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ABSTRACT

Malaria, an infectious disease caused by Plasmodium parasites, continues to take an enormous
toll on human health, particularly in tropical regions. According to the World Health
Organization (WHO), progress against malaria eradication has stalled, specifically in the
African region. Global efforts to curb the disease are being undermined by the gaps in access
to vital tools. In 2019, about 229 million cases were recorded compared to the 228 million
cases recorded in 2018. This is an annual estimate that has not changed significantly over the
last four (4) years. Also, children under the age of five (5) years account for most malaria deaths
worldwide. Chemotherapy represents one of the most effective control measures to mitigate
the malaria burden, with the WHO presently recommending the use of artemisinin combination
therapies (ACTSs) to treat uncomplicated malaria. However, there is compelling evidence from
Southeast Asia and recently in Rwanda (Africa) describing the emergence and spread of ACT
resistance, characterized by reduced clearance rates of P. falciparum parasites. In some
countries, resistance to partner drugs such as amodiaquine has been observed. These
developments highlight the need to expand the antimalarial drug arsenal by exploring and
developing new compound classes, preferably with a combination of novel modes of action,
multistage activity, good safety profile, efficacy at low doses and reduced tendency to the
development of resistance.

In this study, two classes of compounds, benzimidazoles and imidazopyridines, incorporating
an intramolecular hydrogen bonding (IMHB) motif, were explored for their antimalarial
potential. These two chemotypes were selected on account of their privileged nature due to
their capacity to interact with various biological systems, leading to a wide variety of biological
activities, including antimalarial activity. Structural modifications around the benzimidazole
scaffold resulted in the classification of these analogues into 1H-benzimidazoles and N-benzyl
benzimidazoles (astemizole-based). In this regard, 33 benzimidazole analogues were
synthesized, fully characterized and evaluated in vitro for their antiplasmodium activity against
both the drug-sensitive NF54 and the multidrug-resistant K1 strains of the Plasmodium
parasite. As a result, the 1H-benzimidazole analogues manifested sub-micromolar potencies
against the chloroquine-sensitive NF54 strain of P. falciparum, with 1Cso values between 0.079
MM and 0.968 pM. The most potent analogue within this series was compound 1.3 (Figure 1)
with an ICso of 0.079 pM against the chloroquine-sensitive strain and 0.335 pM against the
multidrug-resistant (K1) strain. The resistance index of compound 1.3 (Rl = 4) suggests the

possibility of cross-resistance with drugs like chloroquine.



The N-benzyl benzimidazole (astemizole-based) also displayed sub-micromolar activity
against the chloroquine-sensitive strain of the parasite, with compound 2.3 (Figure 1)
displaying the highest potency (ICso PfNF54 = 0.029 uM and ICso PfK1 = 0.117 uM) within
the series. Generally, the benzimidazole analogues exhibited poor activity against the sexual
gametocyte stage of the Plasmodium parasite in comparison to the asexual blood stage.
However, compound 1.3 displayed sub-micromolar potency (ICso = 0.382 uM) against early-
stage gametocytes. Furthermore, selected potent analogues showed low cytotoxicity (SI = 39-
1500) when tested in vitro against the Chinese Hamster Ovary cells. The N-benzyl
benzimidazole analogues, designed based on the known antihistamine drug astemizole, were
tested against the hERG (human ether-a-go-go-related)-encoded potassium ion channel. These
analogues expressed >40% inhibition against the hERG ion channel at the highest test
concentration with potencies between 0.96 and 13.24 puM. Regardless, these compounds
showed an improved cardiotoxicity risk relative to verapamil, a potent hERG channel inhibitor
(ICs0 = 0.58 pM), and the control drug used in the experiment. In addition, the five (5) selected
potent analogues displayed low microsomal metabolic stability in mouse, rat and human liver
microsomes. This impeded the advancement of these potent analogues to in vivo efficacy
studies. Meanwhile, metabolite identification studies provided insight into the metabolic

hotspots, which can be addressed in future optimization campaigns to address this liability.
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On the other hand, the imidazopyridine analogues were designed using the 1H-benzimidazole
frontrunner analogue 1.3 as a guide. A structure-activity relationship (SAR) plan was pursued
to produce diverse analogues due to modifications around the core scaffold. The SAR was
explored with aromatic and aliphatic groups. As a result, 19 structural variants were
synthesized and evaluated in vitro for their antiplasmodium activity against both the drug-
sensitive NF54 and the multidrug-resistant K1 strains of the Plasmodium parasite. 13 of these
analogues showed potencies of <1 pM with compound 3.14 (ICso = 0.08 uM) displaying the
highest potency within the series. Subsequently, most of the active analogues showed a
favourable cytotoxicity profile against CHO cells, with compound 3.14 being the least
cytotoxic (SI = 466). Like the benzimidazoles, selected potent imidazopyridine analogues
exhibited low microsomal metabolic stability in mouse, rat and human liver microsomes,
posing a hurdle to the progression of these compounds to in vivo proof of concept studies.
Agueous solubility studies and physicochemical profiling of all the target compounds were
carried out. The solubility results obtained were correlated with physicochemical parameters
such as cLogP, melting points, TLC retardation factors and HPLC retention times to establish
a solubility-property relationship across both classes of compounds. The correlation
assessment revealed that different factors simultaneously affect the solubility of compounds
across a series; hence, it may be crucial to assess these factors based on individual cases rather
than an entire class of compounds. Also, the physicochemical assessment showed that both the
benzimidazoles and the imidazopyridines complied with Lipinski's RO5 and Veber's rule.
Single crystal X-ray structure analysis, IR spectroscopy, and DFT calculations were used to
ascertain the presence of IMHB in the target compounds. Representative analogues 1.2 and 2.2
were used for these studies.

In an effort to elucidate the mechanism of action, novel fluorescent analogues [1.3-NBD (ICso
PfNF54 = 0.044 uM) and 3.14-NBD (ICso PINF54 = 0.049 uM)] of the frontrunner compounds
1.3 and 3.14 were synthesized and pharmacologically validated as suitable probes for
fluorescence live-cell imaging. The extrinsic fluorophore 7-nitrobenz-2-oxa-1,3-diazole
(NBD) was employed due to the absence of intrinsic fluorescence properties in both
compounds. Live-cell microscopy showed localization of both fluorescent analogues in all the
studied organelles except the nucleus. While this suggests that the nucleus may not be a site of
action for antiplasmodium activity, incorrect localization due to the NBD tag cannot be
excluded. Based on the results from the live-cell imaging where both fluorescent probes

accumulated in acidic organelles like the digestive vacuole and the neutral lipid bodies that
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have been implicated in hemozoin formation, it was hypothesized that the parent compounds
1.3 and 3.14 could be inhibiting the formation of hemozoin. Docking studies employed to
investigate this hypothesis predicted intermolecular interactions between the parent
compounds and the heme/hemozoin surfaces to inhibit hemozoin formation. The heme
fractionation studies of compound 1.3 showed a dose-dependent increase in heme levels with
a subsequent decrease in hemozoin levels at increasing compound concentrations. In essence,
these observations support hemozoin inhibition as a mechanism of action of compound 1.3
while pointing to other targets within the parasite based on widespread association with other
organelles. However, compound 3.14 showed no significant change in heme levels, but a
decrease in hemozoin levels with increasing compound concentration was observed. This
indicates that compound 3.14 is not a hemozoin inhibitor but could be targeting different

digestive vacuole processes.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 Chapter Overview

This chapter provides a background on malaria as a disease in the context of its history,
epidemiology, control, and preventive strategies. Together with antimalarials in the drug
development pipeline, the status and challenges of malaria treatment options are discussed,
taking into account the malaria eradication agenda with accompanying newly defined target
candidate profiles (TCPs) and target product profiles (TPPs) for the next generation of
antimalarials. Following is a discussion on some drug discovery methods to identify hits and
leads for further development. Physicochemical parameters critical in drug development and
strategies to modify these parameters towards improving their aptness for development are also
outlined. Furthermore, the need to profile drug candidates against drug off-targets, such as the
human ether-a-go-go-related gene (hERG) potassium ion channel, is presented. The concept of
intramolecular hydrogen bonding (IMHB) and its importance in medicinal chemistry is
highlighted, along with the various experimental descriptors by which IMHB in molecules
could be ascertained. A literature synopsis of various pharmacological properties of
benzimidazole and imidazopyridine chemotypes explored in this thesis research is also
summarized. Finally, the chapter concludes with the justification of the research study, the

research question, and the study's specific aim and objectives.

1.2 Malaria: Introduction and History

Malaria, of all diseases, is perhaps the one with the most subtle interplay with human history.
Genetic variations in humans, such as thalassaemia, glucose-6-phosphate dehydrogenase
deficiency, and sickle-cell traits, owe their prevalence to malaria.! Centuries after the Romans
initially proposed the idea, it was believed that malaria was caused by "bad air" rising from
swamplands.? Major advances in medicine and dedicated efforts of individual scientists helped
shift the understanding of the disease from the ancient mythology-based approach to a precise

scientific insight.?

In the blood of infected patients, malaria parasites were first discovered by Charles Louis
Alphonse Laveran, a French Army surgeon. An Italian neurophysiologist, Camillo Golgi, later

described the different species of malaria parasite based on the recurrence of attacks they



caused and the number of parasites released when the red blood cells in which they lodge
ruptured. In 1898-1899, Giovanni Batista Grassi and co-workers showed that the female

Anopheles mosquito was responsible for transmitting malaria from one human to another.?3

Given the ruinous effects of malaria, the origins of the Plasmodium parasites infecting humans
have long been a subject of interest. One long-lasting hypothesis suggested that humans and
chimpanzees each acquired P. falciparum-like infections from their common ancestor and that
these parasites co-evolved with their relevant host species for millions of years.* On the
contrary, P. vivax was believed to have resulted from cross-species transmission of a parasite
from a macaque in Southeast Asia.>’ However, both theories have been refuted recently
following the characterization of additional Plasmodium parasites from African apes. It is
presently clear that P. falciparum infection is relatively new to humans but originated from a
gorilla, likely within the past 10,000 years.®® Similarly, P. vivax did not emerge from Asia but

represents a bottleneck lineage that escaped out of Africa.*®

1.3 Epidemiology of Malaria

In humans, malaria is currently caused by five Plasmodium parasites: P. falciparum, P. vivax,
P. malariae, P. ovale and P. knowlesi. P. vivax prevails mainly in South America, while P.
malariae may occur in all malaria-endemic areas, although its prevalence is generally low. P.
ovale and P. falciparum are distributed primarily in the tropics, particularly in Africa, with
falciparum infections being the leading cause of mortalities worldwide.'! P. knowlesi infection

occurs only in some forested regions of Southeast Asia.!

Malaria transmission is more prevalent in places where the mosquito lifespan is longer. This
gives the parasite enough time to complete its development inside the mosquito. The long life
expectancy of the African vector species is why nearly 90% of the world's malaria cases are in
Africa.'? Climatic conditions such as rainfall patterns, temperature and humidity may influence
the number and survival of mosquitoes. In most places, the transmission is seasonal, with a
crest throughout and immediately after the rainy season. Malaria epidemics can arise when
climate and other conditions support transmission in areas where individuals have little or no
immunity to malaria. They can also occur when individuals with low immunity move into

regions with high malaria transmission, to find work or as refugees.?

According to the World Malaria Report 2020, about 229 million malaria cases and 409 000

deaths were recorded in 2019. The WHO African Region continues to carry an unreasonably
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high share (94%) of the global malaria burden. Consistently, children below five years are the
most vulnerable group affected by the disease, and in 2019, they accounted for 67% (274 000)

of all malaria deaths worldwide.!?

Complications that arise from malaria are the cause of morbidity and mortality. Common non-
specific manifestations include general body weakness, headache, fever, nausea and other
gastrointestinal symptoms. Due to their effects on red blood cells, which often lead to
haemolysis, anaemia is a common consequence. Prolonged or untreated malaria leads to
compromised functioning of vital organs such as the spleen, liver, lungs, kidney, or even the

brain, causing cerebral malaria.'*

Direct and indirect economic losses occur in the setting of malaria. Households use a range of
preventive measures such as mosquito coils, aerosol sprays, bed nets and mosquito repellents
to differing degrees in different areas, which increases the cost of living. Indirect economic
loss involves the opportunity cost of time foregone by the sick individual due to illness and the
opportunity cost of healthy household members' time spent treating or attending to the ill
person or accompanying them for treatment. Huge sums of money are expended on treatment
and prevention programs besides the loss of working hours that lead to a reduction in the GDPs
of affected countries.®®

1.3.1 Malaria Parasite Life Cycle

Malaria is transmitted and spread from one person to another through the bite of the female
Anopheles mosquito. There are about 400 distinctive species of Anopheles mosquitoes, but
only 30 are vectors of significant importance.® During a blood meal, an infected mosquito
injects sporozoites, which travel through the bloodstream to lodge in the liver (Figure 1.1).
Further development occurs in the hepatocytes, producing merozoites, which infect the red
blood cells upon release from the liver. The erythrocytic phase of malaria infection is then
initiated.'” The asexual division continues in the red blood cells, which burst to release more
merozoites to infect other red blood cells. Some of the merozoites in the red blood cells develop
into gametocytes, which are taken up by a mosquito during feeding. The gametocytes mature
in the vector's gut as male (microgametocytes) and female (macrogametocytes) gametes and
eventually fuse to form a zygote. The zygotes transform into motile ookinetes, which later
develop into oocysts within the mid-gut of the mosquito. Upon further division of the oocysts,

sporozoites are produced, which concentrate in the vector's salivary glands and are deposited



in the bloodstream of the next human host during a blood meal.” The most common mode of
malaria transmission is from the anthropoid vector to the human host. Other ways of
transmission include congenital malaria, which is transmitted from mother-to-child during

pregnancy or at birth,*® human blood transfusion®® or even organ transplantation.?

In infections caused by P. vivax and P. ovale, there is a distinct dormant hepatic stage of the
parasite called hypnozoites. These 'sleeping forms' may prevail for weeks, months, or years

before getting reactivated to initiate the erythrocytic stage of infection.?!
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Figure 1.1: Malaria parasite life cycle.??

1.4 Malaria Control, Prevention and Treatment

Malaria is a complex disease to control primarily due to the vector and parasites' profoundly
versatile nature. Whereas successful tools have been and will proceed to be developed to
combat malaria, over time, the parasites and mosquitoes will evolve to evade those tools if used
in confinement or used ineffectually. To achieve sustainable control over malaria, healthcare
experts will require a combination of new approaches and tools. Research could play an

essential role in the development of those next-generation strategies.



1.4.1 Vector Management and Control

Vector control can be achieved by making contact with the human host and mosquito
impossible or merely killing the mosquitoes. Early vector control strategies included the
screening of houses, mosquito nets, the drainage or filling of swamps and other water bodies
used by mosquitoes for breeding, and the application of oil or Paris green to breeding places.??
The revelation of the insecticidal properties of dichlorodiphenyltrichloroethane (DDT) in the
1940s* and the subsequent discovery of other insecticides shifted the focus of malaria vector
control to the deployment of insecticides to attack both the larval and adult stages of mosquito

vectors.?

The core vector control interventions applicable for all populations at risk of malaria in most
epidemiological and ecological settings are the deployment of insecticide-treated mosquito nets
(ITNs) that are prequalified by WHO, which in many settings are the long-lasting insecticidal
nets (LLINs) and indoor residual spraying (IRS) with a product prequalified by WHO. Since
2000, 78% of the malaria clinical cases averted through interventions have been due to

insecticidal vector control, namely through the widespread scale-up of ITNs and IRS.?°

The resistance of malaria vectors to insecticides currently used in ITNs and IRS threatens
malaria prevention efforts. Resistance to the four commonly used insecticide classes-
pyrethroids, organochlorines, carbamates and organophosphates are reported across all WHO
malaria regions.?® Insecticide resistance is undoubtedly a significant challenge to the control of
malaria vectors worldwide. This limits the tools available to achieve the goal of controlling and
eliminating the disease. It is of utmost importance that novel insecticides and new control tools

be designed to help manage and mitigate the impact of insecticide resistance.?

1.4.2 Chemoprophylaxis and Chemoprevention

Chemoprophylaxis refers to the use of antimalarial drugs to prevent the development of malaria
in travellers to endemic areas. Although malaria chemoprophylaxis usually refers to all malaria
species, there is a distinction between P. falciparum malaria prophylaxis and prophylaxis of
the relapsing malaria species; thus, the choice of chemoprophylaxis also varies. It must be
noted that no antimalarial prophylactic regimen gives complete protection, but good
chemoprophylaxis (compliance to recommended drug regimen) significantly reduces the risk
of the fatal disease.?”?



Malaria chemoprophylaxis comes in two phases- primary and terminal prophylaxis. Primary
prophylaxis requires the use of antimalarial drugs at a recommended dosage, 2-20 days before
departure to endemic areas and continued for the duration of stay and then 1-4 weeks after
return. Primary prophylaxis may be causal or suppressive. Causal prophylaxis prevents
infection in the liver by inhibiting the pre-erythrocytic schizogony. Primaquine and proguanil
are effective as causal prophylactic drugs. Suppressive prophylaxis entails the use of blood
schizonticides to suppress the blood forms of the malaria parasite and thus protect against

clinical illness.?

On the other hand, terminal prophylaxis is the administration of primaquine for two weeks after
returning from a malarious zone to tackle the hypnozoites of P. vivax and P. ovale that can

cause relapses.?

Malaria chemoprevention is the sporadic administration of full treatment courses of an
antimalarial medicine to children and pregnant women during the malaria season in highly
seasonal transmission regions. The objective is to prevent malarial illness by maintaining
therapeutic antimalarial drug concentrations in the blood throughout the highest malarial risk.
Sulfadoxine-pyrimethamine (SP) as an intermittent preventive treatment for malaria in
pregnancy (IPTp) has shown the ability to reduce maternal anaemia, low birth weight and

perinatal mortality in sub-Saharan Africa.?®

1.4.3 Vaccination

Several research projects for the discovery of malaria vaccines are ongoing. The only vaccine
to have completed Phase 3 testing is RTS, S, which has been in development since 1987 by
GlaxoSmithKline (GSK) and is designed to stop the Plasmodium falciparum malaria parasite
from entering the liver, preventing the subsequent deadly blood stages.®® During clinical trials,
RTS, S reduced clinical incidence by 39% and severe malaria by 31.5% among children aged
5-17 months who completed all four doses. Following a positive scientific opinion of the
European Medicines Authority under Article 58 in July 2015, the WHO recommended that
RTS, S be implemented on a pilot scale in some parts of about three to five sub-Saharan African
countries. The integration of the RTS, S vaccine into the national immunization programmes
of Malawi, Ghana and Kenya over the next five years is, therefore, an exciting moment for
public health. Various other pre-erythrocytic vaccines are in trials, but none have shown the

potential of RTS, S. Researchers are working on improving the efficacy of the vaccine to get it



to be more than 50% effective by employing prime boost technology, adjuvants and antigen
optimization.® Recently, another promising vaccine, R21/Matrix-M has been reported to be
77% effective against the disease. In a randomized controlled trial, the low-dose,
circumsporozoite, protein-based vaccine was safe with high-level efficacy over 12 months
when administered to 450 children aged 5-17 months in Burkina Faso. A larger trial in children
aged 5 months — 3 years will be performed across four African countries to confirm the

findings.32%

1.4.4 Mass Drug Administration Programme

Mass drug administration (MDA) refers to providing a therapeutic dose of an effective
antimalarial drug to the entire target population, regardless of infection status or symptoms.3*
MDA has re-emerged as a recommended tool by the WHO to accelerate transmission
interruption in areas approaching elimination. As rapid diagnostic tools are being used, they
are not sensitive enough to detect the last parasite. Consequently, they leave large parts of the
asymptomatic reservoir undetected.®® Community erratic controlled trials of MDA with the
long-acting antimalarial dihydroartemisinin-piperaquine (DHAP) and other interventions have
shown this technique prudent and effective at significantly reducing malaria prevalence and
incidence in pre-elimination settings.®-* This strategy is further exemplified by a recent trial
in a low transmission area in Zambia. Two rounds of MDA-DHAP on top of a standard of care
of improved access to case management, vector control and surveillance were evaluated.
Plasmodium falciparum parasite prevalence in children under five years of age under the MDA
programme remarkably reduced from 7.7% at baseline during peak transmission to <1% during
the following year's peak season 3-months post-MDA. This represents an 87% larger decrease
compared to the standard of care. These findings have influenced the Zambia National Malaria
Elimination Centre to add MDA-DHAP to its package of interventions in areas targeting

subnational elimination.3*

1.5 Malaria Chemotherapy

Chemotherapy remains, undoubtedly, the mainstay of malaria control and has evolved since
the first antimalarial drug, quinine. This drug was isolated from the bark of a high altitude tree
called Cinchona officinalis, native to South America. It was the earliest remedy for malaria,

with its use dating back to the 17" century.*® Resistance was first reported in the 1980s*° and



is no longer employed as front-line therapy for malaria. Nonetheless, quinine is on the WHO's
Model List of Essential Medicines (MLEM) to treat acute malaria cases where artemisinins are
not accessible. The MLEM consists of the drugs that are considered to be efficacious and safe
to meet the most important needs in a health system.*

Chloroquine (CQ), a 4-aminoquinoline, was used to treat all forms of malaria during the 1940s.
CQ (Figure 1.2) was clinically used for malaria treatment until resistant parasites emerged and
spread. This brought about a discontinued use of CQ in many countries.*?~*> Chloroquine is on
the MLEM to treat P. vivax in regions where resistance has not evolved.** Other quinoline
agents such as pamaquine were employed as an antimalarial before the discovery of
chloroquine. Mepacrine was predominantly used as a prophylactic, sold under the trade name
Atabrine during the Second World War. It is no longer used today due to the high chance of
undesirable side effects such as toxic psychosis.*® Subsequent research led to discovering the
prophylactic primaquine, an 8-aminoquinoline, with remarkable activity against P. vivax and

P. ovale malaria.*’

During the 1970s, mefloquine (Figure 1.2) was developed by the United States Army*® and is
still being used today. It was initially introduced to treat chloroquine-resistant malaria and used
both as a curative and a prophylactic drug. Resistance against mefloguine was first reported in
1986.%° It is thought that the structurally related quinoline drugs exhibit their antimalarial
activity by the accumulation of ferriprotoporphyrin IX, a toxic metabolite resulting from the
interference of hemoglobin metabolism in the parasite.®® In those parts of the world where
parasite sensitivity to the quinoline drugs has declined and where few alternatives are available,
cure rates have been improved when the drug is combined with the antibiotics tetracycline or

clindamycin.>*

Simultaneously during World War 11, drug development focused on pyrimidine derivatives
based upon their presence in nucleic acids and their metabolism by protein systems effectively
blocked by antimalarial sulphonamides. Research in this direction resulted in the development
of the antifolate antimalarial agents.>? Antifolate antimalarials are subdivided into two classes:
inhibitors of dihydropteroate synthase (DHPS) and inhibitors of dihydrofolate reductase
(DHFR). Synergy is achieved when DHPS and DHFR inhibitors are used in combination in

the treatment of malaria.>?

Proguanil (Figure 1.2) was the primary detailed antimalarial antifolate agent, and studies

demonstrated that it is a prodrug that metabolizes to its triazine form chlorcycloguanil, an



inhibitor of the parasite DHFR.>3 Further studies on proguanil showed that chlorination of the
phenyl ring and the increase in the linker between the phenyl ring and the diaminopyrimidine
ring increase the potency of this class of antifolates.>> As a result, chlorproguanil and
clociguanil were discovered.®® Chlorproguanil was used in combination with dapsone, a
sulphonamide, for the treatment of uncomplicated malaria, but haemolysis in glucose-6-
phosphate dehydrogenase (G6PD)-deficient patients led to its withdrawal from clinical use.>*
Pyrimethamine, a 2,4-diaminopyrimidine, with structural similarities to proguanil, has been the
most widely used antimalarial antifolate agent. It is utilized in combination with other

antimalarial drugs, and to a lesser extent, it has been used in monotherapy.>>>’

The increased exposure of non-immune persons to resistant strains rekindled interest in
sulphonamides and sulfones as antimalarials. These sulpha drugs are known to inhibit the
enzyme dihydropteroate synthase (DHPS) that catalyzes the first step in the pathway that
involves the synthesis of dihydrofolate from para-aminobenzoic acid.> In the past, attempts
were made to use these sulpha drugs as monotherapy but were abandoned because of their low
efficacy and unacceptable toxicity.>® The scrutiny in this class of antifolates was encouraged
when it was demonstrated that they synergized with DHFR inhibitors, thus explaining their use
as components in antifolate combinations. As exemplified, the sulfadoxine-pyrimethamine
combination is the preferred option for preventing malaria among pregnant women and as an
intermittent preventive therapy. Similarly, trimethoprim-sulfamethoxazole with the trade name
co-trimoxazole has been widely used in the treatment of childhood fevers, bacterial infections

and traveller's diarrhoea.5%:%9-6

The introduction of artemisinin-derived drugs in the 21% century has perhaps revived hopes of
conquering malaria. Tu Youyou first isolated artemisinin from the plant Artemisia annua, a
herb commonly used in Chinese traditional medicine.®? The evidence of the antimalarial
properties of artemisinin existed as far back as the 1970s. It was still not widely used until early
2000, when the WHO approved it as a drug of choice for uncomplicated malaria.®®54
Artemisinins are efficacious against all multi-drug resistant forms of P. falciparum. The most
common semi-synthetic derivatives of artemisinin are artesunate, artemether and arteether.

These are prodrugs that are transformed to the active metabolite, dinydroartemisinin.®
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Figure 1.2: Chemical structures of some past and current antimalarial drugs.

The mechanism of action (MoA) of artemisinin and its derivatives is thought to be due to the
endoperoxide groups. When the parasite is located inside red blood cells, it consumes
hemoglobin within its digestive vacuole by the hemoglobin degradation enzymes.>* The
process releases ferrous ions, which catalyze the cleavage of the peroxy moiety to form oxygen
or carbon-free radicals. These free radical intermediates disrupt the biomembrane and inhibit
the cysteine protease of the vacuoles.>! Evidence of other possible mechanisms of action has
been found. A computational approach to determine the MoA based on previous studies has
identified haem and PfATP6 (Ca?* transporter) as potential targets.® In more recent years,
artemisinin was shown to be related to the up-regulation of the unfolded protein response
(UPR) pathways, which may be connected to decreased parasite development.®’ In another
study, artemisinin has also been shown to be a potent inhibitor of P. falciparum
phosphatidylinositol-3-kinase (PfP13K).%8
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The ascendancy of the artemisinins is their ability to rapidly clear blood parasites to below
detectable levels. Due to their short elimination half-lives (typically 2-5 hours), they do not
encourage selection pressure for the development of resistance.%® Unfortunately, reports of
resistance to artemisinin-based drugs have emerged, especially in Southeast Asian countries
like Cambodia, Thailand and Vietnam.%® Recent reports also suggest the emergence of
resistance to these drugs in some parts of Africa (Rwanda).’”®’* To curb resistance and achieve
high efficacy, artemisinins are used in combination with other antimalarial drugs like
mefloquine, amodiaquine, lumefantrine, sulfadoxine-pyrimethamine (SP) and piperaquine.
The drugs used in combination with the artemisinins are recommended to act via a different
mechanism. They should also have a slower in vivo elimination to achieve synergy, reduce the

chances of developing resistance, and minimize side effects.*>"2-"

1.5.1 Challenges in malaria chemotherapy

Over the decades, several actions and strategies have been employed for the control and
eradication of malaria. However, challenges still abound, with the emergence and spread of
drug-resistant parasites being the most daunting threat to the continuity of current therapies.”"
"8 Interactions among people from malaria-endemic and non-endemic regions also hamper
malaria eradication efforts as transmission remains an undeniable fact.”®2° Most of the current
drugs act principally at only one of the Plasmodium life cycle stages (Figure 1.3), mainly the
erythrocytic stage associated with malaria's clinical symptoms. Drugs capable of targeting all
the life cycle stages of the plasmodium parasite are needed if malaria eradication is to be
attained. Also, newer medications that act by novel mechanisms and can interrupt the parasite
life at multiple stages are urgently needed.®! Furthermore, the current portfolio of antimalarials,
both in clinical use and development, has several other shortfalls that warrant the search for
better alternatives. For instance, primaquine, which is the sole clinical agent against the hepatic
forms of P. vivax, causes fatal haemolysis among patients who lack glucose-6-phosphate
dehydrogenase (G6PD), an enzyme involved in regulating cellular oxidative stress.*"8
Similarly, amodiaquine is associated with hepatotoxicity and agranulocytosis, thought to result
from its metabolism to the quinone imine and reactive aldehyde metabolites, respectively.83-8¢
Neurological backlash has also been ascribed to the use of mefloguine amongst some

patients.®78°
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Figure 1.3: The activities of some current antimalarial drugs on the life cycle stages of

Plasmodium.%®

1.6 Current Antimalarials in Clinical Development

In an effort to reduce the global malaria burden, new product development partnerships such
as Medicines for Malaria Venture (MMV) and the Drugs for Neglected Diseases Initiative
(DND:i) were created. These partnerships have harnessed the expertise of the pharmaceutical
industry and malaria academics, with financial support from funding organizations like the Bill
and Melinda Gates Foundation. Consequently, the recent decade has seen a spring up of
partnerships and collaborations featuring academic institutions, pharmaceutical companies and
non-governmental organizations geared towards drug discovery for neglected tropical

diseases.50:91:92
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The model of malaria control and elimination has been expanded to encompass a goal of global
eradication. The Malaria Eradication Research Agenda (malERA) was developed to address
knowledge gaps and modern tools needed to eradicate malaria globally. MalERA was initiated
after the rectification of malaria elimination as a long-standing intent during the Malaria Forum
summoned by the Bill and Melinda Gates Foundation in October 2007. This was subsequently
supported by the WHO, the Roll Back Malaria (RBM) Partnership and many other
organizations and institutions.*® Given this initiative, a proposal was published for the types of
molecules [target candidate profiles (TCP)] and medicines [target product profiles (TPP)]
required, setting clear goals for new therapies.®* The 'candidate’ in TCP refers to a single
molecule usually in conventional regulatory preclinical safety assessment or human volunteer
studies. The 'product’ in TPP, on the other hand, refers to a final product, which may contain
two or more active candidates and, importantly, the appropriate formulation.®® In public
healthcare, the publication and feedback for TCPs and TPPs is a critical part of their refinement.
Because drug development takes over a decade to complete, TCPs and TPPs are living
documents; thus, they need to be streamlined to reflect changes in patient needs and the clinical
landscape, new safety findings and technical progress.®® Table 1.1 below gives an overview of
newly defined TPPs and TCPs.

Table 1.1: Overview of newly defined TPPs and TCPs.%®

Profile Intended Use

molecules become available.

would be appropriate.

TPP-1 Case management; treatment of acute uncomplicated malaria in children or
adults. Uses a combination of two or more molecules with TCP-1 activity, plus

TCP-5 for reducing transmission and TCP-3 for relapse prevention, when such

For severe malaria, a parenteral formulation of a single fast-acting TCP-1

TCP-1 support for emerging infections.

TPP-2 Chemoprotection: given to subjects migrating into areas of high endemicity or

during epidemics. Uses a combination of TCP-4 activity, potentially with

TCP-1 Molecules that clear asexual blood-stage parasitaemia

TCP-3 Molecules with activity against hypnozoites (mainly P. vivax)
TCP-4 Molecules with activity against hepatic schizonts

TCP-5 Molecules that block transmission (targeting parasite gametocytes)
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(endectocides)

TCP-6 Molecules that block transmission by targeting the insect vector

For eradication to be effective, drug therapy must annihilate the human reservoir of infection,
and this is an objective best achieved by Single Encounter Radical Cure and Prophylaxis
(SERCaP). Such a single-dose treatment would be efficient against malaria-resistant strains,
cure clinical malaria, stop transmission and prevent relapses. In addition, SERCaP represents
the ideal treatment because it could promote compliance since it could easily be administered
as directly observed therapy (DOT).%* Ideally, a SERCaP medicine would be universally well-
tolerated in vulnerable populations and those with co-infection and thus be suitable for MDA
programmes. Also, an ideal treatment should offer prophylaxis for a minimum of one month
post-treatment. It is paramount to emphasize that this may not be achievable; thus,

compromises will undeniably have to be made.%*%

These eradication strategies have resulted in current approaches in designing new antimalarial
compounds with chemical structures (Figure 1.3) different from the ‘traditional’ chemical
scaffolds of existing antimalarial agents. Novel chemotherapeutic agents have emerged over
the past few years with promising potential as future antimalarials. Table 1.2, adapted from the
MMV's portfolio, shows antimalarial compounds, including those supported by MMV at
different phases of clinical development. After pre-clinical evaluation, the clinical development
of a drug candidate consists of three phases. During phase I, the safety, tolerability and dosing
in healthy adult volunteers are determined. The drug candidate then progresses to phase I,
where it is tested in a limited number of patients for proof-of-concept and further safety
evaluation. Phase IlI clinical trials involve many patients in endemic countries and aim to
compare efficacy with the standard of care. This phase also reconfirms safety before the
product is finally licensed.

Table 1.2: Summary of antimalarial drug candidates at different phases of development.®

Preclinical Human Patient Patient
volunteers exploratory confirmatory
MMV371 M5717 Ganaplacide/Lumefantrine Dihydroartemisinin-
Janssen Merck KGaA Novartis
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piperaquine

dispersable
Alfasigma
MMV183 ZY19489 Cipargamin Artemether-
(TroplQ) Zydus Cadilla Novartis lumefantrine <5kg
Novartis
MMV646 Atoguanil Ferroquine Sulfadoxine-
(Jacobus) Ipca (Sanofi) pyrimethamine

Swipha/Biogaran

INE963 MMV533 Sulfadoxine-
Novartis Sanofi pyrimethamine
Enzor

Pharmaceutical

GSK701
GSK

*Adapted from MMV's summary of the global portfolio of antimalarial candidates in clinical

development (last updated February 2021).%

MMV646 (JPC-3210) is a trifluoromethyl pyridine analogue that resulted from a
comprehensive structure-activity relationship studies of the 2-aminomethylphenol class of
compounds.®” It is an erythrocytic schizonticide with in vitro potency against multidrug-
resistant cell lines of P.falciparum, low cytotoxicity, in vivo efficacy against murine malaria.®’
It showed a favourable preclinical pharmacokinetics, including a long plasma elimination half-
life of 4.5 days in mice and 11.8 days in monkeys. MMV646 displayed a high oral
bioavailability (86%) and a linear single-oral-dose pharmacokinetics across the dose range of
5 to 40 mg/kg of body weight in mice.®® The mechanism of action of MMV646 is currently
unknown. Its potency against multiple drug-resistant strains underpins the hypothesis that its
MOoA is different from currently used antimalarials.®® It is in the final stages of preclinical

development prior to testing in humans.
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Figure 1.4: Chemical structures of some new antimalarial clinical candidates.

GSK701 (MMV1582367) is a new antimalarial in preclinical trials discovered by
GlaxoSmithKline with support from the Wellcome Trust.®® It is potent and active against
resistant strains of P.falciparum, fast killing both in vitro and in vivo with a low single dose
prediction (250 mg). GSK701 is reported to have a novel mechanism of action that is distinct

from already existing antimalarials.*®

M5717, shown to have potency against multiple stages of the Plasmodium parasite through a
novel mechanism of action was developed by a team led by the Drug Discovery Unit (DDU)
in Dundee in 2015.1%%1 This compound showed almost equal potency against several drug-
resistant strains(3D7, K1, W2, 7G8, TM89C2A, D6 ana V1/S) and similar potencies across
multiple life cycle stages (liver schizonts, gametocytes and ookinetes).% When evaluated in
vivo in a P.berghei mouse model for a single dose efficacy, it showed > 99% reduction in
parasitemia at doses of 4 x 30 mg/kg p.o and an EDgo of 0.1-0.3 mg/kg.X* M5717 could be
used as a long-duration partner in combination therapy with a fast-acting compound due to its
ability to clear blood-stage parasites via a novel mechanism of action (PfeEF2 inhibition).%* It
is presently in Phase I clinical trials.

ZY 19489 (MMV253)is a novel triaminopyrimidine discovered by AstraZeneca in 2015 via a
phenotypic high-throughput screen and further medicinal chemistry optimizations.1%2 It showed
good in vitro potency and in vivo efficacy when administered orally in a P. falciparum SCID

mouse model. Plasmodium parasites were cleared below the detection limit after 4 days of
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daily treatment with a 20 mg/kg dose, and a maximum Kill rate was observed at 40 mg/kg.1%

No spontaneous reduction in potency was observed when the compound was screened against
various resistant mutant strains with different resistance mechanisms due to its novel
mechanism of action (PfATP4 inhibition).1% ZY 19489 has the potential to be a single-dose
cure for P. falciparum and P. vivax malaria due to its rapid parasites Killing activity across all
the intraerythrocytic stages, long half-life, low resistance potential and novel mechanism of
action. It has recently completed phase I clinical trials in healthy volunteers and would be
evaluated in multiple ascending dose (MAD) phase | and phase | combination studies.%®

Atoguanil is a co-formulated prophylactic antimalarial with the active ingredients atovaquone
and proguanil. It was jointly developed by Ipca laboratories and MMV. Atoguanil’s mechanism
of action is through the interference with two pathways involved in the biosynthesis of
pyrimidines required for nucleic acid replication. The presence of atovaquone also makes
atoguanil a P. falciparum mitochondrial electron transporter inhibitor and is presently in phase

| clinical study.%

Ganaplacide/Lumefantrine is an antimalarial combination therapy of Ganaplacide (an
imidazolopiperazine), also known as KAF156 and lumefantrine (a synthetic amino alcohol
fluorene derivative). Ganaplacide was identified by Novartis via a high-throughput screen and
medicinal chemistry optimization program.'°41% |t has a prophylactic potential and has shown
transmission-blocking activity in a Standard Membrane Feeding Assay.'% Lumefantrine is a
slow-acting antimalarial mostly used in combination therapies. Ganaplacide/Lumefantrine is
reported to affect the parasite’s internal protein secretory pathway, but the target is unknown.
Decreased susceptibility to ganaplacide is associated with mutations in three P.falciparum
genes, namely, CARL (cyclic amine resistance locus), UDP-galactose and Acetyl-CoA

transporters.*®

Cipargamin, also known as KAEG609, is a synthetic antimalarial belonging to the
spiroindolone class. It possesses both the potency (average 1Cso of 550 pM against asexual
blood-stage P. falciparum) and favourable pharmacokinetics (elimination half-life of
approximately 24 hours in humans) required for a single-dose cure.X°”1% This feature could
help slow the onset of parasite resistance, which is not shared by existing, approved
antimalarial drugs. Cipargamin is also unique in its ability to block transmission to mosquitoes
and is a parasite P-type ATPase4 inhibitor.1%119 It is currently in phase 1l clinical trials to treat

acute, uncomplicated malaria due to P. falciparum mono-infection.
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Ferroquine is a member of the 4-aminoquinoline family, discovered by Sanofi-Aventis that
has shown promising efficacy and safety profile both as monotherapy and in combination with
artesunate.''! It retains activity against chloroquine- and piperaquine-resistant parasites in vitro
and has a long elimination half-life of 16 days.!'! The basic centres of the 4-aminoquinoline
core enable the accumulation of ferroquine in the acidic environment of the digestive vacuole.
This prevents hemozoin formation, causing a build-up of toxic heme and consequently leads
to the death of the parasite.*? In addition, the ferrocene core generates toxic free radicals,
which provide an additional mechanism of action.!'® Following the termination of the
artefenomel-ferroquine combination, the rights of ferroquine have been transferred to MMV

for further investigation in a new Phase 11 combination study.®®

1.7 Approaches to Drug Discovery and Development

1.7.1 Phenotypic Whole-Cell Screening and Target-based Strategies

The overall goal of all drug discovery efforts is to develop efficacious and safe therapeutics to
treat diseases effectively. Phenotypic-based screening strategies were the foundation of
pharmaceutical drug discovery well before molecular target-based drug discovery became
popular.t** The principal application of cell-based phenotypic assays is to screen large
compound libraries to identify chemical matter starting points for drug discovery projects.
Usually, a characteristic associated with the disease is exploited, and compounds are then tested
to identify active hit compounds that enhance the disease phenotype.!'* Primary hits identified
from phenotypic screens may have different targets, and lead compounds can further be
developed from these hits with or without the knowledge of the target. However, identification
of the target could facilitate structure-activity relationship (SAR) studies. Phenotypic screening
enables the discovery of lead compounds for many rare diseases understudied or lacking
effective drug therapy. Furthermore, recent rapid advances in various technologies for cell-
based phenotypic screening, including induced pluripotent stem (iPS) cell technologies*® and
gene-editing tools such as CRISPR-Cas!®, have enabled the development of novel cell-based

disease models that promise to more realistically recapitulate human disease biology.

The molecular target-based approach for drug discovery, on the other hand, generally begins
with target identification relevant to a disease of interest. Through basic research, molecular
targets are often discovered with studies involving animal disease models and clinical

observations of patient phenotypes.*'1":118 Assay development is initiated once a suitable
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target has been identified and validated, followed by high throughput screening (HTS) of
chemical libraries to identify inhibitors or antagonists against the target. The most active
compounds are then confirmed and validated in orthogonal assays that are more
physiologically related to the target. Chemical optimization to characterize the SAR of the lead
series and augment favourable absorption, distribution, metabolism and excretion (ADME) is
then carried out. Pharmacokinetic/pharmacodynamic (PK/PD) properties of the compounds are
also assessed.'#118 For about three decades now, molecular target-based screening has become
the dominant approach in early drug discovery, albeit with its limitations.!® Recent analysis
has revealed that high attrition rates in Phase Il and Phase 111 clinical trials are mainly due to a
lack of drug efficacy and other factors.'?%12! Amidst factors such as the weak correlation of
animal models with human diseases and genetic variation of patient populations, invalidated
targets for a disease is a notable factor for many failed drug candidates. The number of
validated druggable targets currently available for drug development is apparently more limited

than previously perceived.'?2123

Overall, both phenotypic screening- and target-based approaches to drug discovery have
limitations. Thus, rather than viewing both approaches as opposing alternatives in novel drug
discovery, they should be seen as complementary approaches that can increase the chances of
discovering and developing drugs with novel efficacious molecular mechanisms of action. The
trend toward 'empirical drug discovery' 1?4125 recognizes the complementarity with target-
based campaigns. As unveiled using phenotypic screening, the biological relevance alleviates

the danger of possible failure in the development pipeline.'°

1.7.2 Drug Repurposing, Repositioning and Rescue

De novo drug discovery is a time-consuming, laborious, costly and high-risk process, often
with low returns regarding the number of drugs that finally make it to the market. This has
served as a source of inspiration for other alternatives with chances of shortening the time and
reducing financial investments, especially in neglected tropical diseases. Drug repurposing is
an effective strategy in finding new indications for existing drugs.1?52” Even though the terms
drug repurposing and drug repositioning are often used interchangeably, drug repurposing
refers to cases where an existing drug, approved by a regulatory agency in one disease area, is
found to be active against another disease. In contrast, drug repositioning refers to cases where

a drug active in one disease is used as a template for chemical modification to generate
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derivatives optimized for another disease. An extension of this concept is drug rescue, where
new uses are found for drugs that have failed for one disease indication, either pre-or post-
approval or abandoned in development.?® One of the advantages of these approaches is that in
many cases, they have already proven to be adequately safe in preclinical models and, at least,
at early-stage trials in humans, hence being less likely to fail from a safety perspective in
subsequent efficacy trials. Regarding approved drugs, they have successfully passed clinical
trials and regulatory scrutiny and undergone post-marketing surveillance.'?® While new uses
for drugs (such as bupropion, thalidomide, sildenafil and aspirin) have sometimes been found
fortuitously, some strategies exist to identify drugs that can be used for other indications. These
strategies include similarities in cell biology and drug targets, computational approaches and

exploitation of genome information.*2%1%

1.8 Physicochemical Properties in Drug Discovery and Development

Physicochemical properties propel a drug's metabolism, efficacy and safety by controlling
binding affinities for macromolecules. Studies have shown that physicochemical properties
such as molecular weight, lipophilicity, polarity, ionization, and hydrogen bonding influence a
compound’s overall properties and, consequently, have a bearing on solubility and
permeability. Drugs must be sufficiently soluble and permeable to reach the site of action and

be capable of being successfully formulated. '3!3

1.8.1 Solubility

Solubility, the phenomenon of dissolution of a solute in a solvent to give a homogenous system,
is one of the descriptive parameters to achieve the desired concentration of a drug in systemic
circulation for a desired pharmacological response.® Solubility has a crucial role in the
success of in vitro absorption, distribution, metabolism, excretion and toxicity (ADMET) as
well as bioassays. Compounds with poor aqueous solubility often lead to artificially weak
potency and low high-throughput screening hit rates. The low solubility of compounds in
assays can lead to the misinterpretation of data as good selectivity and mistakenly identifying
inferior compounds for further advancement. In this regard, information on solubility during
the early stages of drug discovery is beneficial to guide compound selection, help decision-
making and provide an early alert for potential issues in ADMET.**® Insoluble compounds also

contribute to poor oral absorption and poor oral bioavailability. Apart from solubility-limited
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absorption, oral absorption can also be dissolution-rate-limited. Thus, if compounds have a
slow dissolution rate, they might miss the absorption window in the small intestine and have a
reduced fraction absorbed. Solubility data can be used to simulate in vivo pharmacokinetics,
which could aid prediction for efficacious doses, especially solubility in intestinal fluids.1361%7

Information on the solubility of an active pharmaceutical ingredient (API) is pivotal in
predicting human oral pharmacokinetics and designing dose regimens in clinical trials. Poorly
soluble drugs are associated with wavering absorption and inconsistent exposures during
testing. The variability in the pharmacokinetics of a drug candidate can hinder its development
and may require further investigations to meet the criteria set by drug regulatory authorities.
Overall, this negatively impacts the costs and time taken in developing a drug.*®

1.8.2 Lipophilicity and permeability

For a drug development program to be successful, it requires the optimization of specific and
potent recognition by its pharmacodynamic targets and efficient delivery to these target sites.
Lead compounds require not only good solubility but also the right lipophilicity. Lipophilicity
(Log P) is a measure of the partitioning of a compound in a hydrophobic solvent (octanol) and
a hydrophilic solvent (water) at equilibrium. Although solubility is necessary for compound
dissolution, lipophilicity allows it to cross the phospholipid membranes. Lipophilicity affects
the ADMET characteristics of drugs, contributes to their permeability through membranes,
impacts their pharmacokinetics, and affects their pharmacodynamic and toxicological
profile.r*8139 Compounds with high lipophilicity are mostly associated with high affinity for
biomolecules such as proteins, resulting in high plasma protein binding, which affects the
concentration of unbound drug in the plasma. This consequently impacts pharmacokinetic
parameters such as clearance and volume of distribution, which are crucial for determining in
vivo efficacy.'® The ability of a compound to bind to any target is, in part, a function of its
lipophilicity, and this contribution is higher for more lipophilic compounds. These effects result
in unspecific binding of compounds to most, if not all targets. Hence, more lipophilic
compounds are more promiscuous in binding and give rise to off-target pharmacological

responses, resulting in high toxicity.*3240

Drug molecules encounter several different membrane barriers such as gastrointestinal (GlI)
epithelial cells, blood capillary wall, hepatocyte membrane, blood-brain barrier and the target

cell membrane. The speed at which drug molecules cross these membrane barriers is a measure
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of their permeability. The primary route for permeability is passive diffusion driven by a
concentration gradient.**! Even though lower molecular weight molecules travel faster across
membranes, the right balance of polarity is required for association with the phospholipid
bilayers made up of inner hydrophobic and outer hydrophilic layers. Lipophilicity is necessary
for the interaction of compounds with the inner hydrophobic layers, while polar groups aid
with the interactions associated with the hydrophilic surfaces, most importantly for oral drugs.
Altogether, solubility, permeability and metabolic stability are key factors that determine the

ultimate drug concentration in systemic circulation, thus the bioavailability.138142

1.8.3 Biopharmaceutical Classification System

The Biopharmaceutics Classification System (BCS) is a guide for predicting the intestinal drug
absorption provided by the U.S. Food and Drug Administration. This system confines the
prediction using the parameters, solubility and intestinal permeability. The solubility parameter
is based on the highest dose strength of an abrupt liberated product. When the highest dose
strength of a drug is soluble in 250 mL or lower of aqueous media over the pH range of 1 to
7.5 at 37 °C, that drug is considered highly soluble. The intestinal permeability parameter is
based on a comparison to the intravenous injection. A drug is considered highly permeable
when the extent of absorption in humans is 90% or more of an administered dose.'*>!4 Based
on the BCS, drugs are classified into four categories based on their solubility and intestinal

permeability. These categories are:

» Class I- High solubility, high permeability
» Class Il- Low solubility, high permeability
» Class Il1- High solubility, low permeability
» Class IV- low solubility, low permeability

The BCS concept has been used for formulation design from the early to the clinical stages of
drug development. Drug molecules in the BCS class | category are defined as highly soluble
and highly permeable. There is no rate-limiting step for oral absorption, and formulation for
this class of drugs is designed to ensure rapid dissolution in the gastrointestinal tract. The
bioavailability of BCS class Il drugs is rate-limited by their dissolution due to low solubility;
thus, a small increase in dissolution rate sometimes results in a substantial increase in
bioavailability. Enhancing the dissolution rate of this class of drugs is thought to be the critical

factor for improving their bioavailability. BCS class 11 drugs have a bioavailability that is rate-
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limited by the membrane permeability in the gastrointestinal tract. These drugs require
modification of their polarity by introducing lipophilic groups as in prodrugs to enhance
permeability. BCS class 1V is the least favourable category comprising drugs with low
solubility and low permeability, making in vitro to in vivo correlation almost impossible. This
usually results in high costs of drug development and formulation design for these types of

d rugs 145-147

1.8.4 Strategies to Improve Physicochemical Characteristics

Characterization of hits and leads in drug discovery is often based on inadequate
physicochemical properties that require optimization. One of the key properties that is mostly
focused on is solubility, and several approaches have been developed to address this issue.
These approaches include physical modification, chemical or structural modification and
supramolecular derivatization. Formulation strategies are also employed as the last resort in
later stages of development.t*>136.144 physical modifications such as particle size reduction is a
strategy that improves solubility by expanding the surface area to volume ratio to allow greater
interaction with the solvent, which causes an increase in solubility. Other physical methods
include modifying the crystal habit like polymorphs, drug dispersion in carriers like eutectic

mixtures, solid dispersions and cryogenic techniques.'3>148:149

Structural modification can also improve solubility by disrupting molecular planarity and
symmetry to reduce crystal packing or by introducing water solubilizing groups at positions on
the core scaffold in such a manner that does not negatively impact other properties. A typical
example is the introduction of alkoxy amines to the core pharmacophore, which successfully
led to the discovery of amlodipine (a calcium channel blocker),**® tamoxifen (an oestrogen
receptor modulator)®! and farnesoid X receptor (FXR) agonists®? with a significant increase
in solubility compared to the original leads. The case of the FXR agonist is illustrated in Figure
1.5. The lead compound FXR-450 displayed low solubility (0.014 mg/mL) and poor
bioavailability (21%) when administered orally by employing the standard suspension
formulation (2% Tween 80 with 0.5% methylcellulose). The introduction of a basic amine led
to the identification of candidate B, which demonstrated an approximately 18-fold solubility
as a free base and 423-fold as a hydrochloride salt. The oral bioavailability was consequently
increased to 53%.%°2 Molecules that contain ionizable groups, either cationic or anionic, lend
themselves to the formation of salts with improved biopharmaceutical properties compared to
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the parent molecule. Appropriate salt forms enhance the dissolution rate as well as the oral

absorption, 136144
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Figure 1.5: Chemical modification approaches to improve solubility.

The reduction of aromaticity, a feature associated with lipophilicity, is another strategy in

optimizing solubility. This involves the replacement of phenyl rings with other heteroaromatic

rings with hydrogen bonding capability. Cyclic saturated systems have also been used to

disrupt molecular planarity and discourage pi-pi stacking that usually results in high energy

forms with low melting points and decreased solvation energy.** The vanilloid receptor 1
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(TRPV1) antagonist AMG 517 (Figure 1.5) is a classic example of this approach. The
thermodynamic aqueous solubility of AMG 517 was reported as <1 pg/mL in phosphate-
buffered saline (PBS) but the introduction of saturation into the 4-(trifluoromethyl)phenyl ring
improved solubility by 13-fold even though potency was compromised.!>

Prodrugs are compounds that are not biologically active but have to be transformed into active
products by chemical or enzymatic reactions.’>*1%® Prodrug approaches can be applied to
improve the solubility of poorly soluble drugs. This enhances oral absorption and enables safe
and effective intravenous formulations.*>® An example of a prodrug is sulindac (a bioprecursor
prodrug), which bears a sulfoxide group that undergoes metabolism through reduction to the
active sulphide (Figure 1.5).1%° The polar nature of the sulfoxide group increases its interaction
with solvent than the reduced sulphide; hence, at pH 7, the sulfoxide prodrug demonstrates a
100-fold higher solubility (3.0 mg/mL) than its sulphide analogue (0.03 mg/mL).*>" Other
prodrugs designed to improve water solubility involve adding an ionizable moiety to the parent
molecule.’> However, in considering a prodrug strategy, it is crucial to consider the potential
toxicity liability caused by the release of the prodrug-solubilizing adjunct from the prodrug.

1.9 Cardiotoxicity in Chemotherapy

Cardiotoxicity represents the most recurring adverse drug reaction and cause of withdrawal for
marketed drugs.®® It has been noted that safety liabilities related to cardiotoxicity account for
45% of the total post-approval drug withdrawal from the market compared to hepatotoxicity. >
The most common form of cardiovascular toxicity related to marketed drugs is the prolongation
of the QT interval, which is associated with polymorphic ventricular tachycardia or torsade de
pointes, which can be fatal. Examples of drugs that have been withdrawn from the market due
to this form of toxicity include terfenadine, astemizole, grepafloxacin, terodiline, droperidol,
lidoflazine, sertindole, levomethadyl and cisapride (Figure 1.6).1%° To avoid delivering drug
candidates with high cardiotoxicity risk, it is paramount that the pharmaceutical industry
develops effective methods of identifying and characterizing such risks during the early stages
of drug development.
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Figure 1.6: Examples of drugs withdrawn from the market due to cardiotoxicity.

1.9.1 Underlying Mechanisms of Cardiotoxicity: Inhibition of the human ether-a-go-go-
related gene (hERG) K* Channel

The repolarization phase of myocytes is primarily driven by the outward movement of
potassium ions (K™) at the cellular level. A variety of potassium channel subtypes are present
in the heart. The two most important potassium currents that participate in ventricular
repolarisation are the subtypes of the delayed rectifier current, Ik (rapid) and ks (slow).'6*
More often than not, drugs that prolong the action potential and delay ventricular repolarization
do so through blockade of either of these outward potassium currents, predominantly the rapid
delayed rectifying potassium current, lk,. Clinically, blockade of the Ikr current manifests as a
prolonged QT interval and the appearance of other T or U wave abnormalities on the surface
electrocardiogram (ECG).!®! Prolongation of the QT interval leads to a rare, life-threatening
form of cardiac arrhythmia known as torsades de pointes (TdP), which has been the leading
safety reason for the withdrawal of drugs from clinical use.®?> A generic but non-clinical

strategy to assess and reduce the risk of QT interval prolongation, usually in the context of drug
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discovery, is the assessment of the compound’s potency at the human ether-a-go-go-related
gene (hERG), which encodes the pore-forming a subunits of the channel carrying rapid delayed
rectifying potassium current (lx,).1%2 Apart from the direct inhibition of the hERG channel,
other mechanisms can account for a drug’s ability to prolong the QT interval. Consequently,
additional non-clinical data can be generated from a variety of in vitro and in vivo assays

together with the hERG assays to refine the integrated risk assessment.*62

1.9.2 Strategies to Counter hERG Activity

An extensive literature survey conducted by Jamieson and colleagues establishes various
concepts based on case studies of the successful strategies to mitigate hERG liabilities.*®® The
challenge in mitigating hERG lies in balancing its affinity without altering the preferred
pharmacological effect since both hERG blockers and non-blockers share a narrow SAR that
hinders pharmacomodulation.®* The optimization strategies described by Jamieson et al. were
categorized based on similarities in the chemical modification approach employed. These
strategies, which will be discussed in detail, include discrete structural modifications, the
formation of zwitterions, control of lipophilicity (log P) and attenuation of pKa.'®® However, it
should be noted that applying any of these strategies in isolation is not a panacea for mitigating
hERG inhibition.

Mutagenesis studies combined with homology modelling of the hERG channel suggest that the
major determinants of hERG-drug interaction are m-stacking and hydrophobic interactions
between aromatic residues lining the large cavity of the channel and aromatic moieties
appropriately positioned in a drug molecule.’®>% The binding mode of cisapride as a
representative example is illustrated in Figure 1.7. Subtle or extensive modification of such
molecular features in a drug molecule could disrupt the presumed interactions and affinity for
the hERG channel. Structural modifications, however, are not restricted to distal aryl rings but
also include introducing constraints in the molecule and varying the stereochemistry where

necessary. 63
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Figure 1.7: Cisapride docked into the partially open state of the hERG channel 1%’

Blum et al. demonstrated the application of subtle structural changes in a series of Y5
antagonists’ aryl-1H-imidazole compounds that displayed a high affinity for the hERG
channel. The introduction of gem-dimethyl moiety between the hydroxyl and amide groups
resulted in compound 1, with about 14-fold less potency against the hERG channel (Figure
1.8). Also, the modification did not alter lipophilicity or basicity.®® In a CCR5 program, Kim
and co-workers adopted a strategy of modifying a distal aryl ring in a 1,3,4-trisubstituted
pyrrolidine series by incorporating a trifluoromethyl group in compound 2, which resulted in
compound 3 (Figure 1.8) with significantly reduced activity at the hERG channel.2%°
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Figure 1.8: Chemical modification approaches to mitigate hERG activity.

