide lipid kinases (PIKs)

Phosphoinositide lipid kinases (PIKs) control a variety of cellular functioning including
membrane trafficking, survival, and cell proliferation. Three types of phosphoinositide lipid
kinases (PIKs) include phosphatidylinositol-4-kinase (PI4K), phosphatidylinositol-3-
kinase (PI3K) and phosphatidylinositol phosphate kinase (PIPK) [39].

PIKs play an essential role in the cellular functioning of the parasite. Phosphatidylinositol-
3-kinase (PI3K) and phosphatidylinositol-4-kinase (P14K) are the most widely studied
Phosphoinositide lipid kinases (PIKs) in Plasmodium species. The lipid kinases play an
important role in the survival of the Plasmodium parasite. Phosphatidylinositol-4-kinase
(P14K) has been widely studied as a drug target in malaria research as compared to

11



Phosphatidylinositol-3-kinase (PI3K) and phosphatidylinositol phosphate kinase (PIPK)
[40], therefore, our focus will be on PI4K as a potential drug target.

Phosphatidylinositol-4-kinase (PI4K) catalyzes the conversion of phosphatidylinositol (PI)
to phosphatidylinositol-4-phosphate (PI4P). Plasmodium PI14K is crucial for membrane
trafficking and signal transduction, and it has been established as a reliable drug target
for the treatment, prevention, and eradication of malaria [1]. The 2-aminopyridine
MMV390048 [1], imidazopyrazine [41], imidazopyridazine [38] and pyrazolopyridines
[11] have been reported as potential Plasmodium PI4K inhibitors.

Recently, the Prof Chibale group reported different compounds that are known to inhibit
cyclic guanidine monophosphate (cGMP)-dependent protein kinase (PKG) and
Phosphatidylinositol-4-kinase (P14K). Initially, a series of compounds based on scaffold
19 were designed, with the aryl group at the 3-position fixed as a pyridyl and variations at
the 6-position introduced. Based on encouraging preliminary in vitro Absorption
Distribution Metabolism and Excretion (ADME) data with 4-methylsulfonylphenyl
substituent, this encouraged them to set 3-positition as 4-methylsulfonylphenyl instead of
4-pyridyl as illustrated on scaffold 20, resulting in the identification of highly potent (ICso
<10 nM, against multidrug resistant strain (K1) and sensitive strain (NF54)) and
metabolically stable compounds 21 and 22 [2]. Compound 23 was the first compound in
the imidazopyridazine series to cure mice from the Plasmodium berghei infection and has
improved in vivo efficacy, solubility, and exposure as compared to compound 22 [42]
(Figure 4).

Changes were made to the imidazopyridazine heterocycle to improve the previously
reported structure activity relationship (SAR) properties, improve in vivo efficacy,
pharmacokinetics (PK), and selectivity over the human ether-a-go-go-related gene
(hERG). Other studies involving imidazopyridines and imidazolopiperazines which
showed good pharmacokinetics (PK) and good in vivo efficacy influenced their strategy
[42]. Hence, the scaffolds based on the imidazopyridazine will be explored even further
in this work. The plan is to build on the scaffolds and make more derivations, introducing

groups of varying polarities to check the effect of polarity and the effect of the substitution
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around the ring. This study focuses on the derivations around imidazolopyridazine and

pyrazolopyrimidine scaffolds.
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Figure 4: Antiplasmodium compounds with their respective multidrug resistant strain (K1)

and sensitive strain (NF54).
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1.4. IMIDAZOPYRIDAZINES

The imidazopyridazine scaffold has been linked to a variety of pharmacological
properties, including antimalarial, anticancer, antiviral, antitubercular, antisense and
antidiabetic [43]. Imidazopyridazine derivatives have been reported to inhibit Mitogen-
activated protein kinase interacting protein kinases (MNKs) which have recently gained
interest from research institutions and pharmaceutical companies as a tumor treatment
target [44]. Imidazopyridazine scaffolds have demonstrated excellent inhibition of the
mammalian target of rapamycin (MTOR) which is known to promote cancer cell growth
and play a role in mediating cellular functioning such as autophagy, apoptosis, and cell
cycle regulation [45]. The imidazopyridazine is also known to inhibit the Plasmodium
falciparum calcium-dependent protein kinase 1 (PfCDPK1) enzyme which is recognized
to play a crucial role in the Plasmodium’s life-cycle stages and red blood cell invasion.
The inhibition of this enzyme's function is believed to be a novel mechanism for treating

malaria.

Antiplasmodium imidazopyridazine compounds 24 and 25 have previously been shown
to target PI4K and PKG independently [33]. Imidazo[1,2-b]pyridazine was first
synthesized in the early 1960s by Yoneda and colleagues [46]. It is an essential class of
imidazoazine family, which is made up of imidazole ring and pyridazine moiety fused
together [47]. The Drug Discovery and Development Center (H3D) and Medicine for
Malaria Venture (MMV) have designed a novel antimalarial drug lead MMV652103 22
based on the imidazopyridazine scaffold, which showed good in vitro activity against
sensitive (NF54) and multidrug resistance (K1) strains of P. falciparum. Additionally,
MMV652103 22 displayed 98 percent activity in a 4-day in vivo Plasmodium berghei
mouse model [48].

1.5. PYRAZOLOPYRIMIDINE

Pyrazolopyrimidine is a very interesting heterocyclic motif because of its synthesis and
pharmacological properties. Allopurinol, anagliptin, dinaciclib, dorsomorphin, indiplon,
lorediplon, ocinaplon, pyrazophos, sildenafil, tisopurine and zaleplon are some of the
drugs that contain the pyrazolopyrimidine nucleus. Pyrazolopyrimidines are cyclin-

dependent kinase (CDK) inhibitors, anti-bacterial, anti-fungal, anti-leishmania, anti-
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proliferative and anti-viral agents. Furthermore, pyrazolopyrimidines act as central
nervous system depressants, antitrypanosomal and sedative, COX-1 and COX-2
selective inhibitors, serotonin 5-HT6 receptor antagonists, tuberculostatic and

corticotrophin releasing factor (CRF) 1 receptor antagonists [49].

It is well known that heterocyclic compounds having a pyrazolopyrimidine nucleus as a
pharmacophore are incredibly versatile and effective at unfolding lead molecules with
pharmacological activity [50]. There are several pyrazolopyrimidine isomers known, the
most important of which are 1H-pyrazolo[3,4-d]pyrimidine, 1H-pyrazolo[4,3-d]pyrimidine,
and pyrazolo[1,5-a]pyrimidine. Most importantly, there is a similarity between the
pyrazolopyrimidine moiety and the deoxyribonucleic acid’s adenine moiety, which
inspires scientists to develop diverse synthetic methodologies and assess their biological
activities. All the isomers associated with pyrazolopyrimidine are biologically active in
nature and are marketed as pharmaceutical agents [51].

1.6. LIPOPHILICITY

Lipophilicity is a fundamental drug phenomenon that is widely used in drug discovery to
estimate pharmacokinetics and pharmacodynamics, and it is related to the solubility of
the molecule and its passive passage through biological membranes [52]. The role of
lipophilicity in drug action has been extensively studied, beginning with pioneering work
by Overton and Meyer at the end of the nineteenth century and progressing through the
work of Fieser and later Hansch [53]. The logarithm of the partition coefficient between n-
octanol and water (LogP) is used to determine the Lipophilicity of the compound [52].
Lipinski’s rule of five states that compounds are more likely to have poor absorption when
the number of hydrogen bond donors (HBD) is greater than five, the number of hydrogen
bond acceptors (HBA) is greater than ten, molecular weight is greater than 500 g/mol and
the calculated n-octanol/water partition coefficient (CLogP) is greater than five [54]. High
lipophilicity, on the other hand, frequently results in the formation of a compound with
rapid metabolic turnover, low solubility, and poor absorption. It can also cause side effects

and toxicity by promoting binding to unwanted hydrophobic protein targets [55].
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1.7. AIM AND OBJECTIVES

1.7.1. Aim

The aim of the study is to synthesize new imidazopyridazine and pyrazolopyrimidine
derivatives that will be tested for their antimalarial activity through the inhibition of PvP14K
and PfPKG.

1.7.2. Objectives
i.  To synthesize a new library of imidazopyridazine derivatives, with substituents
at 3- and 6-positions.
ii.  To synthesize a new library of pyrazolopyrimidine derivatives, with substituents
at 3- and 5-positions.
iii. To evaluate the activity of the synthesized compounds against Plasmodium
falciparum.
iv.  To investigate the inhibition of PvPI4K and PfPKG kinases with the synthesized

compounds.
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CHAPTER 2: DESIGN, SYNTHESIS, AND CHARACTERIZATION OF
IMIDAZOPYRIDAZINE AND PYRAZOLOPYRIMIDINE DERIVATIVES.

2.1. INTRODUCTION
Chapter 2 will discuss the design, synthesis, and characterization of imidazopyridazine

and pyrazolopyrimidine derivatives which addresses the following objectives:

i. To synthesize a new library of imidazopyridazine derivatives, with substituents at
3- and 6-positions.
ii.  To synthesize a new library of pyrazolopyrimidine derivatives, with substituents at
3- and 5-positions.
iii. To evaluate the activity of synthesized compounds against Plasmodium
falciparum.
iv. To investigate the inhibition of PvPI4K and PfPKG kinases by the synthesized

compounds.

The first-generation series refers to the imidazopyridazine scaffold and the second
generation refers to the pyrazolopyrimidine scaffold.

2.2. DISCUSSION OF THE FIRST-GENERATION SERIES

Imidazopyridazine scaffold has been reported to be potent against the sensitive strain
(NF54) and the multidrug resistant strain (K1) of the Plasmodium falciparum as per prior
work [1], [2]. We were interested in exploring this scaffold even further by fixing 4-
(methylsulfonyl) phenyl substituent on the right-hand side (3-position) and make a series
of derivatives by making changes on the left-hand side (6-position). Based on the
previous research [1], [2], the best substituent to have on the 3-position was 4-
(methylsulfonyl) phenyl, which prompted us to expand the scope and test for activity

against the Plasmodium kinases.

2.2.1. The synthesis of 6-chloroimidazo[1,2-b]pyridazine (29) and 6-chloro-3-
lodoimidazo[1,2-b]pyridazine (30).

We initiated our investigation with the synthesis of 6-chloroimidazo[1,2-b]pyridazine 29
using the method reported by Le Manach et.al [1]. A commercially available 6-
chloropyridazin-3-amine 27 and bromoacetaldehyde diethylacetal 28 were used to
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synthesize compound 29. Ethanol (EtOH) and water (H20) were combined to be used as
a solvent system and hydrobromic acid (HBr) was introduced as shown on reaction
Scheme 2.1. The reaction was left to reflux for 18 hours (hrs). Compound 29 was
obtained in 70% vyield in the first attempt. In the second attempt, the pH of the reaction
mixture was adjusted to pH 7 and the yield improved to 96%. The compound was
characterized using Proton Nuclear Magnetic Resonance (*H NMR). Figure 2.1 shows
the *H NMR for compound 29 (spectrum A). Spectrum A shows that the proton peaks
were observed between § 7.10 ppm and 6 8.01 ppm and this correlates with what was
expected and reported from literature [1]. This data confirms that the correct compound

was synthesized.

Compound 29 was further iodinated on the 3-position to afford compound 30. The
resonance effect makes this position more favorable for substitution. The reaction was
done using N-lodosuccinimide (NIS) in N,N-Dimethylformamide (DMF) solvent at room
temperature (25 °C) for four days (Scheme 2.1). Compound 30 was obtained in 74% vyield
and characterized with *H NMR. Compound 30 (spectrum B) in Figure 2.1 shows a total
of three hydrogens which comprises of two doublets (d) and one singlet (s). The two
doublets resonate at § 7.21 - § 7.24 ppm and § 8.05 - § 8.08 ppm respectively, and the
singlet resonates at § 7.89 ppm. Spectrum B shows the disappearance of the signal
peak at § 7.95 ppm due to the iodine incorporation. It is also evident that there are fewer
hydrogens in spectrum B as compared to spectrum A. There is also a shifting of
chemical shifts, and the splitting pattern has changed from doublet in spectrum A to a
singlet in spectrum B due to the incorporation of iodine. The data confirm the successful
synthesis of compound 29 and compound 30, and it correlates with what was expected

and reported [2].
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Figure 2.1: *H NMR for compound 29 and compound 30.
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2.2.2. The synthesis of 6-chloro-3-(4-(methylsulfonyl)phenyl)imidazo[1,2-
b]pyridazine (32).

A Suzuki cross coupling reaction was performed on compound 30 to afford compound
32. The 4-(methylsulfonyl) phenyl boronic acid 31 was coupled on the right-hand side (3-
position). The reaction was done in 1,4-dioxane solvent at 90°C for 18 hrs using
bis(triphenyphosphine)palladium(ll) dichloride (Pd(PPhs)2Cl2) as a catalyst and
potassium carbonate (K2CO3) as a base (Scheme 2.2). 'H NMR and Carbon-13 Nuclear
Magnetic Resonance (**C NMR) were both used to characterize compound 32 and it was

obtained in a yield ranging from 60% to 75%.

