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Abstract

Malaria is one of the world major infectious diseases. In 2018 it affected 228
million people worldwide. Human malaria is caused by five species of Plasmodium, of
which P. falciparum is the deadliest parasite. Plasmodium parasites are transmitted
through the bites of infected Anopheles mosquitoes. Before the parasites start
consuming hemoglobin on the symptomatic blood stage, they need to go through the
obligatory and asymptomatic liver stage.

Most antimalarial drugs target the erythrocytic parasites. Generally, these drugs
have no effect in the hepatic forms of the parasite due to the distinct biology between
both stages. Thus, it is highly desirable to target the hepatic stage in order to achieve
prophylaxis, eradicate the dormant forms (hypnozoites) caused by P. vivax and P. ovale,
and block the transmission of the parasites to the mosquito vectors. Additionally, to
oppose the emergence of resistant strains, combined therapies and hybrid drugs can be
used. Several compound classes have anti-liver stage activity. However, it has been
difficult to develop an efficacious prophylactic drug due to the lack of known liver stage
targets. Primaquine is an 8-aminoquinoline antimalarial with potent activity against
liver stage parasites and is one of the few drugs with hypnozontocidal activity. As
primaquine, other 8-aminoquinolines also have prophylactic activity, despite few being
active against the dormant forms such as tafenoquine. However, this compound class is
unsuitable for glucose 6-phosphate dehydrogenase deficient individuals. Antifolates,
alkaloids, antibiotics and pyrimidines are some examples of classes with compounds
active against the liver stage. A series of tetraoxane-pyrimidine nitrile hybrids as dual-
stage antimalarials was found by Oliveira and co-workers. The pyrimidine nitrile
moiety (a Michael acceptor) exhibited to be active against blood stages by inhibiting the
falcipain-2. Although this enzyme is only expressed on the blood stage, this same
moiety also exhibited activity against the liver stage. Thus, suggesting the presence of
potential target(s) containing an active cysteine on the pre-erythrocytic stages.

In this work two compounds with a Michael acceptor group, compounds 64 and
65, were synthetized and their biological activity was evaluated against the BS and LS.
Both compounds exhibited mild inhibitory activity to the LS. ICso of LS was not
determined for compound 64 due to possible toxicity, whereas compound 65 exhibited
an ICsp = 9.49 uM. However only one of the compounds showed to inhibit BS parasites
(compound 64). Furthermore, anticancer activity was tested for both compounds and
these exhibited low anticancer efficacy. On the monolayer assay compounds 64 and 65
exhibited 1Csp = 35.56 uM and 28.96 uM, respectively. On the CSC-like spheres assay
these compounds exhibited 1Csp = 0.77 uM and 0.70 UM, respectively.

Keywords: malaria, liver stage, hybrid drugs, pyrimidine derivatives.
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Resumo

A maléria é uma das principais doengas infeciosas a nivel mundial. Em 2018
esta doenca infetou 228 milhdes de pessoas, das quais 405 mil morreram em todo o
mundo. Anualmente sdo gastos varios bilides de ddlares americanos na tentativa de
controlar e erradicar a malaria. Contudo, apesar do nimero de casos e mortes causados
por esta doenca terem vindo a diminuir ao longo dos anos, a Organizacdo Mundial de
Saude considera que demore mais de uma década até que a malaria seja totalmente
erradicada.

A malaria é causada por parasitas protozoarios do género Plasmodium. Em
humanos esta doenca pode ser causada por cinco diferentes espécies: P. falciparum, P.
vivax, P. ovale, P. malariae e P. knowlesi. Destas espécies de Plasmodium, o P.
falciparum é a espécie predominante na maioria das regides afetadas por esta doenca,
sendo responsavel por 99.7% dos casos em Africa, para além de ser a espécie
responsavel pela maioria das mortes a nivel global.

Os parasitas Plasmodium necessitam de dois hospedeiros distintos: um vetor
mosquito e um hospedeiro vertebrado. Em humanos, os parasitas sdo geralmente
transmitidos através da picada do mosquito fémea Anopheles infetado e tém duas fases
distintas quando no corpo humano, a fase hepéatica e a fase sanguinea. Quando o
mosquito se alimenta de sangue, liberta 0s esporozoitos existentes nas glandulas
salivares para o sangue do hospedeiro vertebrado. ApGs entrarem na corrente sanguinea,
0s parasitas migram para 0s hepatdcitos dando inicio a fase hepatica, assintomatica para
0 hospedeiro. Adicionalmente, é na fase hepatica que ocorre o desenvolvimento das
formas latentes (hipnozoitos) das espécies P. vivax e P. ovale. Os hipnozoitos podem
ficar inativos nas células hepaticas até varios anos.

Apbs a fase hepatica, os parasitas regressam a corrente sanguinea para invadirem
os eritrécitos, dando comeco a fase sanguinea. Dentro dos eritrdcitos, os parasitas
evitam as defesas imunitéarias do hospedeiro e degradam a hemoglobina dos mesmos,
permitindo o seu crescimento e replicacdo. O consumo excessivo de hemoglobina por
parte do parasita é a causa dos sintomas no hospedeiro.

O tratamento para a malaria deve ser iniciado nas primeiras 24 horas apds o
aparecimento de sintomas. No entanto, 0s primeiros sintomas causados pelos parasitas
Plasmodium sdo muito semelhantes a outras doencgas febris, dificultando o seu
diagnostico. Quando nédo tratada nestas 24 horas, a malaria pode desenvolver-se em
maldria severa, podendo causar malaria cerebral, ou mesmo a morte.

Tradicionalmente, as terapias contra a malaria tém a fase sanguinea como alvo.
No entanto, a fase hepatica é obrigatoria e essencial para a maturacdo e replicacdo dos
parasitas, sendo um alvo importante no controlo e erradicacdo da malaria. De forma
geral, os farmacos que atuam na fase sanguinea ndo tém atividade contra os parasitas

iX



hepaticos devido as diferencas bioldgicas entre as duas fases dos parasitas. Assim, é
altamente desejavel desenvolver farmacos ativos para a fase hepatica, ou para ambas as
fases, de modo a exercer profilaxia, erradicar as formas latentes, evitar o aparecimento
de estirpes resistentes e bloquear a transmissdo dos parasitas para 0 vetor mosquito.
Adicionalmente, outros modos de combater o desenvolvimento de resisténcia aos varios
farmacos sdo: utilizacdo de terapias combinadas, ou farmacos hibridos.

Atualmente, é recomendado pela Organizacdo Mundial de Salde recorrer a
terapias combinadas baseadas em artemisininas para o tratamento da malaria, de modo a
reduzir o risco de aparecimento de resisténcia. As artemisininas sdo compostos apenas
ativos contra as formas eritrociticas, e ja existem casos de resisténcia a estas moléculas.
O desenvolvimento de resisténcia aos varios farmacos é a principal razdo para que a
terapéutica contra a malaria ndo seja tdo eficaz quanto desejado. A cloroquina, farmaco
antimalarico que permitiu a erradicacdo da maléria de muitos paises, hoje em dia €
ineficaz contra os parasitas Plasmodium devido ao aparecimento de estirpes resistentes
a este composto.

Vaérias classes de compostos tém atividade contra a fase hepatica. No entanto,
tem sido dificil desenvolver um farmaco com efeito profilético eficiente devido a falta
de conhecimento sobre a biologia dos parasitas hepaticos e respetivos alvos
terapéuticos. A primaquina € uma 8-aminoquinolina com potente atividade para os
parasitas pré-eritrociticos, para além de ser um dos poucos farmacos com atividade
hipnozoiticida. Além da primaquina, outras 8-aminoquinolinas também exibem
atividade profilatica, apesar de poucas serem ativas contra as formas latentes como € o
caso da tafenoquina. No entanto, o uso desta classe de compostos ndo é indicado para
pessoas com deficiéncia a nivel da enzima glucose 6-fosfato desidrogenase, devido aos
seus efeitos secundarios.

Dentro dos grupos dos antifolatos, alcaldides, antibidticos, anti-histaminicos,
inibidores do complexo bcs, pirimidinas, entre outros, podem ser encontradas moléculas
com atividade para a fase hepatica. Entre os varios compostos abordados destacaram-se
dois devido aos seus baixos valores de ICsq na fase hepética: o decoquinato (177 pM) e
a nigericina (< 1 pM). O primeiro composto é um inibidor do complexo bc: da cadeia
eletronica mitocondrial do parasita, enquanto que o segundo composto € um antibiético
ionéforo cujo alvo sdo transportadores de ides K*.

As pirimidinas nitrilo geralmente sdo compostos ativos para a fase sanguinea.
No entanto, Oliveira e colaboradores descobriram uma série de hibridos tetraoxano-
pirimidina nitrilo com atividade para ambas as fases do parasita. A unidade pirimidina
nitrilo (grupo aceitador de Michael) destas moléculas é um inibidor da falcipaina-2,
enzima expressa apenas nos parasitas eritrociticos. No entanto, a mesma unidade
revelou também ter atividade inibitoria para os parasitas hepaticos. Isto sugere a
existéncia de um ou mais alvos terapéuticos com um residuo de cisteina ativo na fase
hepatica. Apesar de estar descrita a possivel atividade antimalérica de tetraoxanos na
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fase hepatica, nestes hibridos essa hipotese ndo é considerada, pela existéncia de
atividade hepatica num composto apenas com a unidade pirimidina nitrilo.

Neste projeto foram sintetizados dois compostos com um grupo aceitador de
Michael, e com potencial atividade inibitoria para as fases sanguinea e hepatica. Duas
pirimidinas substituidas na posicdo 2 com uma unidade acrilato, cujas atividades
inibitorias contra a maléria (fases sanguinea e hepatica) e células cancerigenas do tipo
estaminais foram avaliadas. No entanto, ndo foi possivel expor o alvo terapéutico destas
moléculas na fase hepatica.

Ao longo do trabalho laboratorial certas reacdes foram otimizadas. Por exemplo,
na obtencdo dos compostos finais efetuou-se um acoplamento de Suzuki-Miyaura na
posicdo 2 de duas pirimidinas distintas. Quando esta reacdo foi efetuada numa
pirimidina ndo substituida na posicéo 5, o rendimento obtido foi de 6% (composto 64).
Por outro lado, verificou-se que a mesma reacdo numa 5-bromopirimidina levou a
obtencdo do composto di-substituido, 65, com um rendimento de 13%.

Ambos 0s compostos mostraram ter atividade moderada contra os parasitas
hepéticos, o0 composto 65 exibiu um valor de 1Cso = 9.49 uM. O valor de ICso do
composto 64 ndo foi determinado devido a possibilidade de toxicidade nas
concentracdes mais elevadas. Quanto a avaliacdo da inibicdo de parasitas sanguineos,
apenas um dos compostos mostrou atividade (composto 64), sendo esta reduzida
relativamente a outros compostos com grupos aceitadores de Michael. Para além disso,
0s compostos finais foram também testados numa linha de células cancerigenas do tipo
estaminais do colon humano (HT-29), e ambos apresentaram baixa atividade inibitoria.
Nos ensaios em monocamada 0s compostos 64 e 65 apresentaram valores de ICso =
35.56 UM e 28.96 UM, respetivamente. Nos ensaios em células cancerigenas estaminais
do tipo esferdides os valores de ICso determinados foram de 0.77 uM e 0.70 uM,
respetivamente.

O facto dos compostos 64 e 65 conterem um grupo na posi¢do 2 que atua como
aceitador de Michael, e apresentarem atividade para a fase hepatica (composto 64
também apresentou atividade para a fase sanguinea), reforca a hipotese de existir um
alvo que contenha uma cisteina ativa para esta mesma fase. Assim, este trabalho serve
de diretriz para a sintese de hibridos e sondas quimicas estruturalmente relacionadas
com 0s compostos 64 e 65, possibilitando a compreensdo do mecanismo de agédo destes
na fase hepatica.

Palavras-chave: malaria, fase hepética, farmacos hibridos, derivados pirimidina.
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Chapter I. Introduction

. Introduction

1.1 Malaria

Although malaria is preventable and curable, it is one of the world major
infectious diseases. It is caused by parasitic microorganisms of genus Plasmodium that
require two hosts, a mosquito vector, in general, and a vertebrate host. On humans, the
transmission generally occurs through the bite of infected female Anopheles mosquito
when it feeds from human blood.'? The Plasmodium species responsible for malaria on
humans are P. vivax, P. falciparum, P. malariae, P. ovale and P. knowlesi. From those,
P. falciparum is the responsible for most malaria cases and deaths.®* This same species
is responsible for about 99.7% of malaria cases in Africa region (AFR), about 50% in
the South-East Asia region (SEAR), 71% in the Eastern Mediterranean region (EMR)
and 65% in the Western Pacific region (WPR). Whereas the parasite P. vivax is
responsible for most of the cases in the American region (AMR) (75%).°

Since the end of the World War 11 (WWII) malaria was eliminated from about
80 countries®, of which several are now developed countries. This was possible due to
the use of an efficient antimalarial drug, chloroquine (CQ) 137 (figure 1.1), and the
insecticide dichloro-diphenyl trichloro-ethane (DDT).2 Unfortunately, beside mosquito
vectors rapidly developed resistance to DDT, resistant Plasmodium strains to CQ started
to emerge, leading to malaria prevalence to resurge in tropical countries in the 1970’s.8°
On the last two decades the donor fundings to fight malaria increased substantially,
leading to improved control efforts and increased enthusiasm for malaria eradication.
This, consequently, led to a reduction of malaria prevalence.’® Nowadays most of
malaria cases are focused on the areas around the equator!!, as showed in figure 1.2.

ISy

0
Cl N

Figure 1.1 — Structure of chloroquine (CQ) 1.

