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Abstract

Malaria is a mosquito-borne disease that was responsible for an estimated 249 million cases and
608 000 mortalities within 85 malaria endemic countries and areas in 2022, with children under
the age of 5-years most burdened. Only five of the Plasmodium parasites are known to infect
humans, with P. falciparum causing the most severe form of malaria. Several drugs have been
used in the treatment of malaria, however, due to the emergence of parasite resistance, the efficacy
of most available drugs has been reduced, prompting a need for the development of novel
antimalarial agents to prevent an increase in malaria incidences and mortalities. Ideal novel
antimalarial agents are those that target both the asexual and sexual forms of the Plasmodium
parasite in the human host, to both treat and prevent the transmission of malaria. Two P. falciparum
calcium-dependent protein kinases (PfCDPKs), PfCDPK1 and PfCDPK4, have emerged as
attractive targets for such antimalarial compounds owing to their involvement in both the asexual
and sexual blood stages of the parasite, and their absence in the human kinome. In this PhD thesis,
we explore the pyrrolo[2,3-d|pyrimidine derivatives and their ring open analogues, the 4,6-
diaminopyrimidine derivatives, as potential inhibitors of PfCDPK1 and PfCDPK4 towards the

treatment of malaria and blocking of parasite transmission from human host to the mosquito.

The first part of the thesis involves the design and in silico study of the targeted compounds, the
pyrrolo[2,3-d]pyrimidine and the 4,6-diaminopyrimidine derivatives. We assessed the binding
affinities of these compounds in silico against the PACDPK4 model prepared from the crystal
structure 4QOX from the RCSB Protein Data Bank, and the PACDPK1 model prepared through
homology modelling. The compounds were docked into the active site of the enzyme and
interacted in the binding site in a similar way as the adenine ring of the natural substrate, adenosine
triphosphate (ATP). Substituents important for selectivity and potency were chosen, and shown to
occupy additional binding pockets, suggesting that our target compounds are potential inhibitors
of PfCDPK1 and PfCDPK4. A representative docking pose from each series of compounds was
chosen to evaluate the compound-enzyme stability using molecular dynamics and we found that
the afforded poses are relatively stable with the hinge region interaction between the enzymes and
the ligands playing a central role. Furthermore, we evaluated the compounds’ pharmacokinetic
properties and toxicity potential, and results indicated that the molecules have good oral
bioavailability and poor potential to cause neurological side effects but could cause cardiac-based

complications.
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The second part of the research focuses on the synthesis and biological evaluation of the targeted
pyrrolo[2,3-d]pyrimidine and 4,6-diaminopyrimidine-based compounds. The synthesis of the
pyrrolo[2,3-d]pyrimidine compounds was achieved using a synthetic route consisting of nine
synthetic steps which includes the formation of the pyrrolo[2,3-d]pyrimidine ring and the addition
of side-groups that confer potency and selectivity to the compounds. We modified some of the
synthetic steps using microwave irradiation, including the Sonogashira coupling reaction. Three
compounds were found to be exclusively active against recombinant PACDPK4 in the micromolar

range, while one was active against PACDPK1, also in the micromolar range.

The 4,6-diaminopyrimidine derivatives bearing a two-atom linker to a bulky naphthalene
substituent were divided into three classes the ethyne-, ethene-, and ethane-linked compounds. The
ethyne- and ethene-linked compounds were afforded through at least four synthetic steps starting
from 4,6-dichloropyrimidine. Three of these synthetic steps were modified using microwave
irradiation. We could not prepare the target ethane-linked compounds by our planned
hydrogenation of the corresponding alkyne precursors, as this reaction afforded only alkene
products. This could be due to steric hindrance, although alternative reduction methods were not
attempted. Unfortunately, the compounds from these series are yet to be tested for biological

activity against PFCDPK1 and PfCDPKA4.

A second series of 4,6-diaminopyrimidine derivatives bearing a one-atom linker to a bulky
naphthalene substituent were divided into two classes: those bearing a carbon-linker, and
heteroatom-linked compounds. We developed the synthetic protocol for the synthesis of carbon-
linked 4,6-diaminopyrimidine compounds on a model study as far as the formation of 5-benzyl-6-
chloropyrimidin-4-amine through five synthetic steps; with only one synthetic step remaining to
afford an analogue of the target compounds. We have yet to apply the developed protocol in the
synthesis of the targeted carbon-linked 4,6-diaminopyrimidine compounds and test them for

biological activity.

The development of a synthetic route to afford heteroatom-linked 4,6-diaminopyrimidine
derivatives went as far as four synthetic steps of the planned six synthetic steps. Microwave
irradiation played a central role in affording three of the intermediates, significantly reducing the
synthesis time and solvent quantities. We have yet to complete and apply the synthetic route to our

targeted compounds which will be tested for biological activity against PACDPK1 and PfCDPK4.

Molecular modelling has proved to be a viable tool in the design of our ligands and prediction of

their binding potential in the active site of the targeted enzymes. To the scope of our research, the
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models we developed have shown good accuracy in predicting the binding affinity of the ligands
in vivo as confirmed by experimental data. It gives us confidence that the biological results from
the targeted 4,6-diaminopyrimidine derivative will agree with in silico data to a great degree. Also,
it justifies the further use of molecular modelling in the design of new ligands and improvement

of current ligands towards finding molecules that are potent inhibitors of the targeted enzymes.
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Chapter 1: Background

1.1 Introduction

Malaria is a mosquito-borne parasitic disease that is contracted by humans through the saliva of
an Anopheles mosquito during a blood meal. Malaria is characterised by symptoms such as fever,
headaches, and muscle aches, to name a few, which are not unique to the disease making it difficult
to diagnose and treat early. In 2022, malaria was responsible for an estimated 249 million cases
and 608 000 mortalities within 85 malaria endemic countries [1]. The World Health Organization
(WHO) African region accounted for most of these cases and mortalities with children under the
age of 5-years most burdened [1]. The causative agent of malaria, the Plasmodium parasite, can
infect various species of vertebrates, however, four are known to infect humans exclusively. These
are P. falciparum, P. vivax, P. ovale, and P. malariae. The fifth, P. knowlesi, has recently been
found to also infect humans and can be transmitted from one human to another via the Anopheles

mosquito vector [2].

Among the five human infecting Plasmodium parasites, P. falciparum causes the most severe form
of malaria, followed closely by P. vivax [3]. The observed prolonged sequestration of erythrocytes
infected with P. falciparum to endothelial cells and healthy erythrocytes is central to the virulent
nature of P. falciparum malaria. Consequences of this phenomenon includes, but is not limited to,
macrovascular occlusion which may lead to tissue infarction and cerebral malaria [4, 5].
Sequestration in P. vivax (and other forms of human malaria, but not P. falciparum) is not
prolonged and thus, it is often subjected to parasite clearance through the spleen reducing blood
parasitaemia [6]. The prevalence of P. falciparum in the WHO African region is one factor
contributing to the observed disproportionately high malaria-based cases and mortalities,

complemented by the emergence of parasite resistance to both insecticides and antimalarial drugs

The Plasmodium parasite survival and proliferation depends on two hosts, the Anopheles
mosquitoes (also serving as a vector), and humans. Understanding the parasite’s lifecycle (Figure
1.1) and biological processes undertaken is important in deriving strategies and solutions for the
prevention, treatment, and eradication of malaria. Humans contract the Plasmodium parasite in the
form of sporozoites from the Anopheles mosquito saliva secreted during a blood meal. The
sporozoites migrate to the liver through the blood stream where they invade the hepatocytes in
which they multiply into merozoites. P. vivax and P. ovale sporozoites remain dormant for weeks

and sometimes months before being activated to form merozoites, causing malaria recurrence after



treatment [7]. Merozoites are then released back into the bloodstream where they invade
erythrocytes starting the intraerythrocytic cycle. The growth of the parasite inside the erythrocytes
proceeds through various stages starting with the development of young trophozoites (ring forms)
which evolve into mature trophozoites. This is followed by the erythrocytic schizont stage, initially
characterised by immature schizonts which develop into mature schizonts. Through erythrocytic
schizogony, each mature schizont fabricates new merozoites which overwhelms the infected cell
resulting in its destruction. The newly released merozoites invade healthy erythrocytes starting

another intraerythrocytic cycle which persists until the parasites are cleared by the immune system
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Figure 1.1. The malaria parasite lifecycle between the human host and the female Anopheles mosquito host [§].

A portion of the merozoites differentiate into male and female gametocytes (the sexual forms of
the parasite) which are taken up by a female Anopheles mosquito during a blood meal. Within the

mosquito midgut the female gametocytes mature into macrogametes while the male gametocytes



undergo exflagellation to form microgametes. The macrogametes are then fertilised by
microgametes forming a zygote that evolves into an ookinete. The latter penetrates the mosquito
midgut wall forming an oocyst, which matures producing sporozoites. The sporozoites are released
from the oocyst and they migrate into the mosquito salivary glands where they are stored,
completing the parasite lifecycle. The cycle is initiated again when the infected mosquito

inoculates a healthy human with sporozoites during a blood meal.

1.2 Malaria prophylaxis and treatment

A typical strategy employed in the prevention and treatment of malaria involves the disruption of
one or more stages of the malaria parasite lifecycle. These range from preventing physical contact
between the vector and the host to targeting biological processes undertaken by the parasite for
maturation and proliferation. Prophylactic agents target the vector or the development of the
sporozoites inside the vector. They also target liver stage parasites preventing them from
successfully forming merozoites that will initiate the intraerythrocytic parasite cycle — a stage
where symptoms of malaria and complications manifest. In essence, prophylactic agents prevent
the onset of symptomatic malaria in the human by targeting stages of the malaria lifecycle that
precede the intraerythrocytic cycle. Treatment of malaria involves the use of chemotherapeutic
agents that target the parasite involved in the intraerythrocytic stage. The agents can be used in
monotherapy, or as a combination of drugs with at least one responsible for clearing the blood

stage parasitaemia.

1.2.1 Vector-targeted interventions

Long lasting insecticidal nets (LLINs) and indoor residual spraying (IRS) of insecticides have
played an important role in reducing malaria transmission. LLINs provide a physical barrier
between the mosquito and humans and kills mosquitoes that land on the net through the insecticide.
IRS targets mosquitoes that rest indoors after/before a blood meal. Pyrethroid was the common
insecticide used with bed nets (owing to its relative safety when in contact with humans for longer
durations), however, the emergence of resistant mosquitoes to pyrethroids prompted the use of
other insecticides or a combination of insecticides. The World Health Organisation currently
recommends the use of pyrethroid-chlorfenapyr, pyrethroid-pyriproxyfen, and pyrethroid-
piperonyl butoxide in place of pyrethroids alone [1]. IRS alone or in combination with LLINs has
been shown to reduce the malaria parasite prevalence, especially when non-pyrethroid-like

insecticides are used [9].



1.2.2 Vaccines

Vaccines are biologically derived agents that induce the formation of antibodies that fight against
a particular pathogen, usually a pathogen whose antigen is part of the vaccine’s formulation. In
malaria prophylaxis, vaccines can be designed to induce antibodies that fight against specific forms
of the malaria parasite expressed in different stages of the malaria lifecycle. These are sporozoite
(and merozoite at the liver; pre-erythrocytic stage), trophozoite, schizonts, and merozoites
(erythrocytic stage forms), and gametocytes (in the human bloodstream or inside the vector). Only
two malaria vaccines are recommended for use in malaria prophylaxis thus far [10]. These are the
RTS,S/ASO1 and R21/Matrix-M vaccines. Both are circumsporozoite protein-based vaccines; they
target the pre-erythrocytic stage of the malaria parasite, therefore, preventing the formation of
malaria disease forming parasites, and gametocytes (essential for transmission). The RTS,S/AS01
vaccine has an efficacy of 36% against clinical malaria and 32% against severe malaria when
administered with a booster to children of 5-17 months [11] tested after 48 months. R21/Matrix-
M vaccine’s efficacy was found to be 75% and 68% at sites with seasonal and annual transmission
after 12 months from time of administration [12]. After the successful pilot implementation of the
vaccines in malaria endemic countries including Ghana, Malawi, and Kenya through the Malaria
Vaccine Implementation Programme (MVIP), the vaccines are now used in five additional
countries including Benin, Burkina Faso, Cameroon, Liberia, and Sierra Leone as part of the

childhood immunisation programme against P. falciparum malaria [10].

1.2.3 Antimalarial drugs

Antimalarial drugs can be used to treat symptomatic malaria or as prophylactic agents. They are
generally divided into classes depending on their chemical structure and mode of action. Quinine
1.1, the first compound to be used for treating malaria, is an arylaminoalcohol compound (Figure
1.2) along with mefloquine 1.2, and lumefantrine 1.3. It is currently recommended in the treatment
of severe malaria as are some artemisinin compounds (see later). Mefloquine retains its relevance
in the treatment of malaria because it is active against most Plasmodium strains that are resistant
to chloroquine (1.4, Figure 1.2) [13]. The drop in the efficiency of mefloquine in monotherapy
treatment, as observed in some regions in Asia, due to resistance, raises concern. Mefloquine
resistance also reduces the effectiveness of other antimalarial drugs like artesunate when used in
combination therapy [14]. Lumefantrine is useful both in monotherapy and combination therapy

in treating malaria [15].
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Figure 1.2. Chemical structure of clinically-approved antimalarial drugs: Arylaminoalcohol (1.1-1.3) and
aminoquinoline (1.4 and 1.5) compounds.

Chloroquine, primaquine 1.5a, and tafenoquine 1.5b are aminoquinoline compounds (Figure 1.2),
used in the treatment and prophylaxis of malaria. Chloroquine has been the most successful agent
used in monotherapy for the treatment of malaria prior to the emergence of resistant parasites. It
is still used today in areas where chloroquine resistant parasites are not pronounced. Chloroquine
forms a drug-heme complex that is incorporated into hemozoin through the processes of
polymerisation. The incorporation caps the hemozoin stopping further polymerisation, depriving
the parasite of its food source [16]. Additionally, the heme accumulates in the food vacuole
becoming toxic to the parasite. Primaquine is the only compound that has activity against dormant
liver parasites. It is therefore the only compound used in the radical cure for P. vivax malaria [17],
preventing the relapse of malaria post blood parasitaemia clearance. It is also the only antimalarial
agent with gametocidal activity against late-stage gametocytes making it a transmission blocking
agent [18] that can be used with other antimalarial drugs that clear asexual forms of the parasites.
Primaquine usage in Asia and Africa is limited by its side effect (hemolysis) in humans with
glucose-6-phospate-dehydrogenase (G6PD) deficiency [19]. Tafenoquine 1.5b offered an
improvement to primaquine with a half-life of 16 days (compared to 4-9 hours half-life of

primaquine), however, it is also contraindicated in patients with G6PD deficiency.

Antifolates are a group of compounds that act as prophylactic agents by disrupting the parasite’s

folate metabolic pathway. The parasite’s folate pathway is essential in the maturation and
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proliferation of parasites. Antifolates are divided into two classes depending on whether they
inhibit dihydropteroate synthase (DHPS, class I antifolates) or dihydrofolate reductase (DHFR,
class II antifolates). Principal class I and class II antifolate compounds used in malaria treatment
(including the metabolite of prodrug proguanil) are illustrated in Figure 1.3. Proguanil 1.9, whose
metabolite is a class II antifolate, was discovered in 1945 at which time it was found to perform
better than quinine against avian malaria with a better therapeutic index [20]. It can be used in
monotherapy as a prophylactic agent, in which case its metabolite cycloguanil 1.10 is the active
agent, or in combination with atovaquone 1.12 (Malarone®) [21, 22]. Proguanil works
synergistically with atovaquone by enhancing atovaquone’s ability to inhibit cytochrome bcl
complex or complex III in the mitochondrial electron transport chain, while it is converted to
cycloguanil in vivo, a metabolite that inhibits DHFR [23]. The use of proguanil with dapsone 1.8
(class I antifolate) and/or artesunate (1.15, Figure 1.4) has been limited by the toxicity of dapsone
and the reduction in cycloguanil activity. Pyrimethamine 1.11 is another class II antifolate that
finds its application in combination therapies with class I antifolates such as sulfadoxine 1.6 and
sulfalene 1.7 for treating malaria. Pyrimethamine was initially studied in the treatment of tumours
and later found its use as an antimalarial agent following the observation (and subsequent
antimalarial activity screening) made by Falco et al. that pyrimethamine is analogous to
cycloguanil [24]. Sulfadoxine/pyrimethamine (Fansidar®) combination therapy is used to treat
uncomplicated malaria in areas where chloroquine resistant P. falciparum parasites are identified.
Unfortunately, the development of mutations in the active site of the target enzymes DHPS and
DHFR has given rise to resistant parasites reducing the effectiveness of antifolates and, thus, their

application, as antimalarial agents [25, 26].
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Figure 1.3. Antifolate compounds (1.6-1.11) and atovaquone 1.12.

Artemisinin (1.13, Figure 1.4) and its derivatives (collectively called artemisinins, Figure 1.4)
have played a crucial role in the treatment of uncomplicated and severe malaria since their
inception. They are the only known class of compounds that have antimalarial activity on both
asexual (both the small and large ring stage) and sexual (early-stage gametocytes) malaria parasites
with the asexual parasite most susceptible [27]. Artemisinins are characterised by a sesquiterpene
lactone structure with an endoperoxide moiety which is central in the antimalarial activity of these
drugs [28, 29]. The parent molecule, artemisinin, is an active ingredient isolated in 1972 from the
extract of the sweet wormwood tree (Artemisia annua). The hydroreduction of artemisinin’s
lactone group into a lactol affords the first semisynthetic derivative dihydroartemisinin 1.14 from
which other widely used artemisinins such as artesunate 1.15, and artemether 1.16 can be derived.
These however are metabolised back to dihydroartemisinin, which is important in exerting
prolonged antimalarial activity owing to a longer half-life when compared to parent molecules
[29]. Generally, artemisinins have a shorter half-life than other antimalarial drugs. As a result, they
are often applied in combination with long lasting antimalarial drugs such as lumefantrine, as

artemisinin-combination therapy (ACT). Artemether, an orally available drug owing to its



lipophilicity [30], is combined with lumefantrine under the name Coartem® or Riamet®. Artesunate
finds its application in combination with either mefloquine, or sulfadoxine-pyrimethamine.
Typically, the artemisinins clear most of the erythrocytic parasites and upon elimination the partner

drugs clear the remaining parasites.
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Figure 1.4. Structures of artemisinin 1.13 and its derivatives 1.14-1.16.

1.3 Drug resistance and strategic approach to novel antimalarial agents

The delayed eradication of malaria worldwide is primarily attributed to the development of
resistance by the vector (the female Anopheles mosquito) to insecticides and the Plasmodium
parasites to antimalarial agents. P. falciparum has developed resistance to arylaminoalcohol,
aminoquinoline, and antifolate compounds. Artemisinins are currently the only antimalarial agents
limiting the devastating effect of multi-drug resistant falciparum malaria. Unfortunately, resistance
to artemisinins has been observed in Southeast Asia and is emerging in Africa [31, 32].
Worldwide/regionwide distribution of resistant parasites is hastened by parasite transmission and
currently there is no antimalarial agent that is effective in preventing transmission. There is an
urgent need, therefore, for agents with novel mode of action that will prevent the rise in malaria
cases and deaths upon the collapse of artemisinins. Ideally, these agents should discourage the

emergence of resistant parasites and their spread in addition to treating symptomatic malaria.

An ideal antimalarial agent will be one that will target both the asexual and sexual forms of the
Plasmodium parasite in the human host and in doing so treat malaria and prevent its transmission.

Currently, there is no single antimalarial compound that can effectively clear both asexual and



sexual forms of the parasite in humans. Theoretically, a combination of drugs, each with activity
against either asexual or sexual stages can be used in clearing of blood parasites. Unfortunately,
there is no such combination currently available. Potentially, primaquine can be combined with
artemisinins to achieve blood parasite clearance of both asexual and sexual stages. Primaquine
would target late-stage gametocytes while artemisinins target early-stage gametocytes in addition
to asexual forms of the parasites. However, the use of this combination is hindered by primaquine
toxicity; it causes severe haemolysis in patients with G6PD deficiency. G6PD is important in
protecting red blood cells (RBCs) from oxidation damage. Patients with G6PD deficiency have
their RBCs breaking down prematurely. The haemolysis of RBCs is intensified by primaquine at
a rate faster than the body’s ability to replace lost RBCs resulting in severe haemolysis that can

lead to death.

A strategic approach to novel antimalarial agents would be finding targets (or homologous targets)
that are expressed in every stage of the malaria parasite lifecycle or at least in the sexual and
asexual parasite stages. The agents would interfere with the normal functioning of the target(s) and
therefore, simultaneously cure and block parasite transmission. Plasmepsins protease are a good
example of such targets. Plasmepsins (PM) are Plasmodium species aspartic proteases that are
essential for the development of the parasite — they are expressed at different stages of the malaria
parasite lifecycle (Figure 1.5). Of the available 10 plasmepsins (PMI-PMX), PMX is most
attractive because it is expressed in the liver, blood, and transmission stages. Inhibition of PMX is
accompanied by the parasite’s inability to egress infected cells, or invade healthy cells and the
mosquito midgut [33].
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Figure 1.5. Malaria parasite lifecycle with points where the plasmepsin proteases are expressed [33].



Plasmodium protein kinases are other potential targets for antimalarial agents that could both treat
malaria and block parasite transmission. They are essential in the development and growth of the
parasite at various stages of the lifecycle. Of the various protein kinase families, calcium-
dependent protein kinases (CDPKs) carry the potential of being selective owing to their uniqueness
to plants and protists; they are not found in humans [34]. Two Plasmodium falciparum CDPKs
(PfCDPK) are of relevance to the considered strategic approach, these are PfCDPKI1 and
PfCDPK4. The former is active in the blood stages while the latter is expressed in the transmission
stages. Due to their amino acid identity (39-56%), there is a chance that one agent can inhibit both
enzymes resulting in both the treatment of malaria and blocking of parasite transmission. In fact,
there are studies that demonstrate that the inhibition of both PACDPK 1 and PfCDPK4 by a single
antimalarial agent is possible [35]. In this research, our interest is in the PfCDPKs as potential
targets for novel antimalarial agents that will treat malaria disease and prevent parasite

transmission.

1.4 Protein kinases as potential targets

Protein kinases (PKs) are a family of kinases that are responsible for catalysing the transfer of a
phosphate group from a phosphate-donating molecule like adenosine triphosphate (Figure 1.6) to
a protein substrate. They are classified based on the amino acid residue they phosphorylate, for
example, kinases that phosphorylate serine and threonine residues are termed serine/threonine PKs
while those that phosphorylate tyrosine are termed tyrosine PKs. PKs play an important role in
intracellular signal transmission by activating proteins that regulate important cellular processes
such as metabolism, apoptosis, and proliferation. A typical example is the serine/threonine
phosphorylation of the death-associated protein, that leads to the translocation of apoptosis-
inducing kinase 2 from the cytoplasm to the nucleus, in which apoptosis of B and T cells is induced

[36].
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Figure 1.6. Phosphorylation of a protein catalysed by a protein kinase.

1.4.1 Protein kinase binding site geometry

Protein kinases (PKs) have a conserved structural core that consists of two lobes (N- and C-lobes)
made up of B-sheets and a-helices (Figure 1.7). One of the a-helices found on the N-lobe domain
(aC-helix) has an important regulatory function [37]. The lobes are connected by an ordered amino
acid sequence linker making up the hinge region of the binding site which forms hydrogen bonds
with the adenine ring of the cofactor ATP. The cleft between the lobes and the hinge region makes
up the binding site of ATP. PKs also consist of the activation loop that starts with a conserved
tripeptide motif (aspartate-phenylalanine-glycine motif or DFG motif) followed by 20-30 amino
acids [38]. It is involved in protein substrate recognition, phosphorylation, and regulates the

activity of the kinase.
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Figure 1.7. The structural elements of protein kinases (retrieved from [40]).
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The DFG-motif can assume various conformations of which the two common extremes are the
DFG-in and DFG-out conformations [39]. These can be expressed in both the active and inactive
conformations of the kinase. In a DFG-in conformation, the activation loop is positioned towards
the aC-helix along with the phenylalanine side chain of the DFG motif (Figure 1.8a). The opposite
is observed in the DFG-out conformation; the activation loop moves away from the aC-helix and
the phenylalanine side chain points towards the ATP binding site (Figure 1.8b). The conformation
of the DFG motif and the aC-helix (aC-in or aC-out) affect the geometry of the binding site, by
either exposing or closing potential binding pockets. The DFG-out conformation exposes a pocket
that is otherwise not available in the DFG-in conformation due to occupation by the phenylalanine
side chain. Likewise, an additional pocket can be created when the aC-helix moves away from the
ATP site (aC-out), instead of towards the ATP site (aC-in) (Figure 1.8). Generally, PKs have two
pockets that can be exploited in the design of effective and selective inhibitors in addition to the
ATP site. The first pocket, whose entrance is facilitated by the gatekeeper residue, is adjacent to
the ATP binding site separated by one amino acid residue (available in the aC-out conformation).
The second pocket is at the proximity of the DFG motif and its availability is dependent on the
DFG-out conformation (Figure 1.8).
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Figure 1.8. a) DFG-in conformation with the activation loop (A-loop) towards the aC-helix and the phenylalanine
side chain (purple) occupying the hydrophobic pocket (pink) that is otherwise not occupied in the b) DFG-out
conformation [40]. The translucent blue spheres represent the third potential binding pocket available in the C-out
conformation of the aC-helix.

1.4.2 Types of kinase inhibitors

There are various types of kinase inhibitors (Type I-VI; reviewed in [41-43] ) and here we will
limit our discussion to inhibitors that target pockets in the vicinity of the ATP site including the
ATP site itself (ATP site and adjacent pockets). Such inhibitors range from type I to type III. Type
I inhibitors bind in the active form of the kinase with DFG-in and aC-in conformations. They are

confined in the ATP site and mimic the hydrophobic bonds and hydrogen bonds typically observed
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with ATP at the hinge region; they are ATP competitive inhibitors. Their activity and selectivity
take advantage of the nature of the gatekeeper residue (shape, size, and polarity) [43]. FDA
approved type I inhibitors include gefitinib 1.17, ceritinib 1.18 and palbociclib 1.19 to name a few
(Figure 1.9). All these are used in cancer treatment, and they make similar interactions to ATP in
the active site. For example, gefitinib is an epidermal growth factor receptor (EGFR) inhibitor
whose quinazoline ring forms hydrogen bonding interactions at the hinge region via the pyrimidine
ring nitrogen atom, in addition to hydrophobic interactions [44]. Also, the 3-chloro-4-fluorophenyl

group interacts with the gatekeeper residue and surrounding residues.

F HN

Figure 1.9. Type I protein kinase inhibitors.

Type I inhibitors are agents that bind in an inactive form of the protein kinase with DFG-in and
aC-out conformations (sometimes in the aC-in conformations). They compete with ATP at the
binding pocket and make similar hydrophobic and hydrogen bonding interactions at the hinge
region. The aC-out conformation exposes a pocket that is poorly conserved and can be exploited
in the design of potent and selective inhibitors. The size and shape of the pocket is governed by
the nature of the gatekeeper residue; residues with small side chains result in large pockets that
can be occupied by large molecular moieties improving the inhibitor’s overall binding affinity.
Type I can be subdivided into two classes depending on whether they occupy the hydrophobic
pocket or not. Inhibitors that make use of the hydrophobic pocket are termed type A inhibitors,
while those that do not occupy the pocket are termed type I2B inhibitors. Lapatinib 1.20 and
vemurafenib 1.21 are FDA approved type I inhibitors used in the treatment of breast cancer and

melanoma, respectively (Figure 1.10). Their bicyclic cores occupy the ATP site while the chloro-

13



aniline moiety of lapatinib and the difluoro-phenyl group of vemurafenib occupy the hydrophobic

pocket.
b
N F
2 _—NH \ HN
5
1.20 o

Figure 1.10. Type I% inhibitors lapatinib 1.20 and vemurafenib 1.21.

Type II inhibitors bind to an inactive conformation of the kinase with a DFG-out conformation
and either aC-in or aC-out helix conformations. They occupy the ATP site and extend to a cavity
that is exposed because of the DFG-out conformation. In a DFG-out conformation, the side chain
of the phenylalanine residue moves towards the ATP site (occupies the sugar/phosphate pockets)
exposing a cavity near the DFG motif, adjacent to the ATP site. Occupation of this pocket stabilises
the enzyme in an inactive conformation, thus preventing phosphorylation. Type II inhibitors can
be either type IIA or type IIB, depending on whether they occupy the exposed pocket or not.
Occupation of the pocket is a characteristic of type IIA inhibitors. Sorafenib (1.22, Figure 1.11),
an anticancer drug, is a typical example of a type II inhibitor. Its picolinamide moiety participates
in bonding at the hinge region while the trifluoromethylphenyl moiety occupies the exposed DFG
hydrophobic pocket. The drug appreciates additional hydrogen bonding through the urea moiety

with the residues on the aC-helix and DFG moieties.

N_ N
X
LT
~ Z 0 >l

1.22

Figure 1.11. Chemical structure of a type II inhibitor sorafenib.

Type III inhibitors are allosteric inhibitors. They do not compete with ATP for binding in the active
site. Instead, they occupy either pocket that becomes available in the DFG-out and aC-out
conformations. The occupied allosteric sites are poorly conserved; therefore, type III inhibitors

can be selective.

Each protein kinase inhibitor type has a set of advantages and disadvantages. For example, type

III inhibitors are not affected by the intracellular concentration of ATP because they bind in the
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allosteric site while ATP-competitive inhibitors (e.g. type I) are affected. Inhibitor types that are
most attractive are type I and type II inhibitors, particularly inhibitors of subtype A (type IZA and
type ITA). The additional pockets that these inhibitors occupy are poorly conserved, therefore, they
can be targeted for selectivity. Also, the additional interactions afforded in these pockets positively
contribute to the overall binding affinities of the inhibitors and their residence time in the active

site. Subtype A of type 1> and II inhibitors have been found to bind longer in the active site

compared to subtype B inhibitors [41].

Knowledge on a target’s function and binding site geometry is essential in structure-based drug
design. Such knowledge is exploited in the design of potent and selective drugs. Protein kinases
are attractive drug targets owing to their importance in the regulation of cell processes such as cell
proliferation, and the presence of weakly conserved binding pockets that can be exploited for
selectivity. PKs have been well explored and this is evidenced by the numerous kinase inhibitors
that are FDA approved to date [45]. However, there are no kinase inhibitors that are approved for
the treatment or prophylaxis of malaria. In fact, most approved inhibitors (approx. 86%) are used
for the treatment of various cancers. Research on various kinases is currently undertaken in the
search for effective antimalarial agents [46]. Among these kinases are calcium-dependent protein
kinases (CDPK). They serve as potential targets for potent and selective antimalarial agents

because of their importance in parasite survival and absence in humans.

1.4.3 Plasmodium falciparum calcium-dependent protein kinases and inhibitors

Calcium-dependent protein kinases (CDPK) are protein kinases whose activation is dependent on
the intracellular concentration of calcium cations (Ca*"), serving as second messengers. They are
made up of five structural domains including the N-terminal domain, kinase/catalytic domain,
autoinhibitory/junction domain, the regulatory domain, and the C-terminal domain [47]. The
catalytic/kinase domain is where ATP binding and phosphorylation of protein substrates occurs.
The junction domain contains a pseudo-protein substrate that inhibits the activity of the enzyme.
The regulatory domain is a calmodulin-like domain with four EF-hand motifs on which Ca®* binds.
The activation of the protein is thought to occur in two possible ways [48, 49]; both require the
binding of Ca*" into the EF-hand motifs which in turn bind with the autoinhibitory domain, which

releases the pseudo-protein substrate from the kinase, activating the enzyme.

While CDPKs have been identified in plants and protists, none have been found in humans [50],
making them attractive targets for drug development against protozoan-caused diseases like

malaria. The focus in antimalarial drug development is directed towards the Plasmodium
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falciparum species because it causes the deadliest form of malaria. The P. falciparum parasite
kinome contains seven calcium-dependent protein kinases (PfCDPK1-PfCDPK7) of which five
(PfCDPK1-PfCDPKS5) have the typical protein kinase domain structure. They are expressed in all
three stages of the parasite lifecycle, highlighting their importance in the survival of the parasite.
PfCDPK1 and PfCDPKS5 have been shown to be important for cell egress and invasion during the
intraerythrocytic cycle [51-54] while suppression of PACDPK2 and PfCDPK4 effectively blocked
the transmission of the malaria parasite from the human host to the mosquito [55-57]. Inhibition
of at least two of these kinases, one from each parasite stage, by one agent, would be ideal for
malaria treatment given the inevitable development of resistant parasites. However, this may not
be possible owing to minor structural differences like the gatekeeper residue and therefore, the size
of the hydrophobic pocket, which makes it near impossible for one agent (especially type 12
inhibitors) to inhibit all the kinases. The only promising target combination is that of PACDK1 and
PfCDPK4, owing to their structural similarity. The relatively small gatekeeper residues and high
sequence homology (ca. 53%) [58] of PACDPK 1 and PfCDPK4 compared to other PACDPKs make

them potential targets for dual-inhibitor antimalarial agents.

Several compounds have been studied by various research groups on their ability to inhibit either
PfCDPKI1 or P/CDPK4. PfCDPK1 inhibitors include, but are not limited to, the bisindolocarbazole
K252a (1.23), the imidazopyridazine-based compound (1.24), and purfalcamine (1.25, Figure
1.12). In a study carried out by Green et al., K252a 1.23 was demonstrated to be a potent inhibitor
of PfCDPK1; at intermediate concentrations (~0.4 pM) of K252a they observed that erythrocyte
invasion by the merozoites was reduced by 65% [51]. Compound 1.24 was identified as a result
of a series of structural modifications that followed the discovery of imidazopyridazine as a
potential scaffold for inhibitors of PACDPKI1 following the screening of 35000 compounds [59].
The compound has PfCDPK1 ICso value of 12 nM (in vitro enzymatic assay) and it reduced
parasitaemia in P. bergei mouse model by up to 51% - an improvement compared to its
predecessors [60]. Purfalcamine was the most potent compound against PfCDPKI1 in vitro
(ICs0=17 nM) discovered by Kato et al. within a series of 2,6,9-trisubstituted purines, identified
after screening 20000 compounds on PfCDPK1 [61].
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Figure 1.12. Compounds that have demonstrated inhibitory potential against PACDPKI.

Bumped kinase inhibitor 1.26 (BKI-1, Figure 1.13) has been identified as a potent inhibitor of
PfCDPK4 (IC50=0.004 uM). Ojo et al. demonstrated that there is a correlation between the
inhibition of PfCDPK4 and the exflagellation ability of microgametocytes [62]. This suggested
that the PACDPK4 may be linked to exflagellation of microgametocytes in vivo. This was later
confirmed by Ojo et al., using chemical-genetic evidence; parasites with a mutated PfCDPK4
retained their exflagellation ability while those bearing a wild-type kinase had reduced
exflagellation [57]. Exflagellation is a process that occurs inside the mosquito gut; to impair
transmission, the drug must be available at effective concentrations in the human blood during a
blood meal. Unfortunately, BKI-1 does not have a satisfactory pharmacokinetics (PK) profile and
as a result, modification processes took place to improve the PK profile, yielding compound 1294
1.27 (Figure 1.13). Methylation of the secondary amine of the piperidine moiety of BKI-1 to afford
compound 1294 was accompanied by better metabolic stability and improved blood level exposure
without compromising PfCDPK4 inhibitory activity (ICs0=0.010 uM) and anti-exflagellation
ability (ECs0=0.047 uM) [57]. Furthermore, it was demonstrated that compound 1294 blood
concentration of 3 uM was enough to completely block transmission, with lower concentration
(0.1 -1 pM) able to reduce oocyst infectivity between 15% and 38%. Unfortunately, compound
1294’s remarkable safety profile is interrupted by its activity against hERG at concentrations
necessary for inhibition. It forms, however, a good starting point for the development of potent

and selective PfCDPK4 inhibitors.
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1.26

Figure 1.13. Structures of bumped kinase inhibitors: BKI-1 (1.26) and compound 1294 (1.27).

The most comprehensive work done on the inhibition of Plasmodium kinases is that presented by
Vidadala and coworkers [35]. Not only did they demonstrate potent inhibitors of PfCDPK4, but
they also showed that inhibitors of PfCDPK4 can potently inhibit PACDPK1. Furthermore, they
demonstrated structural features of the PACDPK4 binding site that can be exploited to obtain potent
and selective inhibitors, highlighting the advantages of type IS kinase inhibitors. Vidadala et al.
explored two scaffolds in their study; the pyrazolo[2,3-d]pyrimidine and imidazo[1,5-a]pyrazine
scaffolds (Figure 1.14) [35]. They started their investigation by varying the R substituent on the
pyrazolo[2,3-d]pyrimidine scaffold while keeping the R? substituent between the isopropyl and
tertiary butyl moieties. They incorporated bulky groups such as phenyl, naphthyl and quinolone to
take advantage of the large hydrophobic pocket of the kinase, that is rarely observed in human
kinases, for selectivity. In vitro inhibition results indicated that 2-naphthyl and 6-quinolino-
substituents were good substituents for R! (ICs0<1uM). Also, results showed that in 67% of cases
the difference in inhibitory efficacy between PfCDPK4 and PfCDPKI1 is less than 3-fold. It was
expected that inhibition of PACDPK1 would be less potent owing to the kinase’s larger threonine
gatekeeper residue. However, this was not entirely the case since some compounds showed better

efficacy for PACDPK1 than for PACDPK4.

NH, Rt NH, Rf
N| N N N7 =
kN/ N N N\/(
R? R2
pyrazolo[2,3-d]pyrimidine imidazo[1,5-a]pyrazine

Figure 1.14. Pyrazolo[2,3-d]pyrimidine and imidazo[1,5-a]pyrazine scaffolds.
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Having identified the best R! substituents, Vidadala and coworkers moved their attention to
identifying ideal R? substituents [35]. They discovered that the best R? substituents are those
bearing a methylene linkage to the scaffold. A greater than 100-fold increase in potency against
PfCDPK4 was observed with compounds bearing the 4-piperidinemethylene group. Likewise,
such an increase was observed against PACDPK 1, however to a lesser extent (10-fold). Selectivity
toward PfCDPK4 over Src human kinase was also improved (1300 to 5000-fold) by such
substituents. These results show the intricate interplay between the R! and R? substituents in
conferring potency and selectivity. [In vitro results of analogues bearing the imidazo[1,5-
alpyrazine scaffold were comparable to their pyrazolo[2,3-d]pyrimidine counterpart. The
exception was for compounds bearing the 4-piperidinemethylene moiety where pyrazolo[2,3-

d]pyrimidines were more potent than the imidazo[1,5-a]pyrazine compounds [35].

In this project, we explore the pyrrolo[2,3-d]pyrimidine derivatives (Scheme 1.1) and their ring
open analogues, the 4,6-diaminopyrimidine derivatives (Scheme 1.2 and 1.3), as potential
inhibitors of PACDPK 1 and PfCDPK4. These scaffolds make the same hydrophobic and hydrogen
bonding interactions at the binding site as the adenine ring of ATP. We wanted to see if these
scaffolds will perform better, similarly, or worse than the pyrazolo[2,3-d]pyrimidines and
imidazo[1,5-a]pyrazine compounds explored by Vidadala and coworkers. We study their potential
to inhibit the target enzyme in silico and then synthesize them to evaluate their inhibitory potential

in biological assays.

1.5 Aim of the project

We aimed to synthesise type I kinase inhibitors that would interact with both PACDPK1 and
PfCDPK4 towards malaria treatment and transmission-blocking. This was carried out in three
parts, starting with molecular modelling, followed by synthesis, and ending with biological
evaluations. The first part of the project included the design and in silico study of targeted
compounds where we designed compounds that resemble a type I kinase inhibitor structure. Type
I inhibitors are competitive agents that occupy the ATP site in the kinase active site making
hydrogen bond and hydrophobic interactions like the adenine ring of the cofactor ATP.
Additionally, and most importantly, they occupied the hydrophobic pocket adjacent to the ATP
site that has been proven to be important in imparting selectivity over the compounds towards
parasite kinases. Using the crystal structure of PACDPK4 and a homology model of PACDPKI1 we
developed, we evaluated the targeted compounds binding poses and interactions with these

kinases. The best scoring compounds within each class were further studied using molecular
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dynamics, assessing their conformational stability and interactions. Lastly, we assessed the

targeted compounds for pharmacokinetic properties and potential toxicity.