Figure 2.2 shows the *H NMR for compound 32 (spectrum B) and its starting material
30 (spectrum A). Spectrum B shows the appearance of the methyl sulfonyl signal peak
at § 3.10 ppm and the two doublets (d) between § 8.06 ppm and § 8.30 ppm with each
integrating for two hydrogens, indicating the incorporation of 4-(methylsulfonyl) phenyl
substituent. There is a shifting of chemical shifts and an increased number of hydrogens
from the phenyl ring in spectrum B as compared to spectrum A. Spectrum B also shows
a total of ten hydrogens compared to three hydrogens of compound 30 in spectrum A.
The 13C NMR in Figure 2.3 shows the incorporation of the methyl sulfonyl carbon peak
at § 44.6 ppm and the carbon peaks between § 128.0 ppm and § 140.0 ppm, indicating
that the para substituted phenyl carbon peaks were incorporated. The data from both H
NMR and 3C NMR conclude that the correct compound was successfully synthesized

and this correlates with what was expected and previously reported [1].
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Scheme 2.2: Suzuki coupling on the 3-position: 31 (1.1 eq), i: 1,4-Dioxane, K2COs3 (1.5
eq), 90 °C, 18 hrs.
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2.2.3. The synthesis of first-generation compounds 20A to 200

A series of imidazopyridazine derivatives were synthesized based on the starting material
32 to produce target compounds 20A to 200 as shown in Table 1. Different groups of
varying sizes and polarities were incorporated as R? substituents to check the influence
of the molecular weight (MW) and the calculated n-octanol/water partition coefficient
(CLogP). Lipinski and co-workers have stated that compounds are most likely to have a
very good absorption when their MW is less than 500 g/mol and the CLogP value is less
than five [3]. Thus, a Suzuki cross-coupling reaction was performed on compound 32 to
afford target compounds 20A to 200 which represent a library of novel derivatives. A
boronic acid of interest 33 was coupled on the left hand-side (6-position) of the
intermediate compound 32. The reaction was left to reflux under nitrogen gas in 1,4-
dioxane solvent at 110 °C for 18 hrs using Pd(PPhs)2Cl2 as a catalyst and K2COs as a
base (Scheme 2.4). The target compounds 20A to 200 were obtained and characterized
using NMR and High-Resolution Mass Spectrometry (HRMS). Their percentage yields
(%), Molecular weights (MW) and the calculated n-octanol/water partition coefficient

(CLogP) are shown on Table 1.

S= O:/
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Scheme 2.4: Suzuki coupling on the 6-position: 33 (1.5 eq), i: 1,4-Dioxane, Pd(PPh3)2Cl2
(0.05 eq), K2COs(1.5 eq), 110 °C, 18 hrs, reflux under nitrogen.

Methoxy functionalities at the ortho, meta and para position of the phenyl ring at the 6-
position of the core scaffold were introduced to synthesize target compounds 20A - D.
The yields ranged from 38% to 62%, MW was ranging from 379 g/mol to 406 g/mol and
CLogP values ranging from 2.4 to 3.7. The para substituted methoxy had better
percentage yields. The MW and CLogP values obeyed Lipinski’s rules. Compounds 20E
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- G were synthesized to check the influence of the carbonyl functionality. The percentage
yields were ranging from 43% to 70%, MW ranged from 421 g/mol to 576 g/mol and
CLogP values ranging from 2.5 to 3.7. The molecular weights of compounds 20E and
20G are less than 500 g/mol, whereas compound 20F has MW of greater than 500 g/mol.
The CLogP values of these compounds are within the acceptable limit.

The fluorine atoms on the phenyl ring were introduced to synthesize target compounds
20H - J. Their percentage yields were ranging from 47% to 60%, MW ranged from 367
g/mol to 434 g/mol and CLogP values ranging from 3.2 to 4.2. These values are within
the acceptable limit according to Lipinski’s rules. Target compounds 20K - N were
synthesized to check the influence of the heteroatom such as sulfur and nitrogen on the
ring. The percentage yields were ranging from 32% to 70%, MW ranging from 350 g/mol
to 443 g/mol and CLogP values ranging from 1.6 to 3.7. Both the MW and the ClogP
values of these compounds are within the permitted range according to Lipinski’s rules.

The meta tolyl 200 has a percentage yield 69% and it obeyed the Lipinski’s rules.

2.2.3.1. 6-(4-Methoxyphenyl)-3-(4-(methylsulfonyl)phenyl)imidazo[1,2-b]pyridazine
20C.

Compound 32, 4-methoxyphenylboronic acid and Pd(PPh3)2Cl. were dissolved in 1,4-
dioxane and aqueous solution of K2COs was then introduced. The reaction was left to
reflux under nitrogen gas for 18 hrs (Scheme 2.5). NMR and HRMS were used to
characterize compound 20C which was obtained in 58% yield. Similarly, all compounds

listed in Table 1 were synthesized and characterized following this procedure.
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Scheme 2.5: Suzuki coupling on the 6-position: 4-methoxyphenylboronic acid (1.5 eq), i
1,4-Dioxane, Pd(PPhs)2Cl2(0.05 eq), K2CO3 (1.5 eq), 110 °C, 18 hrs, reflux under nitrogen.
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Figure 2.4 shows the *H NMR for compound 20C (spectrum B) and its starting material
32 (spectrum A). Spectrum B shows a total of eleven hydrogens in the aromatic region,
three hydrogens from the methyl sulfonyl and another three hydrogens from the methoxy
group, whereas the spectrum A which was used as the starting material shows a total of
seven hydrogens in the aromatic region and three hydrogens from the methyl sulfonyl
group. The shifting of chemical shifts, the change in splitting patterns and the increased
number of hydrogens show that the 4-methoxyphenyl substituent has coupled to
compound 32 to afford compound 20C. Both the methyl sulfonyl and methoxy peaks in
spectrum B appear as singlets at § 3.12 ppm and & 3.9 ppm, respectively. The two
doublets (d) that each integrates for two hydrogens at § 7.05 -6 7.08 ppm and 6§ 7.95 - §
7.97 ppm show the incorporation of the para substituted phenyl ring. The *C NMR
spectrum in Figure 2.5 shows the incorporation of the methoxy carbon peak at § 55.5
ppm, the carbon peak at § 158.7 ppm comes from the carbon that is directly attached to
the methoxy. HRMS in Figure 2.6 gives the [M+H]* peak of m/z 380.1071 which
correlates with the calculated [M+H]" = C20H1sN303S* = 380.1063 m/z. The M + 1 peak
which has an intensity of 22% relative to the M peak is equal to 381.1112 m/z. The data

confirms that compound 20C was successfully synthesized.
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20A to 200

Table 1: Compounds with their corresponding yields (%), MW and CLogP values.

Ri1 Percentage yield | MW (g/mol) CLogP
(%)

20A 38 379.4323 2.47983
20B 33 379.4323 3.03983
YO

1S

20C 58 379.4323 3.03983
A

Q,

20D 62 405.4696 3.6328
’%@f

20E 70 454.5419 3.0518
&Oﬁy

20F 53 575.6785 2.53449
T,

20G 43 421.4690 3.61831

o

20H 49 367.3968 3.26308
O

201 60 433.4037 3.58883

b2

20J 48 433.4037 4.14883
gens

20K 49 355.4340 2.97615
A_s

o
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20L 45 355.4340 2.76615

S,

)

Jv
20M 45 350.3944 1.62455

S
20N 33 442.5113 1.93014

R200 69 363.4329 3.6188

2.3. DISCUSSION OF THE SECOND-GENERATION SERIES

The other scaffold that was shown to be active against sensitive strain (NF54) and the
multidrug resistant strain (K1) of the Plasmodium falciparum as per prior work was
pyrazolopyrimidine [4]. We were interested in exploring this scaffold even further by fixing
either 3-(methylsulfonyl) phenyl substituent or 4-(methylsulfonyl) phenyl substituent on
the left-hand side (5-position) and make a series of derivatives by making changes on the
right-hand side (3-position). Based on previous research [4], the best substituent to have
on the 5-position was 3-(methylsulfonyl)phenyl. We wanted to see what would happen if
we expanded on that scope and fixed 4-(methylsulfonyl)phenyl substituent on the 5-

position and test for inhibitory activity against the Plasmodium kinases.

2.3.1. The synthesis of 5-(4-(methylsulfonyl) phenyl) pyrazolo[1,5-a] pyrimidine 36
and 5-(3-(methylsulfonyl) phenyl) pyrazolo[1,5-a] pyrimidine (37)

We initiated our investigation with the synthesis of either 5-(4-(methylsulfonyl) phenyl)
pyrazolo[1,5-a] pyrimidine 36 or 5-(3-(methylsulfonyl) phenyl) pyrazolo[1,5-a] pyrimidine
37 from the commercially available 5-chloropyrazolo[1,5-a] pyrimidine 34. A Suzuki cross-
coupling reaction was performed on compound 34 to afford either compounds 36 or
compound 37. Either boronic acid 31 or 35 was coupled on the left-hand side (5-position)
of compound 34. The reaction was left to reflux under nitrogen gas in 1,4-dioxane solvent
at 110 °C for 18 hrs using Pd(PPh3)2Cl2 catalyst and K2COs base (Scheme 2.6). NMR was
used to characterize compounds 36 and 37 which were obtained in yields of 75% and

82% repectively. Figure 2.7 shows the 'H NMR for compound 36 (spectrum B) and its
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starting material 34 (spectrum A). The *H NMR in spectrum B shows the appearance

of the methyl sulfonyl signal peak at § 3.11 ppm and the two doublets between § 8.05

and 6 8.28 which are due to the 4-(methylsulfonyl)phenyl boronic acid incorporation.

There is a shifting of chemical shifts and an increased number of hydrogens from the

phenyl ring in spectrum B as compared to spectrum A. The spectrum B also shows a

total of eleven hydrogens compared to four hydrogens of compound 34 in spectrum A.

The 13C NMR in Figure 2.8 shows the incorporation of the methyl sulfonyl carbon peak

at § 44.5 ppm, the carbon peaks between § 128.0 ppm and § 140.0 ppm show that the

para substituted phenyl carbon peaks were incorporated. The data from both *H NMR

and *C NMR conclude that the correct compound was successfully synthesized.

Similarly, compound 37 was synthesized and characterized using this procedure.
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31 \
e -
— )
/)
o N-y
N 36
0
_
/ |
X-N-N i 0=S=0
34
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@) OH
35

Scheme 2.6: Suzuki coupling on the 5-position: 31 or 35 (1.5 eq), i: 1,4-Dioxane,
Pd(PPh3)2Cl2 (0.05 eq), K2COs (1.5 eq), 110 °C, 18 hrs, reflux under nitrogen.
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Figure 2.8. 13C NMR for compound 36.

2.3.2. The synthesis of compound 38 and compound 39

Compounds 36 and 37 were further brominated on the right-hand side (3-position) to
afford compounds 38 and 39 respectively. The bromination was done using N-
Bromosuccinimide (NBS) in acetonitrile for 18 hrs at temperatures ranging from 0 °C to
25°C as shown on Scheme 2.7. Compounds 38 and 39 were obtained in percentage

yields of 92% and 78% respectively and characterized using NMR.

//S =Q=
'8 Br
Nw/g
o’ -
36 or 37 38 X I\"N

Scheme 2.7: Bromination: NBS (1.1 eq), i: Acetonitrile,18 h, 0 °C to 25 °C.

2.3.3. The synthesis of second-generation compounds

A series of pyrazolopyrimidine derivatives were synthesized based on either compound
38 or compound 39 to produce target compounds 38A to 38F and 39A to 39E respectively
as shown on Table 2. Different groups of varying sizes and polarities were incorporated
on the R! substituent to check the influence of the molecular weight (MW) and the
calculated n-octanol/water partition coefficient (CLogP). The reaction was done as shown
on Scheme 2.8. The target compounds 38A to 38F and 39A to 39E were obtained and
characterized using NMR and HRMS. Their percentage yields (%), molecular weights
(MW) and the calculated n-octanol/water partition coefficient (CLogP) were calculated. All
the compounds listed in Table 2 have the MW of less than 500 g/mol and CLogP values
of less than 5, therefore, they obeyed Lipinski’s rules.
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Scheme 2.8: Suzuki coupling on the 3-position: 33 (1.5 eq), i: 1,4-Dioxane, Pd(PPh3)2Cl2
(0.05 eq), K2CO3(1.5eq), 110°C, 18 hrs reflux under nitrogen.

The methylsulfonyl functionality on the right-hand side of the core scaffold was introduced
to synthesize target compounds 38A and 38B. The yields were ranging from 51% to 57%.
Compound 38B had a better percentage yield and CLogP value as compared to
compound 38A. Compounds 38C and 38D contained pyridine and dimethylbenzenamine
functionalities, respectively. The two compounds were compared based on the nitrogen
atoms they contain. Their yields were ranging from 52% to 61%. Compound 38C had a
better percentage yield and CLogP value as compared to compound 38D. Compounds
38E and 38F contain the methoxy functionality and their percentage yields were ranging
from 53% to 56%. The target compounds 39A - E were synthesized to check the influence
of the para substitution on the right-hand side (3-position) of the 3-(methylsulfonyl)phenyl

substituent scaffold.
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Table 2: Target compounds based on 4-(methylsulfonyl)phenyl boronic acid and 3-

(methylsulfonyl)phenyl boronic acid.

R? Percentage yield MW (g/mol) CLogP
(%)
38A 52 427.4967 1.27105
38B 56 428.4847 1.18951
-~ SN
: Z O,
|
38C 61 350.3944 1.41565
NPEN
‘ N
38D 53 392.4741 3.07592
f\@/l‘\
38E 54 379.4323 2.26983
38F 56 379.4323 2.82983
Q,
39A 75 350.3944 1.41565
"IH A
‘ N
39B 66 379.4323 2.82983
i
39C 49 405.5126 4.7358
39D 60 433.4037 3.79329
A
ez
39E 67 427.4847 1.18951
-~ SN
‘/ SO,
|
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2.3.4. The synthesis of reduced pyrazolopyrimidine derivatives.