1
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Bl One or more indigenous cases Certified malaria free after 2000
Zero cases in 2017-2018 [ No malaria
Zeroc 2018 Mot applicable

Ml 7ero cases (>3 years) in 2018

Figure 1.2 — Countries with indigenous cases in 2000 and their status by 2018. (adapted from5)

As reported by the World Health Organization (WHO), in 2018 there were about
228 million malaria cases and 405 thousand deaths. AFR was the most affected region
in 2018, with 93% of total worldwide cases (213 million) and 94% of total malaria
deaths. Nevertheless, the SEAR (3.4% of total malaria cases), EMR (2.1%), WPR
(<1%) and the AMR (<1%) are also at risk. Furthermore, only 5 countries accounted for
50% of all malaria cases worldwide: Nigeria (25%), Democratic Republic of the Congo
(12%), Uganda (5%), Mozambique (4%), and Niger (4%).°

According to the areas most affected by malaria in 2018, roughly half of the
world’s population is at risk of malaria.> Within this population, certain groups are more
vulnerable to get affected, or even killed by malaria, such as children under 5 years old,
pregnant women and HIV patients. Infants under 5 years old are the group with more
deaths caused by malaria, which accounted for about 67% in 2018.°

Sub-Saharan Africa is the world’s most burdened area by malaria due to: its hot
and humid weather year round, which favours transmission; the presence of one of the
most efficient malaria vector, Anopheles gambiae complex; the predominance of P.
falciparum, which is the deadliest parasite species in humans; and lack of resources and
socio-economic instability, hindering an efficient malaria control.!

In 2018 the total funding for malaria control and eradication reached US$ 2.7
billion, with 30% of this funding being provided by the governments of endemic
countries. The region where more fundings were expended was AFR, with nearly 75%
of the total funding. Next to the AMR (7%), SEAR (6%), EMR and WPR (5% each).®
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I.1.1 Plasmodium L.ife Cycle

Plasmodium life cycle (figure 1.3) begins with a bite of an infected female
Anopheles mosquito in a vertebrate host, when taking a blood meal. In this process, the
mosquito injects saliva containing the parasite’s sporozoites that will migrate to the
bloodstream in order to reach the liver, beginning the asymptomatic liver stage (LS) that
lasts about 6 days.'>™® Here, the sporozoites roam through several hepatocytes, the
constituent cells of the main parenchymal tissue of the liver, until they invade a last
hepatocyte. At this point, the sporozoites will mature into schizonts. After maturation,
each schizont bursts into thousands of merozoites.***® In the species P. vivax and P.
ovale, some hepatic sporozoites develop into hypnozoites, a latent parasitic form that
stays dormant in the hepatocytes for between 2 weeks and several years before
awakening to cause relapses.®

Cycle in Mosquito Cycle in Human

Hepatic cell
Sporozoites | _ \ Hypnozoite
(to salivary gland) ~ _\‘.: Q)/' ¢J" (hepatic dormancy)
//' ‘ e §
Bursting cyst 7 ()

N __Mature liver
Oocyst ( /schlzont
Merozoites —.%
Mosquito \ Erythrocyte
midgut 0‘ Ookinete - Tropnozoite
| :\.
Zygote/& J
\

Macrogamete
g /5}5
Microgamete g

Ruptured *

@//

enynracyte /@ @ Erythrocytic

schizont

@'O ©>\ Erythrocyte

Gametocyte

Figure 1.3 — Plasmodium life cycle. (adapted from?4)

The merozoites are released into the blood vessels in order to infect erythrocytes
and start a series of asexual reproduction cycles, starting the blood stage (BS). In the
erythrocytes, the merozoites develop into trophozoites (ring stage), which will give rise
to new schizonts. The schizonts will origin several new merozoites, which will be
released into the blood stream, destroying the erythrocyte host in the process. Each new
merozoite invades a fresh erythrocyte and this cycle repeats multiple times.'? This
asexual replication cycle is associated with the symptoms of malaria, more specifically,
when the number of merozoites reaches around 100 million.>* It is in the red blood
cells (RBC) that the parasites evade the host immune system and feed on the
hemoglobin to gather the nutrients it requires to grow and develop, spending most of its
life cycle on this cell type.*>1®
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Over the blood schizogony some merozoites, about 1%, differentiate into female
and male gametocytes'’, to be taken up by a female Anopheles mosquito during a
following blood meal. Once in the mosquito midgut, the gametocytes mature and
subsequently develop into the respective gametes. Here, each male gamete fertilizes a
female one, giving origin to the zygote. Following this process, the zygote differentiates
into the ookinete, a motile zygote, which will cross the mosquito midgut wall, to evolve
into an oocyst and produce thousands of sporozoites. Once the sporozoites maturate,
they migrate to the mosquito salivary glands, to be able to infect a new vertebrate host
on a posterior blood meal .3/

|.1.2 Treatment and Diagnosis

While the vertebrate host suffers sequelae from bearing the parasite, the same
does not occur to the mosquito vector. The pathogenic effects are caused by the
destruction of erythrocytes due to the hemoglobin consumption by the parasite blood
stages8, which are exclusive to the vertebrate host.

Usually, malaria symptoms appear 10 to 15 days after being transmitted. Malaria
first symptoms are common to many other febrile illnesses, which are: headache, chills,
fever and vomiting. Due to this fact, the symptoms may be mild and difficult to
diagnose as malaria. When not treated within the first symptomatic 24 hours, the
infection can progress to severe malaria and periodically lead to death.®

Severe malaria is often caused by P. falciparum and its most common symptoms
in children are severe anaemia, respiratory distress and hypoglycemia, while in adults
the symptoms are jaundice and multi-organ failure. Moreover, cerebral malaria and
acidosis can occur to all age groups suffering from severe malaria.>*°

In addition to the goal of treating this disease, it is desirable to diagnose malaria
as soon as possible after the infection in order to decrease transmission. The standard
laboratory diagnosis for malaria is through microscopic examination of blood films,
which is economic, rapid and efficient. Two sorts of blood films can be used: thin blood
films, which preserve the parasite’s appearance, and allow to confirm the parasite
species; and thick blood films, which are more sensitive and are used to screen the
presence of malaria parasite, even in low levels of infection. There are many other
diagnosis methods for malaria, such as polymerase chain reaction (PCR), microarray,
etc.?°

1.1.3 Falcipain as a target

One of the most relevant BS targets are the Falcipains (FP). These enzymes are
papain-family cysteine proteases of the P. falciparum, predominantly expressed in the
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BS of the parasite life cycle. There are four FPs, Falcipain-1 (FP-1); Falcipain-2 (FP-2);
Falcipain-2’ (FP-2"), which is nearly identical to FP-2; and Falcipain-3 (FP-3).212

FP-1 exists in low quantity and does not exhibit any role in hemoglobin
degradation, by which will not be referred to henceforward. On the other hand, FP-2,
FP-2> and FP-3 are mainly expressed in the digestive vacuole (DV)*%, where they
hydrolyze the host erythrocyte hemoglobin in order to supply amino acids to the
parasite proteic synthesis, and gather energy to sustain the parasite metabolic needs.?!?3
Moreover, FP-2 is the first to be synthetized in the erythrocytic cycle, being expressed
in early trophozoites, whilst FP-2* and FP-3 are mostly expressed in late trophozoites
and early schizonts.?! However, FP-2 and FP-3 are the most essential enzymes in the
erythrocytic forms.?

FP-2 is highly responsible for the hemoglobin hydrolysis, both directly and
through activation of the plasmepsins. Moreover, FP-2 has the essential role to cleave
ankyrin and protein 4.1. The cleavage of these proteins leads to the release of the mature
merozoites through the RBC membrane disruption. FP-2 is considered the main target
for antimalarial drug design.?23

The inhibition of these proteases leads to interruption of hemoglobin hydrolysis,
a crucial process for the parasite survival. This interruption stops the parasite
development and eventually leads to its death.

Cysteine protease inhibitors are known to contain an electrophilic moiety
(Michael acceptor groups), such as vinyl sulfones, halomethyl ketones and
arylnitriles. 21224 These electrophilic functionalities suffer a nucleophilic attack from
the sulfur atom present in the active site cysteine, forming a covalent thioimidate
adduct, thus inhibiting the enzyme.?®2?® However, moieties with strong electrophilicity
have an increased susceptibility to carry out side reactions, due to their pronounced
reactivity.?!

1.1.4 Compounds with antimalarial activity

Despite the many efforts made to treat malaria, therapy efficacy remains
compromised primarily due to the development of drug-resistant strains of malaria
parasites. As there is drug-resistance for most available antimalarial drugs, it is required
to design new antimalarials in order to overtake this problem.?” The use of antimalarial
combined therapy has been practiced to delay the development of drug resistant
parasites and increase the efficacy of antimalarial treatments.?® A possible definition for
antimalarial combined therapy is: simultaneous use of more than one antimalarial drug
with different targets in the parasite and independent modes of action.?®

Traditionally, the development of antimalarial drugs has been focused on the BS.
Due to the different metabolism and biology between the LS and BS parasites,
generally, drugs conceived to inhibit the BS have no effect in the hepatic stage.*

7
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Moreover, despite the disclosure of genes and proteins expressed in the LS keeps
increasing, the knowledge about the complex biology of Plasmodium spp. pre-
erythrocytic stages is limited due to the difficulty in studying this stage of the parasites.
Thus, very few drugs are available to the LS, such as primaquine 2 (PQ) (figure 1.4),
which is also one of the few drugs with hypnozontocidal activity.!33!

Figure 1.4 — Structure of primaquine (PQ) 2.

It is highly desirable to target the hepatic stage, as this is an obligatory step in
the parasite maturation and replication; the number of hepatic parasites is considerably
low comparing to the blood parasites number, decreasing the possibility of drug
resistance development; the transmission would also be disrupt; and the LS is the
appropriate target to hinder the formation and eradication of the dormant forms, the
hypnozoites.’* Furthermore, the complete inhibition of hepatic stage parasites
maturation would lead to an efficacious prophylaxis.*

1.1.4.1 Quinolinemethanols

Quinolines are aromatic compounds containing two fused rings with a nitrogen
atom, instead of a carbon. Quinine 3 (figure 1.5), a natural quinoline, was the first
documented drug used to treat malaria.>

Quinine is an alkaloid found in the bark of cinchona tree. It is known to be used
as an antimalarial drug at least since the 17" century, however quinine was only isolated
two centuries later.>** This compound acts only in the asexual parasites of the BS,
allowing the transmission cycle to continue. Nonetheless this alkaloid is an efficient
antimalarial, interfering on the hemozoin polymerization process.®* Nowadays it is
recommended to use quinine in combined therapies, as second-line treatment.®

During the Vietnam War, US soldiers kept dying from malaria due to CQ-
resistant parasites. To counteract this, the US government funded the largest drug
discovery programme at the time. After the war, two antimalarial drugs with activity in
CQ-resistant strains, mefloquine 4 (commercialized as Lariam) and halofantrine 5
(commercialized as Halfan) (figure 1.5), were discovered.®® Both drugs have
prophylactic activity and are also blood schizonticides, which mechanism of action
(MoA\) are thought to be similar to quinine.®”8 Besides, neither quinine nor halofantrine
may be effective against mefloquine-resistant strains.®
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Due to severe adverse effects, both these drugs became a concern to the
pharmaceutical community. Mefloquine is a chiral molecule, its (+) enantiomer is
responsible for the antimalarial activity, while the (-) enantiomer binds to adenosine
receptors in the central nervous system (CNS) causing neurological side effects, such as
acute anxiety, depression and hallucinations. Due to these effects, mefloquine has been
discontinued.*®%° Halofantrine is a phenanthrene related to quinine. Its significant
cardiotoxicity can cause cardiac arrhythmias, making halofantrine no longer
recommended to treat, or prevent malaria.**
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Figure 1.5 — Structures of quinine 3, mefloquine 4 and halofantrine 5.

1.1.4.2 4-Aminoquinolines

Several quinolines with an amino moiety at the fourth position are described to
have antimalarial activity, such as CQ 1 (figure 1.1) and amodiaquine (ADQ) 6 (figure
1.6).42 CQ was the first drug produced at a large scale in order to treat and prevent
malaria, after WWII. It is a blood schizonticide, acting only in the stages where
hemoglobin digestion occurs.*

Figure 1.6 — Structure of amodiaquine (ADQ) 6.