Zwitterionic formation is another approach to mitigating hERG inhibition. Zwitterionic species
physically limit the membrane permeability by preventing a drug molecule’s access to the
proposed transmembrane binding site, thus reducing potential interaction with hERG.1% A
classic example of this approach is the story of terfenadine, a second-generation antihistamine
launched in 1982. Post-marketing surveillance implicated terfenadine in several TdP-related
cases, which led to its withdrawal from the market. In addition, prolongation of the QT interval
was reported when terfenadine was administered concurrently with food or drugs that inhibit
cytochrome P450 3A4 (CYP3A4) enzyme resulting in elevated plasma concentrations of the
drug.t”® Nonetheless, it was discovered that the carboxylate metabolite (Figure 1.8), which was

later marketed as fexofenadine, was responsible for the therapeutic efficacy of terfenadine.
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Additionally, fexofenadine exhibits significantly reduced hERG affinity (ICso = 23 uM) and
has no effect on the QT interval.1"* Its reduced hERG affinity could be ascribed to the reduced
cell membrane permeability; hence, its limited access to the channel’s intracellular lumen is
thought to be critical for hERG blockade.®® In a similar approach, researchers from Merck
reported that incorporating an acid moiety or its related bioisostere into an amine-containing
pharmacophore to embellish a zwitterionic system resulted in minimized hERG activity.'’>-174
In their work on biaryl-p-methylphenylalanine DPPIV (dipeptidyl peptidase 1V) inhibitors, the
carboxylic acid-containing derivative 5 was 16-fold less potent on the hERG channel in
comparison to the parent carboxamide 4 (Figure 1.8).173 Unfortunately, the zwitterion approach

has shortcomings of suboptimal oral bioavailability attributed to poor oral bioavailability.*">174

Evidence revealing the existence of a lipophilic ligand-binding site in the hERG ion channel
has help rationalize that compounds with higher lipophilicity tend to be at higher risk of hERG
inhibition.*®51> A general strategy to decrease hERG affinity has then consisted of reducing
the lipophilicity of potential hERG ligands.'’® A recent study by Bartolozzi et al. investigated
an oxadiazole series as potent 5-lipoxygenase-activating protein inhibitors.}”” In their work, the
phenyl core in compound 6 was modified by adding heteroatoms to reduce lipophilicity since
the series occupied the hydrophobic pocket in the protein. It was demonstrated that, in general,
pyridyl derivatives, as exemplified in compound 7 (Figure 1.8), exhibited lower hERG
inhibition in comparison to the phenyl analogues.'’” Furber and co-workers also disclosed the
discovery of piperidinecarboxamide acetonitrile series as dipeptidyl peptidase | inhibitors,
which unfortunately was flawed with high affinity towards the hERG channel.® Lipophilicity
was reduced when an oxygen atom was introduced in the form of a pyran ring as in compound
9, thereby decreasing hERG affinity by 30-fold compared to the lead compound 8 (Figure
1.8).17®

Attenuation of pKa for drug candidates that contain basic nitrogens is a unique approach in
addressing hERG liabilities. Ligands with a basic nitrogen moiety are likely to be protonated
at physiological pH, leading to hERG blockade.'®® The ligand-binding affinity for such basic
amine-containing compounds is attributed to the m-cation interactions between the amine's
protonated nitrogen and the aromatic residues within the cavity of the hERG channel. 6516
Lowering the pKa of a basic nitrogen would, therefore, reduce the proportion of molecules in
the protonated form at physiological pH and subsequently disrupt any putative m-cation
interactions with the hERG channel. Comparably, incorporating alkoxy/hydroxyl groups at the

B-position relative to the amine may shield the protonatable centre, thereby destabilizing any
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n-cation interactions and reducing affinity for hERG.*"® An indolylindazoylmaleimide series
of highly potent and selective protein kinase C-p (PKC-B) inhibitors reported by Johnson &
Johnson showed very potent activity against the hERG channel.8° The most potent compound
10 in the series (ICso = 5 nM) displayed high hERG activity (Ki = 25 nM). It caused a dose-
dependent increase in the QTc interval by 7%, 11% and 15% at 1, 3 and 10 mg/kg, respectively,
when administered intravenously to anesthetized pigs. The SAR in this series suggests that the
basic amino group is critical for PKC-B activity and significant for hERG affinity.
Impressively, when the more basic dimethylamino moiety in the most potent compound 10 was
replaced with a less basic morpholino moiety as in compound 11, the hERG activity was
significantly reduced (Ki = 850 nM) while conserving activity at PKC-B (ICso = 18 nM).28

1.10 The Concept of Intramolecular Hydrogen Bonding (IMHB) in Medicinal Chemistry
A hydrogen bond is defined as a non-covalent bond between a donor pair D-H (in which the
hydrogen atom H is bound to a more electronegative atom D) and a neighbouring
electronegative acceptor A.8t A hydrogen bond is formed when the covalent bond length
between atoms D and H (dpw), the non-covalent bond length between atoms H and A (dna) and
the angle between the two bonds are encompassed in well-defined numerical ranges. In drug
discovery, the hydrogen bond donor pair is usually an amino (-NH) or a hydroxyl (-OH) group,
while the electronegative atom with a partial negative charge includes groups such as a

carbony! or a tertiary amine.8?

An intramolecular hydrogen bond (IMHB) may exist when both the hydrogen bond acceptor
(HBA) and the hydrogen bond donor (HBD) are in close proximity on the same molecule
hence, allowing the formation of a pseudo ring. Practically, an IMHB does not differ from any
other hydrogen bond, except that the simultaneous presence of HBD and HBA groups within
the same molecule inflicts additional hydrogen bond formation restrictions. For instance, if the
molecule is flexible, it allows the positioning of the HBD and HBA to be energetically
favourable. The bond lengths and the bond angles fall within the prescribed ranges for the
formation of a hydrogen bond. On the other hand, if the molecule is rigid, the HBD and HBA
must be correctly oriented if an IMHB is to be formed.*®? It is noteworthy that an equilibrium,
described by a thermodynamic constant (Kimng), exists between closed conformations in which
an IMHB is formed and open conformations in which the polar groups are exposed to solvents
(Figure 1.9).182183 The presence of IMHB has been shown to significantly alter molecular
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properties due to the formation of various conformers that consequently influence solubility,
permeability, pharmacokinetic and pharmacodynamic processes, and protein binding

affinity. 15410
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Figure 1.9: Thermodynamic equilibrium between closed (IMHB) and open conformations.

A hydrogen bond is strong enough to restrict the rotation of fragments by forming the most
commonly 5—-8-membered rings. More importantly, IMHBs are weak enough to allow these
fragments to come apart and lose their orientational specificity in high dielectric media such as
water (Figure 1.9). The chameleon-like nature of an IMHB becomes evident when one realizes
that an IMHB is unlikely to form in water. The polar groups may serve to increase solubility
by easily forming intermolecular hydrogen bonds with water. On the other hand, compounds
that can participate in IMHB eliminate water more readily when entering a low dielectric
environment like a hydrophobic phospholipid bilayer. In that regard, IMHB results in
lipophilic, less polar molecular conformations, which are expected to have higher passive
membrane permeability.*®” Simply put, a decrease in polarity is sometimes achieved through
the formation of IMHBS, where the HBD and HBA atoms are effectively shielded from water,
thereby reducing the energetic penalty of desolvation required in moving from an aqueous
environment through a phospholipid bilayer.®

A significant focus lies in increasing potency and the ADMET profile of drug candidates during
the optimization phase of drug discovery, and IMHB strategies may be applied to achieve these
goals. For instance, a pseudo ring due to a static IMHB could replace a heterocycle and improve
potency.8%1% Similarly, the introduction of an IMHB that forms a pseudo-nine-atom ring in a
peptidic molecule was used by Yang and co-workers to obtain a best-in-class inhibitor (MAI-
400) against the interaction of adenomatous polyposis coli (APC) with Rho guanine-
nucleotide-exchange factor 4 (Asef).!! The binding affinity of MAI-400 for APC is thought
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to be enhanced by the intramolecular hydrogen bond between the L185 backbone carbonyl
oxygen and the S184 side-chain hydroxy group that was demonstrated by the crystal structure
(Figure 1.10) of MAI-400 in complex with APC.1%!

(0] OH (0) OH
(0] H (0] H (0} H 0
A A A
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R O
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D
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N terminus MAI-400

Figure 1.10: (C) Binding interactions between MA1-400 and APC. (D) IMHB in the crystal
structure of MAI-400.1%

1.10.1 Methods to Assess the Propensity of Compounds to Form IMHBs

Unfortunately, one cannot merely examine a given two-dimensional structure and immediately
describe the presence of one or more IMHBs and determine their strength. This is mainly
because the thermodynamic equilibrium of closed versus open conformations depends on
various intricate factors such as geometry, type of solvent etc., acting simultaneously.®?
Successful implementation of IMHB considerations in drug discovery programs requires
experimental tools that assess compounds' propensity to form IMHBs. Molecular modelling
could suggest structural modifications to transform a lead molecule, which cannot form IMHB,
into an optimized lead with some propensity to form IMHB. However, the new molecule
should be experimentally investigated for its effective capacity to form IMHBs once it is

synthesized.'®® The most common tools used to investigate IMHBs are spectroscopy (NMR,
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infrared and Raman), diffraction (X-ray and neutron), calorimetry and theoretical methods such
as the density functional theory.%*

Abraham and co-workers described the most convenient strategy for the use of NMR in
quantitative assessments of IMHB. Briefly, 'H NMR chemical shifts are measured in the
solvents dimethyl sulfoxide and deuterochloroform. The difference in the chemical shifts of an
OH or NH group in these two solvents Aé = 8(DMSO) — 8(CDClg) is then converted into the
hydrogen bond acidity, A, of the group using the equation A= 0.0065 + 0.133A3. The NMR A
value, Anmr, €an be used as a quantitative assessment of intramolecular hydrogen bonding. For
hydroxy compounds, if A > 0.5, then the OH group is not part of an intramolecular hydrogen
bond. If A < 0.1, then the OH group forms part of an intramolecular hydrogen bond. For NH
compounds, if A > 0.16, the NH group is not part of an intramolecular hydrogen bond, and if
A < 0.05, the NH group is part of an intramolecular hydrogen bond.'*® Whaley et al. extended
the application of this NMR method to determine Anmr values for OH groups in some
hydroxyflavones (Figure 1.11).1% The values of the differences in chemical shifts A for the
OH groups are outlined in Table 1.3, together with the Anwvr Values calculated. In the case of
5-hydroxyflavone, a strong IMHB is observed, which involves the formation of a six-
membered intramolecular ring between the 5-hydroxy group and the flavone carbonyl group.
A relatively weaker IMHB is observed with the five-membered intramolecular ring formed

between the 3-hydroxy and carbonyl groups.®

Table 1.3: Chemical shifts and Anwmr values for hydroxyflavones

d Presence/absence
Compound DMSO CDCl3 AS ANMR of IMHB
3-hydroxyflavone | 9.62 7.00 2.62 0.35 Present (weak)
5-hydroxyflavone | 12.67 12.56 0.11 0.02 Present (strong)
6-hydroxyflavone | 9.96 5.44 4.51 0.61 Absent
7-hydroxyflavone | 10.83 5.81 5.02 0.67 Absent
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Figure 1.11: Chemical structures of hydroxyflavones assessed by NMR for IMHB.

Infrared spectroscopy (IR) could also provide insight into IMHB's existence since the
formation of an IMHB causes a shift to lower wavenumbers in the IR stretching vibration band
of the proton-donor (D—H) bond. The shift may be treated as a measure of the hydrogen bond
strength since it correlates with other typical measurements such as hydrogen bond energy and
the proton-acceptor (H-A) distance. Assignment of an intramolecular hydrogen bond by IR
spectroscopy, therefore, is more explicit in a non-hydrogen-bonding solvent or very weak
hydrogen-bonding solvent such as chloroform, with dilute conditions to reduce the potential
for dimer formation of the solute and also for solutes with only a limited number of amide NH
groups to minimize band overlap.'®® Karas and co-workers employed IR measurements to
investigate the effect of alkyl substituents on the IMHB strength of different 1,3-disubstituted
acyclic alcohols (Figure1.12).1%7 In their study, both free OH stretching (v7™® on) and OH
stretching involved in intramolecular hydrogen bonding (vMHBoy) were observed for all the
compounds. The free OH stretching frequency appeared at around 3630 cm™* while frequencies
involved in IMHB were observed at 3561, 3552, 3543, 3539, 3527, 3550, 3539, 3547 and 3527
cm for compounds 12-20, respectively. The difference between both frequencies (Av = v
on - VIMHB,) was used as the measure of the strength of the hydrogen bond since stronger
IMHB causes the proton-donor (D—H) bond to be more elongated and weaker, hence, a larger
shift is observed. Compound 16 [3-(tert-butoxy)propanol] displayed the strongest IMHB with

a frequency difference value (Av) of 112,197
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Figure 1.12: Chemical structures of acyclic alcohols assessed by IR for IMHB.

Direct experimental evidence of the presence of IMHB can be achieved by studying the
molecule using single crystal X-ray diffraction. Crystallographic data are beneficial for retro
prospective studies. This was chiefly shown by Kuhn and co-workers'®, who, also supported
by Bilton et al.'s preliminary studies,*® performed exhaustive searches in crystal structure
databases and provided the probability for IMHB forming five- to eight-membered ring
systems and their relevance in drug discovery (Figure 1.13). The probability of IMHB
formation is higher for six-membered rings than for any other system. Moreover, a comparative
analysis of X-ray structures crystallized from solvents with different polarities could highlight

the impact of the environment on compounds' propensity to form IMHBs.
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Figure 1.13: Examples of Kuhn's topologies with their different tendency to form IMHB.8

An alternative option for diffraction experiments is neutron radiation. Neutrons can be
diffracted like X-rays due to the particle/wave dualism, and depending on their energy, the
wavelength can be modulated to deal with a specific issue. Neutrons interact with the nucleus
of atoms but not the electron shell. Also, the scattering power does not directly increase with
the atom number, unlike X-rays. In fact, the scattering lengths of elements seem to follow an
arbitrary course, and even different isotopes of the same element can have utterly different
scattering lengths. For instance, hydrogen has a coherent scattering length of —3.742 fm, while
that of deuterium is 6.674 fm.2®° Like X-ray diffraction, neutron diffraction can be executed on
single crystals as well as on powders. Meanwhile, without an initial X-ray model, it is rather
challenging to ascertain crystal structures from the neutron diffraction due to the positive and
negative nature of the scattering lengths, further complicating the assignment of phases.
Nonetheless, neutron diffraction data gives valuable information about absolute atomic

positions and bond lengths especially involving hydrogen.?®
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Density Functional Theory (DFT) methods are suitable for studies on intramolecular H-bonds.
Basically, the geometries of the different species under investigation are optimized at the
B3LYP/6-31G(d) level, which has been found to give results in good agreement with high-
level ab initio calculations as far as the description of an intramolecular hydrogen bond is

concerned.?!

1.10.2 Antimalarials with an IMHB Motif

Earlier research work conducted by Burckhalter and co-workers on antimalarial a-
aminocresols led to the discovery of 4-tert-butyl-2-dimethylaminomethyl phenol as an active
compound against trophozoite-induced avian malaria (Figure 1.14).?%2 Their work on a-
aminocresols demonstrated the importance of having the hydroxyl group ortho to the a-amino
group and the benefit of an additional hydrophobic substituent on the ring. This motif was later
attached to the 7-chloroquinoline ring found in chloroquine to produce amodiaquine (Figure
1.15).2%2 The use of amodiaquine is compromised by its hepatotoxicity and its ability to cause
agranulocytosis. It has been shown that the toxicity of amodiaquine is related to the reactive
metabolites formed by oxidation of its phenolic side chain, especially to the formation of a
quinone imine by cytochrome P-450-catalysed biological oxidation. Pharmacological studies
have revealed that the regioisomer of amodiaquine (isoquine), in which the positions of the
groups on the hydroxyl aniline ring have been swapped, cannot be oxidized to the quinone
imine and is comparatively less hepatotoxic (Figure 1.15).2% Similar modifications were
carried out on quinolinemethanols (obtained from quinine) through which the drug mefloquine
(Figure 1.14) was obtained.?% The common structural feature shared by these compounds is a
basic nitrogen within hydrogen-bonding proximity to a hydroxyl group. Likely, the
intramolecular hydrogen bonding between the basic nitrogen (H-bond acceptor) and the
hydroxyl (H-bond donor) may be an essential feature for activity against chloroquine-resistant

P. falciparum.?®

OH
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Figure 1.14: Generalized a-aminocresol (A) and 4-tert-butyl-2-dimethylaminomethylphenol

(B).
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Figure 1.15: Amodiaquine, isoquine and mefloquine showing intramolecular hydrogen
bonding.

Further research work was carried out on 4-aminoquinolines incorporating an intramolecular
hydrogen bonding motif like the a-aminocresols in the side chain of these compounds.?® It
was reported that most of the compounds within this series were active against both
chloroquine-sensitive (3D7) and multidrug-resistant parasite (W2) strains. This suggests that
the aminocresol motif, when attached to the distal basic centre of quinolines, leads to potent

compounds (Figure 1.16) against drug-resistant P. falciparum.

Cl N

IC5o(Pf3D7)=3.1 nM

IC5o(Pf3D7) = 0.65 nM
ICso(Pf W2)=4.0 nM

IC5o(Pf W2) =1.8 nM
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Figure 1.16: Potent 4-aminoquinolines with an intramolecular hydrogen bonding motif.

Previous reports on a new 2-aminomethylphenol, JPC-2997 (Figure 1.17), showed its high in
vitro activity against chloroquine-sensitive (ICsoPfD6 = 13 nM), chloroquine-resistant
(ICs0PfW2 = 6.6 nM) and multidrug-resistant (1Cso0PfTM90-C2B = 34 nM) P. falciparum
strains, remarkable in vivo potency against P. berghei infections and high efficacy in the Aotus
monkey P. falciparum model. 26207 JPC-2997 is a derivative of the nonquinoline
chlorophenylphenol WR-194,965, which was identified in the 1960s and 1970s with good
antimalarial activity against rodent malaria but limited potency in humans. SAR studies
revealed two other trifluoromethyl-substituted analogues, the pyrimidine JPC-3186 and the
pyridine JPC-3210. Based on better in vitro activity against the multidrug-resistant P.
falciparum strains, lower in vitro cytotoxicity in mammalian cell lines, favourable
pharmacokinetic properties in mice and greater in vivo efficacy against murine malaria, JPC-
3210 was selected as the lead compound for further preclinical development as a new

antimalarial.®’

Cl
A K RGP,
N A J<
O N D
WR-194,965 JPC-2997
IC5,P/D6 = 30 nM IC5,P/D6 = 13 nM
IC5,PfW2 = 28 nM IC5,PfW2 = 6.6 nM
I1C5oP/TM90-C2B = 53 nM IC5,PfTM90-C2B = 34 nM
CF N CF N
3\r/ | OH 3Nz | OH
N J< J<
H H
JPC-3186 JPC-3210
IC5,P/D6 = 15 nM IC5oFfD6 =9 nM
ICsoP/TM90-C2B = 23 nM 1C5oP/TM90-C2B = 19 nM

Figure 1.17: Chemical structures of 2-aminomethylphenols.
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Nonimmune Aotus monkeys infected with P. falciparum and P. vivax were cured when treated
with a single oral dose of 5 mg/kg and 10 mg/kg of JPC-3210, respectively. The blood
elimination half-life of JPC-3210 in the monkeys is long, at approximately 21 days and
biotransformation to its putative hydroxylated metabolite was low with a metabolic ratio of
1.3%. The pharmacokinetics of JPC-3210 suggests that it could be a suitable long-acting

partner drug for a potential single-dose treatment as well as a prophylactic agent of malaria.?%

1.11 Benzimidazoles and Imidazopyridines

1.11.1 Benzimidazoles

Benzimidazole is a heterocyclic aromatic compound that contains a benzene ring fused to an
imidazole ring (Figure 1.18). It is an important pharmacophore in medicinal chemistry, which
use dates many years back to the study of its structural modifications and their pharmacological

actions.?%

Figure 1.18: Chemical structure of benzimidazole.

Benzimidazole derivatives are of broad interest in drug discovery due to their diverse biological
activities and clinical applications.?® Compounds bearing different substituents on the
benzimidazole structure are associated with a wide range of biological activities, including
anticonvulsants, analgesics, antihistamine, antiulcer agents and antihelminthics (Figure
1.19).2"* For compounds that portray a given therapeutic action, the potency and
pharmacokinetics can be modified by variations of the substituents around the parent molecule.
This can be related to changes in the physicochemical properties of the compounds upon

structural modifications.?12
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Figure 1.19: Chemical structures of some bioactive benzimidazole derivatives.

There are reports on the use of benzimidazoles as novel lead compounds for the potential
treatment of malaria. Ramachandran and colleagues identified N-aryl-2-aminobenzimidazoles
as novel hits against the asexual blood stage of P. falciparum through a phenotypic screening
of AstraZeneca corporate compound library. Compound 21 (Figure 1.20) was identified as a
lead molecule through medicinal chemistry optimization with good in vivo efficacy (98.9%
activity of 4x30 mg/kg dose level at 96 hours p.o) in P. berghei infected mice. It also displayed
an excellent pharmacokinetic profile with a long half-life of 19 hours in rats.?*® In general, this
series of N-aryl-2-aminobenzimidazoles showed a fast killing rate equivalent to chloroquine in
an in vitro parasite reduction ratio assay. Cross-resistance studies also suggest that they act
through a novel mechanism of action, highlighting the promise of this novel chemical class for

malaria treatment.?13
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Figure 1.20: Examples of benzimidazole derivatives with antimalarial properties

The screening of existing drugs as potential antimalarial compounds from the Johns Hopkins
Clinical Compound Library led to the identification of astemizole (Figure 1.20) as a drug that
inhibits at sub-micromolar concentrations the proliferation of three P.falciparum parasite
strains (I1tG, Dd2 and 3D7) that differ in chloroquine sensitivity.?'* Astemizole undergoes rapid
biotransformation by the hepatic cytochrome P450 enzyme primarily to desmethylastemizole,
6-hydroxydesmethylastemizole and norastemizole. Remarkably, desmethylastemizole was
more potent in inhibiting P. falciparum due to its high abundance in plasma than astemizole,
inhibited  the Both

desmethylastemizole showed inhibition against heme crystallization by concentrating within

whereas  norastemizole  weakly parasite. astemizole and
the food vacuole of P. falciparum and co-purifying with hemozoin in chloroquine-sensitive
and multidrug-resistant parasites.?** Astemizole as an antihistamine was voluntarily withdrawn
from the market owing to safety concerns related to cardiovascular side effects due to the hERG

channel blockade.

A series of compounds analogous to astemizole were designed and synthesized by Gheorghe
and co-workers to determine their antiplasmodium activity. The report of the study stated that
almost all the compounds showed good antiplasmodium activity (ICso < 0.4 uM), with the most

actives 22 and 23 (Figure 1.20) in the nanomolar range.?*®> However, the presence of the
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appropriate substituents at positions 1 and 2 (or the absence thereof) proved to be critical for
their antiplasmodium activity. The study also noted that compounds having secondary amine
functionality at position 2 selectively exhibited enhanced antiplasmodium potency. The fluoro
replacement and the substitution of the benzene ring in the benzimidazole core of the
astemizole structure could be used to disconnect the antihistaminic and the antimalarial activity
of these compounds. Although the study lays the foundation for repositioning astemizole and
its analogues as antimalarials, an extension of this investigation that exploits the present
findings is needed to more accurately define the structural features required for a more active

candidate while selectively improving toxicity towards the malaria parasite.?*®

Keurulainen and colleagues also identified a hit N-[3-[(benzimidazole-2-
yDamino]propyllamide 24 (Figure 1.20) as an antimalarial agent through screening of
benzimidazole-containing compounds from the University of Helsinki, which were initially
designed as antichlamydial agents. However, the hit compound presented a weak
antiplasmodial potency, a high degree of planarity because of the presence of several aromatic
rings, high lipophilicity, scarce solubility and potential to deliver aniline-like genotoxic
metabolites?®. Optimization of this hit compound 24 led to a more potent compound 25 (Figure
1.19), which showed 1 order of magnitude improvement in potency [ICso (Pf 3D7A) =
0.094uM] and a 3-fold increase in solubility (239 uM at pH 7.4). Gratifyingly, the oral
bioavailability (F=81%), in vivo clearance in mice (CI=39.7 mL/min.kg) and in vitro
permeability (380 nm/s) data associated with the optimized compound were promising. The
solubility in simulated fasting-intestine fluids (FaSSIF solubility) was found to be above 100
pg/mL)?*8. In vivo, compound 25 reduced parasitaemia under the limit of detection with just
two doses, indicating a parasite clearance rate consistent with fast-acting antimalarials like
dihydroartemisinin and piperaquine. Microscopic observations also suggest that it induces

rapid in vivo Killing of P. falciparum erythrocyte stages.

1.11.2 Imidazopyridines

Imidazopyridine scaffold is a foremost part of various biologically active compounds in plants,
pharmaceuticals and human enzymes. It forms a class of compounds, similar to purine and
benzimidazole.?!” Imidazopyridines are divided into four groups depending on the position of
individual nitrogen atoms resulted from different annulations of imidazole and pyridine rings
(Figure 1.21).8
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Figure 1.21: General structures of imidazopyridines.

Even though the individual scaffolds differ in structure and also in the number of nitrogen
atoms, they are all categorized as imidazopyridines according to the correct nomenclature.
Each of these core scaffolds differs in its physicochemical properties; thus, it may affect the
ADME parameters of the compounds of biological interest in addition to influencing
interactions with targets.?'® Pharmacological activities of imidazopyridines include anti-

223 and antihypertensive.?!’ The use

inflammatory?1%22° anticancer??!, antiviral®??, antiparasitic
of imidazopyridine derivatives in psychiatry?** and autoimmune??® disorders have also been

reported.

Apart from three published papers??®-2% there is no literature precedence concerning the
exploration of imidazopyridines as antimalarial agents. More specifically, work on
imidazopyridines documented in this Ph.D. thesis was motivated by studies undertaken by
Nchinda et al.??"??® This series of imidazopyridines, named SFK59, was identified from a
phenotypic whole-cell high throughput screening (HTS) of a SoftFocus kinase library where
two hit compounds exemplified by 26 and 27 (Figure 1.22) were found to display >50%
inhibition of parasite growth at 2 uM but had a dose-response ICso >1 M against the drug-
sensitive NF54 strain. However, two additional compounds, 28 and 29 (Figure 1.22), were
synthesized for hit evaluation based on experience with a similar chemical series. It was
established that N-demethylation of the core, as in 29 (Pf NF54 ICso = 76 nM), resulted in
potent compounds. Compound 29 was identified as a fast-acting compound in the in vitro speed

229

assay.“~” It was also equipotent when tested against a panel of laboratory strains with mutations

in identified targets, suggesting a potentially novel mechanism of action.??’
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Figure 1.22: Chemical structures of antimalarial imidazopyridines from SFK59 series.

SAR studies and optimization of physicochemical properties based on compound 29 led to
identifying two promising compounds 30 and 31 (Figure 1.22) that exhibited suitable in vitro
properties and were further profiled in vivo. PK profiles in rats and mice were similar for both
compounds. The volume of distribution in rats was moderate (2-3 L/kg), and intravenous (i.v)
blood clearance was low to moderate (7.6 and 26.4 mL/min/kg for 30 and 31 respectively),
resulting in elimination half-lives of 1 to 4 hours. Oral bioavailability was moderate to high for
both compounds when they were dosed orally in rats. Compound 31 displayed a low blood
clearance (11.7 mL/min/kg), a moderate volume of distribution and oral bioavailability of 51%
in mice. In contrast, compound 30 had a dose-normalized area under the curve (AUC) twice as
high as 31, achieving a sustained oral exposure in mice. Based on their PK profiles, both
compounds were tested in vivo in the P. falciparum-infected NOD-scid IL-2Ry™!" (SCID)?*°
mouse model for malaria. They were efficacious with a 90% effective dose (EDgo) and related
AUCepgo of 4.2 mg/kg and 5.14 pg.h.ml?.day, and 5.6 mg/kg and 5.4 pg.h.ml.day, for 30 and
31, respectively. Flow cytometry and microscopy also suggested that both compounds were
rapidly cidal in vivo, with fast parasite clearance and undetectable parasitaemia achieved on
day 5, only 48 hours after the first dose was received. Altogether, both the in vitro and in vivo

profiles of these compounds provide a good basis for further SAR studies and optimization.?%’
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1.12 Research Programme

1.12.1 Justification of the study

As already mentioned, malaria continues to take an enormous toll on human health, particularly
in tropical regions. Chemotherapy represents one of the most effective control measures to
mitigate the malaria burden, with the WHO presently recommending the use of artemisinin
combination therapies (ACTS) to treat uncomplicated malaria. However, there is compelling
evidence from Southeast Asia describing the emergence and spread of ACT resistance,
characterized by reduced clearance rates of P. falciparum parasites.®®%® In some countries,
resistance to partner drugs such as amodiaquine has been observed.?12%2 This highlights the
crucial need to expand the antimalarial drug repository by exploring and developing new
compound classes, ideally with a combination of novel modes of action, multistage activity,
good safety profile, efficacy at low doses and a zero propensity to the development of

resistance.

Benzimidazoles and imidazopyridines, as previously described, are privileged scaffolds due to
their capacity to interact with numerous biological systems, leading to a wide variety of
biological activities, including antimalarial activity. Further investigations into these two
classes of chemotypes as novel antimalarial agents by the concept of incorporating an
intramolecular hydrogen bonding (IMHB) motif is justified as this could offer an opportunity
to target the malaria parasite through novel mechanisms of action. Meanwhile, IMHB
considerations in drug discovery need robust and validated descriptors to verify the propensity
of compounds to exhibit IMHBs experimentally. Thus, various techniques for studying

intramolecular hydrogen bonding in molecules are employed in this thesis research work.

1.12.2 Research question

The research question is whether it will be possible to identify antimalarial benzimidazole and
imidazopyridine analogues incorporating an IMHB with favourable safety, physicochemical
and drug metabolism and pharmacokinetics (DMPK) properties.

1.12.3 Specific Aim
To utilize benzimidazoles and imidazopyridines as templates for the design and synthesis of

potential novel antimalarial agents incorporating an IMHB.
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1.12.4 Objectives

Perform the synthesis and structure-activity relationship (SAR) studies of various
antimalarial benzimidazole and imidazopyridine analogues incorporating an IMHB
motif.

Profile synthesized compounds for solubility, cytotoxicity, hERG inhibition and in vitro
metabolic stability.

Use of various techniques to ascertain the presence of intramolecular hydrogen bonding
in synthesized compounds.

Contribute to the understanding of the underlying mode of action/resistance for these
classes of compounds.

Demonstrate in vivo proof-of-concept for selected frontrunner compounds.
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CHAPTER 2

DESIGN, SYNTHESIS AND CHARACTERIZATION OF TARGET
COMPOUNDS

2.1 Chapter Overview

Chapter 2 presents the medicinal chemistry plans leading to the synthesis of the target
compounds. The chapter is divided into two broad sections; one that covers benzimidazoles
and the other highlighting imidazopyridines. Brief descriptions of the chemistry employed,
some relevant reaction mechanisms and characterization of both intermediates and target

compounds are presented.

2.2 Design, Synthesis and Characterization of benzimidazole analogues

2.2.1 Design and Synthesis

As previously mentioned in chapter 1, the benzimidazole scaffold has been recognized as a
potential antimalarial chemotype.l In the current study, benzimidazole-based analogues with
an intramolecular hydrogen bonding motif were explored. Three sites for alteration, as depicted
in Figure 2.1, were scouted to introduce structural diversity around the benzimidazole core by

implementing modifications at the highlighted positions.
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Figure 2.1: Medicinal chemistry plan for benzimidazole analogues.

The SAR was to explore the benzimidazole scaffold without any substitution on the core, thus,
keeping R1 as hydrogen and assessing the effect of a benzyl moiety as exemplified in the
antihistamine drug astemizole. The choice of Rz was based on the hypothesis that having a
flexible linker between the benzimidazole core and the phenyl moiety can result in compounds
with good solubility. The R3 substituents on the phenyl ring were based on creating diversity
in electronic properties and hydrophobicity of the target compounds. Thus, the Craig plot
(Figure 2.2) was used as a guide in the selection of various aromatic substituents such that all

the four quadrants were well represented.>®
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Figure 2.2: Craig plot of electronic effects () against hydrophobicity (1) values.®

Benzimidazole analogues studied in this thesis work were synthesized as outlined in Scheme
2.1. Target compounds 1.1 - 1.12 were synthesized through an initial addition-elimination
nucleophilic aromatic substitution reaction of commercially available 2-chlorobenzimidazole
and N!-ethylethane-1,2-diamine in the presence of triethylamine (EtsN) to give the desired
intermediate la in a moderate yield. Reductive amination of appropriate aldehydes using
intermediate 1a was achieved in the presence of sodium borohydride (NaBH4) to afford the

respective target compounds in moderate to excellent yields.
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Scheme 2.1: Synthetic protocol towards benzimidazole target compounds.*”° Reagents and
conditions: (i) EtsN, reflux, 140 °C, 16 h; (ii) Aldehyde, MeOH, NaBHa, 25 °C, 16 h; (iii)
K2COs, CH3CN, reflux, 85 °C, 2 h; (iv) reflux, 170 °C, 48 h; (v) 48% Adqueous HBr, reflux, 2
h (vi) Aldehyde, MeOH, NaBHg, 25 °C, 16 —48 h (for compounds 2.1 — 2.12) or (vi) HCHO,
Phenol, EtOH, 85 °C, 2 h (for compounds 2.13 — 2.21).
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Similarly, the target compounds 2.1 — 2.21 were obtained through an initial nucleophilic
substitution reaction between 2-chlorobenzimidazole and 4-(trifluoromethyl)benzyl bromide
to afford intermediate 2a followed by an addition-elimination reaction with ethyl-4-amino-1-
piperidine carboxylate to give intermediate 2b (Scheme 2.1). Intermediate 2b was subjected to
deprotection of the ethyl carboxylate group, which resulted in a cyclic secondary amine as
intermediate 2c. Reductive amination of various aldehydes using this intermediate was also
achieved in the presence of NaBH4 to afford target compounds (2.1 -2.12) in moderate to
excellent yields. Compounds 2.13 — 2.21 were obtained in relatively high yields by subjecting
intermediate 2c to a Mannich reaction in the presence of formaldehyde and the appropriate

phenol in ethanol.

2.2.2 Proposed Reaction Mechanisms and Characterization

Some relevant mechanisms associated with the reactions carried out are proposed and backed
by literature. All compounds were characterized using proton nuclear magnetic resonance (*H
NMR) and high-pressure liquid chromatography-mass spectrometry (HPLC-MS), while final
target compounds were also characterized using carbon-13 NMR (*3C NMR). The *H NMR
and *C NMR spectra, HPLC chromatograms and mass spectra are presented for representative

compounds.

2.2.2.1 Nucleophilic Substitution: Step (i), Scheme 2.1

As depicted in scheme 2.2, the less nucleophilic but sterically unhindered amino nitrogen of
N!-ethylethane-1,2-diamine attacks the electron-deficient carbon of the 2-chlorobenzimidazole
to form intermediate 1. This is followed by the elimination of hydrogen chloride (HCI), which

is mopped up by triethylamine to yield the secondary amine intermediate 1a.
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Scheme 2.2: Proposed mechanism for the formation of intermediate 1a.

The successful synthesis of intermediate 1a was confirmed by *H NMR (Figure 2.3) with the
appearance of the aliphatic protons with chemical shifts between 6 3.49 and 1.14 ppm. HPLC-

MS (ESI/APCI : m/z [M+H]" = 205.1, tr = 0.218 min) also confirmed the formation of this
intermediate.
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Figure 2.3: 'H NMR spectrum of 1a at 600 MHz in MeOD.

2.2.2.2 Reductive Amination: Step (ii), Scheme 2.1

The formation of target compounds 1.1 — 1.12 involves a nucleophilic addition reaction of

intermediate 1a to the carbonyl carbon of the aldehyde to yield an intermediate carbinolamine

(scheme 2.3).1%1 This carbinolamine loses water to form an N-protonated iminium ion, which

is subsequently reduced by sodium borohydride to form the desired tertiary amine product.
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Scheme 2.3: Proposed mechanism of reductive amination.

The *H NMR spectrum (Figure 2.4) of the representative analogue 1.1 showed additional
protons diagnostic of the benzyl protons (H9) exhibiting a methylene singlet, resonating
downfield at & 3.79 ppm. Also, a well-resolved multiplicity pattern was observed upfield,

showing the presence of additional aromatic protons.
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Figure 2.4: 'H NMR spectrum of 1.1 at 600 MHz in MeOD.

The C NMR spectrum (Figure 2.5) for the representative compound 1.1 showed diagnostic

peaks which comprised the additional aromatic carbon peaks between 6 130-116 ppm, the

aromatic carbon bearing the hydroxyl group (C-OH) at 6 158.60 ppm and the methylene carbon
(C-9) peak at 6 53.49 ppm.
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Figure 2.5: 13C NMR spectrum of 1.1 at 151 MHz in MeOD.

HPLC-MS analysis further confirmed the successful synthesis of analogue 1.1 with a pseudo-

molecular ion [M+H]" observed at m/z = 310.9 at a retention time, tr = 2.078 min (Figure 2.6).
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Figure 2.6: HPLC chromato

gram and ESI* mass spectrum of 1.1.
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2.2.2.3 Benzylation Reaction: Step (iii), Scheme 2.1

Intermediate 2a was obtained through a benzylation reaction between 2-chlorobenzimidazole
and 4-trifluoromethylbenzyl bromide. HPLC-MS and *H NMR (Figure 2.7) analyses provided
evidence of successful product formation. The benzyl protons resonated as two doublets, each
integrating for two protons at 6 7.73 (H7 and H8) and 7.40 ppm (H6 and H9), respectively. The
signals exhibited equal coupling constants (J = 8.1 Hz ), as expected. The methylene protons
H5 also resonated at & 5.67 ppm as a singlet. In addition, a characteristic [M+H]" value (m/z =
310.8) was observed for this benzylated intermediate on the HPLC-MS.
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Figure 2.7: 'H NMR spectrum of 2a at 400 MHz in DMSO.

2.2.2.4 Nucleophilic Substitution: Step (iv), Scheme 2.1

The benzylated intermediate 2a was subjected to nucleophilic substitution with ethyl 4-amino-
1-piperidine carboxylate to afford the aminated intermediate 2b. The mechanism for this
reaction is the same as described in section 2.2.2.1. The *H NMR (Figure 2.8) exhibited
aliphatic signals corresponding to protons of the piperidine ring, and since piperidine mostly

assumes the chair conformation, the axial (a) and equatorial (e) protons resonated at different
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chemical shifts. Notably, the piperidinyl protons resonated as multiplets due to a multiplicity
of coupling, including geminal (J%) and vicinal (J%) coupling.'?> The methine proton H10 was
observed resonating at 6 4.00 ppm. The triplet signal integrating for three protons (H16) at &
1.27 ppm also indicates the presence of the ethyl carboxylate.
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Figure 2.8: 'H NMR spectrum of 2b at 400 MHz in MeOD.

2.2.2.5 Acid-catalyzed Decarboxylation: Step (v), Scheme 2.1

Acid-catalyzed hydrolysis of intermediate 2b furnished the free amine intermediate 2c.
Evidence of successful decarboxylation was deduced from *H NMR, which was in congruence
with the disappearance of the ethyl carboxylate protons (Figure 2.9). Resolved multiplicity
patterns were observed for both aromatic and aliphatic protons. HPLC-MS showed a quasi-

molecular ion [M+H]* value (m/z = 374.9) for this secondary amine intermediate.
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Figure 2.9: 'H NMR spectrum of 2c at 400 MHz in MeOD.

2.2.2.6 The Mannich Reaction: Step (vi), Scheme 2.1

The Mannich reaction involves the combination of an aldehyde (mostly formaldehyde) with
either a primary or secondary amine and a compound that has activated hydrogen (a phenol in
this case) to form a Mannich base.!® The reaction proceeds via nucleophilic addition of the
amine to formaldehyde, followed by dehydration to form a Schiff base (Scheme 2.4).
Electrophilic addition of the Schiff base to the enol affords the desired product.
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Scheme 2.4: Proposed mechanism of the Mannich reaction.

The *H NMR spectra of the 1-(4-trifluoromethylbenzyl) benzimidazole analogues (2.1 — 2.21)
were generally of a similar pattern; thus, the spectrum for analogue 2.13 (Figure 2.10) is shown
as a representative example. Additional aromatic protons and a methylene singlet resonating at

0 3.67 ppm were observed, indicating the successful formation of this target compound.
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Figure 2.10: 'H NMR spectrum of 2.13 at 600 MHz in MeOD.

The BC NMR spectrum (Figure 2.11) of 2.13 exhibited signals that reinforced the structure
assignment and all 27 carbons were accounted. The diagnostic signal is the most deshielded
carbon, which bears the fluorine atom (C-F) resonating downfield at 6 164.04 ppm. The carbon-
bearing the trifluoromethyl moiety (C-CF3) was observed at 6 125.22 ppm while the
trifluoromethyl carbon itself (CFs) resonated at 6 117.68 ppm.
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Figure 2.11: 13C NMR spectrum of 2.13 at 151 MHz in MeOD.

The HPLC-MS spectrum (Figure 2.12) further supported the formation of compound 2.13 with

a molecular ion [M+H]" of m/z = 498.8.
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Figure 2.12: HPLC chromatogram and ESI* mass spectrum of 2.13.
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2.3 Design, Synthesis and Characterization of Imidazopyridine analogues
2.3.1 Design and Synthesis
Using the benzimidazole frontrunner compound 1.3 as a guide, the SAR plan outlined in Figure

2.13 was pursued to produce diverse analogues arising from modifications around the core

scaffold.
Cl1
( Cl OH
L~ = m PR
(oLt R
H Keep Fixed

Compound 1.3
IC5q PfNF54 = 0.079 uM
IC5q PfK1=0.335 uM
IC5y CHO =21.58 uM
ICsy BHIA =32 pM
Sol pH 7.4 =160 uM

by by by A o Ao
© oY 0o s
‘O, 0L O A,

Figure 2.13: Design of imidazopyridine analogues.

CHO: Chinese hamster ovarian cells; BHIA: B-hematin inhibition activity; sol: solubility.

The choice of R substituents was aimed at introducing structural diversity around the
imidazopyridine core and reducing the lipophilicity of target compounds. The R group was
also informed by the commercial availability of the relevant carboxylic acid starting materials.
The core scaffold modification involved a scaffold hopping approach wherein the
benzimidazole core was replaced with an imidazopyridine core based on its presence in

previously described antimalarial agents.*%°
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Synthetic protocols reported in the literature were adapted to access the target compounds. The
general protocol followed an eight-step synthetic route from commercially available 2,4-
dichloro-5-nitropyridine (Scheme 2.5). A nucleophilic substitution was first performed to
introduce a para-methoxybenzyl (PMB) amino-protecting group to form the 2-chloro-N-(4-
methoxybenzyl)-5-nitropyridin-4-amine intermediate 3a in quantitative vyield. This
intermediate was subjected to a second nucleophilic substitution reaction under microwave
irradiation with tert-butyl (2-aminoethyl)(ethyl)carbamate in the presence of triethylamine and
N, N-dimethylformamide (DMF) to produce tert-butylethyl(2-((4-((4-methoxybenzyl)amino)-
5-nitropyridin-2 yl)amino)ethyl)carbamate 3b. The nitro group was then reduced with
palladium on carbon (10% Pd/C) under H gas to deliver the corresponding amine 3c. This
amine intermediate was reacted with the appropriate carboxylic acids in the presence of 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide, hydrochloride (EDCI.HCI), and a catalytic
amount of 4-dimethylaminopyridine (DMAP) in dichloromethane (DCM) to produce the amide
intermediates 3d. At this stage, the imidazole ring was allowed to form by heating in 2M
aqueous NaOH and absolute ethanol at 80 °C to yield intermediate 3e. The appropriate cyclized
intermediate was subjected to boc-deprotection followed by reductive amination with 4-chloro-
2-hydroxybenzaldehyde in the presence of sodium borohydride to yield the penultimate
intermediate 3f. Finally, the PMB group was removed using neat trifluoroacetic acid (TFA) to

afford the desired imidazopyridine analogues 3.1-3.19 in moderate yields (50-75%).
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Scheme 2.5: General synthetic approach for imidazopyridine analogues. Reagents and
conditions: (i) PMB-NH> (1.8 eq), DIPEA (1.8 eq), THF, 0-25 °C, 30 min, 98%; (ii) tert-butyl
(2-aminoethyl)(ethyl)carbamate (1.5 eq), EtsN (2 eq), DMF, uW 100 °C, 1 h, 60%; (iii) 10%
Pd/C Ha(g) 25 °C; (iv) R-COOH (1.3 eq) 85%, EDCI.HCI (1.5 eq), DMAP (0.1eq), DCM, 25
°C, 12, 60-80%); (v) 2 M NaOH, EtOH, 80 °C, 12-72 h 50-70%; (vi) 4 M HCl/dioxane 60-75%;
(vii) 4-chloro-2-hydroxybenzaldehyde, NaBHa, 25 °C, 24 h, 60-70%; (viii) TFA, 100 °C, 12
h, 50-75%.

2.3.2 Proposed Reaction Mechanisms and Characterization

2.3.2.1 Nucleophilic Substitution: Step (i), Scheme 2.5

The PMB-intermediate 3a, obtained in this step, was confirmed by both *H NMR and HPLC-
MS. The *H NMR (Figure 2.14) revealed the diagnostic methylene protons H3 resonating
upfield at & 4.57 ppm as a doublet (J = 6.15 Hz) because of its coupling to the amino proton

H4 (NH; J = 6.14 Hz). The aromatic protons of the benzyl moiety were also observed as
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doublets at 6 7.29 ppm (J = 8.73 Hz, 2H, H5 and H6) and & 6.89 ppm (J = 8.73 Hz, 2H, H7 and
H8) integrating for two protons each due to the symmetry of the benzyl group.

The mass spectrum of intermediate 3a exhibited a pseudo-molecular ion peak at m/z = 294.0.
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Figure 2.14: 'H NMR spectrum of intermediate 3a at 600 MHz in DMSO.

2.3.2.2 Nucleophilic Substitution: Step (ii), Scheme 2.5

Taking advantage of the electron-withdrawing nitro group, a second nucleophilic substitution
reaction was carried out with tert-butyl (2-aminoethyl)(ethyl)carbamate to displace the second
chloro group. The *H NMR for intermediate 3b is captured in Figure 2.15 below. The splitting
pattern of the aromatic protons remained almost the same as that for the preceding intermediate
3a. Additional aliphatic protons were observed, but the signals for the H9 and H10 protons
were not well resolved; thus, this was recognized as a multiplet integrating for four protons.

The shielded nine protons of the boc group (H13) resonated as a very intense singlet at 6 1.41

ppm.
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Figure 2.15: 'H NMR spectrum of intermediate 3b at 600 MHz in CDCls.

The molecular ion peak of 3b was observed at m/z = 446.2, corresponding to the protonated

(M+H) molecule at a retention time tr = 2.677 min.

2.3.2.3 Reduction of the Nitro Group: Step (iii), Scheme 2.5

The Pd/C-mediated reduction of the nitro group in the presence of H, gas afforded the
intermediate amine 3c. The reduction of the nitro group resulted in a significant upfield shift
of the aromatic protons H1 and H2 observed in the *H NMR spectrum (Figure 2.16). The
aliphatic signals also retained a similar splitting pattern observed in the preceding intermediate.
More evidently, a successful nitro reduction was obtained from the HPLC-MS measurements,

which showed a pseudo-molecular ion m/z = 416.2 for intermediate 3c.
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Figure 2.16: 'H NMR spectrum of intermediate 3¢ at 600 MHz in CDCls.

2.3.2.4 Amide Bond Formation: Step (iv), Scheme 2.5

The formation of the imidazole ring proceeds via an initial amide bond formation whose
mechanism is detailed in Scheme 2.6 below.'®® The first step in amide bond formation
involves deprotonation of the carboxylic acid. The carboxylate attacks the carbodiimide carbon
of EDCI, resulting in the formation of the O-acylisourea mixed ester intermediate rendering
the carbonyl carbon more susceptible to nucleophilic attack. The amine then reacts with the
activated O-acylisourea mixed ester intermediate to form the desired amide bond and a urea
by-product. Meanwhile, a commonly encountered undesirable side reaction usually occurs,
which significantly compromises the yield of amide bond reactions. The reactive and unstable
O-acylisourea mixed ester intermediate could rearrange via an acetyl transfer to the stable N-
acylurea. This side reaction is considerably averted by the addition of DMAP, which reacts
with the O-acylisourea mixed ester at a relatively faster rate compared to the rearrangement.
The formation of all the amide intermediates was only confirmed by the HPLC-MS, and they

were used in the cyclodehydration reaction without any further purification.
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Scheme 2.6: Proposed mechanism of amide bond formation.6-8

2.3.2.5 Base-catalyzed Cyclodehydration Reaction: Step (v), Scheme 2.5
The amino benzyl initiates the cyclization by directly attacking the amide carbonyl to form a
cyclized enol intermediate, as depicted in Scheme 2.7. The hydroxyl from the sodium
hydroxide then deprotonates the amino group resulting in aromatization and a subsequent loss
of the hydroxyl on the adjacent carbon and the loss of water as a by-product.
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Scheme 2.7: Proposed mechanism of base-catalyzed cyclodehydration.

The 'H NMR spectra acquired for these intermediates confirmed a successful cyclodehydration
from the respective amide intermediates. A representative *H NMR spectrum for intermediate
3e.1 is shown in Figure 2.17 below. The most diagnostic feature in this spectrum is the
additional aliphatic signals corresponding to the cyclopentyl moiety. The HPLC-MS also
confirmed a successful cyclodehydration with a pseudo-molecular ion peak [M+H]" at m/z =

494.2 in the positive ionization mode.
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Figure 2.17: 'H NMR spectrum of intermediate 3e.1 at 600 MHz in CDCls.

2.3.2.6 N-Boc-deprotection and Reductive amination: Steps (vi and vii), Scheme 2.5

The N-boc-deprotection step affords a free amine intermediate, which is subsequently used in

a reductive amination reaction with 4-chloro-2-hydroxybenzaldehyde. The *H NMR spectrum

of intermediate 3f.1 is shown as a representative example (Figure 2.18). The spectrum was
accompanied by the disappearance of the upfield signal of the tert-butyl group and the

appearance of a methylene singlet (H13) resonating at & 3.72 ppm. Additional aromatic protons

were also observed.
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Figure 2.18: 'H NMR spectrum of intermediate 3f.1 at 600 MHz in CDCls.

The mass spectrum, on the other hand, afforded a pseudo-molecular ion [M+H] at m/z = 534.3.

In this case, the mass spectrum also exhibited a pattern characteristic of a compound containing

a chloro group due to the two isotopes of chlorine.

2.3.2.7 Acid-catalyzed Cleavage of PMB group: Step (viii), Scheme 2.5
The acid-catalyzed cleavage of the p-methoxybenzyl moiety was attained by heating the

appropriate intermediate in trifluoroacetic acid (TFA) under reflux to afford the target
compounds 3.1-3.19. The benzyl nitrogen is firstly protonated, and then the C-N bond is broken
by the delocalization of electrons through the benzyl ring system from the methoxy oxygen, as
depicted in Scheme 2.8 below. The free amine was then obtained by using Amberlyst A21 free

base resin.
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Scheme 2.8: Proposed mechanism of acid-catalyzed cleavage of the p-methoxybenzyl moiety.

Successful cleavage of the p-methoxybenzyl moiety was confirmed by *H NMR, which showed
the loss of the p-methoxybenzyl moiety. The *H NMR spectrum of analogue 3.1 is shown as a
representative example in Figure 2.19. The aliphatic region retained a similar pattern of signals

as observed for the precursor of this final compound.
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Figure 2.19: 'H NMR spectrum of 3.1 at 600 MHz in DMSO.

In addition, 3C NMR spectroscopy was used to provide further evidence to support the

chemical structure of compound 3.1 (Figure 2.20). Although 20 distinct signals were obtained,

the chemical shift-equivalent pairs of carbons in the cyclopentyl moiety resonated at the same

chemical shifts; thus, all 22 carbons were ascertained.
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Figure 2.20: *3C NMR spectrum of 3.1 at 151 MHz in DMSO.

Compound 3.1 was further characterized using HPLC-MS and displayed a retention time of

2.300 min with a pseudo-molecular ion [M+H] at m/z = 414.1 detected under ESI mode (Figure
2.21).
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Figure 2.21: HPLC chromatogram and ESI* mass spectrum of 3.1.
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2.4 Design and Synthesis of Fluorescent Probes

Fluorescent probes of compounds 1.3 and 3.14 were designed and synthesized by connecting
a fluorophore [7-nitrobenz-2-oxa-1,3-diazole (NBD)] on the ethylenediamine side chain via an
ethyl linker such that the alteration of binding sites was minimized. As illustrated in Scheme
2.9, the 1.3-NBD probe was synthesized from commercially available 2-chlorobenzimidazole
in six steps. Intermediate 4a was first synthesized by nucleophilic substitution of 2-
chlorobenzimidazole with N-boc ethylenediamine using triethylamine as the base in toluene.
The boc-protecting group was then removed with 4N HCI/Dioxane followed by reductive
amination of 4-chloro-2-hydroxybenzaldehyde to yield intermediate 4b. A second reductive
amination was carried out on intermediate 4b with N-boc glycinal in the presence of sodium
cyanoborohydride resulting in the penultimate intermediate 4c. Finally, removing the boc
group followed by a nucleophilic substitution reaction with NBD-chloride yielded the target
fluorescent probe 1.3-NBD. *H NMR was used to confirm the successful formation of the probe
(Figure 2.22).

Cl
HO

HN-Boc

N H N NH
o M s O e
H 1:[ L
N
4a How

Cl

Cl
HO
[0} - ,Boc HO
NH
HJ\/N\BOC N—/_ of Né-l
d—> N 2 N_/_
S
ﬁ L
4c 1;11 1.3-NBD

Scheme 2.9: Synthetic scheme of fluorescent analogue 1.3-NBD. Reagents and conditions:
(a) EtsN (3 eq), Toluene 150°C, 16 hrs, quantitative; (b) 4N HCI/Dioxane 25°C, 2hr, 80%; (c)
4-chloro-2-hydroxybenzaldehyde, NaBHa, 25°C, 3 hrs, 70%; (d) NaBHsCN, cat. AcOH,
MeOH, 80°C, 16 hrs 86%; (e) 4M HCI/Dioxane, 25°C ; (f) NBD-Chloride, NaHCO3, EtOAc,
60°C, 24h, 60%.
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Figure 2.22: 'H NMR spectrum of fluorescent probe 1.3-NBD.

On the other hand, the synthetic protocol used in obtaining the fluorescent probe 3.14-NBD
followed an eleven-step synthetic route from commercially available 2,4-dichloro-5-

nitropyridine (Scheme 2.10).
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Scheme 2.10: Synthetic scheme for the synthesis of fluorescent analogue 3.14-NBD. Reagents
and conditions: (a) PMB-NH2 (1.8 eq), DIPEA (1.8 eq), THF, 0°C to 25°C, 30 min,
quantitative; (b) N-Boc ethylenediamine (1.5 eq), EtsN (2 eq), DMF, uW 90°C, 1hr, 75%; (c)
Zn/AcOH, DCM, 25°C, 30 min (d) 3-trifluoromethyl benzoic acid (1.3 eq), EDCIL.HCI (1.5
eq), DMAP (0.1leq), DCM, 25°C, 12hrs; (e) 2M NaOH, EtOH, 80°C, 16hrs, 65%; (f) 4N
HCI/Dioxane; (g) 4-chloro-2-hydroxybenzaldehyde, NaBHa4, 25°C, 6hrs, 65%; (h) TFA,
100°C, 12h, 75%; (i) NaBH3CN, cat. AcOH, MeOH, 80°C, 16hrs, 70%; (j) 4N HCI/Dioxane,
25°C; (k) NBD-Chloride, NaHCOs3, EtOAc, 60°C, 24hrs, 50%.
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A nucleophilic substitution was first performed to introduce a para-methoxybenzyl (PMB)
amino-protecting group to form the 2-chloro-N-(4-methoxybenzyl)-5-nitropyridin-4-amine
intermediate 5a in quantitative yield. The 2-chloro-N-(4-methoxybenzyl)-5-nitropyridin-4-
amine intermediate was subjected to a second nucleophilic substitution under microwave
irradiation with N-boc ethylenediamine in the presence of triethylamine and N, N-
dimethylformamide (DMF) to produce intermediate 5b. The nitro group was then reduced with
Zn in acetic acid to deliver the corresponding amine intermediate 5c. This intermediate was
reacted with 3-trifluoromethyl benzoic acid in the presence of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide, hydrochloride (EDCI.HCI), and a catalytic amount of 4-
dimethylaminopyridine (DMAP) in dichloromethane (DCM) to produce the amide
intermediate 5d. At this stage, the imidazole ring was allowed to form by heating in 2M
aqueous NaOH and absolute ethanol at 80 °C to yield intermediate 5e. The cyclized
intermediate was subjected to boc-deprotection followed by reductive amination with 4-chloro-
2-hydroxybenzaldehyde in the presence of sodium borohydride to deliver the intermediate 5f.
The PMB group was then removed using neat trifluoroacetic acid (TFA), resulting in
intermediate 5g. Reductive amination of N-boc glycinal was then carried out in sodium
cyanoborohydride to deliver the penultimate intermediate 5h. Finally, removing the boc group,
followed by a nucleophilic substitution reaction with NBD-chloride, yielded the target
fluorescent probe 3.14-NBD. 'H NMR (Figure 2.23) confirmed the formation of this

fluorescent probe of interest.
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Figure 2.23: *H NMR spectrum of fluorescent probe 3.14-NBD.

2.5 Concluding Remarks

Overall, the rationale for designing the synthesized target compounds has been outlined and
selected relevant mechanisms for the various reactions performed have also been described.
The target compounds were fully characterized by spectroscopic techniques such as NMR and
chromatographic methods such as the HPLC-MS. It was ensured that the target compounds

were of acceptable purity (> 95%) for biological evaluation.
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CHAPTER 3

BIOLOGICAL EVALUATION
3.1 Chapter Overview

This chapter discusses the various biological studies conducted on the synthesized target
compounds. These studies were undertaken following the screening cascade depicted in Figure
3.1. The cascade portrays the criteria that informed the progression of compounds from one
biological assay to the other.

Synthesis
) |
Life-cycle stage In vitro activity P, Icﬂd Invitro P. fal. K1
activities < fal. NF54 - \
* Gametocyte —> | Kinetic Solubility
pH6.5 > 5uM
J ¥ ICs < 1pM pH 7.4 >20 uM
.
hERG <«—— | Invitro cytotoxicity ]
(CHO) J
1’ SI> 10
\ 4
In vitro metabolic stability [ Mechanistic Studies ]l
(MLM, RLM, HLM)

l(>75% remaining after 30min)

[ In vivo efficacy ]
(Mouse)

il

[ In vive PK ]
(Mouse/Rat)

Figure 3.1: The screening cascade adapted for the biological evaluation of target compounds.