A library of derivatives based on the reduced pyrazolopyrimidine scaffold were
synthesized to yield compounds 40A - C. The reactions were done in a combination of
dichloromethane (DCM) and ethanol (ethanol) solvent for 18 hrs at a temperature of 25
°C, using sodium borohydride (NaBHa) as a reducing agent and Pd(PPhs)2Clz as a catalyst
(Scheme 2.9). The target compounds 40A to 40C were synthesized to check the
influence of the para substitution on the right-hand side (3-position) of 3-
(methylsulfonyl)phenyl substituent. Target compounds were obtained in percentage

yields ranging from 40% to 65% and characterized using NMR and HRMS.

Rl
O\\ N H R!
/S\\ i - O\\ N —
O o N= > /S\\O )
i N~ N
40A to 40C

Scheme 2.9: Reduction: i: NaBH4 (10 eq), Pd(PPhs)2Cl2 (0.02 eq), DCM:EtOH (3:2), 25
°C, 2 hrs.

H R

=
-
/)
N~
40A to 40C

Table 3: Target compounds based reduced pyrazolopyrimidine.

R? Percentage yield MW (g/mol) CLogP
(%0)
40A 41 354.4261 0.565461
o<
40B 47 383.4640 1.89422
i
40C 62 409.5444 3.78936
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2.4. BIOLOGICAL ASSAY RESULTS

A series of imidazopyridazine (15 compounds) and pyrazolopyrimidine (14 compounds)
derivatives were evaluated for their in vitro antiplasmodial activity against the sensitive
(NF54) strain of the human malaria parasite Plasmodium falciparum. The
imidazopyridazine compounds were also tested for their inhibitory activity against
Plasmodium falciparum cGMP-dependent protein kinase (PfPKG) and Plasmodium vivax
phosphatidylinositoil 4-kinase type Il beta (PvPI4KB). Selected compounds that
demonstrated an activity of less than 0.5 uM against NF54 strain were evaluated for
cytotoxicity assays. The assays were performed at the Holistic Drug Discovery and

Development (H3D) Center.
The whole cell screening (In vitro Antiplasmodial activity)

Target compounds were tested for activity against the wildtype drug sensitive strain
(NF54) of the human malaria parasite Plasmodium falciparum. Chloroquine and
artesunate were used as control drugs in all experiments. Continuous cultures of asexual
erythrocyte stages of P. falciparum were maintained using the method described by
Trager and Jensen [5] with minor modifications. Quantitative assessment of in vitro
antiplasmodial activity was determined via the parasite lactate dehydrogenase assay
using the method described by Makler et.al [6], in which parasite viability is determined
colourimetrically using the breakdown of a dye by metabolic enzymes of the glycolytic

pathway taking place in living parasites as a marker for survival.

2.4.1. In vitro antiplasmodial activity for imidazopyridazine compounds

The in vitro antiplasmodial activity results for the imidazopyridazine compounds as
indicated by their ICso values are summarized in Table 4. Target compounds 20B, 20D,
20E, 20F, 20M and 200 showed the inhibitory activity of below 6 uM, which was used as
a cut-off to determine good inhibitory activity versus moderate inhibitory activity. The other
target compounds have demonstrated a moderate activity of greater than 6 uM. The meta
and para substituted compounds have demonstrated good inhibitory activity as compared
to ortho substitution. From the four compounds that contained nitrogen atom substituent
on the 6-position, three of them have demonstrated good inhibitory activity of less than 6

uM as seen with compounds 20E, 20F and 20M, whereas 20N which also contained a
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nitrogen atom demonstrated a moderate activity of more than 6 uM. The methoxy groups
demonstrated moderate to good inhibitory activity, compounds 20A and 20C have
demonstrated moderate activity while compounds 20B and 20D demonstrated good
activity. Both compounds 20C and 20D contain a para methoxy groups on a phenyl ring,
but compound 20D contains a double bond between the phenyl ring and the core scaffold.
The double bond has positively influenced the activity of compound 20D as compared to
compound 20C which does not have the double bond between the phenyl ring and the
core scaffold. The meta tolyl group 20M also demonstrated good inhibition against
PfNF54.

2.4.2. In vitro inhibitory activity against PfPKG and PvPI4Kg for
imidazopyridazine compounds.

The imidazopyridazine compounds were evaluated for their inhibitory activity against
Plasmodium falciparum cGMP-dependent protein kinase (PfPKG) and Plasmodium vivax
phosphatidylinositoil 4-kinase (PvP14K). The inhibitory activity data against PfPKG and
PVvPI4K as indicated by their ICso values in micro molar scale are summarized in Table
4. From the table, the compounds were able to inhibit both PfPKG and PvPI4Kp with
different 1Cso0 values. However, there was more inhibition of PvPI4K3 over PfPKG. Four
compounds out of the fifteen tested compounds against PfPKG have demonstrated
inhibitory activity of less than 10 uM, which was used as a cutoff to determine good

inhibitory activity versus moderate inhibitory activity.

The four compounds which demonstrated good inhibitory activity against PfPKG are 20H
which contained a fluorine atom meta substituted to a phenyl ring on the 6-position of the
core scaffold, 20L & 20K which contained ortho and meta substituted thiophene at the 6-
position of the core scaffold and 20N which contain a methylsulfonyl and nitrogen
attached to a phenyl ring. These four compounds (20H, 20K, 20L and 20N) have
demonstrated good activity against both PfPKG and PvPI4Kp with ICso values ranging
from 0.96 uM to 5.04 uM and 0.006 uM to 0.071 uM respectively. All the remaining
compounds listed in Table 4 have demonstrated moderate activity against PfPKG with
ICsovalues greater than 10 uM. They have shown good inhibitory activity against PvP14K(
with ICso values ranging from 0.006 uM to 0.643 uM.
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20A to 200

Table 4: In vitro antiplasmodial activity and PfPKG and PvPI4Kf inhibitory activity

for imidazopyridazine compounds.

Compound ID NF54 1Cso (UM) PfPKG (ICso (UM)) PvPI4Kp (ICso
(UM))
20A > 6 >10 0.339
20B 1.24 >10 0.074
YO
o
20C > 6 >10 0.062
A
Q,
20D 1.52 >10 0.113
ggel
20E 591 >10 0.643
O
20F 0.372 >10 0.006
TOAL
20G > 6 >10 0.053
s
20H > 6 3.1 0.006
O
20l > 6 >10 0.048
e

46



Table 4 continue......

20J > 6 >10 0.041
Ot
20K > 6 2.13 0.071
A_s
o
20L > 6 5.04 0.047
S,
|y
J
20M 0.82 >10 0.074
o
20N > 6 0.96 0.028
200 2.72 >10 0.054
Chloroquine 0.007 - -
Artesunate 0.004 - -

2.4.3. In vitro antiplasmodial activity for pyrazolopyrimidine compounds

The in vitro antiplasmodial activitiy for pyrazolopyrimidine compounds as indicated by
their ICso values in micro molar scale are summarized in Table 5. All compounds listed in
Table 5 except compound 38E are demonstrating very good antiplasmodial activities
ranging from 0.009 uM to 3.844 uM. Compound 38A contained a 4-(methylsulfonyl)
phenyl substituent on both the Left-hand side (5-position) and the right-hand side (3-
position) of the pyrazolopyrimidine scaffold, it had an activity of 0.402 uM. Whereas
compound 38B contained a 6-(methylsulfonyl) pyridin-3-yl substituent on the 3-position
and 4-(methylsulfonyl) phenyl substituent on the 5-position, it had an activity of 1.249 uM.
These values indicated that the activity had decreased when 4-(methylsufonyl) phenyl
substituent was substituted with 6-(methylsulfonyl) pyridin-3-yl and when 4-

(methylsulfonyl) phenyl substituent was kept on the 5-position.
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Compounds 38B and 39E both contained 6-(methylsulfonyl) pyridin-3-yl substituent on
the 3-position and 4-(methylsulfonyl) phenyl & 3-(methylsulfonyl) phenyl substituents
respectively, on the 5-position. Compound 39E reported an activity of 0.009 uM which
was very good comparable to compound 38B, chloroquine (0.007 M) and artesunate
(0.004 uM) which were used as control drugs. Compounds 38C and 39A both contained
pyridin-4-yl substituent on the 3-position and 4-(methylsulfonyl) phenyl & 3-
(methylsulfonyl) phenyl substituents respectively, on the 5-position. Compound 39A
demonstrated an activity of 0.013 uM, which was more active than compound 38C (1.285
uM). Compound 40A is a reduced derivative from compound 39A and had an activity of
0.197 uM. The reduction of compound 39A has resulted with a decreased antiplasmodial
activity. Compound 38D contained a meta N,N-dimethylbenzylamine substituent on the
3-position and 4-(methylsulfonyl) phenyl substituent on the 5-position. It had
demonstrated an activity of 2.060 uM.

Compound 38E and 38F both contained 4-(methylsulfonyl) phenyl substituent on the 5-
position and 2-methoxyphenyl & 4-methoxyphenyl substituents respectively on the 3-
position. Compound 38E reported a moderate activity of greater than 6 uM, whereas
compound 38F demonstrated a better activity of 3.844 uM. From these two values we
can conclude that para-substitution gives better activity than the ortho-substitution.
Compounds 38F and 39B contained 4-methoxyphenyl substituent on the 3-position and
4-(methylsulfonyl) phenyl & 3-(methylsulfonyl) phenyl substituents respectively, on the 5-
position. Compound 39B demonstrated an activity of 0.190 uM, which was more active
than compound 38F (3.844 uM). Compound 40B is a reduced derivative from compound
39B and had an activity of 1.056 uM. The reduction of compound 39B has resulted with
a decreased activity. Compound 39C contained 4-tert-butylphenyl substituent on the 3-
position and 3-(methylsulfonyl) phenyl substituent on the 5-position. It had demonstrated
an activity of 1.504 uM. Compound 40C is a reduced derivative from compound 39C and
had an activity of 2.113 uM. The reduction of compound 39C has also resulted with a
decreased activity. Compound 39D contained a 4-(trifluoromethoxy) phenyl substituent
on the 3-position and 3-(methylsulfonyl) phenyl substituent on the 5-position with an

activity of 0.390 uM. The data in the discussion and Table 5 demonstrated that 3-
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(methylsulfonyl) phenyl was a better substituent to have on the left-hand side of the
pyrazolopyrimidine core scaffold than 4-(methylsulfonyl) phenyl substituent.

2.4.4. Cytotoxicity

When we design a drug, we look for a drug that will target the disease of interest over the
normal human cells to avoid severe side effects. In the laboratory, if a compound is active
against a pathogen of interest (e.g., Plasmodium parasite), before progressing it further
it has to be tested against normal mammalian cells Chinese Hamster Ovary (CHO) or
Human hepatoma (HepG2), to see if it does or does not have similar affinity for these
cells compared to the parasite of interest and then we check what is known as selectivity
index (SI). This will then give an idea of whether the compound is cytotoxic or not. For
example, if you have PfNF54 ICso = 0.02 uM, CHO ICso = 0.05 uM; the SI will be CHO
ICs0 /PINF54 1Cs0 = 2.5, based on the requirement of Sl you cannot progress this
compound. But if you have PINF54 ICso = 0.02 uM, CHO ICso = 5.00 uM; SI = 250,
therefore it meets the chosen Sl of >100, meaning it has more affinity for your parasite

than the normal cells and gives some hope to be progressed further.

Selected compounds demonstrating an activity with 1Cso of less than 0.5 uM against
PfNF54 strain were evaluated for cytotoxicity assays. For a compound to be progressed
further, it must have Sl of more than 100. Compounds 38A, 39B, 39D and 39E listed in
Table 5 met the requirements, therefore they will be progressed further for solubility (to
check if a compound is soluble in aqueous media because for a drug to be absorbed, it
must be soluble enough. It must also have good properties of lipophilicity to be able to
pass through lipid membranes), chemical stability (to check the stability of a chemical in
a certain environment or conditions), microsomal stability (m,r,h) (this is subjecting the
compound to mouse (m) liver microsomes, rat (r) liver microsomes and human (h) liver
microsomes to study the rate at which the compound is metabolized by the drug
metabolizing enzymes found in these liver microsomes.) and in vitro PfK1, Dd2 (these
are tests done in the laboratory using chloroquine resistant strains of Plasmodium
falciparum (Pf) known as K1 and Dd2. Chloroquine is known to be inactive against K1 or
Dd2 strains, that is why they are called chloroquine resistant strains. They are normally

used to check what is known as cross resistance, to see if the potential drug/molecule
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designed is also inactive (suffering resistant) against these strains just like chloroquine)

assays.
o | I

\S// 0=S=0 0=S=0
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38A to 38F 39A to 39E 40A to 40C

Table 5: In vitro antiplasmodial activity, cytotoxicity, and selectivity index for

pyrazolopyrimidine compounds.

Compound ID NF54 ICso (UM) Cytotoxicity (CHO) Selectivity
ICs0 (UM) Index
38A 0.402 > 50 124
L
.,
38B 1.249 - -
o
38C 1.285 - -
A ~
38D 2.060 - -
|
-~ N
o
38E > 6 - -
38F 3.844 - -
gl
39A 0.013 8.018 685
AN
‘ N
39B 0.190 > 50 357
i
39C 1.504 - -
39D 0.390 > 50 202
gews
39E 0.009 19.743 2632
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40A 0.197 - -
—vrrr\@

40B 1.056 - -
0,

40C 2.113 - -
Chloroquine 0.007 - -
Artesunate 0.004 - -

2.4.5. Imidazopyridaze compared with pyrazolopyrimidine.
Pyrazolopyrimidine compounds demonstrated very good in vitro antiplasmodial activity

against the sensitive (NF54) strain as compared to the imidazopyridazine compounds.
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CHAPTER 3: OVERALL CONCLUSION

3.1. CONCLUSION

This study highlighted the need to develop and synthesis novel compounds with new
mechanism of action against malaria, because resistance to previously effective anti-
malarial drugs and ACTs has emerged. This study reported the synthesis of
imidazopyridazine and pyrazolopyrimidine derivatives, which were then tested against the
sensitive (NF54) strain of the human malaria parasite Plasmodium falciparum and the
Plasmodium falciparum cGMP-dependent protein kinase (PfPKG) and Plasmodium vivax
phosphatidylinositoil 4-kinase type Il B (PvPI4Kp). Classical optimization techniques
were employed to achieve the overall objectives of investigating the structure activity
relationship (SAR). The target compounds under the imidazopyridazine were obtained by
fixing 4-(methylsulfonyl) phenyl substituent on the right-hand side (3-position) and varying
substituents on the left-hand side (6-position). The final compounds under the
pyrazolopyrimidine were obtained by fixing either 4-(methylsulfonyl) phenyl or 3-
(methylsulfonyl) phenyl substituent on the left-hand side (5-position) and varying

substituents on the right-hand side (3-position).