The second part of the project involved the synthesis of the targeted kinase inhibitors bearing the
pyrrolo[2,3-d]pyrimidine and 4,6-diaminopyrimidine cores. The synthesis of pyrrolo[2,3-
d]pyrimidine derivatives started with the formation of 4,6-diaminopyrimidine-2-thiol from
malononitrile and thiourea, followed by the removal of the thiol moiety using Raney-Nickel and
aqueous ammonia (Scheme 1.1). The 5-position of the resulting 4,6-diaminopyrimidine was
iodinated in preparation for the Sonogashira coupling reaction that introduced
trimethylsilylacetylene (TMSA). The acetylene was deprotected using either tetra-n-
butylammonium fluoride (TBAF) or potassium carbonate. Using caesium carbonate (Cs2CO3) as
a base, the terminal alkyne structure was transformed into a two-fused-ring structure, the
pyrrolo[2,3-d]pyrimidine ring. From here the R groups were introduced by alkylating the
secondary amine with an alkyl halide (R') and via the Suzuki-Miyaura coupling reaction with the

R? groups boronic acid intermediates.
NH, NH,

N\\//N Thiourea Ra Ni cat. )j\ N7 I TMSA
N 7
K CcO
NaOMe )\ aq. NH3 k 2> | N7 Pd cat.
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Scheme 1.1. The synthesis of pyrrolo[2,3-d]pyrimidine compounds.
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The synthesis of 4,6-diaminopyrimidine derivatives bearing a two-atom linkage between the
scaffold and the R? substituents was carried out as outlined in Scheme 1.2. Three classes of
inhibitors would be afforded in this part. They differ in flexibility dependent on the nature of the
two-atom linkage. The linker could either be an acetylene (class I), an ethylene (class II), or an
ethane (class III) moiety. We wanted to see the effect of linker flexibility in the occupation of the
hydrophobic pocket important for selectivity; we hypothesised that more flexible linkers will be
more favourable owing to their potential to assume more conformations compared to less flexible
linkers. The synthesis began by the amination of the commercially available 4,6-
dichloropyrimidine introducing R' moieties. This was followed by the displacement of the second
chlorine using aqueous ammonia at high temperatures and pressure. The afforded diamino
compound would be iodinated at the 5-position followed by the introduction of the acetylene-
containing R? moiety via the Sonogashira coupling reaction. The transformation would afford class
I of inhibitors in this series. Class II and class III would be afforded by a subsequent hydrogenation

of class I compounds in the presence of an appropriate reducing agent.
NH,

cl
N R - .
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Scheme 1.2. The synthetic route of two-atom linker 4,6-diaminopyrimidine compounds.

The proposed synthesis of 4,6-diaminopyrimidine derivatives bearing a one-atom linkage between
the scaffold and the R? substituents was divided into two synthetic schemes depending on the
nature of the linker. This linkage can either be a carbon atom, a nitrogen atom, or an oxygen atom.
The varied molecular geometry afforded by these atoms would confer unique presentation of the
R? groups in the hydrophobic pocket. We wanted to identify the conformation that will return the

best binding interaction with the kinases.
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The synthesis of the carbon linker class of 4,6-diaminopyrimidine derivatives (Scheme 1.3) started
with a condensation reaction between ethylcyanoacetate and an aldehyde-bearing R? group to
afford a Michael acceptor type compound. The compound would then be reduced using either
sodium borohydride or hydrogen gas followed by a ring forming reaction with thiourea affording
an amine, hydroxy, and thiol substituted pyrimidine ring. The synthetic sequence would proceed
with the removal of the thiol functionality using Raney-Nickel catalyst, and the substitution of the
hydroxy moiety with a chlorine. Subsequent amination of the chloro-intermediates would afford

targeted compounds.

o~ 0 O i NH,
0 0”7 "R? on NaBHgor Hy CN Thiourea
)]\/CN . . EtO > EtO E—— N/ R2
EtO piperidine | KO'Bu Py
N\
R? R? HS” "N~ “OH
NH, NH, NH;
- 1
Ra-Ni cat. NG | R2 POClI; ,\t/ | R2 R'NH, ,\t/ | R2
.NH
aq 3 N OH \N cl N NH

R2= ° g R'= } T NK\*;
‘?1 3 w> © [Oj

Scheme 1.3. Synthesis of the carbon linker 4,6-diaminopyrimidine derivatives.

We envisaged the synthesis of heteroatom linked 4,6-diaminopyrimidine derivatives via two
related approaches (Scheme 1.4). The first approach involved the preparation of the pyrimidine
ring prior to introducing the R! and R? groups. The pyrimidine ring is formed from
ethylcyanoacetate and thiourea. The thiol would be removed using Raney-Nickel catalyst and the
5-position of the ring was iodinated. From the intermediate a Buchwald-Hartwig (B/H) or high-
pressure reaction would be carried out to introduce the R? groups affording intermediate A
(Scheme 1.4). Alternatively, the same intermediate could be afforded by first brominating the
ethylcyanoacetate followed by the introduction of the R? group. In this approach, when the
pyrimidine ring is formed the R? group would already be incorporated. The removal of the thiol
group would afford intermediate A. From intermediate A, our target compounds could be achieved

following chlorination using POCl3 and amination with secondary amines.
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Scheme 1.4. Approaches to the synthesis of heteroatom linked 4,6-diaminopyrimidine derivatives.

The third and last part of the project included biological evaluation of our synthesised compounds.
Enzymatic (PfCDPK1 and PfCDPK4) and whole cell antiplasmodial assays would be performed.
All the biological screening and testing would be carried out by our collaborators at Rhodes

University and the University of Washington.
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Chapter 2: Design and in silico studies of pyrrolo[2,3-d]pyrimidine and

N*- and 5-substituted-4,6-diaminopyrimidine derivatives

2.1 Introduction

There are several phases that are involved in the development of drugs from the laboratory to the
market. These include the discovery, design, and development of hit and lead compounds to
molecules with drug-like properties, followed by the preclinical and clinical stages where the drug
is tested for attributes like efficacy and toxicity in vitro and in vivo, and then on human subjects,
respectively. Lead compounds can be discovered by way of serendipity, high throughput screening
of natural products and ligand libraries, from existing drugs or natural ligands, or by computer-
aided designs to name a few [1, 2]. The antihypertensive drug, clonidine 2.1 and the antibacterial
drug penicillin G 2.2 are examples of commercially available drugs whose discovery involves
serendipity, whereas amoxycillin 2.3 was derived from an existing drug (penicillin) and

oseltamivir 2.4 was identified by computer-aided design (Figure 2.1) [3-6].
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Figure 2.1. Chemical structures of clonidine 2.1 (antihypertensive drug), penicillin G 2.2 (antibacterial drug),
amoxycillin 2.3 (antibacterial drug), and oseltamivir 2.4 (anti-influenza drug).

Advances in technology and science have rendered computer-aided drug design (CADD) a useful
tool for both academia and pharmaceutical sectors in visualizing, designing, and optimizing lead
compounds into effective drugs. CADD tools can be used to provide insight on the behavior of
both small molecules and macromolecules, predict how they interact with each other, and give a
forecast on the probable pharmacological and side effects associated with studied ligands [7].

Since its inception there have been reports on its success not only in designing drugs with desired
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activity but also in reducing both the time and costs associated with the early studies of drug
discovery [8, 9]. However, it is not without disadvantages. CADD heavily relies on the presence
and quality of experimental data on which predictive algorithms are applied - poor data produces
results of poor accuracy. Furthermore, theories on which algorithms are based have a long way to
go before they can address the complexities of biological systems, the success of which will yield

computer-generated models and prediction of high accuracy [10].

CADD can either be structure-based or ligand-based depending on the available structural
information on the targets and ligands. Structure-based drug design (SBDD) makes use of the 3-
dimensional (3D) data of the target acquired experimentally or by way of homology modelling
[11]. It analyses the data to identify key structural features on the target molecule like the binding
sites on which ligands are docked and assessed for affinity. Ligand-based drug design (LBDD) is
the go-to approach when there is limited to no information on the biological target of interest save
that of the ligands that produce the desired biological response. A relationship between structure
and activity is then studied and a model is created that is used to design ligands with the desired

biological effect [12].

Pharmacodynamics, how a drug interacts with a biological target to produce a pharmacological
effect, is the primary focus in drug design and development. However, it does not exist in isolation
because for a drug to be useful as a clinical agent it needs to reach the target. Therefore, alongside
pharmacodynamics, a pharmacokinetics study must be carried out. Pharmacokinetics, defined as
how the body interacts with the drug, or simply what the body does to the drug, involves four focus
areas which are absorption, distribution, metabolism/biotransformation, and excretion (ADME)
[13]. Executing pharmacodynamics and pharmacokinetics studies in the early stages of drug design
and discovery is a good strategy (especially through CADD) in reducing research costs and the
likelihood of drug failure further up the drug discovery pipeline.

In this research we employ a SBDD approach to evaluate the potential performance and interaction
of our compounds with the targeted enzymes (pharmacodynamics studies). Our choice is informed
by the available structural information of both targets — the crystal structure of PfCDPK4 and
amino acid sequence of PACDPK1. We also look at computer-generated ligand-based properties

from which the pharmacokinetic attributes of our compounds can be inferred.

2.2 Structural design rationale

Our target molecules share structural features with adenosine triphosphate (ATP), a natural

substrate of the targeted kinases, PACDPK4 and PfCDPK 1. They both have the amino-pyrimidine
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ring which forms H-bonding at the hinge region of the binding site. This helps in orienting the
molecule such that essential groups, like the triphosphate in ATP, are in the correct region of space.
Additionally, these intermolecular forces keep the molecule bound long enough in the pocket for
a catalytic reaction to occur or a competitive inhibition. The potential of pyrazolo[2,3-d]pyrimidine
2.5 and imidazo[1,5-a]pyrazine 2.6 scaffolds to inhibit PACDPK4 and PfCDPK1 have been studied
[14]. Thus, we decided to explore the pyrrolo[2,3-d[pyrimidine 2.7 fused-ring system as a scaffold
for potential inhibitors (Figure 2.2).
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Figure 2.2. General structures of compounds that have been studied as potential inhibitors of PfCDPK4 (2.5, 2.6 &
2.8) and compounds that are studied in this research as potential inhibitors of PACDPK4 and PfCDPK1 (2.7 & 2.9).

Insight gained from work by Huang et al. [15] where they explored S5-aminopyrazole-4-
carboxamide analogues 2.8 as inhibitors of PACDPK4, highlights the possibility of using a simpler
scaffold in the development of inhibitors. We wanted to preserve the H-bonding observed at the
hinge region of the active site, therefore, we decided to explore derivatives of 4,6-

diaminopyrimidine 2.9 as potential inhibitors of the targeted kinase (Figure 2.2).

Having decided which scaffolds to use, we moved on to choosing substituents that will be
incorporated at the C3 and N1 positions of pyrrolo[2,3-d]pyrimidines, and the C5 and N7 positions
of 4,6-diaminopyrimidines. Our work was made easier by the research done by Vidadala et al.
where they observed that having a bulky aromatic moiety at the C3 position of their
pyrazolopyrimidine compounds yielded selective inhibitors; the large aryl moiety took advantage
of the large hydrophobic pocket of PfCDPK4 due to a relatively small gatekeeper residue
compared to most human kinases [14]. We decided then to incorporate the naphthalene derivatives
at the C3 and CS5 positions of the pyrrolo[2,3-d]pyrimidine and 4,6-diaminopyrimidine scaffolds,
respectively. We added the 2-methoxyphenyl and 3,4-dimethoxyphenyl groups for the
pyrrolo[2,3-d]pyrimidines because the boronic acid precursors of these groups are available

commercially.
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The N-substituents on either scaffold is varied in both their hydrophobic character, size, and linker-
length. We limited our focus on five N-substituents, the methylenecyclopropane,
methylenebenzene, cyclohexane, ethylenemorpholine and piperidine (acyl and tert-
butyloxycarbonyl (boc) protected), as these were available in our laboratory. These substituents
occupy a binding pocket (ribose pocket) that is available for the sugar moiety of ATP. It is through
an interplay between the N-substituents and aromatic moieties that an optimum binding affinity is
achieved. The explored compounds are illustrated in Figure 2.3, both the pyrrolo[2,3-d]pyrimidine
(Figure 2.3a) and 4,6-diaminopyrimidine (Figure 2.3b) series.
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Figure 2.3. Chemical structures of the targeted a) pyrrolo[2,3-d]pyrimidine and b) 4,6-diaminopyrimidine
compounds.
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In an interest to explore the nature of the hydrophobic pocket on which the large aromatic groups
bind, we varied the atom type and linker-length between the 4,6-diaminopyrimidine scaffold and
the naphthalene moieties affording two series of compounds. The first class contain a linker with
two atoms between the scaffold and the aromatic group made up of carbon atoms with a varied
degree of unsaturation — single, double, and triple bond (Figure 2.3b — top row). We hypothesised
that reducing the triple bond to a double and single bond will make the bulky aromatic moiety
more flexible and therefore able to assume multiple conformations within the binding site, one of
which will be an ideal or favourable conformation. The second class of the 4,6-diaminopyrimidines
contain a linker with one atom between the scaffold and the naphthalene moieties that is varied
between a carbon, oxygen, or a nitrogen atom (Figure 2.3b— bottom row). The different bonding
angle afforded by each atom between the scaffold and the aryl group will confer a unique
conformation on each ligand in the active site and thus a unique binding affinity. Overall, the data
obtained on these classes will help us understand the effects of linker length, flexibility, and atom

type on inhibitory activity.
2.3. Molecular modelling and molecular docking

2.3.1. Plasmodium falciparum Calcium-Dependent Protein Kinase 4 studies

We started our in silico study by preparing the crystal structure of PfCDPK4 (4QOX, from
https://www.rcsb.org) using the Protein Preparation Wizard from the Schrodinger suite (2022-2).
Protein preparation ensures that issues inherent to the imported crystal structure such as missing
hydrogen atoms, missing side chain residues, steric clashes, and bond length deviation, to name a
few, are addressed. Important residues to note from the model are Ser147, Asp148, and Tyr150.
Aspl48 and Tyr150 make up the hinge region of the binding site, whereas Ser147 is the gatekeeper
residue to the hydrophobic pocket essential for selectivity. Low energy/minimized 3D models of
our targeted compounds and their ionized counterparts (at a physiological pH of 7+ 2) were also
prepared via LigPrep [16]. Preparing accurate models of the enzyme and ligands at the beginning
of modeling studies is important as the accuracy of subsequent simulations like molecular docking

and molecular dynamics is dependent on this.

We then looked at docking our compounds of interest into the prepared protein to study how they
interact with the enzyme. The first protocol we considered was rigid receptor docking (RRD) using
the Glide tool [17]. During RRD the only flexible entity is the ligand. In other words, the receptor
remains rigid — as the name implies — while the ligand maneuvers around the binding site to find

a low energy conformation. With RRD, a receptor grid defining the binding site on which the

31



ligands will be sampled is prepared prior to docking. We found RRD to be inappropriate for our
ligands mainly because the binding site’s hydrophobic pocket was defined by a relatively small
aromatic moiety (bromobenzyl) of the 4QOX cognate ligand (Figure 2.4a) when compared to our

aromatic moieties. Setting up a larger receptor grid, therefore, did not change the pocket size.
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Figure 2.4. Illustration of ligands with their different sizes and docking scores with a) the cognate ligand, b) a ligand
slightly larger than cognate ligand and ¢) a much larger ligand than the cognate ligand.

Structures with aromatic groups of similar size to the bromobenzene moiety of the cognate ligand
gave a higher docking score (-9.894 kcal/mol) as they experienced more favorable interaction than
bad interactions (Figure 2.4b). Ligands with larger aromatic groups (the naphthalene moiety),
however, had lower docking scores (e.g. -6.786 kcal/mol) as they experienced unfavorable
interaction within the small, predefined hydrophobic pocket (Figure 2.4c). Because of this, some
ligands with the naphthalene moiety forwent the essential H-bonding at the hinge region to
circumvent the unfavorable interactions (Figure 2.5). They assumed a conformation that resulted

in higher binding affinity.
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Figure 2.5. Illustration of an incorrectly bound ligand because of a small hydrophobic pocket of the target enzyme as
defined by the cognate ligand.

Induced fit docking (IFD) protocol addressed the issues experienced with RRD owing to the
additional step performed with Prime [18]. After the initial docking step by Glide, residues near
the binding site are rearranged to minimize unfavorable interactions redefining the binding pocket.
Ligands are then redocked into their corresponding redefined binding space, sampling different
conformations and producing multiple binding poses with varying binding affinity. A hydrogen
bond constraint was added to the docking protocol forcing ligands to H-bond with either Tyr150

or Asp148 residues of our enzyme model.

The IFD protocol was validated by redocking the cognate ligand and measuring the root mean
square deviation (RMSD) of the conformations before and after docking. The afforded RMSD
value was 1.8 A, an acceptable number given that it is below 3 A (values above 3 A are associated
with a significant change in structural conformation). The ligand-receptor interactions were also
assessed. We observed that the redocked ligand had the desired H-bonding at the hinge region as
would be seen with the adenosine ring of ATP (Figure 2.6a). It lacked however, the pi-cation and
halogen interactions from the initial ligand (Figure 2.6b). This difference is likely due to the
conformational change undergone by the protein after crystallisation, induced by the removal of

the solvent.
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145

Figure 2.6. 2D poses of the cognate ligand a) before docking and b) after docking.

After validating our IFD protocol we applied the method on our targeted pyrrolo[2,3-d]pyrimidine
compounds. The pyrrolo[2,3-d|pyrimidine compounds interact with the enzyme in a similar
fashion to the adenine ring of the cognate ligand (Figure 2.6b). They all participate in the essential
H-bonding with residues Tyr150 and Asp148 making up the hinge region. All the bulky aromatics
were admitted inside the hydrophobic pocket adjacent to the hinge region. Molecules with the
naphthalene moiety scored better than molecules with the dimethoxyphenyl group (Table 2.1).
This is likely caused by additional Van der Waals interaction afforded by the larger ring.
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Table 2.1. Docking score (in kcal/mol) results of the pyrrolo[2,3-d[pyrimidine compounds from an IFD

experiment with the PACDPK4 enzyme model.
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The dimethoxybenzene moiety participated in hydrogen bonding with either Lys99, Asp215, or
the gatekeeper residue Ser147 (Figure 2.7a). These hydrogen bonding interactions were not seen
with the methoxybenzene moiety, likely because of the ortho position of the methoxy compared
to the meta and para positions in the dimethoxy moiety. Unique to the methoxybenzene moiety is
the pi-cation interaction between the aromatic ring and Lys99 (Figure 2.7b). This pi-cation
interaction is not seen on other bulky aromatics save for one of the ethoxyethoxy-naphthalene
derivatives (Figure 2.7b). However, the interaction may be present in a dynamic situation where
molecules are in constant motion, as is the case in real life. The methoxy, ethoxy, and ethoxyethoxy
functionalities on the naphthalene rings did not participate in any traditional hydrogen bonding;
they participated in aromatic hydrogen bonding, an interaction encountered on all the bulky
aromatic groups. The piperidine (both acyl and fert-butyloxycarbonyl (boc) protected) and
morpholine moieties hydrogen bond with either Ser80, Gly153, or Lys231 (Figure 2.7¢) in the
sugar pocket of the binding site contributing to the overall binding affinity of the compounds.
Hydrogen bonding was not observed in any of the cyclopropyl and benzyl containing compounds

owing to them lacking heteroatoms.

36



\ao
e

Figure 2.7. 2D ligand interaction diagram of the pyrrolo[2,3-d]pyrimidines showing a) H-bonding in the hydrophobic
region by the dimethoxybenzene group, b) pi-cation interaction by the methoxybenzene (left) and
ethoxyethoxynaphthalene moiety (right) in the hydrophobic pocket, and ¢) H-bonding by the acylpiperidine and
morpholine moiety at the ribose pocket.
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Table 2.2. Docking score results (in kcal/mol) of the 4,6-diaminopyrimidine compounds from an IFD
experiment with the PACDPK4 enzyme model.
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After docking and analysing the pyrrolo[2,3-d]pyrimidine compounds, we docked the 4,6-
diaminopyrimidine derivatives to the prepared PfCDPK4 model, and then assessed the obtained
results. The ethane-linked naphthalene compounds of the 4,6-diaminopyrimidine series (Entries 5
& 6 of Table 2.2) scored better than the acetylene- and ethene-linked compounds (entries 1 & 2
and 3 & 4, respectively of Table 2.2). The acetylene derivatives did not fit well inside the binding
pocket owing to linear bond angle resulting from the carbon-carbon triple bond. The linker could
not bend any lower than 170° to fit the naphthalene ring inside the targeted hydrophobic pocket
while maintaining optimal H-bonding at the hinge region (Figure 2.8a). The methoxy-naphthalene
compounds in this series (entry 1) performed better than the ethoxy-naphthalene molecules (entry
2) because of their relatively small size. The additional -CH2 from the ethoxy made it harder to fit
the naphthalene in the hydrophobic pocket while maintaining optimal interactions at the hinge
region. In fact, only one pose of the ethoxy-naphthalene molecules was returned, evidently
benefitting from H-bonding, and bond rotations afforded by the ethyl-morpholine moiety (Figure
2.8b). The cyclopropyl and cyclohexyl ethoxynaphthalene derivatives did not have a pose that
complied with the H-bonding constraint set when running the IFD experiments (entry 2, Table

2.2).

Figure 2.8. a) an enlarged picture of the best docking acetylene-linked naphthalene compound displaying bond
distortion. b) 2D ligand interaction diagram demonstrating additional H-bonding afforded by the morpholine moiety.
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Reducing the triple bond to a double or single bond resulted in poses with better docking scores
overall (Table 2.2). The bulky aromatic groups were accommodated inside the hydrophobic
pocket without compromising the pyrimidine interaction at the hinge region. All the compounds
formed the essential hinge region H-bonding in addition to the aromatic ring H-bonding by the
naphthalene moiety (Figure 2.9a). The afforded H-bonding and salt bridge interaction observed
with the morpholine moiety generally improved the binding affinity of the ligands as reflected by
the docking scores (Table 2.2). Any low scoring compound of the morpholine moiety had their
naphthalene moiety poorly or not at all fitted into the hydrophobic pocket (Figure 2.9b). The
results from the series bearing the two-atom linker between the pyrimidine and naphthalene rings
highlight the importance of balancing rigidity and flexibility when designing ligands. Rigid
compounds had poor interactions in the binding pocket while flexible compounds offered

improvements, although with a risk of an unpreferred conformation being favorable.
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Figure 2.9. a) 3D ligand interaction diagram showing the H-bonding at the hinge region and aromatic H-bonding at
the naphthalene moiety. b) 3D ligand interaction diagram with the binding site surface illustrating the missed
hydrophobic pocket by the naphthalene ring.

All the one-atom linker compounds (entries 7-12; Table 2.2) formed H-bonding at the hinge region
as required. Additionally, the naphthalene rings participated in aromatic H-bonding at the
hydrophobic pocket (Figure 2.10a). The expected hydrogen bonding by the heteroatom’s linker
was not observed since the linkers are located at the middle of the binding pocket far away from
the amino acid residues. Heteroatoms prone to H-bonding are those located at or near the terminal

sides of the molecule, closer to the receptor’s residues. The morpholine moiety is an example of
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such groups which engage in H-bonding (Figure 2.10b). There is no pharmacodynamic advantage
afforded by heteroatoms as a linker over a carbon atom, however, these may improve the
pharmacokinetic properties of the compounds (e.g. the partition coefficient, solubility). The
different naphthalene moieties (methoxy- and ethoxy-) perform roughly the same. The docking
score of the one-atom linked naphthalene compounds ranges from -11.168 to -12.352, with one

outlier at -12.936 due to a molecule with a morpholine moiety (Figure 2.10b).
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Figure 2.10. a) 3D representation of binding site interactions seen on all one-atom linked 4,6-diaminopyrimidine
compounds. b) The best scoring compound of the one-atom linked naphthalene 4,6-diaminopyrimidine compounds.
It has a morpholine moiety which forms H-bonding and salt bridge interactions.

In general, the ethane-linked naphthalene compounds are the best performing within the 4,6-
diaminopyrimidine series followed closely by the one-atom linked molecules. The one-atom
linked naphthalene compounds (entry 7-12; Table 2.2) all performed the same. The ethene- and

acetylene-linked compounds ranked last with the former having a slight advantage (Figure 2.11).

SO > OO = o
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Figure 2.11. 2D shortened structural drawing of the 4,6-diaminopyrimidine derivatives showing the order of docking
performance from best to worst.

All our targeted compounds presented the essential H-bonding at the hinge region defined by
residues Tyr150 and Asp148. The bulky aromatics were moderately to perfectly accommodated at

41



their respective hydrophobic pocket without compromising H-bonding at the hinge region, except
for the acetylene-linked naphthalene compounds owing to their overall inflexible structure. The
piperidine, morpholine, cyclohexane, and cyclopropane moieties played a unique role in both
anchoring the molecule in the binding site and imparting additional ligand-receptor interactions

affecting ligand conformation and binding affinity, respectively.

2.3.2. Plasmodium falciparum Calcium-Dependent Protein Kinase 1 studies

We started our molecular modelling by building the 3D structure of PACDPK1 from its amino acid
sequence using the homology modelling process given that the crystal structure is not available
yet. The amino acid sequence of our target kinase was imported into the Schrodinger multiple
sequence viewer from which a process of building a homology model was undertaken. The BLAST
algorithm was used to search for homologs of the target from the protein database and a list of
homologs was compiled with varying sequence identity. The homolog 3QS5I had the highest
sequence identity at 93% so it was selected as a template for our target sequence. 3Q5I is an
accession number for the protein kinase of Plasmodium bergei, a unicellular parasite that causes
rodent malaria. The amino acid sequence of the homolog and target were aligned, and a homology
model was created with the homolog cognate ligand added. The afforded model was then prepared
using the protein preparation wizard to ensure that issues like steric clashes were addressed and

the structure was minimized.

The validity of the prepared model was assessed using the Ramachandran plot (Figure 2.12). The
red regions represent the favored region for the backbone dihedral angles/ torsional angles while
the yellow and white regions represent the allowed and forbidden regions respectively. The
favored region is associated with protein tripeptides where there are no steric clashes, and the
forbidden regions have protein structure presentation that are sterically forbidden except for
glycine since it has no side chain [19]. Most of the dihedral angles (presented as black dots) fall
within the favored region of the plot and a few are in the allowed region. The dihedral angles on
the forbidden region are ignored since they are caused by glycine residues. The plot affirms that

our structure is valid and therefore can be used for further modelling simulations.
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Figure 2.12. The Ramachandran plot of the prepared homology model of PACDPK 1 based on the homolog 3QS5L.
We initially docked the pyrrolo[2,3-d]pyrimidine series of compounds into the prepared PfCDPK1
homology model to assess their potential binding affinity. The obtained docking score results,
which reflect the relative binding affinity of the compounds, are summarized in Table 2.3. The
pyrrolo[2,3-d]pyrimidine compounds formed hydrogen bonds at the hinge region with Glu146 and
Tyr148 as required. All the bulky aromatic groups were fitted in the hydrophobic pocket. The
ethoxy- (entries 3-5, Table 2.3) and methoxynaphthalene derivatives (entry 6 & 7, Table 2.3)
scored better than the ethoxyethoxynaphthalene derivatives (entry 1 & 2, Table 2.3).
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Table 2.3. Docking score results (in kcal/mol) of the pyrrolo[2,3-d[pyrimidine compounds from an IFD
experiment with the PACDPK1 enzyme model.
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The longer ethoxyethoxy moiety on the naphthalene ring resulted in unfavorable interactions in
the hydrophobic pocket (Figure 2.13a). It also disturbed the optimal position of the
aminopyrimidine ring in the hinge region resulting in a bad interaction (Figure 2.13a). The
dimethoxybenzene derivatives (entries 8-12, Table 2.3) had better binding affinity in the active
site compared to their monomethoxybenzene counterparts (entries 13-17, Table 2.3). While the
dimethoxybenzene’s methoxy functionality is positioned at the 3 and 4 positions of the benzene
ring, the methoxybenzene’s methoxy functionality is positioned at the 2-position of the benzene
ring. This arrangement results in unfavorable interactions between the methoxy and residue in the
hydrophobic pocket; the bulkiest part of the methoxybenzene moiety is positioned next to the
gatekeeper residue (i.e. the narrow part of the hydrophobic pocket, Figure 2.13b). The piperidine
and morpholine containing derivatives have the potential to hydrogen bond in the ribose pocket
adding to the overall binding affinity of the compounds (Figure 2.13c¢). The best scoring
compound within the pyrrolopyrimidine series, the dimethoxybenzene bearing compound (entry
11, Table 2.3), enjoys optimal interactions in the hydrophobic pocket (which is smaller in
PfCDPKI than in PfCDPK4) because of the smaller ring size and additional hydrogen bonding
afforded by the methoxy moieties.
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Gatekeeper

Figure 2.13. 3D diagrams showing the hinge region interactions with a) unfavourable interactions (orange dash lines)
by the ethoxyethoxy moiety at the hydrophobic pocket and b) bad interaction (orange dash lines) through the methoxy,
also in the hydrophobic pocket. 2D ligand interaction diagrams representing the ¢) morpholine bearing compound H-
bonding at the ribose pocket, and d) a best scoring compound with the piperidine moiety H-bonding at the ribose
pocket.
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We then docked the 4,6-diaminopyrimidine compounds in the active site of the homology model
of PACDPKI1. The docking score results which reflect the binding affinities of the compounds are
published in Table 2.4. The acetylene-linked naphthalene compounds (entry 1-2; Table 2.4)
hydrogen bonded via the pyrimidine ring at the hinge region of the binding site. However, the
naphthalene groups were not admitted in the hydrophobic pocket, instead they occupied a solvent
exposed region adjacent to the pocket (Figure 2.14a). The approximately linear angle between the
scaffold and the naphthalene ring is one of the contributing factors leading to the observed
conformation. The rigidity of the linker prevents the naphthalene ring from entering the pocket.
Another factor is the small hydrophobic pocket caused by the large gatekeeper residue (Thr145);
the larger aromatic rings experience steric hindrance when they approach the pocket. The
morpholine derivatives generally have higher docking scores owing to their ability to hydrogen
bond and form salt bridge interactions (Figure 2.14b). Similar binding was observed with the
ethene-linked naphthalene compounds (entries 3-4; Table 2.4). The scaffold partakes in H-
bonding while the bulky aromatic moieties dock at a solvent exposed region as an alternative to
the size reduced hydrophobic pocket. Reducing the triple bond to a double bond linker did not

improve the conformation and binding affinity of the molecules.
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Table 2.4. Docking score results (in kcal/mol) of the 4,6-diaminopyrimidine compounds from an IFD
experiment with the PACDPK1 enzyme model.
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Figure 2.14. General docking pose of the acetylene-linked naphthalene compounds in a) 3D ligand interaction
(binding pocket in blue) and b) 2D ligand interaction diagram.

Likewise, none of the ethane-linked compounds (entry 5-6; Table 2.4) had their naphthalene
moieties docked inside the hydrophobic pocket (Figure 2.15a) save for one. The adequately
docked compound benefits from the slightly enlarged pocket caused by the gatekeepers' side chain
directing the hydrogen and methyl group towards the pocket instead of the hydroxy and methyl
group combination (Figure 2.15b). The morpholine derivative boosts the binding affinity of the
compounds by forming additional H-bonding as evidenced by the high docking scores, followed

closely by the cyclohexane derivatives (Table 2.4).

Gatekeeper

I

Hydrophobic
pocket
»

Figure 2.15. a) General docking poses of the ethane-linked compounds and b) adequately docked compound
benefitting from the gatekeeper residue side chain orientation.
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One-atom linked naphthalene compounds (entries 7-12; Table 2.4) had better conformation than
the two-atom linked compounds. They all participated in H-bonding at the hinge region via the
aminopyrimidine scaffold. The amine-linked molecules (entry 9 & 10) had the naphthalene moiety
docked in the correct pocket save for one compound which exhibited a low energy conformation
when the naphthalene ring was in the solvent exposed region adjacent to the hydrophobic pocket
(Figure 2.16). The molecule’s pi-cation interaction between the side chain amine of Lys85 and
the aromatic ring, and H-bonding between Asp212 and the ethoxy oxygen improved the binding
affinity.

Figure 2.16. Ligand interaction diagram of the amine-linked naphthalene compound that did not have the aromatic
ring docked at the hydrophobic pocket.

The methylene- and ether-linked compounds (entries 7-8 and 11-12, respectively) had similar
results as the amine-linked compounds. Some of the compounds showed the desired docking
conformations while others did not — the naphthalene groups were not fitted in the hydrophobic
pocket. The role played by the N-substituent in determining binding in the hydrophobic pocket is
not obvious. The ligand-receptor interactions do not provide enough information for a decisive

conclusion either.

All the compounds appear to bind more efficiently in PACDPK4 than in the homology model of
PfCDPKI. This is caused by at least two factors including the hydrophobic pocket size and the
overall shape of the active site. The gatekeeper residue of PACDPK1 (threonine -Thr145) is larger
than the gatekeeper residue of PACDPK4 (serine -Ser147). The threonine gatekeeper makes the
hydrophobic pocket smaller, thus, bulky aromatic groups experience more unfavorable
interactions than when they are in the hydrophobic pocket of PACDPK4. The bad interactions add
negatively to the overall binding affinity. The binding site of PfCDPKI1 is wider than the binding
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site of PfCDPK4 resulting in less interactions between the ligands and the enzyme. PfCDPK1
hydrophobic pocket widens before the second ring of the naphthalene moiety (turning point,
Figure 2.17a). This reduced the hydrophobic interactions that the naphthalene ring forms in the
hydrophobic pocket. It also creates an alternative binding space, that is easily accessible, for the
bulky aromatic groups, especially those of the 4,6-diaminopyrimidine derivatives with a two-atom
linker. The hydrophobic pocket of PfCDPK4 widens closer to the pyrrolo[2,3-d]pyrimidine
scaffold (turning point, Figure 2.17b) creating an elongated pocket that can form hydrophobic
interaction with both rings of the naphthalene moiety, thus, adding positively to the overall binding
affinity of the compounds. The narrow hydrophobic pocket size of PACDPK1 and the geometry of
the binding site make the compounds score worse than when they are docked in the PfCDPK4

active site.

Turning
Turning point

point

Figure 2.17. The binding site surface (blue) diagrams of (a) PACDPK1 and (b) PfCDPK4.

2.4 Molecular dynamics (post-docking)

Macromolecules such as enzymes are in constant motion in biological systems. Most of these
motions are essential for biological processes such as ligand docking, signal transductions, and
catalysis. Understanding how these macromolecules move within a fine temporal resolution can
aid in the design of molecules that can interact with them to give a desired response.
Experimentally, studying macromolecules movement is not possible. Computationally, however,

this is possible by a method called molecular dynamics (MD). MD is a computer-aided simulation
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method used to analyse the physical movement of atoms and molecules. It can be applied in three
major areas of structure-based design including structure determination and modelling, docking
and ligand design, and free-energy calculations [20]. We use MD for post-docking analysis, where
we analyse generated ligand-enzyme complexes for conformational stability. Under dynamic
conditions other ligand-enzyme interactions that were not reported in docking experiments can be
identified. This can either improve the binding mode of the initial complex or reveal instability

that leads to the rejection of the ligand in the binding site, or a significant conformational change.

Molecular dynamics simulations were run using the Desmond program from the Schrodinger suite
(2022-1) [21]. The process started with the solvation of the complexes using the single point charge
(SPC) solvation model with a cubic boundary of 10 A. The system’s net charge was neutralized
using either Na* ions or CI" ions for a negative and positive net charge, respectively, and a 0.15M
NaCl salt was added. The MD simulations were run under an NPT ensemble class, where the
number of particles (N), pressure (P) and temperature (T) are kept constant. The temperature was
set to 310K and pressure at 1.01325 bar. The model was relaxed prior to the simulation using the
provided default protocol. The simulation time was set to 50 ns with each of the 1000 frames

recorded at 50 ps intervals.

The best performing compounds in both conformation and docking score were selected for further
study using MD (Figure 2.18) From each IFD experiment (PfCDPK1 and PfCDPK4) a compound
was selected from the pyrrolo[2,3-d]pyrimidine, two atom linker, and the one atom linker series.
Three features were viewed when analysing the results which are the conformational stability of
the protein structure and the ligand, stability of the binding site residues, and the protein ligand

interactions.
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Figure 2.18. Compounds selected from PfCDPK4 (2.10-2.12) and PfCDPK1 (2.11, 2.13-2.14) IFD experiments for
further study in MD.

2.4.1 Molecular dynamics result: PACDPK4 IFD poses.

The protein and ligand of the pyrrolo[2,3-d]pyrimidine compound 2.10 reach conformational
stability within 60 ns of the MD simulation. This is indicated by the root mean square deviation
(RMSD) values that oscillate between 2.0-2.8 A for the protein (C-alpha) and 2.4-3.2 A for the
ligand (aligned to the protein) — significant conformational changes occur when RMSD values
exceed 3 A (Figure 2.19a). This is also true for most residues of the protein, especially those
making up the binding site (identified by green vertical bars in Figure 2.19b), their root mean
square fluctuation (RMSF) values are less than 1 A. The exception to this is residue Ser333 and
Lys334 showing a RMSF value greater than 4 A. This is because both residues undergo significant
conformational changes since they make up the C-terminus of the protein and are located at a
solvent exposed region — nothing is therefore restricting their movement. However, this is of no

consequence to the conformation of the binding site residues.

The trajectories of each experiment reveal that the ligand remains inside the binding pocket for the
duration of the experiment (100 ns) with the conformations of the core and aromatic groups more
conserved than that of the sugar moieties/ N-substituents. This is supported by the ligands’ atom
RMSF that is less than 1 A for both the core (atoms index: 1-10) and aromatic moiety (atom index:
11, 14-25).
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Figure 2.19. Root mean square deviation and root-mean-square fluctuation charts of the pyrrolo[2,3-d|pyrimidine
compound 2.10 in PfCDPK4.
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However, the N-substituent — the piperidine — has more pronounced changes (atom index: 12-13,
26-33), although, within the acceptable range - less than 3 A (Figure 2.19¢). Furthermore, the
dominant ligand-receptor intermolecular interactions observed are the H-bonding at the hinge
region and pi-cation interaction at the hydrophobic pocket. The overall interaction between the
ligand and the protein during the 100 ns simulation time are summarized in the histogram (Figure

2.20).
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Figure 2.20. Ligand-protein contact diagram and histogram (Green = H-bond; purple = hydrophobic bonding; blue =
water bridge) of 2.10 in P{CDPK4.

The trajectory of a complex involving 2.11 shows that the ligand remains in the binding site for
the duration of the experiment. The protein C-alphas experience minor oscillations after 60 ns with
the difference of approximately 1.1 A indicating that the assumed conformation is the same as the
one afforded on the IFD experiment (Figure 2.21a). The ligand’s average increase in RMSD
towards the end of the simulation, when aligned with the protein, is not accompanied by a
conformational change. The RMSD is constant below 3 A when aligned to the ligand (pink curve;

in Figure 2.21a). The binding pocket residues are conserved relative to their starting positions,
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RMSF<3 A (Figure 2.21b). The hinge region H-bonding forms the strongest and most dominant
interaction between the ligand and protein (Figure 2.21¢) keeping the ligand stable in the pocket.
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Figure 2.21. a) The protein and ligand RMSD plot. b) The protein residues RMSF plot with binding residues indicated

by green vertical lines. ¢) The 2D ligand interaction diagram showing the strongest and dominant intermolecular forces
between 2.11 and PfCDPKA4.
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The protein and ligand conformations of a complex involving 2.12 reach equilibrium after 80 ns
confirmed by RMSD (Figure 2.22a). There are no significant changes in the positions of the
residues making up the binding site (Figure 2.22b) all return an RMSF below 3 A. The H-bonding
by the scaffold at the hinge region, and the hydrophobic interactions by naphthalene ring with

Val84, Lys99, and Tyr150 make-up the dominant intermolecular forces during the simulation time
(Figure 2.23).
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Figure 2.22. a) Protein and ligand RMSD curve and b) the protein residues RMSF plot of 2.12 in PfCDPK4.

57



VY
{ VAL
84

/\o HN N

Y
A 8 A:
99 a 150

s

\

{ ALa
97

1.4

1.2

1.0 A

0.8

0.6 A

Interactions Fraction

0.4 1

0.2

— T T

0.0 T
Ny @ o O
7 07 07 O

Figure 2.23. The 2D ligand interaction diagram and histogram (Green = H-bond; purple = hydrophobic bonding; blue
= water bridge) of 2.12 in PfCDPK4.