This chapter begins with a description of the in vitro asexual blood-stage antiplasmodium
activity of all the benzimidazole analogues, followed by a discussion of the in vitro
gametocytocidal activity and cytotoxicity of selected analogues. The hERG inhibition results
of the astemizole-based analogues and microsomal metabolic stability studies on selected
benzimidazole analogues are also described. For the imidazopyridine analogues, in vitro

antiplasmodium activity, cytotoxicity and metabolic stability studies are outlined.
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3.2 Benzimidazoles

3.2.1 In vitro Asexual Blood Stage Antiplasmodium Activity

All target compounds, once synthesized, were primarily evaluated in vitro for their
antiplasmodium activity against the drug-sensitive strain (NF54) of P. falciparum. Compounds
that displayed 1Cso < 1 uM were further evaluated against the multidrug-resistant strain (K1)
of the parasite. The experiments were carried out either at the Drug Discovery and
Development (H3D) Centre housed within the Division of Clinical Pharmacology, Department
of Medicine, University of Cape Town (UCT) or at the Swiss Tropical and Public Health
Institute (STPH), University of Basel, Switzerland, following established protocols.
Experiments performed at UCT involved the measurement of the parasites’ lactate
dehydrogenase (pLDH) activity. Lactate dehydrogenase plays a significant role in the
metabolism of glucose in the human malaria parasite. In the final step of anaerobic respiration,
the glycolytic redox enzyme LDH converts lactate to pyruvate and NAD*, reduced to NADH
and is necessary for ATP production.>? Decreased metabolic activities, including glycolysis,
are reflected in diminished LDH function when parasite growth is inhibited. The NADH
produced in this reaction can then react with a probe substrate, creating a colour that is detected
and quantified spectrophotometrically.®>> The spectrophotometric readouts are converted to
non-linear dose-response curves from which the half-maximum inhibitory concentration (I1Cso)
is determined.

The modified [*H]-hypoxanthine incorporation assay®® was employed for in vitro
antiplasmodium studies carried out at the Swiss TPH. This assay takes advantage of the
Plasmodium parasites’ inability to synthesize bases such as purine de novo. Thus, the parasites
scavenge for these bases through a process known as the salvage pathway of DNA synthesis.®
1 When radiolabelled purine, hypoxanthine, is supplemented in the parasite cultures,
proliferating parasites take up the hypoxanthine, allowing growth to be quantified through
radioactivity by a scintillating counter.2 Both assay methods are described in detail in the
experimental chapter 7, sections 7.3.1.1 and 7.3.1.2 of this thesis.

3.2.1.1 SAR of 1H-benzimidazole Analogues

Structural modifications on the benzimidazole resulted in compounds that may be classified
broadly into either the 1H-benzimidazole or the N-benzyl benzimidazole (astemizole-based)
series as earlier described in Chapter 2. In the 1H-benzimidazole series, the benzimidazole

moiety is linked to a hydroxyphenyl ring through an N!-ethylethylene amine linker. Both
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lipophilic and electronic features of substitutions around the hydroxypheny! ring influenced the
observed antiplasmodium activity. The in vitro antiplasmodium activities (ICso values)

displayed by this series of target compounds are outlined in Table 3.1 below.

Table 3.1: In vitro antiplasmodium activities of 1H-benzimidazole analogues.
<R
— Al
N
OO
N
H

In vitro antiplasmodium activity

Compound R 1Cs0 (UM)? Resistance
Code PfNF54 strain ~ PfK1 strain index (RI)°
11
“"@ 0.474 2.658 6
1.2 F
Ho@ 0.299 1.487 5
1.3 Cl
Ho@ 0.079 0.335 4
1.4 .
HOQOM 0.320 3.042 10
1.5 Cl
Hog}cn 0.400 1.397 3
1, .
0 “"QM 0.408 2.425 6
17
""pc‘ 0.110 0.762 7
1.8 A
no—( ) >10 >10 >1
1.9 a
Hop 0.521 1.252 2
1.10 F
0.222 0.952 4

j==}
/\ij/
-
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R

(
@[ N\>— N{-I_/N 7

In vitro antiplasmodium activity

Compound R 1Cs0 (UM)? Resistance
Code PfNF54 strain ~ PfK1 strain index (RI)°

1 H"é}‘“ 0.968 >10 10
1.12
3.604 ND ND

Chloroquine - 0.012 0.431 36
Artesunate - 0.007 0.0029 0

3 Determined from n > 3 independent [*H]-hypoxanthine incorporation experiments with multidrug-resistant (K1)
and chloroquine-sensitive (NF54) strains of P. falciparum.
b RI (resistance index) =ICsy PfK1/ 1Cso PINF54

All the target compounds in this series except 1.8 and 1.12 exhibited sub-micromolar potencies
against the chloroquine-sensitive NF54 strain of P. falciparum, with 1Cs values between 0.079
MM and 0.968 puM. Against the multidrug-resistant strain of P. falciparum (K1), these
compounds displayed between 4 and 10-fold less activity, an observation that may suggest the
possibility of cross-resistance with drugs like chloroquine. Considering structure-activity
relationships, replacing the phenyl ring with pyridine as represented in compound 1.8 was
detrimental to the potency. Overall, the most active compounds were those with electron-
withdrawing and lipophilic phenyl substituents with a meta substituted chloro, compound 1.3
(ICs0 = 0.079 uM), portraying the best activity. A di-substituted chloro analogue (compound
1.9, ICs0 = 0.521 puM) resulted in a decrease in potency compared to the mono-substituted
chloro analogues 1.3 and 1.7 (ICso =0.11 uM). Conversely, a di-substituted fluoro analogue
(compound 1.10, ICso = 0.222 uM) was well tolerated. Removal of the hydroxyl substituent as
in compound 1.12 (ICso = 3.604 puM) resulted in a loss of potency, indicating the importance
of the hydroxyl substituent (an IMHB motif) in these analogues. To assess the potential of these
compounds to manifest cross-resistance with chloroquine, the fold change in the ICso between
drug-sensitive and drug-resistant strains was determined in the form of the resistance index
(R1), calculated as the ratio of ICsoPfK1 to IC50PfNF54. The results suggest that the parasites’
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resistant to chloroquine are cross-resistant to these compounds, as shown by the great shift in

potency between the drug-sensitive and drug-resistant parasite strains.

3.2.1.2 SAR of N-benzyl benzimidazole (Astemizole-based) Analogues

All analogues based on the N-benzyl benzimidazole (astemizole) scaffold exhibited sub-
micromolar activity against the chloroquine-sensitive strain of P.falciparum, except
compounds 2.8 (ICso PfNF54 = 2.285 uM) and 2.11 (ICso PfNF54 = 2.324 uM). Table 3.2
summarizes all antiplasmodium activity results for this series of analogues. Activity trends
were generally maintained across both strains of the parasite. Thus, potent compounds retained
their potency while inactive compounds in the drug-sensitive (NF54) strain also exhibited
inactivity in the drug-resistant (K1) strain. Compound 2.3 displayed the highest potency (ICso
PfNF54 = 0.029 uM) within this series. Replacing the chloro group with carboxylic acid
(analogue 2.19) or an amide (analogue 2.21) led to a decrease in potency. Meanwhile, the fluoro
(2.13), cyano (2.18) and the ester (2.20) analogues had potencies quite comparable to 2.3.

Table 3.2: In vitro antiplasmodium activities of N-benzyl benzimidazole analogues.

/—R
N

Cry
Q,

In vitro antiplasmodium activity

3

Compound R 1Cs0 (UM)? Resistance
Code PfNF54 strain ~ PfK1 strain index (RI1)°
2.1
“"@ 0.095 0.267 3
2.2 ¥
Ho@ 0.121 0.450 4
C

2.3
Hop 0.029 0.117 4

119



/—R

Cry
161

In vitro antiplasmodium activity

Compound R 1Cs0 (UM)? Resistance
Code PfNF54 strain  PfK1 strain index (RI)P
24 “05}‘”“ 0.087 0.359 4
25 Cl
Hog}cn 0.226 1.385 6
2.6 .
“09“‘ 0.085 0.453 5
21 HOQC‘ 0.055 0.215 4
2.8 AR
HO=_ 2.285 2.814 1
29 Cl
no@ 0.187 0.372 2
2.10 F
Ho%;% 0.086 0.470 5
2.11
“Op” 2.324 3.183 1
2.12
0.297 1.057 4
2.13 F
“0@ 0.043 0.116 3
2.14 Me
Hopm 0.219 ND ND
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/—R

Cry
161

In vitro antiplasmodium activity
Compound R 1Cs0 (UM)? Resistance
Code PfNF54 strain ~ PfK1 strain index (RI1)®

2.15 e
“0@ 0.525 ND ND
Me
2.16
Hoé} 0.509 ND ND

2.17
H%} 0.504 ND ND
2.18 e
Hop 0.034 ND ND
2.19 coon
“0@ 0.417 ND ND
2.20 cooMe
H"p 0.030 0.133 4
0

2.21 s
/
HO@ 0.186 0.737 4

0.012 0.431 36
0.007 0.0029 0

Chloroquine

Artesunate

aDetermined from n > 3 independent [*H]-hypoxanthine incorporation experiments with multidrug-resistant (K1)
and chloroquine-sensitive (NF54) strains of P. falciparum.

b RI (resistance index) =ICsp PfK1/ 1Cso PINF54

ND- Not determined.
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3.2.2 In vitro Gametocytocidal Activity

As part of the malaria eradication agenda, new TPPs for novel antimalarials have been outlined
by the malaria community. One of these is the need to deliver antimalarials that target multiple
stages of the Plasmodium parasite development.!>13 In conformity with this requirement, a
selected number of benzimidazole analogues were evaluated in vitro for their transmission-
blocking potential. The in vitro gametocytocidal activity employed both early and late-stage
gametocyte assays. The luciferase reporter assay, as described by Reader et al.> was used to
establish accurate, reliable and quantifiable investigations of the stage-specific activity of the
compounds for the early and late gametocyte marker cell line NF54-PfS16-GFP-Luc. The
compounds were evaluated against both the early and late stages of gametocyte development
since each stage displays differential susceptibility to drugs.'*® In this assay, parasites were
exposed to test compounds for 48 hours, after which luciferase activity was determined by
adding luciferin substrate to the parasite lysate and then measuring the resulting
bioluminescence.®

For the initial screen, 20 benzimidazole analogues were selected (compounds 1.1-1.7,1.9-1.11,
2.1-2.7 and 2.9-2.11 in Tables 3.1 and 3.2) for their percentage inhibition at two different
concentrations of 1 and 5 uM. Compounds that showed good activity (>70% inhibition at 5uM
and >50% inhibition at 1 uM) in the initial dual point screen were to be prioritized for a full-
dose response 1Csg determination (with n = 3 independent experiments). Those with moderate
activity (>70% inhibition at 5 uM and <50% inhibition at 1 uM; <70% inhibition at 5 uM and
>50% inhibition at 1 uM; 50-70% inhibition at 5 UM and <50% inhibition at 1 uM) were to be
prioritized for a single 1Cso determination (n = 1 experiment). Methylene blue (5 pM) and an

internal project-specific control (MMV390048, 5 pM) were used as controls in the experiment.
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Figure 3.2: Gametocytocidal activity of selected benzimidazole compounds.

Compound 1.3 (79% and 90% inhibition at 1 pM and 5 uM, respectively) was the only
compound that exhibited good activity in the primary dual point screen against the early
gametocytes. The inhibition activity of 1.3 and its regioisomer 1.9 against the late gametocytes
was moderate (69% and 70% respectively) at 1 uM and minimal (24% and 46% respectively)
at 5 uM. When evaluated for dose-response, compound 1.3 displayed sub-micromolar potency
(ICso = 0.382 uM) against early-stage gametocytes. Overall, the benzimidazole analogues

displayed poor activity against the gametocyte stage of the Plasmodium parasite in comparison
to the asexual blood stage.
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3.2.3 In vitro Mammalian Cytotoxicity

Compounds exhibiting sub-micromolar (ICso <1 pM) in vitro asexual blood-stage potency
were evaluated for in vitro cytotoxicity against the mammalian Chinese Hamster Ovary (CHO)
cell line to determine their selectivity for antiplasmodium activity. The MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay!® which calorimetrically
measures cellular growth and survival, was used to assess the cytotoxicity of the compounds.
The MTT assay works based on converting the water-soluble tetrazolium dye to the insoluble
coloured formazan by redox enzymes present in living cells. The formazan is then solubilized,
and its amount is spectrophotometrically detected. Dose-response curves, which enabled the
determination of 1Cso values (Tables 3.3 and 3.4), were generated using triplicate serial
dilutions of six concentrations. The reference drug used in this assay was emetine. The
Selectivity Index (SI), which represents the ratio of the ICso of the compound in Plasmodium
parasites to that in the CHO cells, was derived. A higher ratio signifies that the compound is
more selective for the Plasmodium parasite than the healthy cells. In the context of the

screening cascade used for this work, a selectivity index of 10 was the cut-off.

Table 3.3: In vitro mammalian cytotoxicity and BHIA of 1H-benzimidazole analogues.

Compound Structure PfNF54 Cytotoxicity¢ CHO cells BHIA®

Code 1Cs0, UM 1Cs0, UM
1Cs0, UM SId

1.1 . 0.474 50 105 452
©i;>7hﬂ

1.2 ./ 0.299 50 167 161
O

1.3 ./ 0.079 22 273 32

1.4 v 0.320 50 156 489
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Compound Structure PfNF54 Cytotoxicity CHO cells BHIA®
Code 1Cs0, UM 1Cs0, UM
1Cs0, UM SId
15 ENJ 0.400 50 125 30
Co-¢
ENJ
1.6 . 0.408 25 60 4223
Shat
ENJ
1.7 « 0.110 25 228 125
Crps
1.9 _/ 0.521 50 96 130
1.10 éJ 0.222 50 225 68
Co-
1.11 J 0.968 50 52 250

o

¢ Determined from n = 3 independent experiments; Emetine was used as a reference drug (1Cso = 0.059 uM)

d S (selectivity index) =ICso CHO/ 1Cso PfNF54. BHIA: Beta-hematin inhibition activity

¢Mean from n = 3 independent experiments; Controls: Chloroquine (ICso = 53 uM) and Amodiaquine (ICso = 13

uM).

Gratifyingly, all the compounds demonstrated selectivity indices above the cut-off of 10.
However, the N-benzyl benzimidazole analogues (Table 3.4) generally showed higher
selectivity in comparison to their 1H-benzimidazole congeners (Table 3.3). Compound 2.3

displayed the best selectivity for P. falciparum against CHO cells with a selectivity index of

1500, while the di-methyl substituted analogue 2.14 had the least selectivity (SI = 20).
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Table 3.4: In vitro mammalian cytotoxicity, BHIA and hERG inhibition of N-benzyl
benzimidazole analogues.

Compound Structure PfNF54  Cytotoxicity*CHO  BHIA® hERG

Code 1Cs0, UM 1Cso, 1Cs0, UM

1Cs0, UM S|d HM (SD)?

2.1 ) Q 0.095 39 408 49 1.71(0.15)
oy

2.2 e 0.121 45 369 31 2.70(0.27)
©:N\>7NH

2.3 e 0.029 44 1500 14 2.28(0.82

s 052

\\©\CF3
2.4 e e 0.087 42 482 31 2.23(0.46
@Ew@ 2 (0.46)
\\©\CFS

2.5 ) Q > 0.226 47 208 16 >10(0)
L

2.6 — < 0.085 41 482 17 0.96(0.17)
S—NH

2.7 . Q 2 0.055 44 794 16 4.34(0.82)
s

—~

2.8 o 2.285 ND ND 5830  3.85(0.76)

S—NH

% Z
a
e



Compound Structure PfNF54  Cytotoxicity CHO  BHIA® hERG
Code 1Cs0, UM cells 1Cso, 1Cs0, UM
ICso, UM SI¢ UM (SD)?
2.9 N Q 0.187 50 267 9 3.82(0.76)
-
\\©\C"3
2.10 v Q j 0.086 46 530 16 2.90(0.19)
L
2.11 ) Q 2.324 ND ND 344 >10(0)
oy
Y
2.12 @E%Q 0.297 27 89 269  1.61(0.53)
\\©\CFJ
2.13 . Q 0.074 43 579 22 2.17(0.29)
©i:\l\>7NH
\\©\CF3
2.14 N Q 0.219 >50 20 25 9.54(2.44)
L
\\©\CF3
2.15 . Qg 0.714 >50 >70 64 4.89(1.02)
L
2.16 N Q 0.509 >50 >44 17 5.68(1.14)
©:N\>7NH
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Compound Structure PfNF54  Cytotoxicity CHO BHIA® hERGT

Code 1Cs0, UM cells 1Cso, 1Cs0, UM
ICso, UM SI¢ UM (SD)?

2.17 o - 0.940 >50 >53 16 13.24(0.22)
©::\>7NH

2.18 . Q 0.290 >50 >172 16 1.04(0.42)
©iN\>7NH

2.19 X Q 0.809 31 39 46 2.35(0.25)
o

2.20 ) Q 0.045 45 994 16 4.93(1.34)
Coe

w (%
2.21 N O % 0.250 18 74 242  1.33(0.19)

H
I
Q3

% |
(o]
e

¢ Determined from n = 3 independent experiments; Emetine was used as a reference drug (ICso = 0.059 uM)
d S| (selectivity index) =ICso CHO/ ICso PfNF54.

¢Mean from n = 3 independent experiments; Controls: Chloroquine (ICso = 53 uM) and Amodiaquine (ICso = 13

uM).
fMean from n = 3 independent experiments; Verapamil was used as a positive control (ICso = 0.58 + 0.13 puM).
9SD = Standard deviation

3.2.4 hERG Inhibition Activity

To assess the potential risk emerging from interactions with the hERG potassium ion channel
whose inhibition could lead to fatal cardiac arrhythmias, the astemizole-based analogues were
profiled against this channel. It is noteworthy that astemizole was withdrawn from the market
due to this liability. The hERG inhibition assay was performed by Metrion Biosciences,
Cambridge, United Kingdom. The CHO cell line, which stably expresses the hERG channel on
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a QPatch gigaseal automated patch clamp, was employed for the study. Compounds were
screened in triplicate in dose-response mode at four concentrations for ICso determination. At
the highest tested concentration (10 uM), any compound with <40% hERG inhibition was
assigned an arbitrary 1Cso value of >10 uM and considered inactive. Table 3.4 summarizes the
hERG inhibition results for the astemizole-based compounds, and verapamil was used as a
positive reference control.

All the compounds except 2.5 and 2.11 produced >40% inhibition against the hERG ion
channel at the highest test concentration with potency values ranging between 0.96 and 13.24
UM, Compound 2.6 exhibited the highest hRERG potency (ICso = 0.96 pM). However, di-methyl
substitutions as in the case of 2.14 (ICso = 9.54 uM) and 2.15 (I1Cso = 4.89 uM) detuned hERG
activity by 10-fold and 5-fold, respectively. Also, hERG activity was further significantly
reduced following a meta-to-para positional change of the cyano group (ICso = 1.04 pM for
2.18 and ICso = >10 puM for 2.11). In general, this series of compounds showed less potential
to cause cardiotoxicity than verapamil (ICso = 0.58 uM), which was used as a positive control

drug in the experiment.

3.2.5 Beta-hematin Inhibition Activity (BHIA)

Assessment of the target compounds in this assay was informed by the research work
conducted by Wright and co-workers.t” In their work, they reported various types of
benzimidazoles as potent inhibitors of beta-hematin formation. The beta-hematin assay is a
cell-free assay that mimics the whole-cell process of hemozoin formation. The target
compounds were evaluated using the Nonidet P-40 (NP-40) mediated assay previously
described by Sandlin et al.!8

In summary, stock solutions of the test compounds were made in DMSO from which serially
diluted concentrations were obtained. NP-40 detergent was used as a lipid source to mediate
the formation of beta-hematin in a test mixture that contained predetermined compound
concentrations, HEPES buffer (pH 4.8), hematin and pyridine solution. The inhibition potency
of the compounds against beta-hematin formation was assessed spectrophotometrically by
measuring the absorbance of the pyridine-hematin complex formed. A higher absorbance
signifies greater compound potency against beta-hematin formation. Tables 3.3 and 3.4
outlines the BHIA results of the benzimidazole target compounds.

Most of the analogues displayed good beta-hematin inhibition activity (ICso <100 uM).
Amongst the 1H-benzimidazole series (Table 3.3), only compounds 1.3 (ICso = 32 uM) and
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1.5 (ICs0 = 30 pM) exhibited the greatest potencies. Meanwhile, most of the astemizole-based
analogues (17 out of 21) demonstrated beta-hematin inhibition activity in the preferred range
(<100 pM), with compound 2.9 (Table 3.4) being the most potent (ICso = 9 uM). As previously
mentioned, the beta-hematin assay is a cell-free assay in which the test compound is in direct
contact with hemin while antiplasmodium evaluation is carried out in a whole cell. Hence, to
establish the correlation (or lack thereof) between the ability of these compounds to inhibit the
formation of beta-hematin and their antiplasmodium activities, further assays such as the cell-
based heme fractionation assay are warranted.

3.2.6 Metabolic Stability Studies of Selected Benzimidazole Analogues

Hepatic metabolism is the principal mechanism for eliminating most drugs and xenobiotics,
although various tissues like the kidneys, lungs, intestinal wall, skin and blood are prospective
sites for metabolism.’® Metabolic stability data enables the logical prediction of
pharmacokinetics, such as bioavailability, clearance, and elimination half-life of a xenobiotic.
The extent of hepatic metabolism of compounds is usually studied in an in vitro assay in which
liver microsomes are employed. The mouse liver microsomes (MLM), rat liver microsomes
(RLM) and human liver microsomes (HLM) are mainly utilized to determine any interspecies
disparities. These liver microsomes generally consist of membrane-bound enzymes such as the
cytochrome P450 (CYP450) metabolizing enzymes that are responsible for Phase |
metabolism.?

Conversely, the S9 fraction, which has both Phases I and Il metabolizing enzymes compared
to microsomes, can be used to assess metabolic stability. The cytosol, which mainly consists
of soluble Phase Il enzymes, can also be used. In this study, however, the single-point
metabolic stability assay was employed.?? Selected compounds were incubated with the various
liver microsomes (MLM, RLM and HLM) for half an hour, after which the incubation mixture
is investigated for any metabolic transformations.

Briefly, the test compounds are appropriately diluted to 0.1 uM with a phosphate buffer at pH
7.4. The microsomes are then added with the required co-factors, including NADPH, to initiate
enzymatic reactions. The mixture is incubated at 37 °C for 30 minutes while shaking. The
reaction is stopped by adding ice-cold acetonitrile and subsequently centrifuged to remove
proteins as sediments. The supernatant is then analyzed using a liquid chromatography-mass
spectrometry (LC-MS), whereby the percentage of the compound remaining is calculated. The

test compound’s metabolic stability is subsequently assigned based on the criteria; (1) >75% of
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compound remaining for highly stable compounds, (ii) 50-74% of compound remaining for
moderately stable compounds and (iii) <50% of compound remaining for unstable compounds.
In this regard, selected benzimidazole analogues were evaluated for metabolic stability in
mouse, rat and human liver microsomes (Table 3.5). The three different liver microsomes were
employed due to specific reasons. The MLM was used in anticipation of conducting in vivo
efficacy studies in mice models. The RLM, on the other hand, is used to conduct in vivo
pharmacokinetic studies. Even though mice models can be used for in vivo pharmacokinetics,
rat models are usually preferred because rats have more blood than mice. The HLM, however,
was employed because the overarching goal is to obtain a pharmacologically active compound

for human use.

Table 3.5: Microsomal metabolic stability of selected benzimidazole analogues.

% Remaining after Projected ti2 (min)
Compound Structure 30 min
Code MN/RI/H MM/Ri/H
13 Q 0.47/2.54/4.13 3.87/5.56/6.04

@[}Hﬁ

HO

O

2.1 Q 12.36/1.40/17.18 9.91/4.87/11.77

Q\%NH

z

z

s

2.3 . 45.65/42.38/71.30 26.46/24.04/59.92
Oy
ﬂCFa
24 o> Q@ 45.75/28.17/58.38 26.57/16.38/37.54
2.7 Q Za 9.66/21.76/32.44 8.90/13.62/18.46

N,
NH
N

"M, mouse; 'R, rat; JH, human.

~
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All the tested compounds generally displayed low microsomal metabolic stability, with
compound 1.3 being the least stable. The low metabolic stability of 1.3 could be attributed to
the metabolically labile N-ethyl moiety, which could undergo rapid deethylation by the
microsomal enzymes. Metabolic stability for compounds 2.3 and 2.4 was consistent across the
three species. All the astemizole analogues (2.1, 2.3, 2.4 and 2.7) were more metabolically
stable in human liver microsomes than mice and rats, indicating a potential species difference
in their metabolism. The low metabolic stability of these compounds, especially in MLM,
suggests that they could display poor exposure and possibly low efficacy in an in vivo mouse

model.

3.2.7 Metabolite Identification Studies on Compounds 1.3 and 2.3

Metabolite identification studies were conducted on selected compounds 1.3 and 2.3 due to
their enhanced predisposition to drug-metabolizing enzymes. The studies were conducted to
understand the nature of the biotransformation, identify the putative metabolites and the
metabolic hotspots of the compounds to guide future optimization studies to address the
metabolic instability liability.

Concisely, the compounds were incubated in mouse liver microsomes (male mouse CD1, Lot
No. 1510043, XenoTech) with NADPH, magnesium chloride and potassium phosphate buffer
(pH 7.4) as required co-factors to mimic the physiological conditions while shaking for 60
minutes at 37 °C. The samples were then precipitated by ice-cold acetonitrile, centrifuged and
filtered for LC-MS/MS analysis. Control experiments in which microsomes, test compounds
or NADPH were individually excluded were prepared as described for the test compounds.
Experiments in which microsomes and test compounds were excluded aided the assessment of
background instability which is likely due to compound degradation in the experimental
medium. The exclusion of NADPH from the experiment, on the other hand, facilitated the
assessment of non-CYP450-mediated metabolism. Tentative identification of the metabolites
was deduced by comparing the product ion spectra of the [M+H]" ions of the metabolites with
that of the parent compound.

The incubation of compound 1.3 in mouse liver microsomes (MLM) identified five (5)
metabolites arising from hydroxylation of the aminobenzimidazole moiety (Figure 3.3).
However, a subsequent hydroxylation on the 3-chlorophenol moiety yielded the major
metabolite (P+32) with a product ion [M+H]* of 377. The absence of N-dealkylation

metabolites for this compound was notable, given that this metabolic pathway was
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hypothesized. Thus, this route of metabolism is either absent or is much slower than
hydroxylation resulting in metabolites below the level of detection. It is also noteworthy that
the formation of the metabolites required NADPH, indicating that the metabolic transformation
required CYP450 catalysis.
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Figure 3.3: (A) Identified metabolites from the metabolism of compound 1.3 MLM; (B) XIC
plot showing the relative abundance of the identified metabolites from compound 1.3.
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Three (3) metabolites were identified from the metabolism of compound 2.3 in mouse liver
microsomes, with the primary metabolite (P+16) arising from the hydroxylation of the
benzimidazole core (Figure 3.4). This metabolic pathway is similar to that of astemizole, as

previously reported in the literature.?
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Figure 3.4: (A) Identified metabolites from the metabolism of compound 2.3 MLM; (B) XIC
plot showing the relative abundance of the identified metabolites from compound 2.3.
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3.3 Imidazopyridines

3.3.1 In vitro Asexual Blood Stage Antiplasmodium Activity

The imidazopyridine analogues were tested for in vitro asexual blood-stage antiplasmodium
activity against both the NF54 and K1 strains of P. falciparum. The lactate dehydrogenase
assay was used for this class of compounds, and the SAR is discussed with respect to 1Cso
values on the chloroquine-sensitive NF54 strain.

Table 3.6: In vitro antiplasmodium activities of imidazopyridine analogues.

Cl N
TR

~ Z N

H

N
H
OH

In vitro antiplasmodium activity

Compound R I1Cs0 (LM)? Resistance
Code PfNF54 strain  PfK1 strain index (RI)P
3.1 \Q 0.34 1.35 4
3.2 0
éj 1.67 161 1
3.3 0
Q 2.37 4.19 2
3.4 L 2.53 4.11 2
35 \)> 0.39 0.48 1
3.6 K 0.49 6.00 12
37 Ko 167 1.82 1
3.8 ﬁ(< 0.56 6.00 11
3.9 P 0.67 6.00 9
3.10 F
\ﬁ 0.86 5.27 6
3.11
Q 0.69 2.12 3
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Cl N
TN

~ Z N

H

H
OH

In vitro antiplasmodium activity

Compound R I1Cs0 (UM)? Resistance
Code PfNF54 strain  PfK1 strain index (RI)P
3.12 T

éj 0.93 3.68 4
3.13 ~N
1.03 3.90 4
3.14 CFy
p 0.08 0.10 1
3.15
0.67 2.48 4
3.16 CFs
O 0.56 ND ND
<
3.17 CFs
p 0.95 ND ND
3.18 OMe
p 2.91 2.34 1
3.19 L
7 N\
_ 0.38 0.36 1
Chloroquine - 0.015 0.530 35

2Determined from n > 3 independent pLDH experiments with multidrug-resistant (K1) and chloroquine-sensitive

(NF54) strains of P. falciparum.
b RI (resistance index) =ICso PfK1/ 1Cso PINF54; ND- Not determined.

The SAR was explored with various aliphatic and 2 aromatic groups. The compounds with
aromatic groups bearing small non-polar meta- or para- electron-withdrawing substituents
displayed better antiplasmodium potency, with compound 3.14 (ICso = 0.08 uM) having the
highest potency. Incorporation of heteroatoms in the saturated cyclic substituents as
exemplified in compounds 3.2 (ICso = 1.67 uM), 3.3 (ICs0 = 2.37 uM) and 3.13 (ICso = 1.03
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uM) was detrimental to antiplasmodium activity. Electron-withdrawing substituents such as a
fluoro (-F) or a trifluoromethyl (-CF3) on the saturated rings also led to the loss of
antiplasmodium activity in comparison to their unsubstituted congeners. Electron-releasing
groups such as methyl (-CHs), on the other hand, were more tolerable. Additionally, the results
suggest that parasites that are resistant to chloroquine are cross-resistant to the imidazopyridine
analogues as indicated by the ICso potency shifts (resistance indices) between the sensitive and

resistant strains of the parasite.

3.3.2 In vitro Mammalian Cytotoxicity
The cytotoxicity of the imidazopyridine analogues was determined against the Chinese
Hamster Ovary (CHO) cell line using the MTT assay. All the compounds showed a favorable
cytotoxicity profile (Table 3.7) on account of their selectivity indices (SI > 10), with compound
3.14 (Sl = 466) exhibiting the highest SI.

Table 3.7: In vitro mammalian cytotoxicity and BHIA results for imidazopyridine analogues.

Cytotoxicity* CHO
Compound Structure PfNF54 BHIAS cells
Code ICs0, UM ICs0, UM ICso, S|d
MM
3.1 A0 o 18 27 80
3.2 AT 17 225 >50  >30
33 A e 237 722 >50  >21
3.4 QA 253 257 >50  >20
35 A I 039 16 46 119
36 A I 0.49 33 >50  >102
3.7 WA 1.67 275 >50 >30
3.8 QAT 0.56 444 >50 >89
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Cytotoxicity* CHO

Compound Structure PfNF54 BHIAS cells
Code ICs0, UM ICs0, UM I1Cso, S|d
MM
3.9 T -0 g7 128 >50  >75

310 A0 ose 76 >50  >58
3.1 \@Ow@@ 0.69 80 >50  >73

L J-COA 1.03 31 >50 >49

312 —
a N N

3.13 VA O 1.03 285 >50 >49

3.14 C'\Q@wy”‘? 0.08 9 37 466

3.15 A 067 137 50 75

3.16 T O 56 127 >50 >89

317 A IO g5 239 49 52
3.18 A IO 201 18 >50  >17
319 T e o38 65 >50  >132

¢ Determined from n = 3 independent experiments; Emetine was used as a reference drug (ICso = 0.059 uM)
4 S| (selectivity index) =ICso CHO/ ICsp PfNF54.

fMean from n = 3 independent experiments; Controls: Chloroquine (ICso = 32 uM) and Amodiaquine (ICsp = 5
uM).

3.3.3 Beta-hematin Inhibition Activity

The potential of the imidazopyridine analogues to inhibit hemozoin formation was assessed in
vitro by inquiring about their ability to inhibit the formation of beta-hematin (Table 3.7).
Literature precedence?*? informed the investigation of the analogues in this assay. Using the
discriminatory cut-off of < 100 uM, only nine compounds: 3.1 (18 uM), 3.5 (16 uM), 3.6 (33
uM), 3.10 (76 pM), 3.11 (80 uM), 3.12 (31 uM), 3.14 (9 uM), 3.18 (18 uM) and 3.19 (65 uM)

139



exhibited beta-hematin activity in the preferred range, with compound 3.14 showing the
greatest potency. However, the cellular heme fractionation assay will be necessary to establish

these analogues as hemozoin inhibitors confidently.

3.3.4 Metabolic Stability Studies of Selected Imidazopyridine Analogues

Selected imidazopyridine analogues exhibiting submicromolar in vitro asexual blood-stage
antiplasmodium activity (ICso < 1 pM), suitable solubility (> 50 pM) and an acceptable
selectivity over the mammalian Chinese Hamster Ovary cell line (SI > 10) were evaluated for
metabolic stability in mouse, rat and human liver microsomes (Table 3.8). Like the
benzimidazoles, these compounds were generally not stable across all three species of
microsomes. However, they were more metabolically stable in the human liver microsomes

than the mouse and rat liver microsomes.

Table 3.8: Microsomal metabolic stability of selected imidazopyridine analogues.

% Remaining Projected ti2 (min)

Compound Structure after 30 min
Code Mh/Ri/HI MYRi/H!
3.1 C'mw@:@ 14.65/18.48/73.25 10.82/12.31/66.78
35 C'mwﬂ > VM 31.71/22.29/78.86 18.08/13.85/86.96
3.6 C'mw} TH< 8.56/21.11/60.51 8.45/13.36/41.25
31.38/27.36/30.42 17.92/16.04/17.47

S b e Tod

3.19 \@Qw e

OH

24.92/13.75/45.11

14.96/10.48/26.12

"M, mouse; 'R, rat; 'H, human
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3.3.5 Metabolite Identification Studies on Compound 3.14
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Figure 3.5: (A) Identified metabolites from the metabolism of compound 3.14 MLM; (B) XIC
plot showing the relative abundance of the identified metabolites from compound 3.14.
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Four (4) metabolites were identified from the metabolism of 3.14 in mouse liver microsomes
with the primary metabolites (P-28 and P-140) arising from dealkylation of the side chain N-
alkyl groups (Figure 3.5). The low relative abundances of the N-di-dealkylation metabolite (P-
168) and the hydroxylation metabolite (P+16) suggest that their formation does not occur
rapidly. It is noteworthy that the formation of the metabolites required NADPH suggesting the
presence of microsomes and the involvement of CYP450 enzymes, indicating that they were

products of metabolism and not chemical degradation.

3.4 Conclusions

This chapter described the antiplasmodium activities of benzimidazoles and imidazopyridines,
incorporating an intramolecular hydrogen bonding (IMHB) motif. The benzimidazole
analogues showed suitable antiplasmodium activity (ICsp < 1 pM) against both the
chloroquine-sensitive (NF54) and multidrug-resistant (K1) strains of P. falciparum.
Meanwhile, they displayed relatively poor potency against the sexual gametocyte stage. These
analogues exhibited good selectivity (SI >10) over the mammalian Chinese Hamster Ovary
cells. In addition, N-benzyl benzimidazoles with an encouraging hERG inhibition profile (ICso
>1 uM) were identified. The imidazopyridine analogues also displayed antiplasmodium
activity with 1Cso < 1 pM against the asexual blood stage of the parasite. Like the

benzimidazoles, a favourable cytotoxicity profile was observed for this class of compounds.

Nonetheless, selected potent analogues of both the benzimidazoles and imidazopyridines were
metabolically unstable when evaluated against mouse, rat and human liver microsomes. Hence,
they were not progressed for in vivo efficacy studies. Furthermore, metabolite identification
studies were carried out to identify the metabolic hotspots in these compounds. Overall, it was
observed that the presence of an IMHB motif was necessary for the antiplasmodium activity

of these compounds since the absence thereof led to a loss of activity.
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CHAPTER 4

PHYSICOCHEMICAL PROFILING AND METHODS OF ASSESSING
INTRAMOLECULAR HYDROGEN BONDING (IMHB)

4.1 Chapter Overview

Chapter 4 covers the physicochemical evaluation and the analysis of factors influencing the
solubility of the compounds described in this thesis. The chapter highlights the impact of
physicochemical parameters on drug-likeness, followed by an outline of the in silico and
experimental physicochemical properties of the synthesized final target molecules. An
assessment of the drug-likeness of the compounds with prominence on Lipinski’s Rule of Five
(ROS5) and Veber’s rule is described. Correlation studies aimed at unravelling the factors
responsible for the observed aqueous solubility of the target compounds are also outlined. The
chapter concludes with the methods used to assess intramolecular hydrogen bonds in

representative analogues 1.2 and 2.2.

4.2 The Impact of Physicochemical Properties on Drug-likeness

Physicochemical and molecular properties significantly contribute to the pharmacokinetics,
pharmacodynamic and safety profiles exhibited by drugs. Formulation challenges and
unfavourable ADMET profiles are usually attributed to poor physicochemical properties,
especially permeability and aqueous solubility.’ The relationship between physicochemical
properties and drug-likeness has also been revealed by various studies. To this effect, different
sets of acceptable cut-off values for the fundamental molecular descriptors considered
paramount in predicting suitable physicochemical properties for an oral drug-like space have

been devised.*

The Lipinski’s rule of five (RO5), which needs to be noted is only a guideline, hypothesizes
that an orally administered drug is more likely to exhibit good absorption and permeability
when molecular weight (MW) < 500 Daltons (Da); cLogP < 5; the number of hydrogen-bond
donors (HBD) < 5; and the number of hydrogen-bond acceptors < 10.%° In addition, Veber et
al., proposed that a compound has an increased chance of achieving an acceptable oral
bioavailability when it has ten or less rotatable bonds (RB) [a measure of molecular flexibility],
a topological polar surface area (tPSA) < 140 A2 and the total number of both HBD and HBA
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< 12.7 The rule of three (RO3) which is relevant to fragment-based drug discovery and an

extension of the RO5 have also been put forward.®

4.3 Evaluation of Physicochemical Properties

The previously mentioned physicochemical parameters (MW, cLogP, tPSA, HBD and HBA)
in relation to the compounds synthesized in this thesis work were predicted using StarDrop™
6.6 and ChemDraw Professional 18.2 software. Other parameters [melting point, HPLC
retention time (tr), TLC retardation factor (Rs) and solubility] were determined experimentally.
To assess the compliance of the compounds to Lipinski’s ROS5, frequency distribution
histograms were plotted for the predicted parameters cLogP, tPSA and MW. However, the
assessment of RO5 compliance regarding the number of HBDs and HBAs was done by

inspection.

As previously alluded to, a drug’s oral bioavailability is mostly influenced by aqueous
solubility, permeability and metabolic stability. In relation to drug discovery, solubility
significantly influences bioassays, intestinal absorption, and formulation for in vivo dosing.®
Accordingly, the Kkinetic solubility of the target compounds was determined by the
turbidimetric assay method® and the miniaturized shake flask method.* Briefly, the
turbidimetric assay involves preparing solutions of the test compounds in DMSO. Aliquots of
the solutions are then added to a phosphate-buffered saline (PBS) at pH 7.4 to give nominal
serial dilutions. The concentration value above which the test compound yields turbidity by
precipitating out of solution is then recorded as the approximate solubility. A UV-Visible
spectrophotometer is used to detect the turbidity of the compound by measuring the absorbance
at 620 nm, the wavelength at which the compound is not expected to absorb electromagnetic
radiation. The turbidimetric assay method is fast, simple, cost-effective and suitable for high
throughput screening of a large number of compounds. However, this method is far less
accurate because the observed values only depend on turbidity. Another drawback is the use of

DMSO, which can increase the solubility to an unpredictable and unknown extent.

The miniaturized shake flask method, on the other hand, also involves making a stock solution
of the test compound in DMSO. The stock solution is then used to spike duplicate aqueous
samples in PBS at the desired pH. Unlike the turbidimetric assay method, the DMSO is dried
off, after which the sample is incubated while shaking to prevent particle aggregation. The

solution is filtered to separate the saturated solution from the solute phase. HPLC is used to
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analyze the saturated solution, after which a calibration curve (using a calibration standard) is
plotted to determine the solubility of the sample. The advantage of using this method is that
the HPLC can detect impurities and any instability which the spectrophotometric method

cannot detect.?

Factors affecting the recorded solubility values were investigated by assessing solubility as a
function of different physicochemical parameters [cLogP, tPSA, melting point, HPLC
retention time (tr) and TLC retardation factor (Rf)]. These factors were used as a measure of a
peculiar inherent compound characteristic, which influences aqueous solubility. For instance,
tr and Rr were used as a measure of polarity, melting point as a measure of crystal packing
energy and cLogP as a measure of lipophilicity. For comparable data among the compounds,
similar HPLC and TLC methods were applied for all the compounds in each class studied in

this thesis work.

4.3.1 Results and Discussion
The calculated and experimentally determined physicochemical parameters of the
benzimidazole and imidazopyridine-based compounds are outlined in Tables 4.1-4.3 below.
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Table 4.1: Physicochemical properties of 1H-benzimidazole analogues.

R

/
CLy
N
H
Calculated physicochemical properties Experimental physicochemical properties
Compound R MW ,32 cLogP® tPSA 2 HBD? HBA? R tr? (Min) m.p.t (°C) Solubility’
Code g/mol A2 (M)

11 HO 310.4 3.91 64.18 3 5 0.35 0.421 79.7 >200

1.2 F; 328.4 4.15 64.18 3 5 0.43 0.401 105.2 160
C

1.3 ! 344.8 4,92 64.18 3 5 0.43 1.536 103.0 160
Hop

1.4 Hopom 340.4 4.01 73.41 3 6 0.29 0.263 103.0 160

15 a 379.3 5.41 64.18 3 5 0.53 2.352 72.0 160
Hog}a

1.6 nopm 3244 4.41 64.18 3 5 0.31 0.465 834 >200
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R

(/
CLy

N

H
Calculated physicochemical properties Experimental physicochemical properties

Compound R MW 2 cLogP® tPSA2 HBD? HBA? Rf° trd (min) m.p.6 (°C) Solubilityf
Code g/mol A2 (M)
1.7 Hopa 344.8 4.92 64.18 3 5 0.46 0.702 145.2 160
1.8 ot \ 311.4 3.37 77.07 3 6 0.10 0.149 75.2 >200
1.9 C'g 344.8 4.59 64.18 3 5 0.53 1.031 88.8 160
HO
1.10 F; 346.4 4.39 64.18 3 5 0.45 1.027 172.5 140
HO F

1.12 294.4 4.63 43.95 2 4 0.34 0.281 95.0 140

1.11 Hopm 335.4 4.03 87.97 3 6 0.38 0.325 72.6 160

aMW, molecular weight; tPSA, topological polar surface area; HBD, hydrogen bond donor, HBA, hydrogen bond acceptor: Calculated using StarDrop™ 6.6
®cLogP, calculated log P: Calculated using ChemDraw Professional 18.2.

°R¢, Retardation factor: Analytical TLC with 10% methanol in dichloromethane as the mobile phase.

151



dtg, Retention time: Measured using HPLC-MS (method described in chapter 7).

®m.p., melting point (values are averages between the upper and lower limit values of the melting range): Measured using a Stuart automatic melting point machine SMP40.

Determined using Kinetic (turbidimetric) solubility assay at pH 7.4 (method described in chapter 7).

Table 4.2: Physicochemical properties of N-benzyl benzimidazole (astemizole-based) analogues.

/—R

Calculated physicochemical properties Experimental physicochemical properties
Compound R MW,2 cLogP® tPSA2 HBD? HBA? R tr? (Min) m.p..  Solubility
Code g/mol A? (°C) (M)
2.1 Hop 480.5 5.63 53.32 2 5 0.74 2.378 209.8 140
2.2 F; 498.5 5.87 53.32 2 5 0.79 2.431 204.9 140
HO
2.3 < 515.0 6.64 53.32 2 5 0.81 2.466 203.5 160

HO

go!
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Calculated physicochemical properties

Experimental physicochemical properties

Compound R MW, 2 cLogP® tPSA 2 HBD? HBA? Rt tr? (Min) m.p.° Solubility
Code g/mol A2 (°C) (HM)
24 Hopom 510.6 5.73 62.55 2 6 0.75 2.387 193.8 >200
2.5 a 549.4 7.12 53.32 2 5 0.86 2.703 157.7 140
2.6 Hopm 494.6 6.13 53.32 2 5 0.76 2431 158.4 >200
2.7 Hopcn 515.0 6.64 53.32 2 5 0.86 2.501 110.8 160
2.8 o AR\ 481.5 5.08 66.21 2 6 0.13 2.282 188.2 >200
2.9 515.0 6.31 53.32 2 5 0.88 2.483 165.9 160
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Calculated physicochemical properties

Experimental physicochemical properties

Compound R MW, 2 cLogP® tPSA 2 HBD? HBA? Rt tr? (Min) m.p.° Solubility
Code g/mol A2 (°C) (HM)
2.10 F 516.5 6.11 53.32 2 5 0.86 2.475 153.7 160

HO@*F
2.11 Hopm 505.5 5.75 77.11 2 6 0.84 2.405 204.5 160
2.12 p 464.5 6.34 33.09 1 4 0.69 2.404 157.6 140
2.13 F 498.5 6.07 53.32 2 5 0.81 2.404 207.1 140
HO@
2.14 Me 508.6 6.58 53.32 2 5 0.90 2.545 160.05 160
HO@*ME
2.15 Me 508.6 6.53 53.32 2 5 0.90 2.598 162.5 160
HO

sl
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Calculated physicochemical properties

Experimental physicochemical properties

Compound R MW, 2 cLogP® tPSA 2 HBD? HBA? Rt tr? (Min) m.p.° Solubility
Code g/mol A2 (°C) (HM)
2.16 508.6 6.61 53.32 2 5 0.88 2.598 177.2 140
HO

2.17 522.6 6.71 53.32 2 5 0.89 2.650 201.9 80
HO

2.18 ECN 505.5 5.75 77.11 2 6 0.80 2.501 171.9 160
HO

2.19 cOoH 524.5 3.44 90.62 3 7 0.19 2.325 179.8 >200

HO@
2.20 LOOMe 538.6 6.14 79.62 2 7 0.79 2.466 197.7 160
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Calculated physicochemical properties Experimental physicochemical properties
Compound R MW 2 cLogP® tPSA?2 HBD? HBA? R tr? (Min) m.p.° Solubility
Code g/mol A2 (°C) (HM)
2.21 2 NQ\O 593.6 4.8 82.86 2 8 0.64 2.387 176.2 160
HO

aMW, molecular weight; tPSA, topological polar surface area; HBD, hydrogen bond donor, HBA, hydrogen bond acceptor: Calculated using StarDrop™ 6.6

bcLogP, calculated log P: Calculated using ChemDraw Professional 18.2.
°R¢, Retardation factor: Analytical TLC with 10% methanol in dichloromethane as the mobile phase.

dtg, Retention time: Measured using HPLC-MS (method described in chapter 7).

®m.p., melting point (values are averages between the upper and lower limit values of the melting range): Measured using a Stuart automatic melting point machine SMP40.

Determined using kinetic (turbidimetric) solubility assay at pH 7.4 (method described in chapter 7).
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Table 4.3: Physicochemical properties of imidazopyridine analogues.

Cl N
ﬁ N b S—R

N\/\N Z N

H H

OH

Calculated physicochemical properties

Experimental physicochemical properties

Compound R MW,2 cLogP® tPSA? HBD? HBA? Rt trd (min) m.p..  Solubility®
Code g/mol A2 (°C) (HM)
3.1 \Q 413.9 6.1 77.07 3 6 0.30 2.203 "ND 15
3.2 jj 415.9 3.98 86.3 3 7 0.18 0.298 ND 125
33 p 429.9 4.26 86.3 3 7 0.18 0.430 ND 120
3.4 2 359.9 4.54 77.07 3 6 0.13 0.219 ND 135
3.5 \2> 385.9 4.98 77.07 3 6 0.16 2.211 ND 25
3.6 K 399.9 5.51 77.07 3 6 0.25 0.755 ND 200
3.7 X 453.9 5.36 77.07 3 6 0.28 2.194 ND 175
3.8 (Q 399.9 5.51 77.07 3 6 0.28 0.588 ND 185
3.9 P 399.9 5.54 77.07 3 6 0.28 0.921 ND 170
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Cl N
ﬁ N D S—R

N\/\N Z N

H H

OH

Calculated physicochemical properties

Experimental physicochemical properties

Compound R MW 32 cLogP® tPSA?2 HBD? HBA? R trY (min) m.p..  Solubility9
Code g/mol A2 (°C) (M)
3.10 FF/F 435.9 4.93 77.07 3 6 0.26 1.808 ND 175
3.11 Q 428.0 6.66 77.07 3 6 0.30 2.238 ND 140
3.12 §:F§F 464.0 6.05 77.07 3 6 0.33 2.150 ND <5
3.13 \\sz 429.0 4.73 80.31 3 7 0.18 0.141 ND 175
3.14 cr 489.9 7.26 77.07 3 6 0.36 2.422 ND 65
3.15 p 442.0 7.22 77.07 3 6 0.36 2.413 ND 150
3.16 <:§CF3 496.0 6.45 77.07 3 6 0.36 2.413 ND 135

~
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Cl N
ﬁ N D S—R

N\/\N Z N

H H

OH
Calculated physicochemical properties Experimental physicochemical properties
Compound R MW ,2 cLogP®? tPSA 2 HBD? HBA? R trY (min) m.p..  Solubility9
Code g/mol A2 (°C) (M)
3.17 §CF3 496.0 6.45 77.07 3 6 0.31 2.343 ND 135
3.18 E‘)Me 458.0 5.29 86.3 3 7 0.29 2.124 ND 120
. 0.34 2.352 ND 140
4

3.19 p . 490.9 5.96 89.96 3 7
\

MW, molecular weight; tPSA, topological polar surface area; HBD, hydrogen bond donor, HBA, hydrogen bond acceptor: Calculated using StarDrop™ 6.6

bcLogP, calculated log P: Calculated using ChemDraw Professional 18.2.
°Ry, Retardation factor: Analytical TLC with 10% methanol in dichloromethane as the mobile phase.

dtr, Retention time: Measured using HPLC-MS (method described in chapter 7).

®m.p., melting point (values are averages between the upper and lower limit values of the melting range): Measured using a Stuart automatic melting point machine SMP40.

9Determined using miniaturized shake flask method at pH 6.5 (method described in chapter 7).

"Not determined (compounds were isolated as either semi-solids or viscous oils).
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Table 4.4: Comparison of calculated physicochemical properties to drug-like guidelines

Compound class MW, g/mol cLogP tPSA, A? HBD HBA

1H-benzimidazoles 294.4-379.3 3.37-5.41 43.95-87.97 2-3 4-6
Astemizoles 464.5-593.6 3.44-7.12 33.09-90.62 1-3 4-8
6-7

<

Imidazopyridines  359.9-496.0 3.98-7.26 77.07 —89.96 3
Targeted criteria' <500 <5 <140 <5

i Targeted criteria are defined according to Lipinski’s RO5 and Veber’s rule on tPSA.

4.3.1.1 Compliance Assessment of RO5 for the 1H-benzimidazoles

Four out of the five calculated molecular features of the 1H-benzimidazole analogues complied
with the RO5. These molecular features, as depicted in Table 4.4, include MW (294.4-379.3
g/mol), tPSA (43.95-87.97 A?), HBD (2-3) and HBA (4-6). Except for analogue 1.5 (cLogP =
5.41), all the other analogues have cLogP values less than five, which conforms to Lipinski’s
RO5. According to the molecular weight frequency distribution (Figure 4.1A), most analogues
possess molecular weights in the range 341-350 g/mol. Similarly, the majority of the analogues
(8 out of 12) have tPSA values in the range 61-65 A? (Figure 4.1C). The cLogP values, on the

other hand, were mostly distributed over the range 4.1-5.0, as shown in Figure 4.1B.
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Figure 4.1: Frequency distribution of physicochemical parameters for 1H-benzimidazole
analogues: (A) Molecular weight; (B) Calculated Log P and (C) Topological polar surface area.

4.3.1.2 Compliance Assessment of RO5 for the Astemizole analogues

For the astemizole analogues, the physicochemical parameters tPSA (33.09-90.62 A?), HBD
(1-3), HBA (4-8) were RO5 compliant. The frequency distribution plot showed most of the
analogues have molecular weights in the range 501-520 g/mol (Figure 4.2A). Additionally,
most analogues possess cLogP values in the range of 5.6-7. The tPSA values were
predominantly in the range of 51-55 A2 Like the 1H-benzimidazoles, the HBD and HBA
values of the astemizoles varied over a narrow range; thus, their frequency distribution graphs

were not plotted.
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Figure 4.2: Frequency distribution of physicochemical parameters for Astemizole analogues:
(A) Molecular weight; (B) Calculated Log P and (C) Topological polar surface area.

4.3.1.3 Compliance Assessment of RO5 for the Imidazopyridines

Out of the five calculated physicochemical parameters of the imidazopyridines, four were RO5
compliant. These parameters are the MW (359.9-496.0), tPSA (77.07-89.96), HBD (3) and
HBA (6-7). According to the frequency distribution analysis, the molecular weight and cLogP
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values of these analogues were distributed over a wide range (Figure 4.3A and 4.3B). On the
other hand, about 70% of the analogues (14 out of 19) have tPSA values in the range of 75-80
A2,
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Figure 4.3: Frequency distribution of physicochemical parameters for Imidazopyridine
analogues: (A) Molecular weight; (B) Calculated Log P and (C) Topological polar surface area.

4.3.1.4 Analysis of Factors Influencing the Solubility of 1H-Benzimidazoles

Various factors anticipated to inherently influence solubility were analyzed through correlation
plots. For the 1H-benzimidazoles, the factor that appears to impact solubility largely is the TLC
retardation factor (Figure 4.4C). Although weak (R? = 0.3286), the observed negative
correlation was anticipated. A similar trend was also observed for melting point (Figure 4.4A),
which was in congruence with previous literature.*>* More specifically, a high melting point
is a measure of efficient crystal packing and high crystal packing energy, which discourages
the dissolution of a compound in an aqueous medium. HPLC retention time exhibited almost
no correlation with solubility (R? = 0.0838). Furthermore, a weak correlation was observed

between solubility and cLogP, a surrogate measure of a compound’s lipophilicity. In general,
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the correlation plots for these analogues suggests that many other factors simultaneously affect

their solubility.
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Figure 4.4: Correlation plots of solubility expressed in uM against: (A) melting point; (B)
cLogP; (C) TLC retardation factor (D) HLPC retention time. JSolubility was determined by the
turbidimetric method using PBS at pH 7.4. For the purposes of plotting the correlations, all
compounds with uncertain solubility values, i.e., <5 and >200 puM, were assigned definite
values of 0 and 200 uM, respectively.

4.3.1.5 Analysis of Factors Influencing the Solubility of Astemizole analogues

HPLC retention time was established to be a significant factor influencing solubility compared
to TLC retardation factor, cLogP and melting point for the astemizole analogues. A negative
correlation between solubility and HPLC retention time, as depicted in Figure 4.5D, was
expected, albeit the correlation was weak (R? = 0.3582). Characteristically, the HPLC retention
time is used as a proxy measure of the compound’s capability to interact with the aqueous
media of the reversed-phase HPLC column. Hence, it is a more pragmatic measure of a
compound’s polarity. The mobile phase of a reversed-phase HPLC is more polar than the
stationary phase of the column; thus, each gradient run starts with a high percentage of the

aqueous media, allowing more polar compounds to elute faster than less polar compounds.®
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Melting point displayed no correlation with solubility (R? = 0.0336), and that could be due to

other factors playing a role in reducing the effect of crystal packing energy on solubility.
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Figure 4.5: Correlation plots of solubility expressed in uM against: (A) melting point; (B)
cLogP; (C) TLC retardation factor (D) HLPC retention time. JSolubility was determined by the
turbidimetric method using PBS at pH 7.4. For the purposes of plotting the correlations, all
compounds with uncertain solubility values, i.e., <5 and >200 puM, were assigned definite
values of 0 and 200 uM, respectively.

4.3.1.6 Analysis of Factors Influencing the Solubility of Imidazopyridines

For this compound class, the melting point parameter could not be described because the
compounds were isolated as either semi-solids or viscous oils. In this regard, the factors
analyzed through correlation plots are cLogP, TLC retardation factor and HPLC retention time.
TLC retardation factor and cLogP exhibited almost no correlation with solubility. Although
weak (R? = 0.1684), HPLC retention time negatively correlated with solubility as expected
(Figure 4.6C). Altogether, these correlation studies indicate that many factors simultaneously
affect the solubility of compounds across a specific class of compounds. It may be crucial to
examine the factors responsible for aqueous solubility based on individual cases rather than an

entire class of compounds.
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Figure 4.6: Correlation plots of solubility expressed in uM against (A) cLogP; (B) TLC
retardation factor (C) HLPC retention time. *Solubility was determined by the miniaturized
shake flask method at pH 6.5. For the purposes of plotting the correlations, all compounds with
uncertain solubility values, i.e., <5 uM, were assigned a definite value of 0 uM.

4.4 Methods of Assessing Intramolecular Hydrogen Bonding (IMHB)

As previously mentioned in section 1.10.1 of chapter 1, the successful implementation of
IMHB considerations in medicinal chemistry and drug discovery as a whole requires
experimental tools that assess the formation of IMHB in molecules. In this thesis work, the
experimental tools used to investigate the formation of IMHB include X-ray diffraction,

infrared spectroscopy and density functional theory.