In this study we focused on synthesizing a new library of imidazopyridazine and
pyrazolopyrimidine derivatives, with substituents at 3- & 6- positions and 3- & 5- positions
respectively. The compounds were successfully synthesized and characterized by NMR
and HRMS. The imidazopyridazine derivatives percentage yields ranged from 38% to
70%, whereas the percentage yields for the pyrazolopyrimidine derivatives ranged from
41% to 75%. All the imidazopyridazine compounds were evaluated for their in vitro
antiplasmodial activities against NF54 strain and inhibitory activity against PfPKG and
PVvPI4KB. The pyrazolopyrimidine compounds were only evaluated for their in vitro
antiplasmodial activity against the NF54 strain.

The in vitro antiplasmodial activities of Imidazopyridazine compounds as indicated by
their 1Cso0 values in micro molar scale are summarized in Table 4. The inhibitory activity
data against PfPKG and PvPI14K as indicated by their ICso values in micro molar scale are
summarized in Table 4. Compounds 20B, 20D, 20E, 20F, 20M and 200 demonstrated in
vitro antiplasmodial activity of below 6 uM against NF54 strain, which was used as a cut-
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off to determine good activity versus moderate activity. Compounds 20A, 20C, 20G, 20H,
201, 20J, 20K, 20L and 20N demonstrated a moderate activity of greater than 6 uM
against NF54 strain. Compounds 20H, 20K, 20L and 20N demonstrated good activity
against both PfPKG and PvPI4K[ with 1Cso values ranging from 0.96 uM to 5.04 uM and
0.006 uM to 0.071 uM, respectively. Compounds 20A, 20B, 20C, 20D, 20E, 20F, 20G,
201, 20J, 20M and 200 demonstrated moderate activity of greater than 10 uM against
PfPKG and good activity against PvPI4Kf3 with ICso values ranging from 0.006 uM to 0.643
uM.

The in vitro antiplasmodial activitiy for pyrazolopyrimidine compounds as indicated by
their ICso values in micro molar scale are summarized in Table 5. All compounds listed in
Table 5 except compound 38E demonstrated very good antiplasmodial activities ranging
from 0.009 uM to 3.844 uM. Compounds 39A (0.013 uM) and 39E (0.009 uM)
demonstrated the highest activities against the NF54 strain. The reduction of the
pyrazolopyrimidine scaffold did not improve the potency, as it was seen with compounds
39A (0.013 uM) reduced to 40A (0.197 uM), compound 39B (0.190 uM) reduced to 40B
(2.056 uM) and compound 39C (1.504 uM) reduced to 40C (2.113 uM). The data in the
discussion and Table 5 demonstrated that 3-(methylsulfonyl) phenyl was a better
substituent to have on the left-hand side of the pyrazolopyrimidine core scaffold than 4-

(methylsulfonyl) phenyl substituent.

From the pyrazolopyrimidine scaffold, compounds 38A, 38A, 39B, 39D and 39E have the
selectivity index of more than 100. Therefore, they will be progressed further for solubility
(to check if a compound is soluble in aqueous media because for a drug to be absorbed,
it must be soluble enough. It must also have good properties of lipophilicity to be able to
pass through lipid membranes), chemical stability (to check the stability of a chemical in
a certain environment or conditions), microsomal stability (m,r,h) (this is subjecting the
compound to mouse (m) liver microsomes, rat (r) liver microsomes and human (h) liver
microsomes to study the rate at which the compound is metabolized by the drug
metabolizing enzymes found in these liver microsomes.) and in vitro PfK1, Dd2 (these
are tests done in the laboratory using chloroquine resistant strains of Plasmodium

falciparum (Pf) known as K1 and Dd2. Chloroquine is known to be inactive against K1 or
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Dd2 strains, that is why they are called chloroquine resistant strains. They are normally
used to check what is known as cross resistance, to see if the potential drug/molecule
designed is also inactive (suffering resistant) against these strains just like chloroquine)

assays.

Pyrazolopyrimidine compounds demonstrated very good in vitro antiplasmodial activity
against the sensitive (NF54) strain as compared to the imidazopyridazine compounds.

Therefore, pyrazolopyrimidine is a better scaffold to explore to eradicate malaria.

3.2. Future work

Future work will include the following:

e Evaluation of pyrazolopyrimidine series for biological activity against PfPKG and
PVPI4K}.
e Compounds demonstrating selectivity index of 100 and above will be evaluated for

solubility, chemical stability, microsomal stability (m,r,h) and in vitro PfK1, Dd2.
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CHAPTER 4: EXPERIMENTAL SECTION

4.1. GENERAL INFORMATION

Commercially available reagents and solvents were purchased from Sigma Aldrich and
Merck (South Africa) and used without further purification. All reactions involving
moisture-sensitive reagents were carried out in an oven-dried glassware under a nitrogen
(N2) atmosphere. Reactions that needed hot or cold temperatures were carried out at the
appropriate temperatures in an oil bath and an ice bath, respectively. All the
measurements were carried out in room temperature with fluctuations ranging from 20 °C
to 27 °C. Glassware was thoroughly washed with distilled water, followed by rinsing with
acetone and oven dried at 80 °C the day before use. Thin layer chromatography (TLC)
on aluminum-baked Merck silica 60 F254 was visualized under Ultra-Violent light with
wavelength of 254 nm to monitor the reaction progress. Lasec Cole-Parmer Stuart
SMP30 was used to record the melting point. Biological assays were performed at the
Holistic Drug Discovery and Development (H3D) Centre at the University of Cape Town,
South Africa.

4.2. ANALYSIS AND CHARACTERIZATION TECHNIQUES

The 'H NMR and 3C NMR spectra were obtained from Nuclear Magnetic Resonance
(NMR) (Bruker Ascend 400 MHz Topspin 3.2). The NMR spectra were referenced
internally using solvent signals. For *H NMR, the signals were 7.25 ppm for CDClIs, 2.50
ppm for DMSO-ds, 3.31 ppm for MeOD, and for 3C NMR, the signals were 77.0 ppm for
CDCls, 39.9 ppm for DMSO-ds, 49.1 ppm for MeOD respectively at room temperature.
The 'H NMR spectra were presented as follows: (I) chemical shift (§) in ppm, (Il)
Multiplicity (s = singlet, d = doublet, dd = doublet of doublets, t = triplet, m = multiplet), (1)
Coupling constant (J) in Hz. The structural properties of the compounds were recorded

and confirmed by using High-Resolution Mass Spectrometry (HRMS).
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4.3. BIOLOGICAL ASSAYS
4.3.1. Evaluation of the antiplasmodial activity

4.3.1.1. Introduction

The test samples were tested in triplicate over 72 hours on two separate occasions
against the wild-type drug sensitive strain (NF54) of the human malaria parasite
Plasmodium falciparum. Continuous cultures of asexual erythrocyte stages of P.
falciparum were maintained using the method described by Trager and Jensen [1] with
minor modifications. Quantitative assessment of antiplasmodial activity in vitro was
determined via the parasite lactate dehydrogenase assay using the method described by
Makler et.al [2], in which parasite viability is determined colourimetrically using the
breakdown of a dye by metabolic enzymes of the glycolytic pathway taking place in living

parasites as a marker for survival.

4.3.1.2. Method

The test samples were prepared to a 10 mmol/L stock solution in 100% dimethyl sulfoxide
(DMSO). Samples were tested as a suspension if not completely dissolved. Further
dilutions to the desired starting concentration were freshly prepared in growth media on
each occasion of the experiment. The standard antimalarial drugs chloroquine (CQ) and
artesunate (Arts) were used as the reference drug in all experiments. A full dose-response
was performed for all compounds in a 96-well plate to determine the concentration
inhibiting 50% of parasite growth (ICso—value). Test samples were tested at a starting
concentration of 6 mmol/L, which was then serially diluted 2-fold in growth medium to
generate the tested concentration range. The same dilution technique was used for all
samples. CQ and Arts were tested from a starting concentration of 1 pg/mL. The highest
concentration of solvent to which the parasites were exposed was < 0.1% and has no
measurable effect on the parasite viability. The assay plate was incubated at 37°C for 72
h in a sealed gas chamber under 3% Oz and 4% CO:2 with the balance being N2. After 72
h, the wells in the assay plate were gently resuspended, and 15 pL from each well was
transferred to a duplicate plate containing 100 pL of Malstat reagent and 25 pL of nitroblue
tetrazolium solution in each well. Plates were left to develop for 20 minutes in the dark
and then absorbance of each well was quantified using a spectrophotometer at 620 nm

wavelength.
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The remaining population of parasites at each concentration of the test compound was
determined by comparing the absorbance of each well to the absorbance of a well
containing the drug-free control. Survival was plotted against concentration and the IC-
values were obtained using a non-linear dose-response curve fitting analysis via the

Dotmatics software platform.

4.3.2. In vitro Plasmodium kinase inhibition assays

4.3.2.1. Introduction

Target compounds were tested for inhibitory activity in Plasmodium kinase assays. Half-
maximal inhibitory concentrations (ICso values) were determined against purified
recombinant P. vivax phosphatidylinositol 4-kinase type Il beta (PvPI4KB) and P.
falciparum cGMP-dependent protein kinase (PfPKG) using an in vitro ADP Glo kinase

assay.

4.3.2.2. Method for in vitro PfPKG inhibition assays

Full length PfPKG (PF3D7_1436600) was expressed in E.coli Rosetta 2 (Novagen,
EMD_BIO-71402) as previously described [3]. Briefly, the N-terminal His-tagged
recombinant PfPKG protein was purified using a HisTrap HP column (GE Healthcare),
followed by anion exchange and size exclusion chromatography (HiLoad 16/600
Superdex 200 pg column, GE Healthcare). Final buffer composition of purified protein
was 50 mM Tris-HCI pH 8.0, 150 mM NaCl, 10 mM B-mercaptoethanol, 10% glycerol.

PfPKG ICs0 assays were preformed based on previously described methods using the
ADP-Glo Kinase Assay (Promega) to measure ADP formation [4], [5]. Briefly, a 3-fold
serial dilution of each inhibitor was carried out in DMSO and inhibitors were subsequently
diluted into assay buffer (25 mM HEPES pH 7.4, 0.1 mg/mL BSA, 0.01% (v/v) Triton-X
100, 20 mM MgCI2, 2 mM DTT, 10 uM cGMP) to 1.5 x the final required concentration. 2
ML of each inhibitor dilution was transferred into a white 384-shallow well plate (Nunc
#264706). A MANTIS* Liquid Handler (Formulatrix) was used to dispense the remaining
assay components. 0.5 pL PfPKG protein, followed by 0.5 pL substrate buffer (ATP and
peptide substrate GRTGRRNSI-NH2), was added to each well. The final 3 pL kinase
reaction contained ~1 nM PfPKG protein, 10 uM ATP, 20 uM GRTGRRNSI-NH2, 1% (v/v)
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DMSO and inhibitor in assay buffer. Reactions were incubated for 45 minutes at 22°C

(resulting in < 10% ATP conversion).

ADP formation was measured using the ADP-Glo Kinase Kit (Promega). Briefly, 2 uL
ADP-Glo reagent was added to each well and incubated for 40 minutes at 22°C to deplete
the remaining ATP. 2 pL of Kinase Detection Reagent was then added and the reaction
was incubated for a further 30 minutes at 22°C. The plate was sealed with an adhesive
foil seal for all incubation steps. Luminescent signal was measured using the EnSpire
Multimode Plate Reader (PerkinElmer). The data was normalized based on the 100%
activity controls (1% DMSO only) and the 100% inhibition controls (10 uM ML10 (N-[5-[3-
[2-(cyclopropylmethylamino) pyrimidin-4-yl]-7- [(dimethylamino) methyl]-6-methylimidazo
[1,2-a]pyridin-2-yl]-2-fluorophenyl] methanesulfonamide), LifeArc). Mean ICso values
were calculated from N = 2 independent experiments, each with technical duplicates
(log(inhibitor) vs. normalized response - Variable slope). ICso values within 3-fold from

independent experiments are considered reproducible.

4.3.2.3. Method for in vitro PvPI4KB inhibition assays

Full-length PvPI4KB (PVX_098050) recombinant protein was expressed in a baculovirus-
insect cell expression system and purified as previously described [5], [67]. Briefly, N-
terminal His-tagged recombinant PvPI4Kp protein was purified using a HisTrap HP
column (GE Healthcare), followed by size exclusion chromatography (HiLoad 16/600
Superdex 200 pg column, GE Healthcare). Final buffer composition of purified protein
was 20 mM HEPES pH 7.5, 500 mM NaCl, 5% (v/v) glycerol, 10 mM B-mercaptoethanol.
PVvPI4K kinase inhibition assays were performed using the ADP-Glo kinase assay kit

(Promega) to measure ADP formation.