2.4.2 Molecular dynamics result: PACDPK1 IFD poses.

The RMSD of the C-alphas on the protein complex with 2.13 reaches equilibrium after 80 ns of
the simulation time with changes that are less than 3 A (Figure 2.24a). This indicates that the
protein structure conformation is undergoing minor structural changes. The ligand RMSD also
reaches equilibrium after 60 ns with changes that are less than 3 A indicating that there are no
major changes on the ligand conformation when fitted to the protein (Figure 2.24a). In other
words, the ligand remains in the binding pocket assuming relatively the same conformation
afforded during the IFD experiment. Furthermore, the protein residues RMSF show that the
residues interacting with the ligand undergo minor displacement during the simulation — the
binding site is relatively conserved — except for Ala 66 (Figure 2.24b). The latter interacts with
the piperidine functionality of 2.13 forming weak H-bonding that is sometimes mediated by a
water molecule. It does not form a major part of the binding site given that it is located at the

entrance of the binding site far away from the hinge region and the hydrophobic pocket. Thus, its
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conformational change does not have a significant impact on the overall geometry of the binding

site.
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Figure 2.24 a) Protein-ligand RMSD curve and b) protein residue RMSF curve of 2.13 in P{CDPKI1.
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The ligand is kept in the binding site primarily by the H-bonding at the hinge region. The residues
Tyr148 and Glul46 interact with the pyrimidine ring 86% and 98% of the simulation time,
respectively (Figure 2.25a). Another interaction maintained at least 40% of the time is H-bonding
between Gly65 and the carbonyl functionality of the piperidine moiety. A summary of all the
interactions encountered during the simulation time and their respective duration is presented in

the histogram (Figure 2.25b).
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Figure 2.25. a) 2D ligand interaction diagram showing interactions that are maintained 40% of the time and b)
histogram (Green = H-bond; purple = hydrophobic bonding; blue = water bridge) of 2.13 in PfCDPK1.

The RMSD of both the PACDPK1 protein C-alphas and ligand 2.11 reaches equilibrium after 60
ns which is then followed by an average increase in RMSD from 90 ns (Figure 2.26a). During
equilibrium, the afforded ligand conformation resembles that afforded from the IFD experiment,
where the naphthalene is docked in the hydrophobic pocket and the pyrimidine ring participates in

H-bonding at the hinge region. The subsequent increase in RMSD is associated with the change in
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the ligand’s conformation — the ligand is lowered down the binding site towards the solvent
exposed region. This results in the withdrawal of the naphthalene ring from the hydrophobic
pocket, and the pyrimidine ring moves away from the hinge region. The protein conformation
remains conserved for the duration of the simulation. The increase in RMSD at 90 ns, possibly
induced by the change in the ligand’s conformation, remains below 3.6 A. In fact, this increase is
immediately followed by a decrease towards the equilibrium position (RMSD=2.8). The protein
conserved conformation is further supported by the low RMSF of the protein residues (Figure
2.26b). The displacement of the protein residues during simulation is not pronounced (RMSF<3

A) apart from the N- and C- terminus residues and some solvent exposed surface residues such as
Tyr100 and Asnl101.

Comm(Lig) fit on Prot

3.6 1
a 36
32
3.2
2.8
28
l ' . I ‘ ‘ A l ’ f
T 249 i .|}‘ i -
~ I | 249
[a] ¢
g 2.0 filli 0 y 2
= 2.0 g
-% 16 L
far} 1.6 O
[ =
>
a g, &=
12
0.8 1 0.8
0.4 0.4
0 10 20 30 40 50 60
Time (nsec)
BC-alphas
b 56
4.8+
4.0+
=
w 3.2
wn
=
o
2.4 1
1.6
0.8 4
0 100 200 300 400

Residue Index

Figure 2.26. a) Protein-ligand RMSD curve and b) protein residue RMSF curve of 2.11 in PfCDPK1.
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The key H-bonding interactions at the hinge region are maintained less than 50% of the time and
often bridged by a water molecule (Figure 2.27). This causes the pyrimidine core to occasionally
move from the desired region. Typically, the amine on the pyrimidine ring interacts exclusively
with Tyr148. However, in this case, it interacts with either Tyr146 or Glul48 but not both, and
sometimes interacts with neither. The combined hydrophobic interactions are apparently not
enough to supplement the H-bonding interactions in keeping the ligand stable in the binding site,

hence the pronounced change in the ligand conformation.
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Figure 2.27. 2D protein-ligand interaction diagram of 2.11 with PfACDPKI.

The ligand conformation of 2.14 (aligned to the protein) is conserved as evidenced by the RMSD
that is predominantly below 3 A (Figure 2.28a). There is an average increase in the deviation from
the beginning of the simulation until 33 ns, triggered by the ligands search for a more stable
conformation. This is followed by a gradual decrease until equilibrium is reached at 70 ns with the
average RMSD value of 2.5 A. The accompanying protein structure (C-alphas) RMSD reaches
stability at 56 ns and thereafter oscillates around 3.5 A. The observed large RMSD (>3 A) is
associated with an insignificant change in the protein conformation, it does not affect the binding
site residues conformation. The residues making up the binding site and interacting with the ligand
remain conserved from their initial state. This is supported by the observed RMSF values that are

below 1.6 A (Figure 2.28b).
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Figure 2.28. a) Protein-ligand RMSD curve and b) protein residue RMSF curve of 2.14 in PfCDPK1.
The residue Glul46 and Tyr148 maintain H-bonding with the aminopyrimidine ring for 93% and
92% of the time, respectively (Figure 2.29a). This is vital in keeping the ligand inside the binding

site with the aryl moiety projected into the hydrophobic pocket. Other encountered interactions

63



play a minor role in the binding affinity of the drug; the best of these by Gly150 only happen 34%
of the time and is water mediated (Figure 2.29b).
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Figure 2.29. a) 2D protein- ligand interaction diagram and b) interaction histogram (Green = H-bond; purple =
hydrophobic bonding; blue = water bridge) of 2.14 with PfCDPK1.

2.5. Drug-like properties

We assessed our target compounds, both the pyrrolo[2,3-d]pyrimidine and 4,6-diaminopyrimidine
analogues for potential oral bioavailability, and toxicity (cardiac and central nervous system [CNS]
related). Molecular properties necessary for the pharmacokinetics study were generated using the
Schrodinger suite QikProp tool (Table 2.5 and Table 2.6) [22]. The oral bioavailability potential
of our compounds was assessed using Lipinski’s and Veber’s rules. Lipinski et al. stated that a
compound is likely to have better absorption and permeation if it has at least four of the following
molecular properties: a molecular weight less than 500 Da, no more than 5 hydrogen bond donors
(HBD), no more than 10 hydrogen bond acceptors (HBA) and a partition coefficient (QPlogPosw)
not greater than 5 [23]. Veber et al. realized that oral bioavailability can be predicted using
molecular flexibility and polar surface area (PSA) [24]. They observed that a molecule with high
flexibility, measured by the number of rotatable bonds (#rb), and a high polar surface area (PSA)

64



generally had poor permeation. They suggested, therefore, that for a molecule to have good oral

bioavailability it must not exceed 10 rotatable bonds and a PSA of 140 A2, All our target molecules

adhere to both Lipinski’s and Veber’s rules; therefore, they display the potential of having good

oral bioavailability.

Table 2.5. QikProp generated molecular properties of pyrrolo[2,3-d]pyrimidine derivatives.

0 ome  Me
‘Z% ~""OEt %%OEt H E/©/0Me 3/@
NH a b c d e OMe
NS . » %
L ; é Y (% é
2
R >0 Y
1 2 3 4 5
Entry | R!' | R? Mwe HBD | HBA | QPlogPo/w | #rb rsa 2QPlogHERG bQPlogBB | °QPlogKhsa
(g/mol) (A2

1 1 | 402.50 2 6 5.26 8 65 -6.73 -0.81 0.88
2 ? 4 | 487.60 2 8 4.56 8 96 -5.60 -1.41 0.61
3 1 | 358.44 2 3 4.97 5 57 -6.17 -0.56 0.91
4 b 3 | 417.51 2 7 3.77 6 70 -6.89 -0.23 0.55
5 4 | 44355 2 6 431 5 87 -5.18 -1.12 0.67
6 1 | 344.42 2 3 4.63 4 57 -6.00 -0.42 0.80
7 ¢ 4 | 429.52 2 6 3.87 4 87 -4.83 -0.97 0.53
8 1 | 32438 2 4 3.98 5 65 -5.71 -0.57 0.53
9 2 | 360.42 2 4 4.76 5 64 -6.70 -0.53 0.76
10 d| 3 | 38345 2 8 2.61 6 80 -6.02 -0.21 0.13
11 4 | 409.49 2 7 3.06 5 95 -4.09 -1.02 0.21
12 5 | 467.57 2 7 5.26 6 97 -5.96 -1.02 1.11
13 1 | 294.36 2 3 3.60 4 56 -4.96 -0.40 0.42
14 2 | 33039 2 3 4.38 4 55 -6.00 -0.37 0.64
15 e | 3 |35342 2 7 2.40 5 70 -5.61 -0.09 0.09
16 4 | 379.46 2 6 2.98 4 86 -4.06 -0.89 0.20
17 5 | 437.54 2 6 5.20 5 88 -5.97 -0.90 1.11

2QPlogHERG: Predicted IC50 values for the blockage of HERG K+ channels.
PQPlogBB: Predicted blood/brain partition coefficient.

‘QPlogKhsa: Prediction of binding to the human serum albumin.
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Cardiac related side effects were assessed using the predicted ICso values for the blockage of
HERG K" channels (QPlogHERG). The predicted values for our target compounds were
predominantly below -5, save for a few (entry 7, 11, 13, and 16 Table 2.5 and entry 24 and 25
Table 2.6). Molecules with the potential to block the HERG K* channels generally have values
that are below -5; To avoid cardiac related side effects, structural modification of such molecules
during the lead optimization stage is necessary. Our molecules do not display any potential to
cause CNS related side effects. This is indicated by the value of QPlogBB which fall withing the
recommended range (-3.0 to 1.2). They also do not bind strongly to the human serum albumin.
The predicted values of QPlogKhsa fall within the recommended range (-1.5 to 1.5). Compounds
that bind strongly to the human serum albumin tend to reach the target site in lower quantity. A
competitive inhibitor must be available at the target site in high concentrations to compete
effectively with the natural substrate, therefore, compounds that bind strongly to the human serum

albumin will not be competent.

Table 2.6. QikProp generated molecular properties of 4,6-diaminopyrimidine derivatives.

OMe OEt OMe OEt OMe OEt
NH, ”ﬁ; 6 352 ‘zz ‘72
R ‘zl’ a % b c d e
le\ 1 2
Z N OMe OFEt OMe OEt OMe OEt
N~ NH
MR GOSN OO RIS NGO AN OO
3 g h H i H i k I
Entry R! | R? MWt HBD | HBA | QPlogPo/w | #rb | PSA | *QPlogHERG bQPlogBB ‘QPlogKhsa
1 1 | 37247 3 4 492 6 66 -6.49 -0.74 0.84
2 a | 2 |344.42 3 4 4.39 7 68 -6.50 -0.88 0.60
3 3 | 403.48 3 7 3.30 8 83 -7.37 -0.60 0.31
4 1 | 386.50 3 4 5.39 7 65 -6.93 -0.88 1.00
5 b | 2 | 358.44 3 4 4.85 8 67 -7.03 -1.07 0.75
6 3 | 417.51 3 7 3.35 9 79 -6.73 -0.65 0.34
7 1 | 376.50 3 4 4.93 7 63 -5.50 -0.50 0.79
8 c | 2 |348.45 3 4 4.45 8 65 -5.95 -0.75 0.57
9 3 | 407.51 3 7 2.93 9 77 -5.60 -0.39 0.18
10 1 | 390.53 3 4 5.44 8 64 -6.33 -0.79 0.98
11 d| 2 | 36247 3 4 4.81 9 66 -6.16 -0.93 0.70
12 3 | 421.54 3 7 3.27 10 | 79 -6.19 -0.57 0.27
13 e | 137449 3 4 4.87 7 62 -6.16 -0.75 0.79
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14 2 134643 | 3 4 4.38 8 | 64 -6.22 -0.88 0.55
15 3 [40550 | 3 7 3.25 9 | 78 -6.66 -0.49 0.26
16 1 | 38851 3 4 5.24 8 | 63 -6.38 -0.91 0.92
17 | £]2 36046 | 3 4 4.83 9 | 64 -6.65 -0.96 0.68
18 3 (41953 | 3 7 3.48 10 | 77 -6.80 -0.64 0.32
19 1 |36247| 3 4 4.52 6 | 61 -5.57 -0.55 0.68
20 | g | 2 [33442| 3 4 3.95 7 | 64 -5.34 -0.64 0.42
21 3 (39349 | 3 7 2.83 & | 78 -6.01 -0.35 0.16
22 137650 | 3 4 5.06 7 | 61 -6.20 -0.65 0.85
23 | h| 2 |34845| 3 4 4.52 8 | 63 -6.09 -0.77 0.60
24 3 (40751 3 7 2.69 9 175 -4.97 -0.32 0.11
25 1 | 36445 3 4 3.84 6 | 73 -4.88 -0.65 0.47
26 | i |2 (33639 3 4 3.65 7173 -5.51 -0.65 0.29
27 3 39546 | 3 8 2.53 8 | 88 -6.38 -0.45 0.04
28 1 37847 | 3 4 4.55 7171 -5.75 -0.71 0.67
29 | j| 235042 3 4 3.74 8 | 74 -5.21 -0.86 0.35
30 3 40949 | 3 8 3.02 9 | 88 -6.88 -0.51 0.15
31 1 36346 | 4 4 3.90 6 | 74 -5.69 -0.76 0.46
32 | k|2 |33541| 4 4 3.13 T 77 -5.09 -0.87 0.16
33 3 (39448 | 4 8 2.33 8 | 91 -6.58 -0.67 0.01
34 137749 | 4 4 4.22 7175 -5.82 -0.93 0.58
35 | 1] 234944 | 4 4 3.52 & | 76 -5.48 -0.99 0.27
36 3 (40850 | 4 8 2.38 9 | 91 -5.86 -0.59 0.02

2QPlogHERG: Predicted IC50 values for the blockage of HERG K+ channels.
"QPlogBB: Predicted blood/brain partition coefficient.
‘QPlogKhsa: Prediction of binding to the human serum albumin.

2.6. Conclusion

Our in silico studies show that the pursued ligands can potentially inhibit the PACDPK4 enzyme.
Docking studies indicated that the ligands hydrogen bonded at the hinge region and the large
aromatic moieties were accommodated in the hydrophobic pocket essential for potency and
selectivity. The ethane linker derivatives afforded better conformation compared to the ethene and
acetylene linker compounds owing to the relative flexibility of the linker. They are followed by

the one atom linker compounds which gave similar docking results within the series independent

67



on the identity of the linker (C, N, or O). The presence of the piperidine and morpholine moiety in
the ligand improved the docking scores due to additional hydrogen bonding at the sugar region via
the heteroatoms. Molecular dynamics studies revealed that the IFD afforded conformations of both
the ligand and protein that were stable (low energy conformations) — the afforded poses were
maintained. It also revealed that the hinge region hydrogen bonding by the scaffolds — the
pyrrolo[2,3-d]pyrimidine and the 4,6-diaminopyrimidine — played an important role in both
keeping the molecule in the binding site and projecting aromatic groups and N-substituents to their

respective pockets.

In silico studies on the PACDPK1 enzyme showed less promising results. The enzyme has a larger
gatekeeper residue that creates a sharp angle between the hydrophobic pocket and hinge region in
addition to narrowing the hydrophobic pocket. This made it almost impossible for large aromatic
groups to occupy the pocket. Ligands bearing a two-atom linker between the 4,6-
diaminopyrimidine scaffold and the aromatic ring were especially inconvenienced. They preferred
docking their aromatic moieties on the region adjacent to the hydrophobic pocket. The pyrrolo[2,3-
d]pyrimidines docked better overall, however, a ligand with a small aromatic moiety
(dimethoxybenzene) had the best binding affinity. Molecular dynamics studies indicated that the
pyrrolo[2,3-d]pyrimidine and one atom linker compounds maintained their positions in the active
site owing to the defined hydrogen bonding at the hinge region; both the protein and ligand
conformation were conserved. The two-atom linker compound suffered a significant

conformational change resulting from poor H-bonding at the hinge region.

The ligand-based pharmacokinetics properties generated suggest that our ligands have good oral
bioavailability and poor CNS toxicity. Of concern is their potential to cause cardiac related toxicity
by inhibiting the HERG K" channels, an issue that must be resolved via structural modifications.
Generally, the pyrrolo[2,3-d]pyrimidine compounds show the potential of being dual type I
inhibitors of PfCDPK4 and PfCDPKI, followed by the one-atom linker diaminopyrimidine
compounds. The two-atom linker diaminopyrimidine compounds (ethane bridged) will work best

as type I inhibitors of PACDPK4 and Type II inhibitors of PACDPKI.

In silico studies have shown that our target ligands, the pyrrolo[2,3-d]pyrimidines and the 4,6-
diaminopyrimidines can act as potential inhibitors of PACDPK1 and PfCDPK4. We, therefore,
ventured into the synthesis and biological evaluation of these ligands, the results of which are
discussed in the next chapters. Chapter 3 discusses the synthesis and biological evaluation of

pyrrolo[2,3-d]pyrimidine derivatives and their respective biological inhibitory data. In Chapter 4
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we discuss the synthesis of 4,6-diaminopyrimidine derivatives, both the one-atom linkage
compounds and the two-atom linkage compounds. Unfortunately, the biological data on the 4,6-

diaminopyrimidine compounds was not attained in time before the submission of the thesis.

2.7. References

1. Doytchinova, 1., Drug Design-Past, Present, Future. Molecules, 2022. 27(5): p. 9.
Patrick, G.L., An Introduction to Medicinal Chemistry. 5th ed. An Introduction to
Medicinal Chemistry. 2013, Oxford, United Kingdom: Oxford University Press.

3. Gaynes, R., The Discovery of Penicillin-New Insights After More Than 75 Years of Clinical
Use. Emerging Infectious Diseases, 2017. 23(5): p. 849-853.

4. Stahle, H., A historical perspective: development of clonidine. Best Practice & Research
Clinical Anaesthesiology, 2000. 14(2): p. 237-246.

5. Vonitzstein, M., et al., Rational design of potent sialidase-based inhibitors of influenza-
virus replication. Nature, 1993. 363(6428): p. 418-423.

6. Sutherland, R., E.A. Croydon, and G.N. Rolinson, Amoxycillin: a new semi-synthetic

penicillin. Br Med J, 1972. 3(5817): p. 13-6.
7. Niazi, S.K. and Z. Mariam, Computer-Aided Drug Design and Drug Discovery: A
Prospective Analysis. Pharmaceuticals, 2024. 17(1). p: 22.

8. von lItzstein, M., The war against influenza: Discovery and development of sialidase
inhibitors. Nature Reviews Drug Discovery, 2007. 6(12): p. 967-974.
9. Sliwoski, G., et al., Computational methods in drug discovery. Pharmacol Rev, 2014.

66(1): p. 334-95.

10. Gayathiri, E., et al., Computational approaches for modeling and structural design of
biological systems: A comprehensive review. Progress in Biophysics & Molecular Biology,
2023.185: p. 17-32.

11. Mandal, S., M. Moudgil, and S.K. Mandal, Rational drug design. Eur J Pharmacol, 2009.
625(1-3): p. 90-100.

12.  Acharya, C,, et al., Recent advances in ligand-based drug design: relevance and utility of
the conformationally sampled pharmacophore approach. Curr Comput Aided Drug Des,
2011.7(1): p. 10-22.

13. KD, T., Essentials of Medical Pharmacology. Tth ed. 2013, New Delhi, India: Jaypee
Brothers Medical Publisher (P) LTD.

14.  Vidadala, R.S.R., et al., Development of potent and selective Plasmodium falciparum
calcium-dependent protein kinase 4 (PfCDPK4) inhibitors that block the transmission of
malaria to mosquitoes. European Journal of Medicinal Chemistry, 2014. 74: p. 562-573.

15. Huang, W.L., et al., 5-Aminopyrazole-4-carboxamide analogues are selective inhibitors of
<i>Plasmodium falciparum</i> microgametocyte exflagellation and potential malaria
transmission blocking agents. Bioorganic & Medicinal Chemistry Letters, 2016. 26(22): p.
5487-5491.

16. LigPrep. 2022, Schrondinger, LLC: New York, NY.

17. Glide. 2022, Schrondinger, LLC: New York, NY.

18. Prime. 2022, Schrondinger, LLC: New York, NY.

19.  Wiltgen, M., Algorithms for Structure Comparison and Analysis: Homology Modelling of
Proteins, in Encyclopedia of Bioinformatics and Computational Biology, S. Ranganathan,
et al., Editors. 2019, Academic Press: Oxford. p. 38-61.

20. Sotriffer, C.A., Molecular Dynamics Simulations in Drug Design, in Encyclopedic
Reference of Genomics and Proteomics in Molecular Medicine. 2006, Springer Berlin
Heidelberg: Berlin, Heidelberg. p. 1153-1160.

69



21.
22.
23.

24.

Desmond. 2022, D.E. Shaw Research: New York, NY.

QikProp. 2022, Schrondinger, LLC: New York, NY.

Lipinski, C.A., et al., Experimental and computational approaches to estimate solubility
and permeability in drug discovery and development settings. Adv Drug Deliv Rev, 2001.
46(1-3): p. 3-26.

Veber, D.F., et al., Molecular Properties That Influence the Oral Bioavailability of Drug
Candidates. Journal of Medicinal Chemistry, 2002. 45(12): p. 2615-2623.

70



Chapter 3: Synthesis and biological evaluation of pyrrolo[2,3-
d]pyrimidine derivatives as potential inhibitors of PfCDPKI1 and
PfCDPK4

The aim of this PhD is to synthesize compounds that will effectively interact with both PACDPK1
and PfCDPK4 towards malaria treatment and transmission-blocking. In light of the work that was
done by Vidadala and co-workers [1] in their development of PfCDPK4 inhibitors, we have
designed pyrrolo[2,3-d]pyrimidine derivatives that are potential inhibitors of PfCDPKI1 and
PfCDPK4. We wanted to compare the activity of our ligands with the explored pyrazolo[2,3-
d]pyrimidine and imidazo[1,5-a]pyrazine inhibitors already described [1]. Our compounds contain
structural moieties that are ideal for potency and selectivity in addition to being recognized in the
ATP binding site. In silico studies done (Chapter 2) have shown that the pyrrolo[2,3-d|pyrimidine
derivatives can bind in the active site of the enzymes occupying the ATP site and two additional
pockets that are necessary for potency and selectivity. In this chapter we discuss the synthesis and
biological evaluation of pyrrolo[2,3-d]pyrimidine compounds validating the results obtained from

molecular modelling.

Our synthesis of the pyrrolo[2,3-d]pyrimidine derivatives was done concurrently with another
student in our laboratory. As a result, our synthesis scope was reduced to four target compounds
(Figure 3.1). We, however, endeavored to improve the synthetic protocols employed, and these

improvements in the synthetic strategy are also described.

0\ 0\ o~

Figure 3.1. Four of the pyrrolo[2,3-d]pyrimidine compounds targeted for synthesis.
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3.1 Synthesis of pyrrolo[2,3-d]pyrimidine derivatives

The designed pyrrolo[2,3-d]|pyrimidine derivatives are made up of three structural components
which play an important role in the inhibition of the parasite kinases, PACDPK1 and PfCDPK4.
These include the pyrrolo[2,3-d]pyrimidine scaffold, the bulky aromatic moiety located at the C5
position of the scaffold, and the ribose substituents at the N7 position (Figure 3.1). We planned
the synthesis of the pyrrolo[2,3-d]pyrimidine derivatives starting by the formation of the
pyrimidine ring from malononitrile and thiourea (Scheme 3.1). This would be followed by the
removal of a thiol functionality and the iodination of the C5 position to prepare the pyrimidine
ring for the addition of trimethylsilylacetylene (TMSA) via the Sonogashira coupling reaction.
After the addition of TMSA, the trimethylsilyl group would be removed and the pyrrolo[2,3-
d]pyrimidine compound would be formed. From this point the ribose substituents (R') and bulky
aromatic groups (R?) would be afforded utilising conventional alkylating procedures and the
Suzuki-Miyaura coupling reaction, respectively. The experimental work undertaken to afford the

targeted pyrrolo[2,3-d]pyrimidine compounds (Figure 3.1) is described in the following sections.

NH, NH,

N\\//N Thiourea Ra Ni cat. )j\ NTX I TMSA -
\ /
K CO
NaOMe )\ aa NHS k s l = Pd cat.

NH, ™S NH, NH, NH2 |
Z =
NN K2CO3/TBAF - Cs2C0s NN NIS NS
l — Il\ ~Z l “ Il\ “
N N N
N” > NH, N™ "NH, N H H
NH2 R2
;
R1-X )\I\g NI N\
T Gscoa T Pdaat kN/ N
N Rt NayCOg R’

Scheme 3.1. Proposed synthetic route for the synthesis of pyrrolo[2,3-d]pyrimidine derivatives.
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3.1.1 Part one: Preparation of the pyrrolo[2,3-d|pyrimidine scaffold

3.1.1.1 Synthesis of 4,6-diaminopyrimidine-2-thiol [2]

NH,
S 1 ° 5
N™ X
N 2N J |
- = 4
ST T NN, HS)2\N/ NH,
3
3.1 3.2 3.3

Scheme 3.2. Synthesis of 4,6-diaminopyrimidine-2-thiol 3.3. Reagents and conditions: NaOMe, MeOH, 65°C, 24
hrs, 53%.

The 4-aminopyrimidine core is an essential component for ATP competitive inhibitors. The
precursor of the pyrimidine ring, 4,6-diaminopyrimidine-2-thiol 3.3, is assembled by the reaction
of malononitrile 3.1 and thiourea 3.2 in the presence of sodium methoxide (Scheme 3.2). The
reaction mixture was heated in methanol at reflux for 24 hours before cooling to room temperature
and concentrating in vacuo. The resulting crude material was dissolved in water and the solution’s
pH was adjusted to ~7 using glacial acetic acid at which point a precipitate formed. The precipitate
was separated by filtration using a glass sintered funnel and dried in vacuo to afford the product

as a light brown to white solid in 53% yield.

The formation of 3.2 was confirmed using both '"H NMR and '3C NMR spectroscopy. The proton
NMR spectrum displayed three signals at 11.12, 6.74, and 5.06 ppm integrating for 1, 4, and 1
proton(s), respectively. The signal at 11.12 ppm is typical for an aromatic thiol functional group,
while the signal at 6.74 ppm is caused by the two primary amine protons owing to the symmetry
of the structure, hence the integration of 4. The last signal at 5.06 is due to the C5 proton. The '*C
NMR spectrum reveal three signals at 177.5 ppm and 74.7 ppm. As an effect of structural
symmetry and similarity in the carbon environment, the former signal is due to C2, C4, and C6

while the latter signal is due to C5.

3.1.1.2 Synthesis of pyrimidine-4,6-diamine [3]

NH, 6NH2
N SN R 1N AN 5
M } 2m A
HS” “N” “NH, '2 NH,
3.3 3.4

Scheme 3.3. Synthesis of pyrimidine-4,6-diamine 3.4. Reagents and conditions: Raney-Ni, aq.NH3, 100°C, 2 hrs,
90%.
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The 4,6-diaminopyrimidine ring 3.4 was afforded after the reduction of precursor 3.3 using Raney-
nickel (Scheme 3.3). This was achieved in aqueous ammonia with heating for 2 hours at 100°C.
The reaction can be carried out in water; the addition of aqueous ammonia was necessary to
encourage the dissolution of the starting substrate 3.3. At the end of the reaction, the catalyst was
recovered by filtration and the filtrate was concentrated in vacuo to afford 3.4 as an off-white solid

in 90% yield without further purification.

The 'H NMR spectrum of 3.4 was like that of 3.3 however, with a signal at 7.80 ppm due to H2 in
place of the thiol functionality. Additionally, the *C NMR spectrum C2 signal initial observed at
177.5 ppm was shifted to 157.8 ppm confirming successful reduction of 3.3, while C4 and C6 gave
rise to a signal at 163.5 ppm. Infrared spectrum gave signals at 3445 and 3090 cm™ due to the NH
and sp>-CH.

3.1.1.3 Synthesis of S-iodopyrimidine-4,6-diamine [4]

NH, NH,
N)j\ - 1N6\5 !
mN/ NH, sz/“NHg

3.4 35

Scheme 3.4. Synthesis of 5-iodopyrimidine-4,6-diamine. Reagents and conditions: I,, K,COs;, DMF/H,0, 100°C, 1
hr, 68%.

The intermediate 3.5 was prepared for the Sonogashira cross-coupling reaction with the acetylene
functionality by iodinating the C5 position of 3.4 using molecular iodine in the presence of
potassium carbonate (Scheme 3.4). To ensure complete dissolution of both the substrates and
reagents a mixture of DMF and water was used as a solvent. The product can be afforded by
conventional heating at 40-45°C for 4 hours affording 3.5 in a yield of 65% [4]. We, however,
used microwave irradiation (MWI) heating at 100°C for 1 hour affording 68% yield after work-
up. The afforded yields from both approaches are comparable. Benefits of using microwave
irradiation are reduced reaction time and solvent quantities. The only limiting factor when using
MWI heating in a research laboratory is the scale in which the reaction can be done. The

microwave vessel can take a reaction setup defined by at most 3 grams of the starting material 3.4.

Work-up of the reaction mixture included dilution with water followed by quenching iodine using
sodium thiosulfate pellets added in small amounts while stirring until no colour change was
observed. The formed precipitate was collected by filtration and dried in vacuo affording the

product 3.5 as a yellow solid. Further purification was not necessary.
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The signal that was previously due to H5 on the starting material 3.4 was absent from the "H NMR
spectrum of 3.5, indicating successful iodination of the C5 carbon. Additionally, an upfield shift

of the signal due to C5 from 82.5 ppm to 55.7 ppm was observed.

3.1.1.4 Synthesis of 5-((trimethylsilyl)ethynyl)pyrimidine-4,6-diamine [5]

\9/10
NH T™S NH, s Si
2 // 6 = \
oy L g
| l _a
kN/ NH, zl;l NH,
3.5 3.6

Scheme 3.5. Synthesis of 5-((trimethylsilyl)ethynyl)pyrimidine-4,6-diamine. Reagents and conditions: cat.
Pd(PPhs),Cl,, Cul, DIPA, 2-MeTHF, 80°C, 30 minutes, 61%.

The iodine in 3.5 was then substituted by trimethylsilylacetylene using the Sonogashira coupling
reaction (Scheme 3.5). The Sonogashira coupling reaction is palladium and copper catalysed
reaction between aryl or alkenyl halides or triflates and terminal alkynes to form a C-C bond [6].
In our study we used bis(triphenylphosphine)palladium(Il) dichloride and copper iodide as
catalysts. Originally, the reaction was done using conventional heating at 70°C in tetrahydrofuran
(THF) for 4 hours under inert conditions using excess (10 equivalents) trimethylsilylacetylene
(TMSA) and diisopropylamine (DIPA). We, however, improved the reaction by using MWI
heating at 80°C in 2-methyltetrahydrofuran (2-MeTHF, a green solvent) for 30 minutes. Also, we
lowered the number of equivalents of TMSA and DIPA down to 2 equivalents each. We found
that it was necessary to increase the equivalents of the palladium catalyst from 5% to 10%, to
prolong its usefulness since the reaction was done in air, and not under an inert atmosphere. After
work-up and purification, the product 3.6 was afforded as an off-white solid in 61% yield — an

improvement from 48% obtained under conventional method [7].

The presence of a trimethylsilylacetylene moiety was confirmed in the '"H NMR spectrum by a
signal at 0.00 ppm integrating to 9 protons due to H10. In addition, the '*C NMR spectrum had
two signals at 91.6 ppm and 77.8 ppm due to C8 and C7, respectively. A downfield shift of C5
from 55.67 ppm to 76.62 ppm was also observed. Furthermore, the molecular ion (M+H)" was
confirmed by HRMS to be 207.1063 which corresponded to the theoretical mass of 207.1061,
calculated for CoH1sN4Si™.
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3.1.1.5 Synthesis of S-ethynylpyrimidine-4,6-diamine [7]
N

NH, Si NHy 2
é \ 1 PG
N XY 7
le\ ] 2t X
N~ NH, N
3.6 3.7

Scheme 3.6. Synthesis of 5-ethynylpyrimidine-4,6-diamine. Reagents and conditions: K,COs, methanol, rt., 2hrs,
64%.

The afforded intermediate 3.6 was deprotected using potassium carbonate in methanol to afford
3.7 as a white solid after purification (Scheme 3.6). The formation of the product was confirmed
by the absence of the signal previously due to H10 of 3.6 at 0.00 ppm and the appearance of a peak
at 4.36 ppm due to H8. The molecular ion of 3.7 (C¢sH7N4") was confirmed by HRMS to be
135.0665, corresponding to the theoretical value of 135.0667.

3.1.1.6 Synthesis of 7H-pyrrolo[2,3-d]pyrimidin-4-amine [7]

NH, P 4NH2
5
4
I =
= 2 N
N~ NH, N7
3.7 3.8

Scheme 3.7. Synthesis of 7H-pyrrolo[2,3-d]pyrimidin-4-amine. Reagents and conditions: Cs,COs, DMSO, 180°C
MWTI (150 W), 15 minutes, 50%.

The pyrrolo[2,3-d]pyrimidine scaffold 3.8 was afforded following the intramolecular reaction of
3.7 mediated by caesium carbonate (Scheme 3.7). The mixture of the starting material 3.7 and
caesium carbonate in DMSO was heated for 15 minutes at 180°C by microwave irradiation to

afford 3.8 in 50% yield following reaction workup and purification.

The formation of the product was confirmed by both 'H NMR and '3C NMR spectroscopy. The
proton NMR spectroscopic signals integrated for 6 protons as expected. The key signals were those
due to H7, H6 and HS appearing at 11.44, 7.05, and 6.50 ppm, respectively, showing that a five
membered ring was successfully formed. The carbon NMR spectrum had 6 peaks typical of the
formed product 3.8. Signals that were previously due to C8, C5, and C7 of 3.7 now appear at 121.2,
102.7, and 99.3 ppm as C6, C4a, and CS5 of 3.8, respectively. The downfield shift of these signals
indicates a change in the chemical environment which is, in this case, the formation of a five

membered aromatic ring.
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Compound 3.8 is available commercially as 6-amino-7-deazapurine and synthesis of some
pyrrolo[2,3-d]pyrimidine derivatives has started at this point. However, we saw it fit to synthesize
the compound ourselves because of the expensive cost and available quantity (1 grams per unit)

of 6-amino-7-deazapurine.

3.1.1.7 Synthesis of S5-iodo-7H-pyrrolo[2, 3-d|pyrimidin-4-amine [§]

At this point of the synthesis, we have successfully made the pyrrolo[2,3-d|pyrimidine scaffold on
which the R! and R? substituents can be incorporated (Figure 3.1). From here, there are 3 potential
routes that can be taken to achieve our targeted compound all of which have the same synthetic
protocols but in different order. We found that the route that starts with iodinating the C5 position
allowed for the preparation of an advanced common intermediate on which varied R' and R?
substituents will be introduced, reducing the overall synthesis effort required to get the final
compounds. We, therefore, decided to start by iodinating C5 before incorporating the R! and R?
substituents (Scheme 3.7).

NH2 NH2 [
3 4 4a {5
NTX N
(7 l\? ZlN/7 I\T76
NN N
3.8 3.9

Scheme 3.8. Synthesis of 5-iodo-7H-pyrrolo[2,3-d]pyrimidin-4-amine. Reagents and conditions: NIS, CHCls, 62°C,
2 hrs, 90%.

The C5 position was functionalised with iodine (Scheme 3.8) to prepare the scaffold for the
introduction of large aryl moieties. The reaction was performed using dimethylformamide (DMF)
as the solvent initially. A solution of 6-amino-7-deazapurine 3.8 and N-iodosuccinimide (NIS) in
DMF was heated at 60°C for 4 hours before diluting with water at which point a precipitate formed.
The precipitate was collected by filtration and purified to afford the product 3.9 as a yellow solid
in 81% yield. We found, however, that higher yields can be afforded with less reaction time when
using chloroform as a solvent instead of DMF. Heating the reaction in chloroform at 60°C for 2

hours afforded the product in 90% yield after work up and purification.

The success of the reaction was verified by the absence of the typical HS proton signal of 3.8 in
the 'TH NMR spectrum of 3.9. As expected, there was a shift in the position of the C5 signal of the
product from 99.3 in 3.8 to 50.1 ppm in the '*C NMR spectrum of 3.9. The molecular ion of 3.9
(CsHsIN4") was confirmed by HRMS to be 260.9641 corresponding to the theoretical value of
260.9632.
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At this point, we had prepared a molecule that cannot distinguish between human kinases and
parasite kinases. To make the molecule selective towards parasite kinases we had to functionalise
the N7 and C5 positions of the 5-iodo-7H-pyrrolo[2,3-d|pyrimidine molecule with an alkyl moiety
and a bulky aryl moiety, respectively. These, as discussed previously, are essential in making the
compounds potent and selective. The next two sections, section 3.1.2 and section 3.1.3, discuss
the synthetic procedures adopted in functionalising the pyrrolo[2,3-d]pyrimidine scaffold to afford

compounds that are more likely to be selective towards the parasite kinases.

3.1.2 Part two: Incorporating the alkyl moiety at the N7-position of the pyrrolo[2,3-
dpyrimidine scaffold

3.1.2.1 Synthesis of (1-acetylpiperidin-4-yl)methyl 4-methylbenzeneequivalentsonate [7]

OH
0

3.10 oj« 2 3.11

Scheme 3.9. Synthesis of (1-acetylpiperidin-4-yl)methyl 4-methylbenzeneequivalentsonate. Reagents and conditions:
(i) Acetic anhydride, triethylamine, DCM, r.t., 4hrs. (ii) 4-Tolueneequivalentsonylchloride, r.t., 12 hrs.

Iz
N

We started by introducing alkyl moieties at the N7 position of compound 3.9 that will occupy the
sugar ribose pocket of the targeted kinases. This can be achieved by alkylating the N7 position of
3.9 using precursors with good leaving groups such as halogens or the toluenesulfonyl group, to
name but a few. Most of these precursors are commercially available, however, a precursor bearing
the N-acylpiperidine moiety was prepared starting from 4-piperidinemethanol 3.10 (Scheme 3.9).
To a solution of 3.10, triethylamine, and DCM cooled to 0°C was carefully added an acylating
agent, acetic anhydride. After the addition, the mixture was warmed to room temperature and then
stirred for 4 hours. This procedure adds the acyl moiety at the N position of the piperidine ring.
N-alkylation took precedence over O-alkylation because the secondary amine nitrogen is more
nucleophilic than the methanol oxygen atom. Also, to ensure a controlled addition of the acyl

group to the nitrogen atom we used one equivalent of acetic anhydride

After four hours stirring at room temperature, we cooled the solution down to 0°C, followed by
the addition of 4-toluenesulfonylchloride. We then proceeded by warming the mixture to room

temperature and stirring for a further 12 hours. The reaction mixture was diluted with ethyl acetate
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and washed with aqueous NaHCO3, 1M HCI, and brine successively to neutralise residues of the
base. After concentrating the organic layer in vacuo, we isolated the product using silica gel

column chromatography affording the product as a translucent yellow oil in 43% yield.

The toluene moiety of the product 3.11 was easily identified from the '"H NMR spectrum by two
doublet signals at 7.78 ppm and 7.36 ppm typical of p-substituted aromatic protons, and the signal
at 2.07 ppm due to the aromatic CH3 protons. These signals integrate for 2, 2, and 3 protons
respectively. The addition of the acyl group was confirmed by a multiplet signal at 2.58 - 2.41 ppm
due to H2' overlapping with signals due to H2. Overall, a total of 21 protons were identified from
the spectrum, as expected for product 3.11. Likewise, the *C NMR spectroscopic signals that were
due to the aromatic group were easily identifiable — four signals between 145.0 ppm and 127.9
ppm — in addition to the carbonyl carbon C1’ at 168.8 ppm. The '3C NMR spectrum returned 13
signals as expected of the product. Further identification was done using infrared spectroscopy
(IR) confirming the presence of the carbonyl (1644 cm™), sulfoxide (1348 cm™) and sp*-carbon
protons (3071 cm™). HRMS confirmed the molecular ion of 3.11 (C1sH22NO4S™) to be 312.1261,

consistent with the theoretical value of 312.1271.

With all the alkylating agents on hand, we went on with alkylating the N7 position of the

pyrrolo[2,3-d]pyrimidine intermediate 3.9 to get one step closer to the target compounds.

3.1.2.2 Synthesis of 7-(cyclopropylmethyl)-5-iodo-7H-pyrrolo[2,3-d]|pyrimidin-4-amine [7]

Br .
NH, | NH, |
4 5
N| AN \ 3N| \4a N\ ]
kN/ N 2kN/7a N 7 10
H 1 9
8
3.9 3.12 N

Scheme 3.10. Synthesis of 7-(cyclopropylmethyl)-5-iodo-7H-pyrrolo[2,3-d]pyrimidin-4-amine. Reagents and
conditions: Cs,COs, DMF, 80°C, 18 hrs, 74%.