During the BS, the parasites hydrolyze the hemoglobin from the host
erythrocyte, to obtain amino acids for their intraerythrocytic growth and multiplication.
Digestion of hemoglobin occurs in the parasite DV and produces free Fe(lll)heme, a
toxic by-product.*®* This by-product, also called a-hematin, or ferriprotoporphyrin IX
(FPIX), is the non-proteic component of hemoglobin, which inhibits enzymes and
destabilizes membranes, leading to parasite death. To counteract the FPIX build-up, the
parasite crystalizes at least 95% of it into hemozoin (malaria pigment), which is
insoluble and inert.** Hemozoin crystals consist in dimeric Fe(Ill)heme (named B-
hematin) linked through hydrogen bonds (figure 1.7). In its dimeric form, the ferric iron

9
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of each a-hematin moiety is chelated onto a carboxyl side chain of the adjacent moiety.
39

Hemozoin

Figure 1.7 — Chemical structures of heme, FTIX and hemozoin. (adapted from*4)

CQ is a diprotic weak base (pKa1 = 8.1, pKaz = 10.2 at 37°C) that can exist in its
unprotonated, monoprotonated and diprotonated forms. At physiological pH about 10%
of CQ is unprotonated. In this state, CQ is able to diffuse freely across membranes to
acidic environments such as the DV, which is kept at pH ~ 5 in order to maintain the
desired activity of the enzymes within. Once inside the DV, CQ protonates and loses its
ability to diffuse out freely, thus being trapped inside this acidic organelle. Due to the
H* ions trapping by CQ, the pH inside DV suffers an elevation, leading to more H* ions
to be pumped inside the vesicle to re-establish de acidic pH. Thus, the more H* ions are
pumped into the DV, more CQ will diffuse into this organelle due to the difference
between the two pH gradients. This leads to an irreversible build-up of CQ inside the
DV in a concentration > 100-fold excess, compared to the environment outside this
vesicle 334

After entering the DV, CQ forms a complex with FPIX that causes a dose-
dependent inhibition of hemozoin polymeration and thereby an increase of free
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Fe(lll)heme. The free Fe(ll1)heme, which is mainly in the uncharged protonation state
when in low pH, diffuses out of the DV to the cytoplasm, where is deprotonated to form
an anionic species. Out of the DV, free Fe(lll)heme associates with various organelle
membranes, leading to membrane destabilization and consequently to parasite death.*®

For being so advantageous, CQ was widely used to treat malaria. This molecule
was very effective against malaria, cheap and safe even for children and pregnant
women.*® Due to its extensive use, parasite strains resistant to CQ started to emerge.
Nowadays CQ nearly has no effect in many malarious regions.*” The resistance to this
drug is caused by a mutation in the Plasmodium falciparum chloroquine resistance
transporter (PfCRT), present in the DV membrane. This mutation allows the PfCRT to
actively transport diprotonated CQ out of the DV to the cytoplasm, preventing the drug
to achieve therapeutic concentrations inside this acidic vesicle.*®*° In Plasmodium
strains without this mutation the CQ efflux also occurs, although it happens much
slower, enabling the drug to accumulate inside the DV.>°

ADQ is an antimalarial drug with similar structure and activity to CQ, although
it is effective against some strains resistant to CQ.>! Like CQ, ADQ is a blood
schizonticide that interferes with hemoglobin digestion. Besides that, ADQ inhibits
gametocyte maturation/gamete exflagellation through a distinct mechanism, granting
ADQ dual-activity.!” Nowadays it is recommended to take ADQ in a combined therapy
with artesunate to treat uncomplicated malaria, so that the risk of drug resistance
emergence is reduced regarding to monotherapy.>? Artesunate is an endoperoxide, a
drug class that will be covered later.

The first 4-aminoquinoline to exhibit significant activity against LS parasites
was the fluoroaminoguinoline 7 (figure 1.8) with outstanding inhibitory activity in vitro
(ICso = 0.31 uM). In vivo, compound 7 at 80 mg/kg reduced the parasite liver load by
92%. Additionally, this compound has activity against asexual BS parasites.>®

Figure 1.8 — Structure of fluoroaminoquinoline 7.

1.1.4.3 8-Aminoquinolines

Methylene blue (MB) 8 (figure 1.9) was the first synthetic drug used to treat
malaria, in 1891. It is a synthetic water-soluble dye that is selectively absorbed by
malaria parasites.®® This drug stopped being used as an antimalarial drug since new and
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better antimalarials started being developed. Nonetheless, when P. falciparum
glutathione reductase was acknowledged as a drug target, the interest in MB as an
antimalarial resurged, because of its inhibitory activity to this enzyme.>

After several substitutions on MB, which improved antimalarial activity
significantly, pamaquine 9 (figure 1.9) was synthetized in 1925. Although pamaquine
does not have prophylactic activity, it prevented malaria relapse, thus showing activity
against the hypnozoites. However this drug causes severe side effects in the CNS,
therefore it is no longer recurrently used.>®>*® Further investigations on molecules of
similar structure lead to the discovery of PQ 2.3

L

Figure 1.9 — Structures of methylene blue (MB) 8 and pamaquine 9.

PQ is active against BS parasites, including the gametocytes, and LS parasitic
forms, including the hypnozoites, thus preventing relapses from P. ovale and P.
vivax.™*%" WHO recommends dosages between 0.25 and 0.5 mg/kg/day of primaquine
for 14 days to achieve radical cure®® On the other hand, PQ causes
methemoglobinemia, which induces hemolytic anemia, mainly in glucose 6-phosphate
dehydrogenase (G6PD) deficient individuals.®’

Although PQ has been used against malaria for several decades, its MoA in LS
parasites was poorly known. Recently, a work published by Camarda, et al shows a
possible MoA for PQ.>® It is showed that PQ suffers oxidation via CYP2D6
(cytochrome P450 2D6) and cytochrome P450 reductase (CPR) generating the
hydroxylated metabolite, 5-hydroxy-PQ (5-HPQ) 10, which through spontaneous
oxidation originate 5-quinoneimine (5-PQQI) 11 (figure 1.10). On the other hand,
5-PQQI is reduced to 5-HPQ by CPR, creating an oxidation/reduction cycle. Along
with 5-PQQI formation, H20- is generated. Due to the oxidation/reduction cycle, H.O>
accumulates on the liver and bone marrow (predominant metabolic transformation sites)
and acts as anti-parasitic through damage of Fe- and FeS-containing proteins, or
generation of superoxide and hydroxyl radicals. This mechanism does not involve direct
parasite targets which can explain the lack of PQ resistance.® Additionally, PQ MoA to
gametocytes and hypnozoites is also very unclear, but it is thought to be through
interference with the electron transport chain.™

12



Probing the Pyrimidine Scaffold for Malaria Liver Stage Inhibition: Synthesis and Biological Evaluation in P. berghei-infected hepatocytes
Chapter I. Introduction

10 11

Figure 1.10 — Structures of PQ metabolites, 5-hydroxy-PQ (5-HPQ) 10 and 5-quinoneimine (5-PQQI) 11.

Tafenoquine (TQ) 12 (figure 1.11), a derivative of PQ, was synthetized in 1979,
and similarly to its original, TQ has activity against BS and LS parasites, including
hypnozoites. In 2018 the use of TQ was indicated by the FDA for prevention and
treatment of malaria relapses caused by P. vivax,%%®! although compared to PQ anti-
relapse activity, TQ has lower efficacy.®? On the other hand, TQ showed to be 9 times
more active against the BS than PQ.%® Despite the fact compound 12 has a longer half-
life time than PQ, their toxicities are identical. Thus, TQ is also not a drug designated
for administration on patients with G6DP deficiency.®%%? Additionally, similarly to PQ,
TQ is activated by CYP2D6 to fulfill its MoA.%

NPC1161C 13 (figure 1.11) consists in a racemic mixture of hypnozontocide 8-
aminoquinolines with a core similar to the TQ core. NPC1161B, the (-) enantiomer,
showed increased efficacy in vitro and in vivo, compared to compound 2 and
NPC1161A, the (+) enantiomer. NPC1161B had an ED1ioo = 1 mg/kg in P. berghei in
vivo prophylaxis mouse model, while PQ exhibited an ED1oo = 20 mg/kg. The (+)
enantiomer is much more toxic than the (-) enantiomer.!®%4 In 2014, the further
development of this drug was depending on the possibility of this compound causing
hemolytic anemia in individual with G6PD deficiency.®* It was not found more recent
literature relatively to this issue. Additionally, NPC1161B transmission-blocking
activity was tested, and was discovered that when infected mosquitoes were treated with
this compound, their salivary glands were free of sporozoites. Thus, making these
mosquitoes non-infectious.®
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Figure 1.11 — Structures of tafenoquine (TQ) 12 and NPC1161C 13.
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To oppose the fact most 8-aminoquinolines are unsuitable for G6PD deficient
individuals, has been considered to take drugs from this compound class in combined
therapies with drugs from other classes. This method aims to potentialize radical cure
while softening the hemotoxicity, through reduction of 8-aminoquinolines dosage.®

1.1.4.4 Antifolates

Pyrimethamine (PYR) 14 and proguanil 15 (figure 1.12) are dihydrofolate
reductase (DHFR) inhibitors with activity to the erythrocytic stages, generally used in
CQ-resistant strains and in combination with sulfadoxine 16 and atovaquone 17 (figure
1.13), respectively.*%®%7 Inhibition of this enzyme prevents the tetrahydrofolate
production, which is needed for amino acid synthesis, thus killing the parasite.®
However, there are resistant strains to both drug combinations.®®%® In addition, both
compounds 14 and 15 are active against hepatic schizonts, although they don’t have
hypnozontocidal activity. The PYR and proguanil activity against hepatic parasites is
improved when these are used in combination with azithromycin 18 (figure 1.13) and
atovaguone 17, respectively.?

cl NH NH
o CL”)L JLHk

N
H

Cl

14 15

I
)

Figure 1.13 — Structures of sulfadoxine 16, atovaquone 17 and azithromycin 18.
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1.1.4.5 Pyrimidines

Pyrimidine-based compounds are another example of antimalarials. Usually
these compounds target the BS. PYR 14 (figure 1.12), an antifolate showed earlier, is
also a pyrimidine-based drug. By studying several inhibitors of DHFR, the hybrid P218
19 (figure 1.14), which is an efficient and selective inhibitor of P. falciparum DHFR,
was identified. This hybrid compound showed strong antimalarial activity to a resistant
strain, with an ECso= 56 nM in vitro.?®

Several triazolopyrimidines have exhibited good antimalarial activity through
inhibition of dihydroorotate dehydrogenase (DHODH). Further structure optimization
led to the compound DSM265, 20 (figure 1.14), which has good bioavailability, and
great efficacy towards the P. falciparum DHODH (I1Cso = 0.033 uM), comparing to the
human DHODH. However its solubility did not reach desirable values.?
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Figure 1.14 — Structures of P218, 19 and DSM265, 20.

Another target of pyrimidine-based compounds in the BS is the FP-2. Among
these, 5-substituited-2-cyanopyrimidines exhibit the most promising results. The
compounds 21 and 22 (figure 1.15) showed ICso values inferior to 0.5 nM against FP-2.
Additionally, these compounds were also active against CQ-resistant strains of P.
falciparum.?
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Figure 1.15 — Structures of 2-cyano-5-bromopyrimidines 21 and 22.

1.1.4.6 Endoperoxides

Endoperoxides are heterocycles containing peroxide residues (-O-O-). It is
thought that the bioactivation of endoperoxides is caused by the Fe(ll) of heme present
in the parasite DV, leading to breakup of the peroxide bond. This event releases oxygen
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centered radicals that, through rearrangement, form carbon centered radicals. Both these
radical species may alkylate heme and other essential biomolecules for the parasite
survival, such as DNA and proteins; inhibit parasitic enzymes, such as PFATP6; cause
damage to the parasitic membrane; and disrupt the mitochondrial electron transport
chain, leading to parasite death.”” Nonetheless, endoperoxides generally only have
antimalarial activity against BS parasites.’

Endoperoxides are toxic to both parasites and mammals. Whereas the parasite
suffers toxicity at range of nanomolar concentrations, the mammals require micromolar
concentrations. The selectivity of this compound class to the parasite is due to the high
concentration of free Fe(ll) present in the DV, compared to the low levels in mammal
cells; and the increased uptake of these compounds by the parasite, thus ensuring the
safety of antimalarial endoperoxides usage.’>"

Artemisinin (ART) 23 (figure 1.16), isolated from the Chinese Artemisia annua
in 1972, is a sesquiterpene lactone with a peroxide group. Its therapeutic use was first
recorded around the 4" century.”® Due to its short half-life time and high rate of
recrudescence, nowadays ART is not used to treat malaria. Instead several derivatives
(figure 1.16) with longer half-lives have been developed, such as dihydroartemisinin
(DHA) 24, artemether 25, arteether 26, and artesunate 27.”* As mentioned before,
artesunate is used in combined therapy with ADQ.>?> ART and derivatives are only
active against the BS, both its asexual and sexual forms, at nanomolar
concentrations.”®”® ART bioactivation occurs inside the DV, the same way described for
endoperoxides in general. The binding of Fe(ll) to one of the endoperoxide oxygens of
ART causes conformational changes leading to the cleavage of the peroxidic bond.”

26 27

Figure 1.16 — Structures of artemisinin (ART) 23, and its derivatives dihydroartemisinin (DHA) 24,
artemether 25, arteether 26 and artesunate 27.
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Depending on which oxygen the Fe(ll) binds, ART can lead to either a primary
or secondary carbon centred radical (Scheme 1.1). In both cases is firstly formed an
oxygen centred radical, which rearranges into a carbon centred radical. When Fe(ll)
binds to oxygen 1, consequently occurs an electron transference which leads to scission
of the bond between C3 and C4, producing a primary carbon centred radical. On the
other hand, when Fe(Il) binds to oxygen 2, one of the C4 protons undergoes a migration
to oxygen 1 and gives rise to a secondary carbon centred radical.

Scheme 1.1 — ART activation mechanism by Fe(ll)

Despite the heme iron is thought to be responsible for the bioactivation, there is
evidence showing that intracellular iron is needed for the bioactivation of ART. In 2007,
a group of scientists demonstrated that when ART was in the presence of
desferrioxamine (an iron chelator selective for non-heme iron), its antimalarial efficacy
was neutralized.”® Nevertheless, a recent study confirmed the activation of
endoperoxides by heme Fe(11)”’, thus some authors suggest that ARTSs are activated by
heme iron, while the free iron may increase this compounds activity.”

ART radicals react with proteins containing accessible nucleophiles, neutral
membrane lipids and heme. ART radicals alkylate several housekeeping proteins,
causing the protein ubiquitination levels to rise, as a sign of protein damage. It is
thought that ART radicals cause accumulative damage to multiple important functional
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pathways. When this damage is beyond repair the parasite dies.” It was discovered that
ART radicals accumulate in neutral lipid membranes, inducing oxidative damage to
these. The organelles thought to suffer early damage due to ART radicals are the
endoplasmic reticulum (ER), the mitochondrion and the DV. Despite many of ART
radicals interactions being known, there is no consensus in a specific target.”®"

In order to avoid the rise of resistant strains to ART and its derivatives, in 2006
WHO recommended the use of Artemisinin Combination Therapy (ACT) as first-line
treatment.® Resistance to ART and its derivatives has emerged prior to 2001 in
Southeast Asia, before the widespread of ACT. Nowadays 5 countries are threatened
with resistance to artemisinins. In 2013 it was discovered that mutations on the protein
Kelch 13 were correlated to artemisinins resistance.” 7%

After the recognition of the endoperoxide linkage as the pharmacophore of
ARTSs, the interest in molecules containing this functionality rose. Also, the need to
improve artemisinins activity profile and the emergence of resistance to these
compounds led to the development of trioxanes, trioxolanes and tetraoxanes,
particularly 1,2,4-trioxanes 28, 1,2,4-trioxolanes 29 and 1,2,4,5-tetraoxanes 30 (figure
1.17).8182
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Figure 1.17 — General structures of 1,2,4-trioxanes, 28, 1,2,4-trioxolanes 29 and 1,2,4,5-tetraoxanes, 30.