L-alpha-phosphatidylinositol (Pl; Avanti Polar Lipid, cat. 840042P) dissolved in 3% n-
Octylglucoside to a stock concentration of 20 mg/mL was used as the lipid substrate.
Briefly, a 3- fold serial dilution of each inhibitor was carried out in DMSO, and inhibitors
were subsequently diluted into assay buffer (25 mM HEPES pH 7.4, 100 mM NaCl, 3 mM
MgClI2, 1 mM DTT, 0.025 mg/ml BSA, 0.2% (v/v) Triton-X-100) to 1.5 x the final required

concentration. 2 pL of each inhibitor dilution was transferred into a white 384-shallow well
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plate (Nunc #264706). A MANTIS* Liquid Handler (Formulatrix) was used to dispense the

remaining assay components.

0.5 pL PvPI4Kp protein followed by 0.5 yL substrate buffer (ATP and PI), was added to
each well. The final 3 pL kinase reaction contains ~8 nM PvPI4Kf protein, 10 uM ATP,
0.1 mg/ml PI1, 1% (v/v) DMSO and inhibitor in assay buffer. Reactions were incubated for
45 minutes at 22°C (resulting in < 10% ATP conversion). ADP formation was measured
using the ADP-Glo Kinase Kit (Promega) as described for PfPKG, the only difference
being that 10 mM MgClzwas added to the ADP-Glo reagent prior to use. PvPI4K@ inhibitor
MMV390048 at 10 uM was used as the control (100% inhibition) and data were analyzed
as described for PfPKG.

4.4. SYNTHESIS
4.4.1. Synthesis of 6-chloroimidazo[1,2-b]pyridazine (29)

Cl /N\N

29

Bromoacetaldehyde diethylacetal (4.6 mL, 30.8 mmol, 2 eq) and 3-amino-6-
chloropryridazine 27 (2.0 g, 15.4 mmol, 1 eq) were dissolved in ethanol (20 mL) and water
(30 mL). Hydrobromic acid (1.76 mL) was then added. The reaction mixture was heated
under reflux for 18 hrs at 103 °C. After completion (monitored by TLC, 50% ethyl acetate/
hexane), the reaction mixture was allowed to cool to room temperature (25 °C). Ethanol
was removed under reduced pressure. The pH of the remaining solution was adjusted to
pH 7 using 15% sodium hydroxide (NaOH) solution. The aqueous work-up was done
using ethyl acetate. The organic phases were combined and rinsed with brine, followed
by drying over anhydrous sodium sulphate (NaSOa). Ethyl acetate was removed in vacuo
to afford the compound 29 (2.3 g, 96%). The crude product was purified by Combi flash
chromatography using 50% ethyl acetate/ hexane if unclean [2], [68]. *H NMR (400 MHz,
CDCls), 6 (ppm): 8.00 (d, 1H, J =9.6 Hz), 7.95 (d, 1H), 7.80 (d, 1H), 7.11 (d, 1H, J =9.2
Hz).
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4.4.2. Synthesis of 6-chloro-3-iodoimidazo[1,2-b]pyridazine (30)

Cl N\/g

X N
30

N-lodosuccinimide (NIS) (2.4 g, 10.7 mmol, 1.1 eq) and compound 29 (1.5 g, 9. 8 mmol,
1 eq) were dissolved in N,N-Dimethylformamide (DMF) (30 mL). The solution was stirred
at room temperature (25 °C) for 4 days. After completion as monitored by TLC, DMF was
removed under reduced pressure. The aqueous work-up was done using
dichloromethane (DCM). The organic phases were combined and washed with saturated
solution of sodium metabisulfite (Na2S020s), followed by rinsing with brine and dried over
anhydrous NaSO4. DCM was removed in vacuo and the resulting compound was
crystallized in diethyl ether (Et20) to afford compound 30 (2.0g, 74% yield) [1], [2]. *H
NMR (400 MHz, CDCIs), § (ppm): 8.06 (d, 1H, J = 9.6 Hz), 7.89 (s, 1H), 7.23 (d, 1H, J =
9.6 Hz).

4.4.3. Synthesis of 6-chloro-3-(4-(methylsulfonyl)phenyl)imidazo[1,2-b]pyridazine
(32)

Compound 30 (1.8 g, 6.6 mmol, 1 eq), 4-(methylsulfonyl)phenyl boronic acid (1.4 g, 7.2
mmol, 1.1 eq) and bis(triphenyphosphine)palladium (ll) dichloride (Pd(PPhs)2Cl2) (0.2 g,
0.3 mmol, 0.05 eq) were dissolved in 1.4-Dioxane (50 mL). The resulting mixture was
flushed with nitrogen gas for 15 to 20 minutes while stirring. An aqueous solution of
potassium carbonate (K2COs3) (1.3 g, 9.8 mmol, 1.5 eq) was then added. The reaction
mixture was heated under reflux for 18 hrs at 90 °C. After completion (monitored by TLC,

5% MeOH)/ DCM, the reaction mixture was allowed to cool to room temperature (25 °C).
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1,4-Dioxane was removed under reduced pressure. The resulting mixture was diluted
with 10% MeOH/DCM and filtered through celite. The aqueous work-up was done using
DCM (3x30 mL). The organic phases were combined and rinsed with brine, followed by
drying over anhydrous NaSOas. The solvents were removed in vacuo and the residues
were purified by Combi Flash chromatography using 5% MeOH/DCM to afford compound
32 (1.5 g, 75% vyield) [2], [68]. *H NMR (400 MHz, CDClz), § (ppm): 8.29 (d, 2H, J = 8.7
Hz), 8.19 (s, 1H), 8.07 (d, 2H, J = 8.7 Hz), 8.02 (d, 1H, J = 9.4 Hz), 7.18 (d, 1H, J = 9.4
Hz), 3.10 (s, 3H). 13C NMR (100 MHz, CDCls), 6 (ppm): 44.6, 119.5, 127,0, 127.1, 127.7,
128.0, 128.3, 133.2, 134.8, 139.5, 139.6, 147.4.

4.4.4. General procedure for the synthesis of compound 20A to 200

Compound 32 (60.0 mg, 0.2 mmol, 1 eq), 2-methoxyphenylboronic acid (44.5 mg, 0.3
mmol, 1.5 eq) and Bis(triphenyphosphine)palladium (ll) dichloride (Pd(PPhs)2Cl2) (6.8
mg, 0.0098 mmol, 0.05 eq) were dissolved in 1.4-Dioxane (6 mL). The resulting mixture
was flushed with nitrogen gas for 15 to 20 minutes while stirring. An aqueous solution of
potassium carbonate (K2CO3) (40.4 mg, 0.3 mmol, 1.5 eq) was then added. The reaction
mixture was heated under reflux for 18 hrs at 110 °C. After completion (monitored by TLC,
5% methanol (MeOH)/ DCM), the reaction mixture was allowed to cool to room
temperature (25 °C). 1,4-Dioxane was removed under reduced pressure. The resulting
mixture was diluted with 10% MeOH/DCM and dried over celite. The aqueous work-up
was done using DCM. The organic phases were combined and rinsed with brine, followed
by drying over anhydrous NaSOa. The solvents were removed in vacuo and the residues
were purified by Combi Flash chromatography using 5% MeOH/DCM to afford compound
20A to 200 [2], [68].

6-(2-methoxyphenyl)-3-(4-(methylsulfonyl)phenyl)imidazo[1,2-b]pyridazine.
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2-methoxyphenylboronic acid 32.9 mg, Obtained mass: 29 mg, Percentage yield 38%.
Mp: 204.7 to 207.1 °C. *H NMR (400 MHz, CDClz), § (ppm): 3.08 (s, 3H), 3.91 (s,3H),
7.10 (m, 2H), 7.50 (m, 1H), 7.65 (d, 1H, J = 9.5 Hz), 7.71 (m, 1H), 8.02 (d, 3H, J = 8.3
Hz), 8.19 (s, 1H), 8.39 (d, 2H, J = 8.2 Hz). 13C NMR (100 MHz, CDCls), § (ppm): 44.6,
55.7,114.0, 119.1, 120.3, 121.3, 124.7, 126.7, 127.9, 128.6, 129.6, 134.1, 134.4, 157.0,
157.4. HRMS [M+H] *, m/z, calculated: C20H1sN303S*= 380.1063, found = 380.1062.

6-(3-methoxyphenyl)-3-(4-(methylsulfonyl)phenyl)imidazo[1,2-b]pyridazine

3-methoxyphenylboronic acid 32.9 mg, Obtained mass: 25 mg, Percentage yield: 33%.
Mp: 208.4 to 212.1 °C. 'H NMR (400 MHz, CDCls), § (ppm): 3.11 (s, 3H), 3.91 (s, 3H),
7.07 (m, 1H), 7.47 (m, 1H), 7.55 (m, 2H,), 7.61 (d, 1H, J = 9.5 Hz), 8.07 (d, 2H, J = 8.6
Hz), 8.11 (d, 1H, J = 9.5 Hz), 8.20 (s, 1H), 8.42 (d, 2H, J = 8.6 Hz).13C NMR (100 MHz,
CDCls), § (ppm): 44.7, 55.5, 112.2, 112.5, 113.0, 113.6, 115.6, 116.9, 119,5, 128.5,
128.6, 130.4, 132.1, 132.2, 134.2, 134.7, 160.2. HRMS [M+H] *, m/z, calculated:
C20H18N303S*= 380.1063, found = 380.1068.
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6-(4-methoxyphenyl)-3-(4-(methylsulfonyl)phenyl)imidazo[1,2-b]pyridazine

20C

4-methoxyphenylboronic acid 32.9 mg, Obtained mass: 43 mg, Percentage yield: 58%.
Mp: 215.9 to 216.4 °C. *H NMR (400 MHz, CDClz), § (ppm): 3.10 (s, 3H), 3.90 (s, 3H),
7.06 (d, 2H, J = 8.9 Hz), 7.57 (d, 1H, J = 9.5 Hz), 7.95 (d, 2H, J = 8.8 Hz), 8.06 (d, 3H, J
= 8.9 Hz), 8.15 (s, 1H), 8.40 (d, 2H, J = 8.6 Hz).13C NMR (100 MHz, CDCl3), § (ppm):
44.7, 55.5, 114.8, 126.2, 126.8, 127.6, 127.7, 127.9, 128.5, 134.4,138.7, 140.3, 158.7,
161.5. HRMS [M+H] *, m/z, calculated: C20H1sN3O3S*= 380.1063, found = 380.1071.

6-(4-methoxystyryl)-3-(4-(methylsulfonyl)phenyl)imidazo[1,2-b]pyridazine.

(E)-2-(4-methoxyphenyl)vinylboronic acid 52.0 mg, Obtained mass: 49 mg, Percentage
yield: 62%. Mp: 217.3 to 219.4 °C. *H NMR (400 MHz, CDCls), § (ppm): 3.12 (s, 3H), 3.90
(s, 3H), 7.06 (d, 2H, J = 8.9 Hz), 7.57 (d, 1H, J = 9.5 Hz), 7.95 (d, 2H, J = 8.9 Hz), 8.07
(d, 3H, J = 8.9 Hz), 8.16 (s, 1H), 8.40 (d, 2H, J = 8.7 Hz). 13C NMR (100 MHz, CDCls), &
(ppm): 44.7, 55.5, 116.5, 126.2, 126.8, 127.9, 128.5, 132.0, 132.2, 134.3, 134.4, 138.7,
140.3, 151.8, 161.5.
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tert-butyl 5,6-dihydro-4-(3-(4-(methylsulfonyl)phenyl)imidazo[1,2-b] pyridazin-6-yl)
pyridine-1(2H)-carboxylate

Tert-butyl 5,6-dihydro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)  pyridine-1(2H)-
carboxylate 90.4 mg, Obtained mass: 62 mg, Percentage yield: 70%. Mp: 215.9 to 216.4
°C. 'H NMR (400 MHz, CDClIs), 6 (ppm): 1.49 (s, 9H), 2.76 (m, 2H), 3.11 (s, 3H), 3.69 (t,
2H, J = 5.2 Hz), 4.20 (m, 2H), 6.61 (m, 1H), 7.42 (d, 1H, J = 9.6 Hz), 7.99 (d, 1H, J = 9.6
Hz), 8.04 (d, 2H, J = 8.6 Hz), 8.13 (s, 1H), 8.31 (d, 2H, J = 8.6 Hz). 13C NMR (100 MHz,
CDClz), é§ (ppm): 28.5, 29.7, 41.2, 43.5, 44.6, 80.2, 125.7, 126.8, 127.9, 128.5, 128.6,
132.1, 132.2, 134.3, 138.8, 140.3, 151.5, 154.7. HRMS [M+H] *, m/z, calculated:
C23H27N404S*= 455.1748, found = 455.1753.