Compound 3.12 was prepared by heating a mixture of 5-iodo-7H-pyrrolo[2, 3-d]pyrimidin-4-
amine 3.9, (bromomethyl)cyclopropane, and caesium carbonate in DMF for 18 hours at 80°C
before cooling to room temperature and diluting with ethyl acetate. The solution was washed with
brine multiple times to extract DMF, HBr and Cs2COs. The dried organic materials were
concentrated and purified by silica gel chromatography to afford the product as a light-yellow solid
in 74% yield.
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The product 3.12 was confirmed by both '"H NMR and '*C NMR spectroscopy. The key changes
observed in the 'H NMR spectrum were the absence of the H7 proton and the appearance of peaks
at 3.95 ppm, 1.21 ppm, and a multiplet signal at 0.50-0.34 ppm due to HS, H9, and H10,
respectively. The '*C NMR spectrum had 3 additional peaks in the aliphatic region due to the
methylcyclopropane moiety at 48.74 ppm (CS8), 12.05 ppm (C9), and 4.07 ppm (C10).
Furthermore, HRMS confirmed the molecular ion of 3.12, CioHi2IN4*, to be 315.0118

corresponding to the calculated value of 315.0101 for the same ion.

3.1.2.3 Synthesis of S5-iodo-7-(2-morpholinoethyl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine [7]

2
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Scheme 3.11. Synthesis of 5-iodo-7-(2-morpholinoethyl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine. Reagents and
conditions: Cs,COs, DMF, 80°C, 18 hrs, 59%.

Compound 3.13 was afforded following the same procedure outlined in the synthesis of 3.12,
however, using 4-(2-chloroethyl)morpholine hydrochloride as an alkylating agent (Scheme 3.11).
The product was afforded in 59% yield as a light-brown solid.

The ethylmorpholine moiety of the product was confirmed by the '"H NMR spectrum with signals
appearing at 4.22 ppm and 3.51 ppm due to H8 and H9, respectively. These signals are the only
two that have a triplet multiplicity integrating for two protons. Morpholine ring protons (H12 and
H11) were also identified at 3.51 and 2.41 ppm. The '*C NMR spectrum showed 4 additional peaks
in the aliphatic region (excluding C5 at 49.84 ppm) that were due to C12, C9, C11, and C8 between
66.59 ppm and 41.93 ppm, as expected. The molecular ion of 3.13, C12H17INsO", was confirmed
to be 374.0479 by HRMS corresponding to the theoretical value of 374.0433 for the same

molecular ion.
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3.1.24 Synthesis of 1-{4-[(4-amino-5-iodo-7H-pyrrolo[2,3-d]pyrimidin-7-
y)methyl]piperidin-1-yl}ethenone [7]

NH NH,
2| 4] s
3.11 INER S

e - L
k = N 2 N/7a N7 10 11

N H 9

1 8 N12 o)

3.9 3.14 13

Scheme 3.12. Preparation of 1-{4-[(4-amino-5-iodo-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methyl]piperidin-1-
yl}ethenone. Reagents and conditions: Cs,CO3;, DMF, 80°C, 18 hrs, 48%.

A mixture consisting of substrate 3.9, the alkylating agent 3.11, and caesium carbonate was heated
for 18 hours to afford 3.14 after work-up and purification as an off-white solid in 48% yield
(Scheme 3.12). Like other alkylation reactions, the proton NMR spectrum was lacking the H7
proton indicating successful alkylation. The acylpiperidine moiety was confirmed by the presence
of'a doublet peak at 4.01 ppm due to HS, a multiplet peak at 2.10-2.02 ppm due to H9, and a singlet
peak integrating for 3 protons at 1.96 ppm due to H14. The carbon NMR spectrum contained a
deshielded peak at 168.3 ppm due to the carbonyl carbon C13, and aliphatic peaks including those
at 49.55 ppm and 36.79 ppm due to C8 and C9, respectively.

3.1.3 Part three: Incorporating the bulky aryl moieties at the CS position of the pyrrolo[2,3-

d]pyrimidine scaffold using the Suzuki-Miyaura reaction

The last part in the synthesis of the target pyrrolopyrimidine derivatives involved the incorporation
of a large aryl moiety at the C5 position of the scaffold. These aromatic moieties occupy the
hydrophobic pocket in the active site adjected to the ATP binding site, whose size is determined
by a gatekeeper residue. These large aromatic moieties are unable to occupy human kinases
because these kinases have a small pocket caused by a large gatekeeper residue. As a result, the
moiety imparts selectivity to the derivatives toward parasite kinases because of their large

hydrophobic pocket caused by small gatekeeper residues.

We envisaged linking the scaffold and the aromatic moieties using the Suzuki-Miyaura coupling
reaction. The Suzuki-Miyaura coupling reaction is a carbon-carbon bond forming reaction
between aromatic halides and aromatic boronic acids, catalysed by palladium in the presence of a
base. The mechanism begins by oxidative addition of the organohalide to the palladium (0) species
to form a palladium (IT) complex (Figure 3.2). The halide on the palladium complex is then

replaced by an anion originating from the base, which is then replaced, through transmetalation,

81



by the aromatic moiety from the boronic acid. The boronic acid aromatic moiety is made more
nucleophilic by the addition of an anion to boron prior to transmetalation. The afforded palladium
complex, following transmetalation, undergoes reductive elimination, coupling the aryl
substituents together to form the final product. Compound 3.12, 3.13 and 3.14 form part of the
aromatic halides we plan to use in the Suzuki-Miyaura coupling reaction. The boronic acids of
interest for our project were prepared starting from the aromatic halide 3.15 (Scheme 3.13). The

synthesis of the required boronic acids is summarised in the following sections.

Ar‘Ar?/ Pd(0) \g

Ar'-Pd(ll)-Ar Ar-Pd(I1)-X
. \ %
NaOH
Ar-Pd(I1)-OH NaX
ArB(OH), Ar 5 OH
OH

Figure 3.2. Suzuki-Miyaura coupling reaction mechanism.

3.1.3.1 Synthesis of 2-bromo-6-methoxynaphthalene and 2-bromo-6-ethoxynaphthalene [7]

OH R

3.15 R =0OMe 3.16a
OR
R =OEt 3.16b

Scheme 3.13. Synthesis of 2-bromo-6-methoxynaphthalene and 2-bromo-6-ethoxynaphthalene. Reagents and
conditions: dimethylsulfate or ethylbromide, K»,CO3, acetone, 60 °C, 12 hrs.

The naphthalene halides we planned to use to afford the desired compounds were not commercially
available, therefore, we prepared them from 6-bromonaphthalen-2-ol 3.15. We started by
alkylating the hydroxy moiety of 3.15 using alkylating agents (dimethylsulfate for 3.16a, and

82



ethylbromide for 3.16b), and potassium carbonate in acetone at reflux overnight. The solvent was
concentrated in vacuo and the achieved crude matter was diluted with water. The products were
afforded after work up and silica gel chromatography purification as white solids in excellent

yields (99% 3.16a; 75% 3.16b).

Key signals in the 'H NMR spectra confirming the formation of the products were the appearance
of signals due to the CH3 of 3.16a at 3.91 ppm and the appearance of a quartet and triplet signal
due to OCH2 and CH3 at 4.13 ppm and 1.48 ppm, respectively for 3.16b. Six aromatic signals
between 7.91-7.08 ppm were also observed confirming the presence of the naphthalene moiety. A
total of 11 3C NMR spectroscopic signals were seen with one due to CHs (55.65 ppm) appearing
in the aliphatic region for 3.16a. Likewise, 12 '*C NMR spectroscopic signals were seen with two

peaks due to the CH2 (63.54 ppm) and CH3 (14.78 ppm) appearing in the aliphatic region for 3.16b.

3.1.3.2 Synthesis of (6-methoxynaphthalen-2-yl)boronic acid and (6-ethoxynaphthalen-2-
yl)boronic acid [7]

R g R

R =0OMe 3.16a R = OMe 3.17a
R =0OEt 3.16b R=0Et 3.17b

Scheme 3.14. Preparation of boronic acid from a bromonaphthalene intermediate. Reagents and conditions: (i) n-
Butyllithium (1.6M in hexane), THF, -78°C, 30 minutes. (ii) Triisoproryl borate, -78°C to r.t., 2 hrs, 55% (3.17a) and
62% (3.17b).

With the alkyl halides in hand, we were now able to prepare the desired boronic acids for a Suzuki-
Miyaura coupling reaction. The preparations of boronic acid 3.17a and 3.17b was carried out
following the same synthetic protocol starting with the appropriates substrate, 3.16a and 3.16b,
respectively (Scheme 3.14). To a solution of the relevant bromonaphthalene starting material in
dry THF at -78°C was added n-butyllithium followed by triisopropylborate after 30 minutes of
stirring. The solution was then stirred at room temperature for 2 hours before quenching with 2M
aqueous HCI, hydrolysing the boronic ester to the corresponding boronic acid. Attempts were
made to purify the compounds using silica gel chromatography; however, the products
decomposed on silica. We manage to purify the products by taking advantage of the different
solubilities of the starting materials and products in hexane. We added hexane to the crude material
and sonicated the mixture to encourage the dissolution of the starting material. The products were

recovered by filtration as white solids in moderate yields (55% 3.17a and 62% 3.17b).

83



The boronic acids were characterised using 'H and '*C NMR spectroscopy. A characteristic signal
in the "H NMR spectra of the boronic acid products is that due to the hydroxyl moieties. This signal
is not always observed but with 3.17b it appeared at 8.06 ppm; it was not visible in the NMR
spectrum of 3.17a. The '3C NMR spectra of both products has the correct number of signals, but
noteworthy is the ppm positions of the aromatic peaks due to the products, it is different to that of

the respective starting materials, suggesting that a different molecule is formed.

3.1.3.3 Synthesis of 7-(cyclopropylmethyl)-5-(6-ethoxynaphthalen-2-yl)-7H-pyrrolo|2,3-
d]pyrimidin-4-amine [7]

5 3.17b

3.12

Y

10
3.18

Scheme 3.15. Preparation of 1 7-(cyclopropylmethyl)-5-(6-ethoxynaphthalen-2-yl)-7H-pyrrolo[2,3-d]pyrimidin-4-
amine. Reagents and conditions: cat Pd(PPh;)s, aq. NaxCOs , 1,2-dimethoxyethane, 90-100°C, 18 hrs, 39%.

Having prepared the naphthalene boronic acid precursors we were now able to substitute the C5
position of the pyrrolo[2,3-d]|pyrimidine scaffold using the Suzuki-Miyaura coupling reaction. The
reaction allowed us to attain our targeted compounds starting from the appropriate alkylated
intermediate. Compound 3.18 was afforded starting with iodinated pyrrolo[2,3-d]pyrimidine 3.12
(Scheme 3.15). A mixture of 3.12, 3.17b and catalytic Pd(PPh3)4 in an inert environment was
added a degassed solution of 1,2-DME and aqueous Na2COs3. The reaction mixture was heated at
reflux for 18 hours before diluting with brine and extracting with ethyl acetate. The final compound

3.18 was obtained as a yellow-orange solid after silica gel chromatography in 39% yield.

Seven aromatic signals were observed from the '"H NMR spectrum between 8.34 ppm and 7.15
ppm. Signal due to the ethoxy moiety of the naphthalene structure appeared at 4.19 and 1.51 ppm
as a quartet and triplet, due to H1', and H2', respectively. The cyclopropyl moiety was confirmed
by three multiplet signals between 0.91 and 0.61 ppm integrating for 1, 2, and 2 protons, due to
H9, H10, and H10, respectively. The carbon spectrum had 21 signal consistent with 3.18 with 12

in the aromatic region (two overlapping) and 5 in the aliphatic region. The molecular ion,
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C22H23N40", of 3.18 was confirmed to be 359.1848 by HRMS consistent with the theoretical value

of 359.1886 for the same molecular ion.

3.1.3.4 Synthesis of 5-(6-ethoxynaphthalen-2-yl)-7-(2-(tetrahydro-2 H-morpholin-4-yl)ethyl)-
TH-pyrrolo[2,3-d|pyrimidin-4-amine [7]

3 e’ 3.17b
X A7
N \6

Scheme 3.16. Preparation of 5-(6-ethoxynaphthalen-2-yl)-7-(2-(tetrahydro-2H-morholin-4-yl)ethyl)-7H-pyrrolo[2,3-
d]pyrimidin-4-amine. Reagents and conditions: Pd(PPhs)s, aq. Na,COs3 , 1,2-dimethoxyethane, 90-100°C, 18 hrs, 32%.

Targeted compound 3.19 was obtained following the same synthetic protocol used for 3.18, using
iodinated pyrrolo[2,3-d|pyrimidine substrate 3.13 and boronic acid 3.17b (Scheme 3.16). The
product was afforded as an off-white solid in 32% yield after purification by silica gel

chromatography.

The formation of the product 3.19 was confirmed by '"H NMR spectroscopy with 8 aromatic and
17 aliphatic signals observed in the '"H NMR spectrum of the product. The morpholine ring peaks
appeared at 2.55 and 3.70 ppm while peaks due to H1'and H2' appeared at 4.19 and 1.51 ppm,
respectively. The carbon NMR spectrum had 21 peaks with 15 in the aromatic region (two signals
overlapped) and 6 in the aliphatic region as expected. HRMS found the molecular ion of the
product 3.19 (C24H23N50:2") to be 418.2240 which correspond to the calculated value of 418.2238

for the same molecular ion, further confirming the formation of the product.
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3.1.3.5 Synthesis of 1-(4-((4-amino-5-(6-ethoxynaphthalen-2-yl)-7H-pyrrolo[2,3-
d]pyrimidin-7-yl)methyl)piperidin-1-yl)ethenone and analogue [7]

Nl)\r\g 3.17b _
k i~ N

3.14 3.20a

Scheme 3.17. Preparation of 1-(4-((4-amino-5-(6-ethoxynaphthalen-2-yl)-7H-pyrrolo[2,3-d]pyrimidin-7-
yl)methyl)piperidin-1-yl)ethenone. Reagents and conditions: Pd(PPhs), aq. Na,COs , 1,2-dimethoxyethane, 90-100°C,
18 hrs, 41%.

The iodo-intermediate 3.14, boronic acid 3.17b and aqueous Na2CO3 were heated in 1,2-DME for
18 hours to afford the product 3.20a in 41% yield after purification by silica gel chromatography.
The compound was characterised using 'H and '3C NMR spectroscopy and HRMS. The presence
of the pyrrolopyrimidine core was confirmed by the signals at 8.33, 5.33, and 6.96 ppm due to H2,
NH2 and H6 in the proton NMR spectrum of the product. The presence of the of the naphthalene
ring was confirmed by the six aromatic peaks between 7.86 and 7.15 ppm. The acylpiperidine
moiety was confirmed by the signal at 168.8 ppm due to C13 in the carbon NMR spectrum. All
aromatic carbons were accounted for (16 in total) between 157.23 and 101.4 ppm. HRMS
confirmed the presence of a molecular ion, C26H20N502", due to the product 3.20a to be 444.2375

which is consistent with the theoretical value of 444.2394.

An analogue of compound 3.20a (compound 3.20b), was prepared following the same synthetic
procedure but with boronic acid 3.17a and then characterised in a similar manner. Key NMR
spectroscopic peaks identifying the product, HRMS mass to charge ratio, and yield of 3.20b, are
reported in the table below (Table 3.1).
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Table 3.1. Key NMR spectroscopic signals and HRMS m/z ratio of compound 3.20b

Entry

Compound

Structure

Key 'H and '3C NMR
spectroscopic signals/ppm and

HRMS

Yield

3.20b

TH: 8.33 (s, 1H, H2), 7.87 — 7.79 (m,
2H, ArH), 7.77 (d, J = 8.7 Hz, 1H,
(AtH), 7.57 (dd,.J = 8.4, 1.7 Hz, 1H,
ArH), 7.23 — 7.17 (m, 2H, ArH),
6.96 (s, 1H, H6), 5.37 (s, 2H, NH>).
1BC: 168.81 (C13), 157.91 (ArC),
157.26 (C4), 152.09 (C2), 150.87
(C7a), 133.54 (ArC), 129.71 (ArC),
129.28 (ArC), 129.05 (ArC), 127.60
(C6), 127.55(ArC), 127.12 (ArC),
123.22 (ArC), 119.63 (ArC), 116.38
(C5), 105.75 (ArC), 101.25 (C4a).
HRMS  [C25H2sNs02]":  Found
430.2214; calculated 430.2238.

65%

3.2 Biological evaluation of pyrrolo[2,3-d]pyrimidine derivatives.

We synthesised pyrrolo[2,3-d]pyrimidine derivatives with the aim of developing molecules that
will selectively inhibit PACDPK1 and PfCDPK4 over human kinases. Inhibition of these enzymes
has been shown to halt malaria parasite proliferation in the human host and vector (4Anopheles
mosquito) with the effect of treating malaria and blocking effective transmission of the parasite
from humans to mosquito. We assessed these molecules in silico and found that they can act as
potential inhibitors of both enzymes (PfCDPKI1 and PfCDPK4, Chapter 2). To validate the
obtained in silico results, we subjected all the synthesised compounds including those prepared by
a fellow student to biological assays including enzyme activity assays and cytotoxicity assay.

Biological assays were carried out by our collaborators at Rhodes University and University of

Washington. Results acquired from the assays are discussed in the next sections.
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3.2.1 Enzyme activity assay

To find out the inhibitory potential of our compounds against the enzymes of interest, our
collaborators at the University of Washington tested them on recombinant PfCDPKI1 and
PfCDPK4 proteins. The proteins were prepared and purified following published procedures
where recombinant expression was carried out in Rosetta Oxford Escherichia coli using Studier
auto-induction method at 20°C, and purified by immobilised metal affinity chromatography
(IMAC) and size exclusion chromatography [9]. Kinase phosphorylation reactions were carried
out in a medium containing 20mM HEPES buffer (pH 7.5, adjusted by KOH), 0.1% bovine serum
albumin, 10nM MgClz, £1 mM CaClz, and ImM EGTA (pH 7.2) in three replicates. The reaction
was initiated by the addition of ATP (10 uM) in a mixture of the Syntide-2 peptide substrate (40
uM, with sequence: PLARTLS VAGLPGKK), PACDPK1 (10 nM), PfCDPK4 (180 nM), and the
synthesised pyrrolo[2,3-d]pyrimidine derivatives, and then terminated after 90 minutes incubation
at 30°C. The catalytic activity of the recombinant kinases was determined using a Kinase Glo
luciferase assay (Promega) that measured the depletion of ATP in the presence of the peptide
substrate. Luminescence-based readout as counts per second were acquired using the Envision
Multimode Plate Reader (PerkinsElmer). Enzymatic inhibitory results (ICso) due to the prepared
compounds are presented in Table 3.2 (mean + SD). Note that all the compounds tested, as well
as those prepared but not tested, are included here for comparison with our molecular modelling

study. The compounds prepared in this project are explicitly shown.

Generally, all the compounds had poor activity against the PACDPK4 enzyme (ICs0>2 pM) save
for three (entries 3, 5, & 7). All active compounds had the naphthalene moiety as the R? substituent
on the pyrrolo[2,3-d]pyrimidine scaffold suggesting that larger moieties at this position are ideal
for potency; none of the mono- or dimethoxyphenyl substituents were active against PfCDPK4.
Furthermore, the methoxy- and ethoxynaphthalene bearing compounds had better activity
compared to their ethoxyethoxynaphthalene compounds. These results are consistent with the data
obtained from our in silico studies. From our PfCDPK4 docking studies of the pyrrolo[2,3-
d]pyrimidine derivatives, we concluded that the compound bearing the naphthalene moiety made
better interaction in the active site of the enzyme than the phenyl counterparts. Also, methoxy- and
ethoxynaphthalene  compounds had good docking scores compared to the
ethoxyethoxynaphthalene compounds, with the longer side chain forming unfavourable
interactions in the hydrophobic pocket. The obtained results shed light on the predictive accuracy

of the developed PfCDPK4 model. So far, the experimental results correlate well with our
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predicted results. The docking scores of the active compounds will be used as a base score in

designing molecules with improved potency against the target kinases.

Table 3.2. Biological assays data including PfCDPK1 and PfCDPK4 enzymatic inhibitory concentrations
(ICs0), and HeLa percent cell viability [7].

& 5
NH, g2 5 % 5 H/j
NN A &
|)Ig N
kN/ N 0 /go Eoc
R a b c d e
PfCDPK4 PfCDPK1 Hela % cell viability
Entry R? R!
ICso/uM ICso/uM at 20 uM
1 OEtOEt a - - 73.0 + 4.1
2 % d >2 >2 944493
3
a | 03694+0.1381 >2 79.8 +3.3
(3.18)
4 OEt
c - - 470+ 7.0
(3.19) %
5
d | 0.5298+0.1847 >2 92.8 +3.1
(3.202)
6 a - - 93.6 + 7.1
OMe
7
% d |0210440.0680 >2 92.1 +3.1
(3.20b)
8 a >2 0.5885+0.2059 88.8 + 0.7
9 OMe b - - 9544+ 0.5
10 /@OMe c 2 >2 88+ 11.8
11 E d >2 >2 79.3 + 0.8
12 e >2 >2 824+ 14
13 a >2 >2 62.0 +2.1
14 b - - 97.0 + 12.5
15 3@ c >2 >2 112+£28
16 OMe d >2 >2 933+ 3.2
17 e - - 78.9 + 0.1
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Likewise, none of the synthesised compounds were active against the PACDPK1 enzyme except
for one (entry 8, Table 3.2). The active compound has a smaller R? substituent which was predicted
by the in silico model to better occupy the kinase small hydrophobic pocket, typical of the
PfCDPK1 enzyme — the small size of the pocket does not favour large aromatic groups like the
naphthalene moiety. The model also predicted that the monomethoxyphenyl bearing compounds,
although small, had poor activity owing to the ortho-position of the methoxy side chain. This
arrangement caused bad interaction between the methoxy side chain of the phenyl moiety and the
gatekeeper residue in the binding site. The observation is consistent with the inhibitory data
obtained — monomethoxyphenyl bearing compounds were not active against PfCDPK1 (ICso > 2
uM). Based on in silico docking results it was expected that the best inhibitor of PACDPKI1 will
have the dimethoxyphenyl R? substituent and the acylpiperidine moiety as the R! substituent.
However, experimentally the best inhibitor of PACDPK1 has the methylcyclopropane moiety as
the R! substituent. This suggest that the ribose pocket component of the developed PfCDPK1
model needs adjustment. This can be achieved by further refining the model using molecular

dynamics or using a different homolog as a template.

By comparison, our pyrrolo[2,3-d|pyrimidine inhibitors performed worse than the pyrazolo[2,3-
d]pyrimidine and imidazo[1,5-a]pyrazine compounds developed by Vidadala and coworkers [1]
against the target enzymes PfCDPK1 and PfCDPK4. The additional nitrogen on the scaffolds they

explored seems to be an important determinant of the molecules active/potent conformation.

3.3.2 Cytotoxicity assay

Our collaborators at Rhodes University also tested our compounds for potential toxicity to human
cells using the HeLa cells line. It is advised that toxicity studies be performed early in the design
and development of medicinal drugs to avoid financial losses that are associated with the rejection
of the drug later on due to poor safety profiles. HeLa cells prepared in 96 well plates at a density
of 2x 10* cells per well in Dulbecco’s modified eagle medium (DMEM) with 10% fetal bovine
serum (FBS), 2 mM L-glutamine and antibiotics (penicillin, streptomycin, and amphotericin B)
were incubated in a 5% COz incubator overnight at 37°C. The prepared target compounds, the
pyrrolo[2,3-d]pyrimidine derivatives, were then added to the final concentration of 20 uM and
incubation was continued for an additional 48 hours. To quantify the remaining viable cells
resazurin was added to the wells to a final concentration of 50 uM and incubation was continued
for 4 hours before measuring resorufin fluorescence (Exss0/Emsoo) using a Spectramax M3 plate
reader. Fluoresccence reading were corrected by subtracting background readings due to wells

without cells and then converted to percentage (%) viability relative to untreated control wells.
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HeLa percent cell viability for each pyrrolo[2,3-d]pyrimidine derivative is presented in Table 3.2
(mean+SD).

Obtained cytotoxicity assay results indicate that all the compounds have poor activity against
human cells, except for one (entry 4, Table 3.2) which shows moderate cell toxicity. Most of the
compounds have cell viability of at least 76% indicating that the compounds have minimal
cytotoxic activity. This suggests that minor structural modification will have to be made to improve
the safety profile of the compounds. Since the assay is done on whole cells, we cannot be sure that
the toxic activity is caused by the inhibition of human kinases. Although probable, other non-
kinase cell apoptosis mechanisms may be responsible. To ascertain if the toxic activity of the
compounds is by inhibiting the human kinases, further studies like human kinases selectivity

profiling will have to be carried out.
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Chapter 4: Synthesis of 4,6-diaminopyrimidine derivatives as potential

inhibitors of PACDPK1 and PfCDPK4

Results from molecular modelling studies have suggested that 4,6-diaminopyrimidine bearing
derivatives have the potential to interact with the targeted enzymes PfCDPK1 and PfCDPK4. The
docking models have shown that the pyrimidine moiety makes similar hydrogen bonding
interactions to the natural substrate (adenosine triphosphate) of the targeted kinase at the binding
site, and the sugar substituents and the bulky aromatic substituents necessary for potency and
selectivity were projected to the correct pockets (Figure 4.1). We, therefore, in this chapter discuss
the synthesis of 4,6-diaminopyrimidine derivative as potential inhibitors of PfCDPKI1 and
PfCDPKA4.

Hydrophobic
pocket

Ribose pocket

Figure 4.1. Overview of the binding interactions between the 4,6-diaminopyrimidine derivatives and the target CDPK
enzymes.

The targeted 4,6-diaminopyrimidine derivatives are generally divided into two broad categories,
the two-atom linkage and the one-atom linkage compounds, named after the number of atoms, that
link the pyrimidine moiety and the bulky fragment R? making up the targeted compounds (Figure
4.2). The categories are further divided into at least two classes each depending on the nature of
the linker. For the two-atom linkage compounds, the linker could either be an acetylene (class I
compounds), an ethene (class II compounds), or an ethane (class III compounds). The on-atom
linkage compounds are divided into the carbon series and heteroatom series after the nature of the

atom (X) that links the pyrimidine and the bulky fragments R2.
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Figure 4.2. Division of the targeted 4,6-diaminopyrimidine compounds.

4.1 Preparation of two-atom linkage 4,6-diaminopyrimidine derivatives

We planned the synthesis of 4,6-diaminopyrimidine compounds starting from 4,6-
dichloropyrimidine (Scheme 4.1). To the latter a nucleophilic substitution takes place with suitably
substituted amines adding the NHR! substituent on the ring. The next step was to substitute the
remaining chlorine substituent with an amino group using ammonia. From here we prepared for
the addition of the bulky R? group by iodination at the C5 position of the pyrimidine ring followed
by a Sonogashira coupling reaction. This would afford the Class I series of compounds.

Subsequent reduction would afford the remaining Class II and III compounds.

cl cl NH, NH,
|
X N7 N
0, — e e X
NT > Cl NZ > NHR' N~ "NHR N~ “NHR'
NH2 R2 NH2 NH2 ,
= 2 R
N~ ~ - NTS AR - > N
l P m = 1 m - 1
Class | Class Il Class Il

Scheme 4.1. Proposed synthetic route for two-atom linkage 4,6-diaminopyrimidine compounds
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4.1.1 Synthesis of 6-chloro-N-(cyclopropylmethyl)pyrimidin-4-amine [1]

HCI Cl
i " 1)

4.1 42 =%
9

7

Scheme 4.2. Preparation of 6-chloro-N-(cyclopropylmethyl)pyrimidin-4-amine. Reagents and conditions: DIPEA, 2-
MeTHF, 80°C, 18 hours, 75%.

We started the synthesis of 4,6-diaminopyrimidine derivatives by displacing the chlorine in the
commercially available 4,6-dichloropyrimidine 4.1 using alkylamines to introduce the R' groups
to the pyrimidine scaffold. The chosen R! groups were the methylcyclopropane, cyclohexane and
ethylmorpholine groups. The methylcyclorpropane bearing compound 4.2 was afforded after
heating a mixture of 4.1, cyclopropanemethylamine hydrochloride, and N,N-
diisopropylethylamine (DIPEA) in 2-methyltetrahydrofuran (2-MeTHF) at 80°C for 18 hours
(Scheme 4.2). The product was then purified using liquid/liquid extraction and subsequently silica
gel chromatography giving a white solid in 75% yield. Initially we employed dioxane and toluene
as the solvents for the synthesis, however, we later saw a need to change the solvents owing to
their toxicity. We found 2-MeTHF to be a suitable solvent because it has low toxicity and is derived
from agricultural waste. Changing the solvent to 2-MeTHF gave yields that were comparable to

the yields afforded when using dioxane or toluene as solvents.

The successful formation of the product was confirmed using 'H and '*C NMR spectroscopy. The
presence of the pyrimidine ring was confirmed by singlet proton signals appearing at 8.34 ppm
and 6.34 ppm due to H2 and HS, respectively. Protons due to the cyclopropanemethylamine moiety
appeared at 5.34, 3.15, 1.08, 0.61, and 0.28 ppm due to NH, H7, H8, H9 and HY’, respectively,
with H8 and H9 signals appearing as multiplets. The carbon NMR spectrum showed a total of 7
signals typical of the product with a signal due to C6 and C4 appearing at 163.1 ppm and a signal
due to C2 appearing at 158.5 ppm. Carbon signals due to C7, C8, and C9 were seen at 46.5, 10.4
and 3.6 ppm. Furthermore, infrared spectrum of the product has a signal due to the N-H bond at
3314 cm™.
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4.1.2 Synthesis of 6-chloro-N-cyclohexylpyrimidin-4-amine [2]

NH
Cl 2 Cl
6
NTX 1N AN 5
| | 4
kN/ Cl ZKN/ NH
4.1 4.3 38 t7 8
9 9
10

Scheme 4.3. Preparation of 6-chloro-N-cyclohexylpyrimidin-4-amine. Regents and conditions: DIPEA, 2-MeTHF,
80°C, 18 hours, 84%.

The cyclohexyl containing compound 4.3 was afforded in a similar manner described for 4.2 but
using cyclohexylamine. The reaction mixture consisting of 4.1, cyclohexylamine, DIPEA, and 2-
MeTHF heated for 18 hours afforded the desired product 4.3 as a white solid in 84% yield after

purification (Scheme 4.3).

The presence of the pyrimidine core was identified by proton signals with a singlet multiplicity
appearing at 8.32 ppm and 6.31 ppm resulting from H2 and H5, respectively. The amine proton
appeared at 5.25 ppm and H10 appeared between 1.31-1.16 ppm overlapping with H9. The
remaining cyclohexane protons appeared as either equatorial or axial resulting in two signals for
one chemical environment. Signals due to H8 appeared at 2.01 ppm and 1.78 ppm as doublets of
triplets, and H9 signals appeared between 1.47-1.34 ppm and 1.31-1.16 ppm as mulltiplets. The
carbon NMR spectrum had 4 peaks appearing in the aliphatic region corresponding to the
cyclohexane moiety. The remaining two signals were in the aromatic region at 162.4 ppm due to
C4 and C6, while C2 appeared as a peak at 158.5 ppm. The formation of the product 4.3 was
further confirmed by infrared spectroscopy via the signal appearing at 3242 cm™ due to N-H.

4.1.3 Synthesis of 6-chloro-N-(2-morpholinoethyl)pyrimidin-4-amine [3]
HNTY
N
of [ j cl
6
0]

N TN X5
“\ — 2& /4
cl N~ hH
7
4.1 4.4 8
N9
10[ jm
11 0 1

Scheme 4.4. Preparation of 6-chloro-N-(2-morpholinoethyl)pyrimidin-4-amine. Reagents and conditions: DIPEA, 2-
MeTHF, 80°C, 18 hours, 84%
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The morpholine bearing intermediate 4.4 was afforded from a reaction of 4.1 and 4-(2-
aminoethyl)morpholine mediated by DIPEA in 2-MeTHF (Scheme 4.4). After heating for 18
hours the solvent was concentrated, and the resulting crude residue was diluted with water. The
product was extracted in ethyl acetate and purified using silica gel chromatography to afford the

product as a white solid in 97% yield.

The proton signals due to H2 and H5 as singlets appearing at 8.35 ppm and 6.38 ppm in the 'H
NMR spectrum confirmed the presence of the pyrimidine moiety on the product. The
aminoethylmorpholine moiety was confirmed by a singlet peak at 5.83 ppm due to NH, a triplet at
3.73 ppm due to H11, a singlet at 3.39 ppm due to H7, a triplet at 2.62 ppm due to H8, and another
triplet at 2.49 ppm due to H10. The carbon NMR spectrum had the characteristic peaks in the
aromatic region due to the pyrimidine core, and 4 peaks in the aliphatic region corresponding to
the ethylmorpholine moiety. Carbon NMR spectroscopic signals due to the ethyl C7 and C8
appeared at 37.3 ppm and 56.3 ppm respectively, while C10 and C11 appeared at 53.2 ppm and
66.8 ppm, respectively. The presence of the aminoehtylmorpholine moiety was further confirmed

by an infrared spectroscopic signal due to N-H appearing at 3297 cm™.

4.1.4 Synthesis of N*-(cyclopropylmethyl)pyrimidine-4,6-diamine and related compounds [4]

Cl NH, ; o (\;’
N)ﬁ\ 1 Ngjs\ R = E‘}8> © N
| | 9 [ j
kN/ NH ZKN/ NH o o
R 3 IIQ1
4.5 4.6 4.7

Scheme 4.5. Preparation of N*-substitutedpyrimidine-4,6-diamine compounds. Reagents and conditions: 25% aq.
NH3j, ethanol, 170°C. 48 hrs, 54-92%.

The second step in the synthesis of 4,6-diaminopyrimidine derivatives was to displace the second
chloro substituent with ammonia to afford a 4,6-diaminopyrimidine scaffold (Scheme 4.5). To
achieve this, we dissolved the starting materials in ethanol in a pressure tube and added excess
aqueous ammonia. The reaction was heated at 170°C for 48 hours to afford the products after
workup and purification. The product 4.5, was afforded starting from intermediate 4.2. After
heating for 48 hours the solvent was concentrated in vacuo and the afforded crude product was
diluted with water. The acidic solution was neutralised using potassium carbonate and the product
was extracted with ethyl acetate. Silica gel column chromatography was used to purify the product

affording a white solid in 68% yield.
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Key signals identifying the product 4.5 from the 'H NMR spectrum were those due to the newly
installed NH2 substituent appearing at 4.61 ppm, and H5 appearing at an upfield chemical shift of
5.38 ppm. A marked change was observed in the aromatic region of the '3C NMR spectrum with
a total of 4 signals visible. These signals are due to C6, C4, C2, and C5 at 163.0, 162.9, 158.3, 81.9
ppm respectively. Substituting chlorine with an amine caused a slight downfield shift of C6. Other
proton and carbon spectroscopic signals present in the product maintained roughly the same
chemical shift as in the starting material. The infrared spectrum had two signals due to NH at 3464,
and 3306 cm’! indicating the presence of more than one NH on the product or at least one NHz2, A
molecular ion CsHi13N4", due to the product was confirmed by HRMS to be 165.1051 consistent

with the theoretical value of 165.1032 for the same molecular ion.

Compounds 4.6, and 4.7 were afforded using the same synthetic protocol as in the synthesis of 4.5,
however, starting from the appropriate intermediates. The key 'H and '*C NMR signals identifying
the afforded products are presented in Table 4.1 along with the melting points and yields.

Table 4.1. Key NMR spectroscopic signal and yield corresponding to the products 4.6 and 4.7.

NH,
6
NS

| s
sz NH
3 R1
Entry R! Key NMR signals /ppm Mp. (°C) | Yield

{ H: § 5.38 (s, 1H, H5), 4.58 (s, 2H, NHy),

BC: § 162.7(C6), 161.9(C4), 158.0 (C2), 53.4 | 210211 | 92%
4.6 (C3).

;{
( H: § 5.39 (s, 1H, H5), 4.83 (s, 2H, NHy).
2 [ ] 13C: § 163.2 (C6), 162.9 (C4), 158.8 (C2), 82.2 | 155-157 | 54%

(C5).
4.7
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4.1.5 Alternative synthesis of N*-substituted pyrimidine-4,6-diamine compounds [5]

S NH; NH; TN
N i N ii NI R= N
m 7 m ~ m = [ j

N~ >cl N7 >l N NH 0
4.1 4.8 R 4.6 4.7

Scheme 4.6. Alternative synthesis of N*-substitutedpyrimidine-4,6-diamine intermediates. Reagents and conditions:
i) isopropyl alcohol, aq. ammonia, rt, lhr, 70%. ii) alkylamine, toluene, 200°C MWI (150 W), 1 hour.

An alternative approach to the synthesis of N’-substituted-pyrimidine-4,6-diamine is by
introducing the amine first, followed by an NHR!, in the opposite order to how we have described
the synthesis of the target intermediates so far (Scheme 4.6). We explored this approach because
we wanted to reduce the use of large quantities of solvent and reaction time by using microwave
irradiation, and the number of synthetic steps, as all products could be derived from the same 4.8
intermediate (chloro amino pyrimidine). Using microwave irradiation while having aqueous
ammonia as a reagent could potentially lead to explosions due to rapid increase in pressure, as the
temperature of the reaction rise while heating. However, with reagents such as
cyclopropylmethylamine hydrochloride, 4-(2-aminoethyl)morpholine, or cyclohexylamine, a

rapid pressure build-up is not an issue because they have high boiling points (>180°C).

6-Chloropyrimidin-4-amine 4.8 was afforded using a similar synthetic procedure employed by
Zhan and coworkers where they dissolved the substrate 4.1 in isopropyl alcohol, added aqueous
ammonia, and stirred the resulting solution at room temperature for one hour [5]. We followed the
procedure, however with heating at 100°C for 1 hour to afford 4.8 as a white solid in 70% yield
after isolation by filtration. When the reaction was done at room temperature, we recovered
unreacted starting material after an hour of stirring. The formation of the product was confirmed
using "H NMR spectroscopy and the key signal in the spectrum was that due to NH2 appearing at
7.24 ppm. A key signal in the '*C NMR spectrum is that due to C5, appearing upfield at 103.14
ppm as expected. The product 4.8 melts at 204-207°C which is higher than the melting point of
4.1 (65-67°C), indicating that a different molecule had formed from the starting substrate.

From this point we could introduce the appropriate alkylamine by heating 4.8 in the presence of
the amine precursor at high temperatures, similar to how we introduced the alkylamines at the C6
position previously. This approach has been employed by Whitehead et al. when they were
synthesising potential diuretics and it afforded products with yields ranging from 13% to 99% [6].
We used the same methodology, however with microwave irradiation. We loaded a microwave

vessel with the substrate 4.8, two molar equivalents of the alkylamine precursors, and small
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quantities of toluene. The mixture was then heated at 200°C for 1 hour at which point no further

conversion occurred; heating further that 1 hour did not afford higher yields.

The reaction between 4.8 and cyclohexylamine afforded the product 4.6 in 69% yield after
purification. A reaction between 4.8 and 4-(2-aminoethyl)morpholine afforded the product 4.7 as
a white solid in 92% yield following purification by recrystallisation. Unfortunately, at a time
when this synthesis was tested, we did not have cyclopropanemethylamine hydrochloride at hand
to evaluate the protocol on all our targeted NHR! groups. The synthetic approach serves as a good
alternative to the synthesis of N*-substituted pyrimidine-4,6-diamine derivatives, offering

advantages such as reduced overall reaction time and synthetic steps, and minimal solvent use.

4.1.6 Synthesis of N’-(cyclopropylmethyl)-5-iodopyrimidine-4,6-diamine and related

compounds
NH, NH, o .
o 5 g 7 (f
N| X TN R = _\8>
! NORS
W NH 2 NH o o
R’ R 4.9 4.10 4.11

Scheme 4.7. lodination of N*-substituted-5-pyrimidine-4,6-diamine compounds. Reagents and conditions: I, K»COs,
DMF/water (1:7), MWI, 60°C, 0.5 hrs, 50%-96%.

The afforded intermediates 4.5, 4.6, and 4.7 were iodinated in the C5 position to prepare them for
the introduction of large aryl groups via the Sonogashira coupling reation (Scheme 4.7). To a
mixture of the starting material, molecular iodine, and potassium carbonate was added water and
DMF. The solvent combination is used to ensure that both the substrate and the reagents go into
solution. The resulting mixture was heated for 4 hours at 45°C before cooling down to room
temperature and diluting with water. The excess iodine was quenched by adding small amounts of
sodium thiosulfate with stirring until no further colour change was observed. During the quenching
process, a precipitate formed that was collected by filtration to afford the products. We later
modified the synthetic protocol by using microwave irradiation heating at 60°C for 1 hour. The
methodology returned yields that were comparable or, as was observed with most cases, improved.
We, therefore, found the microware assisted synthesis of N*-substituted-5-iodopyrimidine-4.,6-

diamine to be a better approach than the conventional method.