4.4.1 Single Crystal X-ray Diffraction (XRD) Analysis

Crystal structures furnish information on the intrinsic properties of compounds such as the
molecular geometry, polymorphism, solvation profile, n-n stacking and hydrogen bond
interactions.'® To elucidate the crystal structures of representative compounds 1.2 and 2.2,
experiments to obtain the crystal structures were initiated. Both compounds were crystallized

by the slow evaporation method in a mixture of dichloromethane and hexane to produce
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crystals of adequate size and quality for X-ray diffraction experiments. Single crystal X-ray
diffraction data were acquired on a Bruker KAPPA APEX Il DUO diffractometer using
graphite-monochromated Mo-Ka radiation (y = 0.71073 A). Data collection was carried out at
173 K. Temperature was controlled by an Oxford Cryostream cooling system (Oxford
Cryostat). Data reduction and cell refinement were performed using the program SAINT.Y The
data were scaled, and absorption correction was performed using SADABS.'® The crystal
structure was solved by employing SHELXS-97'8 and refined by full-matrix least-squares
methods based on F? using SHELXL-2014® and applying the graphics interface program X-
Seed.!®?° The programs X-Seed and POV-Ray?' were used to prepare molecular graphic

images.

4.4.1.1 Single Crystal XRD Studies of Compound 1.2
The single crystal XRD and refinement data for compound 1.2 hydrate are summarized in Table
4.5 below.

Table 4.5: Data-collection and refinement parameters for 1.2 hydrate.

Parameter Value

Molecular Formula C18H21FN4O+H20
Formula Weight 346.40

Crystal System monoclinic
Space Group P21/c

a(A) 13.6252(16)

b (A) 10.5144(12)
c(A) 12.6246(13)

a(®) 90

B () 96.075(2)

6 90

V (A3 1798.5(3)

Z 4

D (calc) (g.cm?®) 1.279

1 (MoKa) (mm™) 0.093

F (000) 736

Crystal Size (mm?®) 0.07 x 0.26 x 0.27
Temperature (K) 173

Radiation (A) MoKa 0.71073

6 Min—Max (°) 1.5-27.5

Index ranges £h, zk, I -17:17;-13: 13; -8: 16
Reflections (total) 13245
Reflections (unique) 4132

R (int) 0.045

Reflections with [>26(1) 2914
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Nref, Npar 4132247

R1, wR2, S 0.0432,0.1137,1.02
Max. and Av. Shift/Error 0.00, 0.00

Apmin, max (e A%) -0.27,0.18

The crystal structure of compound 1.2 hydrate is illustrated in Figure 4.7. The geometrical data
(bond lengths, bond angles, torsion angles etc.) for this crystal structure were obtained in the

form of crystallographic information (CIF) files.
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Figure 4.7: Single crystal X-ray structure of compound 1.2 hydrate, where thermal ellipsoids
are drawn at 40% probability level.

All non-hydrogen atoms of compound 1.2 were refined anisotropically. Except for the
functional hydrogen atoms, all hydrogen atoms were placed in idealized positions and refined
in riding models with Uis, assigned 1.2 or 1.5 times Uegq of their parent atoms. The bond
distances were constrained from 0.95 to 0.99 A. The hydrogen atoms H1N and H3N on N1 and
N3 respectively were located in different density maps. They were also refined independently
without restraints. The hydroxyl hydrogen H1O and the water hydrogen atoms H2A and H2B
were located in different density maps, refined with simple O-H bond length restraints. The
crystal structure was refined to an R factor of 0.0432. The principal hydrogen bonding
interactions are outlined in Table 4.6. The intramolecular hydrogen bond that exists in
compound 1.2 is described by O1-H10++N4 with a bond angle of 157.5°. The distance
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between the nitrogen N4 and hydrogen H10 is 1.62 A, which is shorter than the total of their

Van der Waals radii (2.75 A), making this intramolecular hydrogen bond quite significant.

Table 4.6: Hydrogen bonding interactions for compound 1.2 hydrate.

D—HeeeA(Interactions) | d(D—H) d(HessA) | d(Dee+A) ZD—HessA
N1-H[*-02 0.875(18) 1.991(18) | 2.8319(17) 160.6(17)
O1-H10¢+*N4[intra] 0.974(19) 1.616(18) | 2.5435(16) 157.5(19)
02-H2A+++01 0.954(14) 1.828(15) | 2.7505(15) 161.8(13)
02—H2Be+N2 0.955(16) 1.809(15) | 2.7627(16) 176(2)
N3—H3Nee02 0.868(18) 2.132(18) | 2.9986(18) 176.5(14)
CI2-H12A*F1 0.9900 2.4800 3.253(2) 135.00
C16-H16%+F1 0.9500 2.5500 3.439(2) 157.00

D = Donor; A = Acceptor; d = distance (A); 2 = angle (°).

4.4.1.2 Single Crystal XRD Studies of Compound 2.2

The single crystal XRD and refinement data for compound 2.2 are outlined in Table 4.7 below.

Table 4.7: Data-collection and refinement parameters for compound 2.2.

Parameter Value
Molecular Formula Ca7H26F4N4O
Formula Weight 498.52
Crystal System triclinic

Space Group P-1

a(A) 10.5950(6)

b (A) 11.1515(7)
c(A) 11.4711(7)

a (°) 69.862(1)

B (°) 74.979(1)

v (°) 82.623(1)

V (A% 1227.83(13)

Z 2

D (calc) (g.cm™) 1.348

1 (MoKa) (mm™) 0.105

F (000) 520

Crystal Size (mm?®) 0.17 x 0.19 x 0.27
Temperature (K) 173

Radiation (A) MoKa 0.71073
0 Min—Max (°) 1.9-28.4

Index ranges £h, £k, =l

-14:14; -14:14; -15:15

Reflections (total)

33037

Reflections (unique) 6097
R (int) 0.039
Reflections with [>26(1) 4601
Nref, Npar 609,390
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R1,wR2, S 0.0427,0.1094,1.04
Max. and Av. Shift/Error 0.03, 0.00
Apmin, max (e A?) -0.25,0.24

The crystal structure of compound 2.2 (Figure 4.8) was conclusively refined to an acceptable
level despite the disorder in the trifluoromethyl group. The geometrical data were also obtained
in the form of CIF files.

Figure 4.8: Single crystal X-ray structure of compound 2.2, where thermal ellipsoids are drawn
at 30% probability level.

All non-hydrogen atoms were refined anisotropically. All hydrogen atoms, except H10 on O1
and H3N on N3, were placed in idealized positions and refined in riding models with Uiso
assigned 1.2 or 1.5 times Uegq of their parent atoms. The bond distances were constrained from
0.95 to 1.00 A. The hydrogen atoms H10 and H3N were located in different density maps and
refined independently without restraints. The trifluoromethyl (CFs3) group was disordered over
three positions with refined site occupancy factors of 0.460(3), 0.216(3) and 0.324(3),
respectively. The structure was refined to an R factor of 0.0427. The predominant hydrogen
bonding interactions in the crystal structure of compound 2.2 are summarized in Table 4.8. The
distance between the nitrogen N4 and hydrogen H10 is 1.71 A. The bond angle for the
intramolecular hydrogen bond O1-H10+<*N4 is 154.1°, making the bond quite noteworthy.

Table 4.8: Hydrogen bonding interactions for compound 2.2.
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D—HeeeA(Interactions) | d(D—H) d(HessA) | d(Dee+A) ZD—HeeeA
O1-H10++-N4[intra] 0.97(2) 1.71(2) 2.6194(15) 154.1(19)
N3-H3Ne+-01 0.861(18) 2.327(18) | 3.1445(16) 158.7(15)
C24-H24e++N1 0.9500 2.5900 3.534(2) 170.00
C25-H25¢F1 0.9500 2.5400 3.4024(18) 151.00

D = Donor; A = Acceptor; d = distance (A); 2 = angle (°).

4.4.2 Infrared (IR) Spectroscopy Analysis

The IR absorption intensity and frequency of hydroxy (OH) stretching vibrations show a
rigorous change due to the formation of hydrogen bonds. Intermolecular hydrogen bond
formation results in an enhancement of the OH absorption intensity and a reduction in the
vibrational frequency. On the contrary, an OH band involved in an intramolecular hydrogen
bond usually has a weak vibrational intensity, and its frequency is reduced drastically.?? In this
thesis work, IR experiments were performed on compounds 1.2 and 2.2 to ascertain the
presence of IMHB. IR spectroscopy was conducted on a Perkin-Elmer Spectrum 100 FT-IR
spectrometer using Attenuated Total Reflectance (ATR) with bond vibrations measured in
reciprocal centimetres (cm™). The IR samples of these compounds were made by mixing them

thoroughly with dry potassium bromide (KBr) to obtain a KBr disk which was then placed in

the sample holder of the spectrometer.
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Figure 4.9: IR spectrum of compound 1.2.

In the IR spectrum of compound 1.2 (Figure 4.9), the vOH band is found at 2926 cm™. This
band is broad and considerably shifted towards a lower frequency. The lower frequency
indicates an intramolecular hydrogen bond, which is quite significant. Similarly, the IR
spectrum of compound 2.2 (Figure 4.10) shows a weak frequency vOH band at 2947 cm™,

indicating the presence of IMHB in the molecule.
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Figure 4.10: IR spectrum of compound 2.2.

4.4.3 Density Functional Theory (DFT)

Optimized structures of compounds 1.2 and 2.2 were calculated at the B3LYP/6-31+G** level
of theory using the crystal structures of both compounds as the starting input for the
calculations. The primary rationale of the calculations was to ensure that the compounds were

able to form an intramolecular hydrogen bond.

4.4.3.1 Optimised Structure of Compound 1.2 using DFT

The DFT calculation output of compound 1.2 (Figure 4.11) displayed an IMHB from the
hydroxyl group to the tertiary amine with a bond length of 1.692 A and a bond angle of 153.35°.
Since the interest of the calculation was to find an IMHB, the crystal water molecule was
removed before the optimization at the B3LYP/6-31+G** level of theory, followed by a

frequency calculation to ensure that there was no imaginary frequency.
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Figure 4.11: Optimized structure of compound 1.2 at the B3LYP/6-31+G** level of theory.

An overlay of the crystal structure and the optimized structure of compound 1.2 (Figure 4.12)
resulted in a good root mean square deviation (RMSD) of 0.501 for both geometries. The
deviation was mainly due to the ethylene linker of the molecule. The dihedral angle of the C-
N-C-C (starting from the benzimidazole ring) was 72.3° for the crystal structure and 70.9° for
the B3LYP/6-31+G** result.

Figure 4.12: Overlay of the crystal structure (red) and the optimized structure (black) of
compound 1.2.

4.4.3.2 Optimised Structure of Compound 2.2 using DFT

The B3LYP/6-31+G** was used to simulate the crystal structure output of compound 2.2,
which displayed an IMHB between the hydroxyl group and the piperidine nitrogen, with a bond
length of 1.804 A and a bond angle of 149.21°.
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Figure 4.13: Optimized structure of compound 2.2 at the B3LYP/6-31+G** level of theory.

The B3LYP/6-31+G** optimized structure in an overlay with the crystal structure of
compound 2.2 yielded an RMSD value of 0.198, which indicates an excellent overlay over the

heavy atoms of the molecule. Figure 4.14 below shows the overlay of the two structures.

Figure 4.14: Overlay of the crystal structure (red) and the optimized structure (black) of
compound 2.2.

4.4.3.3 IR Spectra Predictions of Compound 1.2 using DFT

The IR spectra of the molecules under scrutiny were calculated at the B3LYP/6-31+G** level
of theory. For compound 1.2, the IMHB between the hydroxyl group and the aliphatic tertiary
amine showed a vibrational frequency peak at 2919 cm™ (Figure 4.15A). The optimal dihedral
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angles for this interaction were found to be 14.52° (C-O-H-N), -18.02° (C-C-O-H), and 38.90°
(C-C-C-N). Once the dihedral angle of C-C-C-N changed from 38.90° to -161.53°, the IMHB

was lost, and the 2919 cm™ peak was shifted to 3825cm™ which is indicative of a normal O-H

stretching vibration without the presence of an IMHB (Figure 4.15B). The relative stabilization

energies obtained for both conformations (0 kcal/mol for IMHB and 9.56 kcal/mol for non-

IMHB) show that compound 1.2 has a high propensity to form an IMHB.
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Figure 4.15: Predicted IR spectra of compound 1.2 at B3LYP/6-31+G** level of theory (A)
Spectrum with the presence of IMHB (B) Spectrum without IMHB.

4.4.3.4 IR Spectra Predictions of Compound 2.2 using DFT

Similar IR spectra predictions were carried out on compound 2.2. The IMHB between the

hydroxy! group and the piperidine nitrogen showed a vibrational frequency peak at 3244 cm-1
with dihedral angles of 1.10° (C-O-H-N), 15.40° (C-C-O-H), and -42.52° (C-C-C-N). Again,
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this IMHB was lost once the dihedral angle of C-C-C-N changed from -42.52° to 112.81° and
the peak at 3244 cm-! shifted to 3814 cm™ (Figure 4.16B). Furthermore, the tendency of
compound 2.2, forming an IMHB, was confirmed by the relative stabilization energies obtained
for both conformations (0 kcal/mol for IMHB and 8.36 kcal/mol for non-IMHB).
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Figure 4.16: Predicted IR spectra of compound 2.2 at B3LYP/6-31+G** level of theory (A)
Spectrum with the presence of IMHB (B) Spectrum without IMHB.

4.5 Conclusions

Studies conducted in relation to physicochemical profiling and methods of assessing
intramolecular hydrogen bonds in molecules were described in this chapter. The
physicochemical assessment revealed that both the benzimidazoles and the imidazopyridines
had very few violations of Lipinski’s RO5 and no violation of Veber’s rule. Additionally,

evaluation of the factors affecting solubility for each class of compounds showed that many
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factors simultaneously affect the solubility of compounds across a specific class; hence, it may
be crucial to assess the factors responsible for aqueous solubility based on individual cases

rather than an entire class of compounds.

To assess the presence of IMHB in the molecules, compounds 1.2 and 2.2 were used as
representative analogues for the studies. Single crystal X-ray analysis, IR spectroscopy and
DFT calculations ascertained the presence of IMHB in these compounds.
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CHAPTER S

MECHANISTIC STUDIES

5.1 Chapter Overview
In this chapter, mechanistic studies of frontrunner compounds 1.3 and 3.14 are discussed. The
chapter commences with the various approaches used towards deconvoluting the mechanism

of action of phenotypically active compounds. This is followed by the discussion of results
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from photophysical, pharmacological and fluorescence live-cell imaging studies on previously
synthesized fluorescent probes. Finally, the results from docking the parent compounds 1.3 and
3.14 against the B-hematin surface, and their evaluation in the cellular heme fractionation assay
are presented and discussed.

5.2 Introduction

As previously described in section 1.7 of chapter 1, the phenotypic-based approach to drug
discovery enables discovering lead compounds for many diseases where the drug target(s) have
not been identified or validated. Nonetheless, identifying the target has also proven to be a
practical approach to discovering drugs for understudied diseases.* Even though mechanistic
deconvolution of hits or leads is a very challenging facet of the phenotypic drug discovery
approach, the emergence of various new technologies in the areas of fluorescent drug
localization studies, genomics and chemical proteomics has aided in identifying and validating
suitable targets of phenotypically active leads, along with understanding their mechanism of
action (MoA).2™*

In the genomics approach to target identification, information generated from sequencing the
genome of humans and other organisms is employed to understand the biological convolution
of various human diseases, identify and authenticate new targets.®> Chemical proteomics, on the
contrary, relies on the interplay between biology, chemistry, biochemistry, structural biology
and bioinformatics to identify proteins that bind to small molecules and provide appropriate
starting points for the discovery of new chemical entities.®” Efforts of the omics-based
approaches of target identification have been complemented by fluorescence live-cell imaging
studies. Over the years, live-cell imaging tools have provided insight into understanding the
subcellular localization and associated phenotypes of chemical therapeutics.®® To undertake
fluorescence imaging, a fluorescent molecule must be present in the experimental sample. Even
though intrinsic fluorescent molecules in cells such as tryptophan, NADPH and flavins have
been used in these studies!®'?, external fluorophores, in most cases, are employed either

genetically or chemically.

5.3 Fluorescence Drug Localization Studies
As part of contributing towards understanding the mechanism of action of the class of

compounds studied in this thesis work, fluorescence drug localization studies was employed as
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the starting point to logically probe into the subcellular localization of the target compounds
within Plasmodium falciparum. Compounds 1.3 (ICsoPfNF54 = 0.079 pM) and 3.14
(ICs0PfNF54 = 0.08 uM) were used as representative analogues for the benzimidazoles and
imidazopyridines, respectively. These compounds were selected based on their nanomolar in
vitro asexual blood-stage antiplasmodium activity, acceptable cytotoxicity profile against the
mammalian Chinese Hamster Ovary cell line, solubility and their beta-hematin inhibition

activity.

In the absence of an intrinsic fluorescence property for both compounds, fluorescent probes of
compounds 1.3 and 3.14 were synthesized with the extrinsic fluorophore 7-nitrobenz-2-oxa-
1,3-diazole (NBD) (Figure 5.1) as described in Chapter 2. The selection of NBD as a suitable
fluorophore was based on various reasons. Firstly, it is an inexpensive small fluorophore;
hence, it is expected to cause the least perturbation to biological activity upon conjugation to
the target compounds. Also, the fluorescence of NBD is stable over a biologically relevant pH
range even though its fluorescence is intensified in non-aqueous environments.'® Finally,
despite the solvatochromic nature of NBD, its excitation and emission maxima in aqueous
media are approximately 470 and 540 nm, respectively; thus, these bands are expected to
minimally overlap with the Soret region of Fe(I11)PP1X, should the compounds accumulate in

the digestive vacuole of P. falciparum.®3
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Figure 5.1: Structure of 7-nitrobenz-2-oxa-1,3-diazole (NBD) fluorophore with an amine
substitution at 4-position.

5.3.1 Photophysical and Pharmacological Evaluation of Fluorescent Probes

The photophysical characterization of both fluorescent probes revealed that they possess
similar photophysical properties. In the case of 1.3-NBD, three absorption maxima were
observed corresponding to the absorbance of the benzimidazole core (occurring at 350 nm),
the 3-chlorophenol moiety (at 270 nm) and the absorption due to NBD. However, as shown in

Figure 5.2A, the maximum fluorescence absorption is due to the NBD reporter fluorophore
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occurring at 485 nm. This absorbance occurs in the visible region of the electromagnetic
spectrum and is suitable for probing the subcellular accumulation of the compounds in P.

falciparum.

A B

]
S

12

W
th
=]

1

5" EX 0 = 485 nm
éo.s izso Em .= 538 - 552 nm
= =
26 £ 200
[=] 7]
172} N
é 0.4 E 150
100
0.2
50
0 0
250 350 450 550 650 750 490 540 590 640 690 740 790 840
Wavelength nm —DCM DMSO EtOH MeOH Hepes buffer pH 7.4

Figure 5.2: (A) Excitation spectrum of 1.3-NBD in DMSO (B) Emission spectrum of 1.3-NBD
in varying solvents.

Following the excitation at the maximum absorption, fluorescence emission was observed
around 540 nm (Figure 5.2B). Fluorescence emission exhibited a slight solvatochromic shift
from 538-550 nm over five solvents. As expected, the fluorescence of NBD fluorophore was
brightest in non-polar environments and very weak in aqueous solvents. Therefore the
interaction of these fluorescent derivatives with the phospholipid bilayers or neutral lipid
components should be easily detected during imaging studies. Furthermore, both fluorescent
analogues retained pharmacological activity against Plasmodium falciparum, making them

suitable representatives of the parent compounds to probe their sub-cellular accumulation.
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Figure 5.3: Antiplasmodium activity of fluorescent probes 1.3-NBD and 3.14-NBD.

5.3.2 Fluorescence Live-cell Microscopy

Fluorescence live-cell subcellular localization and colocalization studies with commercially
available organelle trackers were undertaken. Several available tracker dyes have been used to
co-illuminate cellular compartments or subcellular structures in P. falciparum. More
specifically, the dyes employed in this work have previously been used and reported in
literature*™® hence justifying their use. These dyes (chemical structures in Figure 5.4) include
an acidotrophic dye Lysotracker Red that illuminates the acidic organelles in live cells such as
the digestive vacuole, an anthraquinone dye DRAQ 5 with a high affinity for double-stranded
DNA, a MitoTracker Deep Red fluorescent dye used to illuminate the mitochondrion of the
parasite, an ER-Tracker Red dye which is made up of glibenclamide, linked to BODIPY
reporter fluorophore. Glibenclamide binds to the sulfonylurea receptors of ATP-sensitive K,
prominent on the endoplasmic reticulum (ER).%

Finally, Nile Red, a lipophilic dye known and commonly used to illuminate lipids in cells, was
also utilized. It is highly solvatochromic in non-polar environments and entirely quenched in
water.!” This dye has previously been used to identify neutral lipid bodies within P. falciparum,
which have been implicated in hemozoin formation.'® Nile Red has broad excitation and
emission spectra, allowing one to distinguish between different chemical environments.
However, the disadvantage of this property is that crosstalk is frequently observed when Nile
Red is used in conjunction with other green dyes that require high-energy excitation. For
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instance, when excited using a 561 nm laser and monitored for fluorescence in the red region
of the visible spectrum (650-710 nm), Nile Red emits a signal corresponding to the
fluorescence from a phospholipid-rich environment. However, when the dye is excited at lower
wavelengths (575-630 nm), the resulting emission corresponds to an environment

characterized by neutral lipids.
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Figure 5.4: Chemical structures of the commercially available tracker dyes used in this study.
The sulfonylurea drug glibenclamide is shown in the red dashed box in its derivatized amide
form.

5.3.2.1 Confocal Fluorescence Microscopy

Infected red blood cells were resuspended in Ringer’s solution and incubated at 37 °C for live-
cell imaging.'® Confocal fluorescence microscopy was used for the initial examination of the
red blood cells infected with the chloroquine-sensitive (NF54) strain of P. falciparum. Infected
erythrocytes were easily identified under transmitted light by the hemozoin pigment (Panels A
and B in Figure 5.5). The detection of both 1.3-NBD and 3.14-NBD was carried out following

several optimizations of drug concentrations.

Cytoplasmic or plasma membrane staining in the infected host cell was observed for both
compounds (Panels A and B in Figure 5.5). However, no signal for these compounds was

detected in the uninfected erythrocytes (Panel C in Figure 5.5). This suggests no accumulation
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of the compounds in uninfected red blood cells and that their activity is specific to P.
falciparum. Although there are some differences in the host plasma membrane composition
between infected and uninfected red blood cells?°, that alone is probably not responsible for the
compound’s selectivity for the infected red blood cells. The tendency of the compounds to
accumulate in P. falciparum and not uninfected red blood cells suggests that their site of action
is in the Plasmodium parasite and not in the host red blood cell, assuming the site of

accumulation corresponds to the site of action.

DIC 1.3-NBD

DIC 3.14-NBD

DIC Both Compounds
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Figure 5.5: Panels A and B represent P. falciparum-infected erythrocytes incubated with 1.3-
NBD and 3.14-NBD. Panel C represents an uninfected erythrocyte incubated with 1.3-NBD
and 3.14-NBD. Scale bars represent 5 um.

5.3.2.2 Colocalization Studies

Since the parent compounds 1.3 (BHIA 1Cso = 32 uM) and 3.14 (BHIA ICso = 9 uM) were
potent beta-hematin inhibitors in the cell-free assay, the earlier hypothesis was that their mode
of action might be closely linked to the parasite’s heme detoxification pathway. Hence, the
trophozoite stage of the parasite was ideal for subcellular accumulation studies. During the
trophozoites stage, all organelles are fully developed, making their visualization easier. Also,
haem detoxification is a process peculiar to the trophozoite stage of the parasite. Besides the
digestive vacuole, other organelles such as the endoplasmic reticulum (ER), the mitochondrion,
and the plastids (apicoplast) play crucial roles during the intraerythrocytic stage of P.
falciparum. Unlike the digestive vacuole, these organelles persist in all stages of the

intraerythrocytic cycle of the parasite.

Furthermore, these organelles have been implicated as drug targets in other clinically relevant
antimalarials. For example, the antimalarial atovaquone inhibits P. falciparum’s mitochondrial
electron transporter. Consequently, the accumulation of the ER Tracker and the MitoTracker

was studied with the fluorescent analogues.

Colocalization studies of fluorescent signals of 1.3-NBD and the Lysotracker Red in
Plasmodium falciparum revealed a strong interaction between the two signals. The tracker dye
colocalized completely with 1.3-NBD with intense fluorescence accumulation in the digestive
vacuole shown by the arrow in Figure 5.6. However, it should be noted that NBD has the least
fluorescence in aqueous media. Hence, observing such intense signals in the digestive vacuole
implies that significant accumulation should have occurred. Compound 3.14-NBD, on the other

hand, showed relatively partial colocalization with the Lysotracker dye.
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Figure 5.6: Subcellular accumulation of 1.3-NBD and 3.14-NBD with LysoTracker Red in P.
falciparum. Scale bars represent 1 um.

Both compounds showed no accumulation in the nucleus when incubated with the nuclear
marker DRAQ 5. This suggests that both 1.3-NBD and 3.14-NBD do not act in the nucleus of
the parasite (Figure 5.7).
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Figure 5.7: Subcellular accumulation of 1.3-NBD and 3.14-NBD with nuclear dye DRAQ 5
in P. falciparum. Scale bars represent 1 um.

To probe the association of 1.3-NBD and 3.14-NBD with the endoplasmic reticulum and the
mitochondrion of the parasite, the ER-Tracker Red and the MitoTracker Deep Red were
incubated with the compounds in the parasite. Confocal imaging showed intense accumulation
of the dyes, which broadly colocalized with the compounds. For the ER, a punctuate-like
structure adjacent to the digestive vacuole was illuminated by both the ER tracker dye and the
compounds. This suggests that 1.3-NBD and 3.14-NBD accumulate significantly in the ER
(Figure 5.8). Similarly, a strong fluorescence signal was observed within the mitochondrion of
the parasite. Although very diffused, the signal from the MitoTracker Deep Red colocalizes
extensively with that of 1.3-NBD and 3.14-NBD (Figure 5.9).

ER Tracker Red 1.3-NBD Merge
DIC ER Tracker Red 3.14-NBD Merge

!
I

Figure 5.8: Subcellular accumulation of 1.3-NBD and 3.14-NBD with ER-Tracker Red in P.
falciparum. Scale bars represent 1 pum.
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Figure 5.9: Subcellular accumulation of 1.3-NBD and 3.14-NBD with MitoTracker Deep Red
in P. falciparum. Scale bars represent 1 um.

Nile Red, as previously mentioned, is useful in identifying neutral lipids in P. falciparum.
Neutral lipid droplets have been implicated in mediating the formation of hemozoin. They can
be found concentrated within the parasite’s digestive vacuole and located close to hemozoin
crystals.?! Furthermore, molecular dynamic simulations have demonstrated that the lipophilic
environment of the lipid body would serve to stabilize the hemozoin precursor dimer and that
the formation of hemozoin would be favoured at the lipid/aqueous interface.?

When 1.3-NBD and 3.14-NBD were incubated with Nile Red, some punctuate structures were
observed, which were believed to be neutral lipid droplets. These lipid droplets are formed in
the parasite’s cytosol and transported into the digestive vacuole to aid in converting heme to
hemozoin. Also, neutral lipid droplets are only observed during the trophozoite stage of the
parasite’s life cycle. As shown in Figure 5.10, 1.3-NBD and 3.14-NBD colocalized with these
lipid droplets as they form in the parasite’s cytosol and are transported into the digestive

vacuole.
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Figure 5.10: Subcellular accumulation of 1.3-NBD with Nile Red in P. falciparum. Scale bars
represent 1 pum.

Apart from the nucleus, both compounds seem to interact significantly with all the studied
organelles in the parasite, suggesting that their site of action could be any of these organelles
except the nucleus. More importantly, a significant amount of both 1.3-NBD and 3.14-NBD
accumulated in the digestive vacuole and could interfere with hemozoin formation. Although
the fluorescent probes have been validated pharmacologically with respect to antiplasmodium
activity, there are still concerns regarding the effect of the NBD reporter fluorophore on the
accumulation of the compound and whether or not the accumulation pattern observed is due to

the compound only.

5.4 Docking Studies

During the intraerythrocytic stage of its’s life cycle, the parasite degrades nearly all of its host
cell’s hemoglobin to obtain nutrients. This catabolic process occurs in the acidic, oxygen-rich,
lysosome-like digestive vacuole (DV).23?* As a consequence of this process, large quantities
of heme are released into the DV as a by-product. Due to the toxicity of heme to the parasite,
it immediately sequesters the released heme by converting it into an insoluble and relatively
unreactive microcrystalline dimer known as hemozoin.?>?’ Thus, the heme detoxification

pathway is a unique target for antimalarial chemotherapy, as demonstrated by the 4-
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aminoquinolines.?® They have been shown to inhibit hemozoin formation by either capping
the growing hemozoin crystals, thereby retarding the deposition of heme onto the crystal
surface or complexing with free heme in the lumen of the digestive vacuole.?

Some intermolecular interactions permit this association with the hemozoin surface, including
n—n-stacking interactions between the inhibitor and heme or hemozoin, hydrogen bonding
between the propionate group of heme and a protonated nitrogen of the inhibitor as well as
coordination of the deprotonated hydroxyl groups to the iron(l11) centre of the heme monomer.
Based on the results from the live-cell imaging and the beta-hematin inhibition activity of 1.3
and 3.14, it was hypothesized that both compounds could be inhibiting the formation of
hemozoin. To investigate this hypothesis, docking studies was employed to predict whether 1.3
and 3.14 are likely hemozoin inhibitors. The compounds were docked against the f-hematin
surface using the 3D crystal structure previously published by Pagola et al. %6 (Figures 5.11 and
5.12).

OH

Figure 5.11: Predicted binding mode with the 001 face of P-hematin showing hydrogen
bonding interactions between the protonated tertiary amine, the imidazole N-H and the
propionate group of B-hematin at pH 4.5 (2.4 and 2.8 A respectively) and n—n-stacking
interacti%r\ws shown between the porphyrin ring of the heme and the 3-chlorophenol moiety of
1.3 (4.0A).

Intermolecular interactions were observed between 1.3 and the crystal surface of -hematin.
The 3-chlorophenol moiety of the compound interacts through n—= stacking with the porphyrin
ring of B-hematin. The basic nitrogen of the imidazole ring and the tertiary nitrogen on the side

chain of the compound form hydrogen bonds with the propionate group of f-hematin when
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protonated at pH 4.5, the biologically relevant pH in the digestive vacuole (Figure 5.11). It has
been shown via live-cell imaging that significant amounts of the compound accumulate in the
parasite’s digestive vacuole. The docking studies also predict that once in the DV,
intermolecular interactions occur between the compound and the heme/hemozoin surfaces to
inhibit hemozoin formation, leading to the accumulation of heme and, consequently, death of

the parasite.

OH

Figure 5.12: Predicted binding mode with the 001 face of P-hematin showing hydrogen
bonding interactions between the protonated tertiary amine and the propionate group of B-
hematin at pH 4.5 (2.0 A) and n—n-stacking interactions shown between the porphyrin ring of
the heme and the 3-chlorophenol moiety (4.1 A), 3-trifluoromethylphenyl moiety (3.8 A) and
imidazopyridine core (4.1 A).

A similar docking pose was observed for compound 3.14 (Figure 5.12). The imidazopyridine
core, the 3-trifluoromethylphenyl and the 3-chlorophenol moieties of the compound interact
through n—n stacking with the porphyrin ring of B-hematin. Also, the basic nitrogen of the
tertiary amine on the side chain of the compound forms a hydrogen bond with the propionate

group of B-hematin when protonated at pH 4.5.
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5.5 Heme Fractionation Studies

The results obtained from the live-cell imaging implicate all organelles in the Plasmodium
parasite as possible sites of action except the nucleus. However, this result, taken together with
the beta-hematin inhibition activity and the docking studies, suggests that hemozoin inhibition
could likely be the MoA or a contributory MoA of both compounds 1.3 and 3.14. Therefore,
the heme fractionation assay was carried out to further investigate the effect of the compound
on heme and hemozoin levels at increasing concentrations of the compound, according to
methods previously described by Combrinck et al.*® The assay results indicate that as the
concentration of 1.3 increases, heme levels increase steadily and hemozoin levels decrease
concomitantly (Figure 5.13). This demonstrates that the exposure of P. falciparum to 1.3 in a
dose-dependent manner causes the build-up of toxic heme, which leads to parasite death.
Consequently, the inhibition of hemozoin formation has been identified as a mechanism of
action of 1.3. However, further experiments such as resistance selection and chemical
proteomics are required to identify any other MoA (s) as the inhibition of hemozoin formation

is likely a contributing mechanism.
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Figure 5.13: Heme fractionation profile of 1.3. The amount of “free” heme Fe (A) and
hemozoin (Hz); (B) Fe at increasing concentrations of the compound. Significance levels are
depicted with asterisks, where * = p < 0.05, ** = p < 0.01, *** =p <0.001l and **** =p<
0.0001.
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Conversely, no significant change in heme levels was observed with increasing concentrations
of 3.14 (Figure 5.14). However, a statistically significant dose-response decrease in hemozoin
levels was observed, indicating that 3.14 could be targeting different digestive vacuole
processes, although it may not be a direct hemozoin inhibitor. It is noteworthy that a true

hemozoin inhibitor causes an increase in free heme and a corresponding decrease in hemozoin.
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Figure 5.14: Heme fractionation profile of 3.14. The amount of “free” heme Fe (A) and
hemozoin (Hz); (B) Fe at increasing concentrations of the compound. Significance levels are
depicted with asterisks, where * = p < 0.05, ** = p < 0.01 and *** = p < 0.001.

5.6 Conclusions

In summary, novel fluorescent analogues (1.3-NBD and 3.14-NBD) of the frontrunner
compounds (1.3 and 3.14) have been identified as suitable probes for live-cell imaging. Their
use as fluorescent probes of the parent compounds was photophysically and pharmacologically
evaluated. Live-cell microscopy showed no localization of both 1.3-NBD and 3.14-NBD in the
nucleus of the parasite, eliminating the nucleus as the site of antiplasmodium activity of these
compounds. However, localization in the phospholipid structures such as the membranes was
observed. This observation suggests possible effects of the compounds in membraneous
structures and their associated organelles due to the extensive localization observed in the ER
and the mitochondrion. Despite much weaker fluorescence in an aqueous medium, localization

in the digestive vacuole was evident. This is also supported by their localization within neutral
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lipid bodies, which have been implicated in hemozoin formation. Docking studies predicted
intermolecular interactions between the parent compounds (1.3 and 3.14) and the
heme/hemozoin surfaces to inhibit hemozoin formation. The heme fractionation studies of 1.3
showed a dose-dependent increase in heme levels with a subsequent decrease in hemozoin
levels. Altogether, these observations support hemozoin inhibition as a mechanism of action
of compound 1.3 while pointing to additional targets within the parasite based on widespread
association with other organelles. Compound 3.14, however, is not a hemozoin inhibitor but
could be targeting different digestive vacuole processes.
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CHAPTER 6

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE WORK

6.1 Summary and Conclusions

The overarching goal of this thesis work was to incorporate an intramolecular hydrogen
bonding (IMHB) motif in known antimalarial chemotypes exemplified by benzimidazole and
imidazopyridine scaffolds . Medicinal chemistry principles and strategies were employed to
achieve the intended objective of exploring the antiplasmodium structure-activity relationship
profiles. An accompanying aim of the project was to conduct mechanistic studies on the
frontrunner compounds of each scaffold. The target compounds were synthesized by various
literature protocols and characterized through chromatographic methods (TLC and HPLC-MS)
and spectroscopic techniques (NMR spectroscopy). Physicochemical parameters such as
aqueous solubility and melting point were also used to characterize the target compounds. The
compounds were pharmacologically evaluated for their in vitro antiplasmodium activity,

cytotoxicity and microsomal metabolic stability profiles.

Due to structural modifications on the benzimidazole chemotype, analogues from this scaffold
were classified into 1H-benzimidazole and N-benzyl benzimidazole (astemizole-based) series.
Accordingly, the 1H-benzimidazole analogues manifested sub-micromolar potencies against
the chloroquine-sensitive NF54 strain of P. falciparum, with 1Cso values between 0.079 uM
and 0.968 pM. The most potent analogue within this series was compound 1.3 with an ICso of
0.079 uM against the chloroquine-sensitive strain and 0.335 pM against the multidrug-resistant
(K1) strain. The astemizole-based analogues also exhibited sub-micromolar activity against the
chloroquine-sensitive strain of the parasite, with compound 2.3 displaying the highest potency
(ICso PINF54 = 0.029 pM and ICso PfK1 = 0.117 pM) within the series. Overall, the
benzimidazole analogues displayed poor activity against the sexual gametocyte stage of the
Plasmodium parasite in comparison to the asexual blood stage. However, compound 1.3
displayed sub-micromolar potency (ICsp = 0.382 uM) against early-stage gametocytes. In
addition, the selected potent analogues exhibited a low cytotoxicity profile against the
mammalian Chinese Hamster Ovary (CHO) cell line.

The astemizole-based analogues expressed >40% inhibition against the hERG ion channel at
the highest test concentration with potencies between 0.96 and 13.24 uM. In general, this series

of analogues showed an improved cardiotoxicity risk relative to verapamil (ICsp = 0.58 pM).
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Furthermore, selected potent analogues evaluated for microsomal metabolic stability were
unstable across all three species (mouse, rat and human) of liver microsomes. This impeded
the advancement of these potent analogues to in vivo efficacy studies. Meanwhile, metabolite
identification studies provided insight on the metabolic hotspots, and this information could be
used to synthesize analogues that would address this liability.

The SAR of the imidazopyridine analogues was explored with both aromatic and aliphatic
groups. Compound 3.14 (ICsp PINF54 = 0.08 uM) displayed the highest potency within this
series while incorporating heteroatoms in the saturated cyclic substituents was detrimental to
antiplasmodium activity. Also, these compounds showed a favourable cytotoxicity profile
against the CHO cell line. Nonetheless, like the benzimidazoles, these compounds were
metabolically labile; hence, they were not progressed for in vivo efficacy studies.

A physicochemical assessment revealed that both the benzimidazoles and the imidazopyridines
complied with Lipinski’s RO5 and Veber’s rule. Additionally, evaluating the factors affecting
solubility showed that various factors simultaneously affect the solubility of compounds across
a specific class; hence, it may be crucial to assess these factors based on individual cases rather
than an entire class of compounds. Using compounds 1.2 and 2.2 as representative analogues,
single crystal X-ray analysis, IR spectroscopy, and DFT calculations were used to ascertain the

presence of IMHB in these compounds.
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Figure 6.1: Chemical structures of frontrunner analogues and fluorescent probes.

To probe the mechanism of action, novel fluorescent analogues (1.3-NBD and 3.14-NBD) of

the frontrunner compounds 1.3 and 3.14 were identified as suitable probes for fluorescence
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live-cell imaging. The fluorescent probes were assessed pharmacologically to ensure that
potency against P. falciparum was maintained. Live-cell microscopy showed localization of
both probes in all the studied organelles except the nucleus, eliminating it as a site of action for
antiplasmodium activity. Docking studies predicted intermolecular interactions between the
parent compounds (1.3 and 3.14) and the heme/hemozoin surfaces to inhibit hemozoin
formation. The heme fractionation studies of 1.3 showed a dose-dependent increase in heme
levels with a subsequent decrease in hemozoin levels. Essentially, these observations support
hemozoin inhibition as a mechanism of action of compound 1.3 while pointing to other targets
within the parasite based on widespread association with other organelles. Compound 3.14,
however, is not a hemozoin inhibitor but could be targeting different digestive vacuole
processes.

In conclusion, this Ph.D. thesis presents the synthesis, biological evaluation and
physicochemical assessment of novel benzimidazole and imidazopyridine analogues with an
intramolecular hydrogen bonding (IMHB) motif. It was observed that the absence of an IMHB
motif led to a loss in antiplasmodium activity, and this shows the importance of this motif in
the target compounds. Meanwhile, the frontrunner compounds 1.3 and 3.14 presented issues
of microsomal metabolic stability, which impeded their progression to in vivo efficacy studies.
The presence of IMHB in these molecules was also established through single crystal X-ray
analysis, IR spectroscopy and DFT calculations. In addition, fluorescence live-cell microscopy,
docking studies and cellular heme fractionation studies were employed to investigate the

mechanism of action of the frontrunner compounds 1.3 and 3.14.

6.2 Recommendations for Future Work

Based on the results obtained from this study, more benzimidazole and imidazopyridine
analogues can be designed by adapting strategies to address the issues of low microsomal
metabolic stability and subsequently performing an in vivo efficacy study. Also, to establish
the spectrum of antiplasmodium activity of these class of compounds, a broad panel of
Plasmodium parasite strains need to be tested.

It is recommended that chemical proteomics and resistance selection studies are carried out to
elucidate the putative targets of these compounds. Also, resistance selection experiments
should facilitate the unravelling of the resistance potential of the Plasmodium parasite towards
these compounds. This information will provide insight into any differences or similarities in

the mechanism(s) of resistance of these compounds compared to known antimalarial drugs.
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CHAPTER 7

EXPERIMENTAL
7.1 Chemistry

7.1.1 Reagents, Solvents and Spectroscopic Characterization

All commercially available chemicals were purchased from either Sigma-Aldrich (South
Africa) or Combi-Blocks Limited (USA). These chemicals were of analytical grade and used
without further purification. Reported compounds were characterized via *H NMR, **C NMR,
and high-performance liquid chromatography-mass spectrometry (HPLC-MS).

!H NMR spectra were recorded on Varian Mercury (300 MHz), Bruker Ultrashield-Plus (400
MHz), or a Bruker Ascend™ (600 MHz) instrument. 3C NMR spectra were recorded on the
same instruments at 101 MHz or 151 MHz, and samples were dissolved in deuterated dimethyl
sulfoxide (DMSO-ds), methanol (Methanol-ds) or chloroform (CDCls). Chemical shifts () are
reported in parts per million (ppm) and rounded off to two decimal places. Coupling constants
(J) are reported in Hertz (Hz) and rounded to one decimal place. Abbreviations used in
assigning 'H NMR signals are d (doublet), dd (doublet of doublets), ddd (doublet of doublet of
doublets), m (multiplet), g (quartet), s (singlet), t (triplet), or td (triplet of doublets).

The mass spectra of target compounds used to determine peak purities were acquired on an
Agilent HPLC system equipped with Agilent 1260® Infinity Binary Pump, Agilent 1260®
Infinity Diode Array Detector, Agilent 1290® Infinity Column Compartment, Agilent 1260®
Infinity Autosampler, Agilent 6120® Quadrupole LC/MS, and Peak Scientific® Genius 1050
Nitrogen Generator. The column used was a Kinetex Core C18 column (2.6 uM, 3 x 50 mm,
100 A) maintained at 40 °C. The composition and gradient conditions of the mobile phase used
at a flow rate of 0.7 mL/min are summarized in Table 7.1. The injection volume was 2 pL, and
the mass spectra were obtained in either positive or negative modes using electrospray
ionization (ESI) and atmospheric pressure chemical ionization (APCI). The diode array
detector was programmed to scan the eluents at an absorption wavelength range of 210 - 640

nm.

203



Table 7.1: High-performance liquid chromatography (HPLC) gradient conditions

Time

(min) %A %B
0.00 85 15
0.30 85 15
1.20 0 100
4.50 0 100

A: 10 mM NH4OAc in buffer (0.4 % acetic acid) in H20; B: 10 mM NH4OAc in buffer (0.4 % acetic
acid) in HPLC-grade CH3;OH.

Reactions were monitored by thin-layer chromatography (TLC) using Fluka or Merck F254
aluminium-backed pre-coated silica gel plates and were visualized under ultraviolet light at
254 or 366 nm. Silica gel column chromatography was performed using Merck kieselgel 60:
70-230 mesh by gravity column chromatography or flash column chromatography on a Biotage
Isolera™ system (Biotage AB, Uppsala, Sweden). The mobile phase solvents for column
chromatography were purchased as analytical reagent (AR) grade and used without prior
distillation. Melting points were determined using the Automatic STUART® SMP 40 melting

point apparatus.

7.2 Synthesis and Characterization
7.2.1 Benzimidazoles

7.2.1.1 Procedure for the synthesis of intermediate 1a (Scheme 2.1)

A mixture of 2-chlorobenzimidazole (1 eq), ethylethane-1,2-diamine (10 eq), triethylamine
(0.3 eq) and potassium carbonate (0.3 eq) was stirred under reflux at 140 °C for 16 hours.
Excess amine was distilled off, and 1.0 M NaOH (30 mL) was added to the residue. The
resulting mixture was extracted with warm ethyl acetate (5 x 20mL). The combined organic
layer was washed with brine and dried over anhydrous Na>SOas. The solvent was evaporated in

vacuo, and the crude product was obtained.
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N-(1H-benzo[d]imidazol-2-yl)-N2-ethylethane-1, 2-diamine (1a):

8 | Obtained from 2-chlorobenzimidazole (2.00 g, 13.11 mmols)

1 5 HNJ7 and ethylethane-1, 2-diamine (13.31 mL, 131.1 mmols) as a

N S
’ @ S—Nu ¢ white solid (59%, 1.5708 g); Rt (DCM: MeOH: NH4OH, 8:2:0.5)
NN 0.47; 'H NMR (600 MHz, MeOH-d4) & 7.18 (dd, J = 5.8, 3.2

Chenmical Formula: CyyHi¢Ns|  Hz, 2H, Hand H*), 6.95 (dd, J = 5.8, 3.2 Hz, 2H, H2and H?),
Exact Mass: 204.14
Molecular Weight: 204.28 3.49 (t, J=6.2 HZ, 2H, HS), 2.87 (t, J=6.2 HZ, 2H, HG), 2.70 (q,
J=72Hz, 2H, HY), 1.14 (t, J = 7.2 Hz, 3H, H¥). 3C NMR (151

MHz, MeOH-ds) § 156.90, 139.12 (2C), 121.32 (2C), 112.80 (2C), 49.66, 44.49, 43.04, 14.54.

HPLC-MS (ESI): Purity = 98%, tr = 0.218 min, m/z [M+H]" = 205.1

7.2.1.2 General procedure for the synthesis of target compounds 1.1-1.11 (Scheme 2.1)
To a solution of intermediate 1a (1 eq) in methanol (6 mL) was added the appropriate aldehyde
(1.1 eq), and the resulting mixture was stirred at 25 "C for 6 hours. The mixture was cooled at
0 °C, and NaBHj4 (5 eq) was added. The reaction solution was then stirred at 25 "C for 16 hours,
quenched with distilled water and concentrated in vacuo to remove methanol. The residue was
diluted with 5 mL of distilled water and extracted with dichloromethane (4 x 20mL). The
combined organic layer was washed with brine, dried over anhydrous Na>SO4 and solvent was
evaporated in vacuo to afford the desired compound. The crude product obtained was purified
by column chromatography (DCM/MeOH).

2-(((2-((1H-benzo[d]imidazol-2-yl)amino)ethyl)(ethyl)amino)methyl)phenol(1.1):

3 12 Obtained from intermediate 1a (150 mg, 0.73 mmols) and

HO 1| salicylaldehyde (0.09 mL, 0.80 mmols) as a yellow solid(48%,

9 js 108.2 mg); Rf (DCM: MeOH: NH4OH, 9.5:0.5:0.05) 0.48; 'H

, ! N HN 7 NMR (600 MHz, MeOH-ds4) 6 7.20 — 7.13 (dd, J = 5.8, 3.2 Hz,

3(jiN\)—NH 2H, H'and H%), 7.03 (td, J = 7.7, 1.7 Hz, 1H, H'?), 6.99 (dd, J

4 H =7.5, 1.6 Hz, 1H, H¥), 6.96 — 6.92 (dd, J = 5.8, 3.2 Hz, 2H,
Chemical Formula: C;gH,,N,O

Exact Mass: 310.18 H? and H°), 6.71 (td, J = 7.4, 1.2 Hz, 1H, H), 6.66 (dd, J =

Molecular Weight: 310.40 | g1 12 Hz 1H, H), 3.79 (s, 2H, H®), 3.53 (t, J = 6.3 Hz, 2H,

H5), 2.80 (t, J = 6.3 Hz, 2H, H°), 2.65 (g, J = 7.2 Hz, 2H, H"), 1.07 (t, J = 7.1 Hz, 3H, H8). 13C
NMR (151 MHz, MeOH-d4) & 158.61(C-OH), 156.69, 139.17 (2C), 130.06, 129.53, 123.84,
121.25 (2C), 120.32, 116.70, 112.77 (2C), 57.65, 53.50, 48.28, 41.29, 11.35. HPLC-MS (ESI):
Purity = 98%, tr = 2.079 min, m/z [M+H]" = 310.9.
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2-(((2-((1H-benzo[d]imidazol-2-yl)amino)ethyl)(ethyl)amino)methyl)-6-fluorophenol

(1.2):

HO 1
10
9 Js
1 N—,

5
AN
S—NH
3 N
4 H

Chemical Formula: C,3gH,,;FN,O

Exact Mass: 328.17
Molecular Weight: 328.39

Obtained from intermediate 1a (150 mg, 0.73 mmols) and 3-
fluorosalicylaldehyde (112.08 mg, 0.80 mmols) as an off-
white solid (63%, 151.9 mg); Rs (DCM: MeOH: NH;OH,
9.5:0.5:0.05) 0.32; 'H NMR (600 MHz, MeOH-ds) & 7.17
(dd, J=5.8, 3.2 Hz, 2H, H'and H*), 6.94 (dd, J = 5.8, 3.1 Hz,
2H, H?2 and H3), 6.86 (ddd, J = 10.6, 8.3, 1.5 Hz, 1H, H®?),
6.81 (d, J = 7.6 Hz, 1H, H™¥), 6.63 (td, J = 7.9, 4.8 Hz, 1H,
HY), 3.87 (s, 2H, HP), 3.55 (t, J = 6.3 Hz, 2H, H°), 2.84 (t, J
= 6.3 Hz, 2H, H®), 2.69 (q, J = 7.2 Hz, 2H, H7), 1.09 (t, J =

7.2 Hz, 3H, H8). *C NMR (151 MHz, MeOH-ds) § 156.58 (C-OH), 153.58 (C-F), 151.98,
147.12, 139.17 (2C), 126.39, 125.19, 121.27 (2C), 119.53, 115.82, 112.79 (2C), 57.22, 53.39,
41.08, 11.23. HPLC-MS (ESI): Purity = 98%, tr = 2.028 min, m/z [M+H]* = 328.9.

2-(((2-((1H-benzo[d]imidazol-2-yl)amino)ethyl)(ethyl)amino)methyl)-5-chlorophenol

(1.3):

HO 11
10
1 N—

5
s AN
S—NH
3 N
4 H
Chemical Formula: C,gH,,CIN,O

Exact Mass: 344.14
Molecular Weight: 344.84

Obtained from intermediate 1a (150 mg, 0.73 mmols) and 4-
chlorosalicylaldehyde (125.28 mg, 0.80 mmols) as a yellow
solid (74%, 186.6 mg); Rf (DCM: MeOH: NH4OH,
9.5:0.5:0.05) 0.35; H NMR (600 MHz, MeOH-d4) & 7.20 —
7.12 (dd, J=5.8, 3.2 Hz, 2H, H!'and H*), 6.99 — 6.89 (m, 3H,
H?, H3and H9), 6.68 (dd, J = 8.0, 2.1 Hz, 1H, H), 6.64 (d,
J=2.1Hz, 1H, H'?), 3.77 (s, 2H, H%), 3.52 (t, J = 6.3 Hz, 2H,
H®), 2.80 (t, J = 6.3 Hz, 2H, H®), 2.65 (g, J = 7.2 Hz, 2H, H),
1.07 (t, J = 7.2 Hz, 3H, H¥®). 13C NMR (151 MHz, MeOH-d4)

5 158.58 (C-OH), 155.25, 137.69 (C-Cl), 133.41 (2C), 129.70, 121.34 (2C), 119.92, 118.58,
115,53, 111.40 (2C), 55.59, 52.01, 46.90, 39.78, 9.90. HPLC-MS (ESI): Purity = 98%, tr =

2.267 min, m/z [M+H]" = 344.9.

2-(((2-((1H-benzo[d]imidazol-2-yl)amino)ethyl)(ethyl)amino)methyl)-4-methoxyphenol

(1.4):
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1

5
P AN
S—NH
3 N
4 H
Chemical Formula: C;oH,4,N,0,

Exact Mass: 340.19
Molecular Weight: 340.43

Obtained from intermediate 1a (150 mg, 0.73 mmols) and
5-methoxysalicylaldehyde (0.1 mL, 0.80 mmols) as a pale-
orange solid (53%, 132.5 mg); R (DCM: MeOH: NH4OH,
9.5:0.5:0.05) 0.21; *H NMR (600 MHz, MeOH-d4) & 7.16
(dd, J =5.8, 3.2 Hz, 2H, H'and H%), 6.94 (dd, J = 5.8, 3.1
Hz, 2H, H?and H?%), 6.65 — 6.55 (m, 3H, H, H2and H13),
3.75 (s, 2H, H%), 3.64 (s, 3H, H'Y), 3.51 (t, J = 6.3 Hz, 2H,
H®), 2.79 (t, J = 6.3 Hz, 2H, H®), 2.65 (g, J = 7.1 Hz, 2H,

H™), 1.08 (t, J = 7.1 Hz, 3H, H8). 33C NMR (151 MHz, MeOH-ds) § 156.66 (C-OCHs), 154.20
(C-OH), 152.21, 139.18 (2C), 124.69, 121.22 (2C), 117.16, 115.81, 114.59, 112.76 (2C), 57.69
(-OCHs), 56.14, 53.51, 48.43, 41.30, 11.47. HPLC-MS (ESI): Purity = 96%, tr = 2.390 min,

m/z [M+H]* = 340.9.

2-(((2-((1H-benzo[d]imidazol-2-yl)amino)ethyl)(ethyl)amino)methyl)-4,6-dichlorophenol

(1.5):

HO Cl

1

5
s AN
S—NH
3 N
4 H
Chemical Formula: CgH,,Cl,N,O

Exact Mass: 378.10
Molecular Weight: 379.29

Obtained from intermediate 1a (150 mg, 0.73 mmols) and
3,5-dichlorosalicylaldehyde (152.8 mg, 0.80 mmols) as a
pale-yellow solid (38%, 105.7 mg); Rf (DCM: MeOH:
NH4OH, 9.5:0.5:0.05) 0.20; *H NMR (600 MHz, MeOH-d,)
§7.20 (dd, J=5.8, 3.2 Hz, 2H, H*and H*), 7.12 (d, J = 2.5
Hz, 1H, H), 7.00 — 6.96 (m, 3H, H2, H3and H%), 3.89 (s,
2H, H%), 3.59 (t, J = 6.2 Hz, 2H, H®), 2.91 (d, J = 6.2 Hz,
2H, H%), 2.76 (d, J = 7.2 Hz, 2H, H"), 1.13 (d, J = 7.2 Hz,
3H, H8). ¥C NMR (151 MHz, MeOH-da4) & 156.28 (C-OH),

155.02, 138.95 (2C), 129.25, 128.22 (C-Cl), 126.03, 123.52, 122.65 (C-Cl), 121.34 (2C),
112.85 (2C), 57.51, 53.15, 48.37, 40.73, 10.97. HPLC-MS (ESI): Purity = 98%, tr = 2.574

min, m/z [M+H]" = 378.8.

2-(((2-((1H-benzo[d]imidazol-2-yl)amino)ethyl)(ethyl)amino)methyl)-4-methylphenol

(1.6):
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3 12 Obtained from intermediate 1a (300 mg, 1.47 mmols) and 5-

HO Me| methylsalicylaldehyde (220.48 mg, 1.62 mmols) as an off-
. 10 white solid (42%, 125.6 mg); Rs (DCM: MeOH: NH;OH,
_/®
1 s N7 9.5:0.5:0.05) 0.24; 'H NMR (400 MHz, MeOH-ds) & 7.19
N /—/

2
@ N (dd, J = 5.9, 3.2 Hz, 2H, H and H), 6.97 (dd, J = 5.9, 3.2 Hz,

3
TR 2H, H?and H°), 6.89 — 6.84 (m, 2H, H*and H'?), 6.58 (d, J =

Chemical Formula: C1oH2NJO\ 8 0 Hz, 1H, H'%), 3.81 (s, 2H, H°), 3.56 (t, J = 6.3 Hz, 2H,
Exact Mass: 324.20
Molecular Weight: 324.43 HS), 2.84 (t,J =6.3 Hz, 2H, H6)1 2.71(q,J=7.2 Hz, 2H, H7),
2.18 (s, 3H, Hll), 1.12 (t, J =7.2 Hz, 3H, Hs). 13C NMR (101 MHz, MeOH-d4) 6 155.33 (C-
OH), 154.74, 129.16 (2C), 128.49 (C-CHs), 128.14, 126.03, 122.23, 119.84 (2C), 115.10,
111.25 (2C), 56.34, 52.16, 47.01, 39.96, 19.07 (-CHs), 10.03. HPLC-MS (ESI): Purity=98%,

tr = 2.290 min, m/z [M+H]" = 324.9.

2-(((2-((1H-benzo[d]imidazol-2-yl)amino)ethyl)(ethyl)amino)methyl)-4-chlorophenol
a.7):

2z 1 Obtained from intermediate 1a (300 mg, 1.47 mmols) and

HO Cl 5-chlorosalicylaldehyde (253.69 mg, 1.62 mmols) as an off-

9 js white solid(75%, 223.6 mg); Rr (DCM: MeOH: NHsOH,

U N7 9.5:0.5:0.05) 0.16; 'H NMR (400 MHz, MeOH-ds) § 7.19

, ©: S—NH ° (dd, J=5.9, 3.2 Hz, 2H, H'and H*%), 7.07 (d, J = 2.7 Hz, 1H,

N

+ H H10), 7.01 (dd, J = 8.6, 2.7 Hz, 1H, H%), 6.98 (dd, J = 5.8,
Chemical Formula: C;gH,;CIN,O _

Exact Mass: 344.14 3.2 Hz, 2H, H?and H®), 6.63 (d, J = 8.6 Hz, 1H, H'?), 3.83

Molecular Weight: 344.84 (s, 2H, H%), 3.56 (t, J = 6.3 Hz, 2H, H°), 2.86 (t, J = 6.3 Hz,

2H, H®), 2.72 (g, J = 7.2 Hz, 2H, H7), 1.13 (t, J = 7.1 Hz, 3H, H8). 13C NMR (101 MHz, MeOH-
ds) § 156.13 (C-OH), 155.22, 128.33 (2C), 127.78 (C-Cl), 126.82, 124.45, 123.35, 119.90 (2C),
116.70, 111.39 (2C), 55.67, 52.17, 47.06, 39.84, 9.94. HPLC-MS (ESI): Purity= 99 %, tr =
2.376 min, m/z [M+H]" = 344.9.