/
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Boronic acid 101.9 mg, Obtained mass: 55 mg, Percentage yield: 53%. Mp: 147.5 to
150.2 °C. 1H NMR (400 MHz, CDCls), § (ppm): 1.41 (s, 9H), 2.02 (m, 2H), 3.12 (s, 3H),
2.98 (m, 2H), 3.73 (m, 3H), 4.70 (m, 2H), 7.50 (d, 1H, J = 7.6 Hz), 7.60 (m, 3H), 8.00 (s,
1H), 8.06 (d, 3H, J = 8.5 Hz), 8.13 (d, 1H, J = 9.5 Hz), 8.19 (s, 1H), 8.36 (d, 2H, J = 8.5
Hz). 13C NMR (100 MHz, CDCls), & (ppm): 29.7, 31.0, 41.3, 44.6, 47.9, 79.7, 125.7, 126.7,

Compound 20F.
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127.9,128.3,128.6, 129.5, 134.0, 134.9, 135.8, 139.0, 151.3, 155.2, 169.7. HRMS [M+H]
*, m/z, calculated: C3oH34NsOsS*= 476.2275, found = 476.2255

ethyl 2-(3-(4-(methylsulfonyl)phenyl)imidazo[1,2-b]pyridazin-6-yl)benzoate

/
O=
S:O

2-(ethoxycarbonyl)phenylboronic acid 56.8 mg, Obtained mass: 35 mg, Percentage yield:
43%. Mp: 185.5 to 187.5 °C. 'H NMR (400 MHz, CDCls), § (ppm): 1.02 (t, 3 H,J=
7.1 Hz), 3.07 (s, 3H), 4.10 (q, 2H, J = 7.1 Hz), 7.29 (d, 1H, J = 9.3 Hz), 7.45 (m, 1H), 7.60
(m, 1H, J = 8.7 Hz), 7.66 (m, 1H), 8.00 (d, 3H, J = 8.4 Hz), 8.08 (d, 1H, J = 9.3 Hz), 8.21
(s, 1H), 8.31 (d, 2H, J = 8.4 Hz). 13C NMR (100 MHz, CDCls), § (ppm): 14.2, 44.6, 61.4,
119.6,125.4,126.8,127.9, 128.5, 128.6, 129.7, 130.4, 130.7, 132.0, 132.2, 134.0, 134.5,
137.1, 138.8, 154.0, 167.4. HRMS [M+H] *, m/z, calculated: C22H20N304S*= 422.1169,
found = 422.1162

6-(3-fluorophenyl)-3-(4-(methylsulfonyl)phenyl)imidazo[1,2-b]pyridazine.

3-fluorophenylboronic acid 40.9 mg, Obtained mass: 35 mg, Percentage yield: 49%. Mp:
230.5 to 232.5 °C. 'H NMR (400 MHz, CDCI3), § (ppm): 3.12 (s, 3H), 7.20 (m, 1H), 7.45
(m, 1H), 7.52 (m, 2H), 7.60 (d, 1H, J = 9.5 Hz), 8.08 (d, 2H, J = 8.6 Hz), 8.13 (d, 1H, J =
9.5 Hz), 8.21 (s, 1H), 8.37 (d, 2H, J = 8.5 Hz). *3C NMR (100 MHz, CDClz), § (ppm): 44.6,
114.02, 117.3, 122.8, 126.7, 126.9, 128.0, 128.6, 128.7, 130.9, 134.9, 137.5, 139.0,
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162.0, 164.5. HRMS [M+H] *, m/z, calculated: Ci9HisFN202S* = 368.0864, found =
368.0875.

3-(4-(methylsulfonyl)phenyl)-6-(2-(trifluoromethoxy)phenyl)imidazo[1,2-
b]pyridazine.

2-(trifluoromethoxy)phenylboronic acid 60.3 mg, Obtained mass: 51 mg, Percentage
yield: 60%. Mp: 152.1 to 155.5 °C. *H NMR (400 MHz, CDCls), & (ppm): 3.09 (s, 3H), 7.45
(m, 1H), 7.50 (d, 1H, J = 9.5 Hz), 7.57 (m, 1H), 7.65 (m, 1H), 7.79 (d, 1H, J = 9.4 Hz),
8.04 (d, 2H, J =8.7 Hz), 8.12 (d, 1H, J = 9.5 Hz), 8.23 (s, 1H), 8.36 (d, 2H, J = 8.6 Hz).
13C NMR (100 MHz, CDCls), 6 (ppm): 44.6, 119.1, 121.7, 125.8, 126.9, 127.6, 127.9,
128.5, 128.7, 129.7, 134.8, 138.9, 140.1, 146.8, 150.2. HRMS [M+H] *, m/z, calculated:
C19H15sFN202S*= 434.0781, found = 434.0787.

3-(4-(methylsulfonyl)phenyl)-6-(4-(trifluoromethoxy)phenyl)imidazo[1,2-
b]pyridazine.

/
O=
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4-(trifluoromethoxy)phenylboronic acid 60.3 mg, Obtained mass: 41 mg, Percentage
yield: 48%. Mp: 162.3 to 164.5 °C. *H NMR (400 MHz, CDCls), § (ppm): 3.12 (s, 3H), 7.41
(d, 2H, J = 8.4 Hz), 7.60 (d, 1H, J = 9.5 Hz), 8.04 (d, 2H, J = 8.8 Hz), 8.09 (d, 2H, J = 8.7
Hz), 8.16 (d, 1H, J = 9.6 Hz), 8.22 (s, 1H), 8.38 (d, 2H, J = 8.6 Hz). 13C NMR (100 MHz,
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CDCls), § (ppm): 44.6, 116.4, 121.5, 126.7, 127.0, 128.0, 128.5, 128.7, 128.8, 132.0,
132.1, 139.1, 151.0. HRMS [M+H] *, m/z, calculated: C19H1sFN202S*= 434.0781, found =
434.0777.

3-(4-(methylsulfonyl)phenyl)-6-(thiophen-2-yl)imidazo[1,2-b]pyridazine.

Thiophen-2-yl-2-boronic acid 61.5 mg, Obtained mass: 34 mg, Percentage yield: 49%.
Mp: 208.8 to 211.8 °C. 'H NMR (400 MHz, CDCls), § (ppm): 3.12 (s, 3H), 7.18 (m, 1H),
7.45 (m, 1H), 7.54 (m, 1H), 7.65 (m, 1H), 8.06 (m, 3H), 8.17 (s, 1H), 8.42 (d, 2H, J = 8.5
Hz). 13C NMR (100 MHz, CDCls), & (ppm): 44.7, 126.3, 126.7, 127.4, 127.9, 128.3, 128.5,
128.6, 129.3, 134.5, 138.3, 138.8, 139.5, 147.8. HRMS [M+H] *, m/z, calculated:
C17H14N302S2*= 356.0522, found = 356.0521.

3-(4-(methylsulfonyl)phenyl)-6-(thiophen-3-yl)imidazo[1,2-b]pyridazine.

Thiophen-3-yl-3-boronic acid 61.5 mg, Obtained mass: 31 mg, Percentage yield: 45%.
Mp: 205.8 to 206.7 °C. H NMR (400 MHz, CDCls), § (ppm): 3.11 (s, 3H), 7.19 (d, 1H, J =
9.4 Hz), 7.50 (m, 1H), 7.55 (d, 1H, J = 9.4 Hz), 7.93 (m, 1H), 8.04 (d, 1H, J = 9.4 Hz),
8.19 (s, 1H), 8.29 (d, 2H, J = 8.6 Hz), 8.39 (d, 2H, J = 8.6 Hz). 13C NMR (100 MHz, CDCls),
6 (ppm): 44.7,126.3,119.5,125.4,126.0,126.4,126.9, 127.0, 127.9, 128.0, 134.8, 137.7,
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138.9, 139.5, 147.4. HRMS [M+H] *, m/z, calculated: C17H14N302S2"= 356.0522, found =
356.0536.

3-(4-(methylsulfonyl)phenyl)-6-(pyridin-4-yl)imidazo[1,2-b]pyridazine.

Pyridin-4-yl-4-boronic acid 36.0 mg, Obtained mass: 31 mg, percentage yield: 45%. Mp:
273.1to 275.2 °C. *H NMR (400 MHz, CDCls), § (ppm): 3.37 (s, 3H), 8.08 (d, 1H, J= 9.5
Hz), 8.11 (d, 2H, J = 8.5 Hz), 8.17 (d, 2H, J = 5.9 Hz), 8.46 (d, 1H, J = 9.5 Hz), 8.55 (d,
3H, J = 8.2 Hz), 8.82 (d, 2H, J = 5.5 Hz). 13C NMR (100 MHz, CDCls), § (ppm): 44.0,
117.1,121.8, 126.7, 127.1, 127.4, 128.1, 133.5, 136.1, 139.6, 142.6, 149.8, 151.1.

Compound 20N.
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Boronic acid 87.0 mg, Obtained mass: 28 mg, Percentage yield: 33%. Mp: 285.8 to 288.2
°C. 'H NMR (400 MHz, CDClz), § (ppm): 3.11 (s, 3H), 3.29 (s, 3H), 7.41 (d, 2H, J = 8.8
Hz), 7.96 (d, 1H, J = 9.6 Hz), 8.10 (d, 2H, J = 8.7 Hz), 8.18 (d, 2H, J = 8.8 Hz), 8.35 (d,
1H, J = 9.6 Hz), 8.50 (s, 1H), 8.57 (d, 2H, J = 8.7 Hz), 10.21 (s, 1H). *3C NMR (100 MHz,
CDCls), § (ppm): 44.0, 119.5, 126.8, 127.0, 128.1, 128.8, 130.1, 133.8, 139.4, 141.0,
151.4. HRMS [M+H] ¥, m/z, calculated: C1sH1sN4O2S*= 443.0842, found = 443.0843.

3-(4-(methylsulfonyl)phenyl)-6-m-tolylimidazo[1,2-b]pyridazine.

70



3-methylphenylboronic acid 39.8 mg, Obtained mass: 49 mg, Percentage yield: 69%. Mp:
199.8 t0 202.6 °C. *H NMR (400 MHz, CDCIs), § (ppm): 2.49 (s, 3H), 3.12 (s,3H), 7.36 (m,
1H), 7.45 (m, 1H), 7.61 (d, 1H, 3 =9.5 Hz), 7.79 (d, 2H, J = 7.1 Hz), 8.07 (d, 2H, J = 8.6
Hz), 8.11 (d, 1H, J = 9.5 Hz), 8.20 (s, 1H), 8.42 (d, 2H, J = 8.6 Hz). 13C NMR (100 MHz,
CDCls), & (ppm): 29.7, 44.7, 116.9, 124.4, 126.3, 126.9, 127.8, 127.9, 129.2, 131.2,
134.6. HRMS [M+H] *, m/z, calculated: C20H1sN302S*= 364,1114 found = 364.1110.

4.4.5. General procedure for the bromination

Compound 36 or 37 (317 mg, 1.2 mmol, 1 eq) was dissolved in ice cold acetonitrile (20
mL) and NBS (227 mg, 1.3 mmol, 1.1 eq) was added dropwise. The reaction was allowed
to reach room temperature (25°C) while stirring for 2 hrs. After completion (monitored by
TLC 50% ethyl acetate/hexane), acetonitrile was removed. The aqueous work-up was
done using ethyl acetate (3x15 mL). The organic phases were combined and rinsed with
brine, followed by drying over anhydrous NaSOa4. The solvents were removed in vacuo
and the residues were purified by Combi Flash chromatography using 50% ethyl
acetate/hexane to afford compound 38 and 39 [1], [2].

3-bromo-5-(4-(methylsulfonyl)phenyl)pyrazolo[1,5-a]pyrimidine.
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Obtained mass: 374 mg. Percentage yield 92%. *H NMR (400 MHz, CDCIs), § (ppm):
3.11 (s, 3H), 7.36 (d, 1H, J = 7.4 Hz), 8.10 (d, 2H, J = 8.2 Hz), 8.17 (s, 1H), 8.35 (d, 2H,
J=8.5Hz), 8.74 (d, 1H, J = 7.4 Hz).

3-bromo-5-(3-(methylsulfonyl)phenyl)pyrazolo[1,5-a]pyrimidine.
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Obtained mass: 319 mg. Percentage yield 78%. *H NMR (400 MHz, CDCI3), § (ppm):
3.14 (s, 3H), 7.37 (d, 1H, J = 7.3 Hz), 7.75 (m, 1H), 8.08 (d, 1H, J = 7.8 Hz), 8.16 (s, 1H),
8.50 (d, 1H, J = 7.9 Hz), 8.65 (m, 1H), 8.74 (d, 1H, J = 7.4 Hz).

4.4.6. General procedure for the synthesis of compound 38A to 38F and 39A to 39E.

Compound 38 or 39 (60.0 mg, 0.2 mmol, 1 eq), 2-methoxyphenylboronic acid (44.5 mg,
0.3 mmol, 1.5 eq) and Bis(triphenyphosphine)palladium (I1) dichloride (Pd(PPhs)2Cl2) (6.8
mg, 0.0098 mmol, 0.05 eq) were dissolved in 1.4-Dioxane (6 mL). The resulting mixture
was flushed with nitrogen gas for 15 to 20 minutes while stirring. An aqueous solution of
potassium carbonate (K2COs) (40.4 mg, 0.3 mmol, 1.5 eq) was then added. The reaction
mixture was heated under reflux for 18 hrs at 110 °C. After completion (monitored by TLC,
5% methanol (MeOH)/ DCM), the reaction mixture was allowed to cool to room
temperature (25 °C). 1,4-Dioxane was removed under reduced pressure. The resulting
mixture was diluted with 10% MeOH/DCM and dried over celite. The agqueous work-up
was done using DCM (3x15 mL). The organic phases were combined and rinsed with
brine, followed by drying over anhydrous NaSOa4. The solvents were removed in vacuo
and the residues were purified by Combi Flash chromatography using 5% MeOH/DCM to
afford compound 38A to 38F and 39A to 39E.

3,5-bis(4-(methylsulfonyl)phenyl)pyrazolo[1,5-a]pyrimidine.
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4-(methylsulfonyl)phenylboronic acid 51.1 mg, Obtained mass: 38 mg, Percentage yield:
52%. Mp: 294.3 to 295.6 °C. 'H NMR (400 MHz, CDClzs), 6 (ppm): 3.11 (s, 3H), 3.13 (s,
3H), 7.44 (d, 1H, J = 7.3 Hz), 7.79 (d, 1H, J = 8.5 Hz), 8.05 (d, 2H, J = 8.5 Hz), 8.14 (d,
2H, J = 8.5 Hz), 8.36 (m, 3H), 8.58 (s, 1H), 8.84 (d, 1H, J = 7.3 Hz). 13C NMR (100 MHz,
CDCls), & (ppm): 44.5, 96.7, 126.5, 127.0, 127.9, 128.5, 134.7, 137.7, 139.1, 140.2,
157.8. HRMS [M+H] *, m/z, calculated: C20H18N304S2"= 428,0733 found = 428.0733.