These molecules are generally associated to low cytotoxicity and maximum
tolerated doses relatively high. When compared to their trioxane counterpart,
tetraoxanes show higher antimalarial activities, however some cases exhibited not so
good blood stability and pharmacokinetic profiles.®? Additionally, 1,2,4,5-tetraoxanes
with adamantyl substituents tend to have an improved structure stability and
antimalarial activity.® The bioactivation and MoA of tetraoxanes, trioxolanes and
trioxanes occurs as described for ART. Nevertheless, it has been suggested that several
tetraoxanes do not form carbon centered radicals, being the oxygen centered radicals
accountable for the damage caused to the parasite.®*

In 2010, O’Neill and co-workers found a tetraoxane, RKA182 31 (figure 1.18),
with 1Csg = 0.87 nM. This compound also exhibited exceptional stability and ADME
properties, along with low toxicity, outstanding the activity profile of the previous
synthetic and semisynthetic antimalarial endoperoxides.®> Another 1,2,4,5-tetraoxane
with great antimalarial activity is TDD E209, 32 (figure 1.18). This compound
exhibited efficacy to multidrug-resistant parasite strains and cure rates above 65% after
a single oral dose of 30mg/kg in in vivo experiments.8®
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Figure 1.18 — 1,2,4,5-tetraoxanes, RKA182 31 and TDD E209 32.

1.1.4.7 Tetraoxane hybrids

After combination therapies, hybrid drugs are the next step to overcome drug
resistance.®® These drugs consist in two or more fused functional moieties with different
pharmacophores in one single molecule, which each functionality acts through a
different MoA, lessening the probability of resistance emerging from the parasite.®
Hybrid compounds can trigger therapeutic responses similar to synergic drug actions,
through the interaction of the several functionalities at different biological targets.®
Tetraoxanes are used in hybrid drugs with various moieties. Some examples will be
aborded below.

In 2016, two steroidal tetraoxane hybrids showed remarkable inhibitory activity
to the LS in vitro. The steroidal tetraoxane hybrids 33a and 33b (figure 1.19) had ICso =
0.33 UM and ICso < 1uM, respectively, and compound 33a exhibited gametocidal
activity. In in vivo assays compound 33a revealed to reduce the parasite levels in
hepatocytic cells by 91%, at 100 mg/kg.>® The authors affirmed to exist a probability of
the tetraoxane moiety having LS activity on its own, without further explanation to the
endoperoxide bioactivation.>®

6Ac

33a, R = NH(CH,).CHj3
33b, R =0CH3

Figure 1.19 — Structures of steroidal tetraoxane hybrids 33a and 33b.

A series of tetraoxane-primaquine hybrids 34 (figure 1.20) as dual-stage
antimalarials, with 1Csp in the range of 21 to 45 nM to BS, showed activity to either
gametocytes or sporozoites. These hybrids also inhibited oocyst formation. Compound
34a was the most potent, surpassing ART activity and showing complete oocyst
inhibition in the mosquito midgut at a dose of 25 umol/kg. Moreover compounds 34a,
34c and 34d exhibited high potency against LS parasites, with 1Cso values between 330
and 604 nM.8
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Figure 1.20 — Structures of tetraoxane-primaquine hybrids 34a-d as dual stage antimalarials.

Oliveira and co-workers found a series of several tetraoxane-pyrimidine nitrile
hybrids as dual-stage antimalarials, which general structure, 35 is represented in figure
1.21.
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35a, Ry = CH,CH(CHj3)2, R, = 5-Cl, X =CO
35b, Ry = CH2CH(CHa)2, R2 = 5-Br, X = CO

Figure 1.21 — Structures of tetraoxane-pyrimidine nitrile hybrids 35a and 35b.

All the hybrids 35, at 10 uM concentration, inhibited the P. berghei hepatic
stage infection almost completely. Nonetheless, the hybrids 35a and 35b were the most
interesting. At a concentration of 2 uM, the hybrid 35a showed the highest efficacy to
the LS, inhibiting over 75% of infection. Moreover, both hybrids 35a and 35b exhibited
the lowest ICsp values for FP-2 inhibition, 3.4+0.6 and 16.4+4.2 nM, respectively. The
compound 35b also exhibited great activity against a chloroquine resistant strain (CQ-R
W?2), showing ICso = 9.8 nM.%®

The pyrimidine nitrile moiety is a FP-2 inhibitor, acting as a Michael acceptor.
Although this enzyme is not expressed on the hepatic stage, the pyrimidine nitrile
moiety exhibited anti-LS activity, suggesting the presence of potential target(s)
containing an active cysteine on this stage. The activity towards the hepatic stage could
be associated to the tetraoxane moiety, as suggested in the work of Terzic, et al..5®
However, the pyrimidine nitrile anti-LS activity was verified through observation of
inhibitory activity to the hepatic stage by the pyrimidine nitrile 36 (figure 1.22), which
inhibited over 91% of the hepatic infection and lacks the tetraoxane moiety.?
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Figure 1.22 — Structure of pyrimidine nitrile 36.

1.1.4.8 Other molecules

The structural variety among compounds active against the pre-erythrocytic
stages is quite large. There are molecules active against LS parasites in many compound
classes, and these molecules can be synthetic or from natural resources.>8®

Several alkaloids have shown activity against LS parasites. This activity has
been seen in several alkaloids with wide structural variety.®* Compounds 37 (figure
1.23), 38a, 38b and 38c (figure 1.24) exhibited 1Cso = 9.2, 3.1, 4.5 and 3.3 puM against
LS parasites, respectively®®®, however compound 38a, tazopsine, showed some
toxicity. On the other hand, compound 38c, NPC-tazopsine, had activity similar to 38a,
with the benefit of presenting considerably less toxicity.*® Furthermore, compound 38a
demonstrated total inhibition, at 7.1 pM concentration.®* Compound 39 (figure 1.25),
showed great inhibitory activity, inhibiting LS parasitic growth by 98.3%.°2

Figure 1.23 — Structure of compound 37.
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388, R: = OH, R,=R3=H
38b, R1: Rzz R3: H
38c, R1 = OH, R2=H, R3= cyclopentyl

Figure 1.24 — Structures of tazopsine 38a, sinococuline 38b and NPC-tazopsine 38c.

Figure 1.25 — Structure of dioncophylline C derivative, N-formyl-8-O-methyldioncophylline C, 39.

Several antihistaminics and antibiotics also have activity against LS parasites. In
the end of the last century, some compounds with antimalarial prophylactic activity
were found among antihistaminics. The molecules with better efficacy were
cyproheptadine 40 and ketotifen 41 (figure 1.26), which inhibited the establishment of
infection in rodents, at 5 mg/kg orally for 3 days.®®
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Figure 1.26 — Structures of cyproheptadine 40 and ketotifen 41.

The antibiotic azithromycin 18 (figure 1.13), referred above, besides being used
in combination therapies with PYR to improve its prophylactic activity, also has activity
against LS parasites on its own. This antibiotic showed to be 100% effective at 160
mg/kg, and 80% effective at 40 mg/kg, through parenteral administration.®* Another
antibiotic active against hepatic parasites is rifampicin 42 (figure 1.27), which acts
through targeting the apicoplast. This organelle contains important metabolic pathways
to the LS. Rifampicin has an ICsp = 22.2 pM against the hepatic forms of P. yoelii.*®
Nigericin 43 (figurel.28) is another antibiotic with antimalarial activity. This compound
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is active against the LS and BS, exhibiting 1Cso < 1 pM and complete inhibition on both
stages. Nigericin carries its ionophoric activity by targeting K* channels.®

43

Figure 1.28 — Structure of nigericin 43.

Additionally, several inhibitors of the mitochondrial electron chain are other
examples of compounds active to the LS. By inhibiting the parasite bc: complex, these
molecules destroy the mitochondrial membrane potential, interrupting the energy
storage and leading to parasite death.>®” Atovaquone, 17 (figure 1.13), referred above
to be used in combination therapies with proguanil, is an efficient inhibitor of the
Plasmodium spp. bci: complex, exhibiting an 1Cso = 3.95 nM to P. falciparum LS.
Licochalcone A 44 (figure 1.29) is also an inhibitor of the parasitic bc: complex. This
compound was predicted to have high inhibitory activity to LS via virtual screening and
exhibited an 1Cso value of 0.927 nM in vitro.3%

Furthermore, 4(1H)-pyridones 45 and 4(1H)-quinolones 46 (figure 1.30) are chemical
scaffolds of bci complex inhibitors with antimalarial LS activity.® The 4(1H)-
quinolone, decoquinate 47 (figure 1.31) showed to be highly potent against hepatic
parasites, with an 1Cso= 177 pM.%
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44

Figure 1.29 — Structures of licochalcone A 44.
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Figure 1.30 — General structures of 4(1H)-pyridones 45 and 4(1H)-quinolones 46.
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Figure 1.31 — Structure of decoquinate 47.

1.2 Chemical probes and click chemistry

Quoting C. Arrowsmith (2015): “A chemical probe is simply a reagent — a
selective small-molecule modulator of a protein’s function that allows the user to ask
mechanistic and phenotypic questions about its molecular target in biochemical, cell-
based or animal studies”.®® The use of chemical probes is useful to complement genetic
approaches, characterize protein activity, understand MoA of molecules, follow the
enzymatic functional regulation and validate drug targets.®®*%* Chemical probes can
provide this information through fluorescence, intrinsic or chemically labelled.

Chemical probes advantages include fast and reversible inhibition of a protein or
a protein domain in living systems, can be used in most cell types, and reveal temporal
characteristics of target inhibition. To achieve meaningful biological data, it is required
to use, also a negative control, which consists in an inactive close derivative of the
compound.®®

Click chemistry is used as a mean to bioorthogonal reactions®, to couple the
chemical probes to fluorescent tags in situ.%? This chemistry consists in a group of
simple, fast, regio- and stereospecific reactions. They must be easy to purify, and the
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product formation must have high yields. The pioneer and most widely used click
reaction is the azide-alkyne Huisgen cycloaddition, which consists in a cooper-catalyzed
1,3-dipolar cycloaddition between an azide and an alkyne to give a 1,2,3-triazole. The
specific term for this reaction is cooper(l)-catalyzed azide-alkyne cycloaddition
(CUAAC)102193 (Scheme 1.2).
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Scheme 1.2 — CUAAC catalytic cycle. (adapted from?%4)

1.3 Goals of the project

The large LS target diversity can be reached by a great variety of structures.
Despite some LS targets being known, several targets of compounds with activity to the
LS are yet to be discovered or confirmed.!3# Based on a previous series of tetraoxane-
pyrimidine nitrile hybrids (figure 1.21), developed in our lab by Oliveira and co-
workers, the initial goal of this project was to synthetize and evaluate the biological
activity of a novel tetraoxane-pyrimidine-2-(E)-ethyl 2-cyanoacrilate hybrid compound
48 (figure 1.32). This hybrid compound should be activated in the DV by Fe(ll) to
enforce its anti-BS activity, through the release of a toxic radical (tetraoxane moiety)
and the FP-2 inhibition (the pyrimidine moiety). Moreover, the pyrimidine moiety,
should also present inhibitory activity to the LS, granting dual-stage activity. After its
LS inhibitory activity being confirmed, to expose its MoA and identify the LS potential
active cysteine containing target(s), a precursor chemical probe 49 (figure 1.33) with an
alkyne functionality'®, will be used in bioorthogonal reactions with fluorescent tags
inside living P. berghei-infected hepatocytes. This would lead to a deeper understanding
of Plasmodium spp. liver stage biology and help us come close to increase the fully
validated LS drug target numbers.
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Figure 1.32 — Structure of the novel tetraoxane-pyrimidine hybrid 48.

Figure 1.33 — Structure of the chemical probe 49.
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1. Results and Discussion

The synthetic approach used to prepare the tetraoxane-pyrimidine-2-(E)-ethyl 2-
cyanoacrilate hybrid was a convergent approach. Tetraoxane and pyrimidine-2-(E)-ethyl
2-cyanoacrilate intermediates were to be synthetized independently and coupled in a
final step. The retrosynthetic pathway for the hybrid 48 synthesis is present in Scheme

1.1.
0-0 ~
mn\ /CJ\/KH/OEt 48
0-0 . N N

Scheme 1.1 — Retrosynthetic pathway for the synthesis of hybrid 48.
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11.1 Pyrimidine-2-(E)-ethyl 2-cyanoacrilate

In order to synthetize the pyrimidine-2-(E)-ethyl 2-cyanoacrilate unit, the first step was
to synthetize the intermediate hydrazine 52 through reductive amination of tert-butyl
carbazate 50 with isobutyraldehyde, both commercially available reagents (Scheme
11.2).

H N N
N. a N{ borc PN
Boc”  “NH, —_— Boc NIH/ — Boc I\Er
50 51 52

Scheme 11.2 — Synthesis of intermediate hydrazine 52. Reagents and conditions: (a)
isobutyraldehyde, dry DCM, mol sieves 3A, rt, 2 h, N, atm.;(b) Hz, Pd/C (10% by weight),
dry MeOH, rt, ov; (c) NaBH3;CN, AcOH (75%), rt, 3 h.