3-(((2-((1H-benzo[d]imidazol-2-yl)amino)ethyl)(ethyl)amino)methyl)pyridin-2-ol (1.8):

Obtained from intermediate 1a (300 mg, 1.47 mmols) and 2-hydroxynicotinaldehyde (199.42
mg, 1.62 mmols) as an off-white solid (44%, 130.5 mg); Rt (DCM: MeOH: NH4OH, 9:1:0.1)
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Chemical Formula: C{7H,;N;O
Exact Mass: 311.17
Molecular Weight: 311.39

0.45; *H NMR (400 MHz, MeOH-d4) § 7.63 (dd, J = 6.7,
2.1 Hz, 1H, H'¥), 7.33 (dd, J = 6.5, 2.1 Hz, 1H, H'?), 7.23
(dd, J = 5.8, 3.2 Hz, 2H, H*and H*), 7.02 (dd, J = 5.9, 3.2
Hz 2H, H? and H3), 6.31 (t, J = 6.7 Hz, 1H, HY), 3.66 (s,
2H, H%), 3.53 (t, J = 6.4 Hz, 2H, H®), 2.87 (t, J = 6.4 Hz, 2H,
H®), 2.70 (g, J = 7.1 Hz, 2H, H"), 1.09 (t, J = 7.1 Hz, 3H,
H®). 33C NMR (101 MHz, MeOH-ds) & 163.75 (C-OH),
155.02, 141.32, 136.46 (2C), 133.51, 128.43 (2C), 120.39,

111.34, 106.67 (2C), 53.16, 52.58, 47.17, 40.61, 10.29. HPLC-MS (ESI): Purity = 99.0 %, tr
=0.239 min, m/z [M+H]* = 311.9.

2-(((2-((1H-benzo[d]imidazol-2-yl)amino)ethyl)(ethyl)amino)methyl)-6-chlorophenol

(1.9):

1 5 /
2 N 6
S—NH
3 N
4 H

Chemical Formula: C,gH,,CIN,O

Exact Mass: 344.14
Molecular Weight: 344.84

Obtained from intermediate 1a (300 mg, 1.47 mmols) and 3-
chlorosalicylaldehyde (253.69 mg, 1.62 mmols) as an off-
white solid (63%, 319.36 mg); R (DCM: MeOH: NH4OH,
9.5:0.5:0.05) 0.35; 'H NMR (600 MHz, MeOH-ds) § 7.17
(dd, J=5.8,3.2 Hz, 2H, H'and H%), 7.11 (dd, J = 7.7, 2.3 Hz,
1H, H'?), 6.94 (dd, J = 5.9, 3.1 Hz, 2H, H?and H?), 6.91 (dd,
J=7.4,23Hz, 1H, H¥), 6.63 (t, J = 7.7 Hz, 1H, HY), 3.85
(s, 2H, H%), 3.56 (t, J = 6.3 Hz, 2H, H°), 2.85 (t, J = 6.3 Hz,
2H, H®), 2.68 (g, J = 7.1 Hz, 2H, H"), 1.08 (t, J = 7.1 Hz, 3H,

H8). 13C NMR (151 MHz, MeOH-ds) § 156.43 (C-OH), 155.35, 139.10 (2C), 129.91, 128.35,
124.98, 121.80, 121.31 (2C), 120.13 (C-Cl), 112.82 (2C), 57.90, 53.19, 48.20, 40.93, 11.06.
HPLC-MS (ESI): Purity = 98 %, tr = 2.393 min, m/z [M+H]* = 344.9.

2-(((2-((1H-benzo[d]imidazol-2-yl)amino)ethyl)(ethyl)amino)methyl)-4,6-difluorophenol

(1.10):

Obtained from intermediate 1a (300 mg, 1.47 mmols) and 3,5- difluoro salicylaldehyde (256.12
mg, 1.62 mmols) as an off-white solid (48%, 244.41 mg); Rs (DCM: MeOH: NH4OH,
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1

5 7
N
S—NH
3 N
4 H
Chemical Formula: C;gH,,F,N,O

Exact Mass: 346.16
Molecular Weight: 346.38

min, m/z [M+H]" = 346.9.

9.5:0.5:0.05) 0.40; *H NMR (600 MHz, MeOH-ds) & 7.16
(dd, J = 5.8, 3.2 Hz, 2H, H'and H*), 6.95 (dd, J = 5.8, 3.2
Hz, 2H, H? and H®), 6.72 — 6.64 (m, 2H, H¥ and H!?), 3.84
(s, 2H, H®), 3.54 (t, J = 6.2 Hz, 2H, H®), 2.84 (t, J = 6.2 Hz,
2H, H9), 2.69 (q, J = 7.2 Hz, 2H, H7), 1.10 (t, J = 7.2 Hz, 3H,
H8); 13C NMR (151 MHz, MeOH-ds)  156.54 (C-F), 155.16
(C-OH), 152.93 (C-F), 151.24, 143.20, 138.95 (2C), 127.23,
121.27 (2C), 112.80, 111.37 (2C), 103.84, 56.87, 53.45,
41.08, 11.34. HPLC-MS (ESI): Purity = 98 %, tr = 2.341

3-(((2-((1H-benzo[d]imidazol-2-yl)amino)ethyl)(ethyl)amino)methyl)-4

hydroxybenzonitrile (1.11):

HO CN

1

5
AN
S>—NH
3 N
4 H
Chemical Formula: C,oH,;N5O

Exact Mass: 335.17
Molecular Weight: 335.41

Obtained from intermediate 1a (300 mg, 1.47 mmols) and 3-
formyl-4-hydroxybenzonitrile (238.30 mg, 1.62 mmols) as a
yellow solid (74%, 364.86 mg); Rs (DCM: MeOH: NH4OH,
9.5:0.5:0.05) 0.38; *H NMR (600 MHz, MeOH-d4) & 7.38 (d,
J=2.1Hz, 1H, HY), 7.31 (dd, J = 8.5, 2.2 Hz, 1H, H'), 7.16
(dd, J=5.8, 3.2 Hz, 2H, H!'and H*), 6.95 (dd, J = 5.8, 3.1 Hz,
2H, H2and H?®), 6.65 (d, J = 8.5 Hz, 1H, H?), 3.88 (s, 2H,
H®), 3.55 (t, J = 6.1 Hz, 2H, H®), 2.88 (t, J = 6.1 Hz, 2H, H®),

2.74 (g, J = 7.2 Hz, 2H, H7), 1.12 (t, J = 7.1 Hz, 3H, H®). 13C NMR (151 MHz, MeOD-ds)
164.85 (C-OH), 156.41, 138.96 (2C), 134.31, 134.18, 125.02, 121.34 (2C), 120.63 (-CN),
118.24, 112.81 (2C), 101.64 (C-CN), 56.76, 53.27, 48.42, 40.81, 11.04. HPLC-MS (ESI):
Purity = 98 %, tr = 2.169 min, m/z [M+H]" = 335.9.

7.2.1.3 Procedure for the synthesis of intermediate 2a (Scheme 2.1)

A mixture of 2-chlorobenzimidazole (1 eq), (4-trifluoromethyl)benzyl bromide (1.1 eq) and

potassium carbonate (2 eq) in acetonitrile (20 mL) was stirred under reflux at 85 °C for 2 hours

with the completion of the reaction being monitored by TLC and LCMS. The reaction was

qguenched with water, and the resulting mixture was extracted with DCM (5 x 20 mL). The

combined organic layer was washed with brine and dried over anhydrous NaSOa. The solvent
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was evaporated in vacuo to afford a white solid, which was used in the subsequent reaction

without further purification.

2-chloro-1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imidazole (2a):

1 Obtained from 2-chlorobenzimidazole (5.00 g, 32.8 mmols)
N
2 ©i S and (4-trifluoromethyl)benzyl bromide (8.63 g, 36.1 mmols)
N 9

P s as a white solid (87%, 8.91 g); Rt (DCM: MeOH: 9.5:0.5)
5@% 0.77; H NMR (400 MHz, DMSO-de) 6 7.73 (d, J = 8.1,

Chemical Formuta: ¢t cak | 2He F7and H®), 7.68-7.65 (m, 1H, HY), 7.63 - 7.60 (m, 1H,
Exact Mass: 310,05 H%), 7.40 (d, J = 8.1 Hz, 2H, HSand H?), 7.34 — 7.25 (m, 2H,
Molcoular Welht: 3197 | H2and H?), 5.67 (s, 2H, H5). °C NMR (101 MHz, DMSO)

5 141.68, 141.19 (C-CFs), 140.51, 135.58, 128.76, 128.02 (2C), 126.26 (-CFs), 123.84 (2C),

123.22 (2C), 119.32, 111.13, 47.06. HPLC-MS (ESI): Purity = 92 %, tr = 2.779 min, m/z
[M+H]" = 310.8.

7.2.1.4 Procedure for the synthesis of intermediate 2b (Scheme 2.1)

A mixture of intermediate 2a (1 eq) and ethyl 4-amino-1-piperidine carboxylate (2 eq) was
stirred under reflux at 170 °C for 48 hours with the completion of the reaction being monitored
by TLC and LCMS. The reaction mixture was dissolved in DCM/MeOH (95%: 5%) and
washed with saturated NaHCOs. More extraction was done with DCM/MeOH (95%: 5%) (4 x
20 mL), and the organic layer was dried over anhydrous Na>SOa4. The solvent was evaporated
in vacuo to give a sticky brown solid, washed initially with DCM/Et.0 to eliminate the excess
amine, followed by Et>O wash to afford an off-white solid in quantitative yield. This compound
was used in the next reaction without further purification.

Ethyl  4-((1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imidazol-2-yl)amino)piperidine-1-
carboxylate (2b):

Obtained from intermediate 2a (2.00 g, 6.44 mmols) and ethyl 4-amino-1-piperidine
carboxylate (2.20 mL, 12.88 mmols) as an off-white solid (76%, 2.18 g); R¢ (DCM: MeOH:
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}5_ o] 9.5:0.5) 0.45; *H NMR (400 MHz, MeOH-ds) & 7.63 (d, 2H,

(0)
. N>\~0 H7 and H?), 7.35 (dd, J = 7.7, 3.8 Hz, 1H, HY), 7.29 (d, 2H,
) 14 12 H®and H®), 7.11 — 6.94 (m, 3H, H?, H3 and H*), 5.38 (s, 2H,
10
2(>(N\>_NH 1 H5), 4.19 — 4.08 (M, 4H, H'5, H12 and H1%), 4.00 (tt, J =
NN 9 11.0, 4.0 Hz, 1H, H), 3.10 — 2.95 (m, 2H, H% and H%),

5

ek, | 214201 (m 2H, H¥and H), 156 139 (m, 26, H'™

Chemical Formula? CysH,sFsN,0| and HY%), 1.27 (t, J = 7.1 Hz, 3H, HX%). °C NMR (101 MHz,

Molecurar Webint atod7 | MeOH-de) & 155,86 (C=0), 153.91, 141.63, 141.03, 133.96

(C-CFs), 129.60 (2C), 126.77 (2C), 125.27 (-CF), 121.25,

119.58, 114.85, 107.62, 61.28, 50.07, 44.18, 42.70 (2C), 31.72 (2C), 1352, HPLC-MS (ESI):
Purity = 98 %, tr = 2.680 min, m/z [M+H]" = 446.8.

7.2.1.4 Procedure for the synthesis of intermediate 2¢ (Scheme 2.1)

A mixture of intermediate 2b in HBr (48% aq) was stirred under reflux at 120 °C for 3 hours,
with the completion of the reaction being monitored by TLC and LCMS. The mixture was
allowed to cool to room temperature and treated with 3N NaOH to basify the excess HBr (pH
= 9). Extraction was done with DCM (7 x 30mL), and the combined organic layer was dried
over anhydrous Na,SOas. The solvent was evaporated in vacuo to afford an off-white solid,

which was used in the next reaction without further purification.

N-(piperidin-4-yl)-1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imidazol-2-amine (2c):

. Obtained from intermediate 2b (1.90 g, 4.26 mmols) and 48%
1 1 < w )n HBr g (16.00 ml, 29.46 mmols) as an off-white solid (98%,
2 N
(:[ S—~Nu 1.75 g); Rt (DCM: MeOH:NH,OH 9:1:0.05) 0.35; H NMR
3 N 9

” 3 (400 MHz, MeOH-ds) & 7.66 (d, J = 8.2 Hz, 2H, H” and H®),
5@“3 7.45 (dd, J = 8.0, 3.8 Hz, 1H, H'), 7.35 (d, J = 8.1 Hz, 2H, H®
Chemical Formula: C30Hy,F3Ns| - and H7), 7.24 — 7.09 (m, 3H, H? H3and H*), 5.52 (s, 2H, H°),
Exact Mass: 374.17
Molecular Weight: 37441 | 4.09 (tt, J = 10.9, 4.0 Hz, 1H, H), 3.58 — 3.46 (dt, J = 13.6,
3.7 Hz, 2H, H?** and H*®), 3.27 - 3.12 (td, J = 12.9, 3.0 Hz, 2H, H'?*and H'%*), 2.44 — 2.23 (m,
2H, HM®and H#), 2.02 — 1.82 (m, 2H, H*?and H). 13C NMR (101 MHz, MeOH-ds) &
152.80, 140.08, 139.03, 132.84 (C-CFs), 128.90 (2C), 126.82 (2C), 125.42 (-CFs), 122.42,
121.31, 116.43, 113.90, 108.69, 49.98, 44.69 (2C), 43.02, 28.53 (2C). HPLC-MS (ESI): Purity

=98 %, tr = 2.426 min, m/z [M+H]" = 374.9.
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7.2.1.5 General procedure for the synthesis of target compounds 2.1-2.12 (Scheme 2.1)

To asolution of intermediate 2c¢ (1 eq) in methanol (10 mL) was added the appropriate aldehyde
(1.1 eq) and the resulting mixture stirred at 25 “C for 6 hours. The mixture was cooled at 0 °C,
and NaBHs (5 eq) was added. The reaction solution was then stirred at 25 °C for 48 hours,
quenched with distilled water and concentrated in vacuo to remove methanol. The residue was
diluted with 5ml of distilled water and extracted with dichloromethane (4 x 20mL). The
combined organic layer was washed with brine, dried over anhydrous Na>SO4 and solvent was
evaporated in vacuo to afford the desired compound. The crude product obtained was purified

by column chromatography (DCM/MeOH).

2-((4-((1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imidazol-2-yl)amino)piperidin-1-
yl)methyl)phenol (2.1):

Obtained from intermediate 2c (200 mg, 0.53 mmols) and
HO
19 salicylaldehyde (0.06 mL, 0.58 mmols) as a white solid

13 18

13 (85%, 217.7 mg); R (DCM: MeOH: 9.5:0.5) 0.75; *H NMR

1

(400 MHz, MeOH-da) & 7.62 (d, J = 8.2 Hz, 2H, H” and H8),

7.35(dd, J=7.9, 3.8 Hz, 1H, H'), 7.29 (d, J = 8.2 Hz, 2H,
H® and H®), 7.16 — 6.93 (m, 5H, H?, H3, H* HY and H),
6.85—6.71 (m, 2H, H*® and H%8), 5.38 (s, 2H, H®), 3.89 (i,
J=10.9, 4.2 Hz, 1H, H¥), 3.73 (s, 2H, H™), 3.07 — 2.89 (m,
2H, H'?®and H%), 2.41 — 2.27 (m, 2H, H'?and H'%), 2.18
—2.06 (m, 2H, H!**and H*), 1.75 — 1.56 (m, 2H, H*and
H2). 3C NMR (101 MHz, MeOH-ds) & 157.28 (C-OH), 154.00, 141.66, 141.05, 133.96,
128.67, 128.22 (2C), 127.88 (C-CF3), 126.80 (2C), 125.23 (-CF3), 121.74, 121.22, 119.53,
118.96, 115.22, 114.82, 114.59, 107.57, 60.16, 51.60, 49.79 (2C), 44.17, 31.81 (2C). HPLC-
MS (ESI): Purity = 99%, tr = 2.589 min, m/z [M+H]" = 480.8.

N e 17
14 12
10

2 N 11

S—NH
3 N 9

! 8
5
CF;

6 7
Chemical Formula: C,;H,,F;N,O

Exact Mass: 480.21
Molecular Weight: 480.54
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2-fluoro-6-((4-((1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imidazol-2-
yl)amino)piperidin-1-yl)methyl)phenol (2.2):

HO F | Obtained from intermediate 2c (200 mg, 0.53 mmols) and
1;_@18 3-fluorosalicyladehyde (81.26mg, 0.58mmols) as an off-
7N | white solid (55%, 145.4 mg); Rr (DCM: MeOH: 9.5:0.5)
@ 0.53; *H NMR (400 MHz, MeOH-d4) § 7.63 (d, J = 8.2 Hz,

2 N 1
\
3@& N 2H, H7and HY), 7.35 (dd, J = 8.0, 3.8 Hz, 1H, HY), 7.29 (d,
8
o . J=8.1Hz, 2H, H%and H?), 7.12 — 6.93 (m, 5H, H?, H* H,
F
o ’ H7and H'8), 6.88 — 6.69 (m, 1H, H3), 5.39 (s, 2H, H5), 3.91

Chemical Formula: Cy7HyFyN4O | (1t 3=10.9, 4.1 Hz, 1H, H¥), 3.81 (s, 2H, H'), 3.08 — 2.94
Exact Mass: 498.20
Molecular Weight: 498.53 (m, 2H, H'?¢ and H'*), 2.47 — 2.33 (m, 2H, H**and H%),
2.21 —2.09 (m, 2H, H¢and H¢), 1.76 — 1.59 (m, 2H, H?and H*?). 3C NMR (101 MHz,
MeOH-ds) & 153.98 (C-OH), 152.46 (C-F), 150.06, 145.54, 141.77, 141.04, 133.95 (2C),
129.48 (C-CFs), 126.80 (2C), 125.27 (-CFs), 124.17, 123.79, 121.23, 119.55, 118.78, 118.32,
114.82, 107.59, 59.67, 51.60, 49.66 (2C), 44.18, 31.69 (2C). HPLC-MS (ESI): Purity = 98%,

tr = 2.590 min, m/z [M+H]" = 498.8.

5-chloro-2-((4-((1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imidazol-2-
yl)amino)piperidin-1-yl)methyl)phenol (2.3):

HO Obtained from intermediate 2c (200 mg, 0.53 mmols) and

15 \ al 4-chlorosalicyladehyde (90.83 mg, 0.58 mmols) as an

1413 N w61y off-white solid (49%, 134.35 mg); Rf (DCM: MeOH:

L NN @u 9.5:0.5) 0.43; *H NMR (400 MHz, MeOH-da) § 7.62 (d,
3@1\?—1\? 8 J=8.1Hz, 2H, H and H), 7.35 (d, J = 8.1 Hz, 1H, H19),
5 cr, 7.28 (d, J = 8.0 Hz, 2H, H%and H®), 7.10 — 6.93 (m, 4H,

6 H, H?2 H*and H'7), 6.77 (d, J = 2.1 Hz, 1H, H'®), 6.76 —

Chemical Formula: C7H,¢CIF;N,O1 6 74 (m, 1H, H®), 5.38 (s, 2H, H®), 3.89 (it, J = 10.8, 4.2
Exact Mass: 514.17
Molecular Weight: 514.98 HZ, 1H, Hlo), 371 (S, 2H, Hls), 302 — 290 (m, 2H, lee

and H%), 2.42 —2.26 (m, 2H, H??and H13), 2.19 — 2.04 (m, 2H, H*and H¢), 1.75 — 1.56
(m, 2H, H2 and H). 13C NMR (101 MHz, MeOH-ds) § 158.57 (C-OH), 153.98, 141.64,
141.03 (C-CI), 133.96 (2C), 133.50, 129.75, 126.80 (2C), 125.23 (-CFs), 123.79, 121.23,
120.57,119.55, 118.68, 118.28, 115.40, 114.83, 107.58, 59.44, 51.56, 49.71 (2C), 44.18, 31.72

(2C). HPLC-MS (ESI): Purity = 98%, tr = 2.681 min, m/z [M+H]* = 514.8.
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4-methoxy-2-((4-((1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imidazol-2-
yl)amino)piperidin-1-yl)methyl)phenol (2.4):

HO

Chemical Formula: C28H29F3N402
Exact Mass: 510.22
Molecular Weight: 510.56

Obtained from intermediate 2¢ (200 mg, 0.53 mmols) and
5-methoxysalicylaldehyde (0.07 mL, 0.58 mmols) as
pale- orange solid (40%, 106.7mg); Rt (DCM: MeOH:
9.5:0.5) 0.75; H NMR (400 MHz, MeOH-ds) & 7.63 (d,
J=8.1Hz, 2H, H" and H?®), 7.35 (dd, J = 8.0, 3.8 Hz, 1H,
HY), 7.29 (d, J = 8.1 Hz, 2H, H®and H®), 7.10 — 6.93 (m,
3H, H2, H3and H%), 6.76 — 6.64 (m, 3H, H®, H" and H'?),
5.39 (s, 2H, H°), 3.95 — 3.83 (m, 1H, H9), 3.73 (s, 3H,
H'), 3.70 (s, 2H, H™), 3.04 — 2.90 (m, 2H, H?®and H%®),

2.42 —2.27 (m, 2H, H'?2and H%?), 2,20 — 2.07 (m, 2H, H®and H*®), 1.75 - 1.54 (m, 2H, H!?
and H#). 3C NMR (101 MHz, MeOH-ds) & 154.17 (C-OCHs), 152.88 (C-OH), 150.94,
141.65, 141.06, 139.68 (C-CFs), 133.96 (2C), 132.53, 126.80 (2C), 125.19 (-CFs), 122.43,
121.21, 119.53, 115.68, 114.81, 114.37, 113.51, 107.56, 60.15 (-OCHj3), 54.84, 51.63, 49.79
(2C), 44.17, 31.81 (2C). HPLC-MS (ESI): Purity = 99%, tr = 2.577 min, m/z [M+H]* = 510.8.

2,4-dichloro-6-((4-((1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imidazol-2-
yl)amino)piperidin-1-yl)methyl)phenol (2.5):

HO Cl

15

7N 16

14 12
. 10 Cl

2 N 11

S—NH
3 N 9

4 8
5
CF;
s

Chemical Formula: C,;H,5C1,F;N,O

Exact Mass: 548.14
Molecular Weight: 549.42

17

Obtained from intermediate 2¢ (200 mg, 0.53 mmols) and
3,5-dichlorosalicylaldehyde (110.78 mg, 0.58 mmols) as
yellow solid (33%, 95.9 mg); R (DCM: MeOH: 9.5:0.5)
0.52; H NMR (400 MHz, MeOH-d4) § 7.63 (d, J = 8.2
Hz, 2H, H” and H®), 7.35 (dd, J = 7.8, 3.7 Hz, 1H, HY,
7.29 (d, J = 8.1 Hz, 2H, H®and H®), 7.26 (d, J = 2.5 Hz,
1H, H'"), 7.11 — 6.94 (m, 4H, H2, H?, H*and H%%), 5.39 (s,
2H, H%), 3.92 (it, J = 10.8, 4.0 Hz, 1H, H?), 3.80 (s, 2H,
H™%), 3.06 — 2.93 (m, 2H, H'%®and H%), 2,52 — 2.38 (m,

2H, H?2and H'%), 2.21 — 2.09 (m, 2H, H*€and H'%), 1.78 — 1.59 (m, 2H, H'!?and H4?), 13C
NMR (101 MHz, MeOH-d4) 6 153.93 (C-OH), 153.11, 141.59, 141.02, 133.95 (2C), 132.53
(C-CI) 129.32, 127.93, 126.80 (2C), 125.28 (-CF3), 124.20, 122.75, 121.25, 121.05, 119.59 (C-
Cl), 114.84, 107.62, 59.80, 51.42, 49.47, 47.81(2C), 44.19, 31.57 (2C). HPLC-MS (ESI):
Purity = 98%, tr = 2.892 min, m/z [M+H]" = 548.7.
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4-methyl-2-((4-((1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imidazol-2-
yl)amino)piperidin-1-yl)methyl)phenol (2.6):

HO

N 16
12
’ 14 4o Mele9
2 N 1
S>—NH
3 N 9
4 8
p 3

7
Chemical Formula: C,gH,F;N,O

Exact Mass: 494.23
Molecular Weight: 494.56

Obtained from intermediate 2c (200 mg, 0.53 mmols) and
5-methylsalicylaldehyde (78.94 mg, 0.58 mmols) as yellow
solid (77%, 202.50 mg); Rt (DCM: MeOH: 9.5:0.5) 0.70;
'H NMR (400 MHz, MeOH-ds) & 7.62 (d, J = 8.0 Hz, 2H,
H” and H?), 7.34 (dd, J = 8.0, 3.7 Hz, 1H, HY), 7.29 (d, J =
7.9 Hz, 2H, H%and H°), 7.11 — 6.84 (m, 5H, H?, H3 H* H*®
and HY7), 6.65 (d, J = 7.8 Hz, 1H, H®), 5.38 (s, 2H, H°),
3.89 (tt, J = 10.9, 5.5 Hz, 1H, H), 3.68 (s, 2H, H™), 3.03
—2.88 (m, 2H, H*®and H*), 2.37 — 2.27 (m, 2H, H%?and

H%), 2.23 (s, 3H, H'%), 2.17 — 2.07 (m, 2H, H'!*and H%), 1.71 — 1.58 (m, 2H, H?and H4?).
13C NMR (101 MHz, MeOH-ds) & 154.81 (C-OH), 154.00, 141.66, 141.06, 133.96 (2C),
129.15 (C-CFs), 128.57 (C-Me), 128.14 (2C), 126.79 (2C), 125.27 (-CFs), 125.23, 121.42,
121.21, 119.52, 114.99, 114.81, 107.56, 60.20, 59.89, 54.86, 51.61 (2C), 49.81, 44.16, 31.82
(2C), 19.09 (-Me). HPLC-MS (ESI): Purity = 99%, tr = 2.611 min, m/z [M+H]" = 494.8.

4-chloro-2-((4-((1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imidazol-2-
yl)amino)piperidin-1-yl)methyl)phenol (2.7):

HO Obtained from intermediate 2c (200 mg, 0.53 mmols) and

18
15 ., | 9-chlorosalicylaldehyde (90.83 g, 0.58 mmols) as an off-
white solid (48%, 132.10 mg); R (DCM: MeOH: 9.5:0.5)

0.49; *H NMR (400 MHz, MeOH-ds) § 7.62 (d, J = 8.0 Hz,

N 16
1 1, Cl
2 N\ 11
3 N>_N§I H”and H¥®), 7.35 (d, J = 3.1 Hz, 1H, H®), 7.29 (d, J = 8.1

4 8
S\\Q Hz, 2H, H®and H®), 7.13 — 6.94 (m, 5H, H', H2, H3, H*and
CF
6 ’ H'), 6.73 (d, J = 8.8 Hz, 1H, H'®), 5.38 (s, 2H, H®), 3.90

Chemical Formula: Co7Hp6CIF;NO| (1t J=11.0, 4.1 Hz, 1H, H'9), 3.71 (s, 2H, H'%), 3.01 - 2.88
Exact Mass: 514.17
Molecular Weight: 514.98 (m, 2H, H*?¢and Hlse): 2.41 —2.30 (m, 2H, H*?*and nga)1
2.19 — 2.07 (m, 2H, H¢and H#), 1.72 — 1.57 (m, 2H, H@and H4). 13C NMR (101 MHz,
MeOH-ds) 6 153.93 (C-OH), 153.11, 141.59, 141.02, 133.95, 129.32, 127.93 (2C), 126.80
(2C), 125.28, 125.25 (-CF3), 124.20, 122.75, 121.25, 121.05, 119.59 (C-Cl), 114.84, 107.62,
59.80, 51.42 , 49.47 (2C), 47.81, 44.19, 31.57 (2C). HPLC-MS (ESI): Purity = 98%, tr = 2.658

min, m/z [M+H]* = 514.8.

13
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3-((4-((2-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imidazol-2-yl)amino)piperidin-1-

yl)methyl)pyridin-2-ol (2.8):

HO

CF,

Chemical Formula: C,gH,cF;N50
Exact Mass: 481.21
Molecular Weight: 481.52

Obtained from intermediate 2c¢ (200 mg, 0.53 mmols) and
2-hydroxynicotinaldehyde (71.40 mg, 0.58 mmols) as a
white solid (44%, 112.50 mg); R (DCM: MeOH: 9.5:0.5)
0.20; *H NMR (400 MHz, MeOH-d4) § 7.62 (dd, J = 7.2, 4.7
Hz, 3H, H”, H8and H'8), 7.38 (dd, J = 6.5, 2.1 Hz, 1H, HY),
7.34 (dd, J=7.9, 2.9 Hz, 1H, H%, 7.28 (d, J = 8.1 Hz, 2H,
H®and H®), 7.10 - 6.93 (m, 3H, H?, H3and H'®), 6.40 (t, J =
6.7 Hz, 1H, H'"), 5.38 (s, 2H, H°), 3.85 (tt, J = 10.9, 4.1 Hz,
1H, H%), 3.50 (s, 2H, H'®), 3.06 — 2.85 (m, 2H, 2H, H'*®*and
H13%), 2.42 — 2.26 (m, 2H, 2H, H?and H&?), 2.15 — 2.01

(m, 2H, HX¢ and H¢), 1.74 — 1.54 (m, 2H, H*2and H2). 13C NMR (101 MHz, MeOH-ds) &
163.71 (C-OH), 154.05, 141.68, 141.07, 138.08, 137.69, 133.94, 133.39, 127.80 (2C), 126.78
(2C), 125.26 (-CFs), 125.22, 121.18, 119.47, 114.79, 107.53, 106.54, 55.57, 52.16, 49.95 (2C),
44.15, 31.54 (2C). HPLC-MS (ESI): Purity = 98%, tr = 2.475 min, m/z [M+H]" = 481.8.

2-chloro-6-((4-((1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imidazol-2-
yl)amino)piperidin-1-yl)methyl)phenol (2.9):

HO Cl

N 16 17
. 14, 12
2 N i1
S—NH
3 N 9
4 8
5

CF,

6

Chemical Formula: C,;H,CIF;N,O
Exact Mass: 514.17
Molecular Weight: 514.98

Obtained from intermediate 2c (200 mg, 0.53 mmols) and
3-chlorosalicylaldehyde (90.83 mg, 0.58 mmols) as an off-
white solid (41%, 112.50 mg); Rs (DCM: MeOH: 9.5:0.5)
0.60; *H NMR (400 MHz, MeOH-d4) § 7.63 (d, J = 8.1 Hz,
2H, H”and H®), 7.35 (dd, J = 7.7, 2.9 Hz, 1H, HY), 7.29 (d,
J=8.0 Hz, 2H, H®and H°®), 7.22 (dd, J = 8.0, 6.9 Hz, 1H,
H7), 7.11 - 6.92 (m, 4H, H2, H* H¥®and H), 6.74 (t, J =
7.7 Hz, 1H, H3), 5.39 (s, 2H, H®), 3.92 (it, J = 10.7, 4.1 Hz,
1H, H9), 3.79 (s, 2H, H™X), 3.08 — 2.90 (m, 2H, H'*® and
H1%), 2.48 — 2.32 (m, 2H, H?and H'%*), 2.23 — 2.10 (m,

2H, H and H¥®), 1.77 — 1.57 (m, 2H, H2 and H4%), 13C NMR (101 MHz, MeOH-da) &
153.96 (C-OH), 153.69, 141.61, 141.04, 138.02, 133.95, 128.60 (2C), 126.93 (2C), 126.80,
125.28, 125.25 (-CFs), 123.08 (C-Cl), 121.24, 120.28, 119.57, 119.03, 114.82, 107.61, 60.29,
51.47, 49.62 (2C), 44.18, 31.70 (2C). HPLC-MS (ESI): Purity = 99%, tr = 2.686 min, m/z

[M+H]* = 514.8.
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2,4-difluoro-6-((4-((1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imidazol-2-
yl)amino)piperidin-1-yl)methyl)phenol (2.10):

HO F

17

N

2 11
L

3 N 9

4 8
5

CF,
6 7

Chemical Formula: C,;H,5Fs;N,O
Exact Mass: 516.19
Molecular Weight: 516.52

Obtained from intermediate 2c (200mg, 0.53 mmols) and
3,5-difluorosalicylaldehyde (91.70 mg, 0.58 mmols) as an
off-white solid (42%, 114.70 mg); Rs (DCM: MeOH:
9.5:0.5) 0.52; 'H NMR (400 MHz, MeOH-ds) § 7.63 (d, J =
8.1 Hz, 2H, H” and H®), 7.35 (d, J = 3.8 Hz, 1H, H), 7.29
(d, J = 8.0 Hz, 2H, H%and H?®), 7.11 — 6.93 (m, 3H, H, H?
and H%), 6.84 (d, J = 3.8 Hz, 1H, H'7), 6.70 (dd, J = 8.9, 7.9
Hz, 1H, H3), 5.38 (s, 2H, H®), 3.90 (tt, J = 10.9, 4.1 Hz, 1H,
H1%), 3.77 (s, 2H, H®), 3.05 — 2.92 (m, 2H, 2H, H!? and

H%), 2.47 — 2.30 (m, 2H, 2H, H?and H*), 2.20 — 2.08 (m, 2H, H®and H*®), 1.76 — 1.58
(m, 2H, 2H, H% and H4%). 3C NMR (101 MHz, MeOH-ds) § 155.95 (C-F), 153.95 (C-F),
141.58 (C-OH), 141.02, 138.08, 133.94, 128.11 (2C),126.79 (2C), 125.27, 125.24 (-CFs),
124.88, 121.25, 119.58, 114.82, 110.19, 109.96, 107.60, 102.67, 59.31, 51.66, 49.63 (2C),
44.18, 31.68 (2C). HPLC-MS (ESI): Purity = 99%, tz = 2.638 min, m/z [M+H]* = 516.8.

4-hydroxy-3-((4-((1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imidazol-2-
yl)amino)piperidin-1-yl)methyl)benzonitrile (2.11):

HO
18

N 16
. U, CN
2 N\ i1
NH
P Na
9
4 8

5

CF
6 3
7

Chemical Formula: C,gH,F;NsO
Exact Mass: 505.21
Molecular Weight: 505.55

Obtained from intermediate 2c (200 mg, 0.53 mmols) and
3-formyl-4-hydroxybenzonitrile (85.32 mg, 0.58 mmols) as
yellow solid (42%, 115.50 mg); Rt (DCM: MeOH: 9.5:0.5)
0.77; *H NMR (600 MHz, Methanol-ds) & 7.60 (d, J = 8.2
Hz, 2H, H” and H®), 7.47 (dd, J = 8.4, 2.2 Hz, 1H, H'"), 7.43
(d, J=2.1 Hz, 1H, H%), 7.32 (dd, J = 7.8, 2.6 Hz, 1H, HY),
7.27 (d, J=8.1 Hz, 2H, H%and H®), 7.05 (td, J = 7.8, 2.6 Hz,
1H, H?), 7.01 (dd, J = 7.7, 2.6 Hz, 1H, H%), 6.94 (td, J = 7.8,
2.6 Hz, 1H, H®), 6.81 (d, J = 8.4 Hz, 1H, H), 5.37 (s, 2H,

H®), 3.89 (tt, J = 10.9, 4.1 Hz, 1H, H19), 3.79 (s, 2H, H5), 3.04 — 2.90 (m, 2H, H2 and H13¢),
2.46 — 2.35 (M, 2H, H22and H1%), 2.19 — 2.07 (m, 2H, Heand H¢), 1.70 — 1.57 (m, 2H, H12
and H4%). 3C NMR (151 MHz, MeOH-ds) § 164.52 (C-OH), 155.34, 142.47, 138.08, 135.34,
134.39, 130.91, 130.70, 128.11 (2C), 126.65 (2C), 124.67, 124.53 (-CFs), 122.64, 120.97,
120.54 (-CN), 118.09, 116.21, 109.00, 102.17, 60.39, 52.92 (2C), 50.92, 45.55, 32.93 (2C).
HPLC-MS (ESI): Purity = 99%, tr = 2.594 min, m/z [M+H]* = 505.8.

218



N-(1-benzylpiperidin-4-yl)-1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imidazol-2-amine

(2.12):

12
1 14 10
2 N 1
S>—NH
3
: N 9 g
5

CF;

&

Chemical Formula: C,,H,,F;N,4

Exact Mass: 464.22
Molecular Weight: 464.54

Obtained from intermediate 2c (200 mg, 0.53 mmols) and
benzaldehyde (61.55 mg, 0.58 mmols) as a white solid
(31%, 75.60 mg); Rt (DCM: MeOH: 9.5:0.5) 0.38; 'H NMR
(400 MHz, MeOH-ds) & 7.61 (d, J = 8.1 Hz, 2H, H” and H®),
7.38 —7.24 (m, 8H, Hl, H6, H9’ H16, H17, H18, H19 and HZO),
7.10 - 6.91 (m, 3H, H?H®H*), 5.37 (s, 2H, H%), 3.83 (tt, J =
10.9, 4.2 Hz, 1H, H'), 3.55 (s, 2H, H™), 2.99 - 2.81 (m, 2H,
H2eH13) 231 — 2.15 (m, 2H, H2H3?) ) 2.13 — 2.00 (m,
2H, HeH¢) 1,71 — 1.54 (m, 2H, H'!8H42), 15C NMR (101

MHz, MeOH-ds) § 154.03, 141.67, 141.06, 137.05, 133.95, 129.36 (2C), 128.07 (2C) 127.89
(2C), 127.04, 126.78 (2C), 125.25, 125.22 (-CF3), 121.19, 119.49, 114.79, 107.53, 62.60, 52.09
(2C), 49.99, 44.14, 31.42 (2C). HPLC-MS (ESI): Purity = 98%, tr = 2.584 min, m/z [M+H]*

=464.8.

7.2.1.6 General procedure for the Mannich reaction of target compounds 2.13-2.21

(Scheme 2.1)

A mixture of intermediate 2c (1 eq), 37% aq paraformaldehyde (1.2 eq) and the appropriate
phenol (1.2 eq) in ethanol (3 mL) was refluxed at 85 °C for 16 h. When the reaction had

completed, the solvent was removed in vacuo, and the residue was purified via column

chromatography to obtain the desired product.
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5-fluoro-2-((4-((1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imidazol-2-
yl)amino)piperidin-1-yl)methyl)phenol (2.13):

2

3

HO

10

o
>—NH
N 9

4 8
5
CF,

6
7

Chemical Formula: C,,H,¢F,N,O

Exact Mass: 498.20
Molecular Weight: 498.53

18

Obtained from intermediate 2c¢ (100 mg, 0.27 mmol) and
3-fluorophenol (0.03 mL, 0.32 mmol) as a white solid
(83%, 111.1 mg); Rf (DCM:MeOH, 9:1) 0.58; *H-NMR
(600 MHz, Methanol-ds) & 7.58 (d, J = 8.2 Hz, 2H, H” and
H®), 7.30 (dd, J = 8.0, 3.9 Hz, 1H, HY), 7.25 (d, J = 8.2 Hz,
2H, H® and H®), 7.03 (td, J = 7.8, 2.2 Hz, 1H, H'), 7.00—
6.97 (m, 2H, H* and H8), 6.92 (ddd, J = 8.0, 7.3, 2.1 Hz,
1H, H?), 6.48-6.41 (m, 2H, H3 and H'%), 5.34 (s, 2H, H®),
3.85 (tt, J=10.8, 4.1 Hz, 1H, H¥), 3.67 (s, 2H, H'®), 2.98—
2.88 (m, 2H, H'?® and H%), 2.33-2.27 (m, 2H, H'? and

H%), 2.11-2.06 (m, 2H, H} and H), 1.66-1.56 (m, 2H, H1? and H4?). 3C-NMR (151
MHz, MeOD) & 164.04, 162.43, 159.11, 159.03, 153.94, 141.58, 141.04, 133.90, 129.73 (2C),
126.75 (2C), 125.22, 121.19, 119.51, 117.68, 114.75, 107.54, 105.11, 102.45, 59.37, 51.49,
49.71, 44.10 (2C), 31.69 (2C). HPLC-MS (ESI): Purity = 98%, tr = 2.404 min, m/z [M+H]* =
499.2.

2,4-dimethyl-6-((4-((1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imidazol-2-
yl)amino)piperidin-1-yl)methyl)phenol (2.14):

2

3

HO

N 16
12
10
N >:
>—NH
N 9
4 8
5
CF;

6
7

19
Me

18

Chemical Formula: C,oH;,F;N,O

Exact Mass: 508.24
Molecular Weight: 508.59

Obtained from intermediate 2c¢ (100 mg, 0.27 mmol) and
2,4-dimethylphenol (0.03 mL, 0.32 mmol) as a white solid
(90%, 123.4 mg); Rf (DCM:MeOH, 9:1) 0.63; H-NMR
(600 MHz, Methanol-ds) § 7.57 (d, J = 8.1 Hz, 2H, H’ and
H®), 7.31 (dd, J = 7.9, 3.8 Hz, 1H, HY), 7.25 (d, J = 8.0 Hz,
2H, H® and H®), 7.04-6.90 (m, 3H, H2, H® and H*), 6.77 (d,
J=2.2 Hz, 1H, H'®), 6.60 (d, J = 2.2 Hz, 1H, H), 5.32 (s,
2H, H°), 3.87 (it, J = 10.7, 4.2 Hz, 1H, H9), 3.60 (s, 2H,
H™%), 2.90-2.86 (m, 2H, H'% and H%), 2.29-2.23 (m, 2H,
H'2 and H), 2.14 (s, 3H, H'®), 2.09 (s, 3H, HY'), 2.08-

2.03 (m, 2H, H® and H*), 1.65-1.56 (m, 2H, H!!? and H!*?). 3C-NMR (151 MHz, MeOD)
0 154.02, 152.95, 141.72, 140.99, 134.01, 129.90 (2C), 129.61, 129.40, 127.58, 126.80 (2C),
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126.36, 125.21, 123.83, 121.18, 120.70, 119.50, 114.89, 107.54, 60.77, 51.49, 49.81, 44.23
(2C), 31.87 (2C), 19.02, 14.16. HPLC-MS (ESI): Purity = 98%, tr = 2.545 min, m/z [M+H]* =

509.2.

3,6-dimethyl-2-((4-((1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imidazol-2-
yl)amino)piperidin-1-yl)methyl)phenol (2.15):

HO 19

15
18

13N

14 12
1 16

10
2 N 1
PR
3 N 9

4

5
CF,
6

7
Chemical Formula: C,oH3,F;N,O

Exact Mass: 508.24
Molecular Weight: 508.59

Obtained from intermediate 2c¢ (100 mg, 0.27 mmol) and
2,5-dimethylphenol (0.03 mL, 0.32 mmol) as a white solid
(70%, 96.6 mg); Rf (DCM:MeOH, 9:1) 0.61; 'H-NMR (600
MHz, Methanol-ds) § 7.59 (d, J = 8.2 Hz, 2H, H' and H?),
7.30 (dd, J = 7.9, 3.9 Hz, 1H, HY), 7.25 (d, J = 8.2 Hz, 2H,
H® and H®), 7.05-6.90 (m, 3H, H?, H3 and H*), 6.82 (d, J =
7.6 Hz, 1H, H®®), 6.49 (d, J = 7.6 Hz, 1H, H'"), 5.35 (s, 2H,
H®), 3.87 (tt, J = 11.1, 5.3 Hz, 1H, HX), 3.71 (s, 2H, H),
2.99-2.88 (m, 2H, H'% and H%), 2.34-2.28 (m, 2H, H'2
and H¥?), 2.18 (s, 3H, H), 2.11-2.09 (m, 2H, H!® and

H4), 2.08 (s, 3H, H9), 1.66-1.58 (m, 2H, H! and H43). 3C-NMR (151 MHz, MeOD) &
155.80, 153.96, 141.60, 141.05, 133.90, 133.61, 129.48, 129.26, 128.75 (2C), 126.76 (2C),
125.21, 121.98, 121.19, 120.36, 119.50, 118.73, 114.74, 107.54, 56.53, 51.47, 49.94, 44.10
(2C), 31.85 (2C), 18.21, 14.28. HPLC-MS (ESI): Purity = 97%, tr = 2.598 min, m/z [M+H]* =

509.2.
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2-ethyl-6-((4-((1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imidazol-2-yl)amino)piperidin-

1-yl)methyl)phenol (2.16):

HO 19

15 18

13
N 16 17
1 14 12

glo ;
2 N 1
S—NH
3 N 9 4
4
5
CF;
7

Chemical Formula: C,oH;,F;N,O
Exact Mass: 508.24

Molecular Weight: 508.59

6

20

Obtained intermediate 2c¢ (100 mg, 0.27 mmol) and 2-
ethylphenol (0.03 mL, 0.32 mmol) as a white solid (92%,
125.7 mg); Rf (DCM:MeOH, 9:1) 0.74; *H-NMR (600
MHz, Methanol-ds) & 7.57 (d, J = 8.1 Hz, 2H, H” and H?),
7.30 (dd, J = 7.9, 3.8 Hz, 1H, HY), 7.24 (d, J = 8.1 Hz,
2H, H® and H®), 7.05-6.89 (m, 4H, H?, H3, H* and H19),
6.79 (dd, J = 7.5, 3.7 Hz, 1H, H'®), 6.65 (t, J = 7.6 Hz,
1H, H'), 5.33 (s, 2H, H®), 3.85 (tt, J = 10.7, 4.8 Hz, 1H,
H19), 3.65 (s, 2H, H'®), 2.95-2.86 (m, 2H, H'?® and H™®®),
2.56 (g, J = 7.2 Hz, 2H, H®), 2.29-2.23 (m, 2H, H** and

H13%), 2.10-2.06 (m, 2H, H® and H'*), 1.64-1.57 (m, 2H, H? and H'*), 1.13 (t, J = 7.2 Hz,
3H, H%). 3C-NMR (151 MHz, MeOD) § 155.08, 153.95, 141.60, 141.02, 133.91, 130.32,
129.26, 127.78 (2C), 126.77 (2C), 125.95, 125.22, 121.20, 121.02, 119.50, 118.60, 114.76,
107.54, 89.70, 60.82, 51.50, 49.81, 44.11 (2C), 31.87 (2C), 22.44, 13.26. HPLC-MS (ESI):
Purity = 98%, tr = 2.598 min, m/z [M+H]" = 509.2.

2-isopropyl-6-((4-((1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imidazol-2-

yl)amino)piperidin-1-yl)methyl)phenol (2.17):

19

14 12
1
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2 N ?
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3 N 9

. 8
5
CF,

6

Chemical Formula: C3)H;33F;N,O
Exact Mass: 522.26
Molecular Weight: 522.62

Obtained from intermediate 2¢ (100 mg, 0.27 mmol) and
2-isopropylphenol (0.04 mL, 0.32 mmol) as a white solid
(99%, 139.7 mg); Rf (DCM:MeOH, 9:1) 0.69; *H-NMR
(600 MHz, Methanol-ds) & 7.58 (d, J = 8.2 Hz, 2H, H’
and H®8), 7.30 (dd, J = 7.7, 3.7 Hz, 1H, HY), 7.25 (d, J =
8.1 Hz, 2H, H® and H®), 7.05-6.89 (m, 4H, H?, H3, H*
and H®), 6.79 (dd, J = 7.5, 3.6 Hz, 1H, H®), 6.69 (t, J =
7.5 Hz, 1H, HY'), 5.34 (s, 2H, H°), 3.86 (tt, J = 10.9, 4.3
Hz, 1H, H19), 3.67 (s, 2H, HY), 3.27-3.22 (m, 1H, H%),
2.95-2.90 (m, 2H, H?® and H**¢), 2.30-2.25 (m, 2H, H!#

and H'%?), 2.12-2.06 (m, 2H, H!® and H'#®), 1.66-1.58 (m, 2H, H®and H!*?), 1.17 (d, J=7.0
Hz, 3H, H'%), 1.16 (d, J = 7.0 Hz, 3H, H?Y). *3C-NMR (151 MHz, MeOD) § 154.58, 153.96,
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141.60, 141.04, 134.61, 133.91 (2C), 129.48, 126.77 (2C), 125.74, 125.22, 124.69, 121.19,
121.06, 119.49, 118.63, 114.75, 107.54, 89.70, 60.92, 51.48, 49.82, 44.11 (2C), 31.87 (2C),
26.30, 21.57 (2C). HPLC-MS (ESI): Purity = 97%, tr = 2.650 min, m/z [M+H]* = 523.2.

3-hydroxy-4-((4-((1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imidazol-2-
ylamino)piperidin-1-yl)methyl)benzonitrile (2.18):

HO

15

13N

1 14 12
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;1 ;
2 N 1
S—NH
3 N 9

4 8

CN

16 17

5
CF,

7
Chemical Formula: C,gH,cF;NsO
Exact Mass: 505.21
Molecular Weight: 505.55

6

Obtained from intermediate 2c (2.00 g, 5.34 mmol) and
4-formyl-3-hydroxybenzonitrile  (863.48 mg, 5.87
mmol) as an off-white solid (50%, 1.35 @); Rf
(DCM:MeOH, 9:1) 0.61; !H-NMR (600 MHz,
Methanol-ds) § 7.59 (d, J = 8.2 Hz, 2H, H” and H?), 7.33
(dd, J=7.9, 3.9 Hz, 1H, HY), 7.26 (d, J = 8.1 Hz, 2H, H®
and H%), 7.23 (d, J = 7.7 Hz, 1H, H®), 7.10 (dd, J = 7.7,
1.6 Hz, 1H, H"), 7.08-6.95 (m, 4H, H?, H?, H* and H%9),
5.36 (s, 2H, H°), 3.88 (tt, J = 10.9, 4.2 Hz, 1H, H%), 3.84
(s, 2H, H®), 3.00-2.96 (m, 2H, H*?® and H**®), 2.50-2.43

(m, 2H, H2 and H%), 2.15-2.10 (m, 2H, H® and H#¢), 1.72-1.62 (m, 2H, H? and H42),
13C-NMR (151 MHz, MeOD) & 173.87, 158.17, 153.45, 140.69, 140.36, 133.65, 130.13 (2C),
127.20, 126.79 (2C), 125.26, 122.51, 121.54, 120.03, 118.34, 118.24, 114.58, 111.89, 107.86,
59.03, 51.56, 49.52, 44.34 (2C), 31.26, 19.38 (2C). HPLC-MS (ESI): Purity = 98%, tr = 2.501

min, m/z [M+H]* = 506.2.
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3-hydroxy-4-((4-((1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imidazol-2-
yl)amino)piperidin-1-yl)methyl)benzoic acid (2.19):

2

3
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Chemical Formula: C,gH,7F;N4O;

Exact Mass: 524.20
Molecular Weight: 524.54

Obtained from 3-hydroxy-4-((4-((1-(4-

(trifluoromethyl)benzyl)-1H-benzo[d]imidazol-2-
yl)amino)piperidin-1-yl)methyl)benzonitrile (1.00 g,
5.34 mmol) as a white solid (73%, 761.3 mg); Rf
(DCM:MeOH, 9:1) 0.25; H-NMR (600 MHz,
Methanol-ds) § 7.64 (d, J = 8.1 Hz, 2H, H’ and H?),
7.58 (dd, J = 8.4, 1.5 Hz, 1H, H), 7.56 (d, J = 1.6
Hz, 1H, H'®), 7.53 (d, J = 8.1 Hz, 2H, H° and H?),
7.43-7.37 (m, 3H, H!, H2 and H*), 7.34 (ddd, J = 8.2,
5.9, 2.7 Hz, 1H, H®), 7.29 (d, J = 8.4 Hz, 1H, H%%),

5.61 (s, 2H, H®), 4.42 (s, 2H, H), 4.14 (tt, J = 10.3, 4.4 Hz, 1H, H¥), 3.68-3.61 (m, 2H, H'?*
and H%), 3.39-3.31 (m, 2H, H!% and H?), 2.38-2.30 (m, 2H, H® and H%®), 2.24-2.13 (m,
2H, H™? and H'#9), 3C-NMR (151 MHz, MeOD) § 169.94, 167.42, 156.68, 149.10, 138.31,
134.18, 132.77 (2C), 130.61, 129.03, 126.97 (2C), 125.59, 124.36, 124.02, 120.74, 118.45,
116.21, 114.64, 111.76, 110.24, 56.91, 51.33, 45.46 (2C), 28.74, 16.89 (2C). HPLC-MS (ESI):
Purity = 98%, tr = 2.325 min, m/z [M+H]" = 525.2.

Methyl 3-hydroxy-4-((4-((1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imidazol-2-
yl)amino)piperidin-1-yl)methyl)benzoate (2.20):

2
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Chemical Formula: C,gH,¢F;N,O3

Exact Mass: 538.22
Molecular Weight: 538.57

Obtained from 3-hydroxy-4-((4-((1-(4-

(trifluoromethyl)benzyl)-1H-benzo[d]imidazol-2-
yl)amino)piperidin-1-yl)methyl)benzoic acid (100
mg, 0.19 mmol) as an off- white solid (94%, 96.1
mg); Rf (DCM:MeOH, 9:1) 0.56; 'H-NMR (600
MHz, DMSO) § 6.84 (d, J =8.1 Hz, 2H, H” and H?),
6.63 (dd, J=7.8, 1.7 Hz, 1H, H'"), 6.54 (d, J = 1.7
Hz, 1H, HY), 6.53-6.50 (m, 3H, H*, H® and H°),
6.38 (d, J=7.9 Hz, 1H, H*), 6.27-6.23 (m, 2H, H?,
H%), 6.15 (ddd, J=8.1, 7.3, 1.1 Hz, 1H, H3), 4.59 (s,

2H, H5), 3.0 (tt, J = 10.3, 4.3 Hz, 1H, H), 3.07 (s, 3H, H18), 2.99 (s, 2H, H15), 2.20-2.14 (m,
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2H, H'?¢ and H'%®), 1.59-1.52 (m, 2H, H'? and H%), 1.34-1.30 (m, 2H, H¢ and H*), 0.91—
0.82 (m, 2H, H*? and H'%), 3C-NMR (151 MHz, DMSO) & 165.53, 156.81, 153.26, 140.98,
140.52, 133.22, 129.50, 128.53, 128.31, 128.20 (2C), 126.74, 126.25 (2C), 124.63, 120.49,
119.18, 118.75, 115.22, 114.10, 106.36, 58.32, 51.01, 50.51, 48.93 (2C), 43.03, 32.00 (2C).
HPLC-MS (ESI): Purity = 98%, tr = 2.466 min, m/z [M+H]* = 539.2.

(3-hydroxy-4-((4-((1-(4-(trifluoromethyl)benzyl)-1H-benzo[d]imidazol-2-
yl)amino)piperidin-1-yl)methyl)phenyl)(morpholino)methanone (2.21):

20 Obtained from 3-hydroxy-4-((4-((1-(4-

HO s ® NJ“ (trifluoromethyl)benzyl)-1H-benzo[d]imidazol-2-

. D 2| ylamino)piperidin-1-yl)methyl)benzoic acid (100

N 0 .

1 u{ e 16 17 mg, 0.19 mmol) and morpholine (0.02 mL, 0.25

2©iN 1 mmol) as a pale yellow solid (94%, 80.8 mg); Rf
S—NH

3 N 9 o (DCM:MeOH, 9:1) 0.58; H-NMR (600 MHz,

4

5\\©cp3 MeOD) § 7.60 (d, J = 8.2 Hz, 2H, H” and H8), 7.32

¢ 7 (dd, J=7.9, 1.6 Hz, 1H, H*), 7.26 (d, J = 8.2 Hz,

Chemical Formula: C3,H34F3N50s 2H, H® and H°), 7.13 (d, J = 7.9 Hz, 1H, H'®), 7.04

Exact Mass: 593.26 ' T ’ ’ T T
Molecular Weight: 593.65 (ddd, J = 8.0, 1.3, 0.6 Hz, 1H, HY), 7.00 (ddd, J =

8.0, 7.8, 1.4 Hz, 1H, H?), 6.94 (ddd, J = 7.9, 1.4, 0.6 Hz, 1H, H%), 6.81 (ddd, J = 7.9, 7.8, 1.3
Hz, 1H, H3), 6.77 (d, J = 1.6 Hz, 1H, H!8), 5.36 (s, 2H, H®), 3.87 (tt, J = 10.8, 4.2 Hz, 1H, H19),
3.75 (s, 2H, H'5), 3.74-3.55 (m, 4H, H® and H?), 3.52-3.38 (m, 4H, H° and H??), 2.99-2.92
(M, 2H, H2 and H1%), 2.38-2.29 (m, 2H, H'2 and H1%), 2.13-2.08 (m, 2H, H* and H4),
1.67-1.59 (m, 2H, H12 and H43), 3C-NMR (151 MHz, MeOD) & 170.98, 157.75, 153.93,
141,57, 141.04, 135.37, 133.91, 129.47, 129.26, 128.62 (2C), 126.76 (2C), 125.19, 123.93,
121.21, 119.53, 117.25, 114.76, 113.02, 107.15, 66.36 (2C), 59.70, 52.14 (2C), 49.67, 44.12
(2C), 42.42, 32.16 (2C). HPLC-MS (ESI): Purity = 97%, tr = 2.387 min, m/z [M+H]* = 594.2,

7.2.2 Imidazopyridines

7.2.2.1 Procedure for the synthesis of intermediate 3a (Scheme 2.5)

A mixture of p-methoxybenzyl amine and N,N-Diisopropylethylamine (DIPEA) in
tetrahydrofuran (THF) was added dropwise to a 0 °C solution of 2,4-dichloro-5-nitropyridine

in THF. The solution was then warmed up to 25 °C and stirred for an additional 30 min. Water
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was then added, and the resulting mixture was extracted with ethyl acetate. The combined
organic layer was dried over anhydrous Na,SO4 and concentrated under reduced pressure to

produce the desired intermediate as a yellow solid in 98% yield.