5-(4-(methylsulfonyl)phenyl)-3-(6-(methylsulfonyl)pyridin-3-yl)pyrazolo[1,5-
alpyrimidine
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5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-(methylsulfonyl)pyridine  72.4  mg,
Obtained mass: 41 mg, Percentage yield: 56%. Mp: 253.8 to 254.4 °C. *H NMR (400 MHz,
CDCls), 6 (ppm): 3.14 (s, 3H), 3.27 (s, 3H), 7.49 (d, 1H, J =7.4 Hz), 8.14 (d, 2H, J =8.5
Hz), 8.35 (d, 2H, J = 8.5 Hz), 8.63 (m, 2H), 8.87 (d, 1H, J = 7.3 Hz), 8.97 (d, 1H, J = 1.2
Hz), 9.60 (d, 1H, J = 1.6 Hz). 13C NMR (100 MHz, CDCls), § (ppm): 40.5, 44.5, 65.9,
106.5, 121.5, 128.3, 128.4, 134.0, 136.5, 137.1, 147.5, 148.5. HRMS [M+H] *, m/z,
calculated: C19H17N4O4S2*= 429,0686 found = 428.0696.

5-(4-(methylsulfonyl)phenyl)-3-(pyridin-4-yl)pyrazolo[1,5-a]pyrimidine.
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Pyridin-4-yl-4-boronic acid 34.0 mg, Obtained mass: 40 mg, Percentage yield: 61%. Mp:
254.5 t0 255.8 °C. H NMR (400 MHz, CDCls), § (ppm): 3.15 (s, 3H), 7.64 (d, 1H, 7.4 Hz),
8.21 (d, 2H, 8.2 Hz), 8.37 (d, 2H, 8.4 Hz), 8.63 (m, 4H), 8.74 (s, 1H), 8.96 (d, 1H, 7.3 Hz).
13C NMR (100 MHz, CDCIls), § (ppm): 44.7, 87.6, 126.5, 127.0, 127.9, 128.5, 128.8 129.0,
139.1, 140.2, 147.8. HRMS [M+H] *, m/z, calculated: C1sH15N4O2S*= 351,0910 found =
351.0923.

N,N-dimethyl-3-(5-(4-(methylsulfonyl)phenyl)pyrazolo[1,5-a]pyrimidin-3-

yl)benzenamine.
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3-(dimethylamino)phenylboronic acid 45.7 mg, Obtained mass: 38 mg, Percentage yield:
53%. Mp: 217.5 to 219.3 °C. 'H NMR (400 MHz, CDClzs), 6 (ppm): 3.09 (s, 6H), 3.12 (s,
3H), 7.35 (d, 1H, J = 7.4 Hz), 7.45 (m, 2H), 7.53 (m, 1H), 7.65 (m, 1H), 8.10 (d, 2H, J =
8.4 Hz), 8.40 (d, 2H, J = 8.3 Hz), 8.51 (s, 1H), 8.78 (d, 1H, J = 7.3 Hz). 13C NMR (100
MHz, CDCls), 6 (ppm): 44.5, 105.1, 128.1, 128.5, 128.6, 129.6, 132.0, 132.1, 132.2,
135.9, 141.8, 142.1, 143.9, 144.5. HRMS [M+H] *, m/z, calculated: C21H21N4O2S*=
393,1380 found = 393.1376.

3-(2-methoxyphenyl)-5-(4-(methylsulfonyl)phenyl)pyrazolo[1,5-a]pyrimidine.
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2-methoxyphenylboronic acid 38.8 mg, Obtained mass: 37 mg, Percentage yield: 54%.
Mp: 230.5 to 232.5 °C. *H NMR (400 MHz, CDCls), § (ppm): 3.10 (s, 3H), 3.95 (s, 3H),
7.04 (d, 1H, J = 8.2 Hz), 7.14 (m, 1H), 7.32 (m, 2H), 8.09 (d, 2H, J = 8.6 Hz), 8.34 (d, 2H,
J = 8.5 Hz), 8.44 (m, 1H), 8.80 (d, 2H, J = 6.4 Hz). 13C NMR (100 MHz, CDCls), & (ppm):
43.5, 54.5, 104.0, 119.9, 126.7, 127.0, 127.1, 127.4, 128.6, 134.7, 140.6, 146.0, 152.2,
155.4. HRMS [M+H] *, m/z, calculated: C20H1sN303S*= 380,1063 found = 380.1058.

3-(4-methoxyphenyl)-5-(4-(methylsulfonyl)phenyl)pyrazolo[1,5-a]pyrimidine.
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4-methoxyphenylboronic acid 38.8 mg, Obtained mass: 39 mg, Percentage yield: 56%.
Mp: 236.5 to 237.9 °C. IH NMR (400 MHz, CDCls), § (ppm): 3.11 (s, 3H), 3.87 (s, 3H),
7.04 (d, 2H, J = 8.9 Hz), 7.30 (d, 1H, J = 7.4 Hz), 8.04 (d, 2H, J = 8.9 Hz), 8.10 (d, 2H, J
= 8.6 Hz), 8.34 (d, 2H, J = 8.6 Hz), 8.43 (s, 1H), 8.74 (d, 1H, J = 7.4 Hz). 13C NMR (100
MHz, CDCls), § (ppm): 43.5, 54.5, 96.7, 110.5,113.3, 126.5, 127.0, 127.9, 134.7, 140.7,
141.1, 142.2, 157.4, 157.6. HRMS [M+H] *, m/z, calculated: C20H18N30O3S*= 380,1063
found = 380.1063.

5-(3-(methylsulfonyl)phenyl)-3-(pyridin-4-yl)pyrazolo[1,5-a]pyrimidine
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Pyridin-4-yl-4-boronic acid 34.0 mg, Obtained mass: 48 mg, Percentage yield: 75% Mp:
255.7 to 256.2 °C. 'H NMR (400 MHz, CDCls), § (ppm): 3.40 (s, 3H), 7.92 (m, 1H), 8.04
(d, 1H, J =7.4 Hz), 8.15 (d, 1H, J = 8.0 Hz), 8.45 (d, 2H, J = 5.0 Hz), 8.74 (m, 4H), 9.13
(s, 1H), 9.46 (d, 1H, J = 7.4 Hz). 13C NMR (100 MHz, CDCls), § (ppm): 44.8, 126.5, 129.8,
130.9, 132.9, 137.7, 138.5, 142.4. HRMS [M+H] *, m/z, calculated: CisHisN4O2S*=
351,0910 found = 351.0915.

3-(4-methoxyphenyl)-5-(3-(methylsulfonyl)phenyl)pyrazolo[1,5-a]pyrimidine.
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4-methoxyphenylboronic acid 38.8 mg, Obtained mass: 43 mg, Percentage yield: 66%.
Mp: 235.7 to 236.2 °C. *H NMR (400 MHz, CDClz), § (ppm): 3.36 (s, 3H), 3.81 (s, 3H),
7.06 (d, 2H, J = 8.9 Hz), 7.83 (d, 1H, J = 7.4 Hz), 7.89 (m, 1H), 8.11 (d, 1H, J = 8.2 Hz),
8.16 (d, 2H, J = 8.8 Hz), 8.64 (d, 1H, J = 8.0 Hz), 8.74 (m, 2H), 9.28 (d, 1H, J = 7.4 Hz).
13C NMR (100 MHz, CDCIls), § (ppm): 43.8,55.6, 106.1,114.7, 124.8, 126.0, 127.5, 129.2,
130.9, 132.5,138.2, 142.3, 153.9, 158.2. HRMS [M+H]*, m/z, calculated: C20H18N303S*=
380,1063 found = 380.1056.

3-(4-tert-butylphenyl)-5-(3-(methylsulfonyl)phenyl)pyrazolo[1,5-a]pyrimidine.
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4-tert-butylphenylboronic acid 45.5 mg, Obtained mass: 34 mg, Percentage yield: 49%.
Mp: 140.0 to 140.8 °C. *H NMR (400 MHz, CDClz), § (ppm): 1.37 (s, 9H), 3.14 (s, 3H),
7.34 (d, 1H,J=7.4 Hz), 7.52 (d, 2H, J = 8.5 Hz), 7.76 (m, 1H), 8.05 (m, 3H), 8.46 (s, 1H),
8.55 (d, 1H, J = 7.9 Hz), 8.63 (m, 1H), 8.75 (d, 1H, J = 7.4 Hz). 13C NMR (100 MHz,
CDCls), 6 (ppm): 31.4, 34.7, 44.6, 105.0, 111.5, 125.9, 126.1, 128.8, 130.4, 132.5, 136.2,
138.6, 141.6, 143.6, 144.3, 149.6, 153.4. HRMS [M+H] *, m/z, calculated: C23H24N302S*=
406,1584 found = 406.1583.

5-(3-(methylsulfonyl)phenyl)-3-(4-(trifluoromethoxy)phenyl)pyrazolo[1,5-
alpyrimidine.
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4-(trifluoromethoxy)phenylboronic acid 52.6 mg, Obtained mass: 39 mg, Percentage
yield: 53%. Mp: 162.5 to 165.1 °C. *H NMR (400 MHz, CDClz), § (ppm): 3.14 (s, 3H), 7.33
(d, 2H, J =8.0 Hz), 7.40 (d, 1H, J = 7.4 Hz), 7.79 (m, 1H), 8.08 (d, 1H, J = 7.8 Hz), 8.15
(d, 2H, J = 8.8 Hz), 8.47 (s, 1H), 8.55 (d, 1H, J = 7.8 Hz), 8.63 (m, 1H), 8.79 (d, 1H, J =
7.3 Hz). 13C NMR (100 MHz, CDCls), § (ppm): 44.6, 105.4, 121.5, 126.0, 127.5, 129.2,
130.4, 132.5, 136.1,139.6, 142.4, 144.6, 150.6, 154.5. HRMS [M+H] *, m/z, calculated:
C20H15F3N3035"= 434,0781 found = 434.0792.
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5-(3-(methylsulfonyl)phenyl)-3-(6-(methylsulfonyl)pyridin-3-yl)pyrazolo[1,5-
alpyrimidine.

5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-(methylsulfonyl)pyridine ~ 72.4  mg,
Obtained mass: 49 mg, Percentage yield: 67%. Mp: 256.8 to 257.4 °C. *H NMR (400 MHz,
CDCls), § (ppm): 3.16 (s, 3H), 3.27 (s, 3H), 7.52 (d, 1H, J = 7.4 Hz), 7.82 (m, 1H), 8.12
(d, 1H, J = 7.8 Hz), 8.18 (m, 2H), 8.61 (m, 3H), 8.86 (d, 1H, J = 7.3 Hz), 9.58 (d, 1H, J =
1.6 Hz). 13C NMR (100 MHz, CDCls), § (ppm): 44.6, 106.3, 121.7, 126.1, 128.9, 129.7,
130.6,131.9,132.3,132.7,134.1, 137.1, 138.3, 141.7, 143.4, 154.6, 155.5. HRMS [M+H]
*, m/z, calculated: C19H17N4O4S2"= 429,0686 found = 429.0648.

4.3.7. General synthesis of 40A, 40B and 40C

Compound 39A or 39B or 39C (24 mg, 0.059 mmol, 1 eq) and Pd(PPhs)2Cl2 (0.83 mg,
0.0012 mmol, 0.02 eq) were dissolved in a mixture of DCM and EtOH in 3:2 ratio. Sodium
borohydride (NaBH4) (22 mg, 0.59 mmol, 10 eq) was then added. The reaction was
allowed to stir at room temperature (25°C) for 18 hrs. After completion (monitored by TLC
DCM/MeOH (98:2)), ethanol was removed. The aqueous work-up was done using DCM
(3x15 mL). The organic phases were combined and rinsed with brine, followed by drying
over anhydrous NaSOas. The solvents were removed in vacuo and the residues were
purified by Combi Flash chromatography using DCM/MeOH (98:2) to afford compound
40A, 40B and 40C [42].

4,5,6,7-tetrahydro-5-(3-(methylsulfonyl)phenyl)-3-(pyridin-4-yl)pyrazolo[1,5-

alpyrimidine.
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Obtained mass: 10 mg, Percentage yield: 41%. Mp: 220.5 to 222.5 °C. *H NMR (400 MHz,
CDCls), § (ppm): 2.35 (m, 2H), 3.07 (s, 3H), 4.20 (m, 2H), 4.65 (t, 1H, J = 6.3 Hz), 4.85
(s, 1H), 7.24 (m, 3H), 7.63 (m, 2H), 7.76 (d, 1H, J = 7.8 Hz), 7.92 (d, 1H, J = 8.0 Hz), 8.00
(m, 1H), 8.48 (m, 1H). ). 13C NMR (100 MHz, CDCls), § (ppm): 38.4, 43.3, 44.5, 57.3,
44.8, 126.6, 129.9, 131.0, 133.0, 137.8, 138.6, 142.5.