After the synthesis of the intermediate imine (51), the reduction was performed
through two different approaches. The first was a catalytic hydrogenation using Pd/C
(10% weight). This reaction gave a relatively low yield (39%) (Annex 1 — Table VI.1)
and presented the safety disadvantage of using H2.% In a second approach, the reduction
was performed through the use of sodium cyanoborohydride, and showed to be more
practical, safe, fast and presenting a better yield (79%) (Table VI.1). The product was
confirmed by *H-NMR. The difference between the two intermediates, 51 and 52, in the
'H-NMR spectra (Annex 2 — Figure V1.1 and Annex 3 — Figure V1.2, respectively)
could be observed by the appearance of a second broad signal at 3.90 ppm integrating to
one proton, representing the hydrogen of the reduced nitrogen atom; and the
replacement of the duplet at 7.02 ppm from the imine proton with a duplet at 2.62 ppm
integrating for two protons that corresponds to the methylene group. The amination and
both reduction approaches were performed according to the work described by Coter6n
and co-workers.?’

11.1.1 Via 4-chloro-2-methylpyrimidine

The next step was to accomplish a nucleophilic aromatic substitution of
hydrazine 52 in the 4-chloro-2-methylpyrimidine position 4 to synthetize compound 53.
To accomplish this synthesis, several modifications in the experimental procedure were
performed in order to improve the reaction yield (Scheme 11.3), the yields are shown in
Table VI.1. In a first approach?’, the reaction was performed in iPrOH using DIPEA
(a), which gave a yield of 13%. The second attempt (b) was very similar, with the use
of the solvent EtOH."? Although the yield of the second approach was higher (42%),
another reaction with a different base (K>COz) and solvent (DMF) was performed (c)
but did not lead to a yield improvement (21%).1% So, a Buchwald amination to couple
the hydrazine to pyrimidine position 4 (d) was performed and was successful with a
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yield of 92% (Table VI.1) in a short amount of time. Approach (d) was performed
according to the work described by Garcia-Dominguez and co-workers.'%” The
Buchwald amination catalytic cycle is represented in Scheme 11.4.

: e
Boc/N‘NH a,orb,orc, N J\

H/ or d > Boc NK(N

52 53

Scheme 11.3 — Synthesis of intermediate 53. Reagents and conditions: (a) 2-methyl-4-
chloropyrimidine, DIPEA, iPrOH, reflux, 22 h; (b) 2-methyl-4-chloropyrimidine,
DIPEA, dry EtOH, reflux, 24 h; (c) 2-methyl-4-chloropyrimidine, K,COs, dry DMF,
reflux, 2 h; (d) Sealed tube, 2-methyl-4-chloropyrimidine, Pd(OAc),, XPhos, K,CQOs, t-
BuOH/degassed H,O (2:1), 110°C, 1.5 h.

PdL,

\
N X
Ar-Pd Pd-L

L Ar

X /
BH _ \ /
+ rd

. yd T R,
MX "‘-“_ /
------- NHR, -
B—M Ar—Pd-X
L

Scheme 11.4 — General Buchwald amination catalytic cycle.

To achieve the intended pyrimidine-2-(E)-ethyl 2-cyanoacrilate intermediate 57
(Scheme 11.5), an aldol condensation between pyrimidine-2-aldehyde 56 and ethyl
cyanoacetate seemed to be the most viable path. This synthetic step, as well as the
synthetic steps to achieve the intermediate 56 from pyrimidine-2-methyl 53, consisted
in modifications of the functional group present in pyrimidine position 2 and are
represented in Scheme 11.5.
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Scheme 1.5 — Synthetic steps from pyrimidine-2-methyl, 53, to pyrimidine-2-(E)-ethyl 2-
cyanoacrylate, 57.

The first reaction was a radical bromination, where the Br radical replaces one of
the hydrogens of the methyl group in position 2 of the pyrimidine. It is known that
radical halogenation, specially bromination, in primary carbons is quite difficult to
occur.*% Despite that, a patent published in 2011'% showed a bromination in the methyl
group of a 5-bromo-2-methylpyrimidine with N-bromosuccinimide (NBS) and benzoyl
peroxide in tetrachloromethane, giving the product 5-bromo-2-bromomethylpyrimidine
with a yield of 48%. Thus, was attempted to perform the radical bromination in the
same conditions on the commercially available reagent 4-chloro-2-methylpyrimidine
(Scheme 11.6), with low yield (6%). The presence of the two protons (Hs) from the
methylene group were confirmed through *H-NMR spectrum (singlet at 4.56 ppm)
(Figure 11.1). A second attempt was made with extended reactional time and double of
NBS equivalents, although the yield afforded did not improve (6%) (Table VI.1).

Cl N/)\ Cl N/)\/Br

58

Scheme 11.6 — Synthesis of 4-chloro-2-bromomethylpyrimidine 58. Reagents
and conditions: (a) 4-chloro-2-methylpyrimidine, NBS, (BzO),, CCls, reflux, 72
h.

4.56

.! » B_r H8

Figure 11.1 — Compound 58 *H-NMR spectrum, in CDCls.
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Due to the low yield obtained in the bromination of the methyl group in
pyrimidine position 2, another approach was attempted to obtain the intermediate
pyrimidine-2-aldehyde 56.

11.1.2 Via 2,4-dichloropyrimidine

This approach consisted in achieving the aldehyde intermediate, 56, from the
commercially available reagent 2,4-dichloropyrimidine instead of 4-chloro-2-
methylpyrimidine. The first synthetic step was to couple the hydrazine to the 2,4-
dichloropyrimidne to obtain compound 59. The same reaction from Scheme 11.3 (b)
was used to accomplish this coupling (Scheme 11.7). As described in the literature, this
substitution occurs preferentially in position 4.2

H

N
Boc” “NH a ~N b SN ¢ N d <N
YQQHQ“Q — L
RN cl RON">CN R7°N RN

CO,H CO,Me

52 59 60 61 62

R=
BocNHNCH2CH(CHs)2

Scheme 1.7 — Synthesis of intermediate 62. Reagents and conditions: (a) 2,4-dichloropyrimidine,
DIPEA, dry EtOH, reflux, 24 h; (b) DABCO, KCN, DMSO/H20 (9:1), reflux, 24 h; (c) KOH, H;0;
(50%), dry EtOH, dry MeOH, reflux, 2 h; (d) SOCl,, dry MeOH, reflux, 4 h.

Compound 60 was obtained through a nucleophilic substitution with pyrimidine
intermediate 59 and KCN in the presence of DABCO. To obtain a good yield the
reactional time was extended comparatively to the original work (3 h).2’” In order to
follow the formation of the compound 60 during the synthesis, the dyeing reagent silver
nitrate-ammonia-fluorescein, specific for halide ions detection, was used.'’® The
appearance of the peak at 116.17 ppm in *C-APT NMR spectrum (Annex 4 — Figure
V1.3), which corresponds to the nitrile carbon, proved the product formation.
Additionally, the IR spectrum allowed to observe the appearance of the CN band at
2360.87 cm™ (Annex 5 — Figure V1.4).

The only variation between the nucleophilic substitution performed in this thesis
and in the original work®’, was the absence of a halogen atom on the pyrimidine
position 5. The reaction with the 5-unsubstituted pyrimidine (59) in this thesis needed
roughly eight-fold more time to bear a yield close to the yield obtained in the original
work (92%) (Table VI1.1). This evidence suggests that the presence of a halogen atom
in position 5 may facilitate the nitrile nucleophilic attack on the pyrimidine position 2.

The next synthetic step was the nitrile hydrolysis to form the pyrimidine-2-
carboxilic acid 61. The reaction starts with the hydrogen peroxide deprotonation which
generates the anion OOH™. This leads to a slow reaction where the hydroperoxide anion
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performs a nucleophilic attack on the nitrile carbon to form a peroxyimidic acid
intermediate. This is followed by a rapid reaction of the peroxyimidic acid with
hydrogen peroxide to form a carboxamide intermediate, as shown in Scheme 11.8. This
last intermediate, carboxamide, is then hydrolyzed to the carboxylic acid.'* The
compound was characterized by *H-NMR spectrum, and the IR spectrum (Annex 6 —
Figure V1.5) showed a strong band at 2924.09 cm™ corresponding to the aromatic
carboxylic acid O-H bond, and a strong band at 1556.55 cm™ corresponding to the bond
C=0 of the same functional unit.

) N Ni/‘ \@ )OJ\
( RJ\OOH RJ}\_o/—qi/‘,_' R” “NH,
- _ H.0
O-OH H20 OH 0,

Scheme 11.8 — Mechanism of nitrile hydrolysis (adapted from?!1, 113),

The synthesis of compound 62 required an esterification of compound 61. This
reaction was prepared according to the work described by Zhang and co-workers.!'4
Nevertheless, this reaction did not lead to formation of the desired product. The
intermediate compound 62 would serve as vehicle to synthetize the pyrimidine-2-
aldehyde, through reduction.

Another approach thought to accomplish the pyrimidine-2-aldehyde was to
synthetize compound 63 (pyrimidine with a Weinreb amide in position 2) (Figure 11.2)
through the pyrimidine-2-carboxylic acid 61. The compound 63 would then suffer a
reduction with LiAlH4 to afford the pyrimidine-2-aldehyde. However, this reaction was
tried in the past in our laboratory, but it resulted in an undesired non-aromatic product.
It is also reported on the literature that the use of LiAlH4 reduces the pyrimidine ring!®,
thus this approach was not attempted.

63

Figure 11.2 — Structure of pyrimidine-2-Weinreb amide 63.
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11.2 Pyrimidine-2-(E)-ethyl acrylate

As the bromination at the subchapter 11.1.1 did not afford a reasonable yield to
follow the next reaction, and the desired product from the esterification at 11.1.2 was not
obtained in order to synthetize the pyrimidine-2-aldehyde, a new approach was adopted.
This consisted in coupling an (E)-ethyl acrylate moiety to the pyrimidine position 2
through Suzuki-Miyaura cross-coupling (Scheme 11.9) to obtain another compound
with a Michael acceptor group, compound 64 (Figure 11.3).

RzR: /”/ . v/ RoX
Reductive »,f’ A\ Oxidative
N\, ..
Elimination / \\ Addition
R2-Pd!-R1 R2-Pd!-X
O'Bu \ };
- \ /

Y_?_Y \ / NaO'B
/ aO'Bu
.
Transmetalation | Na ©O'BU A\ // (\
»

N Na-X
OBu R2-Pd'-OBu a

Y
B. Y-B-Y
R’ Y NaOBu . |
Na R

Scheme 11.9 — General Suzuki-Miyaura reaction catalytic cycle.

64

Figure 11.3 — Structure of the novel pyrimidine-2-(E)-ethyl acrylate 64.

11.2.1 Via 2-chloropyrimidine

Two similar methodologies were made to accomplish the product pyrimidin-2-
(E)-ethyl acrylate 64. The first approach (Scheme 11.10 a) was performed according to
the work of Asano and co-workers'®, where is showed a Suzuki-Miyaura coupling
specifically in pyrimidine position 2 using the catalyst Pd(OAc). and the ligand SPhos.
This ligand generally exhibits great yields in Suzuki-Miyaura reactions between
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heteroaryl halides and vinylboronic acids.''’ Furthermore, the use of 4 eq. of LiOH
(base) and dioxane/H,O (4:1) (solvent) were showed in the original work to be the
conditions which improved further the yield.*® The first attempt of this reaction gave an
extremely low yield (2%) (Table VI.1), and after several attempts, the yield did not
improve. Thus a second approach (Scheme 11.10 b) was performed with the catalyst
tetrakis(triphenylphosphine)palladium(0) (Pd(PPhas)s), according to the work of Yates
and co-workers.!*® Nonetheless, although this catalyst has been reported to be efficient
in coupling other aryl chlorides!'®, the reaction yield was even lower (1%). The product
was confirmed through the presence of the alkene protons in the 'H-NMR spectrum
(Annex 7 — Figure V1.6), and the presence of the vinyl ester C=0 bond (1714.72 cm™)
on the IR spectrum (Annex 8 — Figure VI1.7).

¢ [N : ¢« [N
a ou

Boc” ‘NK(N Cl Boc NH/N
59 64

Scheme 11.10 — Synthesis of final compound 64. Reagents and conditions: (a)
[(E)-2-(ethoxycarbonyl)vinyl]boronic acid pinacol ester, LiOH, Pd(OAc)2, SPhos, dioxane/H,0O
(4:1), reflux, 1 h; (b)[(E)-2-(ethoxycarbonyl)vinyl]boronic acid pinacol ester, Na,COs,
Pd(PPhs)s, dioxane/H,0O (4:1), reflux, 20 h.

11.2.2 Via 2-chloro-5-bromopyrimidine

Due to the low yield obtained in the Suzuki reaction with pyrimidine-5-H, and
since this coupling, in the work of Yates and co-workers, was performed on a
pyrimidine 5-Br substituted!®, the Suzuki coupling in this thesis was also attempted in a
pyrimidine 5-Br substituted, affording compound 65 (Scheme 11.11). Thus, the first step
consisted in coupling the hydrazine to the commercially available 2,4-dichloro-5-
bromopyrimidine to give compound 66, using the same procedure described for the
synthesis of compounds 53 and 59. Intermediate 66 formation was identified by 'H-
NMR (Annex 9 — Figure VI1.8) Afterward, was used the method described by Yates
and co-workers!*8 to attempt a Suzuki coupling on intermediate 66 (Scheme 11.11).

EtO,C
Br
: 1 L )
N a N b  Boc—N
Boc™ 'NH  —— pgoe- N \N)\CI — g/N/)\/\COﬁt
54 66 65

Scheme 11.11 — Synthesis of the final compound 65. Reagents and conditions: (a) 2,4-dichloro-5-
bromopyrimidine, DIPEA, iPrOH, reflux, ov; (b)[(E)-2-(ethoxycarbonyl)vinyl]boronic acid
pinacol ester, Na,COs, Pd(PPh3),, dioxane/H,0 (4:1), reflux, ov.
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According to the work developed by Yates and co-workers!®, it was expected

that the Suzuki coupling occurred only on pyrimidine position 2 of compound 66.
Product formation was verified through thin layer chromatography (TLC), however
after mass spectrometry (MS) (Annex 10 — Figure VI1.9) and *H-NMR spectrum
(Annex 11 — Figure VI1.10 analysis, it was concluded that the expected product 67
(Figure 11.4) was not formed, but instead this reaction lead to the formation of
compound 65.