2-chloro-N-(4-methoxybenzyl)-5-nitropyridin-4-amine (3a):

Obtained from 2,4-dichloro-5-nitropyridine (2.00 g, 10.36

1
NO,

NI N mmol) and p-methoxybenzyl amine (2.56 g, 18.65 mmol) as

cl 2/ N a yellow solid (98%, 3.54 g); Rf (Hex: EtOAc, 1:1) 0.54;
6

? s 'H-NMR (600 MHz, DMSO-ds) & 8.96 (t, J = 6.1 Hz, 1H,

5 OMe H%), 8.85 (s, 1H, HY), 7.29 (d, J = 8.7 Hz, 2H, H® and H®),

7 9

Chemical Formula: C;3H,,CIN;O03| 694 (s, 1H, H?), 6.89 (d, J = 8.7 Hz, 2H, H” and H?®), 4.57
Exact Mass: 293.06 3 N 13
Molecular Weight: 293.71 (d, J = 6.1 Hz, 2H, H°), 3.71 (s, 3H, H’). *C-NMR (151
MHz, DMSO) & 159.91, 155.92, 150.57, 150.08, 130.29,

129.76 (2C), 115.42 (2C), 108.83, 56.41, 46.26. HPLC-MS (ESI): Purity = 98%, tr = 2.457

min, m/z [M-H]* = 294.0.

7.2.2.2 Procedure for the synthesis of intermediate 3b (Scheme 2.5)

A mixture of 2-chloro-N-(4-methoxybenzyl)-5-nitropyridin-4-amine (3a), tert-butyl (2-
aminoethyl)(ethyl)carbamate, and triethylamine was made in N,N-dimethylformamide (DMF).
The mixture was heated under microwave radiation at 100 °C for 1 hour. When the reaction
had completed, water was added, and the mixture was extracted with ethyl acetate (4 x 30 mL).
The combined organic layer was dried over anhydrous Na>SOs, concentrated under reduced

pressure, and purified via column chromatography. A yellow solid was obtained as the product.

Tert-butylethyl(2-((4-((4-methoxybenzyl)amino)-5-nitropyridin-2
yl)amino)ethyl)carbamate (3b):

12 1 Obtained from intermediate 3a (5.00 g, 17.02
\11 N NO,
N L mmol) and tert-butyl (2-
Boc” N NH .
13 0 H 2 5 aminoethyl)(ethyl)carbamate (4.81 g, 25.53
3 7

mmol) as a yellow solid (95%, 7.24 g); Rf (Hex:
s OMeyl EtOAc, 1:1) 044; H-NMR (600 MHz,

4

Chemical Formula: C5,H3,NsO5 Chloroform-d) § 8.90 (s, 1H, H'), 8.36 (s, 1H, H?),
Exact Mass: 445.23
Molecular Weight: 445.52 7.22 (d, J = 8.7 Hz, 2H, H* and H°), 6.85 (d, J =

8.7 Hz, 2H, H® and H7), 4.37 (s, 2H, H?), 3.76 (s,
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3H, H¥®), 3.37-3.34 (m, 4H, H® and H%), 3.17 (q, J = 7.1 Hz, 2H, H*), 1.41 (s, 9H, H%), 1.05
(t,J=7.1Hz, 3H, H'?). ¥C-NMR (151 MHz, CDCl3) § 161.22, 159.20, 156.45, 150.82, 149.91,
128.71, 128.49 (2C), 124.63, 114.31(2C), 83.65, 79.91, 55.26, 46.20, 45.70, 43.02, 41.73,
28.37 (3C), 13.87. HPLC-MS (ESI): Purity = 99%, tr = 2.641 min, m/z [M+H]" = 446.2.

7.2.2.3 Procedure for the synthesis of intermediate 3c (Scheme 2.5)

A mixture of tert-butyl  ethyl(2-((4-((4-methoxybenzyl)amino)-5-nitropyridin-2
yl)amino)ethyl)carbamate (3b) and 10% Pd/C in methanol was stirred for 16 hours at 25 °C
under hydrogen gas. After the reaction had been completed, the mixture was filtered through a
pad of celite and concentrated in vacuo to obtain the product, which was used in the next

reaction without any further purification.

Tert-butyl(2-((5-amino-4-((4-methoxybenzyl)amino)pyridin-2-
yl)amino)ethyl)(ethyl)carbamate (3c):

N | NH, Obtained from intermediate 3b (6.00 g, 13.47
X
\N\/ﬂ’\ N| P mmol) as a wine-colored solid (89%, 4.98 g); Rf
A A (DCM:MeOH, 9:1): H-NMR (600 MHz,
3 7

Chloroform-d) § 7.42 (s, 1H, HY), 7.24 (d, J = 8.7
s OMeyl Hz 2H, H* and HY), 6.84 (d, J = 8.7 Hz, 2H, HE

Chemical Formula: C5,H33N503 and H"), 4.96 (s, 1H, H?), 4.23 (s, 2H, H®), 3.77 (s,
Exact Mass: 415.26 8 ) 10
Molecular Weight: 415.54 3H, H°), 3.32-3.32 (m, 4H, H” and H), 3.18 (q, J

= 7.1 Hz, 2H, H), 1.41 (s, 9H, H13), 1.04 (t, J =
7.0 Hz, 3H, H?). 3C-NMR (151 MHz, CDCls) & 158.99, 155.78, 149.34, 130.21, 129.99,
128.75 (2C), 119.97, 114.10 (2C), 87.26, 79.42, 55.29, 55.23, 46.61, 46.21, 41.54, 29.65, 28.42
(3C), 13.86. HPLC-MS (ESI): Purity = 97%, tr = 2.334 min, m/z [M+H]* = 416.2.

7.2.2.4 General procedure for the synthesis of intermediates 3d and 3e (Scheme 2.5)

(@) Amide coupling (intermediate 3d): Intermediate 3c (1 eq) was dissolved in DCM with
the appropriate carboxylic acid (1.3 eq) and 4-dimethylaminopyridine (DMAP, 0.1 eq). 1-
Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDCI.HCI, 1.5 eq) was then
added, and the reaction mixture was stirred at 25 °C for 16 hours. Water was added, and the

solution was extracted with ethyl acetate, dried over anhydrous Na;SOas, and concentrated
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under reduced pressure. The residue was used in the subsequent reaction without any further

purification.

(b) Cyclization (intermediate 3e): The corresponding amide intermediate 3d was dissolved
in ethanol (10 mL), and 2 M NaOH solution (10 mL) was added. The resulting mixture was
heated at 80 °C for 24—72 hours, depending on the amide intermediate. When the reaction had
gone to completion, the solvent was removed in vacuo, and saturated citric acid was added to
the residue. Extraction was done with DCM (2 x 20 mL), and the combined organic extract
was dried over anhydrous Na»SOg, filtered, and concentrated in vacuo. The residue was

purified via column chromatography (DCM/MeOH) to obtain the corresponding product.

Tert-butyl(2-((2-cyclopentyl-1-(4-methoxybenzyl)-1H-imidazo[4,5-c]pyridin-6-
yl)amino)ethyl)(ethyl)carbamate (3e.1):

Obtained from intermediate 3c (500 mg, 1.20
)\/): >;‘<:| mmol) and cyclopentane carboxylic acid (0.16 mL,
N\/\N . . .
1.56 mmol) as a wine-colored sticky solid (46%,
270.4 mg); Rf (DCM:MeOH, 9:1) 0.64; *H-NMR
s M (600 MHz, Chloroform-d) & 8.37 (s, 1H, HY), 6.97
Chemical Formula: C,gH39N50;
Exact Mass: 493.31 (d, J=8.7 Hz, 2H, H* and H°), 6.80 (d, J = 8.7 Hz,
Molecular Weight: 493.65 2H, H8 and H7), 6.47 (s, 1H, H?), 5.18 (s, 2H, H?),
3.74 (s, 3H, H?), 3.36-3.10 (m, 6H, H®, H® and H'), 2.71 (p, J = 8.1 Hz, 1H, H'*), 2.05-1.92
(m, 2H, H'%® and H), 1.89-1.78 (m, 3H, H', H® and H%?) 1.71-1.51 (m, 3H, H6® H™@
and H'™), 1.39 (s, 9H, H®¥), 1.03 (t, J = 7.1 Hz, 3H, H). 3C-NMR (151 MHz, CDCls) &
181.48, 159.28, 154.15, 127.56, 127.42 (2C), 114.35 (2C), 85.09, 79.49, 55.24, 46.30, 45.90,
44.64, 43.14, 41.82, 37.16, 32.08 (2C), 30.17, 28.39 (3C), 25.86 (2C), 25.76 (2C), 13.93.

HPLC-MS (ESI): Purity = 98%, tr = 2.598 min, m/z [M+H]* = 494.3.

4

Tert-butylethyl(2-((1-(4-methoxybenzyl)-2-(tetrahydrofuran-3-yl)-1H-imidazo[4,5-
c]pyridin-6-yl)amino)ethyl)carbamate (3e.2):

Obtained from intermediate 3c (500 mg, 1.20 mmol) and tetrahydrofuran-3-carboxylic acid
(0.14 mL, 1.56 mmol) as a wine-colored sticky solid (68%, 401.7 mg); Rf (DCM:MeOH, 9:1)
0.57; *H-NMR (600 MHz, Chloroform-d) & 8.45 (s, 1H, H'), 6.96 (d, J = 8.7 Hz, 2H, H* and
H®), 6.81 (d, J = 8.7 Hz, 2H, H® and H7), 6.45 (s, 1H, H?), 5.17 (s, 2H, H3), 4.04-3.98 (m, 2H,
H6 and H’®), 3.93-3.86 (m, 2H, H®® and H!™), 3.74 (s, 3H, H8), 3.50-3.44 (m, 1H, H%),
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Chemical Formula: C,;H37N504
Exact Mass: 495.28
Molecular Weight: 495.62

3.39-3.33 (m, 4H, H® and H¥?), 3.20 (q, J = 7.2
Hz, 2H, H), 2.37-2.30 (m, 1H, H'®), 2.24-2.16
(m, 1H, H®P), 1.40 (s, 9H, H¥®), 1.05 (t, J = 7.1
Hz, 3H, H*). ¥*C-NMR (151 MHz, CDCls) §
159.43, 156.14, 154.68, 137.64, 133.55, 127.48,
127.27 (2C), 114.48 (2C), 84.86, 79.53, 71.93,
70.92, 68.33, 55.27, 46.34, 45.97, 43.07, 41.98,

37.14, 31.86, 29.65, 28.40 (3C), 13.89. HPLC-MS (ESI): Purity = 98%, tr = 2.448 min, m/z
[M+H]" = 496.3.

Tert-butylethyl(2-((1-(4-methoxybenzyl)-2-(tetrahydro-2H-pyran-4-yl)-1H-imidazo[4,5-

c]pyridin-6-yl)amino)ethyl)carbamate (3e.3):

12

13 Bo

" 18 17
N
JEROAT.
¢ N N 15 16
0 H 2 5
3 7
4 OMe
6 8

Chemical Formula: C,gH;9N50,
Exact Mass: 509.30
Molecular Weight: 509.65

Obtained from intermediate 3c (500 mg, 1.20
mmol) and tetrahydro-2H-pyran-4-carboxylic
acid (202.96 mg, 1.56 mmol) as a wine-colored
sticky solid (98%, 599.12 mg); Rf (DCM:MeOH,
9:1) 0.56; *H-NMR (600 MHz, Chloroform-d) &
8.44 (s, 1H, HY), 6.93 (d, J = 8.7 Hz, 2H, H* and

H®), 6.78 (d, J = 8.7 Hz, 2H, HE and H), 6.34 (s,

1H, H?), 5.15 (s, 2H, H3), 4.02-3.96 (m, 2H, H® and H'™), 3.71 (s, 3H, H®), 3.42-3.36 (m,
2H, H®® and H'"®), 3.34-3.30 (m, 4H, H® and H9), 3.16 (g, J = 7.3 Hz, 2H, H'1), 2.93 (it, J =
11.5, 3.7 Hz, 1H, H), 2.08-1.99 (m, 2H, H™® and H%), 1.68-1.63 (m, 2H, H® and H®),
1.37 (s, 9H, H™), 1.01 (t, J = 7.1 Hz, 3H, H'?). 13C-NMR (151 MHz, CDCl3) § 159.34, 157.79,
154.73, 127.39 (2C), 114.43 (2C), 84.91, 79.47, 67.50, 67.45 (2C), 55.24, 46.23, 45.96, 42.99,
41.99, 33.78, 31.26, 31.21 (2C), 29.62, 29.26, 28.47, 28.38 (3C), 13.86. HPLC-MS (ESI):
Purity = 97%, tr = 2.457 min, m/z [M+H]" = 510.2.

Tert-butylethyl(2-((1-(4-methoxybenzyl)-2-methyl-1H-imidazo[4,5-c]pyridin-6-

yl)amino)ethyl)carbamate (3e.4):

Obtained from intermediate 3c (500 mg, 1.20 mmol) and acetic acid (0.02 mg, 1.56 mmol) as
a wine-colored sticky solid (43%, 228.2 mg); Rf (DCM:MeOH, 9:1) 0.53; *H-NMR (600 MHz,
Chloroform-d) 6 8.37 (s, 1H, HY), 6.97 (d, J = 8.7 Hz, 2H, H* and H®), 6.78 (d, J = 8.7 Hz, 2H,
H and H7), 6.36 (s, 1H, H?), 5.07 (s, 2H, H?), 3.71 (s, 3H, H?), 3.37-3.32 (m, 4H, H® and H™),
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1 . 3.18 (q, J = 7.3 Hz, 2H, HY), 2.43 (s, 3H, H4),
11 AN
N N S—14 1.38 (s, 9H, H®¥¥), 1.02 (t, J = 7.1 Hz, 3H, H).
Boc/N\/\N Z N
13 noNo: [ 3 13C-NMR (151 MHz, CDCls) & 159.33, 156.09,
7
154.66, 152.26, 144.07, 137.58, 133.73, 127.77,
4
o OMes) 15729 (20), 114.38 (2C), 84.77, 79.47, 55.23,
Chemical Formula: C5,H33N505 46.55, 46.00, 42.98, 41.98, 29.62, 28.39 (3C),
Exact Mass: 439.26
Molecular Weight: 439.56 13.93. HPLC-MS (ESI): Purity = 97%, tr = 2.422

min, m/z [M+H]" = 440.2.

Tert-butyl(2-((cyclopropyl-1-(4-methoxybenzyl)-1H-imidazo[4,5-c]pyridin-6-
yl)amino)ethyl)(ethyl)carbamate (3e.5):

12
\1
N
3B

Obtained from intermediate 3c (500 mg, 1.20

1
! NN 1 P . .
9 | \>—<] mmol) and cyclopropane carboxylic acid (286.0
oc” SN NF N 16
2 5
3 7

1 10 H

mg, 1.56 mmol) as a wine-colored sticky solid
(51%, mg); Rf (DCM:MeOH, 9:1) 0.58; *H-NMR

Chemcal Formatas CoH0, OMes! (600 MHz, Chloroform-d) 5 8.14 (s, 1H, H), 7.13
Exact Mass: 465.27 (d, J = 8.7 Hz, 2H, H* and H®), 6.96 (s, 1H, H?),
Molecular Weight: 465.60 6.77 (d, J = 8.7 Hz, 2H, H® and H7), 5.25 (s, 2H,
H3), 3.69 (s, 3H, H8), 3.30-3.26 (m, 4H, H® and H°), 3.17 (q, J = 7.1 Hz, 2H, HY), 1.51 (tt, J
=8.0, 4.6 Hz, 1H, H), 1.38 (s, 9H, H®®), 1.01 (t, J = 7.0 Hz, 3H, H?), 0.92-0.89 (m, 2H, H5
and H%), 0.73-0.70 (m, 2H, H® and H6%). 13C-NMR (151 MHz, CDCls) & 179.93, 177.01,
159.37, 155.81, 153.27, 146.39, 132.22, 128.26 (2C), 127.16, 114.33 (2C), 85.19, 79.42, 55.20,
46.48, 45.58, 43.33, 41.26, 28.36 (3C), 22.23, 13.53, 8.83, 7.94. HPLC-MS (ESI): Purity =

98%, tr = 2.483 min, m/z [M+H]" = 466.2.

4

Tert-butylethyl(2-((1-(4-methoxybenzyl)-2-(1-methylcyclopropyl)-1H-imidazo[4,5-
c]pyridin-6-yl)amino)ethyl)carbamate (3e.6):

Obtained from intermediate 3c (500 mg, 1.20 mmol) and 1-methylcyclopropane-1-carboxylic
acid (0.13 mL, 1.56 mmol) as a wine-colored sticky solid (59%, 338.56 mg); Rf (DCM:MeOH,
9:1) 0.60; *H-NMR (400 MHz, Chloroform-d) & 8.19 (s, 1H, HY), 7.02 (d, J = 8.2 Hz, 2H, H*
and H®), 6.87-6.83 (m, 3H, H2, H® and H"), 5.45 (s, 2H, H3), 3.77 (s, 3H, H?), 3.46-3.17 (m,
6H, H°, H'® and H), 1.42 (s, 9H, H'), 1.24 (t, J = 7.1 Hz, 3H, H'), 1.14 (s, 3H, H'®), 1.11-
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12

1 N 14
13 Boc N N 16 O
10 H 5
3 k i: 7
4 OMe
6 8

Chemical Formula: C,;H;;N504
Exact Mass: 479.29
Molecular Weight: 479.63

/

N~

=480.3.

1.03 (m, 2H, H¥ and H'%?), 0.90-0.86 (m, 2H,
H® and H*"). $3C-NMR (101 MHz, CDCI3) &
159.55, 151.30, 132.47, 128.34, 127.62 (2C),
126.01, 114.55 (2C), 87.14, 79.77, 60.31, 55.27,
53.38, 47.41, 47.25, 45.41, 43.64, 41.26, 29.63,
28.36 (3C), 23.18, 14.38, 14.15, 13.63. HPLC-MS
(ESI): Purity = 97%, tr = 2.554 min, m/z [M+H]"

Tert-butylethyl(2-((1-(4-methoxybenzyl)-2-(1-(trifluoromethyl)cyclopropyl)-1H-

imidazo[4,5-c]pyridin-6-yl)amino)ethyl)carbamate (3e.7):

12 1
\11 N XN 14
9 | N\
N
Bocw N7 NF TNp,C 15

13 10 H 2 5
3 7

Chemical Formula: C27H34F3N503
Exact Mass: 533.26
Molecular Weight: 533.60

Obtained from intermediate 3c (500 mg, 1.20
mmol) and 1-(trifluoromethyl)cyclopropane-1-
carboxylic acid (240.40 mg, 1.56 mmol) as a
wine-colored sticky solid (22%, 140 mg); Rf
(DCM:MeOH, 9:1) 0.59; 'H-NMR (400 MHz,
Chloroform-d) & 8.52 (s, 1H, H'), 6.95 (d, J = 8.7
Hz, 2H, H* and H°), 6.90 (s, 1H, H?), 6.86 (d, J =

8.7 Hz, 2H, H® and H"), 5.42 (s, 2H, H%), 3.80 (s, 3H, H®), 3.36-3.18 (m, 6H, H®, H® and H'Y),
1.44 (s, 9H, H%), 1.25-1.04 (m, 7H, H'?, H* and H*®). 3C-NMR (101 MHz, CDCI3) § 159.38,
154.75, 149.39, 143.79, 138.12, 131.91, 127.40 (2C), 126.68, 114.46 (2C), 108.53, 97.98,
79.55, 55.27, 53.36, 48.32, 47.35, 45.79, 44.38, 41.84, 28.40 (3C), 22.05, 12.24, 10.31. HPLC-
MS (ESI): Purity = 96%, tr = 2.659 min, m/z [M+H]" = 534.2.

Tert-butyl(2-((2-(cyclopropylmethyl)-1-(4-methoxybenzyl)-1H-imidazo[4,5-c]pyridin-6-

yl)amino)ethyl)(ethyl)carbamate (3e.8):

16

Chemical Formula: C,7H37N50;
Exact Mass: 479.29
Molecular Weight: 479.63

Obtained from intermediate 3c (500 mg, 1.20
mmol) and 2-cyclopropylacetic acid (0.13 mL,
1.56 mmol) as a wine-colored sticky solid (96%,
552.4 mg); Rf (DCM:MeOH, 9:1) 0.57; 'H-NMR
(600 MHz, Chloroform-d) § 8.34 (s, 1H, HY), 6.96
(d, J =8.7 Hz, 2H, H* and H®), 6.82-6.67 (m, 3H,
H2, H® and H7), 5.24 (s, 2H, H3), 3.72 (s, 3H, H?),
3.34-3.31 (m, 4H, H® and HY), 3.18 (g, J = 7.2
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Hz, 2H, HY), 2.69 (d, J = 6.8 Hz, 2H, H), 1.39 (s, 9H, H%®), 1.15-1.10 (m, 1H, H®), 1.03 ¢,
J=7.1Hz, 3H, H2), 0.57-0.53 (m, 2H, H%2 and H'7), 0.52-0.47 (m, 2H, H6" and H™). 13C-
NMR (151 MHz, CDCls) § 178.61, 159.35, 154.07, 135.08, 127.77 (2C), 127.08, 114.36 (2C),
85.21, 79.42, 55.26, 53.38, 46.51, 45.79, 43.23, 41.68, 40.64, 32.38, 28.38 (3C), 14.02, 8.67,
7.24, 4.98, 4.37. HPLC-MS (ESI): Purity = 96%, tr = 2.580 min, m/z [M+H]* = 480.3.

Tert-butyl(2-((2-cyclobutyl-1-(4-methoxybenzyl)-1H-imidazo[4,5-c]pyridin-6-
yl)amino)ethyl)(ethyl)carbamate (3e.9):

Obtained from intermediate 3c (500 mg, 1.20

)\/): >—<> mmol) and cyclobutane carboxylic acid (0.15 mL,
N\/\N

13 1.56 mmol) as a wine-colored sticky solid (78%,
4 446.7 mg); Rf (DCM:MeOH, 9:1) 0.57; 'H-NMR
oM
6 “s (600 MHz, Chloroform-d) § 8.50 (s, 1H, H'), 6.92
Chemical Formula: C;H3;N50; (d, J = 8.6 Hz, 2H, H* and H®), 6.77 (d, J = 8.6 Hz
Exact Mass: 479.29 ' ' T T ' ' ’
Molecular Weight: 479.63 2H, H® and H7), 6.15 (s, 1H, H?), 5.01 (s, 2H, H3),

3.71 (s, 3H, H®), 3.38-3.29 (m, 5H, H°, H and H*), 3.19 (q, J = 7.1 Hz, 2H, HY), 2.52-2.43
(m, 2H, H®% and H®), 2.28-2.22 (m, 2H, H'*® and H'™), 2.04-1.88 (m, 2H, H¢), 1.38 (s, 9H,
H), 1.02 (t, J = 7.1 Hz, 3H, H'?). 3C-NMR (151 MHz, CDCls) & 159.22, 158.00, 156.06,
154.76, 143.88, 139.08, 134.09, 128.46, 127.63 (2C), 127.45, 114.27 (2C), 84.66, 79.44, 55.19,
53.38, 46.05, 42.88, 42.11, 32.32, 28.38 (3C), 27.14, 18.53, 14.14. HPLC-MS (ESI): Purity =
96%, tr = 2.571 min, m/z [M+H]" = 480.2.

Tert-butyl(2-((2-(3,3-difluorocyclobutyl)-1-(4-methoxybenzyl)-1H-imidazo[4,5-
c]pyridin-6-yl)amino)ethyl)(ethyl)carbamate (3e.10):

Obtained from intermediate 3c (500 mg, 1.20

N\/\N)Qi >—<>< mmol) and 3,3-difluorocyclobutane-1-carboxylic

13 acid (212.32 mg, 1.56 mmol) as a wine-colored

) sticky solid (79%, 491.3 mg); Rf (DCM:MeOH,

s M| 9:1) 0.57; 'H-NMR (600 MHz, Chloroform-d) 5

Chemical Formula: C;H;5F;N505 8.35 (s, 1H, HY), 6.98 (d, J = 8.7 Hz, 2H, H* and
Exact Mass: 515.27 ' ’ ’ ’ ’ '

Molecular Weight: 515.61 H®), 6.85-6.79 (m, 3H, H?, H® and H'), 5.13 (s,

2H, H3), 3.75 (s, 3H, H®), 3.42-3.31 (m, 4H, H® and H), 3.21 (g, J = 7.1 Hz, 2H, HY), 3.07—
2.96 (M, 1H, H), 2.84-2.73 (m, 4H, H and H), 1.39 (s, 9H, H®), 1.05 (t, J = 7.1 Hz, 3H,
H®?). 3C-NMR (151 MHz, CDCls) & 159.60, 156.04, 146.54, 134.04, 132.87, 127.71, 126.63
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(2C), 120.47, 118,57, 116.80, 114.57 (2C), 85.67, 79.63, 55.28, 46.58, 45.69, 43.34, 41.71,
40.37, 39.03, 28.38 (3C), 21.83, 14.05. HPLC-MS (ESI): Purity = 98%, tr = 2.589 min, m/z
[M+H]" = 516.2.

Tert-butyl(2-((2-cyclohexyl-1-(4-methoxybenzyl)-1H-imidazo[4,5-c]pyridin-6-
yl)amino)ethyl)(ethyl)carbamate (3e.11):

L LN 15 16 Obtained from intermediate 3c (500 mg, 1.20
X
\N o N S 17 | mmol) and cyclohexane carboxylic acid (200 mg,
13 BOC/ \/\N / N 19 18 . - - 0
woH 2 5, 1.56 mmol) as a wine-colored sticky solid (68%,

411.5 mg); Rf (DCM:MeOH, 9:1) 0.57; *H-NMR

M
OMe! (600 MHz, Chloroform-d) 5 8.19 (s, 1H, HY), 7.43
Chemical Formula: C;yH,;N5O; (s, 1H, H2), 7.03 (d, J = 8.7 Hz, 2H, H* and H?),
Exact Mass: 507.32 " ;
Molecular Weight: 507.68 6.80 (d, J = 8.7 Hz, 2H, HE and H"), 5.21 (s, 2H,

H), 3.73 (s, 3H, H8), 3.38-3.27 (m, 4H, H° and
H2), 3.19 (q, J = 7.1 Hz, 2H, HY), 2.80-2.71 (m, 1H, H'#), 1.86-1.79 (m, 4H, H'S and H°),
1.74-1.64 (m, 3H, H H72 and H), 1.39 (s, 9H, H®®), 1.31-1.26 (m, 3H, H®e, H" and
H2%) 1.04 (t, J = 7.1 Hz, 3H, H2). 3C-NMR (151 MHz, CDCls) § 164.23, 159.54, 155.97,
151.78, 147.27, 133.11, 129.45, 127.92 (2C), 126.60, 114.50 (2C), 86.72, 79.73, 55.26, 46.63,
45.47, 43.56, 41.32, 36.56, 31.49 (2C), 28.36 (3C), 25.98 (2C), 25.53, 14.12. HPLC-MS (ESI):
Purity = 97%, tr = 2.668 min, m/z [M+H]* = 508.3.

Tert-butyl(2-((2-(4,4-difluorocyclohexyl)-1-(4-methoxybenzyl)-1H-imidazo[4,5-
c]pyridin-6-yl)amino)ethyl)(ethyl)carbamate (3e.12):

12 1 5 16 Obtained from intermediate 3c (500 mg, 1.20
1 x—N
\ 9 N| \>—“<:><F mmol) and 4,4-difluorocyclohexane-1-carboxylic
Boc/N\/\N Z N F . .
13 0 g 2 5 17 acid (256.00 mg, 1.56 mmol) as a wine-colored
3 7
sticky solid (92%, 603.2 mg); Rf (DCM:MeOH,
4
«  OMes) 9:1) 0.59: IH-NMR (600 MHz, Chloroform-d) &
Chemical Formula: CzoH3oF,N50; 8.44 (s, 1H, HY), 6.96 (d, J = 8.7 Hz, 2H, H* and
Exact Mass: 543.30 T ’ Y
Molecular Weight: 543.66 H®), 6.82 (d, J = 8.7 Hz, 2H, H® and H"), 6.47 (s,

1H, H?), 5.17 (s, 2H, H3), 3.75 (s, 3H, H?), 3.40-3.32 (m, 4H, H® and H°), 3.20 (g, J = 7.1 Hz,
2H, H), 2.84-2.77 (m, 1H, H), 2.24-2.18 (m, 2H, H™®* and H), 2.11-2.01 (m, 2H, H*
and H¢), 1.91-1.83 (m, 2H, H* and H'7), 1.83-1.68 (m, 2H, H¢ and H"), 1.40 (s, 9H,
H13), 1.05 (t, J = 7.1 Hz, 3H, H2). 33C-NMR (151 MHz, CDCl3) § 159.45, 157.88, 156.10,
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154.48, 137.04, 133.57,127.26 (2C), 123.94, 122.34, 120.74, 114.51 (2C), 85.17, 79.53, 55.28,
46.37,45.94, 43.08, 41.99, 34.11, 33.17 (2C), 28.40 (3C), 27.68 (2C), 13.93. HPLC-MS (ESI):
Purity = 97%, tr = 2.615 min, m/z [M+H]" = 544.3.

Tert-butylethyl(2-((1-(4-methoxybenzyl)-2-(1-methylpyrrolidin-2-yl)-1H-imidazo[4,5-
c]pyridin-6-yl)amino)ethyl)carbamate (3e.13):

NwNQ w

4
) OMe

Chemical Formula: C,gH4,NsO3

Exact Mass: 508.32
Molecular Weight: 508.67

8

Obtained from intermediate 3c (500 mg, 1.20
mmol) and 1-methylproline (201.55 mg, 1.56
mmol) as a wine-colored sticky solid (20%, 124.6
mg); Rf (DCM:MeOH, 9:1) 0.58; *H-NMR (600
MHz, Chloroform-d) & 8.49 (s, 1H, HY), 6.97 (d, J
= 8.6 Hz, 2H, H* and H°), 6.80 (d, J = 8.6 Hz, 2H,
H®and H’), 6.19 (s, 1H, H?), 4.88 (s, 2H, H%), 3.74
(s, 3H, H®), 3.62 (dd, J = 8.2, 4.4 Hz, 1H, H%),

3.38-3.32 (M, 4H, H°® and H1%), 3.18 (g, J = 7.1 Hz, 2H, HY), 2.31-2.25 (m, 2H, H'7), 2.23 (s,
3H, H18), 2.16-2.08 (m, 1H, H™¥), 1.91-1.83 (m, 2H, H), 1.81-1.75 (m, 1H, H'*), 1.39 (s,
9H, H13), 1.05 (t, J = 7.1 Hz, 3H, H?). 3C-NMR (151 MHz, CDCl3) § 159.25, 159.05, 155.36,
154.72, 144.68, 133.93, 129.19, 128.09, 127.43 (2C), 114.17 (2C), 86.63, 79.57, 64.97, 56.55,
55.23, 46.72, 45.99, 44.03, 42.03, 40.79, 30.93, 28.40 (3C), 23.07, 13.86. HPLC-MS (ESI):
Purity = 96%, tr = 2.255 min, m/z [M+H]" = 509.3.

Tert-butylethyl(2-((1-(4-methoxybenzyl)-2-(3-(trifluoromethyl)phenyl)-1H-imidazo[4,5-
c]pyridin-6-yl)amino)ethyl)carbamate (3e.14):

Chemical Formula: C;)H;4F;N50;3
Exact Mass: 569.26
Molecular Weight: 569.63

Obtained from intermediate 3c (500 mg, 1.20

mmol) and 3-(trifluoromethyl)benzoic acid
(296.56 mg, 1.56 mmol) as a wine-colored sticky
solid (70%, 481.1 mg); Rf (DCM:MeOH, 9:1)
0.59; *H-NMR (600 MHz, Chloroform-d) & 8.49
(s, 1H, HY), 8.36 (ddd, J = 1.6, 1.5, 0.8 Hz, 1H,
H4), 8.27 (ddd, J=7.8, 1.6, 1.3 Hz, 1H, H'"), 7.92

(s, 1H, H?), 7.73 (d, J = 8.7 Hz, 2H, H* and H),

7.60 (ddd, J = 8.6, 1.5, 1.3 Hz, 1H, H'%), 7.53 (ddd, J = 8.6, 7.8, 0.8 Hz, 1H, H), 6.99 (d, J =
8.7 Hz, 2H, H® and H), 5.32 (s, 2H, H3), 3.76 (s, 3H, H®), 3.42-3.39 (m, 4H, H® and H°), 3.24
(q, J = 7.1 Hz, 2H, H), 1.40 (s, 9H, H*®), 1.08 (t, J = 7.1 Hz, 3H, H'2). *C-NMR (151 MHz,
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CDCl3) § 170.61, 159.53, 134.48, 134.06, 132.87, 132.28, 129.89, 129.53, 128.59 (2C), 128.23,
127.75, 127.24, 126.86, 126.65, 126.21, 114.56 (2C), 86.37, 79.61, 55.85, 48.06, 45.50, 44.34,
43.44, 41.52, 28.37 (3C), 14.13. HPLC-MS (ESI): Purity = 98%, tr = 2.712 min, m/z [M+H]"*
= 570.2.

Tert-butyl(2-((2-cycloheptyl-1-(4-methoxybenzyl)-1H-imidazo[4,5-c]pyridin-6-
yl)amino)ethyl)(ethyl)carbamate (3e.15):
I 1 16 Obtained from intermediate 3c (500 mg, 1.20

11 NTX N b 17 . .
\ 9 | N\ 14 mmol) and cycloheptane carboxylic acid (0.21
20

N\/\ =
- N . . .
pBee N 3 s 19 mL, 1.56 mmol) as a wine-colored sticky solid

(37%, 232.2 mg); Rf (DCM:MeOH, 9:1) 0.53; *H-
s OMegl NMR (600 MHz, Chloroform-d) § 8.30 (s, 1H,
(Chemieal Formul: C s laNs0s HY, 7.02 (d, J = 8.7 Hz, 2H, H* and H?), 6.80 (d,

Molecular Weight: 521.71 J=8.7 Hz, 2H, H® and H7), 6.66 (s, 1H, H?), 5.16
(s, 2H, H®), 3.74 (s, 3H, H?®), 3.40-3.38 (m, 1H, H'%), 3.36-3.28 (m, 4H, H°® and H?), 3.19 (q,
J=7.1Hz, 2H, H'Y), 1.98-1.93 (m, 2H, H*® and H%?), 1.90-1.86 (m, 2H, H? and H?®), 1.82—
1.75 (m, 2H, H¥ and H%), 1.73-1.63 (m, 2H, H*" and H%), 1.61-1.57 (m, 2H, H'7 and
H184) 1.56-1.47 (m, 2H, H™ and H®), 1.43 (s, 9H, H3), 1.04 (t, J = 7.1 Hz, 3H, H'?). 3C-
NMR (151 MHz, CDCls) & 181.97, 163.18, 162.53, 159.34, 155.88, 153.90, 134.43, 127.77
(2C), 127.34, 114.38 (2C), 85.36, 79.43, 55.25, 46.37, 45.49, 37.94, 33.36, 30.97 (2C), 28.39
(3C), 28.29, 27.91, 26.69, 26.45 (2C), 12.64. HPLC-MS (ESI): Purity = 98%, tr = 2.791 min,

m/z [M+H]* = 522.3.

Tert-butylethyl(2-((1-(4-methoxybenzyl)-2-((1r,4r)-4-(trifluoromethyl)cyclohexyl)-1H-
imidazo[4,5-c]pyridin-6-yl)amino)ethyl)carbamate (3e.16):
12 1 Obtained from intermediate 3c (500 mg, 1.20

15 16
11 N
\ 9 N| \>---1."<:>QCF3 mmol) and (1r,4r)-4-
Bocm SN NF TN 18 . . .
B2 o 2 s U (trifluoromethyl)cyclohexane-1-carboxylic acid
3 \[j7
4 OMe8

6

(306.03 mg, 1.56 mmol) as a wine-colored
sticky solid (27%, 183.7 mg); Rf (DCM:MeOH,

Chemical Formula: CaH0F3Ns03 9:1) 0.64; 'H-NMR (600 MHz, Chloroform-d) 3
Exact Mass: 575.31
Molecular Weight: 575.68 8.45 (s, 1H, HY), 6.96 (d, J = 8.7 Hz, 2H, H* and

H®), 6.81 (d, J = 8.7 Hz, 2H, HS and H), 6.41 (s, 1H, H2), 5.15 (s, 2H, H?), 3.75 (s, 3H, H®),
3.37-3.35 (m, 5H, H®, H® and H4), 3.21 (g, J = 7.1 Hz, 2H, H), 2.69 (tt, J = 11.9, 3.4 Hz,
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1H, H1), 2.05-2.00 (m, 2H, H*® and H?), 1.95-1.90 (m, 2H, H% and H®), 1.81-1.72 (m,
2H, H%2 and H73), 1.40 (s, 9H, H3), 1.36-1.30 (M, 2H, H6¢ and H™), 1.04 (t, J = 7.1 Hz, 3H,
H'2). 13C-NMR (151 MHz, CDCls) § 162.57, 159.40, 156.26, 154.60, 144.28, 137.61, 133.92,
128.40, 127.40 (2C), 126.55, 114.46 (2C), 85.11, 79.52, 55.26, 46.26, 45.98, 44.36, 42.02,
41.05, 38.15, 35.44, 30.00 (2C), 28.40 (3C), 24.68, 12.66. HPLC-MS (ESI): Purity = 98%, tr
=2.703 min, m/z [M+H]* = 576.3.

Tert-butylethyl(2-((1-(4-methoxybenzyl)-2-((1r,4r)-4-(trifluoromethyl)cyclohexyl)-1H-
imidazo[4,5-c]pyridin-6-yl)amino)ethyl)carbamate (3e.17):
Obtained from intermediate 3c (500 mg, 1.20

1
12 15 16
\11 N AN N 1 19
& 9 | N CF,| mmol) and (1s,4s)-4-
,Boc” SSNTNE TN g 17
10 H 2
3 7

1 (trifluoromethyl)cyclohexane-1-carboxylic acid
(306.03 mg, 1.56 mmol) as a wine-colored

s OMey | sticky solid (34%, 233.7 mg); Rf (DCM:MeOH,

4

Chemical Formula: C3yH)F3N5O3 9:1) 0.53; *H-NMR (600 MHz, Chloroform-d) &
Exact Mass: 575.31
Molecular Weight: 575.68 8.29 (s, 1H, Hl), 6.93 (d, J=8.7 Hz, 2H, H* and

H®), 6.82 (d, J = 8.7 Hz, 2H, HS and H7), 6.43 (s,
1H, H?), 5.21 (s, 2H, H3), 3.75 (s, 3H, H®), 3.42-3.29 (m, 5H, H®, H® and H4), 3.21 (q, J = 7.1
Hz, 2H, HY), 2.64 (tt, J = 11.8, 3.5 Hz, 1H, H'®), 2.25-2.22 (m, 2H, H!5@ and H1%%), 2.14-2.10
(m, 2H, H and H®®), 2.01-1.97 (m, 2H, H% and H'"®), 1.79-1.75 (m, 2H, H*® and H'™®),
1.43 (s, 9H, H'), 1.05 (t, J = 7.1 Hz, 3H, H2). 3C-NMR (151 MHz, CDCls)  180.16, 178.97,
176.40, 159.54, 146.11, 132.66, 128.60, 127.77 (2C), 126.76, 114.51 (2C), 85.72, 79.53, 55.26,
46.48, 42.92, 41.15, 38.76, 35.67, 29.81, 28.37 (3C), 27.55, 25.76 (2C), 24.25, 21.75, 12.62.
HPLC-MS (ESI): Purity = 97%, tr = 2.703 min, m/z [M+H]" = 576.3.
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Tert-butylethyl(2-((1-(4-methoxybenzyl)-2-(4-methoxycyclohexyl)-1H-imidazo[4,5-

c]pyridin-6-yl)amino)ethyl)carbamate (3e.18):

Obtained from intermediate 3c (500 mg, 1.20
)\/)i >_Q mmol) and  4-methoxycyclohexane-1-

N\/\N . .

13 carboxylic acid (0.23 mL, 1.56 mmol) as a

wine-colored sticky solid (15%, 98.8 mg); Rf

s OMey (DCM:MeOH, 9:1) 0.45: H-NMR (600

4

Chemical Formula: C3gHy;N504 MHz, Chloroform-d) & 8.27 (s, 1H, HY), 7.03
Exact Mass: 537.33
Molecular Weight: 537.71 (d,J=8.7 Hz, 2H, H* and H°), 6.82 (d, J = 8.7

Hz, 2H, HE and H7), 6.41 (s, 1H, H?), 5.20 (s,
2H, H3), 3.75 (s, 3H, H8), 3.41-3.39 (m, 1H, H°), 3.35-3.32 (m, 4H, H® and HX), 3.28 (s, 3H,
H2), 3.22 (g, J = 7.2 Hz, 2H, HY), 3.12 (tt, J = 10.6, 4.0 Hz, 1H, H), 2.20-2.14 (m, 2H, H5a
and H8) 1.79-1.74 (m, 2H, H¢ and H®), 1.68-1.64 (m, 2H, H® and H™), 1.40 (s, 9H,
H13), 1.24-1.21 (m, 2H, H%¢ and H®), 1.09 (t, J = 7.2 Hz, 3H, H). ¥C-NMR (151 MHz,
CDCls) & 179.95, 179.68, 163.07, 159.50, 127.74 (2C), 126.96, 114.49 (2C), 79.58, 78.42,
75.15, 55.45, 44.33, 42.52, 41.64, 38.26, 31.51, 30.81, 29.71, 28.65 (2C), 28.39 (3C), 27.05,
25.51, 23.69 (2C), 12.66. HPLC-MS (ESI): Purity = 97%, tr = 2.554 min, m/z [M+H]* = 538.3.

Tert-butylethyl(2-((1-(4-methoxybenzyl)-2-(6-(trifluoromethyl)pyridin-3-yl)-1H-
imidazo[4,5-c]pyridin-6-yl)amino)ethyl)carbamate (3e.19):
12 1 Obtained from intermediate 3c (500 mg, 1.20

1 N 14_N

N™X . .. .
\N 9 |/ N \ CF;| mmol) and 6-(trifluoromethyl)nicotinic acid
BOC/ \/\

13 Y \ 16 (298.12 mg, 1.56 mmol) as a wine-colored
7
\ sticky solid (18%, 121.4 mg); Rf (DCM:MeOH,
oM
6 ©s 9:1) 0.53; 'H-NMR (600 MHz, Chloroform-d) &
Chemical Formula: C,gH33F;N¢O5 _ 14 1
Exact Mass: 57026 8.95 (d, J = 2.1 Hz, 1H, H*), 8.65 (s, 1H, H"),
Molecular Weight: 570.62 8.16 (d, J = 8.2 Hz, 1H, Hlﬁ), 7.73 (dd, J = 8.2,

2.1 Hz, 1H, H19), 7.24 (s, 1H, H2), 6.95 (d, J = 8.7 Hz, 2H, H* and H®), 6.82 (d, J = 8.7 Hz, 2H,
HE and H), 5.27 (s, 2H, H3), 3.75 (s, 3H, HE), 3.40-3.37 (m, 4H, H® and H%), 3.21 (q, J = 7.2
Hz, 2H, HY), 1.43 (s, 9H, H3), 1.05 (t, J = 7.1 Hz, 3H, H!2). *C-NMR (151 MHz, CDCls) &
162.54, 159.49, 155.62, 149.42, 149.24, 144.61, 140.68, 137.86, 134.49, 128.93, 128.54,
127.05 (2C), 122.13, 120.38, 114.73 (2C), 113.88, 79.61, 64.84, 55.28, 47.84, 45.92, 44.37,
38.04, 28.36 (3C), 12.66. HPLC-MS (ESI): Purity = 98%, tr = 2.668 min, m/z [M+H]* = 571.2.
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7.2.2.5 General procedure for the synthesis of intermediate 3f (Scheme 2.5)

(a) Boc-deprotection: The appropriate intermediate 3e was dissolved in 4 M HCl/dioxane, and
the mixture was stirred at 25 °C for 2 hours. When the reaction was complete, the solvent was
removed in vacuo, and the residue was neutralized with Amberlyst A21 in a mixture of DCM
and methanol. The Amberlyst was filtered off, the solvent was removed in vacuo, and the

residue was used in the next reaction without further purification.

(b) Reductive amination: The crude product from step (a) above and 4-chloro-2-
hydroxybenzaldehyde in methanol was stirred at 25 °C for 6 hours. The mixture was cooled at
0 °C, and sodium borohydride (NaBH4) was added portion-wise. After the addition, the
reaction was allowed to warm to room temperature (25 °C) for 2 hours. The solvent was
removed in vacuo, and the residue was diluted with deionized water. The compound was
extracted with DCM and dried over anhydrous sodium sulphate. The solvent was removed in

vacuo, and the residue was purified via column chromatography to obtain the desired product.

5-chloro-2-(((2-((2-cyclopentyl-1-(4-methoxybenzyl)-1H-imidazo[4,5-c]pyridin-6-
yl)amino)ethyl)(ethyl)amino)methyl)phenol (3f.1):

. 5w 1 18 Obtained from intermediate 3e.1 (160 mg,
16 \ 11 N XN g 19

° \>—<j 041  mmol)  and  4-chloro-2-
14 N\/\N N

og B0 H 2 S hydroxybenzaldehyde (76.42 mg, 0.49

) mmol) as a pale yellow sticky solid (53%,

¢ M| 1159 mg); Rf (DCM:MeOH, 9:1) 0.50;

Chemical Formula: C5oHsgCINSO; 'H-NMR (600 MHz, Chloroform-d) 5 8.44

Exact Mass: 533.26 '
Molecular Weight: 534.10 (d,J=1.0Hz, 1H, Hl), 6.93 (d, J=8.7 Hz,

2H, H* and H®), 6.82-6.80 (m, 3H, H®, H” and H*), 6.73 (d, J = 2.1 Hz, 1H, H'%), 6.67 (dd, J
=8.0, 2.1 Hz, 1H, H), 6.03 (d, J = 1.0 Hz, 1H, H?), 5.13 (s, 2H, H%), 3.74 (s, 3H, H®), 3.72 (s,
2H, H®), 3.38 (t, J = 6.5 Hz, 2H, H°%), 3.14-3.08 (m, 1H, H7), 2.72 (t, J = 6.5 Hz, 2H, H?),
2.61 (0, J = 7.2 Hz, 2H, H?), 1.98-1.92 (m, 4H, H® and H?!), 1.86-1.79 (m, 2H, H' and
H209), 1.64-1.57 (m, 2H, H'®® and H?®), 1.03 (t, J = 7.2 Hz, 3H, H'?). 3C-NMR (151 MHz,
CDCl3) & 159.80, 159.29, 158.80, 154.09, 143.91, 138.46, 134.01, 133.98, 129.25, 128.58,
127.48, 127.39 (2C), 119.13, 116.42, 114.40 (2C), 85.32, 57.12, 55.27, 52.13, 47.60, 46.25,
40.48, 37.14, 32.10 (2C), 25.75 (2C), 10.91. HPLC-MS (ESI): Purity = 98%, tr = 2.450 min,
m/z [M+H]* = 534.2.
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5-chloro-2-((ethyl(2-((1-(4-methoxybenzyl)-2-(tetrahydrofuran-3-yl)-1H-imidazo[4,5-
c]pyridin-6-yl)amino)ethyl)amino)methyl)phenol (3f.2):

15
Cl

12 1

Obtained from intermediate 3e.2 (140 mg,
0.35 mmol) 4-chloro-2-
hydroxybenzaldehyde (65.77 mg, 0.42

and

mmol) as an orange-colored sticky solid
(60%, 113.3 mg); Rf (DCM:MeOH, 9:1)
0.53; 'H-NMR (600 MHz, Chloroform-d)
§8.48 (d, J=1.0 Hz, 1H, HY), 6.93(d, J =
8.7 Hz, 2H, H* and H°), 6.82—6.80 (m, 3H, H®, H” and H®), 6.72 (d, J = 2.1 Hz, 1H, H'), 6.66
(dd, J=8.0, 2.1 Hz, 1H, H™), 6.08 (d, J = 1.0 Hz, 1H, H?), 5.13 (s, 2H, H3), 4.02-3.95 (m, 3H,
HY, H18 and H%), 3.93-3.84 (m, 2H, H® and H®), 3.74 (s, 3H, H?), 3.74 (s, 2H, H'3), 3.42
(t, J = 6.5 Hz, 2H, H%), 2.75 (t, J = 6.5 Hz, 2H, H'9), 2.64 (g, J = 7.2 Hz, 2H, H'Y), 2.35-2.26
(m, 1H, H?%%), 2.23-2.13 (m, 1H, H?®), 1.05 (t, J = 7.1 Hz, 3H, H'). ¥C-NMR (151 MHz,
CDCI3) 6 159.44,158.78, 155.83, 154.36, 143.95, 139.07, 134.00, 129.31, 127.39 (2C), 127.28,
120.34, 119.14, 116.41, 114.52 (2C), 85.13, 71.92, 68.32, 57.08, 55.28, 52.16, 47.66, 46.28,
40.41, 37.12, 31.87, 29.65, 10.91. HPLC-MS (ESI): Purity = 98%, tr = 2.542 min, m/z [M+H]"
=536.2.

Chemical Formula: C,gH;3,CIN;O3
Exact Mass: 535.24
Molecular Weight: 536.07

5-chloro-2-((ethyl(2-((1-(4-methoxybenzyl)-2-(tetrahydro-2H-pyran-4-yl)-1H-
imidazo[4,5-c]pyridin-6-yl)amino)ethyl)amino)methyl)phenol (3f.3):

. 5o 1 18 19 Obtained from intermediate 3e.3 (90 mg,

16 \ 1 N N N\ 17,
N\/9\ P o 0.22 mmol) and 4-chloro-2-

14 N
Lo N 3 o hydroxybenzaldehyde (40.72 mg, 0.26
7

) mmol) as an orange-colored sticky solid
¢ M| (54%, 655 mg); Rf (DCM:MeOH, 9:1)
Chemi“;{}x‘;‘c’: ‘;‘4‘;‘;{‘533%*‘235601‘1503 0.44; H-NMR (600 MHz, Chloroform-d)
Molecular Weight: 550.10 58.49(d,J=1.0 Hz, 1H, H'), 6.92 (d, J =

8.7 Hz, 2H, H* and H®), 6.84-6.79 (m, 3H, HE, H’ and H6), 6.72 (d, J = 2.1 Hz, 1H, H'), 6.66
(dd, J = 8.0, 2.1 Hz, 1H, H), 6.05 (d, J = 1.0 Hz, 1H, H?), 5.13 (s, 2H, H®), 4.04-3.97 (m, 2H,
H% and H2%?), 3.74 (s, 3H, HE), 3.73 (s, 2H, H13), 3.43-3.38 (m, 4H, H°, H% and H2¢), 2.93
(tt, J = 11.5, 3.7 Hz, 1H, HY7), 2.74 (t, J = 6.4 Hz, 2H, H°), 2.63 (q, J = 7.1 Hz, 2H, HY), 2.09—
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2.00 (M, 2H, H and H2%%), 1.70-1.63 (m, 2H, H8 and H?), 1.04 (t, J = 7.1 Hz, 3H, H?).
3C-NMR (151 MHz, CDCls) & 159.39, 158.79, 157.69, 154.31, 143.61, 139.03, 133.98,
129.32, 127.38, 127.33 (2C), 125.25, 120.35, 119.12, 116.39, 114.49 (2C), 85.35, 67.48 (2C),
57.04, 55.27, 52.15, 47.64, 46.22, 40.40, 33.80, 31.24 (2C), 10.90. HPLC-MS (ESI): Purity =

98%, tr = 2.531 min, m/z [M+H]* = 550.2.

5-chloro-2-((ethyl(2-((1-(4-methoxybenzyl)-2-methyl-1H-imidazo[4,5-c]pyridin-6-

yl)amino)ethyl)amino)methyl)phenol (3f.4):

15 12 1

Cl 1 N
16 X
\ 9 N| \>— 17
14 N _~ N
5

13 10 E 2
OH 3 K@i
4 OMe

6 8

Chemical Formula: C,¢H;3,CIN;50O,
Exact Mass: 479.21
Molecular Weight: 480.01

Obtained from intermediate 3e.4 (70 mg,
0.21 mmol) 4-chloro-2-
hydroxybenzaldehyde (39.15 mg, 0.25
mmol) as a wine-colored sticky solid
(65%, 65.8 mg); Rf (DCM:MeOH, 9:1)
0.63; 'H-NMR (600 MHz, Chloroform-d)
58.35(d, J=1.0 Hz, 1H, H'), 6.97 (d, J =

and

8.7 Hz, 2H, H* and H®), 6.86-6.81 (m, 3H, HS, H’ and H'6), 6.74 (d, J = 2.1 Hz, 1H, H'), 6.68
(dd, J=8.0, 2.1 Hz, 1H, H), 6.10 (d, J = 1.0 Hz, 1H, H?), 5.08 (s, 2H, H?), 3.77 (s, 2H, H13),
3.76 (s, 3H, H8), 3.41 (t, J = 6.6 Hz, 2H, H%), 2.78 (t, J = 6.5 Hz, 2H, H1%), 2.68 (g, J = 7.2 Hz,
2H, HY), 2.46 (s, 3H, H7), 1.08 (t, J = 7.1 Hz, 3H, H'?). *C-NMR (151 MHz, CDCl3) & 159.49,
158.68, 153.51, 153.41, 144.59, 136.35, 134.18, 133.92, 129.53, 127.68 (2C), 126.84, 120.08,
119.24, 116.47, 114.53 (2C), 85.45, 56.89, 55.30, 52.08, 47.88, 46.68, 40.48, 14.06, 10.85.
HPLC-MS (ESI): Purity = 97%, tz = 2.299 min, m/z [M+H]* = 480.2.

5-chloro-2-(((2-((2-cyclopropyl-1-(4-methoxybenzyl)-1H-imidazo[4,5-c]pyridin-6-

yl)amino)ethyl)(ethyl)amino)methyl)phenol (3f.5):

Obtained from intermediate 3e.5 (550 mg, 1.50 mmol) and 4-chloro-2-hydroxybenzaldehyde
(281.88 mg, 1.80 mmol) as a wine-colored sticky solid (46%, 350.8 mg); Rf (DCM:MeOH,

240



Cl b . 18
16 1 N
\ 9 )NOi \: 17 :I
14 N\/\N Z N 19
13 10 H 2 5
OH 3 7

4
e OMe
Chemical Formula: C,gH;,CIN;5O,

Exact Mass: 505.22

Molecular Weight: 506.05

9:1) 0.56; !H-NMR (600 MHz,
Chloroform-d) 6 8.40 (d, J = 1.0 Hz, 1H,
HY), 7.03 (d, J = 8.7 Hz, 2H, H* and HY),
6.85-6.81 (m, 3H, H® H’ and H®), 6.75
(d, J=2.1 Hz, 1H, H'%), 6.68 (dd, J = 8.0,
2.1 Hz, 1H, H®), 6.08 (d, J = 1.0 Hz, 1H,
H?), 5.22 (s, 2H, H%), 3.75 (s, 3H, H®), 3.75
(s, 2H, H'3), 3.42 (t, J = 6.5 Hz, 2H, H®),

2.75 (t, = 6.5 Hz, 2H, H), 2.64 (q, J = 7.2 Hz, 2H, HY), 1.84 (tt, J = 8.2, 4.9 Hz, 1H, H7),
1.16-1.13 (m, 2H, H and H%%), 1.05 (t, J = 7.2 Hz, 3H, H), 1.02-0.98 (m, 2H, H8® and
H%). 13C-NMR (151 MHz, CDCls) § 159.33, 158.81, 157.42, 153.93, 144.03, 138.03, 134.00,
133.98, 129.27, 127.69 (2C), 127.59, 120.40, 119.15, 116.44, 114.40 (2C), 85.15, 57.15, 55.28,
52.18, 47.65, 46.29, 40.48, 10.94, 8.20 (2C), 7.71. HPLC-MS (ESI): Purity = 98%, tr = 2.352

min, m/z [M+H]* = 506.2.

5-chloro-2-((ethyl(2-((1-(4-methoxybenzyl)-2-(1-methylcyclopropyl)-1H-imidazo[4,5-

c]pyridin-6-yl)amino)ethyl)amino)methyl)phenol (3f.6):

15 12 1
Cl
16 \ 1 )N\/jiN 18
9 | \>7<
14 N\/\N = N 19
B3 10 H 2 17 5
OH 3 7
4 OMe
6 8
Chemical Formula: C,oH3,CIN5O,

Exact Mass: 519.24
Molecular Weight: 520.07

Obtained from intermediate 3e.6 (440 mg,
1.16 4-chloro-2-
hydroxybenzaldehyde (272.48 mg, 1.74
mmol) as an orange-colored sticky solid
(63%, 380.9 mg); Rf (DCM:MeOH, 9:1)
0.52; 'H-NMR (600 MHz, Chloroform-d)
58.44 (d,J=1.0Hz, 1H, HY, 6.95(d, J =

mmol) and

8.7 Hz, 2H, H* and H®), 6.84-6.80 (m, 3H, H®, H and H%), 6.74 (d, J = 2.1 Hz, 1H, H*), 6.68
(dd, J = 8.0, 2.1 Hz, 1H, H), 5.89 (d, J = 1.0 Hz, 1H, H?), 5.33 (s, 2H, H3), 3.75 (s, 3H, H?),
3.72 (s, 2H, H'3), 3.36 (t, J = 6.5 Hz, 2H, H®), 2.71 (t, J = 6.5 Hz, 2H, H°), 2.61 (¢, J = 7.1 Hz,
2H, HY), 1.35 (s, 3H, H), 1.10-1.07 (m, 2H, H?® and H%), 1.03 (t, J = 7.2 Hz, 3H, H'?),
0.80-0.77 (m, 2H, H® and H®). 3C-NMR (151 MHz, CDCls) § 159.21, 158.78, 158.62,
154.05, 143.98, 138.70, 134.01, 129.27, 127.33 (2C), 127.27, 120.34, 119.12, 116.44, 114.42,
114.38 (2C), 85.79, 57.08, 55.26, 52.09, 47.64, 46.83, 40.35, 23.73, 14.16, 13.33 (2C), 10.90.
HPLC-MS (ESI): Purity = 98%, tr = 2.571 min, m/z [M+H]" = 520.2.
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5-chloro-2-((ethyl(2-((1-(4-methoxybenzyl)-2-(1-(trifluoromethyl)cyclopropyl)-1H-
imidazo[4,5-c]pyridin-6-yl)amino)ethyl)amino)methyl)phenol (3f.7):

cl. s 1612\ B . 1\ N " Obtained from intermediate 3e.7 (89 mg,
) N\/Q\N P N\>ch<|18 021 mmol) and  4-chloro-2-
og ®M H 2 : ] hydroxybenzaldehyde (50.11 mg, 0.32

) e mmol) as an orange-colored sticky solid

6 8| (49%, 58.8 mg); Rf (DCM:MeOH, 9:1)

Chemical Formuia: Caoth IFNs02 0.56; 'H-NMR (600 MHz, Chloroform-d)
Molecular Weight: 574.05 §8.49 (d, J = 1.0 Hz, 1H, HY), 6.90 (d, J =

8.7 Hz, 2H, H* and H°), 6.84-6.80 (m, 3H, H®, H” and H®), 6.75 (d, J = 2.1 Hz, 1H, H'), 6.68
(dd, J =8.0, 2.1 Hz, 1H, H™), 5.88 (d, J = 1.0 Hz, 1H, H?), 4.78 (s, 2H, H?), 3.75 (s, 3H, H?),
3.74 (s, 2H, H®®), 3.35 (t, J = 6.3 Hz, 2H, H°), 2.75 (t, J = 6.3 Hz, 2H, H°), 2.67 (q, J = 7.2 Hz,
2H, H'), 1.50-1.47 (m, 2H, H*"® and H%), 1.11-1.09 (m, 2H, H™® and H*®), 1.07 (t, J = 7.2
Hz, 3H, H!?). ®*C-NMR (151 MHz, CDCls) § 159.35, 158.51, 157.05, 154.35, 143.80, 139.59,
129.69, 128.58, 127.40, 126.59 (2C), 123.88, 119.77, 119.30, 116.71, 114.47 (2C), 86.22,
72.27, 71.12, 63.56, 61.68, 55.27, 52.18, 42.84, 40.11, 10.68 (2C), 10.29. HPLC-MS (ESI):
Purity = 97%, tr = 2.483 min, m/z [M+H]" = 574.2.