The synthesis of N*-(cyclopropylmethyl)-5-iodopyrimidine-4,6-diamine 4.9, followed the
procedure as described starting from intermediate 4.5 to afford the product as a yellow solid in
62% yield by conventional methodology and 75% yield by microwave assisted synthesis. Key

changes identifying the success of the reaction in the 'H NMR spectrum was the absence of the

99



signal that was previously due to H5. We also noted that the carbon signal due to C5 in the '*C
NMR spectrum move further upfield to 58.2 ppm. All other proton and carbon spectroscopic

signals on the products NMR spectra appeared as observed on the starting substrate 4.5.

The products 4.10 and 4.11 were afforded in a similar manner starting with the appropriate
substrates — 4.6 and 4.7, respectively. The NMR spectroscopic signals identifying the different
structural components making up the products and HRMS spectrometric data are presented in

Table 4.2 along with the yield afforded by conventional (conv.) and microwave (mw) method.

Table 4.2. Key NMR spectroscopic signals, HRMS molecular ion m/z, and yields corresponding to the products 4.10
and 4.11

Entry R! Characteristic NMR signals /ppm and HRMS Yield
TH: 5 7.98 (s, 1H, H2), 5.12 (s, 2H, NH2), 4.98 (d, /= 8.0
Hz, 1H, NH), 4.03 — 3.89 (m, 1H, H7), 2.07 — 1.96 (m,
2H, H8), 1.79 — 1.70 (m, 2H, H9), 1.69 — 1.60 (m, 1H,
s g |HI0),1.50—1.37 (m, 2H, H9), 1.30 — 1.17 (m, 3H, HS
@ and H10).
3C: § 161.54 (C6), 160.0 (C4), 157.3 (C2), 58.5 (C5),
50.1 (C7), 33.3 (C8), 25.7 (C10), 24.8 (C9).
HRMS [CioHi6IN4]™: Found 319.0220; -calculated
319.0312.
'H: § 7.99 (s, 1H, H2), 5.94 (s, 1H, NH), 5.00 (s, 2H,
NH»), 3.76 (t, J = 4.5 Hz, 4H, H11), 3.52 (q, J = 5.6 Hz,
8 Cf 2H, H7), 2.62 (t,J= 6.1 Hz, 2H, HS), 2.52 (t, /=4.6 Hz,

10 10 | 4H, H10). mw: 50%
2 11[ j11

1

mw: 96%

conv.: 51%

N
o 1BC: § 161.5 (C6), 160.8 (C4), 157.5 (C2), 67.2 (C11), | conv.: 65%
arl | 582(C5),56.4(C8), 53.1(C10), 38.0 (C7).

HRMS [C10H17INsO]": Found 350.0258; calculated
350.0370.
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4.1.7 Synthesis of [(6-methoxynaphthalen-2-yl)ethynyl]trimethylsilane and [(6-
ethoxynaphthalen-2-yl)ethynyl]trimethylsilane [7, §]

TMS
RSS! e
R R
R =OMe 3.16a R =OMe 4.12a
=QOEt 3.16b = OEt 4.12b

Scheme 4.8. Sonogashira coupling reaction. Reagents and conditions: TMSA, Pd(PPhs),Cl,, Cul, DIPA, 91% -97%.
Thus far, we have described the synthesis of intermediates that are made up of the
diaminopyrimidine scaffold iodinated at the C5 position — and substituted with R! substituents.
What remains to afford the first class of 4,6-diaminopyrimidine inhibitors (acetylene linkage
derivatives) is to incorporate the bulky R? groups using the Sonogashira coupling reaction. The
bulky R? groups that we plan to incorporate are substituted naphthalenes, and in order to couple
these to the pyrimidine core via a two-atom linker, we needed to first substitute these with an
acetylene moiety. These terminal alkene precursors needed for the Sonogashira coupling reaction
were not commercially available, therefore, we prepared them from intermediates 3.16a and 3.16b
whose synthesis was described in chapter 3 (Scheme 4.8). The mixture of the intermediate,
Pd(PPhs)2Cl2, and copper (I) iodide was place in an inert atmosphere before adding a degassed
solution of diisopropylamine (DIPA) and trimethylsilylacetylene (TMSA) in dry THF. The
resulting solution was heated for 5 hours at 60°C followed by work up and purification to afford

products, 4.12a and 4.12b, in excellent yields of 95% and 91%, respectively.

We later modified the synthetic protocol by using microwave irradiation (MWI) to heat the
reaction. As is typical of MWI reactions, we appreciated reduced reaction times and used smaller
volumes of solvent and fewer equivalents of some reagents. The reaction was done for 30 minutes
with heating at 70°C in 2-MeTHF, with reduced amounts of the base DIPA and the substrate
TMSA (~2 molar equiv. each). The conventional Sonogashira coupling reaction protocol requires
that DIPA and TMSA be added in excess; in our case we used 10 molar equivalents for each. After
quenching the reaction with saturated aqueous ammonia solution and purification, the products
4.12a and 4.12b were achieved in excellent yields of 97% and 95%, respectively. We, therefore,

found the MWI reaction to be a better approach in the Sonogashira coupling of our substrates.

The afforded products were accompanied by a signal at ~0.00 ppm integrating for 9 protons due

to the trimethyl groups (TMS), in addition to the 6 aromatic protons appearing between 7.92 ppm
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and 7.08 ppm in the '"H NMR spectra. The product 4.12a was further characterized by a singlet
signal at 3.92 ppm due to the methoxy CHs. For product 4.12b these unique signals appear at 4.14
ppm and 1.48 ppm as a quartet and triplet due to the ethoxy CHz and CH3, respectively. The '*C
NMR spectra of both products had three additional signals compared to the respective starting
substrates due to the trimethylsilyacetylene moiety of the products. HRMS confirmed the
molecular ion of 4.12a (CisH190Si") to be 255.1130 consistent with the calculated value of
255.1127, while the molecular ion of 4.12b (Ci17H210Si") was confirmed to be 296.1122,
corresponding to 269.1129.

4.1.8 Synthesis of 2-ethynyl-6-methoxynaphthalene and 2-ethoxy-6-ethynylnaphthalene [§]

2
% RS
L, .

R =OMe 4.12a R =OMe 4.13a
=OEt 4.12b = OEt 4.13b

TMS

Scheme 4.9. Formation of the terminal alkene. Reagent and conditions: K»CO3, MeOH, 1 hr, 74%-98%.

We completed the preparation of the naphthalene intermediate required to form class I compounds
by deprotecting the silyl group (Scheme 4.9). This was achieved by employing two synthetic
protocols which differ in the base and solvent used. The first protocol involved the use of
tetrabutylammonium fluoride with THF as a solvent. To a mixture of the substrate and dry THF
was added tetrabutylammonium fluoride at -78°C followed by stirring overnight at room
temperature. The reaction was quenched using saturated aqueous ammonium chloride solution and
afforded the deprotected products as white solids after purification in moderate yields (85% for
4.13a and 74% for 4.13b). The second procedure employed potassium carbonate and methanol.
The reaction mixture was stirred at room temperature for 1 hour to afford the products, 4.13a and
4.13b in yields of 93% and 98%, respectively. Evidently, using potassium carbonate as the base

and methanol as the solvent afforded higher yields in significantly reduced time.

The products were characterised by a singlet peak appearing at 3.10 ppm due to H2 in the '"H NMR
spectrum of each product. The signals that were due to the TMS group were absent on both the
13C and 'H NMR spectra. There was an observable shift in the position of the signal caused by C2

upfield to ~84.2 ppm for both products indicating a change in the acetylene environment.
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4.1.9 Synthesis of N*~(cyclopropylmethyl)-5-[(6-methoxynaphthalen-2-

yDethynyl]pyrimidine-4,6-diamine and related compounds (class I compounds)

NH, X
| ) -~ (g’
L — :
) ; .
N NH 0
! 9
R1

4.14a 4.15a 4.16a

Scheme 4.10. Preparation of acetylene linkage 4,6-diaminopyrimidine derivatives (class I compounds) from N*-
substituted-5-iodopyrimidine-4,6-diamine. Reagent and conditions: Pd(PPh3),Cl,, Cul, DIPA, 2-MeTHF, 70°C, 1 hr.
At this point of the synthesis, we had in hand the precursors needed to afford the first class (class
I) of the targeted two atom linked 4,6-diaminopyrimidine derived compounds. We, therefore,
employed the Sonogashira coupling reaction to afford the desired compounds (Scheme 4.10)
utilising MWI heating, as we found the approach to be economical and better yielding. The
synthesis of targeted compound 4.14a proceeded by heating a mixture of the substrate,
dichlorobis(triphenylphosphine)palladium(II), copper(I) iodide, and diisopropylamine in 2-
MeTHF for 60 minutes. The product was afforded after silica gel chromatography purification in
80% yield.

Both the 'H and '*C NMR spectroscopy were used to characterise the product. The presence of the
aminopyrimidine ring was confirmed by two singlet signals appearing at 8.15 and 5.18 ppm due
to H2 and NH>, respectively, in the '"H NMR spectrum. The methylcyclopropane moiety was
confirmed by proton signals at 3.39, 1.13, 0.57 and 0.30 ppm due to H7, H8, H9 and HY’
respectively. The naphthalene moiety was confirmed by aromatic protons signals appearing
between 7.96 ppm and 7.12 ppm and a singlet signal due to the methoxy protons (H1") at 3.96
ppm. The *C NMR spectrum confirmed the presence of the pyrimidine ring via the C2 signal at
156.78 ppm, the naphthalene moiety via the C1’ signal at 55.4 ppm and the acetylene bridge by
signals appearing at 101.2 ppm and 79.5 ppm due to H12 and H11. The molecular ion of 4.14a
(C21H21N4O") was confirmed by HRMS to be 345.1711 corresponding to the calculated value of

345.1710 for the same molecular ion.

Other derivatives bearing the cyclopropyl, cyclohexyl, and morpholino groups with either the
methoxynaphthalene or ethoxynaphthalene moiety were prepared in a similar manner starting with

the appropriate substrates. Key spectroscopic signals ('H and '*C NMR) confirming the presence
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of the aminopyrimidine core, the R! substituent and the naphthalene moiety for each attained

product as discussed for 4.14a, including HRMS m/z ratios and the respective yields, are presented
in Table 4.3.

Table 4.3.'H and *C NMR spectroscopic signals, HRMS mass to charge ratios and yields of acetylene-
linked 4,6-diaminopyrimidines.

NH s _R2
6 2&

1N \5 7

|
ZgN/ “NH

R

Entry

Rl

R2

Key NMR signals /ppm and HRMS

Yield

pR/N

L0

4.14b

'H: § 8.15 (s, 1H, H2), 7.95 (s, 1H, ArH),
7.72 (t, J=17.9 Hz, 2H, ArH), 7.50 (d, J =
8.6 Hz, 1H, ArH), 7.19 (d, J =9.2 Hz, 1H,
ArH), 7.12 (s, 1H, ArH), 5.18 (s, 2H, NH>),
417 (q,J=7.2Hz,2H, H1"),3.39(t,J=6.4
Hz, 2H, H9), 1.50 (t, J = 7.2 Hz, 3H, H2'),
1.13 (p, /= 6.7, 6.2 Hz, 1H, H9), 0.57 (d, J
=7.7Hz,2H, H11),0.30 (d, /J=4.9 Hz, 2H,
HI11)

3C: § 156.8 (C2), 102.2 (C8) 79.5 (C7),
63.6 (C1"), 14.8 (C2").

HRMS [C22H23N40]": Found 359.1866;
calculated 359.1866.

83%

LT

4.15a

H: 5§ 8.15 (s, 1H, H2), 7.94 (s, 1H, ArH),
774 (d, J = 1.4 Hz, 1H, ArH), 7.72 (s, 1H,
ArH), 7.50 (dd, J = 8.4, 1.7 Hz, 1H, ArH),
7.19 (dd, J=8.9, 2.5 Hz, 1H, ArH), 7.13 (d,
J=2.5Hz, 1H, ArH), 5.24 (d, J = 8.2 Hz,
1H, NH), 5.17 (s, 2H, NH>), 4.10 — 3.98 (m,
1H, H9), 3.94 (s, 3H, H1"), 2.11 — 2.02 (m,
2H, H10), 1.81 — 1.71 (m, 2H, H11), 1.69 —
1.60 (m, 1H, HI2), 1.53 — 1.37 (m, 2H,
H11), 1.32 - 1.20 (m, 3H, HI12 & H10).

85%
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3C: § 156.8 (C2), 102.2 (C8), 79.6 (C5 &
C7), 55.4 (C1"),

HRMS [C23H25N40]": Found 373.2024;
calculated 373.2023.

N

L0

4.15b

'H: 6 8.15 (s, 1H, H2), 7.96 — 7.86 (m, 1H,
ArH), 7.76 — 7.67 (m, 2H, ArH), 7.49 (dd, J
= 8.4, 1.7 Hz, 1H, ArH), 7.18 (dd, J = 8.9,
2.4 Hz, 1H, ArH), 7.12 (d, J = 2.5 Hz, 1H,
ArH), 5.19 (s, 2H, NH2), 4.17 (q,/=7.0 Hz,
2H, H1'), 4.10 — 3.98 (m, 1H, H9), 2.10 —
2.02 (m, 2H, H9), 1.76 (dt, J=13.5, 3.9 Hz,
2H, H11), 1.65 (d, J = 17.1 Hz, 1H, H12),
1.52—-1.38 (m, 5H, H2' & H11), 1.33-1.17
(m, 3H, H10 & H12).

3C: § 156.7 (C2), 102.3 (C8), 80.5 (C7),
79.5 (C5), 63.6 (C1"), 14.8 (C2")

HRMS [C24H27N4O]": Found 387.2182;
calculated 387.2179.

90%

SK\\

9

10[Nj10

1 Ng~ 1
12

-

L0

4.16a

TH: 5 8.17 (s, 1H, H2), 7.95 (s, 1H, ArH),
7.72 (t, J = 9.1 Hz, 2H, ArH), 7.53 (d, J =
8.4 Hz, 1H, ArH), 7.19 (d, J= 9.1 Hz, 1H,
ArH), 7.14 (s, 1H, ArH), 6.22 (s, 1H, NH),
5.32 (s, 2H, NHa), 3.95 (s, 3H, H1"), 3.70 (s,
4H, H11), 3.60 (s, 2H, HS), 2.69 — 2.60 (m,
2H, H11), 2.53 (s, 4H, H10)

HRMS [C23H26Ns502]": Found 404.2084;
calculated 404.2081.

79%

P/

L

4.16b

H: 5 8.16 (s, 1H, H2), 7.95 (s, 1H, ArH),
7.71 (d, J = 8.6 Hz, 2H, ArH), 7.51 (dt, J =
8.6, 2.0 Hz, 1H, ArH), 7.19 (dd, J=9.0, 2.4
Hz, 1H, ArH), 7.12 (d,J=2.5 Hz, 1H, ArH),
6.20 (s, 1H, NH), 5.23 (s, 2H, NH2), 4.17 (q,
J=7.1Hz,2H, H1"),3.71 (t,J=4.7 Hz, 4H,

83%
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HI11), 3.62 (d, J = 5.8 Hz, 2H, HS), 2.67 (4,
J=6.3 Hz, 2H, H7), 2.55 (s, 4H, H10), 1.49
(td,J=17.0,2.8 Hz, 3H, H2").

3C: § 134.3 (C2), 63.6 (C1"), 56.9 (C7),
53.3 (C10), 37.0 (C8), 14.8 (C2").

HRMS [C24H2sNs502]": Found 418.2239;
calculated 418.2238.

4.1.10 Synthesis of (E)-N*-(cyclopropylmethyl)-5-(2-(6-methoxynaphthalen-2-

yDvinyl)pyrimidine-4,6-diamine and related compounds

=
N7
U
N NH
R1

Scheme 4.11. Preparation of ethene linked 4,6-diaminopyrimidine derivatives (class II compounds) from class I
compounds. Reagent and conditions: Hx(g)-6 bar, Pd/C catalyst, ethanol, r.t, 6 hours, 50-77%.

We planned to afford 4,6-diaminopyrimidine derivatives with partially unsaturated and saturated
linkers (class II and class III compounds) by reducing class I compounds. We envisioned forming
the fully reduced compounds (class III) using hydrogen gas in the presence of a palladium on
carbon catalyst. However, to our surprise, these conditions afforded the alkenes (class II
compounds) (Scheme 4.11). The reaction was carried out by dissolving the substrates in absolute
ethanol and then adding 10 wt.% palladium on carbon. To the mixture was added hydrogen gas
contained in an inflated balloon while stirring overnight. Analysis of the reaction using TLC
revealed that no product had formed, and that the starting material was still present. We then
decided to conduct the reaction at the higher pressure in a pressure vessel to encourage the reaction
to take place. The strategy afforded the alkene compounds in moderate to good yields when 6 bar

hydrogen gas pressure was applied for 6 hours.

The synthesis of 4.17a was carried out described starting from intermediate 4.15a to afford the
product as a brown solid in 77% yield. The product was confirmed using 'H, 3C NMR

spectroscopy and mass spectrometry. Key spectroscopic signals appeared at 6.93 ppm and 6.20
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ppm due to H7 and H8 respectively on the proton NMR spectrum. The coupling constants of these
peaks (11.9 Hz) indicate that the ethene assumed an entgegen (E) geometry. Key '*C NMR
spectroscopic signals are those due to C7 and C8 now appearing downfield at 134.9 ppm and 118.6
ppm. HRMS confirmed the molecular ion of 4.17a, C21H23N4O", to be 347.1868 which is

consistent with the theoretical value of 347.1566 calculated for the same molecular ion.

Related compounds 4.17b, 4.18a, and 4.18b were synthesized using the same high-pressure
protocol. Key spectroscopic signals confirming the success of the reaction and the yield for each

product are presented in Table 4.4.

Table 4.4. Yields, key 'H and '3C NMR spectroscopic signals and HRMS mass to charge ratios of ethene-linked 4,6-
diaminopyrimidine compounds.

NH,
6
1 N 8

| 4 8
ZgN/ NH

7
x_R?

R

Key NMR spectroscopic signals /ppm | Yiel
Entry R! R?
and HRMS molecular ion ratio d

'H: 6 6.94 (d, /= 11.9 Hz, 1H, H7), 6.19

ny 071' (d, J=11.9 Hz, 1H, HS).

1 W> . OO 21 | 13C: 5 135.1 (C7), 118.3 (C8). 68%
11 4.17b HRMS [C2:H2sN4O]": Found 361.2024;
calculated 361.2023.

H: § 6.92 (d, J= 11.9 Hz, 1H, H7), 6.15
(d,J=11.9 Hz, 1H, HY).

o\
2 ‘%1 13C: § 135.2 (C7), 118.5 (C8). 50%

4.18a HRMS [C23H27N40]": Found 375.2180;

10 A2 10 calculated 375.2179
11 11 H:56.92(d,J=11.9 Hz, 1H, H7), 6.14
(d, J=11.9 Hz, 1H, HS).

ow
3 EJ 13C: § 135.2 (C7), 118.4 (C8). 63%

4.18b HRMS [C24H20N40]": Found 389.2338;
calculated 389.2297.
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4.1.11 Synthesis of ethane-linked 4,6-diaminopyrimidines derivatives

) 2 R2
NH, R NH, R NH, |
» X A X
I
N”NH P N”NH
R’ R R'
Class | Class Il Class Il

Scheme 4.12: Attempted synthesis of ethane-linked 4,6-diaminopyrimidines from either class I or class I compounds.
Reagents and conditions: 6 bar Ha(g), Pd/C, absolute ethanol, rt., 48 hours.

We had planned to achieve the synthesis of ethane-linked 4,6-diaminopyrimidine derivatives by
reducing either the acetylene- or ethene-linked compounds (Scheme 4.12). The starting
compounds were dissolved in absolute ethanol and the resulting solution was loaded into a
hydrogenation reactor. Hydrogen gas was then added at 6 bar pressure while stirring at room
temperature for 24 hours. The reaction did not occur when ethene-linked compounds (class II)
were used as substrates; the starting substrate was recovered. However, when acetylene-linked
compounds (class I) were used as substrates, the reaction afforded class II compounds. We then
decided to extend the duration to 48 hours; the results were the same as when the reaction was
done for 24 hours. Thin layer chromatography did not show any indication of a different product

forming, as a result we decided not to extend the duration of the reaction further than 48 hours.

We hypothesised that steric hindrance may be the primary cause of reaction failure. The
conformation adopted by the ethene-linked molecules is such that the linker moiety is moved
closer to the pyrimidine and R' groups (Figure 4.3), making it difficult for the alkene moiety to
be adsorbed on the surface of the palladium metal for catalysed reduction to occur. Due to time
constraints, other reduction methods were not considered for this project, but will be considered

for future work.
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Linker

Ethene-linked/
class II derivatives

Figure 4.3. 3D model of acetylene- and ethene bridged molecules.
4.2 Preparation of one-atom linkage 4,6-diaminopyrimidine derivatives: carbon-atom linker

compounds

As part of our project aim, we decide to explore one-atom linkage derivatives with carbon atom as
a linker between the pyrimidine moiety and the bulky R? moiety (Figure 4.4). These derivatives
are structurally different to the two-atom linker compounds by 1) the number of atoms between
the pyrimidine moiety and the naphthalene moiety, and 2) the presentation of the naphthalene
group relative to the pyrimidine moiety. The different conformations ought to afford unique

interactions in the binding sites of the target enzymes, PACDPK1 and PfCDPK4.

Carbon linker

NH» /
U
k\N NH
R

Figure 4.4. General structure of the one carbon-linker 4,6-diaminopyrimidine derivatives.
The general approach adopted thus far in the synthesis of our targeted inhibitors has been to prepare
the pyrimidine scaffold on which the substituents necessary for potency and selectivity are added.
However, with the one carbon-atom linked 4,6-diaminopyrimidine derivatives, we planned to form
the pyrimidine ring with the R? substituent already in place. We planned to achieve this by adding

R? groups on ethyl cyanoacetate followed by ring formation between the afforded intermediate

and thiourea (Scheme 4.13). The resulting molecule would be further modified to afford our target
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molecules by removing the thiol and substituting the hydroxy moiety with a chloride to enable the
addition of R! groups. To test the validity of the proposed synthetic route and synthetic protocols
thereof, we used a phenyl moiety at R? in place of the naphthalene groups, as the precursors we
would use are commercially available. The development of the synthetic protocols towards the
synthesis of the one carbon-linker 4,6-diaminopyrimidine compounds using our model system

bearing a phenyl substituent at R?, is described in the following sections.

EtO)K/CN _______ > EtO)K[CN """" > EtO)J\ECN _____ > R? ‘ ~N
R? R2 HO N/)\
v
NH,
NH, NH,
R? |\N
R2 SN oo R2 NN
T SR S "
R Cl” °N HO™ "N

Scheme 4.13: Proposed synthesis of carbon atom-linker 4,6-diaminopyrimidine derivatives.

4.2.1 Synthesis of ethyl (E)-ethyl 2-cyano-3-phenylacrylate [9]

0 ‘ CN
R P 2
) )\O)g/céN . 2oy
2
4.20 4.21

Scheme 4.14. Preparation of ethyl 2-cyano-3-phenylacrylate. Reagents and conditions: benzaldehyde, piperidine,
MWTI (10 W), 10 minutes, 98%.

The addition of the phenyl group into the C2 position of ethyl cyanoacetate 4.20 was accomplished
through two synthetic steps. The first step utilises the Knoevenagel condensation reaction between
4.20 and benzaldehyde (Scheme 4.14). Initially, the substrate and reagent were heated for 2 hours
in ethanol using microwave irradiation (MWI) to afford the product 4.21 as a white crystalline
solid after recrystallisation in yield of 92%. We later performed the reaction neat with constant

MWI power of 10 watts for 10 minutes affording the product in 98% yield after recrystallisation.

The product 4.21 was characterized by 'H and '*C NMR spectroscopy. The phenyl moiety on the

product was confirmed by peaks between 8.04-7.48 ppm due to aromatic protons and a singlet
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peak at 8.26 ppm due to H4 in the '"H NMR spectrum. The ethyl cyanoacetate moiety was
confirmed by a quartet and triplet peaks due to H1' and H2' appearing at 4.39 ppm and 1.41 ppm,
respectively. The carbon NMR spectrum had 10 signals as expected from the product, with that
due to C1 appearing at 162.5 ppm and that due to C4 appearing at 155.1 ppm confirming the
presence of both the ethyl cyanoacetate fragment and the phenyl fragment.

4.2.2 Synthesis of ethyl 2-cyano-3-phenylpropanoate [10]
0] Q 3

CN 2
EtO . EtO™ 1

\

Scheme 4.15. Synthesis of ethyl 2-cyano-3-phenylpropanoate from (£)-ethyl 2-cyano-3-phenylacrylate. Reagents
and conditions: 1) NaBHj, ethanol, 0°C, 5 min, 53%. 2) 6 bar Hx(g), methanol, rt., 30 minutes, 77%.

The second synthetic step in the synthesis of ethyl 2-cyano-3-phenylpropanoate starting from ethyl
cyanoacetate was to reduce the alkene of compound 4.21 (Scheme 4.15). This was initially
achieved by using sodium borohydride in ethanol at 0°C within 5 minutes. The product was
afforded in 53% yield after work up and purification by silica gel chromatography. The lower yield
was due to the formation of side products that were not identified, but likely due to reduction of
the nitrile moiety, and although not anticipated, possibly also the ester. We therefore attempted an
alternative approach using hydrogen gas catalysed by palladium. The reaction returned a higher
yield of 77% within 30 minutes at 6 bar hydrogen gas pressure. In this case we observed that the
nitrile moiety was also reduced but to a lesser extent, unless the reaction was allowed to proceed

longer than 30 minutes.

Signals on the "H NMR spectrum of the product 4.22 integrated to the correct number of hydrogens
with the key signals appearing as a doublet of doublets and quartet of doublets at 3.71 ppm and
3.22 ppm due to H2 and H4, respectively. The key '*C NMR spectroscopic signal was that due to
C4 which shifted upfield to 35.7 ppm from the aromatic region.
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4.2.3 Synthesis of 6-amino-5-benzyl-2-mercaptopyrimidin-4-ol
NH,
Q 1 ° 5
N
T e - A@
HS™ 2

4.20

N OH
3
4.23

o NH,
CN 6 7
b EtO » 1 N X 5

A
HS"2 " N° "OH
3

4.24

Scheme 4.16. Preparation of the pyrimidine moiety. Reagents and conditions: thiourea, KO'Bu, constant 10 W MWI,
5-10 minutes, 64% (4.23) and 56% (4.24).

At this point of the synthesis, we had successfully introduced the R? substituent on one of the
precursors required to form the pyrimidine ring. The next step was to synthesize the pyrimidine
scaffold and as discussed previously, the R? group will already be part of the ring structure
(Scheme 4.16). We started by heating a mixture of the substrate 4.22 and thiourea in ethanol with
sodium ethoxide as a base for 2 hours following a well described synthetic protocol [11]. This
approach, however, did not afford us the desired compound even when the reaction was allowed
to proceed for 24 hours. We then decided to explore other synthetic protocols that could yield the
desired compound. During this development phase, we used ethyl cyanoacetate 4.20 as a model

compound in place of the intermediate 4.22 to test these protocols (Scheme 4.16 a).

Following the work done by Goswami et al. where they afforded functionalised pyrimidines using
a domestic microwave [12], we prepared a solvent-free mixture of 4.20, thiourea, and potassium
tert-butoxide which was radiated under microwave conditions at a constant power of 150 Watts.
The reaction resulted in a rapid increase in temperature and build-up of pressure and had to be
terminated within 30 seconds. Workup of the reaction and purification resulted in 36% of the
desired product. To circumvent the rapid increase in temperature and pressure, we added a high
boiling point solvent, n-butanol, starting with 1 ml quantity. We were able to do the reaction for 1
minute at 150 Watts before a phase of rapid temperature increase started. The reaction, upon
purification gave 40% of the product. Increasing the amount of solvent resulted in lower yields
(~20%), but with extended duration. We then lowered the power to 50 Watts, maintaining the 1
ml of n-butanol. With this we could afford up to 49% yield within 5 minutes. When the reaction
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was done for 10 minutes in 2X5 minutes cycles allowing the reaction mixture to cool down to
room temperature after the first cycle. The methodology afforded the product in 67% yield,
however, after repeated experiments we noticed that the method is not reproducible. We returned
to using solvent free conditions with the power lowered down to 10 Watts and with this the product
4.23 was afforded in 64% yield within 5 minutes. The methodology was repeated at least 5 times,
and the afforded yields were consistent (~65% + 3%).

The formation of the product 4.23 was confirmed using 'H and '*C NMR spectroscopy. The thiol
and hydroxy moieties appeared as overlapping singlets between 11.72 -11.47 ppm in the 'H NMR
spectrum. A proton signal integrating for two protons due to NHz appeared at 6.40 and the H5 peak
was visible at 4.71 ppm as a singlet. The *C NMR spectrum had the correct number of signals (4

peaks) corresponding to the structure of 4.23.

We adopted this methodology for the synthesis of the intermediate 4.24 (Scheme 4.16 b). To a
well ground mixture of potassium fert-butoxide and thiourea was added ethyl 2-cyano-3-
phenylpropanoate 4.22 and the resulting mixture was microwave irradiated at 10 Watts for 10
minutes. The resulting solid matter was diluted with water and the solution pH was adjusted to 5
using glacial acetic acid during which time a white precipitate formed. The precipitate was

collected by filtration to afford the product without the need for further purification in 56% yield.

The formation of the pyrimidine ring was confirmed by '"H NMR spectroscopic signals due to the
hydroxy, thiol, and amine protons appearing at 11.81, 11.49 and 6.25 ppm, respectively. These
signals appeared as singlets integrating to one proton for the thiol and hydroxy moieties and two
protons for the amine moiety. The phenyl group was confirmed by a multiplet signal due to
aromatic protons between 7.21-7.09 ppm, and a singlet peak integrating to two protons due to H7
at 3.53 ppm. The carbon NMR spectrum had a total of 9 signals typical of the product 4.24 with 7
appearing in the aromatic region and 2 due to C5 and C7 appearing at 89.7 and 27.6 ppm,
respectively. HRMS confirmed a molecular ion [M+H]" due to 4.24 to be 234.0698 which is
consistent with the theoretical value of 234.0694 calculated for C11H12N30S™.
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4.2.4 Synthesis of 6-amino-5-benzylpyrimidin-4-ol

NH, NH,
6 7 14
.
N™ ™ COINTY
)l\):(\© B 2t /2
HS” “N” “OH N~ “OH
3
4.24 4.25

Scheme 4.17. Synthesis of 6-amino-5-benzylpyrimidin-4-ol. Reagents and conditions: Raney-nickel, 25% aqueous
ammonia, 100°C, 2 hours, 82%.

The afforded intermediate 4.24 contained a thiol substituent at the C2 position of the ring which is
not part of the targeted compound. We, therefore, endeavoured to remove the group and replace it
with a proton using Raney-Nickel (Scheme 4.17). To achieve this, we prepared a mixture of the
substrate 4.24, and Raney-Nickel in water and heated it for 2 hours. We then proceeded to filter
the suspension to separate Raney-nickel from the reaction solution while the solution was hot.
Allowing the solution to cool down to room temperature before filtration resulted in the formation
of a precipitated which combined with Raney-nickel making it hard to separate. The filtrate was

concentrated in vacuo to afford the product in 82% yield without further purification.

The key changes in the '"H NMR are the disappearance of the signal previously due to the thiol
proton and the appearance of the signal at 7.73 ppm due to H2 integrating to one proton with a

singlet multiplicity. C2 on the 3*C NMR also moved upfield to 147.1 ppm from 173.3 ppm.

Synthesis of 4.25 can be achieved directly from 4.22 by using formamidine acetate in place of
thiourea. We attempted this approach, and it proved to be low yielding — the desired compound

was produced lower yields (at most 5%).

4.2.5 Synthesis of 5-benzyl-6-chloropyrimidin-4-amine

NH, NH>

6 7
1

N NI
@f@ g
N~ “OH 2>N7 el

3

4.25 4.26

Scheme 4.18. Synthesis of 5-benzyl-6-chloropyrimidin-4-amine. Reagents and conditions: POCIs, 100°C, 3 hours,
91%.

The next step in the development of the methodology for the synthesis of the carbon-linker 4,6-
diaminopyrimidine derivative was to chlorinate the C4 position in preparation for the addition of
the NHR! groups (Scheme 4.18). This we achieved by substituting the hydroxy moiety with a
chloride substituent using POCIl3. A mixture of the intermediate 4.25 and POCl3 were loaded inside
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a pressure tube followed by heating at 100°C. After 3 hours the excess POCl3 was quenched in ice
water and the resulting acidic solution was neutralised with aqueous ammonia. The product 4.26

was afforded in 91% yield as a yellow solid after purification.

The formation of the product 4.26 was confirmed by the absence of the OH signal on the "H NMR
spectrum. All other protons were accounted for and appeared at the expected regions. The key
observable change on the '*C NMR spectrum was that due to C5. The signal moved downfield
from 97.3 ppm to 112.9 ppm owing to the change in the chemical environment caused by the
addition of the chloride atom at the C4 position. HRMS confirmed 4.26 [M+H]" molecular ion to
be 220.0637 which is consistent with the theoretical value of 220.0636 calculated for C11H11N3Cl1".

4.2.6 Synthesis of 5-benzyl-NV*-cyclohexylpyrimidine-4,6-diamine

NH, NH,

6 7
1
N~ N™ 5
mm - zmm

N el
3 8
4.26 4.27° 0
10 10

Scheme 4.19: Synthesis of 5-benzyl-N*-cyclohexylpyrimidine-4,6-diamine. Reagents and conditions:
Cyclohexylamine, toluene, 200°C, 1 hour, MWI (150W), 37%.

The last step in the synthesis of carbon-linked 4,6-diaminopyrimidines was to introduce the NHR'!
at the C4 position of 4.26. We achieved this by employing the same synthetic protocol used in the
synthesis of N?-substituted pyrimidine-4,6-diamine compounds (section 4.1.5) where the chloro-
substrate and the amine were combined and heated by microwave irradiation for 60 minutes to get
the product. To produce 4.27, compound 4.26 was combined with cyclohexylamine and small
quantities of toluene in a microwave tube. The resulting mixture was heated by microwave
irradiation for one hour before diluting with methanol. The afforded solution was concentrated on
silica, followed by purification using silica gel column chromatography, producing 4.27 as a white
solid in 37% yield. An attempt made to improve the yield of 4.27 by increasing the reaction time
to 2 hours was not successful; the reaction reaches full conversion after 1 hour. Due to time
constraints, we could not try out other strategies to improve the yields, like using a different

solvent.

The formation of 4.27 was confirmed using both 'H and '*C NMR spectroscopy. The aromatic
protons due to the benzyl moiety appeared between 7.29 and 7.11 ppm as a multiplet integrating

to 5 protons in the "H NMR spectrum and the -CHa- protons appeared at 3.72 ppm as a singlet. H2
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and NH:2 protons appeared also as singlets at 7.85 and 5.87 ppm, respectively. The NH proton
appeared as a doublet integrating to one proton at 5.57 ppm. It couples with H8, which appeared
as a multiplet, integrating to one proton, between 3.90 and 3.81 ppm. The remaining protons that
further confirms the presence of the cyclohexyl group on the product appeared as multiplets
between 1.79 and 1.03 ppm. The '*C NMR spectrum had peaks due to C6, C4, C2, and C5
appearing at 161.5, 159.9, 155.9, and 93.8 ppm confirming the presence of the pyrimidine core.
The benzyl moiety carbon peaks appeared a 140.1, 128.6, 128.5 and 126.3 ppm and the -CH>-
carbon signal appeared at 28.4 ppm. '3C NMR spectroscopic signals for the cyclohexyl moiety
appeared at 49.2, 33.2, 25.9 and 25.3 ppm. The product 4.27 had a melting point range of 175-
177°C which differs from that of the starting substrate 4.26 (185-188°C), further indicating that

the reaction afforded a new compound.

4.2.7 Synthesis of (E)-ethyl 2-cyano-3-(6-methoxynaphthalen-2-yl)acrylate [13, 14]

The synthetic methodology described thus far was for a model system bearing a phenyl substituent
at R%, which, as mentioned above, was chosen since benzaldehyde is commercially available. Our
targeted compounds, however, should ideally contain a bulky naphthalene moiety which is key for
potency and selectivity towards the target parasitic enzymes. During the development of the
synthetic protocol towards the synthesis of our one carbon-linker derivatives on our model system,
we managed to make minor progress on the synthesis of the required naphthalene percussors

necessary for the synthesis of the target compounds.
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Scheme 4.20. Synthesis of (E)-ethyl 2-cyano-3-(6-methoxynaphthalen-2-yl)acrylate from 6-hydroxy-2-
naphthaldehyde. Reagents and conditions: a) dimethylsulfate, K,CO3, acetone, 60°C, 2 hr, 74%. b) ethyl cyanoacetate,
10 W MWI, 10 minutes, 87%.

The naphthalene aldehyde needed for the synthesis of our targeted compounds was not
commercially available and therefore was prepared from the substrate 4.28 (Scheme 4.20). A
reaction of 4.28 with dimethylsulfate in acetone afforded the product 4.29 in 74% yield after
heating at 60°C for 2 hours and purification using silica gel chromatography. The key changes in

the 'H and *C NMR spectra were the appearance of H1’ and C1’ at 3.96 ppm and 55.5 ppm,
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respectively. Other signals confirming the naphthalene and aldehyde fragments of the product were

also observed and were consistent with literature reported spectra [14].

The next step was to introduce the intermediate 4.29 on the C2 position of ethyl cyanoacetate via
the Knoevenagel condensation reaction. To achieve this a mixture of 4.29, ethyl cyanoacetate 4.20,
and piperidine were heated by MWI at a constant power of 10W for 5 minutes followed by
recrystallisation of the afforded crude to give the product 4.30 as a light-yellow fluffy solid in 87%
yield.

We were able to confirm the ethyl cyanoacetate fragment on the product by '"H NMR spectroscopic
signals integrating for two and three protons due to H1' (quartet) and H2" (multiplet), at 4.40 ppm
and 1.46-1.37 ppm, and the '3C NMR spectroscopic signals due to C1, C1’and C2’ at 163.0 ppm,
62.6, and 14.2 ppm, respectively. The presence of the naphthalene moiety was confirmed by 'H
NMR spectroscopic singlet signal at 8.34 ppm due to H4, 5 aromatic signals appearing between
8.29-7.13 ppm, and a siglet signal integrating to one three protons due to H1" appearing at 3.96
ppm. Unfortunately, we did not get to test the cyclisation of this precursor with thiourea to form

the desired substituted pyrimidine. This will be considered for future work.

4.3 Preparation of one-atom linkage 4,6-diaminopyrimidine derivatives: heteroatom-atom

linker compounds

Heteroatom-linker 4,6-diaminopyrimidine derivatives are a variant of carbon-atom linker
compounds discussed above, however, with an oxygen or nitrogen atom as the linker (Figure 4.5).
These were designed based on the hypothesis that the unique geometry conferred by the
heteroatom will have a unique binding conformation in the active site of the target enzymes.
Biological results arising from the heteroatom-linker 4,6-diaminopyrimidine and the carbon-linker
4,6-diaminopyrimidine derivatives will provide information on which conformation is best suited

for inhibition of the target enzymes

NH»

NZ X\R2
s | X=NH or O
8

N7 NH
R1
Figure 4.5. The general structure of heteroatom linker derivatives.
We planned to prepare the targeted compounds via two synthetic approaches. The first included
the formation of the pyrimidine ring with the R? substituent already in place (Scheme 4.21, Route

B). Ethyl cyanoacetate would be brominated at the C2 position followed by substitution with
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aromatic amine at the same position. The afforded intermediate would then be reacted with
thiourea to form the pyrimidine ring, which would, in turn, be modified by the removal of the thiol
group to afford the intermediate A. In the second approach we would introduce the R? groups after
the pyrimidine ring has been developed to afford intermediate A (Scheme 4.21, Route A). This
would be accomplished by a metal catalysed coupling reaction (such as the Buchwald-Hartwig
amination reaction for X=N). From intermediate A, the compound would be chlorinated at C4 to

prepare the scaffold for amination with an alkylamine to afford the targeted compounds.

NH, NH, NH,
0 Route A )j\ I
N™ ™ N7 o N
CN | = | |
EtO)K/
HS)\N/ OH kN/ OH kN/ OH
NH, NH, NH,
m
X. X. X.
g NTX R? N™™ R? NI = R? Intermediate A
5 m _ - m P - k >
& N~ NH N~ el N~ OH
R1
NH,
(6] 0 CN N AN X‘RZ
— £ CN —» EtO E—— _
tO HS N OH
Br ]
R2

Scheme 4.21. Proposed synthesis of heteroatom-linker 4,6-diaminopyrimidine derivatives.