67

Figure 11.4 — Structure of the expected product, 67, from the
Suzuki reaction between intermediate 66 and pinacol ester.

Comparation of the H-NMR spectra of intermediate 66 and final compound 65
(Figure V1.9 and Figure VI1.10, respectively) showed the disappearance of the proton
signal of the nitrogen (6.93 ppm on Figure V1.8) and the presence of two ethyl units
from the acrylates (1.28; 1.33; 4.20; 4.27 ppm on Figure VI1.10). This was confirmed
with MS analysis, since the mass of two (E)-ethyl acrylate units were found in the MS
spectrum, suggesting the coupling of this unit in both positions 2 and 5 of the
pyrimidine ring.

Considering this, the 'H-NMR spectrum also showed the absence of three
expecting proton signals: the broad singlet from the nitrogen, and the two duplets
resulting from the alkene of the extra acrylate unit. Instead, three double doublets shown
up (2.63; 2.94; 5.61 ppm), which each one integrated to one proton, suggesting an
intramolecular attack of the nitrogen to the acrylate double bond on pyrimidine position
5, creating a chiral center.

To understand the compound 65 structure, 3C-NMR (Annex 12 — Figure
VI1.11), HMQC NMR (Annex 13 — Figure V1.12) and HMBC NMR (Annex 14 —
Figure V1.13) were performed. The HMQC spectrum showed that the two signals (2.63
and 2.94 ppm) interacted with one single carbon atom (Figure 11.5). Through HMBC
spectrum analysis, was observed that these two protons interacted with the carbonyl
carbon of the ester (169.7 ppm) (Figure 11.6), suggesting that these two protons belong
to the initial a-carbon of the alkene linked at pyrimidine position 5. The HMBC also
showed a similar interaction between these two protons and the initial $-carbon of the
same alkene (57.9 ppm).
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Figure 11.5 — Compounds 65 HMQC NMR spectrum, in CDCls. Interaction between the protons (2.63
and 2.94 ppm) and initial a-carbon (42.2 ppm) highlighted.
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Figure 11.6 — Compound 65 HMBC NMR spectrum, in CDCls. Interactions between the protons (2.63
and 2.94 ppm) and the carbonyl carbon of the ester (169.7 ppm) and the initial $-carbon (57.9 ppm)
highlighted.

These interactions confirmed the formation of the five-membered ring through a
Michael addition in the pyrimidine intermediate with (E)-ethyl acrylate units in position
2 and 5 (first structure on Scheme 11.12). The Michael addition was possible due to the
presence of base in the Suzuki coupling (Na.COs), which abstracted the proton of the
nitrogen. Then, the negatively charged nitrogen performed a nucleophilic attack on the
B-carbon. Posteriorly, the enolate abstracted the proton from the reaction medium%,
Scheme 11.12.
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Scheme 11.12 — Michael addition mechanism on pyrimidine intermediate with (E)-ethyl acrylate
units in positions 2 and 5.

The three protons (2.63, 2.94 and 5.61 ppm) constitute an ABX pattern (Figure
11.7), and all three signals exhibit coupling constants in common with each other.
Furthermore, the protons from CH>CH present in the isobutyl group (2.10 — 2.23, 3.65
and 3.81 ppm) also expressed an ABX pattern.

T T T T T T T T T T T T 7 T T T T T T T 1
3.9 ‘3B ‘FZ 36 35 34 3F 32 FE 3¢ 29 2B P 26 25 2& 23 22 2T L& L

9 58 57 56 55 50 :
f1 (ppm)

Figure 11.7 — Two ABX patters present on compound 65 *H-NMR spectrum, in CDCls.

At first, this Suzuki coupling was made with 1.4 eq. of pinacol ester and 3 mol%
Pd(PPhs)s, giving a yield of 8%. In order to increase the yield, was tried to double the
equivalents of pinacol ester and increase the Pd(PPhs)s to 5.5 mol%, which improved
the yield to 13%. As this methodology had such a positive result, the same was
attempted to obtain the final compound 64, in the Suzuki coupling of intermediate 59
using Pd(PPhz)s (Scheme 11.10 b) to optimize this reaction, which increased its yield
from 1% up to 6%.
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11.3 In Vitro Biological Assays

11.3.1 Antimalarial Activity

Antimalarial activity of compounds 64 and 65 was evaluated against the BS (in
RBC infected with synchronized ring-stage P. falciparum), and LS (in Huh-7 cells
infected with P. berghei).

Blood Stage Activity

Compound 64 did not exhibit inhibitory activity to BS parasites up to the
concentration of 200 nM. From this concentration up to 750 nM, there is a curve dose-
response. At a concentration of 500 nM, compound 64 inhibited roughly 38% of
infection, at 750 nM the inhibition percentage was about 50%. At the concentration of
1000 nM, compound 64 did not show a significant increase in inhibition (53%),
relatively to the previous concentration. (Figure 11.8). On the other hand, compound 65
showed little or no inhibitory activity up to a concentration of 1000 nM (about 5%
inhibition).

Results from the BS assays allowed to observe the difference between both
compounds activity, although both compounds 64 and 65 have the same functionality.
The presence of the pyrazolidine ring and/or the adjacent ester, showed to greatly
decrease compound inhibitory activity, causing compound 65 to lose roughly all its
inhibitory activity. This suggests that the steric hindrance, or the rigidity given to the
molecule due to the five membered ring and adjacent ester may interfere on the
pyrimidine inhibitory efficacy to the BS. Compound 64 ICsp is estimated to be roughly
689 nM, whereas other BS inhibitors containing Michael acceptor groups, such as
nitriles and vinyl sulfones, have showed ICso values ranging from 3 nM to <0.5 nM.2%:27
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Figure 11.8 — BS SYBR Green positive events (%) at the described concentrations of compounds 64
and 65.
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Liver Stage Activity

Compound 64 results were rather incoherent. In one of the two independent
assays, this compound at 1 uM promoted the infection about 15%, while on the other
assay at the same concentration it inhibited the infection by roughly 30% (Figure 11.9).
However, from the concentration of 2.5 uM onwards, the results were concise, and it is
possible to see a relation between dose/response (Figure 11.9). At this concentration,
compound 64 promoted a mild growth of infection on both assays, and at 5 pM it
exhibited a slight reduction of the infection (up to 5% inhibition). At the concentration
of 10 uM the infection was inhibited for about 40%, and at the highest concentration, 15
UM, compound 64 inhibited roughly 75% of infection. The highest concentration
exhibited to decrease cell confluency, implying the possibility of toxicity at higher
concentration. Thus, the ICso was not determined.

The LS assay for compound 65 exhibited a dose/response relation. At the
concentrations of 1 and 5 uM inhibited the infection by almost 25%, whereas at 10 uM
this compound led to an infection inhibition roughly above 50% and at a concentration
of 15 pM this compound gave an inhibition of 75% (Figure 11.9). Compound 65
exhibited an ICso of 9.49 uM (Table V1.2).

Relatively to LS assays, both compounds exhibited similar activity, although
compound 65 showed to be slightly more active. Nonetheless, compound 64 results
were rather inconsistent on the lower concentrations, not allowing a precise evaluation.
Compound 65 activity in vitro is identical to that of PQ, whose ICso in vitro is 9.5 pM.?*
In vivo, PQ is more active against LS parasites due to its metabolization products. As
such, this hypothesis cannot be ruled out for compound 65, although there is no
evidence to support it.
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Figure 11.9 — LS Infection (%) at the described concentrations of compounds 64 and 65.
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11.3.2 Anticancer Activity

Several compounds with antimalarial activity have also been reported to exhibit
anticancer activity. CQ analogs and several tetraoxanes are some examples.338284 On
the monolayer assay, both compounds 64 (35.56 uM) and 65 (28.96 uM) (Annex 16 —
Table VI1.3) exhibited an ICso roughly seven and six-fold higher than fluorouracil (5-
Fu) (5.48 uM). On the assay against CSC-like spheres, both compounds exhibited
similar 1Cso values, compound 64 (0.77 uM) and compound 65 (0.70 uM). Despite both
compounds showed anticancer activity on the CSC-like spheres assay, they are
considered to have low anticancer activity on the monolayer assay (compounds 64 and
65 ICso = 35.56 and 28.96 puM, respectively), comparing to other compounds evaluated
against HT-29 cells. Oxaliplatin 68, ICso = 0.88 uM, (Figure 11.10) is an example of a
compound with anticancer activity to HT-29 monolayer, much higher than compounds
64 and 65.1%° The dose/response curves of anticancer assays for both compounds are
present in Figure 11.11.
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Figure 11.10 — Structure of oxaliplatin 68.
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I11. Conclusion

In this thesis, two different pyrimidine-2-acrylate, compounds 64 and 65 were
synthetized. The initial goal was to synthetize compound 48, a tetraoxane-pyrimidine
hybrid. The pyrimidine moiety was supposed to have an (E)-ethyl 2-cyanoacrylate unit
coupled to position 2. However, the synthesis of the intermediaries to achieve this
derivative was more complicated than expected, due to the low reactivity of pyrimidine
position 2, not being possible to synthetize compound 48 and the respective probe,
compound 49. Thus, after repeated failed attempts, was chose to couple directly an (E)-
ethyl acrylate unit to the same pyrimidine position by a Suzuki coupling instead.
Unfortunately, both compounds 64 and 65 were also not coupled to the tetraoxane unit,
due to lack of time.

During this thesis, several approaches were attempted to synthetize the intended
compounds and some optimization reactions were performed:

a) The reduction of intermediate 51 into compound 52, was shown to be more
efficient and safer when resorting to sodium cyanoborohydride instead of Pd/C and Ho,
decreasing the reaction time and improving the yield.

b) On the synthesis of compound 53, the use of EtOH instead of iPrOH with
DIPEA, provided a better yield. On the other hand, the use of the base K>COs and
solvent DMF gave a mild yield. Additionally, the use of a catalytic reaction, Buchwald
amination, improved the yield to 92%.

c) The synthesis of compound 64, using Suzuki-Miyaura coupling, was
attempted with Pd(OAc). and gave an extremely low yield (2%). This yield was not
improved with the use of Pd(PPhs)s, 3 mol% and 1.4 eq. of pinacol ester. Nonetheless,
the percentage of catalyst and eq. of pinacol ester were increased (5.5 mol% and 2.8 eq.,
respectively), to bear a better yield (6%). The same increase of percentage of catalyst
and eg. of reagent demonstrated the same effect on compound 65 synthesis.

d) The use of the 5-bromopyrimidine (compound 66) in the Suzuki coupling
improved the yield to 6%, comparatively to the 1% afforded in the Suzuki coupling in a
pyrimidine unsubstituted in position 5 (compound 59). However, the Suzuki coupling in
compound 66 afforded the di-substituted intermediary, which through an intramolecular
attack originated the final compound (65).

Oliveira and co-workers designed tetraoxane-pyrimidine nitrile hybrids with BS
activity®®, whose target is the FP-2. These compounds contain a Michael acceptor
group, functionality known to target the FP-2. In this thesis, compounds with a Michael
acceptor group (compounds 64 and 65) were also design. Compound 64 exhibited
inhibitory activity against BS parasites, despite being low. Although compound 64
activity against FP-2 was not evaluated, through analogy it is possible to affirm that
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compound 64 may target FP-2. On the other hand, compound 65, more steric hindered
by the pyrazolidine ring and the adjacent ester, virtually did not show inhibitory activity
to the BS parasites. This may suggest, that the steric hinderance or the rigidity given to
the molecule due to the five membered ring and adjacent ester may interfere on the
pyrimidines inhibitory efficacy to the BS. Compound 64 inhibited about 50% of
infection at a concentration of 750 nM. When compared to other BS inhibitors
containing Michael acceptor groups activities (ICso < 0.5 nM)?’ it is explicit to conclude
that compound 64 activity is extremely low.

Although FP-2 is an enzyme not expressed in the LS, the pyrimidine nitrile unit
of the hybrid compounds (35) designed by Oliveira and co-workers also exhibited
inhibitory activity to this stage. Thus, was hypothesized the existence of one or more
target(s) containing an active cysteine in the LS. In this thesis, compounds 64 and 65,
thought to act in the BS through FP-2 inhibition, has also their anti-LS activity
evaluated. LS results from compound 64 did not allow a precise evaluation of its
biological activity due to the inconsistent results at lower concentrations and to the
possibility of toxicity at higher concentrations. For this reason, the ICso of this
compound could not be determined. Despite this, both compounds showed to be slightly
active to LS, with compound 65 exhibiting to be slightly more active. Compound 65
exhibited an in vitro activity similar to PQ. Compound 65 ICso value is 9.49 uM,
roughly the same value determined for PQ in vitro assays.

Both compounds 64 and 65, contain a Michael acceptor group and compound 64
exhibited activity against BS parasites, and the fact that these compounds exhibited mild
inhibitory activity against the LS, reinforces the hypothesis given by Oliveira and co-
workers.

Further work must be done as the introduction of the nitrile group in the acrylate
moiety and the coupling of the tetraoxane unit, in order to obtain the hybrid compound
48 (synthetized from compound 64) and another derivative (synthetized from compound
65). The synthesis of a chemical probe, which englobes the introduction of a triple bond
suitable for click chemistry and posterior reaction with fluorescent tags inside living P.
berghei-infected hepatocytes, to study the MoA and therapeutic target must be also
done. Due to the presence of the tetraoxane unit, activation assays with Fe(ll) can also
be performed, which allow to visualize and quantify the pyrimidine moiety released.
Furthermore, compound 64 anti-BS inhibitory activity should be tested for the FP-2.
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V. Experimental Procedure

V.1 Chemistry

All chemicals were of reagent grade and were purchased from Alfa Aesar,
Sigma-Aldrich, Merck, Apollo Scientific, Honeywell or Fluorochem.