5-chloro-2-(((2-((2-(cyclopropylmethyl)-1-(4-methoxybenzyl)-1H-imidazo[4,5-c]pyridin-
6-yl)amino)ethyl)(ethyl)amino)methyl)phenol (3f.8):

Obtained from intermediate 3e.8 (270 mg,
15

19
1
cl 122\ 1 ﬁ%—ly 20 0.71 mmol) and 4-chloro-2-
:Q\/N\}\N ~ N Y hydroxybenzaldehyde (167.56 mg, 1.07
13 10 H 2 5
3 7

OH mmol) as a wine-colored sticky solid
4 oMme | (65%, 239.1 mg); Rf (DCM:MeOH, 9:1)

6 8
Chemical Formula: C,9H;,CIN;O, 0.59; *H-NMR (600 MHz, Chloroform-d)

Exact Mass: 519.24

— 1 —
Molecular Weight: 520.07 68.50(d, J= 10Hz, 1H,H )’ 6.94 (d’ J=

8.7 Hz, 2H, H* and H®), 6.83-6.78 (m, 3H,
HE, H7 and H8), 6.74 (d, J = 2.1 Hz, 1H, H'4), 6.67 (dd, J = 8.0, 2.1 Hz, 1H, H'), 6.04 (d, J =
1.0 Hz, 1H, H2), 5.11 (s, 2H, H3), 3.74 (s, 3H, H8), 3.73 (s, 2H, H®3), 3.41 (t, J = 6.5 Hz, 2H,
H, 2.74 (t, J = 6.5 Hz, 2H, H19), 2.67 (d, J = 6.8 Hz, 2H, H7), 2.63 (q, J = 7.2 Hz, 2H, HY),
1.15-1.10 (m, 1H, H8), 1.04 (t, J = 7.2 Hz, 3H, H!?), 0.57-0.53 (m, 2H, H% and H??), 0.21—
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0.17 (m, 2H, H* and H2?). 3C-NMR (151 MHz, CDCls) & 159.31, 158.82, 155.31, 154.21,
143.65, 138.98, 134.32, 133.97, 129.26, 127.45 (2C), 127.35, 120.42, 119.12, 116.41, 114.40
(2C), 85.31, 57.13, 55.27, 52.17, 47.60, 46.36, 40.44, 32.41, 10.92, 8.75, 4.98 (2C). HPLC-MS
(ESI): Purity = 98%, tr = 2.598 min, m/z [M+H]* = 520.2.

5-chloro-2-(((2-((2-cyclobutyl-1-(4-methoxybenzyl)-1H-imidazo[4,5-c]pyridin-6-
yl)amino)ethyl)(ethyl)amino)methyl)phenol (3f.9):

15 Obtained from intermediate 3e.9 (400 mg,

cl 1612 1 1\ N R
N
\ o | \>—”<> 19 1.05 mmol) and 4-chloro-2-
14 N\/\N % N
20
B3 10w H 2 5
17 3 K@i

hydroxybenzaldehyde (247.43 mg, 1.58

OH
) mmol) as an orange-colored sticky solid
¢ M| (570, 311.3 mg); Rf (DCM:MeOH, 9:1)
Chemical Formula: C,oH;4CIN;O, TR )
Exact Mass: 519.24 0.53; *H-NMR (400 MHz, Chloroform-d)
Molecular Weight: 520.07 58.55(d, J=1.0 Hz, 1H, HY), 6.96 (d, J =

8.7 Hz, 2H, H* and H®), 6.87-6.82 (m, 3H, H8, H’ and H6), 6.78 (d, J = 2.1 Hz, 1H, H), 6.71
(dd, J = 8.0, 2.1 Hz, 1H, H5), 6.07 (d, J = 1.0 Hz, 1H, H?), 5.05 (s, 2H, H3), 3.78 (s, 3H, H®),
3.77 (s, 2H, H13), 3.65-3.54 (m, 1H, H"), 3.45 (t, J = 6.5 Hz, 2H, H°), 2.78 (t, J = 6.5 Hz, 2H,
H), 2.66 (q, J = 7.1 Hz, 2H, H), 2.56-2.47 (m, 2H, H® and H2%?), 2.35-2.26 (m, 2H, H1&"
and H2%%), 2.11-1.95 (m, 2H, H9), 1.08 (t, J = 7.2 Hz, 3H, H2). 3C-NMR (101 MHz, CDCls)
5159.34, 158.87, 158.40, 154.24, 143.96, 138.91, 134.34, 133.99, 129.24, 127.56, 127.46 (2C),
120.48, 119.12, 116.45, 114.40 (2C), 85.26, 57.20, 55.28, 52.28, 47.64, 46.22, 40.49, 32.39,
27.16 (2C), 18.57, 10.96. HPLC-MS (ESI): Purity = 98%, tr = 2.624 min, m/z [M+H]* = 520.2.

5-chloro-2-(((2-((2-(3,3-difluorocyclobutyl)-1-(4-methoxybenzyl)-1H-imidazo[4,5-
c]pyridin-6-yl)amino)ethyl)(ethyl)amino)methyl)phenol (3f.10):

Obtained from intermediate 3e.10 (350 mg, 0.84 mmol) and 4-chloro-2-hydroxybenzaldehyde
(197.32 mg, 1.26 mmol) as a wine-colored sticky solid (59%, 274.1 mg); Rf (DCM:MeOH,
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Chemical Formula: C,oHj3,CIF,;N50,
Exact Mass: 555.22
Molecular Weight: 556.05

OMe

8

9:1) 0.49; H-NMR (600 MHz,
Chloroform-d) 6 8.51 (d, J = 1.0 Hz, 1H,
HY, 6.91 (d, J = 8.7 Hz, 2H, H* and H®),
6.83-6.80 (m, 3H, H®, H’ and H), 6.72
(d, J = 2.1 Hz, 1H, H*), 6.67 (dd, J = 8.0,
2.1 Hz, 1H, H%), 6.08 (d, J = 1.0 Hz, 1H,
H?), 5.05 (s, 2H, H®), 3.75 (s, 3H, H®), 3.74

(s, 2H, H'), 3.43 (t, J = 6.5 Hz, 2H, H°), 3.36-3.28 (m, 1H, H), 3.07-2.95 (m, 4H, H® and
H19), 2.75 (t, J = 6.4 Hz, 3H, H%), 2.64 (g, J = 7.2 Hz, 2H, HY), 1.05 (t, J = 7.2 Hz, 3H, H?).
13C-NMR (151 MHz, CDCls) & 159.49, 158.78, 155.33, 154.58, 144.18, 139.48, 133.99,
133.84,129.29, 127.40 (2C), 127.09, 120.38, 119.15, 116.41, 114.54 (2C), 84.97, 57.12, 55.29,
52.17, 47.65, 46.29, 40.52, 40.40, 40.21, 20.95 (2C), 10.93. HPLC-MS (ESI): Purity = 97%, tr
=2.580 min, m/z [M+H]* = 556.2.

5-chloro-2-(((2-((2-cyclohexyl-1-(4-methoxybenzyl)-1H-imidazo[4,5-c]pyridin-6-
yl)amino)ethyl)(ethyl)amino)methyl)phenol (3f.11):

Obtained from intermediate 3e.11 (220

Cl T N 19
16\N 9 N| R = 20 | mg, 054 mmol) and 4-chloro-2-
14 ~ =
JERET N =TT droxybenzaldehyde (126.85 mg, 0.81
3 7

mmol) as a wine-colored sticky solid
(93%, 274.1 mg); Rf (DCM:MeOH, 9:1)
0.51; *H-NMR (400 MHz, Chloroform-d)
§8.52(d, J=0.9 Hz, 1H, HY), 6.99 (d, J =
8.8 Hz, 2H, H* and H°), 6.89-6.85 (m, 3H,
HE, H” and H®), 6.79 (d, J = 2.1 Hz, 1H, H'¥), 6.72 (dd, J = 8.0, 2.1 Hz, 1H, H'®), 6.08 (d, J =
1.0 Hz, 1H, H?), 5.17 (s, 2H, H3), 3.80 (s, 3H, H®), 3.79 (s, 2H, H™), 3.46 (t, J = 6.5 Hz, 2H,
H®), 2.79 (t, J = 6.5 Hz, 2H, H'%), 2.76-2.71 (m, 1H, H'"), 2.68 (g, J = 7.1 Hz, 2H, H'Y), 1.90—
1.85 (M, 4H, H'® and H%), 1.79-1.72 (m, 3H, H'%8, H2%2 and H¥?), 1.36-1.31 (m, 3H, H%, H2%
and H?°), 1.10 (t, J = 7.1 Hz, 3H, H*?). 3C-NMR (101 MHz, CDCls) § 160.08, 159.39, 158.85,
153.91, 143.72, 138.23, 134.35, 134.05, 129.28, 127.56, 127.47 (2C), 120.43, 119.16, 116.48,
114.48 (2C), 85.55, 57.19, 55.30, 52.25, 47.73, 46.27, 40.53, 36.45, 31.74 (2C), 26.21 (2C),
25.71, 10.95. HPLC-MS (ESI): Purity = 97%, tr = 2.685 min, m/z [M+H]" = 548.2.

Chemical Formula: C3,H;33CIN5O,
Exact Mass: 547.27
Molecular Weight: 548.13
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5-chloro-2-(((2-((2-(4,4-difluorocyclohexyl)-1-(4-methoxybenzyl)-1H-imidazo[4,5-
c]pyridin-6-yl)amino)ethyl)(ethyl)amino)methyl)phenol (3f.12):

5 1 1 5 19 Obtained from intermediate 3e.12 (480
¢ 16 N1 N XN F
\N 9 | \>_17<:><F mg, 1.08 mmol) and 4-chloro-2-
14 ~ =
A N0 T hydroxybenzaldehyde (253.69 mg, 1.62
3 7

mmol) as a wine-colored sticky solid
o OMes| (60%, 381.3 mg); Rf (DCM:MeOH, 9:1)
Chemical Formuin: CutheC 11aNs02 0.55; 'H-NMR (400 MHz, Chloroform-d)

Molecular Weight: 584.11 58.54(d, J=1.0Hz, 1H, HY), 6.97 (d,J =
8.7 Hz, 2H, H* and H®), 6.87-6.83 (m, 3H, H®, H” and H?%), 6.76 (d, J = 2.1 Hz, 1H, H!*), 6.70
(dd, J =8.0, 2.1 Hz, 1H, H®), 6.10 (d, J = 1.0 Hz, 1H, H?), 5.16 (s, 2H, H?), 3.78 (s, 3H, H?),
3.77 (s, 2H, H*®), 3.46 (t, J = 6.5 Hz, 2H, H°), 2.85-2.80 (m, 1H, H"), 2.77 (t, J = 6.5 Hz, 2H,
H1%), 2.66 (q, J = 7.2 Hz, 2H, H), 2.25-2.20 (m, 2H, H*® and H?'?), 2.14-2.02 (m, 2H, H®®
and H?%), 1.92-1.65 (m, 4H, H® and H?°), 1.08 (t, J = 7.2 Hz, 3H, H!?). 3C-NMR (101 MHz,
CDCl3) § 159.48, 158.86, 157.04, 154.49, 143.46, 139.39, 134.19, 133.96, 129.27, 127.45,
127.36 (2C), 120.51, 119.12, 116.42, 114.56 (2C), 85.27, 57.17, 55.30, 52.27, 47.64, 46.30,
40.47, 34.08, 33.44, 33.20 (2C), 27.80 (2C), 10.94. HPLC-MS (ESI): Purity = 98%, tr = 2.589

min, m/z [M+H]" = 584.2.

5-chloro-2-((ethyl(2-((1-(4-methoxybenzyl)-2-(1-methylpyrrolidin-2-yl)-1H-imidazo[4,5-
c]pyridin-6-yl)amino)ethyl)amino)methyl)phenol (3f.13):

Obtained from intermediate 3e.13 (100
15

18
\
c 1162\11 N N N mg, 0.24 mmol) and 4-chloro-2-
14 NN 2/ N 20 hydroxybenzaldehyde (56.38 mg, 0.36
13 10 H
3 7

OH mmol) as a yellow sticky solid (39%, 50.9
4 oMe,| Mg); Rf (DCM:MeOH, 9:1) 0.47; 'H-

6
Chemical Formula: C3yH3,CINO, NMR (400 MHz, Chloroform-d) 6 8.52 (d,
Exact Mass: 548.27 J=1.0 Hz, 1H, HY), 7.01 (d, J = 8.6 Hz,

Molecular Weight: 549.12

2H, H* and H°), 6.87-6.84 (m, 3H, HE, H’
and H16), 6.79 (d, J = 2.1 Hz, 1H, H4), 6.72 (dd, J = 8.0, 2.2 Hz, 1H, H'), 6.05 (d, J = 1.0 Hz,
1H, H?), 4.90 (s, 2H, H3), 3.80 (s, 3H, H8), 3.79 (s, 2H, H3), 3.43 (t, J = 6.5 Hz, 2H, H%), 3.23
(t, 3= 8.1 Hz, 1H, H), 2.79 (t, J = 6.4 Hz, 2H, H'), 2.68 (q, J = 7.1 Hz, 2H, HY), 2.40-2.32

245



(m, 1H, H%), 2.29 (s, 3H, H®), 2.21-2.13 (m, 1H, H*®"), 1.99-1.81 (m, 4H, H?® and H?'), 1.10
(t,J=7.1Hz, 3H, H'?). ¥C-NMR (101 MHz, CDCl3) § 159.21, 158.81, 154.12, 144.73, 138.77,
134.10, 129.31, 128.91, 127.46 (2C), 120.33, 119.17, 116.49, 114.31 (2C), 85.63, 64.77, 57.12,
56.52, 55.28, 52.26, 47.74, 46.81, 44.11, 40.70, 40.03, 30.99, 25.35, 23.10, 10.91. HPLC-MS
(ESI): Purity = 97%, tr = 2.027 min, m/z [M+H]" = 549.2.

5-chloro-2-((ethyl(2-((1-(4-methoxybenzyl)-2-(3-(trifluoromethyl)phenyl)-1H-
imidazo[4,5-c]pyridin-6-yl)amino)ethyl)amino)methyl)phenol (3f.14):

s Obtained from intermediate 3e.14 (420

1 CF;
Cl 12 17
16\“ 0 j@i%_@w mg, 0.89 mmol) and 4-chloro-2-
N
" 1 \10/\% 2/ N 20 hydroxybenzaldehyde (209.84 mg, 1.34
3 \[j7

o mmol) as a wine-colored sticky solid

1T ToMe, (42%, 230.5 mg); Rf (DCM:MeOH, 9:1)

Chemical Formula: C3,H3;CIF3N50, 0.50 ; *H-NMR (400 MHz, Chloroform-d)
Exact Mass: 609.21 1

Molecular Weight: 610.08 3 8.66 (d,J= 10Hz 1H,H )v 7.95 (dd, J

=2.1,1.5 Hz, 1H, H'"), 7.83 (ddd, J = 7.9,
2.1, 1.6 Hz, 1H, H%), 7.75 (ddd, J = 7.7, 1.6, 1.5 Hz, 1H, H*®), 7.59 (dd, J = 7.9, 7.7 Hz, 1H,
H®), 7.01 (d, J = 8.7 Hz, 2H, H* and H®), 6.91-6.86 (m, 3H, H®, H” and H¢), 6.80 (d, J = 2.1
Hz, 1H, H*), 6.73 (dd, J = 8.0, 2.1 Hz, 1H, H%), 6.18 (d, J = 1.0 Hz, 1H, H?), 5.25 (s, 2H, H3),
3.83 (s, 2H, HY), 3.81 (s, 3H, H®), 3.52 (t, J = 6.4 Hz, 2H, H%), 2.86 (t, J = 6.4 Hz, 2H, H7),
2.74 (q, J = 7.1 Hz, 2H, HY), 1.14 (t, J = 7.2 Hz, 3H, H*). ¥C-NMR (101 MHz, CDCls) &
159.50, 158.71, 156.41, 154.58, 152.85, 144.62, 139.85, 134.60, 134.25, 132.16, 131.60,
131.27, 130.53, 129.53, 129.32, 127.33 (2C), 126.69, 126.17, 124.96, 120.08, 119.28, 116.58,
114.67 (2C), 85.74, 56.97, 55.32, 52.27, 47.92, 40.32, 10.86. HPLC-MS (ESI): Purity = 98%,
tr = 2.677 min, m/z [M+H]" = 610.2.
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5-chloro-2-(((2-((2-cycloheptyl-1-(4-methoxybenzyl)-1H-imidazo[4,5-c]pyridin-6-
ylamino)ethyl)(ethyl)amino)methyl)phenol (3f.15):

5 12 1 5 19 Obtained from intermediate 3e.15 (150

C1 16 \11 N XN 20
9 | N7 mg, 0.36 mmol) and 4-chloro-2-

14 N\/\N R 21
og B H 2 s hydroxybenzaldehyde (84.56 mg, 0.54
) ’ mmol) as a wine-colored sticky solid
o OMes (379, 75.8 mg); Rf (DCM:MeOH, 9:1);

Chemical Formula: C;,H,(CIN50,

Exact Mass: 56129 'H-NMR (600 MHz, Chloroform-d) & 8.45
Molecular Weight: 562.16 (d,J=1.0Hz, 1H, HY), 6.95 (d, J = 8.7 Hz,

2H, H* and H®), 6.83-6.81 (m, 3H, H®, H” and H*), 6.74 (d, J = 2.1 Hz, 1H, H'%), 6.67 (dd, J
=8.0, 2.1 Hz, 1H, H¥), 6.04 (d, J = 1.0 Hz, 1H, H?), 5.11 (s, 2H, H%), 3.75 (s, 3H, H®), 3.74 (s,
2H, H®), 3.41 (t, J = 6.6 Hz, 2H, H°%), 2.92-2.85 (m, 1H, H), 2.75 (t, J = 6.5 Hz, 2H, H?),
2.64 (0, J = 7.1 Hz, 2H, HY), 1.91-1.86 (m, 4H, H'® and H?®), 1.82-1.76 (m, 2H, H'* and
H?2%), 1.60 (dd, J = 5.3, 3.3 Hz, 4H, H® and H?Y), 1.44-1.41 (m, 2H, H'® and H??), 1.05 (t, J
= 7.2 Hz, 3H, H¥). 3C-NMR (151 MHz, CDCls) § 161.20, 159.38, 158.83, 153.94, 143.74,
138.12, 134.25, 134.02, 129.23, 127.55, 127.47 (2C), 120.41, 119.12, 116.45, 114.46 (2C),
85.43, 57.17, 55.27, 52.22, 47.70, 46.30, 40.54, 37.91, 33.45 (2C), 27.96 (2C), 26.70 (2C),
10.91. HPLC-MS (ESI): Purity = 98%, tr = 2.729 min, m/z [M+H]* = 562.2.

5-chloro-2-((ethyl(2-((1-(4-methoxybenzyl)-2-((1r,4r)-4-(trifluoromethyl)cyclohexyl)-1H-
imidazo[4,5-c]pyridin-6-yl)amino)ethyl)amino)methyl)phenol (3f.16):

5 1 1 5 10 Obtained from intermediate 3e.16 (150
Cl " N
“‘\ N DR “cr.| mg, 0.32 mmol) and 4-chloro-2-
14 N\/g\ Z N 22—"1 ’
og N 2 s hydroxybenzaldehyde (75.17 mg, 0.48
3 7

mmol) as a wine-colored sticky solid
o OMeg | (410%, 81.40 mg); Rf (DCM:MeOH, 9:1)

4

Chemical Formula: C5,H3,CIF;N50, 0.50° 'H-NMR (600 MHz. Chloroform-
Exact Mass: 615.26 7 ’
Molecular Weight: 616.13 d) 5 8.47 (d, J=1.0 Hz, 1H, HY), 6.94 (d,

J=8.7 Hz, 2H, H* and H®), 6.84-6.81 (m, 3H, HE, H” and H%), 6.73 (d, J = 2.2 Hz, 1H, H4),
6.67 (dd, J = 8.0, 2.3 Hz, 1H, H%), 6.06 (d, J = 1.0 Hz, 1H, H?), 5.12 (s, 2H, H?), 3.75 (s, 3H,
H8), 3.74 (s, 2H, H'3), 3.42 (t, J = 6.5 Hz, 2H, H°), 2.75 (t, J = 6.5 Hz, 2H, H1°), 2.70-2.67 (m,
1H, HY), 2.65 (g, J = 7.2 Hz, 2H, HY), 2.14-2.06 (m, 1H, H%), 2.04-2.01 (m, 2H, H*¥ and
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H?2%), 1.94-1.89 (m, 2H, H® and H?%®), 1.80-1.72 (m, 2H, H'%® and H?%%), 1.38-1.30 (m, 2H,
H% and H?¢), 1.05 (t, J = 7.2 Hz, 3H, H'?). 13C-NMR (151 MHz, CDCls3) § 159.49, 158.79,
158.44, 154.22, 143.60, 138.69, 134.13, 134.05, 129.27, 127.39 (2C), 120.36, 119.15, 116.44,
114.55 (2C), 85.36, 57.13, 55.27, 52.26, 47.72, 46.26, 41.93, 41.87, 41.27, 41.09, 40.48, 35.47,
30.00 (2C), 24.70, 10.89. HPLC-MS (ESI): Purity = 97%, tr = 2.694 min, m/z [M+H]* = 616.2.

5-chloro-2-((ethyl(2-((1-(4-methoxybenzyl)-2-((1r,4r)-4-(trifluoromethyl)cyclohexyl)-1H-
imidazo[4,5-c]pyridin-6-yl)amino)ethyl)amino)methyl)phenol (3f.17):

15 12 1 8 19 Obtained from intermediate 3e.17 (170
Cl 16\11 NTX N
\Q\/N 9 )O:\>{>&CF3 mg, 0.36 mmol) and 4-chloro-2-
14 ~ a
R N hydroxybenzaldehyde (84.56 mg, 0.54
3 7

mmol) as a wine-colored sticky solid
4

s OMeg | (3506, 76.70 mg); Rf (DCM:MeOH, 9:1)

Chemical Formula: C3,H;,CIF;N50, 0.63: 'H-NMR (600 MHz, Chloroform-
Exact Mass: 615.26 ' ’

Molecular Weight: 616.13 d) 5 8.47 (d, J=1.0 Hz, 1H, HY), 6.94 (d,

J =8.7 Hz, 2H, H* and H®), 6.83-6.81 (m, 3H, H®, H” and H'6), 6.73 (d, J = 2.1 Hz, 1H, H),
6.67 (dd, J = 8.0, 2.1 Hz, 1H, H™), 6.06 (d, J = 1.0 Hz, 1H, H?), 5.12 (s, 2H, H3), 3.75 (s, 3H,
H®), 3.75 (s, 2H, H'®), 3.42 (t, J = 6.5 Hz, 2H, H°), 2.76 (t, ] = 6.5 Hz, 2H, H°), 2.70-2.67 (m,
1H, H'7), 2.65 (q, J = 7.2 Hz, 3H, H%), 2.13-2.07 (m, 1H, H?), 2.04-2.01 (m, 2H, H'® and
H223) 1.94-1.89 (m, 2H, H® and H?%), 1.80-1.72 (m, 2H, H% and H??), 1.38-1.30 (m, 2H,
H% and H2%), 1.06 (t, J = 7.2 Hz, 3H, H%). 3C-NMR (151 MHz, CDCls) & 159.44, 158.78,
158.52, 154.20, 143.67, 138.51, 134.04, 134.02, 129.32, 127.39 (2C), 127.19, 120.34, 119.14,
116.42,114.51 (2C), 85.28, 57.08, 55.29, 52.10, 47.69, 46.36, 46.24, 41.06, 40.44, 35.44, 29.99
(2C), 27.40, 24.69, 10.89. HPLC-MS (ESI): Purity = 98%, tr = 2.878 min, m/z [M+H]" = 616.2.
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5-chloro-2-((ethyl(2-((1-(4-methoxybenzyl)-2-(4-methoxycyclohexyl)-1H-imidazo[4,5-
c]pyridin-6-yl)amino)ethyl)amino)methyl)phenol (3f.18):

15 1 s 19 Obtained from intermediate 3e.18 (80
Cl 16 11 N AN N
\N 9 P \>_17<:>&0Me mg, 0.18 mmol) and 4-chloro-2-
14 ~ 23
JE A N VoEh hydroxybenzaldehyde (42.28 mg, 0.27
3 7

mmol) as an orange-colored sticky solid
o OMe | (70%, 73 mg); Rf (DCM:MeOH, 9:1)
Chemical Formula: C3,H,CIN;O5 0.47; *H-NMR (600 MHz, Chloroform-
ot f“;zfgst”;fm d) 5 8.42 (d, J = 1.0 Hz, 1H, HY), 6.95

(d, J = 8.7 Hz, 2H, H* and H®), 6.85-

6.81 (m, 3H, H8, H” and H%), 6.74 (d, J = 2.1 Hz, 1H, H'), 6.67 (dd, J = 8.0, 2.1 Hz, 1H, H),
6.07 (d, J = 1.0 Hz, 1H, H?), 5.13 (s, 2H, H3), 3.77 (s, 3H, H®), 3.76 (s, 2H, H3), 3.47 (tt, J =
11.3, 4.3 Hz, 1H, H), 3.42 (t, J = 6.4 Hz, 2H, H?), 3.34 (s, 3H, H®), 3.19 (tt, J = 10.7, 4.2 Hz,
1H, HY), 2.78 (t, J = 6.4 Hz, 2H, H'9), 2.68 (q, J = 7.2 Hz, 2H, HY), 2.18-2.13 (m, 2H, H®
and H?%), 1.90-1.84 (m, 2H, H8 and H??%), 1.81-1.72 (m, 2H, H%® and H?'¥), 1.25-1.21 (m,
2H, H% and H2¢), 1.08 (t, J = 7.2 Hz, 3H, H2). 3C-NMR (151 MHz, CDCl3) § 159.47, 158.69,
153.50, 144.28, 136.87, 134.14, 129.50, 127.52 (2C), 127.40, 119.22, 116.44, 114.53 (2C),
85.54, 78.32, 73.57, 56.94, 55.77, 55.30, 52.01, 47.89, 46.39, 40.43, 35.67, 31.57 (2C), 29.79
(2C), 29.00, 25.57, 10.87. HPLC-MS (ESI): Purity = 97%, tr = 2.650 min, m/z [M+H]* = 578.2.

5-chloro-2-((ethyl(2-((1-(4-methoxybenzyl)-2-(6-(trifluoromethyl)pyridin-3-yl)-1H-
imidazo[4,5-c]pyridin-6-yl)amino)ethyl)amino)methyl)phenol (3f.19):

Obtained from intermediate 3e.19 (87

12 17
CIM a \Nn 9 N| : N\ \_lj CF;| mg, 0.18 mmol) and 4-chloro-2-
I To/\ﬁ 2 3N 5 718 hydroxybenzaldehyde (42.28 mg, 0.27
b\OMe mmol) as a wine-colored sticky solid
6 8 | (50%, 54.9 mg); Rf (DCM:MeOH, 9:1)
Chemical Formula: C;,Hy,CIF;N,0, 0.58; 'H-NMR (600 MHz, Chloroform-
Exact Mass: 610.21 d) 5 8.95 (d, J=1.0 Hz, 1H, HY), 8.63 (d,

Molecular Weight: 611.07

J=1.8Hz, 1H, H'"), 8.15 (d, J = 8.2 Hz,
1H, H8), 7.73 (dd, J = 8.2, 1.8 Hz, 1H, H'®), 6.95 (d, J = 8.7 Hz, 2H, H* and H°), 6.86-6.83
(m, 3H, H, H and H'®), 6.73 (d, J = 2.1 Hz, 1H, H'%), 6.68 (dd, J = 8.0, 2.1 Hz, 1H, H%), 6.12
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(d, J=1.0 Hz, 1H, H?), 5.24 (s, 2H, H®), 3.78 (s, 2H, H®), 3.76 (s, 3H, H®), 3.47 (t, J = 6.3 Hz,
2H, H%), 2.81 (t, J = 6.3 Hz, 2H, H'9), 2.70 (g, J = 7.2 Hz, 2H, HY), 1.08 (t, J = 7.2 Hz, 3H,
H!2). 33C-NMR (151 MHz, CDCls) & 159.54, 158.60, 155.00, 149.46, 144.49, 140.74, 137.88,
134.69, 134.25, 129.57, 128.82, 127.04 (2C), 126.84, 120.39, 120.37, 119.88, 119.26, 116.50,
114.79 (2C), 85.39, 56.84, 55.31, 53.23, 52.20, 47.84, 41.84, 38.57, 12.62, 10.77. HPLC-MS
(ESI): Purity = 98%, tr = 2.975 min, m/z [M+H]" = 611.1.

7.2.2.6 General procedure for the synthesis of target compounds 3.1-3.19 (Scheme 2.5)
The appropriate intermediate 3f was stirred in neat TFA (10 mL) at 100 °C for 16 hours. Once
the reaction was complete, TFA was removed under reduced pressure. The residue was
dissolved in DCM/MeOH (9:1) and stirred with Amberlyst A21 for 1 hour. The resin was
filtered off and the filtrate concentrated under reduced pressure. The residue was purified via
column chromatography to obtain the final product.

5-chloro-2-(((2-((2-cyclopentyl-1H-imidazo[4,5-c]pyridin-6-
yl)amino)ethyl)(ethyl)amino)methyl)phenol (3.1):

9 6 1 12 Obtained from intermediate 3f.1 (115.90 mg,

Cl 10 \ 5 NTX N " 13
3 )O: \>—<:| 0.22 mmol) as an off-white sticky solid (68%,

8 N\/\N = N 14
og |+ w2 H 15 61.3 mg); Rf (DCM:MeOH, 9:1) 0.38; H-
Chemical Formula: C,,H,3CIN;O NMR (600 MHz, DMSO'dG) 68.18(d,J=1.0
Exact Mass: 413.20 Hz, 1H, HY), 7.25 (d, J = 8.1 Hz, 1H, H'°), 6.81

Molecular Weight: 413.95

(d, J=2.1Hz, 1H, H®), 6.79 (dd, J = 8.1, 2.1
Hz, 1H, H%), 6.44 (d, J = 1.0 Hz, 1H, H?), 4.03 (s, 2H, H7), 3.40 (t, J = 5.9 Hz, 2H, H3), 3.20—
3.13 (m, 1H, H), 2.98 (t, J = 5.8 Hz, 2H, H*), 2.93 (q, J = 7.2 Hz, 2H, H%), 2.02-1.95 (m, 2H,
H*28 and H'%), 1.84-1.77 (m, 2H, H? and H'**), 1.73-1.66 (m, 2H, H*® and H'*%), 1.63-1.56
(m, 2H, H® and H%), 1.13 (t, J = 7.2 Hz, 3H, H°). 3C-NMR (151 MHz, DMSO) & 158.76,
154.94, 137.73, 132.39, 130.71, 130.00, 129.65, 128.84, 122.94, 118.83, 115.55, 86.67, 54.92,
52.22, 49.03, 47.10, 39.29, 31.92 (2C), 25.54 (2C), 11.31. HPLC-MS (ESI): Purity = 98%, tr
=2.203 min, m/z [M+H]* = 414.1.
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5-chloro-2-((ethyl(2-((2-(tetrahydrofuran-3-yl)-1H-imidazo[4,5-c]pyridin-6-
yl)amino)ethyl)amino)methyl)phenol (3.2):

o > N Obtained from intermediate 3f.2 (113.3 mg,
10 )\/): % 0.21 mmol) as an off-white sticky solid (74%,
N\/\N

65.30 mg); Rf (DCM:MeOH, 9:1) 0.34; H-

Chemical Formula: C,,H,(CINsO, NMR (600 MHz, DMSO-de) 6 8.21 (d, J=1.0

Exact Mass: 415.18 Hz, 1H, HY), 7.08 (d, J = 8.0 Hz, 1H, H'?), 6.73

Molecular Weight: 415.92

(d, J=2.1Hz, 1H, H®), 6.71 (dd, J = 8.0, 2.1

Hz, 1H, H%), 6.32 (d, J = 1.0 Hz, 1H, H?), 4.02-3.99 (m, 1H, H'?%), 3.83 (t, J = 6.7 Hz, 2H, H3),

3.78-3.73 (m, 1H, H'®), 3.71 (s, 2H, H7), 3.56-3.49 (m, 1H, HY), 3.35-3.31 (m, 2H, H®S),

2.65 (t, J=6.7 Hz, 2H, H%), 2.56 (g, J = 7.1 Hz, 2H, H®), 2.28-2.17 (m, 2H, H**%), 0.98 (t, J =

7.1 Hz, 3H, H®). ¥C-NMR (151 MHz, DMSO) & 158.75, 155.54, 155.12, 142.76, 138.05,

134.83, 132.38, 130.70, 130.00, 122.96, 118.83, 115.55, 86.69, 71.63, 67.89, 54.93, 52.19,

49.03, 47.10, 31.48, 11.32. HPLC-MS (ESI): Purity = 98%, tr = 0.298 min, m/z [M+H]* =
416.2.

5-chloro-2-((ethyl(2-((2-(tetrahydro-2H-pyran-4-yl)-1H-imidazo[4,5-c]pyridin-6-
yl)amino)ethyl)amino)methyl)phenol (3.3):

9 6 1 12 13| Obtained from intermediate 3f.3 (65.5 mg,
c 10\5 NN o .
3 | \>—<:>0 0.12 mmol) as an off-white sticky solid (80%,
8 N SN NN
oy | 4 H 2 H 15 141 4080 mg); Rf (DCM:MeOH, 9:1) 0.29; *H-
Chemical Formula: C;,H,CIN:O, NMR (600 MHz, DMSO-de) 6 8.21 (d,J=1.0
Exact Mass: 429.19 Hz, 1H, HY), 7.15 (d, J = 7.9 Hz, 1H, H'X), 6.76
Molecular Weight: 429.95
(d, J=2.1Hz, 1H, H®), 6.74 (dd, J = 7.9, 2.1
Hz, 1H, H%), 6.38 (d, J = 1.0 Hz, 1H, H?), 3.91-3.86 (m, 2H, H!% and H'%%), 3.83 (s, 2H, H),
3.44-3.39 (m, 2H, H®® and H*®), 3.36 (t, J = 6.4 Hz, 2H, H3), 3.03-2.96 (m, 1H, H), 2.78 (t,
J=6.4Hz, 2H, HY, 2.71 (9, J = 7.2 Hz, 2H, H®), 1.90-1.85 (m, 2H, H?2 and H'®?), 1.79-1.72
(m, 2H, H*?¢ and H), 1.04 (t, J = 7.1 Hz, 3H, H®). ®*C-NMR (151 MHz, DMSO) & 158.55,
154.84, 142.80, 137.40, 133.97, 133.06, 131.58, 130.00, 129.68, 128.96, 119.01, 115.57, 66.96
(2C), 54.16, 52.89, 49.03, 47.44, 35.17, 31.12 (2C), 10.84. HPLC-MS (ESI): Purity = 97%, tr
= 0.430 min, m/z [M+H]" = 430.2.
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5-chloro-2-((ethyl(2-((2-methyl-1H-imidazo[4,5-c]pyridin-6-
yl)amino)ethyl)amino)methyl)phenol (3.4):

’ 1 Obtained from intermediate 3f.4 (65.80 mg, 0.14
cl 10 5 N N . . .
\N 3 )O: \>_ u| mmol) as an off-white sticky solid (71%, 35.8 mg);
=

’ S NN Rf (DCM:MeOH, 9:1) 0.26; 'H-NMR (600 MHz,

OH

— 1
Chemical Formula: C;H,,CINO DMSO-de) 6 8.15 (d, J = 1.0 Hz, 1H, H%), 7.08 (d,
Exact Mass: 359.15 J=8.0 Hz, 1H, H%), 6.73 (d, J = 2.1 Hz, 1H, H¥),
Molecular Weight: 359.86

6.71 (dd, J = 8.0, 2.1 Hz, 1H, H%), 6.29 (d, J = 1.0
Hz, 1H, H?), 3.70 (s, 2H, H), 3.32 (t, J = 6.4 Hz, 2H, H3), 2.64 (t, J = 6.4 Hz, 2H, H%), 2.55 (q,
J = 7.2 Hz, 2H, H5), 2.35 (s, 3H, H), 0.98 (t, J = 7.1 Hz, 3H, H°). *C-NMR (151 MHz,
DMSO) o 158.75, 154.96, 151.25, 137.45, 132.35, 130.69, 130.01, 123.02, 118.83, 115.55,
86.62, 63.28, 54.92, 52.20, 49.04, 47.10, 15.01, 11.35. HPLC-MS (ESI): Purity = 98%, tr =
0.219 min, m/z [M+H]* = 360.1.

5-chloro-2-(((2-((2-cyclopropyl-1H-imidazo[4,5-c]pyridin-6-
yl)amino)ethyl)(ethyl)amino)methyl)phenol (3.5):

% 1 Obtained from intermediate 3f.5 (350.80 mg,
cl 10 \5 NN 1 . . .
3 | \>—<] 0.69 mmol) as an off-white sticky solid (68%,
8 N\/\N Z N 13
og 7 ¢+ w2z H 180.50 mg); Rf (DCM:MeOH, 9:1) 0.30; H-
Chemical Formula: CyyH,;CIN<O NMR (600 MHz, DMSO-ds) & 8.11 (d, J = 1.0
Exact Mass: 385.17 Hz, 1H, HY), 7.10 (d, J = 8.0 Hz, 1H, H?), 6.74
Molecular Weight: 385.90
(d, J=2.2 Hz, 1H, H®), 6.72 (dd, J = 8.0, 2.1 Hz,
1H, H%), 6.31 (d, J = 1.0 Hz, 1H, H?), 3.74 (s, 2H, H"), 3.32 (t, J = 6.7 Hz, 2H, H%), 2.68 (t, J =
6.7 Hz, 2H, H*), 2.59 (q, J = 7.2 Hz, 2H, H®), 2.01-1.96 (m, 1H, H*), 0.99 (t, J = 7.1 Hz, 3H,
H®), 0.95-0.93 (m, 4H, H? and H*®). 3C-NMR (151 MHz, DMSO) & 158.69, 157.15, 154.78,
142.64, 137.07, 132.58, 130.97, 130.00, 122.52, 118.88, 115.56, 86.76, 54.69, 52.44, 49.03,
47.20, 11.18, 9.83 (2C), 8.93. HPLC-MS (ESI): Purity = 98%, tr = 2.211 min, m/z [M+H]" =
386.1.
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5-chloro-2-((ethyl(2-((2-(1-methylcyclopropyl)-1H-imidazo[4,5-c]pyridin-6-

yl)amino)ethyl)amino)methyl)phenol (3.6):

9 6 1
Cl 1 \ 5 NX N 12
3 | \>7<
8 N\/\N Z >N 13
7 4 H 2 H n
OH
Chemical Formula: C,H,cCIN;O

Exact Mass: 399.18
Molecular Weight: 399.92

Obtained from intermediate 3f.6 (380.90 mg,
0.73 mmol) as an off-white sticky solid (86%,
250.18 mg); Rf (DCM:MeOH, 9:1) 0.29; H-
NMR (400 MHz, DMSO-ds) & 8.37 (d, J = 1.0
Hz, 1H, HY), 7.40 (d, J = 8.2 Hz, 1H, H9), 6.92
(d,J=2.1Hz, 1H, H®), 6.87 (dd, J=8.2, 2.1 Hz,

1H, H%), 6.73 (d, J = 1.0 Hz, 1H, H?), 4.30 (s, 2H, H"), 3.66 (t, J = 6.1 Hz, 2H, H%), 3.28 (t, J =
6.0 Hz, 2H, H%), 3.22 (q, J = 7.2 Hz, 1H, H®), 1.53 (s, 3H, H), 1.31-1.26 (m, 5H, H® H'? and
H39), 1.04-1.01 (m, 2H, H™ and H¥®), 33C-NMR (101 MHz, DMSO) & 158.06, 152.70,
149.17, 143.15, 140.46, 135.35, 134.45, 131.71, 127.66, 116.35, 115.81, 108.67, 90.14, 51.45,
48.64, 38.07, 20.88, 17.89, 15.68 (2C), 9.19. HPLC-MS (ESI): Purity = 98%, tr = 0.755 min,

m/z [M+H]* = 400.2.

5-chloro-2-((ethyl(2-((2-(1-(trifluoromethyl)cyclopropyl)-1H-imidazo[4,5-c]pyridin-6-

ylamino)ethyl)amino)methyl)phenol (3.7):

9 6 1
Cl 1o \5 NN 11
3 | N\
N
8 \/\N % NF3C 12
7 4 H H
OH

Chemical Formula: C21H23C1F3N50
Exact Mass: 453.15
Molecular Weight: 453.89

Obtained from intermediate 3f.7 (58.8 mg, 0.10
mmol) as an off-white sticky solid (77%, 35.16
mg); Rf (DCM:MeOH, 9:1) 0.30; *H-NMR (400
MHz, DMSO-dg) § 8.50 (d, J = 1.0 Hz, 1H, HY),
7.41(d, J=8.2 Hz, 1H, H°), 6.93 (d, J = 2.1 Hz,
1H, H®), 6.88 (dd, J = 8.1, 2.1 Hz, 1H, H%), 6.74

(d, J = 1.0 Hz, 1H, H?), 4.32 (s, 2H, H7), 3.65 (t, J = 5.9 Hz, 2H, H®), 3.30 (t, J = 5.9 Hz, 2H,
H%), 3.24 (g, J = 7.1 Hz, 2H, H5), 1.60-1.55 (m, 4H, H! and H2), 1.29 (t, J = 7.2 Hz, 3H, H°).
13C-NMR (101 MHz, DMSO) & 158.05, 152.50, 149.26, 146.22, 141.57, 135.40, 134.48,
129.93, 124.43, 119.59, 116.31, 115.81, 111.78, 51.57, 48.70, 38.22, 31.43, 23.37, 12.03 (2C),
9.18. HPLC-MS (ESI): Purity = 98%, tr = 2.194 min, m/z [M+H]* = 454.1,
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5-chloro-2-(((2-((2-(cyclopropylmethyl)-1H-imidazo[4,5-c]pyridin-6-

yl)amino)ethyl)(ethyl)amino)methyl)phenol (3.8):

13
9 6 1 14
12
Cl 10 \5 N AN N
P P
7 4 H 2 H
OH

Chemical Formula: C,;H,cCIN;O
Exact Mass: 399.18
Molecular Weight: 399.92

Obtained from intermediate 3f.8 (239.10 mg,
0.46 mmol) as an off-white sticky solid (88%,
161.96 mg); Rf (DCM:MeOH, 9:1) 0.35; H-
NMR (400 MHz, DMSO-dg) 6 8.46 (d,J=1.0
Hz, 1H, HY), 7.41 (d, J = 8.2 Hz, 1H, H'7), 6.94
(d, J =2.1 Hz, 1H, H?8), 6.87 (dd, J = 8.1, 2.1

Hz, 1H, H%), 6.79 (d, J = 1.0 Hz, 1H, H?), 4.31 (s, 2H, H7), 3.68 (t, J = 6.0 Hz, 2H, H3), 3.30 (t,
J=6.0 Hz, 2H, H%), 3.24 (q, J = 7.2 Hz, 2H, H®), 2.80 (d, J = 7.0 Hz, 2H, HY), 1.30 (t, J = 7.2
Hz, 3H, H), 1.20-1.15 (m, 1H, H'2), 0.57-0.52 (m, 2H, H% and H4%), 0.34-0.29 (m, 2H, H13
and H), 5C-NMR (101 MHz, DMSO) & 159.52, 158.11, 152.35, 146.06, 135.35, 134.43,
131.03, 125.99, 119.54, 116.36, 115.84, 89.98, 56.56, 52.04, 51.47, 48.64, 38.03, 33.06, 9.19,
4.94 (2C). HPLC-MS (ESI): Purity = 98%, tr = 0.588 min, m/z [M+H]* = 400.2.

5-chloro-2-(((2-((2-cyclobutyl-1H-imidazo[4,5-c]pyridin-6-
ylamino)ethyl)(ethyl)amino)methyl)phenol (3.9):

9 6 1
Cl 5 N 12
X
10 \ . )NOi \: 11<> "
N =
8
7 \4/\N E 14
H 2
OH

Chemical Formula: C,;H,cCIN;O
Exact Mass: 399.18
Molecular Weight: 399.92

Obtained from intermediate 3f.9 (311.30 mg,
0.60 mmol) as an off-white sticky solid (79%,
190.50 mg); Rf (DCM:MeOH, 9:1) 0.31; H-
NMR (400 MHz, DMSO-ds) 6 8.45 (d, J = 1.0
Hz, 1H, HY), 7.41 (d, J = 8.2 Hz, 1H, H™X), 6.94
(d, J = 2.1 Hz, 1H, H?®), 6.85 (dd, J = 8.2, 2.1

Hz, 1H, H®), 6.78 (d, J = 1.0 Hz, 1H, H?), 4.31 (s, 2H, H"), 3.83-3.72 (m, 1H, H%), 3.69 (t, J
=6.1 Hz, 2H, H%), 3.29 (t, J = 6.0 Hz, 2H, H*), 3.23 (q, J = 7.2 Hz, 2H, H°), 2.46-2.34 (m, 4H,
H'? and H'), 2.15-2.02 (m, 1H, H'%), 2.00-1.89 (m, 1H, H*®®), 1.30 (t, J = 7.1 Hz, 3H, HS).
13C-NMR (101 MHz, DMSO) & 163.14, 159.51, 158.11, 151.94, 135.38, 134.37, 119.50,
116.27, 115.86, 89.93, 79.09, 51.89, 51.45, 48.65, 40.46, 38.02, 33.40, 27.37 (2C), 18.60, 9.19.
HPLC-MS (ESI): Purity = 98%, tr = 0.921 min, m/z [M+H]* = 400.2.
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5-chloro-2-(((2-((2-(3,3-difluorocyclobutyl)-1H-imidazo[4,5-c]pyridin-6-
yl)amino)ethyl)(ethyl)amino)methyl)phenol (3.10):

. 1 Obtained from intermediate 3f.10 (274.10
Cl 10 5 N \ N 12 F . - -
\ 3 )O: \>—“<><F mg, 0.49 mmol) as an off-white sticky solid
8 NN N
by 74 H 2 H 13 (84%, 178.80 mg); Rf (DCM:MeOH, 9:1)
H
.1
Chemical Formula: C, H,,CIF,N;0 0.29; *H-NMR (600 MHz, DMSO-ds) & 8.51
Exact Mass: 435.16 (d, J=1.0 Hz, 1H, HY), 7.37 (d, J = 8.2 Hz,
Molecular Weight: 435.90
1H, H9), 6.88 (d, J = 2.1 Hz, 1H, H?), 6.84
(dd, J=8.2, 2.1 Hz, 1H, H%), 6.80 (d, J = 1.0 Hz, 1H, H?), 4.28 (s, 2H, H), 3.66 (t, J = 6.3 Hz,
2H, H%), 3.64-3.60 (m, 1H, HY), 3.27 (t, J = 6.2 Hz, 2H, H%), 3.20 (q, J = 7.2 Hz, 2H, HY),
3.10-2.94 (m, 4H, H? and H™®), 1.26 (t, J = 7.2 Hz, 3H, H®). ¥*C-NMR (151 MHz, DMSO) &
159.36, 158.02, 150.81, 147.81, 135.40, 134.50, 133.25, 122.12, 120.25, 119.58, 118.45,
116.14, 115.75, 89.93, 63.24, 51.32, 48.61, 37.86, 21.96 (2C), 9.11. HPLC-MS (ESI): Purity =
99%, tr = 1.808 min, m/z [M+H]" = 436.1.

5-chloro-2-(((2-((2-cyclohexyl-1H-imidazo[4,5-c]pyridin-6-
ylamino)ethyl)(ethyl)amino)methyl)phenol (3.11):

9 6 1 12 13 | Obtained from intermediate 3f.11 (274.1 mg,

cl 10 \5 NN
3 )O: \>—"<:>14 0.50 mmol) as an off-white sticky solid

8 NN NN
og 7 4 H 2 H e 15 | (71%, 151.80 mg); Rf (DCM:MeCH, 9:1)
Chemical Formula: C,3H,CIN<O 0.32; *H-NMR (600 MHz, DMSO-ds) § 8.44

Exact Mass: 427.21 (d, J=1.0 Hz, 1H, HY), 7.36 (d, J = 8.2 Hz,
Molecular Weight: 427.98
1H, H'), 6.88 (d, J = 2.1 Hz, 1H, H®), 6.82
(dd, J=8.2,2.1 Hz, 1H, H%, 6.76 (d, J = 1.0 Hz, 1H, H?), 4.26 (s, 2H, H"), 3.65 (t, J = 6.2 Hz,
2H, H%), 3.25 (t, J = 6.2 Hz, 2H, H*), 3.19 (4, J = 7.2 Hz, 2H, H®), 2.89 (it, J = 11.7, 3.7 Hz,
1H, H™), 2.01-1.96 (m, 2H, H'? and H$?), 1.77-1.73 (m, 2H, H'? and H'®¢), 1.67-1.63 (m,
1H, H*?), 1.59-1.52 (m, 2H, H™* and H**), 1.39-1.30 (M, 2H, H'*¢ and H'®%), 1.25 (t, J = 7.2
Hz, 3H, H%), 1.23-1.17 (m, 1H, H**¢). *C-NMR (151 MHz, DMSO) § 164.77, 159.42, 158.04,
151.60, 146.44, 135.37, 134.44, 130.11, 126.08, 119.51, 116.14, 115.75, 110.92, 89.86, 51.33,
48.63, 37.63, 30.78 (2C), 25.69, 25.57 (2C), 9.09. HPLC-MS (ESI): Purity = 97%, tr = 2.238
min, m/z [M+H]" = 428.2.
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5-chloro-2-(((2-((2-(4,4-difluorocyclohexyl)-1H-imidazo[4,5-c]pyridin-6-
yl)amino)ethyl)(ethyl)amino)methyl)phenol (3.12):

o 2 N Obtained from intermediate 3f.12 (381 mg,
\Qi/ )\/): \>—<:>< 0.65 mmol) as an off-white sticky solid
N\/\N

(83%, 250 mg); Rf (DCM:MeOH, 9:1)

Chemical Formula: C23H28CIF2N50 037, 1H'NMR (600 MHZ, DMSO'dG) 8

Exact Mass: 463.20 8.46 (d,J = 1.0 Hz, 1H, HY), 7.36 (d, J = 8.2

Molecular Weight: 463.96

Hz, 1H, H9), 6.89 (d, J = 2.1 Hz, 1H, H?),

6.81 (dd, J = 8.2, 2.1 Hz, 1H, H°), 6.80 (d, J = 1.0 Hz, 1H, H?), 4.27 (s, 2H, H"), 3.76-3.70 (m,

1H, H'), 3.67 (t, = 6.3 Hz, 2H, H%), 3.27 (t, J = 6.2 Hz, 2H, H*), 3.19 (q, J = 7.1 Hz, 2H, H"),

3.12-3.06 (m, 1H, H%), 2.11-2.07 (m, 4H, H*? and H*®), 2.01-1.89 (m, 1H, H'%¥), 1.88-1.80

(m, 2H, H* and H%), 1.25 (t, J = 7.2 Hz, 3H, H®). ®*C-NMR (151 MHz, DMSO) & 158.09,

150.96, 135.35, 134.42, 129.70, 125.56, 123.97, 122.38, 119.46, 116.12, 115.78, 89.88, 62.47,

51.26, 48.62, 37.80, 35.06, 32.56, 27.12 (2C), 25.84 (2C), 9.08. HPLC-MS (ESI): Purity =
98%, tr = 2.150 min, m/z [M+H]" = 464.2.

5-chloro-2-((ethyl(2-((2-(1-methylpyrrolidin-2-yl)-1H-imidazo[4,5-c]pyridin-6-
yl)amino)ethyl)amino)methyl)phenol (3.13):

Obtained from intermediate 3f.13 (50.90 mg,
9

12

1 \
Cl1 13\5 . )NOiN\H@m 0.10 mmol) as a yellow sticky solid (71%,
8 NN F N 14| 30.50 mg); Rf (DCM:MeOH, 9:1) 0.20; *H-

7 4 H 2 H 15

OH NMR (600 MHz, DMSO-ds) 5 8.44 (d, J = 1.0
Chemical Formula: C,,H,¢CINsO 1 _ 10

Exaet Moo da Hz, 1H, HY), 7.38 (d, J = 8.2 Hz, 1H, H), 6.92

Molecular Weight: 428.97 (d, J=2.1Hz, 1H, H), 6.83 (dd, J = 8.2, 2.1

Hz, 1H, H%), 6.66 (d, J = 1.0 Hz, 1H, H?), 4.77 (dd, J = 8.1, 4.3 Hz, 1H, HY), 4.27 (s, 2H, H7),
3.58 (t, J = 5.9 Hz, 2H, H%), 3.24 (t, J = 5.9 Hz, 2H, H%), 3.20 (g, J = 7.2 Hz, 2H, H®), 2.94—
2.86 (M, 2H, H), 2.60-2.53 (m, 2H, H4), 2.27-1.98 (M, 2H, H1%), 1.72 (s, 3H, H'?), 1.24 (t,
J=7.2 Hz, 3H, H°). 3C-NMR (151 MHz, DMSO) § 172.03, 159.23, 158.81, 158.11, 153.85,
135.31, 134.45, 120.46, 119.47, 118.48, 116.50, 116.33, 115.80, 114.52, 52.89, 51.50, 48.58,
38.13, 29.75, 22.88, 22.29, 9.14. HPLC-MS (ESI): Purity = 97%, tr = 0.141 min, m/z [M+H]*
= 429.2
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5-chloro-2-((ethyl(2-((2-(3-(trifluoromethyl)phenyl)-1H-imidazo[4,5-c]pyridin-6-
yl)amino)ethyl)amino)methyl)phenol (3.14):

o S e . . L Obtained from intermediate 3f.14 (230.50
\QDS 3 j@i%_@u mg, 0.38 mmol) as an off-white sticky solid
’ SN TN b | (81%, 150,50 mg); Rf (DCM:MeOH, 9:1)
on 0.30; 'H-NMR (600 MHz, DMSO-de) &
Chemical Formula: C,,H,;CIF;N5O
Exact Mass: 489.15 8.53 (d, J = 1.0 Hz, 1H, HY), 8.47 (dd, J =
Molecular Weight: 489.93 2.1,1.5Hz, 1H, H'), 8.44 (ddd, J = 7.8, 1.6,
1.5 Hz, 1H, H'?), 7.88 (ddd, J = 7.8, 2.1, 1.6 Hz, 1H, H), 7.79 (t, J = 7.8 Hz, 1H, H3), 7.41
(d, J = 8.2 Hz, 1H, H9), 6.90 (d, J = 2.1 Hz, 1H, H?), 6.85 (dd, J = 8.2, 2.1 Hz, 1H, H°), 6.75
(d, J = 1.0 Hz, 1H, H?), 4.28 (s, 2H, H"), 3.64 (t, J = 6.0 Hz, 2H, H®), 3.26 (t, J = 5.9 Hz, 2H,
H%), 3.21 (g, J = 7.2 Hz, 2H, H®), 1.27 (t, J = 7.2 Hz, 3H, HS). *C-NMR (151 MHz, DMSO) §
158.96, 158.75, 158.54, 158.32, 158.04, 135.32, 134.55, 131.14, 130.85, 130.47, 127.62,

125.27, 123.74, 120.50, 120.36, 119.56, 118.39, 116.28, 115.75, 51.39, 48.58, 38.16, 22.91,
9.16. HPLC-MS (ESI): Purity = 98%, tr = 2.422 min, m/z [M+H]* = 490.1.

5-chloro-2-(((2-((2-cycloheptyl-1H-imidazo[4,5-c]pyridin-6-
yl)amino)ethyl)(ethyl)amino)methyl)phenol (3.15):

s 6 1 2 13 Obtained from intermediate 3f.15 (75.80
c 10 \5 N XN 14 . . .
\Q\/ 3 )O: - mg, 0.14 mmol) as an off-white sticky solid
8 N\/\N N 15
op 7 ¢ H H 17 (92%, 56.80 mg); Rf (DCM:MeOH, 9:1)
Chemical Formula: C,,H3,CINSO 0.38; *H-NMR (600 MHz, DMSO-ds) 5 8.41
Exact Mass: 441.23 (d, J = 1.0 Hz, 1H, HY), 7.37 (d, J = 8.2 Hz,
Molecular Weight: 442.00
1H, H1%), 6.89 (d, J = 2.2 Hz, 1H, H®), 6.82
(dd, J=8.2,2.1 Hz, 1H, H%), 6.74 (d, J = 1.0 Hz, 1H, H?), 4.26 (s, 2H, H), 3.64 (t, J = 6.2 Hz,
2H, H3), 3.25 (t, J = 6.2 Hz, 2H, H*), 3.19 (q, J = 7.2 Hz, 2H, H%), 3.07 (it, J = 9.4, 4.4 Hz, 1H,
H), 2.03-1.96 (m, 2H, H% and H'"®), 1.84-1.76 (m, 2H, H'?® and H™), 1.62-1.56 (m, 4H,
H™ and H), 1.55-1.48 (m, 4H, H* and H®), 1.25 (t, J = 7.1 Hz, 3H, H®). BC-NMR (151
MHz, DMSO) & 172.01, 159.28, 159.06, 158.85, 158.64, 158.06, 135.31, 134.44, 119.49,
118.40, 116.22, 115.76, 89.77, 51.31, 48.60, 37.84, 32.67 (2C), 28.14 (2C), 26.17 (2C), 22.88,
9.12. HPLC-MS (ESI): Purity = 99%, tr = 2.413 min, m/z [M+H]* = 442.2.
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5-chloro-2-((ethyl(2-((2-((1r,4r)-4-(trifluoromethyl)cyclohexyl)-1H-imidazo[4,5-
c]pyridin-6-yl)amino)ethyl)amino)methyl)phenol (3.16):

ol 1 2 5 Obtained from intermediate 3f.16 (81.40
“’\5 s N A N\>-..‘.‘ L cp,| mg, 0.13 mmol) as an off-white sticky

' I YNY N s solid (88%, 56.70 mg); Rf (DCM:MeOH,
Chemical Formla: €y, CIF N0 9:1) 0.38; 'H-NMR (600 MHz, DMSO-

Exact Mass: 495.20 ds) & 8.42 (d, J = 1.0 Hz, 1H, HY), 7.37

Molecular Weight: 495.98 (d )= 8.2 Hz, 1H, H'%) 689 (d. J = 2.