4.3.1 Synthesis of 6-aminopyrimidin-4-ol [15]

NH; NH,
6
P i)
| E—— | 4
HS/LN/ OH sz/ OH
3
4.23 4.31

Scheme 4.22. Synthesis of 6-aminopyrimidin-4-ol. Reagents and conditions: Raney-nickel, aqueous NH3, 100°C, 2
hrs, 78%.

We started the development of our synthetic protocols by exploring synthetic route A, Scheme

4.21. The synthesis of the intermediate 4.23 is already described in section 4.2.3. The compound
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4.31 was acquired from the reaction of 4.23 with Raney-nickel in aqueous ammonia (Scheme
4.22). The substrate and reagent were heated at 100°C for 2 hours before hot filtration to recover
the Raney-nickel. The filtrate was concentrated in vacuo to afford the product as a white solid in

78% vield.

A key '"H NMR spectroscopic signal confirming the formation of 4.31 was that appearing as a
singlet integrating to one proton due to H2 at 7.78 ppm and a key '*C NMR spectroscopic signal
appeared at 150.0 ppm due to C2. The latter signals shifted upfield indicating a change in the

chemical environment.

4.3.2 Synthesis of 6-amino-5-iodopyrimidin-4-ol

NH, NH,
6 6 |
TN 1 N| N5
| 4 4
ZKN/ OH ZKN/ OH
3 3
4.31 4.32

Scheme 4.23. Preparation of 6-amino-5-iodopyrimidin-4-ol. Reagents and conditions: I,, K,COs, DMF/H,0, 100°C,
1 hr, 68%.

We then functionalised the C5 position of 4.31 with iodine to prepare an intermediate on which
the R? substituent will be added (Scheme 4.23). This was achieved following a microwave-assisted
protocol described in section 4.1.6. To a mixture of 4.31, iodine, and potassium carbonate was
added DMF and water. The resulting suspension was heated at 100°C for 1 hour after which the
solution was diluted with water and excess iodine was quenched with sodium thiosulfate. The
formed precipitate was collected by filtration affording the product in 68% yield without further

purification.

The product’s '"H NMR spectrum was lacking the signal that was previously due to H5, indicating
that substitution had taken place. However, signals due to OH, H2, and NH2 were observed
appearing at 11.80, 7.76, and 6.70 ppm, respectively. A key change in the '3C NMR is that due to
C5 which moved upfield from 78.6 ppm to 59.0 ppm. HRMS confirmed the molecular ion of the
product, C4HsIN3O", to be 237.9474 which correspond to the calculated value of 237.9412 for the

same molecular ion.
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4.3.3 Synthesis of 6-amino-5-(phenylamino)pyrimidin-4-ol

NH, NHz

6 | 1 ° N
T LG
| 4 4
LA, 2 5N7oH

3 3

4.32 4,33

Scheme 4.24. Preparation of 6-amino-5-(phenylamino)pyrimidin-4-ol. Reagents and conditions: aniline, K'OBu,
180°C, MWI, 68%.

At this point of the synthesis, we were at a position to introduce the aromatic amines at the C5
position of the intermediate 4.32 (Scheme 4.24). We followed the synthetic protocols described
by Fang et al. where they explored the nucleophilic substitutions of halouracils using microwave
irradiation [16], however, with aniline added at 2 mole equivalents and not in excess. To this end,
we tested the reaction by preparing a mixture of 4.32, aniline, and potassium carbonate in a
microwave vessel and heated at 180°C for 10 minutes. Upon cooling a precipitate formed and was
collected by filtration to afford the product as a light brown solid in 68% yield requiring no further
purification. Anticipating that naphthylamines, which would be required to afford our desired
compounds, will be solid; we attempted the reaction using DMF as the solvent. Unfortunately,
under these conditions, the reaction did not afford the desired compound. The reaction only worked

well when done solvent-free in high concentrations of aniline.

Successful addition of the phenyl aniline moiety was confirmed by aromatic signals appearing as
a triplet integrating to two protons at 7.00 ppm, a doublet integrating to two protons at 6.54 and a
triplet signal integrating to one proton at 6.48 ppm in the "H NMR spectrum. The secondary amine
(NH) was confirmed by a singlet peak integrating to one proton appearing at 4.99 ppm. The '*C
NMR spectrum also accounted for peaks due to the mono-substituted phenyl carbons appearing at

129.2, 116.1, and 114.3 ppm.

We managed to get this far on developing a synthetic route for making heteroatom-linked 4,6-
diaminopyrimidine derivatives. What remains is to functionalise the C4 position with targeted X-
R! groups starting by chlorinating the intermediate 4.33 using POCIs followed by amination. This

would have to be explored as future work.
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Chapter 5: Conclusion and future work

5.1 Synthesis and biological evaluation of pyrrolo[2,3-d]pyrimidine compounds

Molecular modelling studies done in this PhD thesis suggested that pyrrolo[2,3-d]pyrimidine
compounds were potential inhibitors of the target enzymes PfCDPK1 and PfCDPK4. The
compounds showed similar interactions in the active site of the enzymes to those experienced by
the natural substrate adenosine triphosphate. Also, in silico pharmacokinetics studies revealed that
the compounds could be expected to have good bioavailability and carried no anticipated
neurological side effects. We therefore embarked on the synthesis of these compounds via a
synthetic route that included nine synthetic steps, involving the formation of the pyrrolo[2,3-
d]pyrimidine ring, followed by the introduction of ribose substituents (R!) and bulky aryl moieties
(R?, Scheme 5.1). We started the synthesis of the pyrrolo[2,3-d]pyrimidine compounds by
forming 3.3 from malononitrile and thiourea. The intermediate was then reduced using Raney-
nickel to give 3.4, which was iodinated at the C5 position affording 3.5. The iodination reaction
was improved by using microwave irradiation, which permitted the use of less quantities of solvent
and reduced reaction time without compromising the yields. Using the Sonogashira coupling
reaction between 3.5 and trimethylsilylacetylene, we afforded compound 3.6 on which we
appreciated improved yields (up to 61% from 48%) when microwave irradiation was used. The
intermediate 3.6 was deprotected to give 3.7 using potassium carbonate in methanol. The
pyrrolo[2,3-d]pyrimidine intermediate 3.8 was afforded following a microwave-mediated reaction
in DMSO using the base cesium carbonate. The afforded intermediate 3.8 was functionalised at
the C3 position with iodine, alkylated to introduce the R! substituents, and then subjected to the
Suzuki-Miyaura reaction with boronic acids to add bulky aryl groups (R? substituents), affording

our targeted compounds.
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Scheme 5.1. Synthesis of pyrrolo[2,3-d]pyrimidine compounds.
We then tested the pyrrolo[2,3-d]pyrimidine compounds synthesised along with those made by a
fellow student for biological activity against the recombinant enzymes PfCDPK1 and PfCDPK4,
and HeLa cell lines. Three of the compounds were active against PACDPK4 and one was active
against PfCDPK1 (Figure 5.1a). Compounds active against PFCDPK4 had an ethoxynaphthalene
moiety attached to the pyrrolo[2,3-d]pyrimidine ring. This was consistent with results afforded
from the molecular modelling study where larger aromatic groups had better affinity to PFCDPK4
than smaller aromatic groups. These results attest to the reliability of the PACDPK4 model we
developed. The active compound against PfCDPK1 had a small aromatic moiety, the
dimethoxybenzene fragment, which was consistent with the prediction afforded by the PACDPK1
model in silico with one exception. The best scoring compound against PfCDPK1 in silico has the
acylpiperidine moiety as an R! substituent instead of methylcyclopropane. These observations
suggest that the PACDPK1 model requires modification to better predict the binding affinity of
compounds, especially the ribose pocket component. Generally, all compounds had displayed
minimal cytotoxicity against HeLa cells, save for one which had moderate inhibition (53% cell

apoptosis at 20 uM concentration, Figure 5.1b).
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Figure 5.1. a) Active pyrrolo[2,3-d]pyrimidine compounds against PACDPK1 and PfCDPK4. b) Compound with
moderate cytotoxicity as indicated by inhibition of HeLa cell line.

In future, we hope to modify the PACDPK 1 model, especially the ribose region of the binding site,
so that the model better predicts the activity of compounds. Also, we want to find a bulky R'

substituent with a size that is between the naphthalene ring and the benzene ring to ensure that
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compounds are better suited to inhibit both PACDPKI1 and PfCDPK4 without compromising
selectivity. Active compounds against the targeted enzymes will serve as a valuable starting point

in the design of a second generation of pyrrolo[2,3-d]pyrimidine inhibitors.
5.2 Synthesis of 4,6-diaminopyrimidine derivatives

5.2.1 Two-atom linker compounds

We also embarked on the synthesis of 4,6-diaminopyrimidine compounds bearing a two-atom
linkage between the pyrimidine moieties and the naphthalene groups. The compounds were
divided into three classes depending on the degree of bonding between the linker atoms namely
the acetylene (class I), ethene (class II) and ethane-linked compounds (class III, Figure 5.2). These
were afforded starting with a nucleophilic displacement of the chloro substituents on 4,6-
dichloropyrimidine by alkylamines and ammonia successively, to afford diaminopyrimidine
intermediates 4.5-4.7. The same intermediates were afforded starting with the displacement of the
chloro substituents with ammonia to give 4.8 and then a microwave mediated nucleophilic
displacement using alkylamines. We appreciated reduced reaction time and solvent quantities
when the latter approach was used. We then functionalised the C5 position with iodine followed
by a Sonogashira reaction to afford the first class of targeted compounds in good yields. Both the
iodination reaction and coupling reaction were achieved using microwave irradiation. We then
tried to reduce the class I compounds to class III derivatives using hydrogen gas without any
success. Instead, class I compounds were afforded in moderate yields. We reasoned that steric

hindrance is likely the cause why the acetylene linker was not completely reduced to an alkane.
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Scheme 5.2. The synthetic route used in the synthesis of two-atom linker 4,6-diaminopyrimidine compounds.

In future, we plan to pursue class III compounds using a different synthetic protocol that allows

for the reduction of the acetylene moiety to an alkane before the pyrimidine ring is formed to avoid

steric hindrance. One possibility is outlined in Scheme 5.3. The aromatic groups are added to ethyl

cyanoacetate via the Knoevenagel condensation reaction followed by reduction to give alkane-

linked aromatic intermediates. The intermediates will be reacted with thiourea to form a

pyrimidine ring, that will then undergo several reactions to get the desired class III compounds.

The afforded compounds will be tested for biological activity against PACDPK1 and PfCDPK4

along with class I and class I compounds.
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Scheme 5.3. Proposed route for the synthesis of class III two-linker 4,6-diaminopyrimidine compounds.

5.2.2 One-atom linker compounds (Carbon-linker)

One atom linker compound also showed the potential to inhibit PACDPK1 and PfCDPK4 in silico.
We managed to develop synthetic protocols required to afford the desired potential inhibitors
which include 6 synthetic steps (Scheme 5.4). Starting from ethyl cyanoacetate we afforded 4.21
in good yields through microwave irradiation for 10 minutes. The intermediate was reduced with
hydrogen gas to give 4.22 which, via microwave irradiation, reacted with thiourea to afford the
pyrimidine intermediate 4.24. The thiol was then removed using Raney-nickel in aqueous
ammonia to give 4.25 and then chlorinated using phosphorus oxychloride affording 4.26. The final
product 4.27 was afforded after heating 4.26 and cyclohexylamine for 1 hour, concluding the

development of the synthetic protocols to achieve carbon-linked 4,6-diaminopyrimidines.

)&CN MWI (10 W) CN 6 bar Hy(g)_ oy Mwigow)
EtO T 10min. " 30min. " 10min.
4.24

98% 77% 56%

aq. NH3
100°C, 2 hrs
82%

100°C, 3 hrs.
91%

NH, NH>
Z POCI
N)r\@ 200°C MWI, 1 hr NﬁI\Q 3 NK/ | -
7% \N cl Sealed tube \N OH
4.27 R’ 4.26 4.25

Scheme 5.4. Synthetic protocols used to achieve a carbon-linked 4,6-diaminopyrimidine compound.
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In future we want to use the developed synthetic protocols (Scheme 5.4) to afford our target
compounds. These have a naphthalene fragment in place of the benzyl moiety. The final carbon-
linker 4,6-diaminopyrimidine compounds will be tested for activity against PACDPK4, PfCDPK1,

and HeLa cells lines to assess their inhibitory potential and toxicity.

5.2.3 One- atom linker compounds (Heteroatom-linker)

Progress made in the development of a series of synthetic protocols that will afford heteroatom-
linked 4,6-diaminopyrimidine compounds go as far as the synthesis of intermediate 4.32 (Scheme
5.5). We started by forming the pyrimidine compound 4.23 from ethyl cyanoacetate and thiourea,
followed by the removal of the thiol group using Raney-nickel, and functionalising the C5 position
with iodine to give 4.31. Under basic and solvent-free conditions compound 4.32 was afforded in

moderate yields.
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4.23 4.31 4.32
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Scheme 5.5. The synthesis of heteroatom-linked 4,6-diaminopyrimidine compounds.

In future, we hope to complete the synthetic route by adding the R! groups via two steps including
chlorination and nucleophilic substitution, respectively. We also want to explore other means of
adding aromatic amines to 4.32. The current procedure works because the substrate aniline is a
liquid and can be used in excess as a solvent as well. However, with our target aromatic amines
using excess quantities will not be practical. Such alternatives include the use of Buchwald-
Hartwig amination or forming the pyrimidine ring with the aromatic amine moiety already in place
as we did for the synthesis of one carbon-linker 4,6-diaminopyrimidine compounds. The
completed synthetic route will then be applied in the synthesis of our target compounds which will

then be tested for biological activity and toxicity.
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Chapter 6: Experimental section
6.1 General procedures

All reagents used were purchased from Sigma-Aldrich and were used without further purification.
Solvents including tetrahydrofuran (THF), diethylether (Et20), dichloromethane (DCM), and
acetonitrile (MeCN) were distilled under nitrogen atmosphere prior to use. THF and Et2O were
distilled over sodium wire using benzophenone as an indicator. MeCN and THF were distilled

over calcium hydride.

Thin layer chromatography (TLC) performed on pre-coated aluminium plates with 0.25 mm silica
gel 60 was used to monitor the progress of the reactions and was visualised under UV light (254
nm) or through potassium permanganate solution. Purification of reaction product was achieved
by normal or flash column chromatography utilizing silica gel 60 with 70 —230 and 230-400 mesh,

respectively.

NMR spectra were recorded on Bruker Advance-300, Bruker Advance-400, and Bruker Advance-
500 instruments and measured at 300, 400, and 500 MHz, respectively for 'H NMR and 75, 101
and 125 MHz for 1*C NMR. Spectra were recorded using deuterated solvent including chloroform
(CDCI3), and dimethylsulphoxide (DMSO-ds) referenced wusing the internal standard

tetramethylsilane (TMS) or residual solvent signal.

Infra-red spectra were recorded on a Bruker Tensor 27 Spectrometer. Mass spectrometry was
performed using Bruker Compact Q-TOF High Resolution Spectrometer using electrospray
ionization mode (ESI+). Melting points were acquired using Stuart SMP20 melting point

apparatus.
6.2 Synthesis of pyrrolo[2,3-d]pyrimidine derivatives

6.2.1 Synthesis of 4,6-diaminopyrimidine-2-thiol 3.3 [1]

NH»
6
1N X 2

)I\/4

HS"2 N” “NH,
3

To a freshly prepared solution of sodium methoxide [Sodium (2.8 g, 121.1 mmol) and methanol
(100 ml)] was added thiourea (5.1 g, 66.6 mmol) and malononitrile (4.00 g, 60.6 mmol). The

mixture was heated at reflux for 24 hours before cooling to room temperature, concentrating in
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vacuo, and diluting with water. The resulting solution pH was adjusted to 7 with glacial acetic acid
and the formed precipitated was collected by filtration affording 4,6-diaminopyrimidine-2-thiol
(4.57 g, 53%) as a white solid.

R¢(MeOH): 0.38. "TH NMR (400 MHz, DMSO-ds) & 11.12 (s, 1H, SH), 6.74 (s, 4H, 2XNH2), 5.06
(s, IH, H5). 3C NMR (101 MHz, DMSO-ds) 8 177.49 (C2, C4, & C6), 74.66 (C5) .mp (°C):
decompose at 300°C.

6.2.2 Synthesis of pyrimidine-4,6-diamine 3.4 [2]

N” “NH,

To a suspension of 4,6-diaminopyrimidine-2-thiol (2.13 g, 14.95 mmol) in water (250 ml) was
added 25% aqueous ammonia (20 ml) followed by Raney-nickel (4.25 g). The mixture was heated
at reflux for 2 hours before cooling to room temperature and removing the catalyst via filtration.
The precipitate was collected by filtration, washed with water, and dried to afford pyrimidine-4,6-

diamine (1.49 g; 90%) as an off-white solid.

R¢(20% MeOH/DCM): 0.28. "TH NMR (300 MHz, DMSO-ds) 6 7.80 (d, J= 1.0 Hz, 1H, H2), 6.00
(s, 4H, 2xNH2), 5.37 (d, /= 1.1 Hz, 1H, H5). 3C NMR (75 MHz, DMSO-ds) & 163.5 (C6& C4),
157.8 (C2), 82.5 (C5). IR (v/em™): 3445 (NH), 3090 (=C-H). mp (°C): decompose at 269 — 270.

6.2.3 Synthesis of S-iodopyrimidine-4,6-diamine 3.5 [3]

To a suspension of pyrimidine-4,6-diamine (1.14 g; 10.37 mmol) and water (7.0 ml) was added
dimethylformamide (2.0 ml), potassium carbonate (2.867 g, 20.74 mmol) and iodine (5.264 g,
20.74 mmol). The mixture was heated at 100°C for 1 hour by microwave irradiation before cooling
down to room temperature and diluting with water (100 ml). Excess iodine was quenched by
adding sodium thiosulfate pellets gradually until the solution was clear. The formed precipitate
was collected by filtration, washed with water, and dried to afford 5-iodopyrimidine-4,6-diamine

(1.95 g; 68%) as a yellow solid.
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Rr(20% MeOH/EtOAc): 0.71. 'H NMR (300 MHz, DMSO-ds) & 7.72 (s, 1H, H2), 6.31 (s, 4H,
2xNHz). 3C NMR (101 MHz, DMSO-ds)  163.3 (C4 & C6), 157.5 (C2), 55.7 (C5). IR (v/em™
1: 3450 (N—H), 3080 (=C—H), 1626 (C=C), 1312 (C—N), 530 (C—I). mp (°C): 230 — 233.

6.2.4 Synthesis of 5-((trimethylsilyl)ethynyl)pyrimidine-4,6-diamine 3.6 [4]

NH, s _TMS
6 =
7

To a microwave vessel loaded with 5-iodopyrimidine-4,6-diamine 3.5 (1.50 g, 6.36 mmol),
Pd(PPh3)2Cl2 (0.45 g, 0.64 mmol ), and Cul (36 mg, 0.19 mmol) was added a solution of
trimethylsilyl acetylene (0.94 ml, 12.71 mmol), diisopropylamine (1.78 ml, 12.71 mmol), and 2-
methyltetrahyrofuran (6 ml). The mixture was heated at 80°C for 30 minutes by microwave
irradiation before cooling to room temperature and diluting with saturated aqueous ammonium
chloride. The organic matter was extracted with ethyl acetate, dried with anhydrous magnesium
sulfate, filtered, and then concentrated in vacuo before separation by silica gel column
chromatography to afford 5-((trimethylsilyl)ethynyl)pyrimidine-4,6-diamine (1.08 g; 61%) as an
off-white solid.

Rr(10% MeOH/EtOAc): 0.45. "H NMR (400 MHz, DMSO-ds) § 7.57 (s, 1H, H2), 6.14 (s, 4H,
2XNH2), -0.00 (s, 9H, 3XCH3). 13C NMR (101 MHz, DMSO-de) 5 164.4 (C6 & C4), 157.0 (C2),
91.6 (C8), 77.8, 76.6. HRMS (ESI+): Found [M+H]" 207.1063, CoH1sN4Si* requires 207.1061.
mp (°C): 189 — 192.

6.2.5 Synthesis of S5-ethynylpyrimidine-4,6-diamine 3.7 [5]
NH
e 2, ~ 8
N
P
2
N” “NH,
3
To a solution of 5-((trimethylsilyl)ethynyl)pyrimidine-4,6-diamine 3.6 (0.98g, 4.76 mmol) in
methanol (150 ml) was added potassium carbonate (1.32g, 9.53 mmol). The mixture was stirred
for 2 hours at room temperature before evaporating the solvent in vacuo and diluting with water

(100 ml). The organic matter was extracted with ethyl acetate (3x100 ml), dried with anhydrous

magnesium sulfate, filtered, and concentrated in vacuo to afford 5-ethynylpyrimidine-4,6-diamine
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(0.411 g, 64%) as a white solid after purification of the concentrate by silica gel column

chromatography.

Rr (10% MeOH/EtOAc): 0.38. 'TH NMR (400 MHz, DMSO-ds) & 7.60 (s, 1H, H2), 6.22 (s, 4H,
2XNH2), 4.36 (s, 1H, H8). 3C NMR (101 MHz, DMSO-ds) & 164.4 (C6&C4), 157.0 (C2), 91.6
(C8), 77.8 (C7), 76.6 (C5). HRMS (ESI+): Found [M+H]" 135.0665, CsH7N4* requires 135.0667.
mp (°C): 145 — 147.

6.2.6 Synthesis of 7H-pyrrolo[2,3-d|pyrimidin-4-amine 3.8 [5]
NH,
4 5
3 N \4a \
2 m “Z~N °
l:j 7a H7
To a solution of 5-ethynylpyrimidine-4,6-diamine 3.7 (0.19 g, 1.42 mmol) in DMSO (3 ml) was
added caesium carbonate (0.921 g, 2.83 mmol). The mixture was heated at 180°C for 15 minutes
before cooling to room temperature and diluting with ethyl acetate (100 ml). The mixture was then
washed with brine (5X100 ml), dried in anhydrous magnesium sulfate, and then concentrated in

vacuo. The crude was purified using silica gel chromatography to afford 7H-pyrrolo[2,3-
d]pyrimidin-4-amine (95 mg; 50%) as a white solid.

Rr(20% MeOH/DCM): 0.26. 'TH NMR (400 MHz, DMSO-ds) & 11.44 (s, 1H, H7), 8.01 (s, 1H,
H2), 7.05 (t, J = 2.7 Hz, 1H, H6), 6.87 (s, 2H, NHy), 6.50 (s, 1H, H5 ). *C NMR (101 MHz,
DMSO-ds) & 157.8 (C4), 152.0 (C2), 151.1 (C7a), 121.2 (C6), 102.7 (C4a), 99.3 (C5). mp (°C):
264 — 266.

6.2.7 Synthesis of S5-iodo-7H-pyrrolo|2, 3-d]pyrimidin-4-amine 3.9 [6]

To a stirred suspension of 6-amino-7-deazapurine 3.8 (0.54 g, 4.02 mmol) in 20 ml chloroform
was added N-iodosuccinimide (1.08 g, 4.82 mmol)and the resulting mixture was refluxed for two
hours under nitrogen gas. After cooling, the solvent was removed in vacuo and the resulting solid
was purified using silica gel column chromatography afford 5-iodo-7H-pyrrolo[2, 3-d]pyrimidin-
4-amine (0.94 g, 90%) as a yellow solid.
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R (10% MeOH/DCM): 0.54. 'H NMR (300 MHz, DMSO-ds) § 11.96 (s, 1H, NH), 8.05 (s, 1H,
H-2), 7.36 (d, J = 1.7 Hz, 1H, H6), 6.54 (s, 2H, NHz). 3C NMR (75 MHz, DMSO-ds) § 156.9
(C4), 151.7 (C7a), 150.5 (C2), 126.7 (C6), 102.6 (C4a), 50.1 (C5). HRMS (ESI+): Found [M+H]*
260.9641, CsHsIN4* requires 260.9632.

6.2.8 Synthesis of (1-acetylpiperidin-4-yl)methyl 4-methylbenzenesulfonate 3.11 [5]
, 2 3
{3

A solution of 4-piperidinemethanol (2.00 g, 17.4 mmol) and triethylamine (6.1 ml, 43.4 mmol) in
20 ml DCM was cooled to 0 °C before carefully adding acetic anhydride (1.64 ml, 17.4 mmol).

O=»n=0

The mixture was stirred for 4 hours at room temperature under an inert gas, cooled to 0 °C, and
then 4-toluenesulfonyl chloride (4.97, 26.0 mmol) was added slowly. The resulting mixture was
stirred overnight at room temperature, diluted with ethyl acetate and washed with 50 ml saturated
aqueous NaHCOs, 1 M aqueous HCI, and brine successively. The organic fractions were dried
with magnesium sulfate, filtered through celite and the excess solvent was evaporated in vacuo.
Purification was achieved using silica gel chromatography to afford (1-acetylpiperidin-4-

yl)methyl 4-methylbenzenesulfonate (2.24 g, 43%) as a yellow oil.

R¢ (EtOAc): 0.21. 'TH NMR (300 MHz, CDCl3) § 7.78 (d, J = 8.3 Hz, 2H, ArH), 7.36 (d, J = 8.0
Hz, 2H, ArH), 4.60 (ddt, J = 13.3, 4.7, 2.4 Hz, 1H, H2 equatorial ), 3.91 — 3.74 (m, 3H, HS, H2
equatorial), 3.10 — 2.93 (m, 1H, H2 axial), 2.58 — 2.41 (m, 4H, H2', H2 axial), 2.07 (s, 3H, CH3),
1.98 — 1.84 (m, 1H, H4), 1.86 — 1.73 (m, 1H, H3 equatorial), 1.65 (dt, J = 13.3, 2.8 Hz, 1H, H3
equatorial), 1.12 (dqd, J = 24.7, 12.5, 4.4 Hz, 2H, H3 axial). ¥C NMR (75 MHz, CDCl3) & 168.8
(C1"), 145.0 (ArC), 132.7 (ArC), 129.9 (ArC), 127.9 (ArC), 73.6 (C5), 45.9 (C2), 40.9 (C2), 35.8
(C4), 28.9 (C3), 27.8 (C3), 21.7 (C2"), 21.5 (CH3). IR (v/cm™'): 3071(=C—H); 2938 (—C—H);
1644 (RaNC=0); 1348 (S=0); 1170 (C—N). HRMS (ESI+): Found [M+H]" 312.1261,
C15sH22NO4S" requires 312.1271.
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6.2.9 Synthesis of 7-(cyclopropylmethyl)-5-iodo-7H-pyrrolo[2,3-d]pyrimidin-4-amine 3.12
[5]

NH, |
N 4\4a 5

2l/ 7\6

N7aN
1 8
1079

3

10

To a stirred solution of 5-iodo-7H-pyrrolo[2, 3-d]pyrimidin-4-amine 3.9 (0.42 g, 0.77 mmol) in 20
ml DMF was added caesium carbonate (0.501 g, 1.54 mmol) followed by
(bromomethyl)cyclopropane (0.125 ml , 0.923 mmolThe resulting mixture was heated at 80°C
under nitrogen for 18 hours, after which it was cooled down to room temperature, transferred to a
separating funnel containing ethyl acetate (100 ml) and washed with brine (5100 ml). The
washed organic material was dried with magnesium sulfate, filtered through celite and
concentrated in vacuo. 7-(cyclopropylmethyl)-5-iodo-7H-pyrrolo[2,3-d]pyrimidin-4-amine (0.18
g, 74%) was afforded as a light-yellow solid after purification of the concentrate with silica gel

column.

Rt (60% EtOAc/chloroform): 0.21."TH NMR (300 MHz, DMSO-ds) & 8.09 (s, 1H, H2), 7.52 (s,
1H, H6), 6.59 (s, 2H, NH2), 3.95 (d, /= 7.2 Hz, 2H, H8), 1.21 (dqd, J= 12.3, 7.5, 4.8 Hz, 1H, H9),
0.50 — 0.43 (m, 2H, H10), 0.41 — 0.34 (m, 2H, H10). 3C NMR (126 MHz, DMSO-d6) § 157.6
(C4), 152.2 (C2), 150.0 (C7a), 129.8 (C6), 103.3 (C4a), 49.7 (C5), 48.7 (C8), 12.0 (C9), 4.1 (C10).
HRMS (ESI+): Found [M+H]" 315.0118, C10H12IN4" requires 315.0101. mp (°C): 250 — 252.

The analogues 3.13-3.14 were prepared in a similar way using a respective alkylating agent and

silica gel chromatography mobile phase solutions.
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6.2.10 Synthesis of S5-iodo-7-(2-morpholinoethyl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine 3.13
[5]
NHy
3 4\46 5
L
2 N/7a N7
1

8
9

N1

(",

120
13

A reaction of 5-iodo-7H-pyrrolo[2,3-d]pyrimidin-4-amine 3.9 (0.269 g, 1.14 mmol), caesium
carbonate (0.742 g, 2.27 mmol), and 4-(2-chloroethyl)morpholine hydrochloride (0.233 g, 1.25
mmol) in N, N-dimethylformamide afforded 5-iodo-7-(2-morpholinoethyl)-7H-pyrrolo[2,3-
d]pyrimidin-4-amine (0.250g, 59%) as a white to light brown solid after purification.

R (10% MeOH/chloroform): 0.38. TH NMR (300 MHz, DMSO-ds) 6 8.09 (s, 1H, H2), 7.48 (s,
1H, H6), 6.58 (s, 2H, NH>), 4.22 (t, J = 6.5 Hz, 2H, H8), 3.51 (t, J = 4.5 Hz, 4H, H12), 2.63 (t, J
= 6.5 Hz, 2H, H9), 2.41 (t, J = 4.5 Hz, 4H, H11). *C NMR (126 MHz, DMSO-ds) 5 157.5 (C4),
152.2 (C2), 150.2 (C7a), 130.3 (C6), 103.3 (C4a), 66.6 (C12), 58.0 (C9), 53.6 (C11), 49.8 (C5),
41.4 (C8). HRMS (ESI+): Found [M+H]" 374.0479, C12H17IN5O" requires 374.0433. mp (°C):
215-218.

6.2.11 Synthesis of 1-{4-|(4-amino-5-iodo-7H-pyrrolo[2,3-d|pyrimidin-7-
yD)methyl]piperidin-1-yl}ethenone 3.14 [5]

NHy
4 4a {5
2& V7 6
IN"7a N7
10 8

11 0

10
12N
O=j5 11

14
A reaction of 5-iodo-7H-pyrrolo[2, 3-d]pyrimidin-4-amine 3.9 (0.20 g, 0.77 mmol), caesium
carbonate (0.50 g, 1.54 mmol), and 1-acetylpiperidin-4-yl 4-methylbenzenesulfonate (0.29 g, 0.92
mmol) in N,N-dimethylformamide afforded 1-{4-[(4-amino-5-iodo-7H-pyrrolo[2,3-d]|pyrimidin-
7-yl)methyl]piperidin-1-yl}ethenone (0.15 g; 48%) as an off-white solid after purification.
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Rt (10% MeOH/chloroform): 0.34. 'H NMR (500 MHz, DMSO-ds) 6 8.10 (s, 1H, H2), 7.45 (s,
1H, H6), 6.60 (s, 2H, NH>), 4.32 (d, /= 13.1 Hz, 1H, H11), 4.01 (d, /= 7.3 Hz, 2H, HS), 3.77 (d,
J=13.7Hz, 1H, H11),2.97-2.89 (m, 1H, H11), 2.45 (td, /J=12.7,2.9 Hz, 1H, H11), 2.10 - 2.02
(m, 1H, H9), 1.96 (s, 3H, H14), 1.45 (d, J = 13.2 Hz, 2H, H10), 1.12 (qd, J = 12.2, 4.2 Hz, 1H,
H10), 1.01 (qd, J = 12.2, 4.4 Hz, 1H, H10). ¥C NMR (126 MHz, DMSO- d6) & 168.3 (C13),
157.6 (C4), 152.3 (C2), 150.3 (C7a), 130.4 (C6), 103.3 (C4a), 50.0 (C5), 49.6 (C8), 45.8 (C11),
40.9 (C11), 36.8 (C9), 30.2 (C10), 29.5 (C10), 21.1 (C14). HRMS (ESI+): Found [M+H]"
400.0619, C14H19INsO™" requires 400.0629. mp (°C): 210 — 211.

6.2.12 Synthesis of 2-bromo-6-methoxynaphthalene 3.16a [5]

RGO
o~

A solution of 6-bromonaphthalen-2-ol (1.00 g, 4.48 mmol) and potassium carbonate (1.24g, 8.97
mmol) in acetone (30 ml) was stirred at room temperature for 30 minutes before adding
dimethylsulfate (0.47 ml, 4.93 mmol). The resulting mixture was stirred further overnight under
reflux, cooled to room temperature, and transferred into a separating funnel containing brine (100
ml). The organic compounds were extracted with ethyl acetate (3100 ml), dried with magnesium
sulfate, filtered through celite, and concentrated in vacuo. The afforded precipitate was purified
using silica gel chromatography to afford 2-bromo-6-methoxynaphthalene (1.05 g, 99 %) as a

white solid.

Ry (Hexane): 0.21. '"H NMR (300 MHz, CDCL3) & 7.91 (d, J = 2.0 Hz, 1H, ArH), 7.62 (dd, J =
11.5, 8.9 Hz, 2H, ArH), 7.50 (dd, J = 8.7, 2.0 Hz, 1H, ArH), 7.16 (dd, J = 8.9, 2.5 Hz, 1H, ArH),
7.09 (d, J = 2.5 Hz, 1H, ArH), 3.91 (s, 3H, OCHz). 3C NMR (75 MHz, CDCls) § 157.9 (ArC),
133.0 (ArC), 130.0 (ArC), 129.7 (ArC), 129.6 (ArC), 128.5 (ArC), 128.4 (ArC), 119.8 (ArC),
117.2 (ArC), 105.7 (ArC), 55.4 (CH3). IR (v/em): 3060 (=C—H); 2967 (—C—H); 1624 (C=C);
1208 (C—0). mp (°C): 110-111.

The analogue 3.16b was synthesised the same way using the appropriate alkylating agent.
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6.2.13 Synthesis of 2-bromo-6-ethoxynaphthalene 3.16b [5]

Br
O/\

A reaction of 6-bromonaphthalen-2-o0l (2.00 g, 8.97 mmol), potassium carbonate (2.48 g, 17.93
mmol), and ethylbromide (0.74 ml, 9.86 mmol) under acetone (50 ml) reflux afforded 2-bromo-6-
ethoxynaphthalene (1.69 g, 75%) as a white solid after purification by silica gel column
chromatography.

Ry (Hexane): 0.26. TH NMR (300 MHz, CDCl3) § 7.91 (d, J = 1.9 Hz, 1H, ArH), 7.65 — 7.55 (m,
2H, ArH), 7.48 (dd, J = 8.7, 2.0 Hz, 1H, ArH), 7.15 (dd, J = 9.0, 2.5 Hz, 1H, ArH), 7.08 (d, J =
2.5 Hz, 1H, ArH), 4.13 (q, J = 7.0 Hz, 2H, OCH>-), 1.48 (t, J = 7.0 Hz, 3H, CH3). 13C NMR (75
MHz, CDCls) § 157.2 (ArC), 133.1 (ArC), 129.9 (ArC), 129.6 (ArC), 129.5 (ArC), 128.4 (ArC),
128.3 (ArC), 120.0 (ArC), 116.9 (ArC), 106.5 (ArC), 63.5 (CHz), 14.8 (CHs). IR (v/em™): 3057
(=C—H); 2937 (—C—H); 1622 (C=C); 1206 (C—O). mp (°C): 82-26.

6.2.14 Synthesis of (6-methoxynaphthalen-2-yl)boronic acid 3.17a [5]

(HO)ZB
T

A solution of 2-bromo-6-methoxynaphthalene (1.00 g, 4.22 mmol) in dry THF was degassed for
15 minutes and cooled down to -78°C before adding n-butyllithium — 1.6 M in hexane (5.27 ml,
8.44 mmol) and stirring for 30 minutes. Triisopropyl borate (2.92 ml, 12.7 mmol) was then added
and the resulting solution was stirred for 2 hours while warming up to room temperature from -
78°C and then quenched with 2 M aqueous HCI1 (100 ml). The organic compounds were extracted
with ethyl acetate (100ml), washed with brine (2Xx100 ml), dried with magnesium sulfate, filtered
through celite, and concentrated in vacuo. The resulting solid was suspended in hexane, subjected
to sonication, and then filtered to (6-methoxynaphthalen-2-yl)boronic acid (0.469 g, 55%) as a

white solid.

Rr(10% EtOAc/hexane): 0.13. "H NMR (400 MHz, DMSO-ds) § 8.29 (s, 1H, ArH), 7.82 (dd, J =
8.6, 5.4 Hz, 2H, ArH), 7.75 (d, J = 8.2 Hz, 1H, ArH), 7.29 (d, J= 2.4 Hz, 1H, ArH), 7.15 (dd, J =
8.9, 2.4 Hz, 1H, ArH), 3.89 (s, 3H, CHs). 3C NMR (101 MHz, DMSO-ds) § 158.24 (ArC), 135.90
(ArC), 135.22 (ArC), 131.66 (ArC), 130.37 (ArC), 128.37 (ArC), 125.85 (ArC), 118.73 (ArC),
106.17 (ArC), 55.65 (CHs).

137



The boronic acid, 3.17b was prepared in the same manner.

6.2.15 Synthesis of (6-ethoxynaphthalen-2-yl)boronic acid 3.17b [7]

(HO)ZB
O

A reaction between 2-bromo-6-methoxynaphthalene (1.00 g, 3.98 mmol), n-butyllithium (0.75 ml,
7.96 mmol), and triisopropylborate (2.76 ml, 11.95 mmol) quenched with 2 M HCI (100 ml)
afforded (6-ethoxynaphthalen-2-yl)boronic acid (0.53 g, 62%) as a white solid after purification.

R¢(10% EtOAc/hexane): 0.13. "TH NMR (500 MHz, DMSO-ds) & 8.29 (s, 1H, ArH), 8.06 (s, 2H,
OH), 7.84 — 7.79 (m, 2H, ArH), 7.73 (d, J= 8.3 Hz, 1H, ArH), 7.27 (d, J= 2.5 Hz, 1H, ArH), 7.14
(dd, J= 8.9, 2.5 Hz, 1H, ArH), 4.15 (q, J = 7.0 Hz, 2H, CH2), 1.40 (t, J = 7.0 Hz, 3H, CHs). 3C
NMR (126 MHz, DMSO-ds) & 157.5 (ArC), 135.9 (ArC), 135.2 (ArC), 131.6 (ArC), 130.4 (ArC),
128.3 (ArC), 125.8 (ArC), 118.9 (ArC), 106.8 (ArC), 79.6 (ArC), 63.6 (CHz), 15.1 (CHs). mp
(°C): 84-85.

6.2.16 Synthesis of 7-(cyclopropylmethyl)-5-(6-ethoxynaphthalen-2-yl)-7H-pyrrolo[2,3-
d]pyrimidin-4-amine 3.18 [5]

A dried two-necked round bottom flask was charged with 7-(cyclopropylmethyl)-5-iodo-7H-
pyrrolo[2,3-d]pyrimidin-4-amine (0.100 g, 0.318 mmol), (6-ethoxynaphthalen-2-yl)boronic acid
(0.103 g, 0.478 mmol), and Pd(PPhs)4 (0.037 g, 0.032 mmol). The mixture was put under inert gas
for 10 minutes after which a separately degassed 1,2-dimethoxyethane (40 ml) and 2 M aqueous
Na2COs3 (0.64 ml, 1.27 mmol) in additional water (17 ml) were added. The resulting solution was
refluxed for 18 hours under nitrogen and then allowed to cool down to room temperature before
concentrating in vacuo (only water remained). The remaining solutions was transferred into a

separation funnel containing brine (100 ml) and extracted with ethyl acetate (3100 ml). The
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combined organic fractions were dried with magnesium sulfate, filtered through celite, and
concentrated in vacuo. Purification of the concentrate was achieved using silica gel column
chromatography to afford 7-(cyclopropylmethyl)-5-(6-ethoxynaphthalen-2-yl)-7H-pyrrolo[2,3-
d]pyrimidin-4-amine (0.05 g, 39%) as a yellow-orange solid.