All solvents were of analytical grade and were obtained from commercial
suppliers. Dichloromethane, methanol and ethanol were dried from calcium hydride.
Dioxane was dried from sodium metal. Anhydrous dimethylformamide was purchased
from Sigma Aldrich. All the solvents used in purification were distilled under reduced
pressure.

TLC was performed on pre-coated silica gel 60 F2s4 aluminium plates (Merck)
and visualized using a CAMAG UV camera at UV wavelength, iodine, ninhydrin dip,
and silver nitrate-ammonia-fluorescein dip. Flash column chromatography was
performed with silica gel 60, 0.400-0.063 mm (Merck) eluted with several solvent
mixtures and using an air aquarium pump to apply pressure. Preparative thin-layer
chromatography was performed with silica gel 60 GF2s4 (Merck) eluted with several
solvent mixtures.

NMR spectra (1D and 2D) were obtained on a Bruker 300 UltraShield, using
deuterated chloroform as solvent. Chemical shifts, 6, are expressed in ppm, and
coupling constants, J, are expressed in Hz. Multiplicities are given as: s (singlet), bs
(broad singlet), d (doublet), dd (double doublet), t (triplet), q (quartet) and m
(multiplet).

Infrared (IR) spectra were performed on an IRAffinity-1 Shimadzu FTIR
spectrophotometer. All the spectra were performed on a NaCl cell. Only the most
significant absorption bands are reported. Electrospray ionization mass spectrometry
(ESI-MS) analyses were determined using a Micromass Quattro Micro API
spectrometer. Melting points were determined using a Kofler Bock Monoscop M and
are uncorrected.

IV.1.1 Synthesis of tert-butyl 2-isobutylhydrazinecarboxylate
(52)

o N A solution of tert-butyl carbazate 50 (198.3 mg, 1.50 mmol),
%/ j( “NH isobutyraldehyde (106.7 mg, 1.50 mmol) and molecular sieves
O H/ 3A in dry dichloromethane (3 mL) was stirred for 2 h at room
temperature, under nitrogen atmosphere. After confirmation that

product 51 formation occurred through TLC, the reaction mixture was filtered, and the
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filtrate was concentrated under reduced pressure. (A) The crude and palladium on
carbon (10% by weight) were taken up in dry methanol (3 mL) and flushed with
nitrogen for 5 minutes. The atmosphere was then filled with hydrogen and the mixture
was stirred overnight at room temperature. A flow of nitrogen was used to remove any
remaining hydrogen gas from the reaction mixture before suspension was filtered
through celite to remove the catalyst. The filtrate was concentrated under reduced
pressure. Purification by flash column chromatography (10% ethyl acetate in
dichloromethane) afforded the pure compound. Clear oil (39% vyield). (B) The crude and
sodium cyanoborohydride (141.4 mg, 2.25 mmol) were taken up in acetic acid 75%
(2.85 mL). The mixture was stirred at room temperature for 3 h and followed by TLC.
After that, the pH was neutralized with NaOH 5M and 1M. The solution was extracted
with dichloromethane (3 x 20 mL) and washed with a saturated solution of sodium
bicarbonate (3 x 20 mL). The combined organic extracts were dried over anhydrous
sodium sulphate, filtered and concentrated under reduced pressure. Purification by flash
column chromatography (10% ethyl acetate in dichloromethane) afforded the pure
compound. Clear oil (79% yield).

IH NMR (300.18 MHz, CDCl3): & (ppm): 6.31 (bs, 1H, NH), 3.90 (bs, 1H, NH), 2.62
(d, J = 6.9 Hz, 2H, CH>), 1.76 — 1.63 (m, 1H, CH), 1.43 (s, 9H, Boc), 0.89 (d, J = 6.7
Hz, 6H, CHs).

IVV.1.2 Synthesis of tert-butyl 2-isobutyl-2-(2-methylpyrimidin-4-
yhhydrazinecarboxylate (53)

6 (A) To a solution of compound 52 (100.0 mg, 0.53 mmol) in
H f\INl isopropanol  (1.56 mL), was added 2-methyl-4-
>'/O\[(N‘N 4\r\£)z\ chloropyrimidine (92.2 mg, 0.72 mmol) and N,N-
O diisopropylethylamine (120.9 mg, 0.94 mmol). The reaction

K( proceeded under reflux for 22 h. The solution was
concentrated under reduced pressure and the crude was diluted in dichloromethane (20
mL) and washed with a saturated solution of ammonium chloride (3 x 20 mL), water (3
x 20 mL) and brine (3 x 20 mL). The combined organic extracts were dried over
anhydrous sodium sulphate, filtered and concentrated under reduced pressure. The
residue was purified by flash column chromatography (40% ethyl acetate in hexane).
White solid (13% vyield). (B) To a solution of compound 52 (50.0 mg, 0.27 mmol) in
dry ethanol (2 mL), was added 2-methyl-4-chloropyrimidine (41.7 mg, 0.32 mmol) and
N,N-diisopropylethylamine (86.7 mg, 0.68 mmol). The reaction proceeded under
refluxed for 24 h. The solution was concentrated under reduced pressure and the crude
was diluted in dichloromethane (20 mL) and washed with a saturated solution of
ammonium chloride (3 x 20 mL), water (3 x 20 mL) and brine (3 x 20 mL). The
combined organic extracts were dried over anhydrous sodium sulphate, filtered and
concentrated under reduced pressure. Purification by flash column chromatography
(40% ethyl acetate in hexane) afforded the pure compound. White solid (42% yield).
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(C) To a solution of compound 52 (50.0 mg, 0.27 mmol) in dry dimethylformamide
(DMF) (2.7 mL), was added 2-methyl-4-chloropyrimidine (34.1 mg, 0.27 mmol) and
potassium carbonate (44.8 mg, 0.32 mmol). The solution was refluxed for 2 h. The
reaction mixture was extracted with ethyl acetate (3 x 20 mL) and washed with water (3
x 20 mL) and brine (3 x 20 mL). The combined organic extracts were dried over
anhydrous sodium sulphate, filtered and concentrated under reduced pressure. The crude
material was purified by flash column chromatography (40% ethyl acetate in hexane).
White solid (21% vyield). (D) A solution of, palladium(ll) acetate (5 mol%) and XPhos
(5 mol%) in tert-butanol/water 2:1 v/v (0.82 mL) was added to a sealed tube. The
mixture was heated to 80 °C for 1 minute and potassium carbonate (57.1 mg, 0.41
mmol), 2-methyl-4-chloropyrimidine (28.9 mg, 0.22 mmol) and compound 52 (38.0
mg, 0.20 mmol) was added. The solution was heated to 110 °C for 1.5 h. The residue
was purified by preparative TLC (30% hexane in ethyl acetate). All reactions were
followed by TLC. White solid (92% vyield).

IH NMR (300.18 MHz, CDCl3) & (ppm): 8.17 (d, J = 6.1 Hz,1H, CeHpyri), 6.59 (bs,
1H, NH), 6.43 (d, J = 5.9 Hz, 1H, CsHpyi), 3.58 (bs, 2H, CHy), 2.51 (s, 3H, ArCHs),
2.11-1.96 (m, 1H, CH), 1.49 (s, 9H, Boc), 0.94 (d, J = 6.7 Hz, 6H, CHa).

1V.1.3 Synthesis of 2-(bromomethyl)-4-chloropyrimidine (58)

6 To a solution of 2-methyl-4-chloropyrimidine (50.0 mg, 0.39 mmol)

rN ! in carbon tetrachloride (3.11 mL), was added N-bromosuccinimide

- SN ~B" (1384 mg, 0.78 mmol) and benzoyl peroxide (1 mol%). The

’ reaction mixture was filtered and concentrated under reduced

pressure, after 72 h under reflux and followed by TLC. Purification by preparative TLC
(30% ethyl acetate in hexane) afforded the pure compound. Yellow solid (6% yield).

IH NMR (300.18 MHz, CDCls) & (ppm): 8.64 (d, J = 5.4 Hz, 1H, CeHpyri), 7.28 (d, J =
5.3 Hz, 1H, CsHpyri), 4.56 (5, 2H, CH).

IV.1.4 Synthesis of tert-butyl 2-(2-chloropyrimidin-4-yl)-2-
isobutylhydrazinecarboxylate (59)

2 Prepared according to the procedure IV.1.2 (B), using 2,4-
H fj“\l dichloropyrimidine as starting material. White solid 62%
>(OYN‘N SNl yield). Product formation was followed through TLC.
3

¢
Melting Point (MP): 139°C.

IH NMR (300.18 MHz, CDCls) & (ppm): 8.11 (d, J = 6.0 Hz, 1H, CsHpyri), 6.60 (bs,
1H, NH), 6.55 (d, J = 5.8 Hz, 1H, CsHpyri), 3.58 (bs, 2H, CH2), 2.12 — 1.98 (m, 1H, CH),
1.48 (s, 9H, Boc), 0.96 (d, J = 6.7 Hz, 6H, CH).
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IV.1.5 Synthesis of tert-butyl 2-(2-cyanopyrimidin-4-yl)-2-
isobutylhydrazinecarboxylate (60)

i /e To a solution of compound 59 (273.9 mg, 0.91 mmol) in

H fj“\l dimethyl sulfoxide/water 9:1 v/iv (8.58 mL), was added

%/OTN\N 4\[\£ >cN DABCO (102.2 mg, 0.91 mmol) and potassium cyanide

o} (88.9 mg, 1.37 mmol). The solution was refluxed for 24 h

and followed by TLC. The reaction was carefully quenched

with cold water (30 mL) and the reaction mixture was extracted with ethyl acetate (3 x

20 mL) and washed with a saturated solution of sodium bicarbonate (3 x 20 mL). The

combined organic extracts were dried over anhydrous sodium sulphate, filtered and

concentrated under reduced pressure. The residue was purified by flash column

chromatography using gradient from 50% hexane in ethyl acetate to 30%. All the

laboratory material in contact with potassium cyanide was decontaminated with bleach.
Orange syrup (77% yield).

'H NMR (300.18 MHz, CDCI3) & (ppm): 8.27 (d, J = 6.2 Hz, 1H, CeHpyri), 6.78 (d, J =
6.1 Hz, 1H, CsHpyri), 6.76 (bs, 1H, NH), 3.50 (bs, 2H, CH2), 2.12 — 1.98 (m, 1H, CH),
1.47 (s, 9H, Boc), 0.95 (d, J = 6.7 Hz, 6H, CH3);

13C NMR (75.48 MHz, CDCl3) & (ppm): 164.2 (Capyri), 156.4 (Cepyri), 156.3 (CO),
144.2 (Capyri), 116.2 (CN), 105.8 (Cspyri), 82.8 (Cggoc), 60.9 (CH2), 28.3 (CHagoc), 26.6
(CH), 20.9 (CHs)

IV.1.6 Synthesis of 4-(2-(tert-butoxycarbonyl)-1-isobutyl
hydrazinyl)pyrimidine-2-carboxylic acid (61)

o To a solution of compound 60 (112.2 mg, 0.39 mmol)
H le and potassium hydroxide pellets (319.4 mg, 5.69 mmol)
O _N.

|
%/ \ﬂ/ N 4\N/2S‘/OH in dry methanol (0.19 mL) and dry ethanol (1.64 mL)
o} K(S 0 was added hydrogen peroxide 50% (0.19 mL) dropwise.

The reaction was refluxed for 2 h and followed by TLC.

To set the pH of the solution to 2.0, HCI 0.2M (75 mL)
and 0.013M (150 mL) was added. The actual pH value was measured
potentiometrically. The compound was extracted with dichloromethane (3 x 20 mL),
dried with sodium sulfate, filtered and concentrated under reduced pressure. Yellow oil
(50% yield).

IH NMR (300.18 MHz, CDCl3) & (ppm): 8.40 (bs, 1H, CsHpyri), 6.97 (bs, 1H, NH),
6.83 (bs, 1H, CsHpyri), 3.63 (bs, 2H, CH,), 2.18 — 1.99 (m, 1H, CH), 1.49 (s, 9H, Boc),
0.98 (d, J = 6.6 Hz, 6H, CHs).
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IV.1.7 Synthesis of methyl (E)-tert-butyl 2-(2-(3-ethoxy-3-
oxoprop-1-en-1-yl)pyrimidin-4-yl)-2-isobutylhydrazinecarboxylate (64)

6 (A) To a solution of compound 59 (50.0 mg,

H i |Nl 0.17 mmol) in dioxane/water 4:1 (1.66 mL) in a
>ro\[(N‘N 4\,\31)2\/\(0v atmosphere filled with nitrogen, was added [(E)-
o} O 2-(ethoxycarbonyl)vinyl]boronic acid pinacol

H/ ester (45.1 mg, 0.20 mmol), palladium(ll)

acetate (1 mol%), SPhos (2 mol%) and lithium hydroxide 2M (0.33 mL). The reaction
was refluxed for 1 h. The reaction was quenched with water (20 mL), extracted with
ethyl acetate (3 x 20 mL) and washed with brine (3 x 20 mL) and dried with sodium
sulfate. The crude was filtered and concentrated under reduced pressure. Purification by
flash column chromatography using gradient from 100% hexane to 40% ethyl acetate in
hexane afforded the pure compound. Clear oil (2% vyield). (B) To a solution of
compound 59 (100 mg, 0.33 mmol) in dioxane/water 4:1 (1.91 mL) in an atmosphere
filled with nitrogen, was added [(E)-2-(ethoxycarbonyl)vinyl]boronic acid pinacol ester
(197.0 mg, 0.87 mmol) and sodium carbonate (83.73 mg, 0.79 mmol). The atmosphere
was purged with nitrogen for 5 minutes and then Pd(PPhz)s (5.5 mol%) was added. The
reaction mixture, after 20 h under reflux, was diluted in water (30 mL) and extracted
with ethyl acetate (3 x 20 mL). The combined organic extracts were washed with water
(3 x 20 mL), dried with sodium sulfate, filtered and concentrated under reduced
pressure. Purification by preparative TLC (40% ethyl acetate in dichloromethane)
afforded pure compound. Clear oil (6% vyield). All these approaches were followed by
TLC.