Hz, 1H, H®), 6.82 (dd, J = 8.2, 2.1 Hz, 1H, H®), 6.76 (d, J = 1.0 Hz, 1H, H?), 4.26 (s, 2H, H7),
3.64 (t, J = 6.2 Hz, 2H, H%), 3.25 (t, J = 6.2 Hz, 2H, H*), 3.18 (g, J = 7.2 Hz, 2H, H®), 2.89 (it,
J=12.1, 3.6 Hz, 1H, HY), 2.36-2.27 (m, 1H, H), 2.16-2.12 (m, 2H, H*® and H?), 1.98—
1.94 (m, 2H, H'% and H¢), 1.66-1.58 (m, 2H, H'% and H'?), 1.45-1.35 (m, 2H, H**¢ and
H%), 1.25 (t, J = 7.2 Hz, 3H, H%). 3C-NMR (151 MHz, CDCls) & 159.44, 158.78, 154.20,
143.67, 138.51, 134.04, 134.02, 129.32, 127.19, 120.34, 119.14, 116.42, 85.28, 57.08, 55.29,
52.10, 47.69, 46.36, 46.24, 41.06, 35.44, 29.99 (2C), 10.89. HPLC-MS (ESI): Purity = 98%, tr
= 2.413 min, m/z [M+H]* = 496.2.

5-chloro-2-((ethyl(2-((2-((1r,4r)-4-(trifluoromethyl)cyclohexyl)-1H-imidazo[4,5-
c]pyridin-6-yl)amino)ethyl)amino)methyl)phenol (3.17):

9 6 ! 113 Obtained from intermediate 3f.17 (76.70

Cl 10 \5 N N
\Q\/ i )O: \>J<:>IACF3 mg, 0.12 mmol) as an off-white sticky

8 NN N
on | Y H 2 H 1615 solid (78%, 46.50 mg); Rf (DCM:MeOH,
Chemical Formula: C;,H,oCIF;N5O 9:1) 0.36; *H-NMR (600 MHz, DMSO)

| ps0s 10t 1 1386

= 8.2 Hz, 1H, H), 6.87 (d, J = 2.2 Hz,
1H, H®), 6.83 (dd, J = 8.2, 2.1 Hz, 1H, H%), 6.71 (d, J = 1.0 Hz, 1H, H?), 4.26 (s, 2H, H7), 3.25—
3.22 (m, 4H, H3, H%), 3.18 (q, J = 7.2 Hz, 2H, H®), 2.88 (tt, J = 12.3, 3.7 Hz, 1H, HY), 2.37—
2.28 (M, 1H, H), 2.17-2.12 (m, 2H, H22 and H16%), 1.99-1.94 (m, 2H, H% and H¢), 1.66—
1.58 (m, 2H, H% and H%), 1.45-1.36 (m, 2H, H% and H®), 1.24 (t, J = 7.2 Hz, 3H, HE).
13C-NMR (151 MHz, CDCls) § 159.44, 158.78, 154.20, 143.67, 138.51, 134.04, 134.02,
129.32, 127.19, 120.34, 119.14, 116.42, 85.28, 57.08, 55.29, 52.10, 47.69, 46.36, 46.24, 41.06,
35.44, 29.99 (2C), 10.89. HPLC-MS (ESI): Purity = 97%, tr = 2.343 min, m/z [M+H]* = 496.2.
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5-chloro-2-((ethyl(2-((2-(4-methoxycyclohexyl)-1H-imidazo[4,5-c]pyridin-6-
yl)amino)ethyl)amino)methyl)phenol (3.18):

9 6 1 2 13 Obtained from intermediate 3f.18 (73
a 10 5 N N . .
\Q\} 3 )O: \>—”<:>ﬂ0Me mg, 0.13 mmol) as an off-white sticky
8 ~ = .
TN Y N v U solid  (77%, 4580 mg); Rf
OH
. . .1
Chemical Formula: C,4H;,CIN5O, (DCM:MeOH, 9:1) 0.50; "H-NMR (600
Exact Mass: 457.22 MHz, DMSO) 6 8.37 (d, J = 1.0 Hz, 1H,
Molecular Weight: 458.00
H'), 8.13 (d, J = 8.1 Hz, 1H, H7), 6.89
(d, J=2.1 Hz, 1H, H®), 6.83 (dd, J = 8.2, 2.1 Hz, 1H, H%), 6.62 (d, J = 1.0 Hz, 1H, H?), 4.25
(s, 2H, H"), 3.64-3.53 (m, 1H, H), 3.22 (s, 3H, H®), 3.12 (tt, J = 10.88, 4.11 Hz, 1H, H),
2.92 (t, J=6.2 Hz, 2H, H%), 2.81 (t, J = 6.2 Hz, 2H, H%, 2.58 (q, J = 7.2 Hz, 2H, H°), 2.08—
2.02 (m, 2H, H% and H'"?), 1.88-1.77 (m, 2H, H*?* and H'"®), 1.75-1.71 (m, 2H, H®** and
H1%), 1.63-1.47 (m, 2H, H¥ and H%), 1.23 (t, J = 7.2 Hz, 3H, H®). 3C-NMR (151 MHz,
CDCl3) 8 159.47, 153.50, 144.28, 136.87, 134.14, 129.50, 127.40, 119.22, 116.44, 85.54,
78.32, 73.57, 56.94, 55.77, 55.30, 52.01, 47.89, 40.43, 35.67, 31.57 (2C), 29.79 (2C), 10.87.
HPLC-MS (ESI): Purity = 97%, tr = 2.124 min, m/z [M+H]* = 458.2.

5-chloro-2-((ethyl(2-((2-(6-(trifluoromethyl)pyridin-3-yl)-1H-imidazo[4,5-c]pyridin-6-
yl)amino)ethyl)amino)methyl)phenol (3.19):

. % 6 1 " Obtained from intermediate 3f.19 (54.90
10 \5 N N\ =N . .
N | \ ,/C€Fs| mg, 0.09 mmol) as an off-white solid
8 SN N N
op ] 4 H 2 H BB (81%, 35.60 mg); Rf (DCM:MeOH, 9:1)
Chemical Formula: C,3H,,CIF;N,O 0.38; 'H-NMR (600 MHz, DMSO'dG) 0
Exact Mass: 490.15 9.44 (d, J = 2.1 Hz, 1H, H'), 8.70 (dd, J
Molecular Weight: 490.92

=8.2, 2.1 Hz, 1H, H'?), 852 (d, J = 1.0
Hz, 1H, HY), 8.09 (d, J = 8.2 Hz, 1H, H'®), 7.38 (d, J = 8.2 Hz, 1H, H'°), 6.89 (d, J = 2.1 Hz,
1H, H8), 6.85 (dd, J = 8.2, 2.1 Hz, 1H, H?), 6.67 (d, J = 1.0 Hz, 1H, H?), 4.28 (s, 2H, H7), 3.59
(t, J =5.8 Hz, 2H, H®), 3.25 (t, J = 5.9 Hz, 2H, H%, 3.21 (q, J = 7.2 Hz, 2H, H®), 1.27 (t, J =
7.2 Hz, 3H, H%). 3 C-NMR (151 MHz, CDCls) & 159.54, 158.60, 155.00, 149.46, 144.49,
140.74,137.88, 134.69, 134.25, 129.57, 128.82, 126.84, 120.39, 119.88, 119.26, 114.79, 85.39,
56.84, 55.31, 52.20, 47.84, 41.84, 10.77. HPLC-MS (ESI): Purity = 98%, tr = 2.352 min, m/z

[M+H]" =491.1.
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7.2.3 Benzimidazole Fluorescent Probe

7.2.3.1 Procedure for the synthesis of intermediate 4a (Scheme 2.9)

A mixture of 2-chlorobenzimidazole (1 eq), N-boc ethylenediamine (2 eq) and triethylamine
(3 eq) in toluene was stirred under reflux at 150 °C for 16 hours. After cooling to room
temperature, toluene was removed and the residue diluted with ethyl acetate and 1M NaOH
solution. The organic layer was washed with brine, dried over anhydrous Na>SOs and
concentrated. The residue was purified by column chromatography, and an off-white solid was

obtained as the product.

Tert-butyl (2-((1H-benzo[d]imidazol-2-yl)amino)ethyl)carbamate (4a):

1 . HN-Boc | Obtained from 2-chlorobenzimidazole (1.00 g, 6.55 mmols)
2©iN\>_N{{_{5 ' and N-boc ethylenediamine (2.10 g, 13.11 mmols) as an off-
} N white solid (96%, 1.7443 g); Rt (DCM: MeOH, 9:1) 0.47; *H
Chemical Formula: C;,H,,N,0,| NMR (400 MHz, MeOH-d4) 6 7.20 (dd, J = 6.1, 3.4 Hz, 2H,

Moi’ézﬁiﬁzgﬁt%;fm , | Htand HY), 6.98 (dd, J = 6.0, 3.3 Hz, 2H, H2 and H?), 3.45 (t,

J=6.2 Hz, 2H, H%), 3.32 (t, J = 6.2 Hz, 2H, H°), 1.43 (s, 9H,
H’). 3C NMR (101 MHz, MeOD) § 157.34, 155.35, 137.54, 130.08, 119.89, 118.35, 115.40,
111.34, 78.80, 42.42, 39.93, 27.31(3C). HPLC-MS (ESI): Purity = 98%, tr = 1.720 min, m/z
[M+H]* = 277.2.

4

7.2.3.2 Procedure for the synthesis of intermediate 4b (Scheme 2.9)

(a) Boc-deprotection: Intermediate 4a was dissolved in 4 M HCl/dioxane, and the mixture
was stirred at 25 °C for 2 hours. When the reaction was complete, the solvent was removed in
vacuo, and the residue was neutralized with Amberlyst A21 in a mixture of DCM and methanol.
The Amberlyst was filtered off, the solvent was removed in vacuo, and the residue was used in

the next reaction without further purification.

(b) Reductive amination: The crude product from step (a) above and 4-chloro-2-
hydroxybenzaldehyde in methanol was stirred at 25 °C for 6 hours. The mixture was cooled at
0 °C, and sodium borohydride (NaBH4) was added portion-wise. After the addition, the
reaction was allowed to warm to room temperature (25 °C) for 3 hours. The solvent was
removed in vacuo, and the residue was diluted with deionized water. The compound was
extracted with DCM and dried over anhydrous sodium sulphate. The solvent was removed in

vacuo, and the residue was purified via column chromatography to obtain the desired product.
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2-(((2-((1H-benzo[d]imidazol-2-yl)amino)ethyl)amino)methyl)-5-chlorophenol (4b):

e Obtained from intermediate 4a (1.50 g, 8.51 mmols) and 4-

HO 0 chloro-2-hydroxybenzaldehyde (1.60 g, 10.21 mmols) as an

. 8 off-white solid (70%, 1.1143 g); Rt (DCM: MeOH, 9:1) 0.25;

1 s NH !H NMR (400 MHz, DMSO-ds) 8 7.14 — 7.10 (m, 3H, H!, H*

’ @N\%N{{_é and H°), 6.86 (dd, J = 6.3, 3.4 Hz, 2H, H2 and H?), 6.75 (d, J
} " 5 =3.8 Hz, 1H, H'%), 6.56 (d, J = 8.1 Hz, 1H, H?), 3.82 (s, 2H,

Chemical Formula: C,HyyCING| 17y 341 (1, 1= 6.2 Hz, 2H, H%), 2.75 (t, J = 6.3 Hz, 2H, HP).
Exact Mass: 316.11
Molecular Weight: 316.79 13C NMR (101 MHz, DMSO-dg) & 158.69, 156.00, 153.56,
148.42,132.16, 130.42, 126.61, 124.19, 122.18, 119.48, 118.66, 115.54, 111.88, 49.59, 48.37,

42.29. HPLC-MS (ESI): Purity = 98%, tr = 0.307 min, m/z [M+H]" = 317.1.

7.2.3.3 Procedure for the synthesis of intermediate 4c (Scheme 2.9)

A mixture of intermediate 4b, N-boc glycinal and a catalytic amount of acetic acid in methanol
was stirred at 25 °C for an hour. NaBH3CN was then added, and the resulting mixture was
heated at 80 °C under reflux for 5 hours. When the reaction had completed, the methanol was
removed in vacuo and the residue reconstituted in DCM. Saturated NaHCO3 solution was then
added to neutralize the acetic acid. The organic layer was washed with brine, dried over
anhydrous Na»SOs4 and concentrated in vacuo. The residue was purified via column
chromatography to obtain intermediate 4c.

Tert-butyl(2-((2-((1H-benzo[d]imidazol-2-yl)amino)ethyl)(4-chloro-2
hydroxybenzyl)amino)ethyl)carbamate (4c):

o Q Obtained from intermediate 4b (500 mg, 1.58 mmols) and
HO 0 N-boc glycinal (500 mg, 3.16 mmols) as an off-white solid

13
s Bocl (86%, 622.30 mg); Rt (DCM: MeOH, 9:1) 0.55; 'H NMR

7 ﬁNH

1 s N— (400 MHz, MeOH-ds) & 7.23 (dd, J = 5.8, 3.3 Hz, 2H, H!
2©iN\>_N’H 6 and H%, 7.09 — 7.03 (m, 3H, H?, H3 and H®), 6.75 — 6.67
} ; N (m, 2H, H® and H°), 3.83 (s, 2H, H"), 3.57 (t, J = 6.2 Hz,

Chemical Formula: CosHyCINSOs | oy 145) 395 (t, J = 6.1 Hz, 2H, HE), 2.88 (t, J = 6.5 Hz
Exact Mass: 459.20 ’ ’ ’ 1 &0 ’ , ,

Molecular Weight: 459.98 2H, Hll), 2.72 (t, J=65 HZ, 2H, le), 1.42 (S, 9H, Hls).
13C NMR (101 MHz, MeOD) o 157.72, 157.11, 154.30, 135.96, 133.50, 130.46, 122.81,
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121.75, 120.67, 120.98, 118.88, 115.44, 111.33, 78.85, 60.64, 55.40, 53.26, 52.90, 40.06,
37.47, 27.33 (3C). HPLC-MS (ESI): Purity = 98%, tr = 2.466 min, m/z [M+H]" = 460.2.

7.2.3.4 Procedure for the synthesis of target compound 1.3-NBD (Scheme 2.9)

(a) Boc-deprotection: Intermediate 4c was dissolved in 4 M HCl/dioxane, and the mixture
was stirred at 25 °C for 2 hours. When the reaction was complete, the solvent was removed in
vacuo, and the residue was neutralized with Amberlyst A21 in a mixture of DCM and methanol.
The Amberlyst was filtered off, the solvent was removed in vacuo, and the residue was used in
the next reaction without further purification.

(b) Nucleophilic substitution: A mixture of the crude product from step (a) above, NaHCO3
and NBD-Chloride in ethyl acetate, was stirred at 60 °C for 16 hours. The reaction was
quenched with water and extracted with ethyl acetate. The organic layer was washed with brine,
dried over anhydrous Na,SO4 and concentrated in vacuo. The residue was purified via column

chromatography to obtain the fluorescent probe 1.3-NBD.

2-(((2-((1H-benzo[d]imidazol-2-yl)amino)ethyl)(2-((7-nitrobenzo|[c][1,2,5]oxadiazol-4-
yl)amino)ethyl)amino)methyl)-5-chlorophenol (1.3-NBD):

n O, NO, Obtained from intermediate 4c (400 mg, 1.01 mmols)

HO 13 . and N-boc glycinal (241 mg, 1.21 mmols) as a brick-

R N \N,(‘) red solid (60%, 316.8 mg); Rt (DCM: MeOH, 9:1)

i s N—8/9_ 0.56; *H NMR (400 MHz, DMSO-dg) & 8.36 (d, J =

’ @N\}N{{_é 8.9 Hz, 1H, H'), 7.16 - 7.12 (m, 3H, HL, H* and H13),
} Z A 6.93 — 6.88 (m, 2H, H? and H®), 6.61 — 6.52 (m, 2H,
Chemical Formula: C,,H,,CINgO, H and H'?), 6.26 (d, J = 9.0 Hz, 1H, H9), 3.73 (s,
Molectar Welint, 572,95 2H, H7), 3.58 (t, 3 = 6.3 Hz, 2H, HY), 3.50 (t, J = 6.4

Hz, 2H, HE), 2.87 — 2.82 (m, 4H, H8 and H®). 13C
NMR (101 MHz, DMSO) & 157.46, 155.21, 151.93, 148.37, 145.40, 142.96, 138.04, 136.04,
132.22, 131.78, 129.12, 125.67, 123.75, 121.10, 120.15, 118.90, 115.33, 112.23, 99.52, 53.40,
51.23, 41.55, 29.48, 25.96. HPLC-MS (ESI): Purity = 98%, tr = 2.352 min, m/z [M+H]" =
523.1.

262



7.2.4 Imidazopyridine Fluorescent Probe

7.2.4.1 Procedure for the synthesis of intermediate 5a (Scheme 2.10)

A mixture of p-methoxybenzyl amine and N,N-Diisopropylethylamine (DIPEA) in
tetrahydrofuran (THF) was added dropwise to a 0 °C solution of 2,4-dichloro-5-nitropyridine
in THF. The solution was then warmed up to 25 °C and stirred for an additional 30 min. Water
was then added, and the resulting mixture was extracted with ethyl acetate. The combined
organic layer was dried over anhydrous Na,SO4 and concentrated under reduced pressure to

produce the desired intermediate as a yellow solid in 98% yield.

2-chloro-N-(4-methoxybenzyl)-5-nitropyridin-4-amine (5a):
Obtained from 2,4-dichloro-5-nitropyridine (2.00 g, 10.36

1

NO
NI N ’ mmol) and p-methoxybenzyl amine (2.56 g, 18.65 mmol) as

a > ' a yellow solid (98%, 3.54 g); Rf (Hex: EtOAc, 1:1) 0.54:
3 s 'H-NMR (600 MHz, DMSO-ds) & 8.96 (t, J = 6.1 Hz, 1H,

3 OMe H*), 8.85 (s, 1H, HY), 7.29 (d, J = 8.7 Hz, 2H, H® and H°),

7 9

Chemical Formula: C3H1,CINO3| 6,94 (s, 1H, H2), 6.89 (d, J = 8.7 Hz, 2H, H’ and H8), 4.57
Exact Mass: 293.06 3 N 13
Molecular Weight: 293.71 (d, J = 6.1 Hz, 2H, H®), 3.71 (s, 3H, H®). “C-NMR (151
MHz, DMSO) 6 159.91, 155.92, 150.57, 150.08, 130.29,

129.76 (2C), 115.42 (2C), 108.83, 56.41, 46.26. HPLC-MS (ESI): Purity = 98%, tr = 2.457

min, m/z [M-H]" = 294.0.

7.2.4.2 Procedure for the synthesis of intermediate 5b (Scheme 2.10)

A mixture of 2-chloro-N-(4-methoxybenzyl)-5-nitropyridin-4-amine  (5a), N-boc
ethylenediamine, and triethylamine was made in N,N-dimethylformamide (DMF). The mixture
was heated under microwave radiation at 100 °C for 1 hour. When the reaction had completed,
water was added, and the mixture was extracted with ethyl acetate (4 x 30 mL). The combined
organic layer was dried over anhydrous Na>SOs, concentrated under reduced pressure, and

purified via column chromatography. A yellow solid was obtained as the product.

Tert-butyl (2-((4-((4-methoxybenzyl)amino)-5-nitropyridin-2-yl)amino)ethyl)carbamate
(5b):

Obtained from intermediate 5a (3.50 g, 11.92 mmols) and N-boc ethylenediamine (2.26 mL,
14.30 mmols) as a yellow solid (96%, 4.78 g); R (DCM: MeOH, 9:1) 0.68; *H NMR (600
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o MHz, MeOH-da4) 5 8.84 (s, 1H, HY), 7.31 (d, J = 8.3
2
H 9 ﬁ Hz, 2H, H* and H), 6.93 (d, J = 8.4 Hz, 2H, H® and
Boc” SN N SNl
u W g 2 7 H®), 5.67 (s, 1H, H?), 4.46 (s, 2H, H?), 3.79 (s, 3H,
3
K@ H8), 3.33 (t, J = 6.3 Hz, 2H, H), 3.20 (t, J = 6.3 Hz,
4 OMe

: Te| 2H, H%), 1.43 (s, 9H, H'). 3C NMR (151 MHz,

Chemical Formula: Cz,H5;N505 MeOD) § 161.46, 159.24, 157.20, 150.04, 149.55,
Exact Mass: 417.20
Molecular Weight: 417.47 129.35, 128.20 (2C), 124.25, 113.86 (2C), 84.12,

78.77, 54.33, 45.37, 41.45, 39.31, 27.35 (3C).
HPLC-MS (ESI): Purity = 97%, tr = 2.598 min, m/z [M+H]* = 418.2.

7.2.4.3 Procedure for the synthesis of intermediate 5¢ (Scheme 2.10)

A mixture of tert-butyl (2-((4-((4-methoxybenzyl)amino)-5-nitropyridin-2-
ylamino)ethyl)carbamate (5b), Zinc and acetic acid in DCM was stirred for 30 minutes at 25
°C. After the reaction had been completed, the mixture was filtered through a pad of celite and
concentrated in vacuo to obtain the product, which was used in the next reaction without any

further purification.

Tert-butyl (2-((5-amino-4-((4-methoxybenzyl)amino)pyridin-2-
yl)amino)ethyl)carbamate (5c¢):

- Obtained from intermediate 5b (3.30 g, 7.90

2
H 9 N| A mmols) as a wine-coloured solid (92%, 2.81 g); Rs

/N\/\N = NH
uBoc T N3 ; (DCM: MeOH, 9:1) 0.40; *H NMR (600 MHz,
3U MeOH-ds) & 7.32 (d, J = 8.2 Hz, 2H, H* and H),
! OMe| 7.24 (s, 1H, H'), 6.90 (d, J = 8.3 Hz, 2H, H® and
Chemical Formula: C5H;0N50; H®), 5.75 (s, 1H, H?), 4.41 (s, 2H, H%), 3.78 (s, 3H,
Exact Mass: 387.23 H®), 3.16 — 3.13 (m, 4H, H® and H'°), 1.44 (s, 9H,

Molecular Weight: 387.48

H). 33C NMR (151 MHz, MeOD) & 159.12,
158.86, 157.13, 149.76, 129.81, 128.34 (2C), 128.06, 113.71 (2C), 113.42, 86.01, 78.84, 54.34,
45,61, 41.99, 39.20, 27.38 (3C). HPLC-MS (ESI): Purity = 97%, tr = 2.246 min, m/z [M+H]*
=388.2.
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7.2.4.4 Procedure for the synthesis of intermediates 5d and 5e (Scheme 2.10)

(a) Amide coupling (intermediate 5d): Intermediate 5¢ (1 eq) was dissolved in DCM with 3-
trifluoromethyl benzoic acid (1.3 eq) and 4-dimethylaminopyridine (DMAP, 0.1 eq). 1-Ethyl-
3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDCI.HCI, 1.5 eq) was then added,
and the reaction mixture was stirred at 25 °C for 16 hours. Water was added, and the solution
was extracted with ethyl acetate, dried over anhydrous Na>SOs, and concentrated under
reduced pressure. The residue was used in the subsequent reaction without any further

purification.

(b) Cyclization (intermediate 5e): The amide intermediate 5d was dissolved in ethanol (10
mL), and 2 M NaOH solution (10 mL) was added. The resulting mixture was heated at 80 °C
for 16 hours. When the reaction had gone to completion, the solvent was removed in vacuo,
and saturated citric acid was added to the residue. Extraction was done with DCM (2 x 20 mL),
and the combined organic extract was dried over anhydrous Na>SOs, filtered, and concentrated
in vacuo. The residue was purified via column chromatography (DCM/MeOH) to obtain the
desired product.

Tert-butyl (2-((1-(4-methoxybenzyl)-2-(3-(trifluoromethyl)phenyl)-1H-imidazo[4,5-
c]pyridin-6-yl)amino)ethyl)carbamate (5e):

CF, | Obtained from intermediate 5¢ (5.10 g, 13.16

1 12
N mmols) and 3-trifluoromethyl benzoic acid (3.25 g,
b N By Is) and 3-trifl hyl benzoic acid (3.25
N
1 Boe” \w/\ﬁ 2/ N3, 17.11 mmols) as a wine-coloured sticky solid
3K@ (65%, 4.63 g); Rt (DCM: MeOH, 9:1) 0.58; H
! OMe

2 OMe| NMR (600 MHz, MeOH-ds) 5 849 (s, IH, HY)

Chemical Formula: CgH3,F;N50; 8.36 (ddd, J=1.6, 1.5, 0.8 Hz, 1H, H'?), 8.27 (ddd,

Motecutn Wit S41.58 1=7.8,16, 1.3 Hz, 1H, H), 7.92 (s, 1H, H?), 7.73

(d, J = 8.7 Hz, 2H, H* and HT), 7.60 (ddd, J = 8.6,

1.5, 1.3 Hz, 1H, H'), 7.53 (ddd, J = 8.6, 7.8, 0.8 Hz, 1H, H'), 6.99 (d, J = 8.7 Hz, 2H, H5 and

HE), 5.32 (s, 2H, H3), 3.76 (s, 3H, H?), 3.42-3.39 (m, 4H, H® and H°), 1.40 (s, OH, HY). 1°C

NMR (151 MHz, McOD) 8 170.61, 159.53, 134.48, 134.06, 132.87, 132.28, 129.89, 129.53,

128.59 (2C), 128.23, 127.75, 127.24, 126.86, 126.65, 126.21, 114.56 (2C), 86.37, 79.61, 55.85,

48.06, 45.50, 44.34, 43.44, 28.37 (3C). HPLC-MS (ESI): Purity = 96%, tx = 2.650 min, m/z
[M+H]* = 542.2.
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7.2.4.5 Procedure for the synthesis of intermediate 5f (Scheme 2.10)

(a) Boc-deprotection: Intermediate 5e was dissolved in 4 M HCl/dioxane, and the mixture
was stirred at 25 °C for 2 hours. When the reaction was complete, the solvent was removed in
vacuo, and the residue was neutralized with Amberlyst A21 in a mixture of DCM and methanol.
The Amberlyst was filtered off, the solvent was removed in vacuo, and the residue was used in

the next reaction without further purification.

(b) Reductive amination: The crude product from step (a) above and 4-chloro-2-
hydroxybenzaldehyde in methanol was stirred at 25 °C for 6 hours. The mixture was cooled at
0 °C, and sodium borohydride (NaBH4) was added portion-wise. After the addition, the
reaction was allowed to warm to room temperature (25 °C) for 3 hours. The solvent was
removed in vacuo, and the residue was diluted with deionized water. The compound was
extracted with DCM and dried over anhydrous sodium sulphate. The solvent was removed in

vacuo, and the residue was purified via column chromatography to obtain the desired product.

5-chloro-2-(((2-((1-(4-methoxybenzyl)-2-(3-(trifluoromethyl)phenyl)-1H-imidazo[4,5-
c]pyridin-6-yl)amino)ethyl)amino)methyl)phenol (5f):

1 . . CFs Obtained from intermediate 5e (1.50 g,

“ e H o NI N N\>_©14 3.49 mmols) and 3-trifluoromethyl
1 NN NFN benzoic acid (800 mg, 5.10 mmols) as a
wine-coloured sticky solid (65%, 1.32 g);
" "OMe, | R¢ (DCM: MeOH, 9:1) 0.60; *H NMR

Chemical Formula: C30H,;CIF;N50, (600 MHz, MeOH-ds4) 6 8.47 (d,J = 1.0
Exact Mass: 581.18 1 1
Molecular Weight: 582.02 Hz, 1H, H )1 7.92-7.88 (m’ 2H, H** and

H%), 7.85 (d, J = 2.3 Hz, 1H, H'?), 7.71
(t,J=7.8 Hz, 1H, H*®), 7.06 (d, J = 8.1 Hz, 1H, H6), 6.95 (d, J = 8.7 Hz, 2H, H* and H'), 6.84
(d, J = 8.7 Hz, 2H, H® and H°®), 6.74 (d, J = 2.1 Hz, 1H, H*®), 6.71 (dd, J = 8.0, 2.1 Hz, 1H,
HY"), 6.47 (d, J = 1.0 Hz, 1H, H?), 5.32 (s, 2H, H%), 3.96 (s, 2H, H'®), 3.74 (s, 3H, H®), 3.50 (t,
J = 5.8 Hz, 2H, H°), 2.96 (t, J = 5.8 Hz, 2H, H). 3C NMR (151 MHz, MeOD) § 159.51,
158.83, 155.74, 153.11, 144.35, 138.64, 133.98, 133.57, 132.42, 130.44, 130.29, 129.58,
127.65, 127.30 (2C), 126.70, 125.68, 124.66, 122.86, 121.00, 118.16, 115.57, 114.10 (2C),
86.40, 62.94, 58.97, 54.36, 48.88, 40.93. HPLC-MS (ESI): Purity = 96%, tr = 2.466 min, m/z
[M+H]" = 582.1.
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7.2.4.6 Procedure for the synthesis of intermediate 5g (Scheme 2.10)
The intermediate 5f was stirred in neat TFA (10 mL) at 100 °C for 16 hours. Once the reaction
was complete, TFA was removed under reduced pressure. The residue was dissolved in
DCM/MeOH (9:1) and stirred with Amberlyst A21 for 1 hour. The resin was filtered off and
the filtrate concentrated under reduced pressure. The residue was purified via column
chromatography to obtain the product.
5-chloro-2-(((2-((2-(3-(trifluoromethyl)phenyl)-1H-imidazo[4,5-c]pyridin-6-
yl)amino)ethyl)amino)methyl)phenol (5g):
» | . CF,| Obtained from intermediate 5f (1.00 g, 1.72
10 g N : N\>_© . | mmols) as a wine-coloured solid (75%,
2 I \s/\g 2N 4 s | 595.82 mg); Rf (DCM: MeOH, 9:1) 0.18;
Chemical Formula: CopHyyCIFNSO 'H NMR (600 MHz, MeOH-ds) & 8.40 (s,
Exact Mass: 461.12 1H, HY), 8.36 (dd, J = 2.8, 2.2 Hz, 1H, H3),
Molecular Weight: 461.87 8.31 (dd, J = 7.8, 2.2 Hz, 1H, HY), 7.83 (d,
J =22 Hz, 1H, H'¥), 7.75 (ddd, J = 7.8, 2.8, 2.3 Hz, 1H, H°), 7.27 (d, J = 7.8 Hz, 1H, HY),
6.90 — 6.85 (m, 2H, H* and H°), 6.73 (s, 1H, H?), 4.22 (s, 2H, H%), 3.65 — 3.62 (m, 4H, H and
H8). 13C NMR (151 MHz, MeOD) & 156.96, 154.42, 153.25, 136.07, 132.34, 131.19, 130.11,
129.89, 128.88, 127.06, 126.60, 124.81, 123.36, 123.01, 119.59, 116.81, 115.04, 113.98, 89.42,
48.65, 46.31, 39.63. HPLC-MS (ESI): Purity = 98%, tr = 2.413 min, m/z [M+H]" = 462.1.

Cl

7.2.4.7 Procedure for the synthesis of intermediate 5h (Scheme 2.10)

A mixture of intermediate 5g, N-boc glycinal and a catalytic amount of acetic acid in methanol
was stirred at 25 °C for an hour. NaBH3CN was then added, and the resulting mixture was
heated at 80 °C under reflux for 16 hours. When the reaction had completed, the methanol was
removed in vacuo and the residue reconstituted in DCM. Saturated NaHCO3 solution was then
added to neutralize the acetic acid. The organic layer was washed with brine, dried over
anhydrous Na,SOs and concentrated in vacuo. The residue was purified via column

chromatography to obtain intermediate 5h.

267



Tert-butyl (2-((4-chloro-2-hydroxybenzyl)(2-((2-(3-(trifluoromethyl)phenyl)-1H-
imidazo[4,5-c]pyridin-6-yl)amino)ethyl)amino)ethyl)carbamate (5h):

. 2 on Obtained from intermediate 59 (370 mg,
\@ 1 , CF3|  0.80 mmols) and N-boc glycinal (254 mg,

1 9 x—N
10 7 )NOi \>—©6 1.60 mmols) as an off-white solid (75%,

15 Boc\N/M\/N\/\N Z~N
H 13 s §® 2 H 4 5 338.84 mg); Rs (DCM: MeOH, 9:1) 0.56;
Chemical Formula: Cy9H3;CIF3NgO; 'H NMR (600 MHz, MeOH-ds4) & 8.38 (s,

Exact Mass: 604.22 " 3

Molecular Weight: 605.06 1H, H )’ 8.37 (dd’ J=28,22Hz 1H,H )’

8.29 (dd, J = 7.8, 2.2 Hz, 1H, H), 7.80 (d,
J =22 Hz, 1H, H'¥), 7.73 (ddd, J = 7.8, 2.8, 2.3 Hz, 1H, H°), 7.01 (d, J = 7.8 Hz, 1H, HY),
6.69 —6.63 (m, 2H, H* and H°), 6.53 (s, 1H, H?), 3.78 (s, 2H, H®), 3.45 (t, J = 6.3 Hz, 2H, H'%),
3.21 (t,J=6.2 Hz, 2H, H"), 2.82 (t, J = 6.2 Hz, 2H, H?), 2.68 (t, J = 6.3 Hz, 2H, H™®), 1.38 (s,
9H, HY). C NMR (151 MHz, MeOD) & 159.47, 157.87, 157.09, 155.59, 147.18, 138.23,
133.37, 131.33, 131.12, 130.37, 129.77, 128.72, 127.86, 126.57, 126.04, 124.87, 123.15,
121.86, 118.78, 115.49, 113.84, 93.10, 78.77, 55.73, 53.44, 39.82, 27.35 (3C). HPLC-MS
(ESI): Purity = 98%, tr = 2.562 min, m/z [M+H]* = 605.2.

7.2.4.8 Procedure for the synthesis of target compound 3.14-NBD (Scheme 2.10)

(a) Boc-deprotection: Intermediate 5h was dissolved in 4 M HCl/dioxane, and the mixture
was stirred at 25 °C for 2 hours. When the reaction was complete, the solvent was removed in
vacuo, and the residue was neutralized with Amberlyst A21 in a mixture of DCM and methanol.
The Amberlyst was filtered off, the solvent was removed in vacuo, and the residue was used in

the next reaction without further purification.

(b) Nucleophilic substitution: A mixture of the crude product from step (a) above, NaHCO3
and NBD-Chloride in ethyl acetate, was stirred at 60 °C for 16 hours. The reaction was
quenched with water and extracted with ethyl acetate. The organic layer was washed with brine,
dried over anhydrous Na,SO4 and concentrated in vacuo. The residue was purified via column

chromatography to obtain the fluorescent probe 3.14-NBD.
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5-chloro-2-(((2-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)ethyl)(2-((2-(3-
(trifluoromethyl)phenyl)-1H-imidazo[4,5-c]pyridin-6-
yl)amino)ethyl)amino)methyl)phenol (3.14-NBD):

Obtained from intermediate 5g (370

:@ mg, 0.80 mmols) and N-boc glycinal

15 )\/j: >_© (254 mg, 1.60 mmols) as an off-white

N7 N/l4\/ \/\N - : :

N solid (75%, 338.84 mg); Rt (DCM:
o-

. .01
Chemical Formula: C;yH,5CIF;NO, MeOH, 9:1) 0.56; “H NMR (600
Exact Mass: 667.17 MHz, DMSO-ds) & 8.39 (s, 1H, HY),
Molecular Weight: 668.03 16

8.37 (d, J = 8.8 Hz, 1H, H™), 8.35

(dd, J = 2.8, 2.2 Hz, 1H, H%), 8.31 (d, J = 8.8 Hz, 1H, H™), 7.82 (dd, J = 7.8, 2.2 Hz, 1H, H'Y),

7.74 (ddd, J=7.8, 2.8, 2.3 Hz, 1H, H®), 7.13 (dd, J = 8.4, 7.8 Hz, 1H, H°), 6.85 (d, J = 7.8 Hz,

1H, H), 6.59 (ddd, J = 8.4, 2.3 Hz, 1H, H%, 6.19 (d, J = 2.2 Hz, 1H, H'?), 6.04 (s, 1H, H?),

3.70 (s, 2H, H%), 3.53 (t, J = 6.3 Hz, 2H, H'*), 3.39 (t, J = 6.0 Hz, 2H, H"), 2.82 — 2.76 (m, 4H,

H8 and H). 3C NMR (151 MHz, DMSO) & 159.13, 158.92, 157.57, 155.85, 154.95, 149.82,

147.41, 143.12, 139.53, 138.17, 137.90, 135.58, 132.31, 131.80, 131.35, 129.01, 128.78,

126.30, 123.09, 118.92, 115.35, 99.50, 92.26, 86.51, 55.54, 53.70, 51.38, 44.39, 41.56, 36.89.
HPLC-MS (ESI): Purity = 98%, tr = 0.905 min, m/z [M+H]" = 668.2.

7.3 Biological Evaluation
7.3.1 In vitro Asexual Blood Stage Antiplasmodium Assay

7.3.1.1 Modified [®*H]-Hypoxanthine Incorporation Assay

The modified [°H]-hypoxanthine incorporation assay* was used to screen compounds against
both the chloroquine-sensitive (NF54) and multidrug-resistant (K1) strains of Plasmodium
falciparum parasites. The parasites were cultivated in human red blood cells as previously
described®® but with some alterations to the medium, which contained RPMI 1640
supplemented with 0.5% ALBUMAX® 11, 25 mM NaHCOs (pH 7.3), 25 mM Hepes, 0.36 mM
hypoxanthine, and 100 microgram/ml neomycin. Parasite cultures were preserved in an
atmosphere of 3% Oz, 4% CO; and 93% N2 in humidified modular chambers at 37 °C.

10 mg/mL stock solutions of the test compounds were made by dissolving them in DMSO
through sonication and diluted in a hypoxanthine-free culture medium. Infected erythrocytes
(100 microliters per well with 2.5% hematocrit and 0.3% parasitaemia) were added to each
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compound titrated in 100 microliter duplicates over a 64-fold range and incubated for 48 hours.
0.5 microCi of [®H]-hypoxanthine in 50 microliter media was then added, and the culture plates
were incubated for an extra 24 hours. Radioactivity was determined using a Betaplate liquid
scintillation counter (Wallac, Zurich) from the parasites harvested onto glass-fiber filters at the
end of the incubation period. The radioactivity results were recorded as counts per minute
(cpm) per well at each compound concentration and furnished as a percentage of the untreated
controls. Concentrations resulting in fifty percent inhibition (ICso) were estimated by linear

interpolation.*

7.3.1.2 Lactate Dehydrogenase (LDH) Assay

Both chloroquine-sensitive (NF54) and multidrug-resistant (K1) strains of Plasmodium
falciparum were cultured according to the method previously described by Trager and Jensen®
but with slight modifications. Antiplasmodium activity was determined by measuring the

parasite’s lactate dehydrogenase enzyme activity.

20 mg/mL stock solutions of the test compounds in DMSO were prepared and stored at -20 °C
prior to the experiment. The stock solutions were subsequently diluted to 100 pg/mL
concentration in the assay medium. Serial dilutions were performed to obtain ten different
concentrations between the ranges of 0.2-100 pg/mL. A dose-response analysis was then
carried out to establish the concentration at which 50% of the parasite growth is inhibited. Non-

linear dose-response curves were generated using GraphPad Prism software.

7.3.2 In vitro Gametocytocidal Assay

The luciferase reporter assay was set up to enable quantifiable, reliable and accurate
investigations of the stage-specific action of gametocytocidal compounds for the early and late
gametocyte marker cell line NF54-PfS16-GFP-Luc. Gametocytes were produced according to
the method previously described by Reader et al.> Compound analysis was set up on days 5
and 10 (representing >90% of either early stage II/Il1 or mature stage 1V/V gametocytes,
respectively). In each instance, assays were set up using a 2 — 3% gametocytaemia, 1.5%
haematocrit culture and 48 hours drug pressure in a gas chamber (90% N, 5% O, and 5%
COy) at 37 °C. Luciferase activity was determined in 30 pL parasite lysates by adding 30 pL
luciferin substrate (Promega Luciferase Assay System) at room temperature. The resultant

bioluminescence was determined at an integration constant of 10 s with the GloMax® Explorer
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Detection System with Instinct® Software. Methylene blue (5 uM) and internal project-specific
control (MMV390048, 5 uM) were used as controls.

7.3.3 In vitro Cytotoxicity Assay

In vitro cytotoxicity was performed on the Chinese Hamster Ovarian cell line by measuring
cellular growth and survival calorimetrically through the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay.®’ The formation of tetrazolium salt was used as a
measure of chemosensitivity and growth.

2 mg/mL stock solutions of the test compounds were prepared in DMSO and stored at -20 °C
until required. The stock solution was subsequently diluted with the assay medium to make up
an initial concentration of 100 pug/mL. The initial 100 pg/mL solution is serially diluted 10-
fold to attain six assay concentrations of 100-0.001 pug/mL. Emetine was used as the reference
compound in this assay. The highest concentration of DMSO, which was used as the negative
control, had no measurable effect on cell viability. After 44 hours of exposure of the cells to
the test compounds, a solution of MTT was added. This was followed by an additional 4 hours
of incubation at 37 °C. The assay plates were centrifuged, medium removed, and DMSO was
added to the crystals. The amount of formazan was ascertained by measuring the absorbance
at 540 nm. GraphPad Prism software was then used to generate 1Cso values through a non-linear

dose-response curve analysis.

7.3.4 Invitro hERG Inhibition Assay

The inhibition potency of the target compounds against the hERG potassium ion channel was
performed by utilizing the QPatch hERG assay, which employs a four-point concentration-
response format. This experiment was carried out by Metrion Biosciences Ltd, based in the
United Kingdom. The hERG channel gene was stably expressed in a CHO cell line under
standard culture conditions according to Metrion’s in-house Working Practice Documents. 10
mM stock solutions of the test compounds were prepared in DMSO and serially diluted in a
0.5-log unit to obtain test concentrations of 0.3, 1, 3 and 10 uM. Recordings of hERG currents
were obtained electrophysiologically following Metrion’s in-house procedures.

Experiments were executed in three separate cells as technical replicates. The concentration-
response curves were established by a progressive double sample addition of each test
concentration to the same cell. The percentage inhibition was calculated as a reduction in the

mean peak current relative to the peak current measured before the cells were exposed to the

271



test compounds. The percentage inhibition results from each cell were then used to construct
concentration-response curves with the 4-parameter logistic fit, which helped calculate ICso
values. Test compounds that could not exhibit >40% inhibition at the highest test concentration
were assigned an arbitrary ICso value 0.5 log unit above the highest concentration tested.
Verapamil was used as the reference compound in this assay and was treated the same as the

test compounds.

7.3.5 Beta-Hematin Inhibition Assay

20 mM stock solutions of controls and test compounds were made in DMSO. A solution
containing water, 305.5 uM NP-40 and DMSO at a v/v ratio of 70%:20%:10%, respectively,
was added to every well in columns 1-11 of a 96-well plate. 140 uL of water and 40 pL of
305.5 uM NP-40 were added to column 12 to mediate the formation of beta-hematin. 20 uL of
test compounds (20 mM) were added to column 12 and 100 pL of this solution serially diluted
to column 2, leaving column 1 blank (0 uM of test compound). 178.8 uL aliquot of hematin
stock was suspended in 20 ml of a 1 M acetate buffer at pH 4.9. 100 pL of this hematin
suspension was then added into each well, and the plates were incubated for +5 hrs at 37°C.
Subsequently, 32 uL of pyridine solution (20% water, 20% acetone, 10% 2M HEPES buffer at
pH 7.4 and 50% pyridine) and 60 pL of acetone were added to all wells. The absorbances of
plate wells were recorded at 405 nm on a SpectraMax plate reader. Sigmoidal dose-response
curves with variable slopes were fitted to the absorbance data using GraphPad Prism to obtain

the 1Cso values for each compound.

7.3.6 In vitro Metabolic Stability Assay

The one-time point assay® was used in conducting the metabolic stability experiment. The
investigation was carried out in triplicate in a 96-well microtiter plate with test compounds at
a concentration of 0.1 uM incubated in mouse, human and rat liver microsomes obtained from
XenoTech. 1 mM NADPH in a 100 mM phosphate buffer solution at pH 7.4 was added to the
microsomes and incubated for 30 minutes to initiate metabolic reactions. The reactions were
quenched by adding 300 pL of ice-cold acetonitrile, which contained an internal standard
(carbamazepine, 0.0236 pg/mL). The supernatant was centrifuged and then filtered off. The
analysis was then performed by HPLC-MS/MS (Agilent Rapid Resolution HPLC, AB SCIEX
4500 MS). The differences in the concentration of the test compounds before and after

incubation were determined. The results were recorded as the percentage of each test
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compound remaining after 30 minutes of incubation. In this assay, no metabolite searches were

performed.

7.3.7 Metabolite Identification Studies

Metabolite identification studies were performed in male mouse (CD1, Lot N0.1510043
Xenotech) liver microsomes. Microsomes (1 mg/mL) were suspended in a solution containing
MgCl2 (5 mM) and phosphate buffer (100mM, pH 7.4). The test compound was spiked in a
portion of this microsome mix to achieve a compound concentration of 10 uM. A buffer
mixture was also prepared, containing only phosphate buffer and MgCl. (5 mM) without any
microsomes. Two separate 96-well microtiter plates were used; one for TO (0O minutes) and the
other for T60 (60 minutes) incubations set up. Each plate was laid out to accommodate four
sets of incubations in duplicates. In the first case, 90 uL of the microsomal mix containing the
test compound (10 pM) was introduced into two separate sets of wells. In another set of wells,
90 puL from the pre-mix lacking microsomes (buffer mixture) was placed. A control was
prepared in another set of wells by placing an aliquot of 90 puL from the microsomal mix that
did not have the test compound. After that, NADPH (10 uL, 1 mM) was added to one of the
two sets of wells containing microsomal mix that had been spiked with the test compound. To
the other sets of wells, 10 uL. of buffer was added such that all the wells held a total volume of
100 pL of samples. The above procedures were performed for both TO and T60 plates. To one
of the plates (TO plate), 300 uL of acetonitrile was added to all the wells, and the plate was
immediately stored at -20 °C, pending analysis. The other plate (T60 plate) was incubated for
60 minutes at 37 °C with gentle shaking before adding acetonitrile (300 uL) to all wells. Both
TO and T60 plates were centrifuged, and the supernatant was transferred to a clean microtiter

plate for LC-MS/MS analysis following in-house procedures.

7.3.8 Fluorescence Live-cell Microscopy

7.3.8.1 General Methods

Nunc Lab-Tek Il eight-well chamber slides (Thermo Fisher Scientific, Massachusetts, USA)
with a cover glass of No. 1.5 thickness were coated with 150 pL of 0.01% (w/v) poly-L-lysine
solution. After ten minutes, the solution was removed, and the plates were left to air-dry.
Ringer’s solution was prepared according to the compositions outlined in Table 7.1, as
previously described.® The pH was adjusted to 7.4, after which the solution was filtered through

a 0.22 pm nylon syringe filter.
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Table 7.1: Constituents of Ringer’s solution for live-cell imaging of the P. falciparum.

Component Molecular Final Mass required
weight Concentration for 100mL

NaCl 58.44 122.5 mM 715.9 mg
KCI 74.56 5.4 mM 40.3 mg
CaCl: 147.02 1.2mM 17.6 mg
MgCl2 95.21 0.8 mM 7.6 mg
D-glucose 180.16 11 mM 198.2 mg
Hepes 238.30 25 mM 595.8 mg
NaH2PO4 119.98 1mM 12.0 mg

Human erythrocytes infected with P. falciparum trophozoites (NF54 strain) were generously
donated by colleagues at the Division of Pharmacology, Department of Medicine, University
of Cape Town. After harvesting and centrifugation of the cells, 5 uL of the parasitized
erythrocyte pellets were resuspended in 5 mL Ringer’s solution and vortexed to reduce
clumping of the erythrocytes. 150 pL aliquots of suspended cells were placed in each well of
the chamber slide and incubated for at least 20 minutes to allow the erythrocytes to adhere to
the cover glass. After this, the Ringer’s solution was removed and replaced with a fresh aliquot
of Ringer’s solution (150 pL) to remove non-adhered cells. This solution was then removed
again and replaced with Ringer’s solution (150 pL) containing appropriate concentration(s) of

the fluorescent dye(s) as listed in Table 7.2.

7.3.8.2 Live-cell Confocal Microscopy

Confocal microscopy was performed using a Zeiss Axiovert 200 M LSM 150-META confocal
microscope at the Confocal and Light Microscope Imaging Facility at the University of Cape
Town. A Plan-Apochromat 63x/1.40 Oil DIC M27 objective lens was used, and the cells were
incubated at 37°C. Images were captured and processed with ZEN 2018 (Carl Zeiss
MicroscopyGmbH). Laser transmission was kept as low as possible to minimize phototoxicity
to the cells.’® Dye concentrations with respective excitation and emission settings are listed in
Table 7.2.
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Table 7.2: Concentrations of fluorescent dyes used for confocal imaging of P. falciparum

with respective excitation lasers and emission filter settings.

Dye Concentration Excitation Laser Emission filter
DRAQ 5 500 nM 580 nm 600-630 nm
LysoTracker 100 nM 561 nm 575-630 nm
Nile Red 100 nM 561 nm 575-630 nm
ER-Tracker 100 nM 561 nm 575-630 nm
MitoTracker 100 nM 561 nm 650-710 nm
1.3-NBD 50 nM 420 nm 500-550 nm
3.14-NBD 75 nM 420 nm 500-550 nm

7.3.9 Heme Fractionation Assay

7.3.9.1 Preparation of Counting Plate and Cell Fixation

The heme fractionation assay was performed according to the methods previously described.!
After the ICso of the target compounds was determined, a counting plate was prepared by
adding 10 pL of the isolated washed trophozoites to the corresponding wells of a flat-bottomed
96-well plate. The cells were fixed with 0.125 % (v/v) glutaraldehyde in PBS pH 7.5 to a final
volume of 200 pL and refrigerated at 4 °C overnight.

7.3.9.2 Hemocytometer Counting

Hemocytometer counting was performed on the first row of each plate only, corresponding to
six samples, each at a different concentration of the drug tested. The hemocytometer
determined cell counts for these six samples were statistically compared to the cell counts
determined by flow cytometry to test for agreement. 10 uL of cells from the counting plate
were loaded onto a bright-lined hemocytometer, and five large squares were counted after 10
minutes of settling. The concentration of cells in each well of the plate was determined using
equation 1:

CH % N x F x DF x 10,000 (1)

Where: CH = concentration of cells per ml as determined with

hemocytometer

N = number of cells counted in five fields
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F = number of fields counted =5
DF = dilution factor

7.3.9.3 Flow Cytometry Counting

Cell counts for all samples on the counting plate were determined using flow cytometry.
Samples were analyzed on a Becton Dickinson FACSCalibur using SSC/FL1s30nm with
CellQuestPro software. Typically, 10,000 events were counted for each sample. Samples were
prepared by diluting 100 uL of cells from the counting plate with 800 uL of 1 x SYBR® green
| in PBS at pH 7.5 and incubated for 30 minutes in the dark at 37 °C. Next, each sample was
spiked with 100 pL of Trucount™ beads (Becton Dickinson) such that each sample contained
a known fixed amount of fluorescent beads in a final volume of 1 mL. The concentration of
cells in the acquisition tube was calculated according to equation 2:

CF=(T/B) xCB (2)

Where:

CF = concentration of cells per ml as determined with flow cytometry

T = number of trophozoites gated

B = number of fluorescent beads gated

CB = concentration of fluorescent beads in the acquisition tube per ml (calibrated bead count

per acquisition is unique to each lot of tubes obtained from the supplier).

7.3.9.4 Heme Fractionation

After thawing the stock plate, 50 uL of water was added, and the plate was sonicated for 5 min
in an ultrasound bath (53 kHz, 320 W, Bandelin Sonerex). This was followed by adding 50 pL
each of 0.2 M HEPES buffer at pH 7.5 and water. The plate was then centrifuged at 3600 rpm
for 20 minutes. Very carefully, without disturbing the pellet, the supernatant was transferred to
an adjacent set of wells on the same plate. The supernatant was processed further with 50 pL
of 4% SDS, sonicated for 5 minutes and then incubated at 37 °C for 30 minutes. 50 puL of 0.3
M NacCl and 50 puL of 25% (v/v) pyridine in 0.2 M HEPES buffer at pH 7.5 were added, and
200 pL of the solution was transferred to a flat-bottomed UV-Star 96-well plate. This fraction
corresponds to the hemoglobin fraction.

The pellet was treated with 50 puL water, 50 uL of 4% SDS and resuspended. The plate was
sonicated for 5 minutes and incubated at 37 °C for 30 minutes to solubilize free heme. This
was followed by adding 50 uL 0.2 M HEPES buffer at pH 7.5, 50 pL 0.3 M NaCl and 50 pL
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of 25% pyridine. The plate was centrifuged at 3700 rpm for 20 minutes. Very carefully, without
disturbing the pellet, the supernatant was transferred to an adjacent set of wells on the same
plate. The supernatant was diluted to a final volume of 400 uL with water. This fraction
corresponds to the free heme fraction. 200 pL of this solution was transferred to the flat-
bottomed UV-Star 96-well plate, the same plate previously used for the hemoglobin fraction.

The remaining pellet containing hemozoin was solubilized in 50 uL of water and 50 uL 0.3 M
NaOH. The plate was sonicated for 15 minutes and incubated at 37 °C for 30 minutes. 50 pL
each of 0.2 M HEPES buffer at pH 7.5, 0.3 M HCI and 25 % pyridine was added, followed by
150 pL of water. This fraction corresponds to the hemozoin fraction. 200 uL of this solution
was transferred to vacant wells in the flat-bottomed UV-Star 96-well plate containing the
hemoglobin and free heme fractions. The UV-visible spectra of heme as Fe(l11)heme-pyridine
complex were recorded using a multi-well plate reader (SpectraMax 340PC, Molecular
Devices). The absorbance maxima of the Fe(l11)heme-pyridine complex in each well was used
to calculate the percentage of heme species in each sample as the final volume for each fraction

was identical.

7.3.9.5 Heme Curve

The total amount of heme in each fraction was quantified using a standard heme curve prepared
from a 100 pg/mL standard heme solution of hematin (porcine) in 0.3 M NaOH. Serial dilutions
of the standard were carried out in a 96-well plate with 100 pL 0.3 M NaOH as a blank. 50 puL
of each of the following solutions were added to 100 puL of hematin standard: 0.2 M HEPES
buffer pH 7.5, 4% (w/v) SDS, 0.3 M NaCl, 0.3 M HCI, 25% pyridine in 0.2 M HEPES buffer
pH 7.5 and water. The visible spectra of heme as Fe(l11)heme-pyridine complex were recorded
in a multi-well plate reader. The amount of heme Fe per cell was calculated by dividing the

total heme Fe in each fraction by the number of cells determined in each fraction.

7.3.10 Docking Studies

Compounds were docked against the f-hematin surface using the previously published 3D
crystal structure.!> The Fe-O bonds were treated as zero-order bonds to constrain the input
geometry. The receptor grid encompassed the (100) and (001) faces of the crystal. The
protonation states of both the crystal and the ligands were generated at pH 4.8 = 0.5 using
Epik. The ligands were minimized using Schrodinger’s OPLS3e force field. The output
conformers were docked using Grid-based ligand docking with energetics (Glide extra
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precision). Epik state penalties were added to the docking score, and intramolecular
hydrogen bonds were rewarded. The planarity of conjugated m groups was also

enhanced.

7.4 Solubility Determination

7.4.1 Kinetic Solubility via HPLC-based Method

The miniaturized shake-flask method®® was employed in this solubility assay. 10 mM stock
solutions of the test compounds were prepared in DMSO. Calibration standards (10-220 uM in
DMSO) were also prepared. The stock solutions were used to spike (1:50) duplicate aqueous
samples in phosphate buffered saline at pH 6.5. The DMSO was dried off in a Genevac (MiVac)
for 90 minutes at 37 °C followed by incubation while shaking for 20 hours at 25 °C. The
solutions were filtered off, and their absorbance was determined using HPLC-DAD (Agilent
1200 Rapid Resolution HPLC with a diode array detector) instrument. Calibration curves were
plotted using the calibration standards, which were then used to determine the solubility of the

test compounds.

7.4.2 Turbidimetric-based Kinetic Solubility*

10 mM stock solutions of the test compounds were prepared in DMSO. Predilution plates were
prepared in 96-well plates from the stock solutions in triplicate to obtain a concentration range
between 0.125 and 8mM. Secondary serial dilutions (5-200 uM) in DMSO and 0.01 M PBS
buffer at pH 7.4 were also prepared in triplicate. Aliquots (4 pL) were pipetted from the
predilution plate to respective wells in the secondary plate, which contained a mixture of
DMSO and PBS buffer (196 pL), making a final volume of 200 pL in each well. Serial dilutions
in only DMSO were used as controls. The plates were incubated at 25 °C for 2 hours, after
which absorbance was measured at 620 nm by a SpectraMax 340PC microplate reader. The
corrected concentration-absorbance curves were plotted in Microsoft Excel®. The
concentration above which there was a sustained deviation of absorbance from the baseline
was recorded as the solubility of the test compound. Reserpine and hydrocortisone were used

as negative and positive controls, respectively, in this assay.
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