R¢ (60 % EtOAc/ CHCI3): 0.23. "TH NMR (400 MHz, CDCl3) 8 8.34 (s, 1H, H2), 7.87 (s, 1H, ArH),
7.79 (dd, J=16.2, 8.6 Hz, 2H, ArH), 7.58 (dd, /= 8.4, 1.7 Hz, 1H, ArH), 7.23 - 7.15 (m, 3H, ArH
and H6), 5.26 (s, 2H, NH2), 4.19 (q, /= 7.1 Hz, 2H, H1"), 4.12 (d, /= 7.1 Hz, 2H, HS), 1.51 (t, J
= 6.9 Hz, 3H, H2'), 0.91 — 0.82 (m, 1H, H9 ), 0.68 — 0.61 (m, 2H, H10), 0.46 (m, 2H, H10). 3C
NMR (126 MHz, CDClIs) 6 157.2 (ArC), 156.8 (C4), 151.4 (C2), 150.5 (C7a), 133.5 (ArC), 129.8
(ArC), 129.3 (ArC), 129.0 (C-6 and ArC), 127.6 (ArC), 127.5 (ArC), 127.1 (ArC), 122.7 (ArC),
119.9 (C5), 106.4 (ArC), 105.5 (C4a), 63.6 (C1"), 49.0 (C8), 14.8 (C2"), 11.4 (C9), 4.1 (C10).
HRMS (ESI+): Found [M+H]+ 359.1848, C22H23N4O" requires 359.1886. mp (°C): 215 — 216.

Compounds 3.19, 3.20a, and 3.20b were afforded in a similar manner.

6.2.17 Synthesis of 5-(6-ethoxynaphthalen-2-yl)-7-(2-(tetrahydro-2H-morpholin-4-yl)ethyl)-
7H-pyrrolo[2,3-d]pyrimidin-4-amine 3.19 [5]

A reaction of 5-iodo-7-(2-morpholinoethyl)-7H-pyrrolo[2,3-d|pyrimidin-4-amine (0.080 g, 0.214
mmol), (6-ethoxynaphthalen-2-yl)boronic acid (0.069 g, 0.322 mmol) , Pd(PPh3)4(0.025 g, 0.021
mmol), and 2M aqueous Na2COs3 (0.43 ml, 0.86 mmol) afforded 5-(6-ethoxynaphthalen-2-yl)-7-
(2-(tetrahydro-2H-morholin-4-yl)ethyl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine (0.03g; 32%) as an

off-white solid after purification by silica gel column chromatography.

Rr(10% MeOH/ EtOAc): 0.27. '"H NMR (500 MHz, CDCls) & 8.34 (s, 1H, H2), 7.85 (d, J= 1.7
Hz, 1H, ArH), 7.79 (dd, J = 20.0, 8.7 Hz, 2H, ArH), 7.57 (dd, J = 8.4, 1.7 Hz, 1H, ArH), 7.21 (dd,
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J=28.8,2.5Hz, 1H, ArH), 7.18 (d, J= 2.5 Hz, 1H, ArH), 7.12 (s, 1H, H6), 5.12 (s, 2H, NH>), 4.38
(t,J=6.6 Hz, 2H, H8), 4.19 (q, J = 6.9 Hz, 2H, H1"), 3.70 (t, J = 4.6 Hz, 4H, H12), 2.82 (t, J= 6.6
Hz, 2H, H9), 2.55 (t, J = 4.6 Hz, 4H, H11), 1.51 (t, J = 6.9 Hz, 3H, H2'). 3C NMR (126 MHz,
CDCLs) & 157.2 (ArC), 156.9 (C4), 151.9 (C2), 150.8 (C7a), 133.6 (ArC), 129.8 (ArC), 129.3
(ArC), 129.0 (C6 and ArC), 127.6 (ArC), 127.1 (ArC), 123.2 (ArC), 119.9 (ArC), 116.3 (C5),
106.5 (ArC), 101.2 (C4a), 67.0 (C12), 63.6 (C1'), 58.3 (C9), 53.7 (C11), 41.7 (C8), 14.8 (C2).
HRMS (ESI+): Found [M+H]" 418.2240, C24H2sNsO:" requires 418.2238.

6.2.18 Synthesis of 1-(4-((4-amino-5-(6-ethoxynaphthalen-2-yl)-7H-pyrrolo[2,3-d]pyrimidin-
7-yl)methyl)piperidin-1-yl)ethenone 3.20a [5]

O§< 11
13
14

A reaction of 1-(4-((4-amino-5-iodo-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methyl)piperidin-1-
yl)ethenone (0.081 g, 0.20 mmol), (6-ethoxynaphthalen-2-yl)boronic acid (0.076 g, 0.30 mmol),
Pd(PPhs3)4 (0.023 g, 0.020 mmol), and aqueous 2 M Na2COs3 (0.41 ml, 0.81 mmol) afforded the 1-
(4-((4-amino-5-(6-ethoxynaphthalen-2-yl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methyl)piperidin-1-

yl)ethenone (0.037 g; 41%) as a white solid after purification by silica gel column chromatography.

Rt (5% MeOH/ EtOAc): 0.19. "TH NMR (400 MHz, CDCl3) & 8.33 (s, 1H, H2), 7.86 — 7.73 (m,
3H, ArH), 7.56 (d, J = 8.4 Hz, 1H, ArH ), 7.24 — 7.15 (m, 2H, ArH), 6.96 (s, 1H, H-6), 5.33 (s,
2H, NH2), 4.63 (d, /= 13.4 Hz, 1H, H11 equatorial), 4.15 (m, 4H, H-8 and H1’), 3.81 (d, /= 13.8
Hz, 1H, H11 equatorial), 3.06 — 2.95 (m, 1H, H11 axial), 2.59 — 2.46 (m, 1H, H11-axial), 2.07 (s,
3H, H14), 1.70 (d, J= 13.2 Hz, 2H, H10 equatorial), 1.50 (t, /= 6.9 Hz, 3H, H2"), 1.33 — 1.18 (m,
3H, H10 axial and H9).3C NMR (101 MHz, CDCl3) 6 168.8 (C-13), 157.2 (ArC and C4), 152.1
(C2), 150.9 (C7a), 133.4 (ArC), 129.6 (ArC), 129.2 (ArC), 129.0 (ArC), 127.6 (C6), 127.5 (ArC),
127.1 (ArC), 123.2 (ArC), 120.0 (ArC), 116.4 (C5), 106.5 (ArC), 101.3 (C4a), 63.6 (C1'), 50.0
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(C8), 46.1 (C11), 41.2 (C11), 37.2 (C9), 30.4 (C10), 29.5 (C10), 21.5 (C14), 14.8 (C2). HRMS
(ESI+): Found [M+H]" 444.2375, C26H20N502" requires 444.2394. mp (°C): 215 — 217,

6.2.19 Synthesis of 1-(4-((4-amino-5-(6-methoxynaphthalen-2-yl)-7H-pyrrolo[2,3-
d]pyrimidin-7-yl)methyl)piperidin-1-yl)ethenone 3.20b [5]

(@) 11
13
14

A reaction of 1-{4-[(4-amino-5-iodo-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methyl]piperidin-1-
yl}ethenone (0.079 g, 0.20 mmol) , (6-methoxynaphthalen-2-yl)boronic acid (0.060 g, 0.30 mmol)
Pd(PPh3)4 (0.023 g, 0.020 mmol), and aqueous 2 M Na2COs3 (0.40 ml, 0.79 mmol) afforded 1-(4-
((4-amino-5-(6-methoxynaphthalen-2-yl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methyl)piperidin-1-

yl)ethenone (0.055 g; 65%)as an white solid after silica gel column chromatography purification.

Rt (5% MeOH/chloroform): 0.20. "H NMR (400 MHz, CDCls) & 8.33 (s, 1H, H2), 7.87 — 7.79 (m,
2H, ArH), 7.77 (d, J = 8.7 Hz, 1H, ArH), 7.57 (dd, J= 8.4, 1.7 Hz, 1H, ArH), 7.23 — 7.17 (m, 2H,
ArH), 6.96 (s, 1H, H6), 5.37 (s, 2H, NHa), 4.63 (d, J= 13.4 Hz, 1H, H11 equatorial), 4.13 (qd, J =
13.9,7.2 Hz, 2H, H8), 3.94 (s, 3H, H1"), 3.81 (d, J= 13.9 Hz, 1H, H11 equatorial), 3.05 — 2.95 (m,
1H, H1laxial), 2.57 — 2.47 (m, 1H, H11 axial), 2.07 (s, 3H, H14), 1.70 (d, J = 13.0 Hz, 2H, H10
equatorial), 1.32 — 1.19 (m, 3H, H10 axial and H9). 13C NMR (101 MHz, CDCl3) 5 168.8 (C13),
157.9 (ArC), 157.3 (C4), 152.1 (C2), 150.9 (C7a), 133.5 (ArC), 129.71 (ArC), 129.3 (ArC), 129.1
(ArC), 127.6 (C6), 127.5 (ArC), 127.1 (ArC), 123.2 (ArC), 119.6 (ArC), 116.4 (C5), 105.7 (ArC),
101.2 (C4a), 55.4 (C17), 50.0 (C8), 46.1 (C11), 41.2 (C11), 37.2 (C9), 30.4 (C10), 29.5 (C10), 21.4
(C14). HRMS (ESI+): Found [M+H]"430.2214, C25H28N502" requires 430.2238. mp (°C): 214 —
216.
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6.3 Synthesis of 4,6-diaminopyrimidine compounds: Two-atom linker derivatives

6.3.1 Synthesis of 6-chloro-N-(cyclopropylmethyl)pyrimidin-4-amine 4.2 [8]

Cl
6
1N AN

| 4
~
2kN NH
3 7
9 8
9

To a suspension of 4,6-dichloropyrimidine (0.62 g, 4.17 mmol) in 2-methyltetrahydrofuran (100
ml) was added N, N-diisopropylethylamine (1.45 ml, 8.35 mmol) and cyclopropanemethylamine
hydrochloride (0.54 g, 5.01 mmol). The mixture was refluxed under nitrogen for 18 hours after
which it was cooled to room temperature and transferred into a separating funnel containing brine
(100 ml). The organic compounds were extracted with ethyl acetate (3x100 ml), dried with
anhydrous magnesium sulfate, filtered, and concentrated in vacuo. The resulting concetrate was
purified  using silica  gel column  chromatography  affording 6-chloro-/N-

(cyclopropylmethyl)pyrimidin-4-amine (0.57 g, 75%) as a white solid.

Ry (20 % EtOAc/hexane): 0.10. '"H NMR (400 MHz, CDC13) 6 8.34 (s, 1H, H2), 6.34 (s, 1H, HS),
5.34 (s, 1H, NH), 3.15 (s, 2H, H7), 1.13 — 1.03 (m, 1H, H8), 0.64 — 0.55 (m, 2H, H9), 0.30 — 0.24
(m, 2H, H9). 13C NMR (101 MHz, CDCl3) & 163.1 (C6 & C4), 158.5 (C2), 46.5 (C7), 10.4 (C8),
3.6 (C9). IR (v/em™): 3314 (N—H); 3083 (=C—H); 2964 (—C—H); 1599 (C=C); 1327 (C-N).
HRMS (ESI+): Found [M+H]" 184.0539, CsH11CIN3" requires 184.0534. mp (°C): 106 — 107.

6.3.2 Synthesis of 6-chloro-N-cyclohexylpyrimidin-4-amine 4.3 [9]

Cl

Following the same method as described above, the reaction of 4,6-dichloropyrimidine (5.00 g,
33.56 mmol), N, N-diisopropylethylamine (11.69 ml, 67.12 mmol), and cyclohexylamine (4.61 ml,
40.27 mmol) afforded 6-chloro-N-cyclohexylpyrimidin-4-amine (6.00 g; 84% ) as an off-white

solid after a silica gel column chromatography.
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Rt (20 % EtOAc/hexane): 0.38. 'TH NMR (400 MHz, CDCl3) & 8.32 (s, 1H, H2), 6.31 (s, 1H, HS),
5.25 (s, 1H, NH), 2.01 (dt, /= 12.5, 3.9 Hz, 2H, H8 equatorial), 1.78 (dt, /= 13.3, 3.7 Hz, 2H, H8
axial), 1.67 (dt, J=12.8,4.0 Hz, 1H, H7), 1.47 — 1.34 (m, 2H, H9 equatorial), 1.31 — 1.16 (m, 4H,
H9 axial and H10). *C NMR (101 MHz, CDCls) § 162.4 (ArC), 158.5 (ArC), 50.1 (C7), 32.8
(C8), 25.4 (C9), 24.7 (C10). IR (v/em™): 3242 (N—H); 3033 (=C—H); 2930 (—C—H); 1651
(C=C); 1337 (C—N). HRMS (ESI+): Found [M+H]" 212.0842, C10H15CIN3" requires 212.0847.
mp (°C): 124 — 126.

6.3.3 Synthesis of 6-chloro-N-(2-morpholinoethyl)pyrimidin-4-amine 4.4 [10]

Cl
6
TIN5

AP

3
1

NH

[N

or Mo
11[0111
Following the method described above, the reaction of 4,6-dichloropyrimidine (1.00 g, 6.71
mmol), N,N-diisopropylethylamine (2.34 ml, 13.42 mmol), and 4-(2-aminoethyl)morpholine (1.06
ml, 8.05 mmol) afforded 6-chloro-N-(2-morpholinoethyl)pyrimidin-4-amine as an off-white solid

(1.57 g, 97%) after purification through silica gel column chromatography.

Rr (10 % MeOH/EtOAc): 0.43. "TH NMR (400 MHz, CDCl3) § 8.35 (s, 1H, H2), 6.38 (s, 1H, H5),
5.83 (s, 1H, NH), 3.73 (t, J = 4.6 Hz , 4H, H11), 3.39 (s, 2H, H7), 2.62 (t, J = 5.9 Hz, 2H, HS),
2.49 (t, J = 4.5 Hz, 4H, H10). *C NMR (101 MHz, CDCL3) & 163.0 (ArC), 158.4 (ArC), 66.8
(C11), 56.4 (C8), 53.2 (C10), 37.3 (C7). IR (v/em™): 3297 (N—H); 3140 (=C—H); 2898 (—C—H);
1589 (C=C); 1336 (C—N); 1105 (C—0). mp (°C): 61 — 63.
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6.3.4 Synthesis of N*~(cyclopropylmethyl)pyrimidine-4,6-diamine and related compounds 4.5

NH,
6
INTY

2m/4

N” 'NH

9
A solution of 6-chloro-N-(cyclopropylmethyl)pyrimidin-4-amine (0.53 g, 2.89 mmol), ethanol (5
ml), and 25% aqueous ammonia (40 ml) was prepared in a sealed tube and heated at 170°C for 48
hours, after which it was allowed to cool down to room temperature and transferred to a separating
funnel containing a saturated aqueous potassium carbonate solution. The organic material was
extracted into ethyl acetate (3X100 ml), dried with magnesium sulfate, filtered, and concentrated
in vacuo. The resulting concentrate was purified using silica gel chromatography to afford N*-

cyclopropylmethyl)pyrimidine-4,6-diamine (0.32 g, 68%) as a white solid.
(cyclopropy yDpy g

Rt (10% MeOH/chloroform): 0.24. '"H NMR (400 MHz, CDCl3) 6 8.11 (s, 1H, H2), 5.38 (s, 1H,
H5), 4.98 (s, 1H, NH), 4.61 (s, 2H, NH>), 3.03 (dd, /= 7.0, 5.3 Hz, 2H, H7), 1.12 — 1.01 (m, 1H,
HS), 0.61 — 0.50 (m, 2H, H9), 0.31 — 0.18 (m, 2H, H9). 3C NMR (101 MHz, CDCl3) & 163.04
(C6), 162.92 (C4), 158.28 (C2), 81.92 (C5), 46.53 (C7), 10.48 (C8), 3.48 (C9). IR (v/cm™'): 3464,
3306 (N—H); 3081 (=C—H); 2874 (—C—H); 1650 (C=C); 1326, 1160 (C—N). HRMS (ESI+):
Found [M+H]" 165.1051, CsHi3N4" requires 165.1032. mp (°C): 137 — 139.

6.3.5 Synthesis of N*-cyclohexylpyrimidine-4,6-diamine 4.6 [11]

NH,
6
1N 5
2m/4

N NH
3

Method 1: Using the method described above, a solution of 6-chloro-N-cyclohexylpyrimidin-4-
amine 7b (2.50 g, 10.30 mmol), ethanol (5 ml), and 25% aqueous ammonia (40 ml) afforded N?-
cyclohexylpyrimidine-4,6-diamine (1.82 g, 92%) as a white solid after purification by silica gel

column chromatography.

Method 2: A mixture of 6-chloropyrimidin-4-amine (0.29 g, 2.26 mmol) and cyclohexylamine
(0.66 ml, 5.33 mmol) in toluene (1.50 ml ) was heated at 200°C for 1 hours by microwave
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irradiation. The afforded reaction mixture was diluted with methanol and concentrated on silica in
vacuo. The resulting concentrate was purified using silica gel chromatography to give N*-

cyclohexylpyrimidine-4,6-diamine (0.30 g; 69%) as a white solid.

Rt (10% MeOH/EtOAc): 0.25. "TH NMR (400 MHz, CDCl3) 6 8.09 (s, 1H, H2), 5.38 (s, 1H, HS),
4.76 (s, 1H, NH), 4.58 (s, 2H, NH2), 3.36 (s, 1H, H7), 2.03 — 1.96 (m, 2H, H8 equatorial), 1.76 (dt,
J =13.6, 4.3 Hz, 2H, H8 axial), 1.69 — 1.60 (m, 1H, H10 equatorial), 1.43 — 1.32 (m, 2H, H9
equatorial), 1.29 — 1.16 (m, 3H, H9 axial and H10 axial). '3C NMR (101 MHz, CDCl3) & 162.7
(C6), 161.9 (C4), 157.9 (C2), 53.4 (C5), 50.0 (C7), 32.9 (C8), 25.6 (C10), 24.7 (C9). IR (v/cm™):
3297, 3314; (N—H) 3129 (=C—H); 2923(—C—H). HRMS (ESI+): Found [M+H]" 193.1333,
C10H17N4" requires 193.1345. mp (°C): 210 — 211.

6.3.6 Synthesis of N*-(2-morpholinoethyl)pyrimidine-4,6-diamine 4.7

NH,
6
1N \5

| 4
ZKN/ NH
3

7H8

Ng
10[ jm
11

o "
Method 1: A solution of 6-chloro-N-(2-morpholinoethyl)pyrimidin-4-amine 7¢ (1.10 g, 4.52
mmol), ethanol (5 ml), and 25% aqueous ammonia (40 ml) afforded N*-(2-
morpholinoethyl)pyrimidine-4,6-diamine (0.54 g, 54 %) as a light brown translucent solid after

purification by silica gel column chromatography.

Method 2: A mixture of 6-chloropyrimidin-4-amine (0.40 g, 3.10 mmol) and 4-(2-
aminoethyl)morpholine (0.81 ml, 6.21 mmol) in toluene (1 ml) was heated by microwave
irradiation at 200°C for 1 hour to afford N*-(2-morpholinoethyl)pyrimidine-4,6-diamine (0.64 g;

92%) as a light brown translucent solid after recrystallization.

R (10% MeOH/chloroform): 0.10. "H NMR (400 MHz, CDCls) § 8.10 (s, 1H, H2), 5.45 (t, J =
5.0 Hz, 1H, NH), 5.39 (s, 1H, H5), 4.83 (s, 2H, NHa), 3.71 (t, J = 4.6 Hz, 4H, H11), 3.26 (m, 2H,
H7), 2.59 (t, J = 6.0 Hz, 2H, HS), 2.47 (t, J = 4.5 Hz, 4H, H10). *C NMR (101 MHz, CDCL3) §
163.2 (C6), 162.9 (C4), 158.3 (C2), 82.2 (C5), 66.9 (C11), 56.7 (C-8), 53.3 (C-10), 37.6 (C-7). IR
(viem™): 3383, 3326 (N—H); 3091 (=C—H); 2965 (—C—H);1146 (C—N);1109 (C—O). mp (°C):
155 -157.
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6.3.7 Synthesis of 6-chloropyrimidin-4-amine 4.8 [12]

NH,

6

| 4

2 kN/ cl
3

To a solution of 4,6-dichloropyrimidine (5.00 g, 33.56 mmol) in isopropanol (20 ml) was added
25% aqueous ammonia (50 ml) and the resulting solution was heated at 140°C for 1 hour before
cooling down to 0°C. The formed precipitate was collected by filtration and washed with water to

afford 6-chloropyrimidin-4-amine as a white solid (3.03 g; 70%).

Ry (EtOAc): 0.50. 'H NMR (400 MHz, DMSO-de) & 8.20 (d, J = 0.9 Hz, 1H, H2), 7.24 (s, 2H,
NH), 6.4 (s, 1H, HS). 3C NMR (101 MHz, DMSO-ds) 5 165.2 (C6), 159.1 (C4), 158.3 (C2),
103.1 (C5). mp (°C): 204 - 207.

6.3.8 Synthesis of N’-(cyclopropylmethyl)-5-iodopyrimidine-4,6-diamine and related

compounds 4.9

Method 1: To a suspension of N*-(cyclopropylmethyl)pyrimidine-4,6-diamine (0.50 g, 3.04
mmol) in water (50 ml) and N, N-dimethylformamide (20 ml) was added potassium carbonate
(0.631 g, 4.57 mmol) followed by iodine (1.55 g, 6.09 mmol). The mixture was heated for 3 hours
at 45°C after which it was cooled down to room temperature and quenched with 2 M aqueous
sodium thiosulfate (40 ml). In a case where a precipitate formed, the mixture was filtered to afford
the pure product, otherwise, the organic material was extracted with ethyl acetate (100 ml) and
washed with brine (5X100 ml). The ethyl acetate mixture was dried with magnesium sulfate,
filtered through celite, and concentrated in vacuo to afford N*-(cyclopropylmethyl)-5-
iodopyrimidine-4,6-diamine (0.82 g, 62%) as a yellow solid after purification by silica gel column

chromatography.

Method 2: To a microwave vessel with N*-(cyclopropylmethyl)pyrimidine-4,6-diamine (213 mg
1.30 mmol) dissolved in a mixture of DMF (1 ml) and water (5 ml) was added potassium carbonate

(269 mg, 1.95 mmol) followed by iodine (658 mg, 2.59 mmol). The mixture was heated at 60 °C
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for 30 minutes before cooling and adding enough saturated aqueous sodium thiosulfate to dissolve
the unreacted iodine and extracting the organic material using ethyl acetate (3Xx100 ml). The ethyl
acetate fractions were dried with magnesium sulfate, filtered, and concentrated in vacuo to afford
N?-(cyclopropylmethyl)-5-iodopyrimidine-4,6-diamine (0.42 g, 75%) as a yellow solid after

purification by silica gel column chromatography.

R (80% EtOAc/Hex): 0.43. "TH NMR (400 MHz, CDCl3) § 7.99 (s, 1H, H2), 5.22 — 5.13 (m, 3H,
NH and NH2), 3.32 (dd, J= 7.1, 5.2 Hz, 2H, H7), 1.16-1.02 (m, H8), 0.61 — 0.50 (m, 2H, H9), 0.34
—0.21 (m, 2H, H9). 3C NMR (101 MHz, CDCl3) § 161.6 (C6), 160.7 (C4), 157.3 (C2), 58.2 (C5),
47.0 (C7), 10.8 (C8), 3.4 (C9). IR (v/em™): 3404, 3281 (N—H); 3074 (C=C); 1304,1145 (C—N);
536 (C—I). mp (°C): 124 —127.

Compounds 4.10 and 4.11 were prepared following the procedures described for compound 4.9

above.

6.3.9 Synthesis of V*-cyclohexyl-5-iodopyrimidine-4,6-diamine 4.10
NH,

6
1N \5 I

Method 1: A reaction of N’-cyclohexylpyrimidine-4,6-diamine (0.47g, 2.46 mmol,), potassium
carbonate (0.51 g, 3.68 mmol) and iodine (1.25 g, 4.91 mmol) afforded N*-cyclohexyl-5-
iodopyrimidine-4,6-diamine as an off-white solid (0.60 g, 51%).

Method 2: A microwave reaction of N*-cyclohexylpyrimidine-4,6-diamine (0.20 g, 1.03 mmol),
potassium carbonate (0.21 g, 1.54 mmol), and iodine (0.52 mg, 2.06 mmol) in DMF/water solvent
mixture (1:5) afforded N*-cyclohexyl-5-iodopyrimidine-4,6-diamine as an off-white solid (0.33 g,
96%).

Rt (80 % EtOAc/hexane): 0.45. '"H NMR (400 MHz, CDCl3) § 7.98 (s, 1H, H2), 5.12 (s, 2H, NH>),
4.98 (d, J= 8.0 Hz, 1H, NH), 4.03 — 3.89 (m, 1H, H7), 2.07 — 1.96 (m, 2H, HS), 1.79 — 1.70 (m,
2H, two of H9), 1.69 — 1.60 (m, 1H, one of H10), 1.50 — 1.37 (m, 2H, two of H9), 1.30 — 1.17 (m,
3H, H8 and one of H10). ¥C NMR (101 MHz, CDCl3) 8 161.5 (C6), 160.0 (C4), 157.3 (C2), 58.5
(C5),50.2 (C7),33.3(C8),25.7(C10),24.8 (C9). IR (v/em™"): 3394, 3307 (N—H); 3113 (=C—H);
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2924 (—C—H); 1638 (C=N); 638 (C—I). HRMS (ESI+): Found [M+H]" 319.0220, C1oH16IN4"
requires 319.0312. mp (°C): 128 — 130.

6.3.10 Synthesis of 5-iodo-N*-(2-morpholinoethyl)pyrimidine-4,6-diamine 4.11

NH->

1N6\5 I
| s
=
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3
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78

9
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Method 1: A reaction of N?-(2-morpholinoethyl)pyrimidine-4,6-diamine (0.12 g, 0.56 mmol),

potassium carbonate (0.12 g, 0.83), and iodine (0.28 mg, 1.11 mmol) afforded of 5-iodo-N*-(2-
morpholinoethyl)pyrimidine-4,6-diamine (0.13 mg, 65%) as an off-white solid.

Method 2: A microwave reaction of N*-(2-morpholinoethyl)pyrimidine-4,6-diamine (388 mg,
1.74 mmol), potassium carbonate (0.36 g, 2.61 mmol), and iodine (0.88 g, 3.48 mmol) afforded 5-
iodo-N*-(2-morpholinoethyl)pyrimidine-4,6-diamine (0.31 g, 50%) as a white solid after

purification

Rt (10% MeOH/EtOAc): 0.24. TH NMR (400 MHz, CDC13) 8 7.99 (s, 1H, H2), 5.94 (s, 1H, NH),
5.00 (s, 2H, NH>), 3.76 (t, /= 4.5 Hz, 4H, H11), 3.52 (q, /= 5.6 Hz, 2H, H7), 2.62 (t,J = 6.1 Hz,
2H, H8), 2.52 (t, J = 4.6 Hz, 4H, H10). *C NMR (101 MHz, CDCl3) § 161.5 (C6), 160.8 (C4),
157.5(C-2), 67.2 (C-11), 58.2 (C-5), 56.4 (C-8), 53.1 (C-10), 38.0 (C-7). IR (v/icm'): 3345, 3299
(N—H); 3118 (=C—H); 2848 (—C—H); 1638 (C=N); 1577 (C=C); 645 (C—I). HRMS (ESI+):
Found [M+H]" 350.0258, C10H17IN5O" requires 350.0370. mp (°C): decompose at 163 — 165.

6.3.11 Synthesis of [(6-methoxynaphthalen-2-yl)ethynyl|trimethylsilane 4.12a [13]

Method 1: To a degassed mixture of 2-bromo-6-methoxynaphthalene (1.00 g, 4.22 mmol),
copper(I) iodide (0.024 g, 0.13 mmol), and Pd(PPh3):Cl> (0.15 g, 0.21 mmol) was added a
degassed solution of ethynyltrimethylsilane (3.11 ml, 42.18 mmol) and diisopropylamine (5.91 ml,
42.18 mmol) in distilled tetrahydrofuran (20 ml). The resulting mixture was heated at 60 °C under
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nitrogen for 5 hours after which it was quenched with a saturated aqueous ammonium chloride
solution (100 ml) and transferred to a separating funnel where the organic compounds were
extracted with ethyl acetate (3X100 ml). The ethyl acetate fractions were dried with magnesium
sulfate, filtered through celite, and concentrated in vacuo. The resulting crude was purified using
silica gel column chromatography to afford [(6-methoxynaphthalen-2-yl)ethynyl]trimethylsilane
(1.02 g, 95%) as a yellow solid.

Method 2: To a 35 ml microwave vessel charged with 2-bromo-6-methoxynaphthalene (0.59 g,
2.49 mmol), copper(I) iodide (0.014 g, 0.075 mmol), and Pd(PPh3)2Cl2 (0.087 g, 0.12 mmol) was
added a degassed mixture of 2-methyltetrahydrofuran (6 ml), DIPA (3.49 ml, 24.89 mmol) and,
ethynyltrimethylsilane (1.84 ml, 24.89 mmol). The resulting mixture was heated for 30 minutes at
70°C by microwave irradiation before cooling down to room temperature and quenching with a
saturated aqueous solution of ammonium chloride (100 ml). The organic material was extracted
with ethyl acetate (100 ml) and then washed with brine (2x100 ml), dried with magnesium sulfate,
and filtered. The concentrated crude was purified using silica gel column chromatography to afford

[(6-methoxynaphthalen-2-yl)ethynyl]trimethylsilane (613 mg, 97%) as a yellow solid.

R¢(Hexane): 0.32. "H NMR (400 MHz, CDCls) & 7.64 (dd, J= 3.6, 1.8 Hz, 1H, ArH), 7.45 — 7.29
(m, 2H, ArH), 7.21 (ddd, J = 10.2, 8.6, 1.8 Hz, 1H, ArH), 6.92 — 6.78 (m, 2H, ArH), 3.64 (d, J =
1.0 Hz, 3H, OCH3), 0.00 (s, 9H, SiCH3). '3C NMR (101 MHz, CDCl3) & 158.3 (ArC), 134.2 (ArC),
131.8 (ArC), 129.3 (ArC), 129.2 (ArC), 128.4 ArC (), 126.6 (ArC), 119.3 (ArC), 117.9 (ArC),
105.7 (ArC), 105.6 (C2), 93.6 (C1), 55.3 (CH3), 0.0 (Si-C).. IR (v/em™): 3060 (=C—H) 2958
(—C—H); 2153 (C=C); 1626 (C=C); 1243 (C—0O). HRMS (ESI+): Found [M+H]" 255.1130,
CisH190Si" requires 255.1127 . mp (°C): 69 — 71.

6.3.12 Synthesis of [(6-ethoxynaphthalen-2-yl)ethynyl]trimethylsilane 4.12b [14]

™S
R

2
OO O/\

Method 1: A reaction of 2-bromo-6-ethoxynaphthalene (2.00 g, 7.96 mmol), copper(l) iodide
(0.046g, 0.239 mmol), Pd(PPh3)2Cl2 (0.28 g, 0.40 mmol), ethynyltrimethylsilane (5.88 ml, 79.6
mmol), and diisopropylamine (11.2 ml, 79.6 mmol) in distilled tetrahydrofuran (20 ml) afforded
[(6-ethoxynaphthalen-2-yl)ethynyl]trimethylsilane (1.95 g; 91%) as a yellow solid after a silica

gel column chromatography
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Method 2: A microwave reaction of 2-bromo-6-ethoxynaphthalene (2.24 g, 8.89 mmol) copper(I)
iodide (0.051 mg, 0.28 mmol), and Pd(PPh3)2Cl2 (0.31 mg, 0.45 mmol) with a degassed mixture
of 2-methyltetrahydrofuran (6 ml), DIPA (2.49 ml, 17.79 mmol) and, ethynyltrimethylsilane (1.31
ml, 17.79 mmol) afforded [(6-ethoxynaphthalen-2-yl)ethynyl]trimethylsilane (2.28 g, 95%) as a

yellow solid.

Rt (Hexane): 0.43. 'H NMR (400 MHz, CDCl3) 8 7.91 (s, 1H, ArH), 7.64 (dd, J = 18.9, 8.6 Hz,
2H, ArH), 7.45 (dd, J= 8.5, 1.5 Hz, 1H, ArH), 7.14 (dd, J = 8.8, 2.4 Hz, 1H, ArH), 7.08 (d, J =
2.5 Hz, 1H, ArH), 4.14 (q, J = 7.0 Hz, 2H, CH»), 1.48 (t, J = 7.0 Hz, 3H, CH3), 0.27 (s, 9H, Si-
CH3).3C NMR (101 MHz, CDCl3) 8 157.6 (ArC), 134.2 (ArC), 131.7 (ArC), 129.2 (ArC), 129.0
(ArC), 128.2 (ArC), 126.5 (ArC), 119.6 (ArC), 117.8 (ArC), 106.5 (ArC), 105.7 (C2), 93.5 (C1),
63.5 (CHz), 14.7 (CH3), 0.0 (Si-C). IR (v/em™): 3058 (=C—H); 2979(—C—H); 2151(C=C); 1621
(C=C); 1208 (C—0). HRMS (ESI+): Found [M+H]" 269.1122, C17H210Si" requires 269.1129 .
mp (°C): 110 —-111.

6.3.13 Synthesis of 2-ethynyl-6-methoxynaphthalene 4.13a [14]

oC
O/

Method 1: A solution of [(6-methoxynaphthalen-2-yl)ethynyl]trimethylsilane (1.30 g, 5.10 mmol)
in distilled tetrahydrofuran (30 ml) was cooled down to 0 °C before adding tetrabutylammonium
fluoride (1.77 ml, 6.12 mmol) slowly. The resulting mixture was warmed up to room temperature
and stirred overnight, after which it was quenched with a saturated aqueous solution of ammonium
chloride (100 ml). The organic material in the mixture was extracted with ethyl acetate (100 ml),
dried with magnesium sulfate, filtered through celite, and concentrated in vacuo. The afforded
crude was purified using silica gel chromatography to afford 2-ethynyl-6-methoxynaphthalene
(0.79 g, 85%). as a white solid.

Method 2: A mixture of [(6-methoxynaphthalen-2-yl)ethynyl]trimethylsilane (0.79 g, 3.09 mmol)
and potassium carbonate (0.85 g, 6.18 mmol) in methanol (50 ml) was stirred at room temperature
for 1 hour. The mixture was then diluted with water (100 ml) and extracted in ethyl acetate (3100
ml) before drying with anhydrous magnesium sulfate, filtering, and concentrating in vacuo. The
resulting crude was purified using silica gel column chromatography to afford 2-ethynyl-6-

methoxynaphthalene (0.52 g; 93%) as a white solid.
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R¢(Hexane): 0.18. 'TH NMR (400 MHz, CDCl3) & 7.95 (s, 1H, ArH), 7.68 (t,J = 8.8 Hz, 2H, ArH),
7.49 (dd, J= 8.4, 1.7 Hz, 1H, ArH), 7.16 (dd, J = 8.9, 2.5 Hz, 1H, ArH), 7.11 (d, J = 2.5 Hz, 1H,
ArH), 3.92 (s, 3H, OCH3), 3.10 (s, 1H, =CH). 3C NMR (101 MHz, CDCl3) § 158.5 (ArH), 134.4
(ArH), 132.1 (ArH), 129.3 (ArH), 129.2 (ArH), 128.3 (ArH), 126.8 (ArH), 119.5 (ArH), 117.0
(ArH), 105.8 (ArH), 84.2 (C-2), 77.3-76.7 (C-1), 55.35 (CH3). IR (v/cm™): 3265 (=C—H); 3061
(=C—H), 2970 (—C—H); 2107 (C=C); 1625 (C=C); 1267 (C—0). mp (°C): 106 — 107.

6.3.14 Synthesis of 2-ethoxy-6-ethynylnaphthalene 4.13b [14]

2

1
\‘
COL

Method 1: A reaction of [(6-ethoxynaphthalen-2-yl)ethynyl]trimethylsilane 10b (0.770 g, 2.87
mmol) and tetrabutylammonium fluoride (1.00 ml, 3.44 mmol) in distilled tetrahydrofuran (30 ml)
afforded 2-ethoxy-6-ethynylnaphthalene (0.44 g, 74%) as a white solid after silica gel column

chromatography purification.

Method 2: A reaction between [(6-ethoxynaphthalen-2-yl)ethynyl]trimethylsilane (0.94 g, 3.51
mmol) and potassium carbonate (0.97 mg, 7.01 mmol) in methanol (50 ml) afforded 2-ethoxy-6-
ethynylnaphthalene (0.67 g; 98%) as a white solid after silica gel column chromatography

purification.

R (Hexane): 0.13. "H NMR (300 MHz, CDCl3) § 7.98 — 7.90 (m, 1H, ArH), 7.67 (dd, J = 11.7,
8.7 Hz, 2H, ArH), 7.48 (dd, J = 8.4, 1.7 Hz, 1H, ArH), 7.16 (dd, J = 8.9, 2.5 Hz, 1H, ArH), 7.09
(d, J=2.5 Hz, 1H, ArH), 4.15 (g, J = 7.0 Hz, 2H, CHy), 3.10 (s, 1H, =CH), 1.48 (t, J = 7.0 Hz,
3H, CH3). *C NMR (101 MHz, CDCL3) § 157.8 (ArC), 134.4 (ArC), 132.1 (ArC), 129.3 (ArC),
129.1 (ArC), 128.2 (ArC), 126.8 (ArC), 119.8 (ArC), 116.8 (ArC), 106.5 (ArC), 84.2 (C2), 76.6
(C1), 63.6 (CHa), 14.8 (CH3). IR (v/em™): 3269 (=C—H); 3054 —(=C—H); 2982 (—C—H); 2112
(C=C), 1621 (C=C). mp (°C): 86 — 88.
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6.3.15 Synthesis of N*~(cyclopropylmethyl)-5-[(6-methoxynaphthalen-2-
ylethynyl|pyrimidine-4,6-diamine 4.14a

To a degassed mixture of N*-(cyclopropylmethyl)-5-iodopyrimidine-4,6-diamine (0.20 g, 0.69
mmol), methoxy-6-ethynylnaphthalene (0.26 g, 1.45 mg), copper(l) iodide (4.0 mg, 0.021 mmol),
and Pd(PPh3)2Cl2(0.051 g, 0.072 mmol), in a microwave vessel was added a degassed solution of
diisopropylamine (0.51 ml, 3.62 mmol) in 2-methyltetrahydrofuran (20 ml). The resulting mixture
was heated at 70 °C under nitrogen for 30 minutes after which it was cooled to room temperature
and transferred to a separating funnel containing water (100 ml). The organic compounds were
extracted in ethyl acetate (3X100 ml) and dried with anhydrous magnesium sulfate, filtered
through celite, and concentrated in vacuo. The resulting crude was purified using silica gel column
chromatography to afford N*-(cyclopropylmethyl)-5-[(6-methoxynaphthalen-2-
yl)ethynyl]pyrimidine-4,6-diamine (0.20 g, 80%) as a brown solid.

Rt (EtOAc): 0.19. 'TH NMR (400 MHz, CDCls) & 8.16 (s, 1H, H2), 7.96 (s, 1H, ArH), 7.73 (d, J
= 8.7 Hz, 2H, ArH), 7.52 (d, J= 8.7 Hz, 1H, ArH), 7.21 — 7.12 (m, 2H, ArH), 5.47 (s, 1H, NH),
5.12 (s, 2H, NH>), 3.96 (s, 3H, H1"), 3.38 (d, /= 7.3 Hz, 2H, HS), 1.13 (s, 1H, H9), 0.57 (d, J =
7.7 Hz, 2H, two of H10), 0.31 (s, 2H, two of H10). *C NMR (101 MHz, CDCl3) § 162.4 (C6),
161.9 (C4), 158.6 (ArC), 156.8 (C2), 134.3 (ArC), 131.1 (ArC), 129.35 (ArC), 128.66 (ArC),
128.43, 127.05 (ArC), 119.7 (ArC), 117.5, 105.9 (ArC), 102.2 (C12), 79.5 (C5 & C11), 55.4 (C1"),
46.0 (C8), 11.0 (C9), 3.4 (C10). IR (v/cm™): 3480, 3423 (N—H); 3057 (=C—H); 3005 (—C—H);
2190 (C=C); 1637 (C=N); 1210 (C—0). HRMS (ESI+): Found [M+H]" 345.1711, C21H21N4O"
requires 345.1710. mp (°C): 158 — 160.
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6.3.16 Synthesis of N*-(cyclopropylmethyl)-5-[(6-ethoxynaphthalen-2-
ylDethynyl|pyrimidine-4,6-diamine 4.14b

To a microwave tube loaded with N*-(cyclopropylmethyl)-5-iodopyrimidine-4,6-diamine (210
mg, 0.723 mmol), 2-ethoxy-6-ethynylnaphthalene (0.28 mg, 1.45 mmol), Pd(PPh3)Cl2 ( 0.051 g,
0.072 mmol), and Cul (4.0 mg, 0.022 mmol) was added a degassed mixture of diisopropylamine
(0.51 ml, 0.36 mmol) in 2-methyltetrahydrofuran (5ml). The reaction was heated for 60 minutes
at 70 °C before cooling to room temperature, diluting with water (100 ml), and extracting with
ethyl acetate. The fractions were dried with magnesium sulfate, concentrated in vacuo and purified
using a silica gel column with ethyl acetate as an eluent to afford N*-(cyclopropylmethyl)-5-[(6-
ethoxynaphthalen-2-yl)ethynyl]pyrimidine-4,6-diamine (0.22 g, 83%) as a yellow solid.