4,5,6,7-tetrahydro-3-(4-methoxyphenyl)-5-(3-(methylsulfonyl)phenyl)pyrazolo[1,5-

alpyrimidine.
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Obtained mass: 11 mg, Percentage yield: 47%. Mp: 184.0 to 185.7 °C. *H NMR (400 MHz,
CDCls), & (ppm): 2.28 (m, 2H), 3.01 (s, 3H), 3.73 (s, 3H), 4.20 (m, 2H), 4.55 (t, 1H, J =
6.2 Hz ), 4.61 (s, 1H) 6.84 (d, 2H, J = 8.8 Hz), 7.23 (d, 2H, J = 8.8 Hz), 7.43 (s, 1H), 7.55
(m, 1H), 7.68 (d, 1H, J = 7.8 Hz), 7.84 (m, 1H), 7.93 (m, 1H). 33C NMR (100 MHz, CDCls),
& (ppm): 38.3, 41.3, 43.8, 55.6, 57.4, 106.1, 124.8, 126.0, 127.5, 129.2, 130.9, 132.5,
142.3, 153.9, 158.2. HRMS [M+H] *, m/z, calculated: C20H22N303S*= 384,1376 found =
384.1381.

3-(4-tert-butylphenyl)-4,5,6,7-tetrahydro-5-(3-(methylsulfonyl)phenyl)pyrazolo[1,5-
alpyrimidine.
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Obtained mass: 15 mg. Percentage yield: 62%. Mp: 219.8 to 220.8 °C. *H NMR (400 MHz,
CDCl3), § (ppm): 1.24 (s, 9H), 2.29 (m, 2H), 3.01 (s, 3H), 4.20 (m, 2H), 4.54 (t, 1H, J =
6.2 Hz), 4.65 (s, 1H), 7.24 (d, 2H, J = 8.5 Hz), 7.33 (d, 2H, J = 8.4 Hz), 7.47 (s, 1H), 7.55
(m, 1H), 7.68 (d, 1H, J = 7.8 Hz), 7.84 (m, 1H), 7.93 (m, 1H). 3C NMR (100 MHz, CDCls),
& (ppm): 31.3, 34.5, 34.6, 44.5, 44.7, 58.2, 113.4, 125.7, 126.1, 127.3, 129.8, 130.2,
131.9, 137.1, 141.3, 143.8, 148.7. HRMS [M+H] *, m/z, calculated: C23H2sN302.S*=
410,1897 found = 410.1879.
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CHAPTER 5: APPENDIX
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Figure 5.1: 'H NMR of 6-(2-methoxyphenyl)-3-(4-(methylsulfonyl)phenyl)imidazo[1,2-
b]pyridazine.
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Figure 5.2: 13C NMR of 6-(2-methoxyphenyl)-3-(4-(methylsulfonyl)phenyl)imidazo[1,2-
b]pyridazine.
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Figure 5.3: MS of 6-(2-methoxyphenyl)-3-(4-(methylsulfonyl)phenyl)imidazo[1,2-b]
pyridazine.
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Figure 5.4: 'H NMR of 6-(3-methoxyphenyl)-3-(4-(methylsulfonyl)phenyl)imidazo[1,2-
b]pyridazine.
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Figure 5.5: 13C NMR of 6-(3-methoxyphenyl)-3-(4-(methylsulfonyl)phenyl)imidazo[1,2-
b]pyridazine.
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Spectrum from 230522 LFM-037 wiff2 (sample 1) - LFM-037, Experiment 3, +IDA TOF MSMS (100 - 1500} from 2.030 min Precursor: 380.1 Da, +1, CE: 35.0
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Figure 5.6:MS of 6-(3-methoxyphenyl)-3-(4-(methylsulfonyl)phenyl)imidazo[1,2-b]
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'H NMR of 6-(4-methoxystyryl)-3-(4-(methylsulfonyl)phenyl)imidazo[1,2-

Figure 5.7:

b]pyridazine.
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Figure 5.8:
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Figure 5.9: TH NMR of tert-butyl 5,6-dihydro-4-(3-(4-(methylsulfonyl)phenyl)imidazo[1,2-
b]pyridazin-6-yl)pyridine-1(2H)-carboxylate.
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Figure 5.10: 13C NMR tert-butyl 5,6-dihydro-4-(3-(4-(methylsulfonyl)phenyl)imidazo[1,2-
b]pyridazin-6-yl)pyridine-1(2H)-carboxylate.
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Figure 5.11: MS of tert-butyl 5,6-dihydro-4-(3-(4-(methylsulfonyl)phenyl)imidazo[1,2-
b]pyridazin-6-yl)pyridine-1(2H)-carboxylate.
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Figure 5.12: *H NMR of compound 20F.

.mNH&
"PET
"PET
‘SET
TLET
"6ET
0FT
"TST
.mm._“\.

Jll H |

i

210 200 180 180 170 160 150 140 130 120 110 100 90

L

T

T

T

T

T

T

T

70 60 50 40 30 20 10 O ppm

80

88



Figure 5.13: 13C NMR of compound 20F.
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Figure 5.15: 'H NMR of ethyl 2-(3-(4-(methylsulfonyl)phenyl)imidazo[1,2-b]pyridazin-6-
yl)benzoate.
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Figure 5.16: 13C NMR of ethyl 2-(3-(4-(methylsulfonyl)phenyl)imidazo[1,2-b]pyridazin-6-

yl)benzoate.
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Figure 5.17: MS of ethyl 2-(3-(4-(methylsulfonyl)phenyl)imidazo[1,2-b]pyridazin-6-

yl)benzoate.
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Figure 5.18: 'H NMR of 6-(3-fluorophenyl)-3-(4-(methylsulfonyl)phenyl)imidazo[1,2-
b]pyridazine.
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Figure 5.19: 13C NMR of 6-(3-fluorophenyl)-3-(4-(methylsulfonyl)phenyl)imidazo[1,2-
b]pyridazine.
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Figure 5.20: MS of 6-(3-fluorophenyl)-3-(4-(methylsulfonyl)phenyl)imidazo[1,2-
b]pyridazine.
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imidazo[1,2-b] pyridazine.
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Figure 5.23: MS of 3-(4-(methylsulfonyl)phenyl)-6-(2-(trifluoromethoxy)phenyl)
imidazo[1,2-b] pyridazine.
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Figure 5.24: 'H NMR of 3-(4-(methylsulfonyl)phenyl)-6-(4-(trifluoromethoxy)phenyl)
imidazo[1,2-b] pyridazine.

94



-~ r~ OUNOWUWOMOO~- M o
o o O-HO~TWLNOOM™ D ™
o [+)] M ANMNO0OWOWOOOE WWw A e}
T3] (s3] TN ANNNANNNNN —
— — A A A A A A A A A —
N . i
TSNy
/
O:S:o
F;CO
N.
\C\Q\
\\N
20J
T T T T T T T T T T T
155 150 145 140 135 130 125 120 115 110 ppm

Figure 5.25: 3C NMR of 3-(4-(methylsulfonyl)phenyl)-6-(4-(trifluoromethoxy)phenyl)
imidazo[1,2-b] pyridazine.
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Figure 5.26: MS of 3-(4-(methylsulfonyl)phenyl)-6-(4-(trifluoromethoxy)phenyl)
imidazo[1,2-b] pyridazine.
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'H NMR of 3-(4-(methylsulfonyl)phenyl)-6-(thiophen-2-yl)imidazo[1,2-

Figure 5.27:

b]pyridazine.
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Figure 5.29: MS of 3-(4-(methylsulfonyl)phenyl)-6-(thiophen-2-yl)imidazo[1,2-
b]pyridazine.
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Figure 5.30: 'H NMR of 3-(4-(methylsulfonyl)phenyl)-6-(thiophen-3-yl)imidazo[1,2-
b]pyridazine
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Figure 5.31: 3C NMR of 3-(4-(methylsulfonyl)phenyl)-6-(thiophen-3-yl)imidazo[1,2-

b]pyridazine.
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Figure 5.33: 'H NMR of 3-(4-(methylsulfonyl)phenyl)-6-(pyridin-4-yl)imidazo[1,2-
b]pyridazine.
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Figure 5.34: ¥C NMR of 3-(4-(methylsulfonyl)phenyl)-6-(pyridin-4-yl)imidazo[1,2-
b]pyridazine.

99



90T €~
98Z° €
e €

G6E"L
LTV L
8€6°L
296" L
860°8
oma.wM/
ZLT 8-\
¥61°8-,
me.mw\
mom.w\\
L6V 8
£96°8
G86°8

€TIC 0T —

ppm
[} =]

F‘T‘Dj
N ™M

3.5

Figure 5.35: 'H NMR of compound 20N.
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Figure 5.36: 13C NMR of compound 20N.
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Figure 5.37: MS of compound 20N.
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Figure 5.38: 'H NMR of 3-(4-(methylsulfonyl)phenyl)-6-m-tolylimidazo[1,2-b]pyridazine.
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Figure 5.39: 13C NMR of 3-(4-(methylsulfonyl)phenyl)-6-m-tolylimidazo[1,2-b]pyridazine.
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Figure 5.40: MS of 3-(4-(methylsulfonyl)phenyl)-6-m-tolylimidazo[1,2-b]pyridazine.
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Figure 5.42: *H NMR of 3-bromo-5-(3-(methylsulfonyl)phenyl)pyrazolo[1,5-a]pyrimidine.
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Figure 5.44: 'H NMR of 5-(4-(methylsulfonyl)phenyl)-3-(6-(methylsulfonyl)pyridin-3-
yl)pyrazolo[1,5-a]pyrimidine.
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Figure 5.45: 13C NMR of 5-(4-(methylsulfonyl)phenyl)-3-(6-(methylsulfonyl)pyridin-3-
yl)pyrazolo[1,5-a]pyrimidine.
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Figure 5.46: 'H NMR of 5-(4-(methylsulfonyl)phenyl)-3-(pyridin-4-yl)pyrazolo[1,5-

1

aJpyrimidine.
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Figure 5.47: 'H NMR of N,N-dimethyl-3-(5-(4-(methylsulfonyl)phenyl)pyrazolo[1,5-

a]pyrimidin-3-yl)benzenamine.
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Figure 5.48: 3C NMR of N,N-dimethyl-3-(5-(4-(methylsulfonyl)phenyl)pyrazolo[1,5-

a]pyrimidin-3-yl)benzenamine.
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Figure 5.49: H NMR of 3-(2-methoxyphenyl)-5-(4-(methylsulfonyl)phenyl)pyrazolo[1,5-

a]pyrimidine.
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Figure 5.50: 13C NMR of 3-(2-methoxyphenyl)-5-(4-(methylsulfonyl)phenyl)pyrazolo[1,5-

a]pyrimidine.
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Figure 5.52: 13C NMR of 3-(4-methoxyphenyl)-5-(4-(methylsulfonyl)phenyl)pyrazolo[1,5-

a]pyrimidine.
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Figure 5.53: 'H NMR of 5-(3-(methylsulfonyl)phenyl)-3-(pyridin-4-yl)pyrazolo[1,5-
a]pyrimidine.
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Figure 5.54: 'H NMR of 5-(3-(methylsulfonyl)phenyl)-3-(pyridin-4-yl)pyrazolo[1,5-

aJpyrimidine.
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Figure 5.55: H NMR of 3-(4-methoxyphenyl)-5-(3-(methylsulfonyl)phenyl)pyrazolo[1,5-

a]pyrimidine.
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Figure 5.56: 13C NMR of 3-(4-methoxyphenyl)-5-(3-(methylsulfonyl)phenyl)pyrazolo[1,5-

a]pyrimidine.
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Figure 5.57: 'H NMR of 3-(4-tert-butylphenyl)-5-(3-(methylsulfonyl)phenyl)pyrazolo[1,5-

alpyrimidine.

v0s”’
96T"
EVL”
oL’
662"
926"
S80°
0g0°”
€0% -
629"
899"
8v9°
289"’
¥8s”
1oL
8L0"
Z8eZ’
96¢€"

It
A
0e
(A4

786 "¥0T
825 1T
2987921
926 °GZ1
6207921
8ET 921

951" LZTf
pLS 8ZT /|
818 82T/
096 "8ZT /i
€LZ 0ET
L9E 0ET
8zZv - ZET Y
ZTs ZET
7L8 GET
L9G 8ET
(IAAREAE
mmm.m¢H*
8VE VP
019 67T

60% "£ST

,J\ ke

T

210 200 190 180 170 160 150 140 130 120 110 100 90 80

ppm

60 50 40 30 20 10

70

Figure 5.58: 13C NMR of 3-(4-tert-butylphenyl)-5-(3-(methylsulfonyl)phenyl)pyrazolo[1,5-

a]pyrimidine.
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Figure 5.59: H NMR of 5-(3-(methylsulfonyl)phenyl)-3-(4-
(trifluoromethoxy)phenyl)pyrazolo[1,5-a]pyrimidine.
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Figure 5.60: H NMR of 5-(3-(methylsulfonyl)phenyl)-3-(4-
(trifluoromethoxy)phenyl)pyrazolo[1,5-a]pyrimidine.
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Figure 5.61: 'H NMR of 5-(3-(methylsulfonyl)phenyl)-3-(6-(methylsulfonyl)pyridin-3-

yl)pyrazolo[1,5-a]pyrimidine.
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Figure 5.62: 33C NMR of 5-(3-(methylsulfonyl)phenyl)-3-(6-(methylsulfonyl)pyridin-3-
yl)pyrazolo[1,5-a]pyrimidine.
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Figure 5.63: 'H NMR of 5-(3-(methylsulfonyl)phenyl)-3-(pyridin-4-yl)pyrazolo[1,5-
alpyrimidine.
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'H NMR of 4,5,6,7-tetrahydro-3-(4-methoxyphenyl)-5-(3-(methylsulfonyl)

phenyl)pyrazolo[1,5-a]pyrimidine.
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Figure 5.66: 3C NMR of 3-(4-tert-butylphenyl)-4,5,6,7-tetrahydro-5-(3-(methylsulfonyl)

phenyl)pyrazolo[1,5-a]pyrimidine.
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