IH NMR (300.18 MHz, CDCls) & (ppm): 8.31 (d, J = 6.0 Hz, 1H, CeHpyri), 7.53 (d, J =
15.7 Hz, 1H, CHCHCOEt), 7.05 (d, J = 15.6 Hz, 1H, CHCHCOEY), 6.64 (bs, 1H,
NH), 6.56 (d, J = 6.0 Hz, 1H, CsHpyri), 4.27 (q, J = 7.1 Hz, 2H, CO2CH,CH3), 3.62 (bs,
2H, NCH.CH(CHs)2), 2.14 — 2.00 (m, 1H, NCH,CH(CHs)2), 1.49 (s, 9H, Boc), 1.33 (t,
J=7.1Hz, 3H, CO:CH2CHs3), 0.97 (d, J = 6.7 Hz, 6H, NCH2CH(CHz)2);

13C NMR (75.48 MHz, CDCl3) & (ppm): 166.7 (C=Oviny1), 163.9 (Capyri), 161.9 (C2pyri),
156.4 (Cepyri), 154.8 (C=Ogoc), 144.6 (CH=CHCO5), 126.1 (CH=CHCO5), 102.7 (Cspyr),
82.3 (CgBoc), 60.9 (CHazester), 57.2 (CHaisobutyt), 28.3 (CH3goc), 26.9 (CHisobutyt), 20.4 (2 X
CHBisobutyI), 14.9 (CH3ester)-

MS (ESI) m/z: C1gH28N404 exp.: 365.1 [M+H] calc.: 364.2
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IV.1.8 Synthesis of tert-butyl 2-(5-bromo-2-chloropyrimidin-4-
yl)-2-isobutylhydrazinecarboxylate (66)

Br N To a solution of compound 52 (87.5 mg, 0.46 mmol) in

o . I\J\ isopropanol  (2.83 mL), was added 5-bromo-2,4-

%/ ooNT N dichloropyrimidine (105.99 mg, 0.47 mmol) and N,N-

H/ diisopropylethylamine (78.68 mg, 0.61 mmol). The reaction

was refluxed overnight and followed by TLC. The reaction

mixture was extracted with dichloromethane and washed with ammonium chloride (3 x

20 mL), water (3 x 20 mL) and brine (3 x 20 mL). The mixture was dried with sodium

sulphate, filtrated and concentrated under reduced pressure. The crude material was

purified by flash column chromatography (40% ethyl acetate in hexane). White solid
(70% vyield).

Melting Point (MP): 105 °C.

IH NMR (300.18 MHz, CDCls) & (ppm): 8.26 (s, 1H, ArH) 6.93 (s, 1H, NH) 3.65 (bs,
2H, CHy), 2.12 — 1.98 (m, 1H, CH), 1.46 (s, 9H, Boc), 0.95 (d, J = 6.7 Hz, 6H, CHa).

IVV.1.9 Synthesis of methyl (E)-tert-butyl 3-(2-ethoxy-2-oxoethyl)-
6-(3-ethoxy-3-oxoprop-1-en-1-yl)-1-isobutyl-1H-pyrazolo [3,4-
d]pyrimidin-2(3H)-carboxylate (65)

To a solution of compound 66 (116.2 mg, 0.31

-0 ) mmol) in dioxane/water 4:1 (2.66 mL) in an

WN ' atmosphere filled with nitrogen, was added

>(OTN‘N | N/)Z\/\WO - [(B)-2-(ethoxycarbonylvinylJboronic ~ acid

o) S/ 3 S pinacol ester (184.6 mg, 0.82 mmol) and

sodium carbonate (113.0 mg, 1.07 mmol). The

atmosphere was purged with nitrogen for 5

minutes and Pd(PPhs)s (5.5 mol%) was added. The reaction mixture was refluxed for 18

h, during which it was followed by TLC. The mixture was diluted in water (30 mL) and

extracted with ethyl acetate (3 x 20 mL). The combined organic extracts were washed

with water (3 x 20 mL), dried with sodium sulfate, filtered and concentrated under

reduced pressure. Purification by preparative TLC (20% ethyl acetate in hexane)
afforded the pure compound. Yellow oil (13% yield).

IH NMR (300.18 MHz, CDCls) & (ppm): 8.21 (s, 1H, CsHpyri), 7.56 (d, J = 15.7 Hz,
1H, CH=CHCO;), 7.11 (d, J = 15.7 Hz, 1H, CH=CHCO), 5.61 (dd, J = 9.3, 3.9 Hz, 1H,
CHpyra), 4.27 (0, J = 7.2 Hz, 2H, CHavinylester), 4.20 (0, J = 7.1 Hz, 2H, CHaester), 3.81 (dd,
J=13.9, 8.9 Hz, 1H, CHaisobuyt), 3.65 (dd, J = 13.8, 4.9 Hz, 1H, CHaisobutyl), 2.94 (dd, J
=16.2, 4.3 Hz, 1H, CH2CO5), 2.63 (dd, J = 16.1, 9.4, 1H, CH,CO>), 2.23 — 2.10 (m, 1H,
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CHisobuyt), 1.52 (5, OH, Boc), 1.33 (t, J = 7.1 Hz, 3H, CHavinyieser), 1.28 (t, J = 7.1 Hz,
3H, CH3ester), 0.99 (d, J=6.7 Hz, 3H, CH3isobuty|), 0.78 (d, J=6.5Hz, 3H, CHSisobutyI);

13C NMR (75.48 MHz, CDCls) & (ppm): 169.7 (CH2CO5), 166.4 (COuiny1), 164.6
(Capyri), 162.3 (Capyri), 156.1 (COzoc), 148.1 (Cepyri), 142.2 (CH=CHCOy), 127.6
(CH:QHC02), 118.3 (CSpyri), 83.4 (CqBoc), 61.3 (CHZvinerster), 61.0 (CHZester), 57.9
(CHoaisobutyt), 57.9 (CHpyra), 42.3 (CH2CO2), 28.4 (CHasgoc), 26.6 (CHisobutyr), 20.8 (2 X
CH3isobutyI), 14.3 (CH3vinerster), 14.3 (CH3ester)-

MS (ESI) m/z: C23H34N4Os exp.: 463.3 [M+H] calc.: 462.3.

V.2 In Vitro Assays

IV.2.1 In Vitro Assay Against Blood Stage

Test compounds inhibitory activity to BS was determined through flow
cytometric measurement. The compounds (diluted in DMSQO) were further diluted in
MCM (Malaria Complete Medium) to multiple concentrations and 100 pL of each
dilution was added to a 96-well plate, prior to the addition of the same volume of a
culture of RBC infected with synchronized ring-stage P. falciparum (1% parasitemia)
diluted in MCM. MCM is constituted by RPMI 1640 supplemented with 25 mM 4-(2-
hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES), 204 mM L-glutamine, 50
pg/mL gentamicin, 0.5% (w/v) Albumax, 11mM glucose, 1.47 mM hypoxanthine and
37.3 mM NaHCOs. After incubation for 48 h at 37°C, 5% CO; and 5% O3, 50 pL/well
of a solution of SYBR Green | reagent diluted in phosphate-buffered saline (PBS)
(1:10000) was added to a new 96-well plate. The plate containing the culture and the
test compounds was resuspended, and 5 pL of this solution was added the SYBR Green
plate and incubated at rt, in the dark, for 20 min. An additional 150 pL of PBS was
added to each well. The cells were lysed using 20 mM of NaOH and TritonX-100 at
0.063%. Parasitemia was determined from dot plot (forward scatter vs. side scatter)
acquired on a Sysmec Cube 6 — Robbyflow cytometer using FlowJo Software. 2

IVV.2.2 In Vitro Assay Against Liver Stage

To determine the compounds inhibitory activity to the LS, was measured the
luminescence intensity in Huh-7 cells infected with P. berghei line expressing firefly
luciferase, as previously described.'?? Huh-7 cells, from a human hepatoma cell line,
were seeded at 1x10* cells/well of a 96-well plate in 100 pL of cRPMI. cRPMI is a
culture medium constituted by 1640 RPMI medium supplemented with 10% v/v fetal
calf serum (FCS), 1% v/v penicillin/streptomycin, 1% v/v glutamine, 1% v/v
nonessential amino acids and 10 mM HEPES, pH 7, and incubated at 37°C with 5%
COg2, ov. The test compounds were diluted in cRPMI+F+G (cRPMI + 1:1000 getamicin
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+ 1:3000 fungizone). The culture medium was replaced with the compound dilutions
and incubated for 1 h at the same conditions. Then, P. berghei sporozoites expressing
luciferase, freshly obtained through disruption of salivary glands of infected female
Anopheles stephensi mosquitoes, were added to the cells at a proportion of 1:1, and the
plate was centrifuged for 5 minutes at 1800 xg, rt and incubated for 46 h at the same
conditions. Afterwards, 80 uL of a solution of thaw alamar-blue/cell-titer blue reagent
aliquots diluted in cRPMI (1:20) was added to each well and incubated at the same
conditions previously described for 1:30 h. After the cells were washed with PBS, such
was aspirated and 70 pL of lysis buffer was added to each well. The plate was put in the
shaker at 600 rpm for 15 minutes at rt, then centrifuged for 5 minutes at 1800 xg and 30
pL of the supernatant was pipetted to a 96-well plate. 50 pL/well of luciferin solution
diluted in FLAB (1:50) was added and the luminescence intensity in each well was
measured in order to determine the compounds inhibitory activity to LS. To determine
the 1Cso values, was used GraphPad prims and employed a nonlinear regression analysis
to fit the normalized results of the dose-response curves.

IVV.2.3 In Vitro Assay Against Cancer (Monolayer)

Briefly, stem cells from the cell line HT-29 human colorectal adenocarcinoma
were plated in 96-well plates (100 cell/well) in undifferentiated medium in ultra-low
attachment conditions for sphere formation, and treated with a previously reported
CSC-targeting agent (salinomycin (Sal); 1 uM - positive control), test compounds
(concentrations ranging from 0.01 to 100 puM) and 5-Fu; 1 puM - negative control).
Following seven days of incubation, cell viability was assessed based on measurement
of MTS, using the CellTiter-Glo™ Luminescent Cell Viability Assay (Promega). All
data analysis and 1Cso value calculations were performed using GraphPad Prim version
6.01.

IV.2.4 In Vitro Assay Against Cancer (CSC-like spheres)

The anti-CSC effect of those compounds was further validated by assessing their
impact on tumorsphere formation. To measure tumorsphere formation, colon cancer
cells were plated as single cells in 24-well ultra-low attachment plates (500 cell/well),
and cultured in 1 mL serum-free DMEM/F12 supplemented with 2% B27 supplement,
1% N2 supplement, 1% non-essential amino acids, 1% sodium pyruvate, 1% penicillin-
streptavidin, 4 pg/mL heparin, 40 ng/mL recombinant human EGF and 20 ng/mL
recombinant human bFGF. Tumorsphere numbers were counted and spheres area were
determined using image analysis software after spheroids images acquisition through
brighfield microscopy. Test compounds concentrations were ranging from 0.03 to 20
pM). Salinomycin (anti-CSC agent) and 5-Fu (traditional chemotherapeutic) were used
as a positive and negative controls, respectively.
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VI. Annexes

Annex 1 — Table V1.1 — Synthetic methods and respective yields.

Compound Method Yield (%)
A 39
52 B 79
A 13
B 42
53 C 21
D 92
58 6
59 62
60 77
61 50
A 2
64 B 6
66 70
65 13
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Annex 2 — Figure V1.1 — Compound 51 *H-NMR spectrum, in CDCls.
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Annex 3 — Figure V1.2 — Compound 52 *H-NMR spectrum, in CDCls.
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Annex 4 — Figure V1.3 — Compound 60 **C-APT NMR spectrum, in CDCls.
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Annex 5 — Figure V1.4 — Compound 60 IR spectrum, in NaCl cells.
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Annex 6 — Figure V1.5 — Compound 61 IR spectrum, in NaCl cells.
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Annex 7 — Figure V1.6 — Compound 64 'H-NMR, in CDCls.
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Annex 8 — Figure V1.7 — Compound 64 IR spectrum, in NaCl cells.
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Annex 9 — Figure V1.8 — Compound 66 'H-NMR, in CDCls.
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Annex 10 — Figure V1.9 — Compound 65 ESI-MS spectrum, in ACN.
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Annex 11 — Figure V1.10 — Compound 65 'H-NMR, in CDCls.
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Annex 12 — Figure VI1.11 — Compound 65 **C-NMR spectrum, in CDCls.
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Annex 13 — Figure V1.12 — Compound 65 HMQC NMR spectrum, in CDCls.
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Annex 14 — Figure VI1.13 — Compound 65 HMBC NMR spectrum, in CDCls.
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Annex 15 — Table V1.2 — Antimalarial LS 1Cso values of compounds 64, 65 and controls

Compound Liver Stage 1Cso (LM)
64 N.D.2
65 9.49
Control (PQ) 9.50 24

N.D. — Not determined
Annex 16 — Table V1.3 — Anticancer ICs values of compounds 64, 65 and controls.

Compound Monolayer (LM) CSC-like spheres (uUM)
64 35.56 0.77
65 28.96 0.70
Positive Control (Sal) 15.42 0.32
Negative Control (5-Fu) 5.48 1.83
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