Rt (EtOAc): 0.28. '"H NMR (400 MHz, CDCL3) § 8.15 (s, 1H, H2), 7.95 (s, 1H, ArH), 7.72 (t, J =
7.9 Hz, 2H, ArH), 7.50 (d, J = 8.6 Hz, 1H, ArH), 7.19 (d, J=9.2 Hz, 1H, ArH), 7.12 (s, 1H, ArH),
5.47 (s, IH,NH), 5.18 (s, 2H, NH), 4.17 (q, J = 7.2 Hz, 2H, H1"), 3.39 (t, J = 6.4 Hz, 2H, H3),
1.50 (t, J = 7.2 Hz, 3H, H2'), 1.13 (p, J = 6.7, 6.2 Hz, 1H, H9), 0.57 (d, J = 7.7 Hz, 2H, two of
H10), 0.30 (d, J = 4.9 Hz, 2H, two of H10). 3C NMR (101 MHz, CDCl3) § 162.5 (C6), 161.9
(C4), 157.9 (ArC), 156.8 (C2), 134.3 (ArC), 131.1 (ArC), 129.3 (ArC), 128.6 (ArC), 128.3 (ArC),
127.0 (ArC), 120.0 (ArC), 117.4 (ArC), 106.6 (ArC), 102.22 (C12) 80.6 (C5), 79.4 (C11), 63.6
(C1), 46.0 (C8), 14.8 (C2"), 11.1 (C9), 3.4 (C10). IR (v/ecm™): 3478, 3285 (N—H); 3060 (—C—H);
2975 (—C—H); 2187 (C=C); 1637 (C=C); 1632 (C=N); 1205 (C—0). HRMS (ESI+): Found
[M+H]" 359.1866, C2:H23N4O" requires 359.1866 . mp (°C): 162 — 164.
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6.3.17 Synthesis of N’-cyclohexyl-5-[(6-methoxynaphthalen-2-yl)ethynyl]pyrimidine-4,6-

diamine 4.15a

A microwave reaction of N’-cyclohexyl-5-iodopyrimidine-4,6-diamine (0.23 g, 0.72 mmol), 2-
methoxy-6-ethynylnaphthalene (0.26 g, 1.43 mmol), copper(I) iodide (4.0 mg, 0.02 mmol),
Pd(PPh3)2Cl2 (25.0 mg, 0.036 mmol), and diisopropylamine (1.00 ml, 7.17 mmol) in 2-
methyltetrahydrofuran (5 ml) afforded  N*-cyclohexyl-5-[(6-methoxynaphthalen-2-
yl)ethynyl]pyrimidine-4,6-diamine (0.23 g, 85%) as a solid after purification by silica gel column
chromatography.

R¢ (50 % EtOAc/hexane): 0.35. 'TH NMR (400 MHz, CDCl3) 8 8.15 (s, 1H, H2), 7.94 (s, 1H, ArH),
7.74 (d, J= 1.4 Hz, 1H, ArH), 7.72 (s, 1H, ArH), 7.50 (dd, J = 8.4, 1.7 Hz, 1H, ArH), 7.19 (dd, J
=8.9,2.5 Hz, 1H, ArH), 7.13 (d, /= 2.5 Hz, 1H, ArH), 5.24 (d, /= 8.2 Hz, 1H, NH), 5.17 (s, 2H,
NH2), 4.10 — 3.98 (m, 1H, H9), 3.94 (s, 3H, H1"), 2.11 — 2.02 (m, 2H, H10), 1.81 — 1.71 (m, 2H,
two of H11), 1.69 — 1.60 (m, 1H, one of H12), 1.53 — 1.37 (m, 2H, two of H11), 1.32 — 1.20 (m,
3H, one of HI2 & two of H10). ¥C NMR (101 MHz, CDCl3) & 162.4 (C6), 161.3 (C4), 158.5
(ArC), 156.8 (C2), 134.3 , 131.01(ArC), 129.3 (ArC), 128.7 (ArC), 128.4, 127.0 (ArC), 119.7
(ArC), 117.5 (ArH), 105.9 (ArC), 102.2 (C8), 79.6 (C5 & C7), 55.4 (C1"), 49.4 (C9), 33.6 (C10),
25.7 (C12), 24.9 (C11). IR (v/em™): 3462, 3364 (N—H); 3059 (—C—H); 2925 (—C—H); 2186
(C=C); 1316 (C—N); 1206 (C—0). HRMS (ESI+): Found [M+H]" 373.2024, C23H2sN4O"
requires 373.2023. mp (°C): 151 — 152.
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6.3.18 Synthesis of N’-cyclohexyl-5-[(6-ethoxynaphthalen-2-yl)ethynyl]pyrimidine-4,6-
diamine 4.15b

A microwave reaction of N*-cyclohexyl-5-iodopyrimidine-4,6-diamine (151 mg, 0.474 mmol), 2-
ethoxy-6-ethynylnaphthalene (186 mg, 0.949 mmol), copper(I) iodide (2.7 mg, 0.014 mmol),
Pd(PPh3)2Cl2 (33 mg, 0.047 mmol), and diisopropylamine (0.33 ml, 2.37 mmol) in 2-
methyltetrahydrofuran (5 ml) afforded N?-cyclohexyl-5-[(6-ethoxynaphthalen-2-
yl)ethynyl]pyrimidine-4,6-diamine (0.17 g, 90%) as a light brown solid following purification by

silica gel column chromatography.

Rs (50 % EtOAc/hexane): 0.38. '"H NMR (400 MHz, CDCl3) § 8.15 (s, 1H, H2), 7.96 — 7.86 (m,
IH, ArH), 7.76 — 7.67 (m, 2H, ArH), 7.49 (dd, J = 8.4, 1.7 Hz, 1H, ArH), 7.18 (dd, J = 8.9, 2.4
Hz, 1H, ArH), 7.12 (d,J= 2.5 Hz, 1H, ArH), 5.25 (d, /= 8.2 Hz, 1H, NH), 5.19 (s, 2H, NH2), 4.17
(q,J=7.0 Hz, 2H, H1"), 4.10 — 3.98 (m, 1H, H9), 2.10 — 2.02 (m, 2H, two of H10), 1.76 (dt, J =
13.5, 3.9 Hz, 2H, two of H11), 1.65 (d, /= 17.1 Hz, 1H, one of H12), 1.52 — 1.38 (m, 5H, H2' &
two of H11), 1.33 — 1.17 (m, 3H, two of H10 & one of H12).13C NMR (101 MHz, CDCl3) § 162.3
(C6), 161.2 (C4), 157.9 (ArC), 156.6 (C2), 134.3 (ArC), 131.0 (ArC), 129.3 (ArC), 128.6 (ArC),
128.4 (ArC), 127.0 (ArC), 120.0 (ArC), 117.4 (ArC), 106.6 (ArC), 102.3 (C8), 79.4 (C5), 63.6
(C1%), 49.4 (C9), 33.6 (C10), 25.7 (C12), 24.9 (C11), 14.8 (C2'). IR (v/em™'): 3469, 3295 (N—H):;
3058 (=C—H); 2925 (—C—H); 2191 (C=C); 1624 (C=C); 1204 (C—0). HRMS (ESI+): Found
[M+H]" 387.2182, C24H27N4O" requires 387.2179. mp (°C): 83 — 84.
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6.3.19 Synthesis of 5-[(6-methoxynaphthalen-2-yl)ethynyl]-N?-(2-
morpholinoethyl)pyrimidine-4,6-diamine 4.16a

7Hs
10 N0
11[0111

A microwave reaction of 5-iodo-N*-(2-morpholinoethyl)pyrimidine-4,6-diamine (0.50 g, 1.43
mmol), 2-methoxy-6-ethynylnaphthalene (0.52 g, 2.86 mmol), copper(I) iodide (8.2 mg, 0.04
mmol), Pd(PPh3)2Cl2 (0.050 g, 0.07 mmol), and diisopropylamine (2.01 ml, 14.32 mmol) in 2-
methyltetrahydrofuran (5 ml) afforded 5-[(6-methoxynaphthalen-2-yl)ethynyl]-N?-(2-
morpholinoethyl)pyrimidine-4,6-diamine (0.46g; 79%) as a solid after purification using silica gel

column chromatography.

Rt (80% EtOAc/MeOH): 0.33. 'TH NMR (400 MHz, CDCl3) 8 8.17 (s, 1H, H2), 7.95 (s, 1H, ArH),
7.72 (t, J=9.1 Hz, 2H, ArH), 7.53 (d, J = 8.4 Hz, 1H, ArH), 7.19 (d, /= 9.1 Hz, 1H, ArH), 7.14
(s, 1H, ArH), 6.22 (s, 1H, NH), 5.32 (s, 2H, NH>2), 3.95 (s, 3H, H1"), 3.70 (s, 4H, H11), 3.60 (s,
2H, HB), 2.69 — 2.60 (m, 2H, H11), 2.53 (s, 4H, H10). HRMS (ESI+): Found [M+H]" 404.2084,
C23H26N502" requires 404.2081. mp (°C): 233-234.
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6.3.20 Synthesis of 5-[(6-ethoxynaphthalen-2-yl)ethynyl]-N*-(2-
morpholinoethyl)pyrimidine-4,6-diamine 4.16b

A microwave reaction of 5-iodo-N?-(2-morpholinoethyl)pyrimidine-4,6-diamine (0.24 g, 0.69
mmol), 2-ethoxy-6-ethynylnaphthalene (0.27 g, 1.37 mmol), copper(I) iodide (3.9 mg, 0.02
mmol), Pd(PPh3)2Cl2 (0.024 g, 0.03 mmol), and diisopropylamine (0.96 ml, 6.87 mmol) in 2-
methyltetrahydrofuran (5 ml)  afforded  5-[(6-ethoxynaphthalen-2-yl)ethynyl]-N?-(2-
morpholinoethyl)pyrimidine-4,6-diamine (0.24 g; 83%) as a solid after purification by silica gel

column chromatography.

R¢(80% EtOAc/MeOH): 0.38. "TH NMR (400 MHz, CDCl3)  8.16 (s, 1H, H2), 7.95 (s, 1H, ArH),
7.71 (d, J= 8.6 Hz, 2H, ArH), 7.51 (dt, /= 8.6, 2.0 Hz, 1H, ArH), 7.19 (dd, J=9.0, 2.4 Hz, 1H,
ArH), 7.12 (d, J=2.5 Hz, 1H, ArH), 6.20 (s, 1H, NH), 5.23 (s, 2H, NH>), 4.17 (q, J= 7.1 Hz, 2H,
H1'),3.71 (t, J=4.7 Hz, 4H, H11), 3.62 (d, J = 5.8 Hz, 2H, H8), 2.67 (1, /= 6.3 Hz, 2H, H7), 2.55
(s, 4H, H10), 1.49 (td, J= 7.0, 2.8 Hz, 3H, H2"). ®C NMR (101 MHz, CDCl3) § 134.3 (C2), 130.8
(ArH), 129.2 (ArH), 128.4 (ArH), 127.0 (ArH), 120.1 (ArH), 106.6 (ArH), 67.0 (C11), 63.6 (C1"),
56.9 (C7), 533 (C10), 37.0 (C8), 14.8 (C2'). HRMS (ESI+): Found [M+H]" 418.2239,
C24H28N502 " requires 418.2238.
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6.3.21 Synthesis of (E)-N*-(cyclopropylmethyl)-5-[2-(6-methoxynaphthalen-2-
ylvinyl]pyrimidine-4,6-diamine 4.17a

A reaction between N*-(cyclopropylmethyl)-5-[(6-methoxynaphthalen-2-yl)ethynyl]pyrimidine-
4,6-diamine (84 mg, 0.24 mmol ) and excess hydrogen gas at 6 bar, catalysed with 10 wt%
palladium on carbon catalyst (16 mg, 20 wt% of starting material) in ethanol (20 ml) afforded (E)-
N*-(cyclopropylmethyl)-5-[2-(6-methoxynaphthalen-2-yl)vinyl]pyrimidine-4,6-diamine (65 mg,

77%) as a light brown solid in 6 hours after purification by silica gel column chromatography.

Rt (50% EtOAc/hexane): 0.31. TH NMR (400 MHz, CDC13) § 8.20 (s, 1H, H2), 7.67 — 7.62 (m,
2H, ArH), 7.58 (d, J= 8.6 Hz, 1H, ArH), 7.36 (dd, J = 8.6, 1.8 Hz, 1H, ArH), 7.11 (dd, J= 8.9,
2.5 Hz, 1H, ArH), 7.06 (d, J = 2.5 Hz, 1H, ArH), 6.93 (d, /= 11.9 Hz, 1H, H7), 6.20 (d, J=11.9
Hz, 1H, HS8), 4.68 (t, J = 5.2 Hz, 1H, NH), 4.56 (s, 2H, NH2), 3.91 (d, /= 1.9 Hz, 3H, H1"), 3.16
(dd,J=7.1,5.1 Hz, 2H, H9), 0.81 — 0.66 (m, 1H, H10), 0.28 — 0.18 (m, 2H, two of H11), -0.03 —
-0.12 (m, 2H, two of H11). 3C NMR (101 MHz, CDCl3) & 158.6 (C6), 158.6 (C4), 158.3 (ArC),
157.0 (C2), 134.9 (C7), 134.5 (ArC), 131.4 (ArC), 129.8 (ArC), 128.6 (ArC), 128.2 (ArC), 127.3
(ArC), 127.0 (ArC), 125.9 (ArC), 119.2 (ArC), 118.6 (C8), 105.6 (C7), 93.8 (C5), 55.3 (C1"), 46.1
(C9), 10.7 (C10), 3.1 (C11). IR (v/em™): 3473, 3292 (N—H); 3143 (=C—H); 2950 (—C—H); 1685
(C=N); 1625 (C—0). HRMS (ESI+): Found [M+H]" 347.1868, C21H23N4O" requires 347.1566.
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6.3.22 Synthesis of (E)-N*-(cyclopropylmethyl)-5-[2-(6-ethoxynaphthalen-2-
ylvinyl]pyrimidine-4,6-diamine 4.17b

Using the method described above, the reaction between N*-(cyclopropylmethyl)-5-[(6-
methoxynaphthalen-2-yl)ethynyl]pyrimidine-4,6-diamine (100 mg, 0.28 mmol) and hydrogen gas
catalysed by 10 wt% palladium on carbon (10 mg, 10 wt%) afforded (E)-N*-(cyclopropylmethyl)-
5-[2-(6-ethoxynaphthalen-2-yl)vinyl]pyrimidine-4,6-diamine (68 mg, 68%) as a light brown solid

after purification by silica gel column chromatography.

Rt (50% EtOAc/hexane): 0.35. "H NMR (400 MHz, CDCls) 8 8.20 (s, 1H, H2), 7.66 — 7.54 (m,
3H, ArH), 7.34 (dd, J = 8.6, 1.9 Hz, 1H, ArH), 7.13 — 7.04 (m, 2H, ArH), 6.94 (d, /= 11.9 Hz,
1H, H7), 6.19 (d, J = 11.9 Hz, 1H, HS8), 4.71 (t, J = 5.2 Hz, 1H, NH), 4.66 (s, 2H, NH2), 4.17 —
4.11 (m, 2H, H2"), 3.16 (dd, J = 7.1, 5.1 Hz, 2H, H9), 1.49 — 1.45 (m, 3H, H1"), 0.80 — 0.66 (m,
1H, H10), 0.28 — 0.18 (m, 2H, two of H11), -0.03 — -0.12 (m, 2H, two of H11). 3C NMR (101
MHz, CDClIs) 6 158.5 (C6), 158.3 (C4), 157.7 (ArC), 156.5 (C2), 135.1 (C7), 134.5 (ArC), 131.3
(ArC), 129.7 (ArC), 128.6 (ArC), 128.3 (ArC), 127.0 (ArC), 125.8 (ArC), 119.5 (ArC), 118.3 (C8),
106. (ArC), 93.8 (C5), 63.5 (C2"), 46.1 (C9), 14.8 (C1"), 10.7 (C10), 3.1 (C11). IR (v/icm™'): 3472
(=C-H), 3290 (N—H); 3127 (—C—H); 2981 (—C—H); 1626 (C=C); 1256 (C—0). HRMS (ESI+):
Found [M+H]" 361.2024, C22H2sN4O" requires 361.2023. mp (°C): 171 — 173.
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6.3.23 Synthesis of (E)-N’-cyclohexyl-5-[2-(6-methoxynaphthalen-2-yl)vinyl]pyrimidine-4,6-

diamine 4.18a

A reaction between N*-cyclohexyl-5-[(6-methoxynaphthalen-2-yl)ethynyl]pyrimidine-4,6-
diamine (68 mg, 0.18 mmol) and hydrogen gas catalysed by 10 wt% palladium on carbon (14 mg)
afforded (E)-N*-cyclohexyl-5-[2-(6-methoxynaphthalen-2-yl)vinyl]pyrimidine-4,6-diamine (45

mg, 66%) after silica gel column chromatography.

R (50% EtOAc/hexane): 0.21. '"H NMR (300 MHz, CDCls) & 8.19 (s, 1H, H2), 7.66 — 7.56 (m,
3H, ArH), 7.34 (dd, J = 8.6, 1.8 Hz, 1H, ArH), 7.12 (dd, J = 8.9, 2.5 Hz, 1H, ArH), 7.07 (d, J =
2.5 Hz, 1H, ArH), 6.92 (d, /= 11.9 Hz, 1H, H7), 6.15 (d, J= 11.9 Hz, 1H, HS), 4.60 (s, 2H, NH2),
4.51 (d, J=8.1 Hz, 1H, NH), 3.93 — 3.85 (m, 4H, H1’' & H9 ), 1.83 — 1.68 (m, 2H, H10), 1.57 —
1.43 (m, 2H, H11), 1.35—-1.20 (m, 2H, H11), 1.09 — 0.96 (m, 1H, H12), 0.90 — 0.79 (m, 2H, H10
& H12).3C NMR (101 MHz, CDCl3) 8 158.3 (C6), 157.93 (C4), 156.6 (C2), 135.1 (C7), 134.5
(ArC), 131.4 (ArC), 129.8 (ArC), 128.6 (ArC), 128.1 (ArC), 127.1 (ArC), 125. (ArC), 119.2 (ArC),
118.5 (C8), 105.6 (ArC), 93.8 (C5), 55.3 (C1"), 49.1 (C9), 33.3 (C10), 25.6 (C12),24.7 (C11). IR
(viem™): 3417, 3300 (N—H); 3131 (=C—H); 2850 (—C—H); 1625 (C=C); 1258 (C—0). HRMS
(ESI+): Found [M+H]" 375.2180, C23H27N4O" requires 375.2179. mp (°C): 78 — 80.
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6.3.24 Synthesis of (E)-N’-cyclohexyl-5-[2-(6-ethoxynaphthalen-2-yl)vinyl]pyrimidine-4,6-
diamine 4.18b

A 10 wt% palladium on carbon (10 mg) catalysed reaction between N’-cyclohexyl-5-[(6-
ethoxynaphthalen-2-yl)ethynyl]pyrimidine-4,6-diamine (52 mg, 0.14 mmol) and hydrogen gas in
ethanol (20 ml) afforded (E)-N*-cyclohexyl-5-[2-(6-ethoxynaphthalen-2-yl)vinyl]pyrimidine-4,6-
diamine (33 mg, 63%) as a light brown solid after purification via silica gel column

chromatography.

R¢(50% EtOAc/hexane): 0.29. "H NMR (300 MHz, CDCls) § 8.19 (s, 1H, H2), 7.63 (dd, J = 5.3,
3.6 Hz, 2H, ArH), 7.56 (d, J = 8.6 Hz, 1H, ArH), 7.38 — 7.29 (m, 1H, ArH), 7.13 — 7.05 (m, 2H,
ArH), 6.92 (d, J = 11.9 Hz, 1H, H7), 6.14 (d, J = 11.9 Hz, 1H, H8), 4.65 (s, 2H, NH2), 4.51 (d, J
= 8.3 Hz, 1H, NH), 4.14 (q, J = 7.0, 2.7 Hz, 2H, H2'), 3.98 — 3.79 (m, 1H, H9), 1.80 — 1.72 (m,
2H, two of H10 ), 1.56 — 1.42 (m, 4H, two of HI1 & H2"), 1.32 — 1.17 (m, 2H, two of H11), 1.09
—0.74 (m, 4H, two of H10 & H12).'*C NMR (101 MHz, CDCl3) § 158.2 (C6), 157.9 (C4), 157.6
(ArH), 156.4 (C2), 135.2 (C7), 134.5 (ArH), 131.3 (ArH), 129.73(ArH), 128.6 (ArH), 128.1
(ArH), 127.1 (ArH), 125.8 (ArH), 119.5 (ArH),118.4 (C8), 106.4 (ArH), 93.6 (C5), 63.5 (C2),
49.1 (C9), 33.3 (C10), 25.56 (C12), 24.65 (C11), 14.78 (C1’). IR (v/em"): 3430 (=C-H), 3299
(N—H); 3057 (=C—H); 2723 (—~C—H); 1628 (C=C); 1254 (C—O). HRMS (ESI+): Found [M+H]"
389.2338, C24H29N4O" requires 389.2297. mp (°C): 159 — 160.
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6.4 Synthesis of 4,6-diaminopyrimidine compounds: Carbon linker derivatives

6.4.1 Synthesis of ethyl-2-cyano-3-phenylacrylate 4.21 [15]

Method 1: A mixture of ethyl cyanoacetate (3.00 ml; 28.11 mmol), benzaldehyde (2.87 ml; 28.11
mmol), and piperidine (3 drops) in absolute ethanol (10 ml) was heated for 2 hours at 80°C by
microwave irradiation (150W). Upon cooling to room temperature, a precipitate formed and was
collected by filtration. The precipitate was recrystallised with ethanol and water to afford ethyl-2-
cyano-3-phenylacrylate (5.22 g; 92%) as a white crystalline solid

Method 2: A mixture of ethyl cyanoacetate (1.00 ml, 9.37 mmol), benzaldehyde (1.00 ml; 9.84
mmol), and piperidine (5 drops) was heated at a constant microwave power of 10 W for 10 minutes.
A formed precipitate upon cooling to room temperature was recrystallised with ethanol to give

ethyl-2-cyano-3-phenylacrylate (1.85 g; 98%) as a white solid.

Rt (5% EtOAc/Hexane): 0.43. "TH NMR (400 MHz, CDCl3) & 8.26 (s, 1H, H4), 8.04 — 7.96 (m,
2H, ArH), 7.59 — 7.48 (m, 3H, ArH), 4.39 (q, J = 7.1 Hz, 2H, H1"), 1.41 (t, J = 7.1 Hz, 3H, H2).
13C NMR (101 MHz, CDCls) § 162.5 (C1), 155.1 (C4), 133.3 (ArC), 131.5 (ArC), 131.1 (ArC),
129.3 (ArC), 115.5 (C3), 103.0 (C2), 62.8 (C1'), 14.2 (C2'). mp (°C): 51-54.

6.4.2 Synthesis of ethyl 2-cyano-3-phenylpropanoate 4.22 [16]

Method 1: To a solution of ethyl-2-cyano-3-phenylacrylate (0.58 g; 2.89 mmol) with absolute
ethanol (20 ml) at 0°C was added NaBHa4 (0.13 mg; 3.47 mmol) carefully and then stirred for 5
minutes before quenching with aqueous HCI (0.62 ml of 32% aqueous HCI diluted with 40 ml
H20; 6.35 mmol). The organic matter was extracted with ethyl acetate (3x100 ml) dried with

anhydrous magnesium sulfate, filtered, and concentrated in vacuo. Ethyl 2-cyano-3-
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phenylpropanoate (0.31 g; 53%) was obtained as colourless oil after purification of the crude by

silica gel column chromatography.

Method 2: To a mixture of ethyl-2-cyano-3-phenylacrylate (5.06 g, 25.12 mmol), 10%wt.
palladium on carbon (0.51 g), and methanol (20 ml) was added hydrogen gas at 6-bar with stirring
for 30 minutes. The catalyst was recovered by filtration and the filtrate was concentrated in vacuo.
Ethyl 2-cyano-3-phenylpropanoate (3.94 g; 77%) was afforded as a colourless oil after

purification of the concentrate by silica gel column chromatography.

R¢(10% EtOAC/ Hexane): 0.33. "TH NMR (300 MHz, CDCL3) § 7.40 — 7.18 (m, 5H, ArH), 4.21
(q,J=7.1 Hz, 2H, H1"), 3.71 (dd, J = 8.3, 5.9 Hz, 1H, H2), 3.22 (qd, J = 13.8, 7.1 Hz, 2H, H4),
1.25 (t,J=7.2 Hz, 3H, H2"). 3C NMR (75 MHz, CDCL3) § 165.5 (C1), 135.4 (ArC), 129.0 (ArC),
128.9 (ArC), 127.8 (ArC), 116.2 (C3), 62.9 (C1"), 39.7 (C2), 35.7 (C4), 13.9 (C2').

6.4.3 Synthesis of 6-amino-2-mercaptopyrimidin-4-ol 4.23 [17]

NH,

6
AL A
HS" 2N OH
3

To a 35 ml microwave vessel loaded with a ground mixture of thiourea (0.80 g, 10.46 mmol) and
potassium zert-butoxide (1.17g, 10.46 mmol) was added ethyl cyanoacetate (2.23 ml, 20.91 mmol).
The resulting mixture was microwave irradiated at 10 W for 5 minutes before cooling to room
temperature and diluting with water (50 ml). The resulting solution’s pH was adjusted to 5 using
glacial acetic acid, and the formed precipitate was collected by filtration and dried in vacuo

yielding 6-amino-2-mercaptopyrimidin-4-ol (0.95 g; 64%) as a white solid.

R (10% MeOH/EtOAc): 0.55."H NMR (400 MHz, DMSO-ds) & 11.72 — 11.47 (m, 2H, -OH and
_SH), 6.40 (s, 2H, NH2), 4.71 (s, 1H, H5). 3C NMR (101 MHz, DMSO-ds) & 175.0 (C2), 162.2
(C4), 154.8 (C6), 78.6 (C5).
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6.4.4 Synthesis of 6-amino-5-benzyl-2-mercaptopyrimidin-4-ol 4.24

NH,
6 7

P
HS 2 N” “OH
3

A mixture of ethyl 2-cyano-3-phenylpropanoate (2.50g; 12.30 mmol), thiourea (1.03; 13.53
mmol), and potassium fert-butoxide (1.52 g; 13.53 mmol) was microwave irradiated at 10 W for
10 minutes before cooling to room temperature and diluting with water (50 ml). The resulting
solution’s pH was adjusted to 5 using glacial acetic acid, and the formed precipitate was collected
by filtration and dried in vacuo yielding 6-amino-5-benzyl-2-mercaptopyrimidin-4-ol (1.60 g;
56%) as a white solid.

R (10% MeOH/EtOAc): 0.50. "H NMR (400 MHz, DMSO-de) & 11.81 (s, 1H, OH), 11.49 (s, 1H,
SH), 7.32 — 7.09 (m, SH, ArH), 6.25 (s, 2H, NH»), 3.53 (s, 2H, H7). *C NMR (101 MHz, DMSO-
ds) & 173.3 (C2), 162.2 (C6), 151.6 (C4), 141.0 (ArC), 128.5 (ArC), 128.4 (ArC), 126.1 (ArC),
89.7 (C5), 27.6 (C7). HRMS (ESI+): Found [M+H]" 234.0698, Ci1H12N;0S" requires 234.0694.
mp (°C): 295-298.

6.4.5 Synthesis of 6-amino-5-benzylpyrimidin-4-ol 4.25

To a mixture of 6-amino-5-benzyl-2-mercaptopyrimidin-4-ol (1.60 g, 6.86 mmol), ammonia (20
ml), and water (100 ml) was added Raney Nickel catalyst (4.10 g). The resulting mixture was
refluxed for 2 hours. The catalyst was then recovered by filtration and the filtrate was concentrated

to afford 6-amino-5-benzylpyrimidin-4-ol (1.14 g; 82%) as a white solid.

R¢(10% MeOH/EtOAc): 0.25. "H NMR (400 MHz, DMSO-de) & 11.54 (s, 1H, OH), 7.73 (s, 1H,
H2), 7.30 — 7.17 (m, 4H, ArH), 7.12 (t, J= 7.2 Hz, 1H, ArH), 6.26 (s, 2H, NH2), 3.60 (s, 2H, H7).
13C NMR (101 MHz, DMSO-ds) & 162.2 (C6), 160.9 (C4), 147.5 (C2), 141.3 (AC), 128.6 (ArC),
128.3 (ArC), 125.9 (ArC), 97.3 (C5), 28.4 (C7). mp (°C): 224-227.

164



6.4.6 Synthesis of S-benzyl-6-chloropyrimidin-4-amine 4.26

NH,
6 7
| 4
sz/ cl
3

A mixture of 6-amino-5-benzylpyrimidin-4-ol (0.12 g, 0.79 mmol) and POCI3 (5.00 ml) contained
in a pressure tube was heated at 100°C for 3 hours before cooling down to room temperature and
quenching the reaction in ice water (~100 ml). The resulting solution pH was adjusted to 7 using
25% aqueous ammonia and the organic matter was extracted with ethyl acetate (3x100 ml).
Acquired fractions were dried with anhydrous sodium sulfate, filtered, and concentrated in vacuo
to afford 5-benzyl-6-chloropyrimidin-4-amine (0.12 g; 91%) as a yellow solid after purification

via silica gel column chromatography.

Rt (10% MeOH/EtOAc): 0.79. 'H NMR (400 MHz, DMSO-ds) 6 8.13 (s, 1H, H2), 7.29 (t,J=7.4
Hz, 2H, ArH), 7.24 — 7.15 (m, 5H, ArH & NH2), 3.97 (s, 2H, H7). 3C NMR (101 MHz, DMSO-
ds) 6 164.0 (C6), 158.7 (C4), 156.5 (C2), 138.1 (ArC), 128.8 (ArC), 128.3 (ArC), 126.7 (ArC),
112.9 (C5), 31.9 (C7). HRMS (ESI+): Found [M+H]"220.0637, Ci11H11N3CI" requires 220.0636.
mp (°C): 185-188.

6.4.7 Synthesis of 5-benzyl-NV*-cyclohexylpyrimidine-4,6-diamine 4.27

A mixture of 5-benzyl-6-chloropyrimidin-4-amine (0.26 g, 1.17 mmol), cyclohexylamine (0.27
ml, 2.33 mmol), and toluene (1.50 ml) was heated at 200°C for 1 hour by microwave irradiation.
The resulting reaction mixture was dissolved with methanol (50 ml) and concentrated on silica gel,
in vacuo. The afforded concentrate was purified using silica gel column chromatography to afford

5-benzyl-N*-cyclohexylpyrimidine-4,6-diamine (0.12 g; 37%) as a white solid.
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Rt (50% EtOAc/hexane): 0.25. 'TH NMR (400 MHz, DMSO-ds) & 7.85 (s, 1H, H2), 7.29 — 7.11
(m, 5H, ArH), 5.87 (s, 2H, NH2), 5.57 (d, /= 8.0 Hz, 1H, NH), 3.90 — 3.81 (m, 1H, HS), 3.72 (s,
2H, H7), 1.79 - 1.70 (m, 2H, *H9), 1.66 — 1.57 (m, 2H, *H10), 1.55 (d, J=12.7 Hz, 1H, 1xH11),
1.32 - 1.03 (m, 5H, 2xH9 & 2xH10 & 1xH11).3C NMR (101 MHz, DMSO-ds) § 161.5 (C6),
159.9 (C4), 155.9 (C2), 140.1 (ArC), 128.6 (ArC), 128.5 (ArC), 126.3 (ArC), 93.8 (C5), 49.2 (C8),
33.2 (*C9), 28.4 (C7),25.9 (C11), 25.3 (*C10). mp (°C): 175-177.

* Assignments for these signals have not been confirmed.

6.4.8 Synthesis of 6-methoxy-2-naphthaldehyde 4.29 [18]

(l)
1
T |OO
o

To a mixture of 6-hydroxy-2-naphthaldehyde (2.00 g, 11.61 mmol), and potassium carbonate (3.21
g, 23.23 mmol) in acetone (100 ml) was added dimethylsulfate ( 2.20 ml, 23.23 mmol) followed
by heating at 60°C for 2 hours. The solvent was concentrated in vacuo and the afforded crude was
diluted with water (100 ml). The organic material was extracted with ethyl acetate (3x 100 ml) and
purified using silica gel chromatography to afford 6-methoxy-2-naphthaldehyde (1.00 g, 74%) as

a yellow solid.

Rr (10% EtOAc/hexane): 0.20. 'TH NMR (400 MHz, CDCl3) § 10.09 (s, 1H, H1), 8.25 (s, 1H,
ArH), 7.96 — 7.85 (m, 2H, ArH), 7.81 (d, J=8.5 Hz, 1H, ArH), 7.27 - 7.21 (m, 1H, ArH), 7.18 (d,
J=2.5Hz, 1H, ArH), 3.96 (s, 3H, H1’). 3C NMR (101 MHz, CDCls) § 192.0 (C1), 160.3 (ArC),
138.3 (ArC), 134.2 (ArC), 132.4 (ArC), 131.1 (ArC), 128.00 (ArC), 127.7 (ArC), 123.7 (ArC),
120.0 (ArC), 106.1 (ArC), 55.5 (C1). mp (°C): 80-83.
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6.4.9 Synthesis of (E)-ethyl 2-cyano-3-(6-methoxynaphthalen-2-yl)acrylate 4.30 [19]

A microwave tube was loaded with ethyl cyanoacetate (0.54 ml, 5.09 mmol), 6-methoxy-2-
naphthaldehyde (0.92 g, 5.34 mmol), and piperidine (5 drops). The resulting mixture was heated
by microwave irradiation for 5 minutes at a constant power of 10 W before cooling to room
temperature. The afforded precipitated was collected by filtration and recrystalised in ethanol to
afford (E)-ethyl 2-cyano-3-(6-methoxynaphthalen-2-yl)acrylate (1.34 g; 87%) as a light-yellow

solid.

R (10% EtOAc/Hexane): 0.17."H NMR (400 MHz, CDCls) & 8.34 (s, 1H, H4), 8.29 (s, 1H, ArH),
8.17 (d, J= 8.7 Hz, 1H, ArH), 7.86 — 7.75 (m, 2H, ArH), 7.24 — 7.13 (m, 2H, ArH), 4.40 (q, J =
7.1, 6.7 Hz, 2H, H1"), 3.96 (s, 3H, H1"), 1.46 — 1.37 (m, 3H, H2"). 3C NMR (101 MHz, CDCL)
8 163.0 (C1), 160.4 (ArC), 155.1 (C4), 137.3 (ArC), 134.2 (ArC), 131.1 (ArC), 128.2, 127.8 (ArC),
126.9 (ArC), 126.1, 120.2 (ArC), 116.1 (C3), 106.0 (ArC), 101.0 (C2), 62.5 (C1'), 5.5 (C1"), 14.2
(C2'). mp (°C): 124-127.

6.5 Synthesis of 4,6-diaminopyrimidine compounds: heteroatom (N and O) linker derivatives

6.5.1 Synthesis of 6-aminopyrimidin-4-ol 4.31 [2]
NH,
6
| 4
2 kN/ OH
3
To a mixture of 6-amino-2-mercaptopyrimidin-4-ol (2.00g, 13.98 mmol), and 25% aqueous
ammonia (20 ml) in water (100 ml) was added Raney Nickel (4.00 g). The resulting suspension
was heated at reflux for 2 hours followed immediately by filtering to recover Raney-nickel. The

filtrate was concentrated in vacuo to afford 6-aminopyrimidin-4-ol (1.21 g, 78%) as a white solid.

Ry (10% MeOH/EtOAc): 0.20. '"H NMR (400 MHz, DMSO-de)  11.47 (s, 1H, OH), 7.78 (s, 1H,
H2), 6.44 (s, 2H, NH2), 4.98 (s, 1H, H5). 3C NMR (101 MHz, DMSO-ds) § 164.6 (C6), 162.4
(C4), 150.0 (C2), 85.7 (C5). mp (°C): 265-268.
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6.5.2 Synthesis of 6-amino-5-iodopyrimidin-4-ol 4.32

NH,
e |
§pE
2 N7 “OH
3
To a mixture of 6-aminopyrimidin-4-ol (1.00 g, 9.00 mmol), potassium carbonate (2.49 g, 18.00
mmol), and molecular iodine (4.57 g, 18.00 mmol) in a microwave tube was added water and
dimethylformamide. The resulting solution was heated by microwave irradiation at 100°C for 1
hour before cooling down to room temperature and diluting with water (100 ml). The excess iodine
was quenched by adding sodium thiosulfate pellets in small quantities while stirring until no

further colour change was observed. The formed precipitate was collected by filtration to afford

6-amino-5-iodopyrimidin-4-ol (1.44 g, 68%) as a light brown solid.

Rt (10% MeOH/EtOAc): 0.5. 'TH NMR (400 MHz, DMSO-de) 5 11.80 (s, 1H, OH), 7.76 (s, 1H,
H2), 6.70 (s, 2H, NHz). 13C NMR (101 MHz, DMSO-ds) & 163.9 (C6), 159.8 (C4), 149.2 (C2),
59.0 (C5). HRMS (ESI+): Found [M+H]* 237.9474, C4aHsIN;O" requires 237.9412. mp (°C): 228-
230.

6.5.3 Synthesis of 6-amino-5-(phenylamino)pyrimidin-4-ol 4.33

NH

TN 10

sz/4OH 1
3 10

A microwave tube with 6-amino-5-iodopyrimidin-4-ol (0.50 g, 2.11 mmol), potassium tert-

butoxide (0.52 g, 4.64 mmol), and aniline (0.39 ml, 4.22 mmol), was heated at 180°C for 10

minutes by microwave irradiation. Upon cooling the formed precipitate was collected by filtration,

washed with water and dried in vacuo to 6-amino-5-(phenylamino)pyrimidin-4-ol (0.29 g, 68%)

as a white crystalline solid.

R (10% MeOH/EtOAc): 0.3. '"H NMR (400 MHz, DMSO-de) § 11.81 (s, 1H, OH), 7.76 (s, 1H,
H2), 7.00 (t, J = 7.7 Hz, 2H, ArH), 6.72 (s, 2H, NHa), 6.54 (d, J = 7.8 Hz, 2H, ArH), 6.48 (t, J =
7.3 Hz, 1H, H11), 4.99 (s, 1H, NH). 3C NMR (101 MHz, DMSO-ds) § 163.9 (C6), 159.8
(C4),149.2 (C2), 149.1 (C8) 129.2 (ArC), 116.1 (C11), 114.3 (ArC), 59.0 (CS). HRMS (ESI+):
Found [M+H]" 203.1010, CioH11N4O" requires 203.0927. mp (°C): 180-184.
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Appendices

A. Nuclear magnetic resonance (NMR) spectra
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B. High resolution mass spectrometry (HRMS) spectra

Compound 3.6

~Spectrum 1 239 -295 - EC911 139 - C1T1

EC911_139#230-295 RT. 1.06-1.31 AV 57 NL: 5.71E8
T: FTMS + p ESI Full ms [90.0000-1200.0000]
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Compound 3.7
~Spectrum 1 239 -295 - EC912_140 - CIT1
ECE12_140 #239-285 RT: 1.07-1.32 AV: 57 NL: 281E8
T. FTMS + p ESI Full ms [90.0000-1200.0000]
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Compound 4.5

Intens.]

co5]  CBH13N4, [M#H]
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Compound 4.12a

Intens. HECO17_RA1_01_69209.d: +MS, 0.21-0.70min #12-41
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Compound 4.14a
~Spectrum 1 244 - 287 - EC901_129 - C1TL
ECO01_129#244-257 RT. 1.09-1.28 AV 44 NL: 1.04E9
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Compound 4.15a

~Spectrum 1 238 - 295 - EC903_131- C1T1

=CO03_131 #238-205 RT. 1.06-1.32 AV 58 NL: 8.52E8
T: FTMS + p ESI Full ms [90.0000-1200.00001
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Compound 4.17a

~Spectrum 1 242 - 301 - EC908_136- C1T1
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Compound 4.24

~Spectrum 1 240 - 292 - EC913_141 - C1T1

EC913_141 #240-292 RT: 1.07-1.3 AV: 53 NL: 1.25E8
T: FTMS + p ESI Full ms [90.0000-1200.0000]
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